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ARTICLE
Broad-scale distribution of epiphytic hair lichens correlates more
with climate and nitrogen deposition than with forest structure
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Abstract: Hair lichens are strongly inﬂuenced by forest structure at local scales, but their broad-scale distributions are less understood. We compared the occurrence and length of Alectoria sarmentosa (Ach.) Ach., Bryoria spp., and Usnea spp. in the lower canopy
of > 5000 Picea abies (L.) Karst. trees within the National Forest Inventory across all productive forest in Sweden. We used logistic
regression to analyse how climate, nitrogen deposition, and forest variables inﬂuence lichen occurrence. Distributions overlapped,
but the distribution of Bryoria was more northern and that of Usnea was more southern, with Alectoria's distribution being intermediate. Lichen length increased towards northern regions, indicating better conditions for biomass accumulation. Logistic regression
models had the highest pseudo R2 value for Bryoria, followed by Alectoria. Temperature and nitrogen deposition had higher explanatory
power than precipitation and forest variables. Multiple logistic regressions suggest that lichen genera respond differently to increases
in several variables. Warming decreased the odds for Bryoria occurrence at all temperatures. Corresponding odds for Alectoria and Usnea
decreased in warmer climates, but in colder climates, they increased. Nitrogen addition decreased the odds for Alectoria and Usnea
occurrence under high deposition, but under low deposition, the odds increased. Our analyses suggest major shifts in the broad-scale
distribution of hair lichens with changes in climate, nitrogen deposition, and forest management.
Key words: climate change, epiphytic lichens, forest structure, nitrogen deposition, temperature.
Résumé : Les lichens fruticuleux sont fortement inﬂuencés localement par la structure de la forêt mais on a une moins bonne
compréhension concernant leur vaste distribution. Nous avons comparé l’occurrence et la longueur d’Alectoria sarmentosa (Ach.) Ach.,
de Bryoria spp. et d’Usnea spp. en sous-étage de plus de 5000 tiges de Picea abies (L.) Karst répertoriées dans l’Inventaire forestier national
dans toutes les forêts productives de la Suède. Nous avons utilisé la régression logistique pour analyser de quelle façon le climat, les
dépôts d’azote et les variables forestières inﬂuencent l’occurrence des lichens. Les distributions se chevauchent mais Bryoria est plus
septentrional et Usnea plus méridional alors qu’Alectoria occupe une position intermédiaire. La longueur des lichens augmente vers les
régions nordiques vraisemblablement parce que les conditions sont plus favorables à l’accumulation de biomasse. Les modèles de
régression logistiques ont un pseudo R2 plus élevé dans le cas de Bryoria suivi d’Alectoria. La température et les dépôts d’azote ont un
plus grand pouvoir explicatif que la précipitation et les variables forestières. Des régressions logistiques multiples indiquent que les
genres de lichens répondent différemment à l’augmentation de plusieurs variables. Le réchauffement réduit les probabilités
d’occurrence de Bryoria peu importe la température. Les probabilités correspondantes pour Alectoria et Usnea diminuent sous des
climats plus chauds mais augmentent sous des climats plus froids. L’apport d’azote diminue les probabilités d’occurrence d’Alectoria
et d’Usnea en présence de dépôts élevés mais les probabilités augmentent lorsque les dépôts sont faibles. Nos analyses indiquent qu’il
y a des changements dans la distribution à grande échelle des lichens fruticuleux en lien avec les changements climatiques, les dépôts
d’azote et l’aménagement des forêts. [Traduit par la Rédaction]
Mots-clés : changement climatique, lichens épiphytes, structure forestière, dépôt d’azote, température.

Introduction
Filamentous “hair” lichens in the genera Alectoria, Bryoria, and
Usnea often dominate forest canopies throughout the boreal zone,
as well as some temperate forests. Globally, Alectoria and Bryoria
mainly occur in cool and cold climates, whereas Usnea occurs
worldwide (Brodo and Hawksworth 1977; Thell and Moberg 2011).
Hair lichens have important functions in forests. They participate
in nutrient and water cycling, provide habitat and food for animals, and constitute a signiﬁcant part of the winter diet for caribou and reindeer (subspecies of Rangifer tarandus (Linnaeus, 1758);
Hauck 2011; Stanton et al. 2014; Esseen and Coxson 2015). Hair

lichens are useful indicators of forest ecosystem integrity and have
strongly declined in areas with atmospheric pollution (Kuusinen
et al. 1990; Bruteig 1993) and intensive forestry (Esseen et al.
1996). Hair lichens such as Alectoria sarmentosa (Ach.) Ach., Bryoria
nadvornikiana (Gyeln.) Brodo & D. Hawksw., and Usnea longissima
Ach. are now red-listed in Fennoscandia (Kålås et al. 2010; Rassi
et al. 2010; ArtDatabanken 2015).
Lichen abundance results from a balance between positive and
negative factors that differ among species. Positive factors include
availability of speciﬁc substrata (Ellis 2012), a suitable combination of water, light, and temperature, and a balanced availability
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of nutrients (Palmqvist et al. 2008). Negative factors include environmental stressors (e.g., pollution, suboptimal microclimate)
and disturbances (e.g., ﬁre, wind, herbivory, forestry; Hauck 2011).
For example, the essential nutrient nitrogen enhances lichen
growth in low to moderate doses, whereas high doses of nitrogen
are detrimental (Geiser et al. 2010; Johansson et al. 2012). Environmental variability and dispersal limitation operating at tree,
stand, and landscape scales also inﬂuence epiphytic lichens (Ellis
2012). Key factors at a tree scale include tree species, canopy
height, branch size, tree age, and nutrient availability (Esseen
et al. 1996; Ellis 2012). Important stand factors include horizontal
and vertical distributions of the canopy, stand age, and microclimate (Coxson and Coyle 2003; Sillett and Antoine 2004).
Anthropogenic airborne sulphur and nitrogen strongly negatively affected forest ecosystems in Europe and North America
(Bobbink et al. 2010; Hauck 2011). The SO2 emissions were highly
detrimental to epiphytic lichens in western Europe but have been
reduced since the 1970s (Vestreng et al. 2007). Therefore, many
lichens have recovered locally, but emissions of nitrogen are still
high or increasing with a negative impact on lichens inhabiting
oligotrophic environments such as Bryoria and Usnea (van Herk et al.
2003; Hultengren et al. 2004). Hair lichens are particularly sensitive
to pollution and climate change, as their large surface area to mass
ratios ﬁlter moisture and elements from the air (e.g., Knops et al.
1996; Stanton et al. 2014). In Sweden, nitrogen deposition shows a
steep south–north gradient and exceeds 10 kg N·ha−1·year−1 in southern regions (Pihl Karlsson et al. 2011). This is above or close to the
critical load (threshold between harmless and harmful nitrogen deposition) for many lichens (Bobbink and Hettelingh 2011; Pardo et al.
2011; Johansson et al. 2012).
The regional distribution of hair lichens has received considerable interest (e.g., Brodo and Hawksworth 1977; Thell and Moberg
2011), but there are still knowledge gaps. Ahlner (1948) mapped
the distribution of several hair lichens in Fennoscandia before the
start of large-scale clearcutting in the 1950s. Hair lichen maps
based on large-scale surveys are available for Finland (Kuusinen
et al. 1990; Poikolainen et al. 1998) and Norway (Bruteig 1993).
However, few have applied statistically rigorous methods to analyse
how environmental factors affect the regional distribution of hair
lichens (e.g., Bruteig 1993; van Herk et al. 2003; Berryman and
McCune 2006; Shrestha et al. 2012). Recently, Boudreault et al. (2015)
analysed forest characteristics inﬂuencing hair lichen distribution in
ecosystems dominated by Picea mariana (Mill.) Britton, Sterns &
Poggenb. across a large west–east gradient in Quebec, Canada. These
studies help to explain mechanisms behind broad-scale distribution
of hair lichens. However, we need more detailed data and better
models to understand how climate, nitrogen deposition, and forestry interact and inﬂuence the distribution of different hair lichens.
Our study analyses factors correlating with the large-scale distribution of the hair lichen genera Alectoria, Bryoria, and Usnea in
the lower canopy of Picea abies (L.) Karst. in Sweden, from temperate
to boreal and subalpine forests. We base our analyses on data from
the National Forest Inventory (NFI) that provides a large probability
sample. Our aims are to (i) compare the distribution of the three
genera in NFI plots across ﬁve regions differing in climate and in
human impact; (ii) compare the thallus length (indicating growth
conditions) among these regions; and (iii) use logistic regressions for
quantiﬁcation of links between the occurrence of hair lichens and
macroclimate, nitrogen deposition, and forest structure.

