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Abstract 
Lichens are poikilohydric and cannot control water uptake and loss, water relations could 
therefore impact their distribution. This study examines if morphological, anatomical, and 
water storage traits could explain distribution of epiphytic species in the lichen genus Usnea. 
Seven species from oceanic (Norway) and continental areas (Sweden) were studied. Total, 
internal, and external water holding capacity (WHC, mg H2O cm-2) along with relative water 
content (WC) were recorded by spraying the thalli with water and measuring mass after 
shaking and blotting. The specific thallus mass (STM, mg cm-2 - main driver of WHC) was 
calculated from images of wet thalli. Thickness of anatomical layers (cortex, medulla, and 
axis) was also measured. Pendent species had lower STM and water storage than shrubby 
species, most probably an adaptation to water uptake from humid air. Total, internal, and 
external WHC were higher in the shrubby species than in the pendent ones. The pendent 
species had the same internal WHC as earlier reports on Bryoria and Alectoria. External 
water storage decreased for all species as biomass increased. The ratio between total and 
internal water was twice as high as reported in foliose lichens. Variation in branch diameter 
was much higher in shrubby than in pendent species. The interspecific differences in water 
storage reflect regional differences in water sources – oceanic species had higher water 
storage than pendent continental species, but lower than the shrubby U. hirta. I conclude 
that both internal and external water storage help to explain distribution of Usnea in Norway 
and Sweden. 
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1. Introduction 
1.1 Lichens 
Lichens are symbiotic partnerships between a mycobiont (fungus) and a photobiont, which 
can be a cyanobacterium and/or a green alga (chlorolichens, Nash 2008). The mycobiont 
makes up a thalli, in which the photobiont lives, there are however, no special tissue 
connecting them to facilitate transport of nutrient or metabolites between the symbionts 
(Rundel 1988; Nash 2008). Transport of the components mentioned above varies among 
different species and depends on the composition of the cell walls (Rundel 1988). Most of the 
13,500-17,000 described lichens are ascomycetes, which is a fungi phylum (Nash 2008). Only 
40 out of the 1,600 described algal genera have been found as photobionts in lichens, and 
nine out of 10 are green algae from the genera Trentepholia and Trebouxia (Rundel 1988). 
Morphologically, lichens can be divided into three growth forms; crustose (flat and the whole 
thalli is attached to the substrate), foliose (flat and the whole thalli is not attached to the 
substrate), and fruticose (bushy/shrubby, Nash 2008).  

Lichens are poikilohydric organisms (Jonsson et al. 2008; Gauslaa and Coxson 2011), as are 
algae, cyanobacteria, and bryophytes (Hartard et al. 2008). Poikilohydric organisms have no 
special mechanisms to control uptake and loss of water (Palmqvist 2000); both stomata and 
vascular tissue are lacking in lichens. Therefore, due to lack of active control, lichens are 
strongly affected by the water availability in its immediate environment (Palmqvist 2000), 
and the water status in lichens tends to equilibrate with its surroundings (Hartard et al. 
2008). The alteration between wetting and drying cycles, that is driven by evaporation and 
water availability, can be very rapid (Lange et al. 1993). Using lichens is therefore a good way 
of understanding variations in hydration sources in space and time (Gauslaa 2014). Further, 
humidity seems to affect distribution of different lichen species more than temperature 
(Gauslaa 2014). Lichens can lose up to 90% of the water from when fully hydrated and still 
survive; they can tolerate desiccation until they get hydrated again, but they need water to 
activate photosynthesis and to grow (Hartard et al. 2009). Hence, they can live in very dry 
habitats and dominate ecosystems where vascular plants cannot survive (Hartard et al. 
2008). 

Factors that affect the movement of water in and out of the lichen thallus include anatomy, 
morphology, species, colour (Palmqvist 2000), and water holding capacity (WHC, mg H2O 
cm-2) – a measurement of how much rain that can be held in the thallus (Gauslaa 2014). 
Whether or not the lichen has a cortex, as well as hydrophobicity of the surface and 
photobiont type, can also affect water relations (Gauslaa 2014). Hence, WHC depends on 
both morphological adaptations and acclimation to the hydrating environment (Gauslaa 
2014). 

