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ABSTRACT: Quercus robur (oaks) provides an important substrate for many epiphytic lichens, 

and with increasing age the bark becomes suitable for some rare species. These species may 

respond to environmental and landscape factors differently, and at different spatial scales. We 

tested the effect of factors related to the individual tree and the surrounding landscape on the 

occurrence and richness patterns of lichens species. The study system consisted of 213 oaks 

selected in a grid system within a 400 km2 heterogeneous oak-rich area in south-eastern Sweden. 

Oaks had been selected to be relatively uniform in size (circumference 3.1-4.1 m), and as 

uniformly distributed as possible in the study area. Landscape factors were calculated for various 

spatial scales (circles with radius ranging from 28 to 1225 m from a studied oak). One of the 

landscape factors stands out as of general importance – oak density in the surrounding – while 

the others (amount of forest, water, houses and arable field) had no effects, or weak effects on 

only some species. Among the tree specific variables, circumference was consistently important 

(despite ranging from only 3.1 to 4.1 m) while inconsistent effects were seen by sun exposure of 

oak trunk (Chaenotheca phaeocephala, Ramalina baltica) and density of shrubs and trees near 

the tree (Ch. phaeocephala). The occurrence patterns of Cliostomum corrugatum, Ch. 

phaeocephala, R. baltica and richness (number of eleven target lichens) were best explained by 

the density of oaks within radii of 401, 199, 199 and 303 m, respectively. In conclusion, our 

study highlighted the importance of spatial scale for understanding the occurrence of epiphytic 

lichens and suggests spatial scales and oak densities that could be targeted for landscape and 

conservation planning.  
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Introduction 

Old growth trees are of particular interest for conservation, since they are an important substrate 

for a number of organisms from several taxonomic groups, e.g., epiphytic lichens and bryophytes 

and many insects [1–3]. Trunks of old growth oaks (Quercus robur) host a diverse lichen flora 

and with increasing age the bark of oaks becomes suitable for rare and threatened species [4–7]. 

The decline of old oaks in the landscape may be the main reason why many epiphytic lichens 

only seem to exist in remnant populations in patches with high density of old oaks [4,8,9], and 

why many oak lichen species are threatened and red-listed [5,10]. Most often a reduction of 

habitat involves increasing isolation of habitat patches, and that may add to the expected decline 

in species richness [10–12].  

Conservation of rare and threatened epiphytic lichens need to estimate the densities of old 

oaks that are needed for continued survival. It is further important to know at what spatial scales 

to consider such densities. Furthermore, other landscape variables – in addition to substrate 

availability – may affect lichen species distribution, e.g. forest openness and landscape 

composition [13,14]. One way to approach these problems is to explore current species 

occupancy patterns in relation to potential substrates in small to large scales [5,15–19], which 

could add to our understanding of the dynamics of species and build better strategies for 

preservation [12,20–22].  

In a recent study, Paltto et al. [5] showed that species richness and the occurrence of three 

of five red-listed epiphytic lichen species on oaks were best explained by increasing density of 

oaks within 0.5 km in a large region (10,000 km2). However, this study tested scales in fixed 

steps from 0.5 km and upwards (1, 2, 3, 4 km etc.). Considering these results it would therefore 

be valuable to explore the spatial scales around 500 m in more detail. For conservation, it is also 



important to know how to manage the immediate surroundings of valuable oak trees as, for 

instance, sun exposure of the oak and density of surrounding shrubs and trees can affect the 

probability of occurrence of lichens [4,8,13,23]. 

The aim of this study was to investigate the spatial distribution of eleven epiphytic 

lichens species preferring large and old oaks in a heterogeneous landscape, and to identify the 

spatial scales, in the range of 28 to 1225 m, at which species occurrence is best explained. 

Landscape variables included density of other large oaks in the surrounding of a target tree, as 

well as potentially important land use types (the amount of houses, and water, agricultural and 

forested land [24,25]). Furthermore, two tree-specific factors that could be affected by 

management (sun exposure, and density of nearby trees and shrubs) were also considered. The 

study was conducted in one of the few remaining landscapes in Northern Europe with a high 

density of old oaks: the province of Östergötland, south-eastern Sweden [26].  