Materials and methods
Study area
The study area is in Sweden (55°N–69°N) with a length of
1500 km and a width up to 400 km (Fig. 1). The productive forests
(site productivity ≥ 1 m3·ha−1·year−1) cover 23 million ha; in addition,
there are 5 million ha of unproductive forest and 2 million ha of
other wooded land (Anon 2014). There are strong south–north
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Fig. 1. Inventoried NFI plots with P. abies (DBH ≥ 15 cm) in ﬁve regions
in Sweden. Regions roughly correspond to vegetation zones of Ahti
et al. (1968): 1, northern boreal; 2, mainly middle–northern boreal;
3, southern–middle boreal; 4, mainly hemiboreal; 5, temperate.

gradients in climate, forest composition, land use, and element
deposition. The climate ranges from humid warm temperate climate in the south to a humid snow climate with a cold summer in
most of the country, with polar tundra in northwestern mountains. The temperate (nemoral) zone forms a narrow belt in the
south and southwest. It not only has coniferous forest (P. abies),
but also comprises substantial amounts of broad-leaved trees, particularly Betula spp. and Fagus sylvatica L., as well as Acer spp.,
Fraxinus excelsior L., Quercus spp., and Tilia cordata Mill. Most of
southern Sweden is in the hemiboreal zone, which is a transition
zone between the temperate and the boreal zones, where temperate deciduous trees together with P. abies dominate on nutrientrich soils, whereas Pinus sylvestris L. dominates nutrient-poor soils.
The boreal zone, dominated by P. abies, P. sylvestris, and Betula spp.,
covers most of Sweden. Industrial forestry (mainly even-aged forest management) is the dominant land use, whereas agriculture
occurs mainly in the southern and central regions. The mean
volume on productive forest land in Sweden is 135 m3·ha−1 and is
dominated by P. abies (42%), P. sylvestris (39%), and Betula spp. (12%;
Published by NRC Research Press
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Anon 2014). The onset of forest exploitation started in the late
1700s in the southernmost parts, with a northward expanding
timber frontier during the 1800s and 1900s (Östlund et al. 1997).
Since the 1950s, forest management has largely been based on
even-aged forestry, i.e., clear-cut harvesting followed by artiﬁcial
planting of conifers (Östlund et al. 1997). Rotation periods range
from 50 years in the south to 120 years in the north (Fries et al.
2015), resulting in a highly fragmented landscape, particularly in
southern and central regions (Esseen et al. 2016). Only along the
Scandinavian mountain range is the current forestry less intense.
Study species
Alectoria is here represented by only A. sarmentosa, a large, pendent species widely distributed across Eurasia and North America
(Ahlner 1948; Brodo and Hawksworth 1977; McMullin et al. 2016).
Alectoria sarmentosa is strongly associated with old-growth P. abies
forests in Fennoscandia (Esseen et al. 1996). Bryoria and Usnea are
species-rich and taxonomically difﬁcult genera containing both
pendent and shrubby species (Thell and Moberg 2011). The most
widespread Bryoria in Sweden are B. capillaris (Ach.) Brodo &
D. Hawksw. and B. fuscescens (Gyeln.) Brodo & D. Hawksw., followed by
B. fremontii (Tuck.) Brodo & D. Hawksw. and B. furcellata (Fr.) Brodo &
D. Hawksw., both preferring drier forests, and B. nadvornikiana, which is
found in more humid stands (Thell and Moberg 2011; P.-A. Esseen,
personal observation). Within Usnea, U. dasypoga (Ach.) Nyl. is the
most abundant pendent species (Thell and Moberg 2011), whereas
U. subﬂoridana Stirt. and U. hirta (L.) F. H. Wigg. are the most common shrubby species.
The NFI
The Swedish NFI is a multipurpose and multiscale monitoring
program designed to provide information about forests for developing national- and regional-level policies and international reporting
(Fridman et al. 2014). It covers issues such as wood resources for the
forest industry, biodiversity, and emissions and removals of greenhouse gases. The NFI includes all forests in Sweden except subalpine
birch forests in the Scandinavian mountain range. The design includes stratiﬁcation into regions (Fig. 1), with different sampling intensities. The survey consists of clusters of sample plots (tracts;
square-formed), where the length of tract side varies from 300 to
1200 m among regions. The plots (4–8 per tract in this study) are
located around the tract perimeter; they are circular with a radius of
10 m (area, 314 m2). More than 200 variables are recorded, including
soil characteristics and presence and cover of different plant species.
Characteristics of the trees such as species, diameter, and
height are core data. Hair lichens are surveyed on permanent
plots (⬃500–700 per year; remeasured every 10 years). Here, we
use data collected between 1993 and 2002 (a full inventory
cycle; one measurement per plot) from plots in productive forest land (see above).
Lichen inventory
We recorded hair lichens on one randomly selected live P. abies
with a diameter at breast height (DBH, 1.3 m) ≥ 150 mm per sample
plot. Presence and maximum length of A. sarmentosa (Alectoria in
the following), Bryoria spp., and Usnea spp. were recorded up to a
height of 5 m on live and dead branches, as well as on the stem.
The length of the longest thallus (maximum length) of each type
of lichen was measured to the nearest centimetre. Length represents the actual length of bent and entangled thalli. Maximum
length not only indicates growth conditions for lichens, but also
correlates with epiphyte biomass (McCune 1990).
Explanatory variables
We focused on ecologically important variables (known to affect
lichen growth and survival) and excluded location variables such as
latitude and elevation, even though some had high explanatory
power. Our goal was to explore possible mechanistic relationships
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and not to construct models for predicting lichen occurrence at particular locations. Among about 40 candidate variables, we selected 11
variables representing different ecological aspects that correlated
with lichen occurrence: six forest variables (DBH, crown limit, stand
height, stand basal area, stand age, and site quality), four macroclimate variables (temperature, continentality, precipitation, and rain
index), and deposition of nitrogen. The DBH reﬂects substratum
availability (branch size is correlated with DBH). Crown limit represents the height of the lowest live branch of the sample tree and
indicates vertical extent of the lower canopy. Stand height is the
mean height weighed by basal area and was only included to show
differences between regions. Stand basal area (m2·ha−1), assessed by a
relascope, indicates substratum availability at the sample plot level
and also reﬂects canopy cover and thus light availability. Stand age
(time for lichen development) is weighed by basal area for stands
taller than 7 m. Site quality index for P. abies, an index of potential
forest production capacity (m3·ha−1·year−1), was estimated from forest and site characteristics.
We obtained climate data with monthly averages for the last
full reference period 1961–1990 in a 4 km × 4 km grid from the
Swedish Meteorological and Hydrological Institute (SMHI). We extracted mean annual temperature and mean total annual precipitation for each NFI plot using ArcGis version 10.3. An index of
continentality was calculated as the difference in mean temperature between July and January. Continentality correlates with less
rain and higher diurnal temperature amplitude during summer,
implying more frequent dew formation (Gauslaa 2014). Much
precipitation in northern areas falls as snow in seasons not supporting high lichen growth rates. Instead of using total annual
precipitation with low explanatory power, we calculated a “rain
index”, which was the total precipitation in months with mean
temperature ≥ 0 °C during which lichens can grow. Finally, we
extracted data on annual deposition of inorganic nitrogen (dry
plus wet depositions). We obtained nitrogen data (NOx + NHx) in a
20 km × 20 km grid from SMHI using the Match model (available
from http://www.smhi.se/klimatdata/miljo/atmosfarskemi). We
calculated mean annual nitrogen deposition for 1998–2002 in
each grid cell and then extracted data for each NFI plot.
Data analysis
The total data consisted of 5586 plots (but we excluded 105 plots;
see below), each with lichen data from one P. abies tree. We calculated
percent lichen occurrence, mean length, and standard error (SE) for
each region. A general linear model was used to test whether thallus
length differed by region. Length was log transformed to obtain approximately normal distributions, and the Tukey–Kramer posthoc
test was used to evaluate differences among regions. We calculated
means and SE for explanatory variables by regions, as well as their
intercorrelations across all regions.
We used logistic regression (Hosmer et al. 2013) to predict occurrence of the three genera using climate, nitrogen deposition,
and forest variables. To simplify model construction, we excluded
plots classiﬁed as unstocked (basal area < 3 m3·ha−1, n = 16), thicket
(mean height < 1.3 m, n = 13), and young stands (mean height ≥
1.3 m and < 10 cm DBH of dominant trees, n = 75). These plots
mainly had residual trees from the previous stand (before logging), and the observed lichen data are not strongly linked to
current forest structure. We also excluded one plot with no data
for basal area, thus resulting in 5481 plots. To account for the
possibility of nonlinear relationships, fractional polynomials of
ﬁrst and second degree were applied (Sauerbrei and Royston
1999). We ﬁtted separate and multiple fractional polynomial
logistic regression models (Appendix A) with the library mfp in
R version 3.1.0 (R Core Team 2014). Continentality was removed
from the multiple model for Usnea to avoid multicollinarity. We
used odds ratios to help interpret the derived logistic regression
models. The odds ratio is widely used as a measure of association,
as it approximates how much more likely or unlikely (in terms of
Published by NRC Research Press
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Fig. 2. Distribution and maximum length of (A) Alectoria, (B) Bryoria, and (C) Usnea in the lower canopy of P. abies in Sweden. Circle area is
proportional to mean lichen length of all trees with lichen occurrence in each tract (cluster of plots).