Lichens with a fruticose or filamentous morphology have a faster uptake and loss of water 
than foliose species, as they have higher surface area to mass ratios (Rundel 1988). For 
thicker lichens it takes longer time to equilibrate thallus water content with the water in the 
environment. WHC is therefore generally higher in species with a denser thallus (Rundel 
1988).  

Air pollution is a large threat to lichens, and many species have disappeared from polluted 
areas in Europe (Nash 2008). Epiphytic lichens are abundant in old, unmanaged forests in 
the boreal zone, but today’s forestry is strongly affecting the structure and mosaic of forests 
(Esseen et al. 1996; Gauslaa et al. 2007). The threats towards lichens are increasing. Besides 
forestry, nitrogen deposition (Johansson 2012) and climate change (Nash 2008) are major 
threats, and in the future climate change may increase unfavourable conditions for lichens 
(Thor 1998). These anthropogenic impacts lead to an increasing number of red-listed species 
(Thor 1998). Because lichens are so sensitive, they can be used to discover anthropogenic 
impacts; they can indicate acid rain, nitrogen deposition, toxic compounds, ecosystem 
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discontinuity, and climate change (Gauslaa 2014). In boreal forests, lichens in the genus 
Usnea, together with Bryoria and Alectoria, form an important functional component 
(Esseen et al. 1996). Among others, Usnea longissima can be used as an indicator for pristine 
spruce forest ecosystems (Esseen and Coxson 2015). With increased intensity of forest 
management and subsequent increasing occurrence of edge effects, due to higher sun 
exposure and lower relative air humidity than inside the forest, epiphytic lichens are highly 
affected (Jansson et al. 2009). Therefore, we need to gain a better understanding of the water 
relations in lichens in order to conserve threatened species. 

Many old-forest lichens grow in oceanic forests with high rainfall (Ellis 2012), but also drier 
continental forests have many lichens associated with old forests, e.g. Alectoria sarmentosa 
(Gauslaa et al. 2007). This is likely because old forests have a smaller variation in 
temperature and air humidity than young forests (Gauslaa et al. 2007). Moreover, biomass of 
epiphytic lichens increases with stand age, but accumulation of biomass is slow (Esseen et al. 
1996) as availability of substrates, light, water, and nutrients limit lichen growth (Palmqvist 
2000). Another limiting factor for epiphytic lichens is dispersal, which often is asexual 
through thallus fragmentation or specialized propagules (e.g., soredia), and sometimes sexual 
by spores (Esseen et al. 1996). 

 
1.2 Lichens and water 
Lichens need access to water in order to activate their photosynthesis and thus to assimilate 
CO2 to reduced carbon (Palmqvist 2000; Gauslaa and Coxson 2011). Not only rain 

contributes to lichen hydration  also fog, dew, and humid air are important water sources 
(Jonsson et al. 2008; Gauslaa 2014). Gauslaa (2014) points out that rain and dew are always 
associated with humid air while humid air can appear without access to liquid water. Fog is 
counted as liquid water since it forms drops (Gauslaa 2014). Because lichens can use all types 
of water sources they are more strongly influenced by microclimate than by macroclimate 
(Hartard et al. 2008). As much as 85% of the lichen species are chlorolichens (Hartard et al. 
2008), which means that they can activate their photosynthesis with access to humid air, 
while cyanolichens can only be activated by liquid water (Gauslaa and Coxson 2011). The 
availability of different water sources varies over seasons and among habitats, but all water 
sources can activate the metabolism in green algal lichens (Jonsson Čabrajič et al. 2010). 
When hydrated by liquid water, e.g. rain, the lichen is hydrated almost instantly, while 
hydration by humid air is more gradual (Jonsson Čabrajič et al. 2010). Since lichens are such 
a diverse group they often show interspecific variations in hydration capacity and activation 
by different sources of water (Jonsson Čabrajič et al. 2010).  