Materials and Methods 

Study species 

The eleven lichen species targeted are known to be strongly associated with large oaks, but 

differing in frequency and abundance (Table 1). For most of these lichens, it has been confirmed 

that they are very rare outside old oaks [10]. All species except Chrysothrix candelaris are listed 

on the Swedish Red List or used as signal species in the woodland key habitat survey in Sweden 

indicating forests of high conservation value (Table 1 [28,29]). These species have also been 

used as indicators of ecological continuity of old oaks in other studies [30]. However, 

Chrysothrix candelaris is relatively common, and widely distributed also on younger oaks.  



Study area and landscape data 

The study area is located in the province of Östergötland, south-eastern Sweden. This area has 

one of the largest abundances of large oaks, many nature reserves with high biodiversity and is 

considered nationally and internationally important for the conservation of biodiversity 

associated with oak environments [1,5].  

The study area consisted mainly of forest 37%, arable land 34%, houses 6% and water 

2%. Mean annual temperature, recorded at the nearest weather station (station 8525) is 6.8° C, 

and mean annual precipitation is 570 mm (http://www.smhi.se). 

All oaks of conservation value had previously been mapped by the local environmental 

authorities (data previously used in several publication, e.g. [5,18,19,22]). In the present study, 

these data were used to select oaks, between 3.1 m and 4.1 m in circumference. The study area, a 

20-by-20 km square, was divided into 400 grid squares; each grid square was 1 km2. We aimed 

to select one oak per grid square and, if given a choice, the one closest to the middle of the grid 

square. Not all grid squares contained trees of suitable size. In total, 213 oaks were selected for 

field work (Figure 1). During field work, it was not always possible to locate the targeted tree, 

based on coordinates and data on circumference, in which case another tree within the size 

criteria was chosen. 

For each target tree, the surrounding density of previously mapped oak was calculated, 

within 28 different spatial scales (radii of 28-1225 m). Data on arable fields, forest, water and 

individual houses were extracted from topographic and real-estate maps (Swedish ordnance 

survey: GSD Terrängkartan and GSD Fastghetskartan, Lantmäteriet, i2012/898) within each 

radius around each target tree. Areas registered as streams or lakes were reclassified into water, 

arable field or other open land was reclassified to arable fields, while coniferous and deciduous 

http://www.smhi.se/


forest was reclassified into forest. The amount of house surface was used as a proxy for 

populated area. The ArcGIS 10 software was used to analyse the spatial data [27]. 

Field work and oak data 

Field work was conducted between July and October in 2010 when the 213 selected oaks were 

searched for eleven lichen species. For each tree, the entire trunk up to 150 cm above the ground 

level was carefully searched for the presence of these lichens.  

For each target tree, three variables were collected describing the tree and its near 

surrounding (Table 2): circumference at breast height; sun exposure and density of trees of 

shrubs near the oak. Sun exposure was recorded by estimating the proportion of light availability 

through the canopy. The area considered was first divided into North-South as midpoint, and 

then the proportion of clear sky was visually estimated [4]. The density (percentage vertically 

projected cover) of nearby other trees and shrubs was estimated around each tree within 5 m 

distance from margin of the canopy of each target tree. 

1Data analyses 

Effects of 5 landscape variables (oak density and land use such as forest, water, houses and 

arable fields) and 3 tree variables (circumference, sun exposure, density of nearby shrubs and 

trees) were analysed for individual species, for each of the 28 different spatial scales, with a 

binomial generalized linear model (GLM) with logit link function. Oak density and the area of 

water and houses were square root transformed to down weight extremes and be more evenly 

distributed. Furthermore, we used GLM with poisson distribution of errors and log link function 

to analyse the effect of the same variables, and scales, on lichen species richness of oaks. Species 

richness was defined as the number of the eleven lichen species per oak. Individual GLMs were 



conducted for three lichens species that were frequent enough for the analysis (Ch. 

phaeocephala, Cl. corrugatum, R. baltica). The remaining 8 species were excluded for being too 

frequent (Chrysotrix candelaris) or for being too rare (Table 1). 