odds) it is for the outcome (lichen) to be present among those
subjects (P. abies) with a one-unit increment in an explanatory
variable, i.e., x + 1 versus x (Hosmer et al. 2013). That is, the odds
ratio is the relative change in the odds of occurrence when increasing the explanatory variable while holding other explanatory variables ﬁxed. Several analogues to the linear regression
R2 have been proposed for logistic regression, but McFadden’s
pseudo R2 (recommended by Menard (2000)) is used throughout
this study. It is computed as follows:
1⫺

Fig. 3. (A) Occurrence and (B) maximum length (mean ± 1 standard
error) of Alectoria, Bryoria, and Usnea in the lower canopy of P. abies in
ﬁve regions. See Fig. 1 for depiction of the regions.

maximized log likelihood for the model containing only the intercept
maximized log likelihood for the fitted model

which, like linear regression R2, is on a [0,1] scale.

Results
Distribution and length
Bryoria was most common (44.6% of the trees), followed by Usnea
(37.5%) and Alectoria (16.7%). Alectoria was exclusive on 1.0%, Bryoria
was exclusive on 11.3% and Usnea was exclusive on 9.7%, while all
genera co-occurred on 7.7% of the trees. The distributions overlapped broadly, but Bryoria had a mostly northern distribution
and Usnea's distribution was mostly southern, with Alectoria being
intermediate (Fig. 2). Bryoria and Alectoria in particular had low
frequency along the southwest coast, and all hair lichens were
absent from the very south. Alectoria had its highest frequency in
northern and central regions and was extremely rare in southern
regions (Fig. 3A). Bryoria gradually increased towards northern
regions, whereas Usnea peaked in region 3.

The thalli were longest in Alectoria (19.0 ± 0.4 cm, overall mean ±
SE) followed by Bryoria (13.0 ± 0.2 cm) and Usnea (8.4 ± 0.1 cm). All
genera had longer thalli in northern than in southern regions
(Fig. 3B). Four, eight, and six of the 10 pairwise comparisons bePublished by NRC Research Press
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Table 1. Means (±1 standard error) of explanatory variables in the ﬁve regions and range across all regions.
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Region

All plots

Variable (abbreviation), unit

1

2

3

4

5

Range

No. of plots
DBHa, cm
Crown limit (CL)a, m
Stand heightb, m
Stand age (AGE), years
Basal area (BA), m2·ha−1
Site quality (SQ), m3·ha−1·year−1
Temperature (TEMP), °C
Continentality (CONT), °C
Precipitationb, mm·year−1
Rain index (RAIN), mm·year−1
Nitrogen deposition (NDEP), kg·ha−1·year−1

332
23.7±0.4
2.4±0.1
14.7±0.2
122.3±0.2
18.6±0.4
2.4±0.0
–0.41±0.04
26.09±0.08
649±3.8
381±2.3
3.55±0.02

1210
24.6±0.2
3.4±0.1
17.0±0.1
106.9±0.1
25.0±0.3
3.5±0.0
1.35±0.03
24.39±0.06
657±2.2
411±1.3
4.17±0.02

1019
25.1±0.2
4.3±0.1
19.0±0.1
83.1±0.1
27.3±0.3
6.4±0.1
3.51±0.04
22.20±0.03
734±2.1
493±1.5
6.44±0.03

2120
27.6±0.2
4.0±0.1
20.1±0.1
68.4±0.1
27.4±0.2
9.4±0.0
5.69±0.01
19.20±0.02
714±2.4
526±1.8
9.78±0.05

800
28.1±0.3
4.7±0.1
19.6±0.2
59.1±0.1
28.9±0.3
10.9±0.1
6.62±0.01
17.58±0.01
851±5.4
674±3.9
14.09±0.08

5481
15.0−74.0
0−19
5.5−36.0
15−315
3−75
1.2−21.7
–2.68−7.54
16.18−29.26
491−1214
275−940
2.64−18.24

aFor

sample trees.
height and precipitation were not included in the logistic regression models.

bStand

Fig. 4. Occurrence of Alectoria, Bryoria, and Usnea in the lower canopy of P. abies in relation to mean annual temperature and mean annual
precipitation (1961–1990). Black dots show plots with lichen occurrence, and blue dots show plots with P. abies present but without lichens.
Figure provided in colour online.

tween regions were signiﬁcant in Alectoria, Bryoria, and Usnea, respectively (Supplementary material, Table S11).
Explanatory variables
All explanatory variables except forest age and continentality
decreased from south to north (Table 1). Site quality and nitrogen
deposition showed the steepest gradients, DBH showed the weakest gradient, followed by precipitation. Southern regions had
fewer live branches in lower canopy than northern regions: 61%
of P. abies had a crown limit < 5 m in region 5 compared with 92%
in region 1. Intercorrelations between all variables were signiﬁcant
due to the large sample size (Supplementary material, Table S21).
Strong correlations occurred between ecologically important factors
such as temperature, continentality, site quality, nitrogen deposition, and rain index, e.g., between site quality and temperature, as
well as between nitrogen deposition and rain index (r = 0.88 in both
cases).
Figure 4 shows hair lichen occurrence in relation to the combination of mean annual temperature and precipitation. Bryoria had
the widest temperature amplitude but was rare in warm climates.
The occurrence of Alectoria and Usnea decreased in colder climates.
Bryoria occurred over a wide precipitation range, including the
driest areas. In contrast, both Alectoria and Usnea steeply declined
with decreasing precipitation below 550 mm. Usnea was the most
frequent genus in warm and wet climates.

1

Table 2. Pseudo R2 values for separate variables
(after transformation; see Supplementary material, Table S31) in logistic regression models predicting the occurrence of Alectoria, Bryoria, and
Usnea in the lower canopy of P. abies (N = 5481).
Explanatory variable

Alectoria

Bryoria

Usnea

Temperature
Nitrogen deposition
Continentality
Site quality
Rain index
Stand age
Basal area
Crown limit
DBH

0.312
0.290
0.254
0.265
0.139
0.149
0.019
0.022
0.001

0.419
0.405
0.392
0.366
0.254
0.156
0.033
0.026
0.007

0.171
0.174
0.167
0.139
0.077
0.077
0.005
0.021
0.003

Note: All models are statistically signiﬁcant (P < 0.001).
Variables are sorted by R2 for Bryoria. DBH, diameter at
breast height (1.3 m).