WHC can be divided into total WHC (WHCshaking), which is a measure of how much water a 
lichen thallus can hold when saturated by rain, and internal WHC (WHCblotting). The latter is a 
measurement of how much water that can be held internally after saturation by humid air – 
both measurements are of great relevance for understanding the ecology and distribution of 
lichens (Gauslaa 2014). Water content (WC) is a measure of the actual percent water held in a 
thallus in relation to its dry mass. WC is a driver of photosynthesis (Lange et al. 2007). 
Specific thallus mass (STM, mg cm-2) is a morphological parameter, based on mass and area, 
which indicates thickness of the thallus and is an important driver of WHC (Gauslaa and 
Coxson 2011). Previous studies of green-algal lichens have found a 1:1 relationship between 
WHCblotting and STM in foliose and fruticose lichens (Gauslaa 2014; Esseen et al. 2015), which 
means that as a thalli grows twice as big the amount of internal water hold in the thalli 
doubles.  

When the mycobiont in a lichen thallus grows, the photobiont grows almost simultaneously 
(Palmqvist 2000). Lichen growth is limited by a combination of frequency and length of 
hydration (wet) periods and by light availability (Jonsson et al. 2008). The water availability 
can limit lichen distribution and in very dry locations, adaptations to increase water storage 
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may occur (Lange et al. 1993). Lichens worldwide have solved the problem of morphological 
adaptations, often leading to higher water uptake, but also to evaporation of water, 
differently depending on available water sources (Rundel 1998; Gauslaa 2014). Differences in 
growth form, branching and thickness, together with apothecia, and other special 
morphological structures are traits that can change the surface area to mass ratio and adapt 
lichens to get the best trade-off between water uptake/water loss and water storage. When 
water is not the limiting factor, it is an advantage to have a high surface area to mass ratio 
since a large surface area gives access to more sunlight and therefore a higher photosynthesis 
(Rundel 1988). 

  

1.3 Hair lichens 
Thin, filamentous ‘hair lichens’ in the genera Alectoria, Bryoria and Usnea have many 
important functional roles in forests as they are part of the biogeochemical cycles and modify 
the forest microclimate (Esseen and Coxson 2015). They also provide habitat and food for 
animals and in boreal forests they provide reindeer and caribou with winter forage. Hanging 
lichens like Usnea spp. and some Ramalina spp. have low water resistance on the thallus 
surface. This means that they have faster uptake and loss of water and energy than other 
lichen genera resulting in them having the same temperature as the surroundings when the 
thalli are both wet and dry (Nash 2008). A recent study on internal water storage in hair 
lichens (Esseen et al. 2015) showed lower WHCblotting in Usnea dasypoga than in Alectoria 
and Bryoria. Further, for the latter taxa, intraspecific increases in internal water storage 
depended more on the density of the branches than on the branch diameter. However, little is 
known about total and external water in hair lichens, and no study to date has compared 
different species of Usnea.  

 

1.4 Usnea  
Usnea (Adans.) is a lichen genus belonging to the family Parmeliaceae (Thell and Moberg 
2011; Truong et al. 2013) and has a worldwide distribution (Clerc 1988). The genus has 
several hundreds of species (Clerc 1988) with high intraspecific variability in morphology and 
anatomy (Truong et al. 2013); therefore the real number of species is under argumentation 
(Bjerke et al. 2006). All Usnea-species have a white and solid tissue called central axis (cord) 
running from the base to the apices. The central axis is enclosed by the medulla. This tissue 
can be either solid (dense) or soft (lax) depending on species. Outermost the thallus is 
surrounded by a cortex, which is a tissue made up by dense fungal hyphae (Clerc 1988; 
Randlane et al. 2009). The green algal photobiont in Usnea is placed in the outermost part of 
the medulla (Nybakken and Gauslaa 2007) and the characteristic green colour comes from 
the pigment usnic acid present in the cortex (Clerc 1998; Randlane et al. 2009; Truong et al. 
2013). The species may have a fruticose, erect or pendent thallus (Thell and Moberg 2011), 
which are attached to the substrate with a holdfast (Truong et al. 2013). Usnea spp. can have 
several different growth habits (Truong et al. 2013), but are often long and unbranched or 
sparsely branched (Thell and Moberg 2011). Pendent species have branches from the base 
growing parallel with each other and hanging down (Truong et al. 2013). In the subpendent 
type, the first part from the base is erect and the branches are divided, then the rest of the 
thallus is hanging with parallel branches. Shrubby (erect) species have an erect appearance 
from the base to the apices and are usually shorter than pendent species. There can be 
intraspecific plasticity between the growth habits mentioned above, e.g. due to high humidity 
(Truong et al. 2013). Rundel (1988) discuss the possibility that Usnea spp. can store water in 
its dense central axis, but the only known study on this topic showed that the axis had only 
had a low rate of water movement. 
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The fungi in lichens produce several secondary compounds in the cortex or medulla, these 
often gives the lichen thalli a colourful appearance and some function as an UV-protective 
shield (Honegger 2006). A recent study showed that usnic acid is a weaker light-screening 
pigment than e.g. melanin that is found in Bryoria spp. (Färber et al. 2014). This could 
explain why Usnea and Alectoria (both with usnic acid) are not found in the strong light in 
the upper forest canopy, and instead mostly on the lower branches that are not exposed to 
strong light and desiccation. Accordingly, the old-forest indicator Usnea longissima has been 
found to be more susceptible to high light levels and desiccation than Usnea dasypoga 
(Färber et al. 2014). 