After fitting the models to each species, or species richness, and all 28 radii, the Akaike 

information criterion (AIC) was used for each species, or species number, select the radii where 

the 8 factors explained the most (the radii with the lowest AIC). Hereafter all analyses were 

made using the full model and at the scale that explained most variation. The Wald value of 

partial regression coefficients was used to compare how much each model variable contributed 

to the model, thus the relative explanatory power of the variable. The ability of the logistic 

regression models to predict presence of Ch. phaeocephala, R. baltica and Cl. corrugatum was 

quantified and compared using ROC [31]. Model residuals were checked for spatial 

autocorrelation using the Morans I index [32].  

Estimates of the oak density necessary for a certain probability of finding a species or a 

number of species, was calculated by setting all factors except oak density to their median value. 

The variation in the necessary oak density was estimated by using the 10% and 90% percentile of 

10000 bootstrap replicates. Finally, prediction raster maps for the 3 species and species richness, 

were prepared using the median values for the 8 model variables and the ‘focal statistics’- and 

“raster calculator’-tool in Spatial analyst in ArcGIS. These prediction maps answer the question: 

“if there was a suitable oak here, what would be the probability of it harbouring Ch. 

phaeocephala/R. baltica/Cl. corrugatum, or how many of the eleven species would be here”. 

Data analysis was performed in R ver. 3.2 [33] and with the verification package [34]. 



Results 

Lichen species richness varied between 0 and 7 species per tree (mean 2.14; median 2). Nine of 

the eleven target species were found and their occupancy varied between 99% and 0.5% (Table 

1).  

Landscape variables 

The occurrence patterns of three lichen species and species richness on oaks responded to 

landscape variables at slightly different spatial scales: R. baltica and Ch. phaeocephala (199 m), 

Cl. corrugatum (401 m) and richness (302 m) (Table 3). Comparing the full models, it is 

apparent that oak density is the most important of the variables compared, and that it exerts a 

strong influence over all the scales considered here (Figure 2). Furthermore, two of the three 

species as well as richness had very pronounced peaks (Figure 2).  

The occurrences of two of the three lichens analysed were affected by the land use 

variables, but in different ways. For Cl. corrugatum water had a positive effect while houses had 

a negative effect on occurrence (Table 3). In contrast, R. baltica was positively affected by arable 

field (Table 3). Lichen richness was mostly associated with oak density only, probably due to the 

different responses of individual species to tree and landscape factors.  

The residuals did generally not exhibit elevated levels of spatial autocorrelation but the 

Moran’s I revealed slight but positive autocorrelation for Ch. phaeocephala (observed 

autocorrelation coefficient=0.013, expected=-0.005, p=0.044). 

Tree variables 

All four response variables (richness, Cl. corrugatum, Ch. phaeocephala, R. baltica) were 

positively affected by tree circumference (Table 3). Sun exposure had a positive effect of the 



occurrence patterns for two species (Ch. phaeocephala, R. baltica) while density of trees and 

shrubs near the oak had a negative effect for all species (Table 3). As the tree variables were 

identical over all scales, their explanatory power varied only marginally with radius (Figure 2). 

Model predictions 

Good predictions have a high true positive rate and a low false positive rate. Models of both Cl. 

corrugatum and R. baltica perform best around a threshold of 0.25 (Figure 3). It might seem low 

but these species are rare. It means that in areas of a 25% chance to find lichen on any given 

suitable oak tree, it may inhabit one out of four. Ch. phaeocephala did best around 0.75, which 

might be a consequence of it being common in this study. The threshold oak density to find >4 

lichen species was higher than observed oak densities (Table 4), thus we predict that few single 

trees will harbour many species because the species themselves are rare and differ in preference. 

The predicted threshold oak densities for Cl. corrugatum and R. baltica were within the observed 

range, while Ch. phaeocephala needed only a few oaks according to the model. The prediction 

maps (Figure 4) visualise the results in that it predicts higher richness and probabilities in areas 

with higher density of oaks (compare with Figure 1). There seem to be too low oak density in the 

lower left and upper right quadrant to support viable populations. It also highlights areas close to 

water, especially for Cl. corrugatum, and that populated areas usually get lower probabilities. 