Logistic regression models for separate variables
Most models were nonlinear and all variables had highly significant slope coefﬁcients (Supplementary material, Table S31) with
highest pseudo R2 value for Bryoria, followed by Alectoria and Usnea
(Table 2). The sequence of variables was similar for all genera

Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfr-2016-0113.
Published by NRC Research Press

Esseen et al.

1353

Can. J. For. Res. Downloaded from www.nrcresearchpress.com by 95.195.201.198 on 08/09/17
For personal use only.

Fig. 5. Estimated probability of occurrence of Alectoria, Bryoria, and Usnea in the lower canopy of P. abies from logistic regression models of the
six explanatory variables with the highest R2 value. Transformations and P values are shown in Supplementary material, Table S31. Figure
provided in colour online.

when ranked by R2 values. Temperature, nitrogen, continentality,
and site quality had higher R2 value than the rain index. Stand age
had the highest R2 value of the forest variables, whereas basal
area, crown limit, and DBH had low explanatory power (in terms
of pseudo R2 values). Bryoria showed a steep decrease from cold to
warm climates, with almost 100% estimated probability of occurrence at –2 °C to a 12% estimated probability of occurrence at +6 °C
(Fig. 5). In contrast, probabilities for Alectoria and Usnea peaked at
approximately +0.6 and +3 °C, respectively. The pattern for continentality was similar to that seen for temperature. For the rain
index, Bryoria showed a steep decrease from dry to wet climates,
and Usnea was more frequent in wetter climates than Alectoria. For
nitrogen deposition, the probability of occurrence peaked at 3.5,
4, and at 5 kg N·ha−1·year−1 for Bryoria, Alectoria, and Usnea, respectively. The probabilities decreased steeply at higher nitrogen levels, particularly in Alectoria. Patterns for site quality were similar
to those of nitrogen, with very low probability in the most productive forests. For stand age, Bryoria and Usnea showed steep
increases up to about 180 and 80 years, respectively. Usnea peaked
at approximately 115 years, whereas Bryoria continued to increase
with age. Alectoria increased slower with age up to >200 years,
peaking at a higher probability than Usnea.
Multiple logistic regression models
The best multiple model, in terms of R2 values, was found for
Bryoria, followed by Alectoria and Usnea, with all variables highly
signiﬁcant (P ≤ 0.017; Table 3). However, only the Usnea model
showed a large increase in R2 value compared with the best singlevariable model. The Bryoria model was least complex with ﬁve
variables. Climate and forest variables were included in all models, whereas nitrogen was only included for Alectoria and Usnea.

The odds ratios (Fig. 6) show how odds for lichen occurrence
change when increasing one variable in the models. The odds
increase signiﬁcantly when the lower conﬁdence bound is higher
than 1.0 and decrease when the upper conﬁdence bound is lower
than 1.0. The odds ratio curves for increasing temperature with
1 °C differed among genera. Bryoria decreased at all temperatures.
By contrast, warming increased odds for both Alectoria and Usnea
occurrences in colder climates but decreased the odds in warmer
climates. The thresholds were –0.1 and +1.8 °C for Alectoria and
Usnea, respectively. Increasing continentality with 1 °C decreased
the odds that Alectoria would occur. Adding 20 mm of rain decreased
the odds for Bryoria occurring. Adding 1 kg of nitrogen at low nitrogen levels increased the odds up to approximately ﬁve times for
Alectoria occurring, but odds decreased at >3.9 kg·ha−1·year−1. Usnea
showed an even higher increase in odds at low nitrogen levels,
whereas odds decreased at levels >5.7 kg·ha−1·year−1. Similarly,
increasing site quality with 1 m3·ha−1·year−1 increased odds for
Usnea occurrence below 4.8 m3·ha−1·year−1 but decreased odds
above this threshold. An increase in stand age of 10 years increases
the odds of Alectoria being present. Bryoria and Usnea had more
than a 2.3-fold increase in odds for occurrence in young stands
(15–25 years) but no signiﬁcant change in odds at approximately
100–130 years. Odds decreased in stands older than 135 years. All
genera decreased when adding 1 m2·ha−1 to basal area. By contrast,
increasing DBH by 1 cm increased the odds for occurrence in both
Alectoria and Usnea. Odds ratio curves for crown limit were similar
in all genera.

Discussion
Compared with former studies on regional distribution of hair
lichens, our study is based on the largest sample so far. MonitorPublished by NRC Research Press
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Table 3. Summary of multiple logistic regression models predicting
occurrence of Alectoria, Bryoria, and Usnea in the lower canopy of Picea
abies (N = 5481).
Estimate

Standard
error

P value

–0.741
8.710
–14.178
0.948
0.707
–1.434
0.794
–0.150
–0.790
–0.426
0.198

1.098
1.433
1.508
0.271
0.195
0.307
0.142
0.063
0.228
0.087
0.059

0.500
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.017
0.001
<0.001
0.001

Bryoria (pseudo R2 = 0.456)
Intercept
[(TEMP + 2.7)/10]3
RAIN/1000
ln(AGE/100)
(AGE/100)0.5
BA/10
[(CL + 0.1)/10]0.5
[(CL + 0.1)/10]0.5 × ln[(CL + 0.1)/10]

13.088
–5.538
–5.021
5.041
–9.442
–0.350
1.589
–2.111

2.083
0.208
0.613
0.777
1.792
0.057
0.608
0.505

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Usnea (pseudo R2 = 0.254)
Intercept
(TEMP + 2.7)/10
[(TEMP + 2.7)/10]2
(NDEP/10)−1
(NDEP/10)−1 × ln(NDEP/10)
(SQ/100)0.5
(SQ/100) × ln(SQ/10)
ln(AGE/100)
(AGE/100)0.5
BA/10
[(CL + 0.1)/10]0.5
[(CL + 0.1)/10]0.5 × ln[(CL + 0.1)/10]
DBH/100

–2.775
10.351
–10.407
6.264
4.221
1.349
–3.620
5.254
–9.986
–0.179
2.989
–2.240
0.187

1.864
1.347
1.098
0.540
0.327
0.549
0.714
0.673
1.511
0.049
0.538
0.447
0.042

0.137
<0.001
<0.001
<0.001
<0.001
<0.014
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Variable
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Alectoria (pseudo R = 0.347)
Intercept
(TEMP + 2.7)/10
[(TEMP + 2.7)/10]2
(NDEP/10)−2
(NDEP/10)−2 × ln(NDEP/10)
CONT/10
AGE/100
BA/10
ln[(CL + 0.1)/10]
{ln[(CL + 0.1)/10]}2
DBH/100

Note: See Table 1 for explanations of variable abbreviations.

ing programs such as NFIs have large potential to analyse factors
affecting broad-scale distributions of forest organisms. Although
based on simple measures of presence and absence and a crude
abundance estimate (thallus length), the large number of sample
plots enables highly valuable information on factors potentially
shaping the distribution of hair lichen genera.
Factors affecting distribution
The distribution maps (Fig. 2) represent “probability maps” of
hair lichen occurrence on randomly selected P. abies in NFI plots.
Probability maps differ from standard distribution maps because
they do not show the entire distribution range. We recorded data
for lichens only on large P. abies; however, hair lichens occur on a
broad range of tree species. For example, Bryoria is common on
P. sylvestris, particularly in northern regions. Moreover, we only
studied the canopy below 5 m height. Nevertheless, our study
conﬁrms general distribution patterns of hair lichens in Fennoscandia from previous large-scale surveys (Kuusinen et al. 1990;
Bruteig 1993; Poikolainen et al. 1998) but adds considerably more
detailed information. Bryoria was most northern, whereas Alectoria
was intermediate and rare in the hemiboreal zone of Ahti et al.
(1968). Usnea was most southern with a marked decrease from the
middle to the northern boreal zone, as in East Fennoscandia
(Halonen et al. 1999). By comparing our Alectoria map (Fig. 2A) with
the detailed map of Ahlner (1948, p. 25; based on observations in
1790–1947), we note a steep decline in southern Sweden.