 

1.5 Questions addressed 

The overall objective of this study was to analyze whether the broad-scale distribution of 
different Usnea species in Sweden and Norway can be explained by morphological and water 
storage traits. The specific questions addressed and the hypotheses tested (H) were: 

1. Can interspecific differences in water storage (WHC, WC) explain the distribution of Usnea 
species in Sweden and Norway? 

H1a. Lichens in oceanic climates should maximize water storage while lichens from 
continental areas should have faster uptake of water from humid air rather than high water 
storage. 

H1b. Water storage should be higher in species occurring in dry than in wet microclimates 
within the same macroclimatic region. 

2. Does the relationship between WHC and STM differ between species and follow the 1:1 
relationship as previously reported for hair lichens (Esseen et al. 2015)?  

H2. The relationship between WHC and STM has a slope of 1. 

3. Can interspecific differences in external water storage be explained by differences in 
thallus morphology?  

H3a. External water storage is higher in species with thin branches than in ones with thick 
branches.  

4. Can interspecific differences in internal water storage be explained by differences in thallus 
anatomy (thickness of cortex, medulla, and central axis)?  

H4. Internal water storage is related to the thickness of the medulla and not to the axis or 
cortex. 
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2. Material and methods 
2.1 Studied species 
The studied species were: Usnea dasypoga (Ach.) Nyl., U. longissima Ach., U. hirta (L.) 
F.H.Wigg. Nom. cons., U. flammea Stirt., U. subfloridana Stirt., U. cornuta Körb. and U. 
florida (L.) F.H. Wigg. The species were chosen to represent the interspecific variability in 
tissue thickness, growth habit, and distribution in Fennoscandia (Table 1). Usnea dasypoga 
and U. longissima are both pendent species while the other five are shrubby (Fig. 1). Usnea 
cornuta and U. flammea are both oceanic species and U. florida also has some oceanic 
tendency (Table 1). Usnea hirta and U. subfloridana occur in both continental and oceanic 
climates, but U. hirta is most abundant in continental areas (Table 1). Usnea dasypoga and 
U. longissima are mainly continental species, but the latter has also some oceanic tendency. 

 

2.2 Collection 
All measurements were made on fresh material collected in Norway and Sweden. Since some 
of the studied species are rare, they were collected on localities where they were abundant. All 
thalli from a single species were collected at the same site, and for some sites more than one 
species were collected. Collected thalli were from 10-15 trees at each site. For each species, 36 
thalli were picked from a height of 0.5-4.0 m above ground, except for U. florida where only 
15 thalli were sampled because they grew too high up in the canopy in rough terrain. 

Usnea longissima was collected in a steep N-facing slope in an old and open Picea abies 
stand in eastern Norway, Oppland, Toten (60° 35’N, 11° 02’E, 720 m a.s.l.) in a nature 
reserve. The ground was moist with an annual precipitation of 1000 mm (Färber et al. 2014). 
Professor Yngvar Gauslaa (who also helped guiding the field collection in Norway) had gotten 
permission to sample U. longissima in the nature reserve. All the thalli had resulted from 
natural fragmentation, which is common in natural populations (Gauslaa 1997).  