Discussion 

There are several factors affecting the occurrence of lichens [35], but their relative contribution 

have been difficult to assess. We compared the relative effect of land use (forest, arable, houses 

and water), tree variables (circumference, sun exposure, trees and shrubs near the oak) and oak 

density at different spatial scales and found that they often showed a clear peak of response 



between 200-400 m. Moreover, oak density had the largest overall effect while tree variables and 

landscape variables had mixed effects (Figure 2). 

Effects of oak density 

The number of oak-associated lichen species and occurrence of the three species (Ch. 

phaeocephala, Cl. corrugatum and R. baltica) increased with oak density. This is by no means 

unexpected, and has previously been shown for both larger [5,10] and smaller spatial scales [8]. 

Here we also compare the relative importance of oak density with other landscape factors (land 

cover types) and with tree-specific factors. In this comparison oak density stands out as the 

dominating factor for species richness, while it was as important as tree variables and/or land use 

factors for the occurrence of the three species. The dominating influence of oak density on lichen 

richness is a consequence of the studied lichens all sharing oak dependency, while preference for 

other factors differs between species. Thus, higher densities of oaks generally increase lichen 

richness but individual species are also dependent on oak circumference and e.g. arable fields (R. 

baltica) or absence of houses and presence of water (Cl. corrugatum).  

Paltto et al. [5] evaluated at what spatial scales, of eight ranging from 500 m to 7 km, the 

occurrence of lichen species was best explained by density of oaks, using some different oak size 

cut-offs. Both our and their results indicated a peak at small scales for Cl. corrugatum (400 and 

<500 m, respectively). Furthermore, the lack of a clear peak within our study range for Ch. 

phaeocephala is in line with the 2 km reported by Paltto et al. [5]. However, our finding 

regarding R. baltica (clear peak at 263 m) was in conflict with the 5 km reported by Paltto et al. 

[5]. It is possible that this species displays more than one peak, as previously shown for some 

insects [18,19], indicating that several processes are acting on different time scales and therefore 

over different spatial scales [36]. That would reconcile these apparently conflicting findings.  



Effect of land use 

The explanatory power of the other landscape variables was generally low, and inconsistent 

among species. Increasing amount of houses negatively affected Cl. corrugatum, and it is 

possible that this lichen is sensitive to air pollution and will therefore not flourish in urban and 

suburban areas [25,37]. Pollution and emission of chemicals (NO2 and NH3) from roads traffic 

may affect the metabolism of the species through changes the properties of substratum [38–40]. 

In a recent study geographically partly overlapping with ours, Lättman et al. [22] failed to record 

Cl. corrugatum on any of the large urban oaks searched but on several of the rural oaks. The 

amount of water positively affected the occurrence of Cl. corrugatum. This may be an effect of 

the landscape composition in the study area. If we combine this species’ avoidance of urban 

areas and preference for areas with relatively high oak density, this species would have its main 

distribution in the south-eastern part of the study area, which is also where large lakes and 

wetlands occur. However, lichens in open habitats have been shown to be sensitive to 

environmental factors affecting the moisture so we cannot rule out that the presence of water 

may affect the species [41].  

The amount of arable field was the only of the map-based variables that affected 

positively the occurrence of R. baltica. A previous study has found that mean species richness of 

lichens was higher in areas dominated by arable land than in oak forest stands [42], and that dust 

from roads or arable land may be beneficial to some species [43,44]. 

Effect of tree variables 

Our result showed that the probability of occurrence of Cl. corrugatum, Ch. phaeocephala, R. 

baltica and species richness was positively affected by circumference and was, overall, the 



second most important factor evaluated in our study (Figure 2). Although this was expected, as 

the species were selected for being confined to large oaks (see also [4,8]), the strength of the 

pattern was surprising as tree circumference in target trees ranged only from 3.1-4.1 m. It seems 

that the suitability of a tree for a lichen species can change relatively quickly with tree growth or 

age, explaining why the tree size is so profound for lichen occurrence [6,25]. For oak-associated 

lichens, it therefore seems wise to strive for oak stands with not only large-sized oaks but with a 

mix of ages to facilitate colonisations and long term availability of substrate without temporal 

gaps (see also [8]). The results suggest an operational scale of ca 30 ha (corresponds to a 300 m 

radius which is equivalent to the scale for lichen richness). 