Variability in environmental conditions affecting lichen colonization, growth, reproduction, and mortality shape the regional
distribution of hair lichens. The spatial distribution of water
sources (rain, humid air, and dewfall) also plays a fundamental
role for lichen distribution (Gauslaa 2014). Confounded natural
and anthropogenic factors complicate the separation and identiﬁcation of mechanisms controlling the distribution of hair lichens in the study area. However, although forestry is intense
throughout Sweden, air pollution is low in northern regions (Pihl
Karlsson et al. 2011). This suggests that climate and forest structure are main drivers for hair lichens in northern regions. The
more open, low forests and drier continental climate likely cause
the high frequency of Bryoria in the two northernmost regions (cf.
Gauslaa 2014). Among lichens, Bryoria growing in the lower canopy has one of the lowest capacities to store internal water (Esseen
et al. 2015) but rapidly takes up water from humid air and dewfall.
Dewfall is an important water source for Bryoria in open, continental forests with large diurnal temperature amplitude (Gauslaa
2014). Bryoria also has dark absorbing pigments (melanins) that
efﬁciently screen and protect the underlying algae from excess
light (Färber et al. 2014). These pigments allow Bryoria to grow in
lower canopies of open forests, as well as in exposed upper canopies. Their high absorbance causes snowmelt, supplying Bryoria
with water and allowing photosynthesis during winter (Coxson
and Coyle 2003). By contrast, Alectoria and Usnea have the bright
reﬂecting pigment usnic acid and are more susceptible to high
light in the desiccated state than Bryoria (Färber et al. 2014). This
mechanism may contribute to the lower frequency of Alectoria
and Usnea in northern regions that generally have a drier climate
and smaller areas of shady and moist P. abies dominated forests.
Alectoria is associated with humid forests in Fennoscandia (Ahlner
1948) and North America (McCune and Geiser 2009; Boudreault
et al. 2015). This also applies to many pendulous Usnea species.
The northward decrease of Usnea was correlated with lower
temperatures (Figs. 4 and 5), suggesting that Usnea is sensitive to
cold climates. However, low temperatures per se may not limit
Usnea, as boreal lichens are tolerant to freezing (Hauck 2011). Instead, we hypothesize that the low amount of rain limits Usnea in
northern regions (Figs. 4 and 5), where more than one-third of the
precipitation falls as snow. Usnea dasypoga, the most common
Usnea in northern Sweden, has a lower internal water storage capacity than Alectoria (Esseen et al. 2015). Compared with Alectoria,
U. dasypoga needs more frequent hydration to maintain high
growth, which may explain why Usnea becomes more restricted to
humid sites in northern regions such as riparian forests and gullies. In Norway, Usnea is abundant in rainy coastal areas with high
rainfall, whereas Bryoria is scarce (Bruteig 1993), as this genus is
sensitive to excess hydration (Goward 1998).
The factors affecting hair lichens in southern regions are less
known. Air pollution still reduces hair lichens in southern and
southwestern Sweden, despite the strong reduction in SO2 pollution since the 1970s. Only minor recovery in lichen communities
has occurred, likely because nitrogen deposition is still high
(van Herk et al. 2003; Hultengren et al. 2004; Grandin 2011). Nitrogen
deposition in southern Sweden (9.8 and 14.1 kg N·ha−1·year−1 in
regions 4 and 5, respectively) exceeds critical loads for acidophytic
lichens. Our odds ratio curves from multiple logistic models
(Fig. 6) suggest that the critical load is 3.9 kg N·ha−1·year−1 for
Alectoria and 5.7 kg N·ha−1·year−1 for Usnea. Nitrogen was not included in the multiple model for Bryoria, but the separate model
(Fig. 5) indicates a somewhat lower critical load than for Alectoria
and Usnea. Our critical loads are in the same range as for other
nitrogen-sensitive species (Geiser et al. 2010; Bobbink and Hettelingh
2011; Pardo et al. 2011). In a whole-tree experiment in an oligotrophic boreal forest, Johansson et al. (2010, 2012) found that Alectoria
and Bryoria increased at 6 kg N·ha−1·year−1 and remained stable or
decreased at 12.5 kg·ha−1·year−1 after 4 years. These levels are higher
than our critical loads, but nitrogen loads that are neutral or positive
Published by NRC Research Press
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Fig. 6. Plots of odds ratio functions (solid lines, log scale; reﬂecting relative change in probability of occurrence) with 95% conﬁdence bands
(dashed lines) for an increase in one unit of variables in multiple logistic regression models for Alectoria, Bryoria, and Usnea. The grey
horizontal lines indicate an odds ratio of 1.0. Note the different scales for the odds ratio. Figure provided in colour online.

in a short-term perspective could be negative over longer periods.
McCune and Geiser (2009) classiﬁed most hair lichens as oligotrophs in nutrient-poor sites, but some were mesotrophs. They
reported a peak detection frequency of 2.4 kg N·ha−1·year−1 for
A. sarmentosa, 2.0 kg N·ha−1·year−1 (mean) for 12 Bryoria species, and
2.3 kg N·ha−1·year−1 (mean) for 12 Usnea species in the Paciﬁc Northwest, USA. However, U. subﬂoridana was eutrophic, with a peak detection at 6.1 kg N·ha−1·year−1 (McCune and Geiser 2009). In fact,
U. subﬂoridana probably contributed to our higher critical load for
Usnea. It is one of the most widespread Usnea species in southern
regions (Halonen et al. 1999; Thell and Moberg 2011), likely favoured
by nitrogen on conifers with acidic bark.
The lower importance of forest variables in our models follows
partly from sampling conﬁned to large trees and by excluding
early-successional stands. However, the higher crown limit in
southern regions (mean, 4.0–4.7 m; Table 1) suggests that the
scarcity of live branches in the lower canopy contributed to
the low occurrence of hair lichens in these regions. Moreover, the
high basal area in southern regions suggests that low light limits
hair lichens, particularly Bryoria in productive forests such as
dense P. abies plantations. Bryoria has a higher light compensation
point than Alectoria (Coxson and Coyle 2003). Overall, hair lichens
in southern regions are negatively impacted by changes in land
use, including clearcutting, planting of conifers, and denser forests. Bryoria and Usnea are also more common on deciduous trees
than on P. abies along the western coast (S. Hultengren, personal
communication).