Usnea cornuta, U. flammea and U. subfloridana were collected in Spindanger, south-west 
Norway (58° 2’N, 6°50’E) close to the North Sea. The locality is made out of an earlier grazed 
cultural landscape on a forested hill close to the sea. Cattle grazed here until about 50 years 
ago. The precipitation is 1400 mm/year (Y. Gauslaa pers. comm.) and the lichens were 
sampled about 70 m a.s.l. Both the ground and tree stems were partly covered by mosses. 
Usnea cornuta and U. flammea were collected from stems of Quercus petraea, Betula 
pubescens and Populus tremula in an eastern slope. Usnea subfloridana was picked on a 
hill-top from Q. petraea branches. 

Usnea florida was picked in Svarttjennheia, south-east Norway (58° 78’ N, 9° 3’ E). The 
locality consists of open forest in a moderately steep slope, dominated by Q. robur and some 
P. tremula. The ground vegetation was a mix of mosses, grasses, and several ferns. The soil 
layer was thin and the bedrock was visible in many places. Plants indicated nutrient-rich soil. 
This locality has a precipitation of 1500 mm/year and is located 90 m a.s.l. (Y. Gauslaa pers. 
comm.). The thalli of U. florida were picked from Q. robur branches, but some were collected 
from recently wind-thrown branches. 

Usnea dasypoga was collected from Storskogsberget, 30 km outside Umeå, NE Sweden (64° 
1’N, 20° 36’ E) 96 m a.s.l. in an old P. abies stand. The ground was mesic to moist and 
covered with mosses with a yearly precipitation of 600 mm (Raab and Vedin 1995). Usnea 
hirta was collected in Norrmjöle, NE Sweden (63° 39’ N, 20° 7’ E) 9 m a.s.l. in an open Pinus 
sylvestris forest stand close the Baltic Sea. The ground was dry to mesic and covered with 
fruticose lichens and had a precipitation of 600 mm/year (Raab and Vedin 1995). 
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After collection, the lichens were spread out on paper in room temperature (+18 °C), left to 
dry for 24 hours, and then stored in -18 °C for one to three months until measurements. They 
were spread out again in room temperature in the lab for 24 hours before each experiment. 

 

 

Fig. 1. Photos of representative wet thalli of the studied species. (A) U. dasypoga, (B) U. longissima, (C) U. 

hirta, (D) U. flammea, (E) U. subfloridana, (F) U. cornuta, and (G) U. florida with a scale bar (cm). 
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Table 1. Morphological traits (from Moberg and Thell 2011), anatomy, distribution patterns, climate, red-list categories (Norwegian red list: Timdal et al. 2015, Swedish red-
list: Artdatabanken Uppsala 2015) for studied Usnea species and description of collection sites.  

 
 U. longissima U. dasypoga U. hirta U. flammea U. subfloridana U. cornuta U. florida 

Morphology         
Growth habit pendent Pendent shrubby shrubby shrubby shrubby shrubby 
Ramification filamentous Sympodial sympodial isotomic-

ditomic 
isotomic-
ditomic 

sympodial isotomic-
ditomic 

Anatomy        
% Cortex  (2-3% if 

present) 
9-13% 3-7% 6-9% 8-12% 5-7% 9-13% 

% Medulla  6-12% 13-22% 27-33% 17-27% 11-20% 27-37 % 11-20% 
% Axis 69-86% 36-51% 24-35% 30-49% 36-56% 18-32% 38-54% 
Medulla density compact dense-

compact 
lax-dense dense-

compact 
dense-compact lax-dense dense-

compact 
Distribution        

 Vegetation zone mainly boreal boreal-
temperate 

boreal temperate boreal-
temperate 

temperate hemiboreal-
temperate 

Climate suboceanic Widespread continental  oceanic widespread oceanic continental - 
suboceanic 

Forest type old montane 
Picea 

deciduous – 
coniferous 

coniferous mixed mixed mixed  broadleaved  

Red-list category 
(Nor:Swe) 

EN1:VU2 -:LC3 -:LC3 NT4:NP5 -:LC3 NT4:NP5 VU2:LC3 

Collection        
Collection site Totenåsen, SE 

Norway 
Täfteå, NE 
Sweden 

Norrmjöle NE 
Sweden 

Spinndanger, 
SW Norway 

Spinndanger, 
SW Norway 

Spinndanger, 
SW Norway 

Svarttjennheia
, SE Norway 

Tree species Picea abies Picea abies Pinus 
sylvestris 

Q.p., B.p., P. t. Quercus 
petraea 

Q.p., B.p., P. t. Quercus 
petraea 

Substratum branch Branch trunk trunk branch trunk branch 
Soil moisture moist mesic-moist dry mesic mesic mesic mesic 