A note of caution might be justified: there are confounding factors that can influence the 

relationship between circumference and occurrence. The observed positive relationship could 

also arise from a correlation between circumference and oak density or from spatial 

autocorrelation, e.g. if large oaks are clustered in the landscape. Any relationship between oak 

size and density is controlled for by the statistical model and the results indicate that there is an 

additional effect of circumference. We found no autocorrelation of circumference of sampled 

trees, but we found that circumference among all oaks was spatially autocorrelated (results not 

shown). It is problematic that oaks were generally clustered by size which might disturb a direct 

interpretation of circumference. However, we found that few sampled oaks were situated in such 

clusters and those that were represented different clusters, thereby avoiding pseudo-sampling. 

We conclude that a conservative interpretation of the effect of circumference is that presence is 

enhanced both by large size and by the correlation with closeness to other large trees. Hence, for 

epiphytic species, substrate continuity should be important for continued population survival 

(45,46,47).  



We also included two variables reflecting the near vicinity of the tree (sun-exposure of 

bark; density of shrubs and trees) that can be targeted by management. Ch. phaeocephala was 

negatively affected by tree and shrubs near the oak (Table 3) corroborating previous reports on 

this species [8,23]. Furthermore, this species and R. baltica were positively affected by sun 

exposure of the bark (Table 3). Finally, richness of lichens was negatively affected by nearby 

trees and shrubs in line with the results from Estonian wooded meadows where increasing 

canopy cover had a negative effect on the abundance of epiphytic lichen species characteristic of 

traditionally managed semi-open wooded meadows [48]. Overall, irrespective of the mechanisms 

involved, it seems that oaks in open locations with few nearby trees and shrubs are most likely to 

carry oak-associated lichens (c.f. [4,5,8,23]). 

Conclusion 

The occurrence and richness of red-listed lichens on oaks was mainly affected by oak density. 

The second most important factor was circumference while land use was of less importance. 

Furthermore, this study highlighted the importance of spatial scale for understanding the 

occurrence of epiphytic lichens, where the species responded to landscape factors at the scale of 

20-50 ha. These finding have implication for conservation efforts – management, restoration, 

reserve allocation – in oak habitats that should consider oak density and sizes at appropriate 

spatial scales for lichens, as well as other organism groups.  
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FIGURE LEGENDS 
 
Figure 1. Map of Sweden and of the study area. The arrow in (A) points at an outline of the 

study area in southern Sweden, and (B) show the spatial distribution of oaks in the study area. 

Circles are visited trees (N=213) searched for lichens, while solid dots are other large oaks 

(circumference > 309 cm, N approx. 2700) previously recorded in a survey. ©Lantmäteriet 

[i2012/898] 

 

Figure 2. Partial Wald values for explanatory variables at different spatial scales. Partial 

Wald values show the  association between species occurrence or lichen richness and landscape 

variables (oak density, water, forest, houses and arable fields) and tree variables (circumference, 

sun exposure, nearby trees and shrubs) at different spatial scales (radii of 28-1225 m around 

N=213 target oaks). 

 

Figure 3. ROC curves show the predictive ability of the fitted models. ROC curves for 

logistic regression model of Ch. phaeocephala (solid symbol and line), R. baltica (grey, dashed) 

and Cl. corrugatum (open, dotted). Threshold values for Cl. corrugatum and R. baltica are 0.1 

(circle), 0.25 (diamond) and 0.5 (triangle), while threshold values for Ch. phaeocephala are 0.5 

(solid triangle), 0.75 (plus) and 0.9 (cross). The AUC for Ch. phaeocephala, Cl. corrugatum and 

R. baltica are 0.722, 0.780 and 0.763 respectively. 

 

Figure 4. Prediction maps for the probability of occurrence of three lichen species. The 

symbols indicate observed number of species (lichen richness) and if the species was present 



(solid circle) or absent (circle with dot) from sampled trees. Model predictions are indicated by 

shades of red. ©Lantmäteriet [i2012/898] 