Our results reinforce the fundamental importance of high forest age for the accumulation of hair lichens (Esseen et al. 1996;
Horstkotte et al. 2011; Boudreault et al. 2015). Timber harvesting
has negative impact on hair lichens throughout Sweden because
rotation cycles are too short (50–120 years) for high biomass to
accumulate (Dettki and Esseen 2003). Alectoria depended most on
high forest age and prefers slow-growing forests considerably
older than the current rotation cycles. Less efﬁcient dispersal in
Alectoria than in Bryoria (Esseen et al. 1996) is a likely cause.
Factors affecting length
Hair lichens have considerable growth potential and can grow
several centimetres per year (Stevenson and Coxson 2003; Jansson
et al. 2009). Thereby, the longer thalli in northern regions for all
genera suggests better growth conditions in these regions. Mean
maximum length of Alectoria across Sweden (19 cm) was half the
length in northern, old-growth P. abies forests (41 cm, Esseen
2006). Alectoria can be 0.5–1 m long in optimal sites (Esseen and
Renhorn 1998), thus the larger dimensions in Alectoria than in
Bryoria are not surprising. The small size of Usnea (8.4 cm) across
Sweden and of Alectoria and Bryoria in southern Sweden (regions 4
and 5) is remarkable. Short Bryoria and Usnea thalli on P. sylvestris
in southern Norway result from air pollution (Bruteig 1993). Usnea
dasypoga could be 30–50 cm long or even longer. Thereby, conditions for Usnea are hardly optimal in large parts of Sweden. However, we do not know how many observations are shrubby species
such as U. subﬂoridana. Our length data cannot be converted to
Published by NRC Research Press
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lichen biomass in the lower canopy. However, Esseen (2006)
showed that a 2-fold increase in maximum length corresponded
to a 5-fold biomass increase in Alectoria. Hence, regional differences in biomass are likely signiﬁcantly larger than indicated by
our length data.
Model performance
Many factors inﬂuence model performance, including accuracy
of lichen observations, forest data, gridded climate, and nitrogen
data, as well as variable selection and transformations used in
model construction. We have no data on observer accuracy, but
lichen identiﬁcation was likely less problematic in this study focusing on genera and not individual species. However, small thalli
are difﬁcult to detect and possibly overlooked in the inventory.
All models were highly signiﬁcant because of large sample
sizes, but the Bryoria model had markedly higher R2 value than the
Usnea model despite small difference in occurrence. We hypothesize that the lower model performance for Usnea results from
greater interspeciﬁc variability in habitat requirements than
within Bryoria. Usnea species are highly variable in morphological
and anatomical traits and include short, shrubby species such as
U. hirta in drier microclimates, to long, pendulous species such as
U. dasypoga and U. longissima in humid forests (Thell and Moberg
2011). The variability in habitat preferences is partly explained
by greater variability in water storage capacity in Usnea than in
Bryoria (Gauslaa 2014; Esseen et al. 2015; P.-A. Esseen, unpublished
data). Future studies should address factors affecting regional distribution of individual Bryoria and Usnea species (Shrestha et al.
2012) and include higher canopy positions.
Our models could probably be improved by including light
availability and landscape context variables (not available in the
NFI) such as proximity to old forests functioning as a propagule
source (Dettki et al. 2000). Distance to forest edge could also be
of interest, as hair lichens are sensitive to edge microclimates
(Esseen and Renhorn 1998). Sweden’s forests, particularly the
southern and central regions, are highly fragmented by forestry
and agriculture with a large extent of abrupt forest edges (Esseen
et al. 2016) that may strongly inﬂuence hair lichens.
Implications
If our models truly reﬂect species requirements, they suggest
major range shifts in the distribution of hair lichens following
changes in climate, nitrogen deposition, and forest structure. Climate scenarios for Sweden predict a 2–6 °C increase in mean
annual temperature and a 10%–40% increase in precipitation by
the end of the century, with the largest changes in northern regions (Sjökvist et al. 2015). In fact, the changes in the estimated
odds of occurrence were surprisingly large following relatively
moderate increases in some of the variables such as a temperature
increase of 1 °C (Fig. 6). Our models suggest that a warmer climate
would always be negative for Bryoria. By contrast, warming might
be positive for Alectoria and particularly for Usnea in colder climates but negative in warmer climates. Such effects also depend
on whether predicted altered precipitation patterns during
warmer winters would affect lichens negatively (cf. Bjerke 2011).
Results also suggest that a wetter climate facilitates Usnea (Figs. 4
and 5), whereas Bryoria would decrease (Fig. 6). If nitrogen deposition increased, the occurrence of Alectoria and Usnea, probably also
of Bryoria, would decline in most of Sweden but not necessarily
in northern regions with low deposition. Extending the rotation
periods would increase hair lichen occurrence (Figs. 5 and 6),
whereas shorter rotation periods would have a very negative effect (Dettki and Esseen 2003), particularly for Alectoria. If several
factors change simultaneously, we could expect synergetic responses that could dramatically disrupt ecological functions of
hair lichens in forests. This may have cascading negative effects
on other organisms such as reindeer, canopy-living invertebrates,
and passerine birds (Pettersson et al. 1995) and adversely impact
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water and nutrient cycling (e.g., Knops et al. 1996; Stanton et al.
2014).

Conclusions
Hair lichens are key components in forest canopies but face
multiple environmental hazards threating their function in forest
ecosystems. Our models may help to interpret and (or) predict
current and future changes in regional distribution of hair lichens.
Such knowledge is critical for choosing adequate measures to mitigate impacts of climate change, element deposition, and forestry
on hair lichens. The correlations between hair lichen occurrence
and explanatory variables presented here suggest mechanistic hypotheses for future experimental testing. We conclude that broadscale distribution of hair lichens in the lower canopy of P. abies is
stronger coupled to macroclimate and nitrogen deposition than
to forest structure in Sweden with strong south–north environmental gradients. The three hair lichen genera show broad similarities in response to environmental variables but differ in
important aspects such as the shape of relationships with temperature, rain, nitrogen deposition, and stand age. The multiple logistic regression models suggest major range shifts in the regional
distribution of the three hair lichen genera following future
changes in climate, nitrogen deposition, and forest management.
Our study also shows that odds ratios is a useful tool for interpreting complex logistic regression models of lichen occurrence. More
studies are needed from other parts of Eurasia and North America
to test our hypotheses at global scales.

Acknowledgements
We thank Jonas Fridman for access to NFI data, Jonas Dahlgren
for help with climate data, and Mårten Strömgren for help with
ArcGis. Yngvar Gauslaa and R. Troy McMullin gave valuable comments. This study was funded by the Swedish Research Council
and Formas.

References
Ahlner, S. 1948. Utbredningstyper bland nordiska barrträdslavar. Acta Phytogeogr. Suec. 22: 1–257.
Ahti, T., Hämet-Ahti, L., and Jalas, J. 1968. Vegetation zones and their sections in
northwestern Europe. Ann. Bot. Fenn. 5(3): 169–211.
Anon. 2014. Swedish statistical yearbook of forestry [online]. Swedish Forest
Agency, Jönköping, Sweden. Available from www.skogsstyrelsen.se/
Myndigheten/Statistik/Skogsstatistisk-Arsbok/Skogsstatistiska-arsbocker/.
ArtDatabanken 2015. Red-listed species in Sweden [online]. ArtDatabanken SLU,
Uppsala, Sweden. Available from www.artdatabanken.se/media/2013/helaboken.pdf.
Berryman, S., and McCune, B. 2006. Estimating epiphytic macrolichen biomass
from topography, stand structure and lichen community data. J. Veg. Sci.
17(2): 157–170. doi:10.1111/j.1654-1103.2006.tb02435.x.
Bjerke, J.W. 2011. Winter climate change: Ice encapsulation at mild subfreezing
temperatures kills freeze-tolerant lichens. Environ. Exp. Bot. 72: 404–408.
doi:10.1016/j.envexpbot.2010.05.014.
Bobbink, R., and Hettelingh, J.P. (Editors) 2011. Review and revision of empirical
critical loads and dose-response relationships [online]. RIVM Report
680359002. Coordination Centre for Effects, National Institute for Public
Health and the Environment (RIVM), Bilthoven, The Netherlands. Available
from www.rivm.nl/bibliotheek/rapporten/680359002.
Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade, R., Ashmore, M.,
Bustamante, M., Cinderby, S., Davidson, E., Dentener, F., Emmett, B.,
Erisman, J.-W., Fenn, M., Gilliam, F., Nordin, A., Pardo, L., and De Vries, W.
2010. Global assessment of nitrogen deposition effects on terrestrial plant
diversity: a synthesis. Ecol. Appl. 20(1): 30–59. doi:10.1890/08-1140.1.
Boudreault, C., Drapeau, P., Bouchard, M., St-Laurent, M.-H., Imbeau, L., and
Bergeron, Y. 2015. Contrasting responses of epiphytic and terricolous lichens
to variations in forest characteristics in northern boreal ecosystems. Can. J.
For. Res. 45(5): 595–606. doi:10.1139/cjfr-2013-0529.
Brodo, I.M., and Hawksworth, D.L. 1977. Alectoria and allied genera in North
America. Opera Bot. 42: 1–164.
Bruteig, I.E. 1993. Large-scale survey of the distribution and ecology of common
epiphytic lichens on Pinus sylvestris in Norway. Ann. Bot. Fenn. 30(3): 161–179.
Coxson, D.S., and Coyle, M. 2003. Niche partitioning and photosynthetic response of alectorioid lichens from subalpine spruce-ﬁr forest in northcentral British Columbia, Canada: the role of canopy microclimate gradients.
Lichenologist, 35(2): 157–175. doi:10.1016/S0024-2829(03)00018-5.
Dettki, H., and Esseen, P.-A. 2003. Modelling long-term effects of forest managePublished by NRC Research Press

Can. J. For. Res. Downloaded from www.nrcresearchpress.com by 95.195.201.198 on 08/09/17
For personal use only.

Esseen et al.

ment on epiphytic lichens in northern Sweden. For. Ecol. Manage. 175(1–3):
223–238. doi:10.1016/S0378-1127(02)00131-7.
Dettki, H., Klintberg, P., and Esseen, P.-A. 2000. Are epiphytic lichens in young
forests limited by local dispersal? Ecoscience, 7(3): 317–325.
Ellis, C.J. 2012. Lichen epiphyte diversity: a species, community and trait-based
review. Perspect. Plant Ecol. 14(2): 131–152. doi:10.1016/j.ppees.2011.10.001.
Esseen, P.-A. 2006. Edge inﬂuence on the old-growth forest indicator lichen
Alectoria sarmentosa in natural ecotones. J. Veg. Sci. 17(2): 185–194. doi:10.1111/
j.1654-1103.2006.tb02437.x.
Esseen, P.-A., and Coxson, D.S. 2015. Lichens in forest ecosystems. In Routledge
handbook of forest ecology. Edited by K.S.-H. Peh, R.T. Corlett, and
Y. Bergeron. Routledge, London, UK, pp. 250–263.
Esseen, P.-A., and Renhorn, K.-E. 1998. Edge effects on an epiphytic lichen in
fragmented forests. Cons. Biol. 12(6): 1307–1317. doi:10.1111/j.1523-1739.1998.
97346.x.
Esseen, P.-A., Renhorn, K.-E., and Pettersson, R.B. 1996. Epiphytic lichen biomass
in managed and old-growth boreal forests: effect of branch quality. Ecol.
Appl. 6(1): 228–238. doi:10.2307/2269566.
Esseen, P.-A., Olsson, T., Coxson, D.S., and Gauslaa, Y. 2015. Morphology inﬂuences water storage in hair lichens from boreal forest canopies. Fungal Ecol.
18: 26–35. doi:10.1016/j.funeco.2015.07.008.
Esseen, P.-A., Hedström Ringvall, A., Harper, K.A., Christensen, P., and
Svensson, J. 2016. Factors driving structure of natural and anthropogenic
forest edges from temperate to boreal ecosystems. J. Veg. Sci. 27(3): 482–492.
doi:10.1111/jvs.12387.
Färber, L., Solhaug, K.A., Esseen, P.-A., Bilger, W., and Gauslaa, Y. 2014. Sunscreening fungal pigments inﬂuence the vertical gradient of pendulous
lichens in boreal forest canopies. Ecology, 95(6): 1464–1471. doi:10.1890/132319.1.
Fridman, J., Holm, S., Nilsson, M., Nilsson, P., Ringvall, A.H., and Ståhl, G. 2014.
Adapting national forest inventories to changing requirements - the case of
the Swedish National Forest Inventory at the turn of the 20th century. Silva
Fenn. 48(3): 1095. doi:10.14214/sf.1095.
Fries, C., Bergquist, J., and Wikström, P. 2015. Lägsta ålder för föryngringsavverkning (LÅF) – en analys av följder av att sänka åldrarna i norra Sverige till
samma nivå som i södra Sverige [online]. Skogsstyrelsen, Jönköping, Sweden,
Rapport 6/2015. Available from http://shop.skogsstyrelsen.se/shop/9098/
art13/28129213-4caf1a-Foryngringsavverkning_webb.pdf.
Gauslaa, Y. 2014. Rain, dew, and humid air as drivers of morphology, function
and spatial distribution in epiphytic lichens. Lichenologist, 46(1): 1–16. doi:
10.1017/S0024282913000753.
Geiser, L.H., Jovan, S.E., Glavich, D.A., and Porter, M.K. 2010. Lichen-based critical loads for atmospheric nitrogen deposition in western Oregon and Washington forests, U.S.A. Environ. Pollut. 158(7): 2412–2421. doi:10.1016/j.envpol.
2010.04.001.
Goward, T. 1998. Observations on the ecology of the lichen genus Bryoria in high
elevation conifer forests. Can. Field Nat. 112(3): 496–501.
Grandin, U. 2011. Epiphytic algae and lichen cover in boreal forests - a long-term
study along a N and S deposition gradient in Sweden. Ambio, 40(8): 857–866.
doi:10.1007/s13280-011-0205-x.
Halonen, P., Myllys, L., Ahti, T., and Petrova, O.V. 1999. The lichen genus Usnea in
east Fennoscandia. III. The shrubby species. Ann. Bot. Fenn. 36(4): 235–256.
Hauck, M. 2011. Site factors controlling epiphytic lichen abundance in northern
coniferous forests. Flora, 206: 81–90. doi:10.1016/j.ﬂora.2010.02.001.
Horstkotte, T., Moen, J., Lämås, T., and Helle, T. 2011. The legacy of logging estimating arboreal lichen occurrence in a boreal multiple-use landscape
on a two century scale. PLoS One, 6(12): e28779. doi:10.1371/journal.pone.
0028779.
Hosmer, D.W., Jr., Lemeshow, S., and Sturdivant, R.X. 2013. Applied logistic
regression. 3rd ed. John Wiley and Sons, Inc., Hoboken, N.J., U.S.A. doi:10.
1002/9781118548387.
Hultengren, S., Gralén, H., and Pleijel, H. 2004. Recovery of the epiphytic lichen
ﬂora following air quality improvement in south-west Sweden. Water, Air,
Soil Pollut. 154(1): 203–211. doi:10.1023/B:WATE.0000022967.35036.ca.
Jansson, K.U., Palmqvist, K., and Esseen, P.-A. 2009. Growth of the old forest
lichen Usnea longissima at forest edges. Lichenologist, 41(6): 663–672. doi:10.
1017/S0024282909008536.
Johansson, O., Nordin, A., Olofsson, J., and Palmqvist, K. 2010. Responses of
epiphytic lichens to an experimental whole-tree nitrogen-deposition gradient. New Phytol. 188(4): 1075–1084. doi:10.1111/j.1469-8137.2010.03426.x.
Johansson, O., Palmqvist, K., and Olofsson, J. 2012. Nitrogen deposition drives
lichen community changes through differential species responses. Glob.
Change Biol. 18(8): 2626–2635. doi:10.1111/j.1365-2486.2012.02723.x.
Kålås, J.A., Viken, Å., Henriksen, S., and Skjelseth, S. (Editors). 2010. The 2010
Norwegian red list for species [online]. Norwegian Biodiversity Information
Centre, Norway. Available from www.artsdatabanken.no/File/685/Norsk%20r%
C3%B8dliste%20for%20arter%202010.
Knops, J.M.H., Nash, T.H., III, and Schlesinger, W.H. 1996. The inﬂuence of epiphytic lichens on the nutrient cycling of an oak woodland. Ecol. Monogr.
66(2): 159–179. doi:10.2307/2963473.
Kuusinen, M., Mikkola, K., and Jukola-Sulonen, E.-L. 1990. Epiphytic lichens
on conifers in the 1960’s to 1980’s in Finland. In Acidiﬁcation in Finland.