TABLES 
 
Table 1. Scientific name, redlist status and frequency of the studied lichen species 
 

Species  Status Occurrences  

Chrysothrix candelaris Common  210 

Chaenotheca phaeocephala Near threatened 142 

Ramalina baltica Near threatened 37 

Cliostomum corrugatum Near threatened 33 

Calicium adspersum Vulnerable 16 

Lecanographa amylacea Vulnerable 12 

Sclerophora coniophaea Vulnerable 3 

Calicium quercinum Vulnerable 2 

Schismatomma pericleum Near threatened 1 

Schismatomma decolorans Near threatened 0 

Caloplaca lucifuga Near threatened 0 

(a) redlist status according to [29] 

 



 
Table 2. Variables recorded for visited oaks (N=213)  

 

Tree variables Mean Median SD Min Max 

Circumference (m) 3.52 3.48 0.288 3.10 4.10 

Sun exposure 47% 44% 20.9% 5% 90% 

Density of trees and shrubs near oak 62% 65% 19.2% 0% 94% 
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Table 3. Parameter values after fitting a GLM to lichen richness and species occurrence* 1 

  Cl. corrugatum (401 m)a Ch. phaeocephala (199 m)a R. baltica (199 m)a Lichen richness (303 m)b 

Level Variable Est(SE) P Est(SE) P Est(SE) P Est(SE) P 

Tree Circumference 0.012(0.007) 0.112 0.008(0.005) 0.124 0.015(0.007) 0.037 0.002(0.002) 0.235 

 Sun exposure 0.668(1.224) 0.585 1.597(0.903) 0.077 1.839(1.137) 0.106 0.240(0.275) 0.383 

 Trees/shrubsd -0.300(1.412) 0.832 -1.007(0.987) 0.308 -0.535(1.213) 0.659 -0.239(0.301) 0.428 

Landscape Oak densityc 2.850(0.894) 0.001 2.235(0.823) 0.007 2.116(0.652) 0.001 0.610(0.187) 0.001 

 Forest -7.7E-8(0.4E-6) 0.844 -0.7E-6(0.8E-6) 0.414 1.1E-6(1.2E-6) 0.356 4.1E-8(0.1E-6) 0.752 

 Waterc 0.003(0.002) 0.148 -0.004(0.003) 0.223 0.001(0.005) 0.802 0.4E-4(0.7E-4) 0.579 

 Housesc -0.005(0.003) 0.164 -0.003(0.003) 0.25 0.006(0.004) 0.107 -0.4E-4(0.6E-4) 0.554 

 Arable field -0.3E-8(0.4E-6) 0.994 -0.4E-6(0.8E-6) 0.642 2.3E-6(1.0E-6) 0.023 5.1E-8(0.1E-6) 0.669 

Total 

model 

   1E-4  7E-4  8E-4  0.012 

* analysed at the spatial scale (in parentheses) where there was a peak in response; a binomial with logit link; b poisson with log link; c 2 

square root transformed; d density of nearby trees and shrubs 3 

 4 
5 
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 6 
Table 4. The predicted oak density per hectare* required at different probabilities of occurrence 7 

 8 

Probability level Cl. corrugatum Ch. phaeocephala R. baltica Lichen richness 

10% 0.07 (0-0.25) <0 a 0.37 (0.15-0.80) 3 spp.: 1.05 (0.75-1.68) 

25% 0.43 (0.23-0.79) <0 a 1.26 (0.80-2.30) 5 spp.: 3.48b (2.33-6.04) 

50% 1.08 (0.66-2.03) ~0 a 2.70 (1.64-5.24) 7 spp.: 5.84 b (3.79-10.45) 

75% 2.03 (1.19-4.10) 0.32 (0.15-0.58) 4.68 (2.69-9.62) 9 spp.: 8.00 b (5.12-14.55) 

Max observed oak densityc 2.26 5.79 5.79 2.50 

* 10% and 90% percentile for 10000 bootstrap replicates; a  a threshold value <0 indicate that the predicted probability is larger 9 

than the threshold; b predicted oak density is above observed densities at that scale; c the maximum density at the scale where 10 

there was a peak in response 11 

 12 
13 
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