1357

Edited by P. Kauppi, P. Anttila, and K. Kenttämies. Springer, Berlin, Germany,
pp. 397–420. doi:10.1007/978-3-642-75450-0_20.
McCune, B. 1990. Rapid estimation of abundance of epiphytes on branches.
Bryologist, 93(1): 39–43. doi:10.2307/3243546.
McCune, B., and Geiser, L. 2009. Macrolichens of the Paciﬁc Northwest. 3rd ed.
Oregon State University, Corvallis, Ore., U.S.A.
McMullin, R.T., Lendemer, J.C., Braid, H.E., and Newmaster, S.G. 2016. Molecular
insights into the lichen genus Alectoria (Parmeliaceae) in North America.
Botany, 94(3): 165–175. doi:10.1139/cjb-2015-0186.
Menard, S. 2000. Coefﬁcients of determination for multiple logistic regression
analysis. Am. Stat. 54(1): 17–24. doi:10.1080/00031305.2000.10474502.
Östlund, L., Zackrisson, O., and Axelsson, A.-L. 1997. The history and transformation of a Scandinavian boreal forest landscape since the 19th century. Can.
J. For. Res. 27(8): 1198–1206. doi:10.1139/x97-070.
Palmqvist, K., Dahlman, L., Jonsson, A., and Nash, T.H., III. 2008. The carbon
economy of lichens. In Lichen biology. 2nd ed. Edited by T.H. Nash III. Cambridge University Press, Cambridge, UK, pp. 182–215.
Pardo, L.H., Fenn, M.E., Goodale, C.L., Geiser, L.H., Driscoll, C.T., Allen, E.B.,
Baron, J.S., Bobbink, R., Bowman, W.D., Clark, C.M., Emmett, B., Gilliam, F.S.,
Greaver, T.L., Hall, S.J., Lilleskov, E.A., Liu, L., Lynch, J.A., Nadelhoffer, K.J.,
Perakis, S.S., Robin-Abbott, M.J., Stoddard, J.L., Weathers, K.C., and
Dennis, R.L. 2011. Effects of nitrogen deposition and empirical nitrogen critical loads for ecoregions of the United States. Ecol. Appl. 21(8): 3049–3082.
doi:10.1890/10-2341.1.
Pettersson, R.B., Ball, J.P., Renhorn, K.-E., Esseen, P.-A., and Sjöberg, K. 1995.
Invertebrate communities in boreal forest canopies as inﬂuenced by forestry
and lichens with implications for passerine birds. Biol. Cons. 74(1): 57–63.
doi:10.1016/0006-3207(95)00015-V.
Pihl Karlsson, G., Akselsson, C., Hellsten, S., and Karlsson, P.E. 2011. Reduced
European emissions of S and N - effects on air concentrations, deposition and
soil water chemistry in Swedish forests. Environ. Pollut. 159(12): 3571–3582.
doi:10.1016/j.envpol.2011.08.007.
Poikolainen, J., Kuusinen, M., Mikkola, K., and Lindgren, M. 1998. Mapping of the
epiphytic lichens on conifers in Finland in the years 1985–1986 and 1995.
Chemosphere, 36(4–5): 1073–1078. doi:10.1016/S0045-6535(97)10174-6.
R Core Team. 2014. R: A language and environment for statistical computing
[online]. R Foundation for Statistical Computing, Vienna, Austria. Available
from www.R-project.org/.
Rassi, P., Hyvärinen, E., Juslén, A., and Mannerkoski, I. (Editors). 2010. The 2010
red list of Finnish species [online]. Ministry of the Environment, Helsinki,
Finland. Available from www.environment.ﬁ/redlist.
Sauerbrei, W., and Royston, P. 1999. Building multivariable prognostic and diagnostic models: transformation of the predictors by using fractional polynomials. J. Roy. Stat. Soc. A Sta. 162(1): 71–94. doi:10.1111/1467-985X.00122.
Shrestha, G., Petersen, S.L., and St. Clair, L.L. 2012. Predicting the distribution of
the air pollution sensitive lichen species Usnea hirta. Lichenologist, 44(4):
511–521. doi:10.1017/S0024282912000060.
Sillett, S.C., and Antoine, M.E. 2004. Lichens and bryophytes in forest canopies.
In Forest Canopies. 2nd ed. Edited by M.D. Lowman and H.B. Rinker. Elsevier
Academic Press, San Diego, Calif., U.S.A., pp. 151–174. doi:10.1016/B978012457553-0/50013-7.
Sjökvist, E., Axén Mårtensson, J., Dahné, J., Köplin, N., Björck, E., Nylén, L.,
Berglöv, G., Tengdelius Brunell, J., Nordborg, D., Hallberg, K., Södling, J., and
Berggreen Clausen, S. 2015. Klimatscenarier för Sverige. Bearbetning av
RCP-scenarier för meteorologiska och hydrologiska effektstudier [online].
Klimatologi 15. Sveriges Meteorologiska och Hydrologiska Institut, Norrköping,
Sweden. Available from www.smhi.se/publikationer/publikationer/klimat
scenarier-for-sverige-bearbetning-av-rcp-scenarier-for-meteorologiska-ochhydrologiska-effektstudier-1.87248.
Stanton, D.E., Huallpa, Chávez, J., Villegas, L., Villasante, F., Armesto, J.,
Hedin, L.O., and Horn, H. 2014. Epiphytes improve host plant water plant use
by microenvironment modiﬁcation. Funct. Ecol. 28(5): 1274–1283. doi:10.1111/
1365-2435.12249.
Stevenson, S.K., and Coxson, D.S. 2003. Litterfall, growth, and turnover of arboreal lichens after partial cutting in an Engelmann spruce - subalpine ﬁr forest
in north-central British Columbia. Can. J. For. Res. 33(12): 2306–2320. doi:10.
1139/x03-161.
Thell, A., and Moberg, R. (Editors) 2011. Nordic Lichen Flora Vol 4. Parmeliaceae.
Museum of Evolution, Uppsala, Sweden.
van Herk, C.M., Mathijssen-Spiekman, E.A.M., and de Zwart, D. 2003. Long distance nitrogen air pollution effects on lichens in Europe. Lichenologist, 35(4):
347–359. doi:10.1016/S0024-2829(03)00036-7.
Vestreng, V., Myhre, G., Fagerli, H., Reis, S., and Tarrasón, L. 2007. Twenty-ﬁve
years of continuous sulphur dioxide emission reduction in Europe. Atmos.
Chem. Phys. 7: 3663–3681. doi:10.5194/acp-7-3663-2007.

Appendix A. Model selection using fractional
polynomials in logistic regression
We ﬁtted fractional polynomial logistic regression models of
ﬁrst and second degree to account for the possibility of nonlinear
relationships (Royston and Altman 1994; Sauerbrei and Royston
1999). When having only one explanatory variable x, the straightPublished by NRC Research Press
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line model g(x) = ␤0 + ␤1x, where g共x兲 ⫽ ln关共x兲/共1 ⫺ 共x兲兲兴 denotes the
logit and (x) is the probability of occurrence given x, is the natural
starting point, but nonlinear relationships need to be investigated
for possible improvements of ﬁt. In the ﬁrst-degree fractional polynomial algorithm, the best power transformation xp is found, with
the power p selected from a small predeﬁned set, P = {–2, –1, –0.5, 0,
0.5, 1, 2, 3}, where x0 denotes ln x. For example, for p = –1, the logit is
g(x) = ␤0 + ␤1/x. In the second-degree fractional polynomial algorithm,
the logits are of the form g(x) = ␤0 + ␤1xp + ␤2xq or, for the limiting case
where p = q, g(x) = ␤0 + ␤1xp + ␤2xp ln x, where p and q are selected
from the set P. An explanatory variable is shifted and rescaled before being power transformed if nonpositive values are encountered or if the range of the variable is large. When there are
several explanatory variables, backward elimination is combined
with the search of the best fractional polynomial transformation for
each explanatory variable. At each step of a “backﬁtting” algorithm, the method ﬁnds a fractional polynomial transformation
for each explanatory variable while keeping the current functional forms of the other explanatory variables ﬁxed (Benner
2005). The algorithm ends when the functional forms of the explanatory variables do not change anymore. In cases where the
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“best” fractional polynomial model is better than the linear
model, it is common that there is another fractional polynomial
model that is also better and whose deviance is trivially larger
than the selected “best” model. If that other model makes more
sense from a subject-matter perspective and is more easily explained than the “best” model, one should not hesitate to use the
other model, see, for example, Hosmer et al. (2013, p. 98) for a
similar reasoning. Finally, various residual plots were used for
assessing goodness of ﬁt (Hosmer et al. 2013). We used the library
mfp in R (Benner 2005) for ﬁtting multiple fractional polynomial
models.
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