 
1 EN = endangered, 2 VU= vulnerable, 3 LC= least concern.,4 NT = near threatened, 5 NP = not evaluated, 6 Q.r.= Quercus petraea, B.p.= Betula pubescens, P.t.= Populus 

tremula. 
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2.3 Morphology and water storage 
Each of the 36 thalli of each species (15 for U. florida) were given a number, were divided 
into three size classes, and were then weighed on a Mettler analytical balance (±0.1 mg). I 
followed almost exactly same method for measuring morphology and water storage as used in 
Esseen et al. (2015), but with some revision. I used a longer time for water saturation to fully 
saturate the central cord and a shorter focal distance to increase resolution in camera images. 
The lichens were placed on a net (mesh size 0.5 x 0.5 cm) stretched over a plastic box. They 
were sprayed repeatedly (every 5 min) with deionized water during a 60-min period until 
fully hydrated. Each thallus was placed between two plastic nets (mesh size 1 x 1 cm) and 
shaken three times. Then the nets were turned upside down and shaken three times more. 
After shaking the thallus, wet mass (WMshaking) was recorded. The thallus was then placed 
between two filter papers (grade 3) and gently blotted with the palm of the hand. This was 
repeated a second time with dry filter papers to remove all surface water. After blotting the 
thallus mass (WMblotting) was recorded once again.  

Directly after weighing, the hydrated thallus was placed on a light table (Dörr LP-400 LED) 
between two glass plates (24 x 18 x 0.2 cm) and photographed with a high-resolution camera 
(Nikon D800E, 36 Megapixel, macrolens: VR 105 cm f/2.8G. focal length: 105 mm) 85 cm 
above the table, to estimate the area of the wet thallus (Awet). Thalli large enough to cover 
more than one photo were photographed in up to four separate quadrants. The wet thallus 
area (Awet) was estimated with Image J as described in Esseen et al. (2015). Dry mass (DM) 
after 24 h in 70 °C, and after adjusting to ambient temperature in desiccator (c. 10 min), was 
determined for five thalli of each species and used as a factor to calculate oven-dry DM for all 
thalli. 

 

2.4 Anatomic measurements 
For the anatomic measurements, 18 thalli of each species were selected with six thalli from 
each size class (15 thalli for U. florida with five for each class). The thalli were sprayed, 
shaken and blotted as described above. The main branch was cut off and three thin cross 
sections were taken out with a razorblade, starting from 2 cm down the branch. Photos were 
taken with a 5-megapixel camera in a stereo microscope at a 50x magnification (1 pixel = 
0.610 µm). The photos where then analysed in ToupView (version 3.7) for thickness of the 
anatomical layers; diameter, cortex, medulla, and axis in pixels, and then converted to µm. 
All cross-section discs were measured both horizontally and vertically across the radius (Fig. 
2) when lying on microscope slides (76 x 26 mm), and the mean of the three discs was used to 
calculate a mean thickness of anatomical layers for each thallus. For each discs, the broadest 
diameter was measured. Along this line, cortex thickness on both sides (algae counted to 
medulla) and medulla was measured. Axis was measured in its own broadest place since it 
was not always centred. The thickness in µm of each tissue was then recalculated to area 
using the formula for a circle (r2 × Π). Finally, the percent radius and percent area made up 
of the different tissues were calculated in relation to the full radius.  
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Fig 2. Photo of a wet branch cross-section of U. dasypoga with horizontal and vertical measurements 

(numbers indicate pixels). The white line is total diameter, turquoise is cortex, red is medulla and dark blue is 

axis. The scale bar shows 0.1 mm steps. 

 

2.5 Calculations of variables and statistical analysis 
STM was calculated as STM=DM/Awet (Gauslaa and Coxson 2011; Gauslaa 2014). Total water 
holding capacity (WHCshaking) was calculated as WHCshaking = (WMshaking-DM)/Awet. Internal 
water holding capacity (WHCblotting) was calculated as WHCblotting = (WMblotting-DM)/Awet. 
External water holding capacity (WHCexternal) was calculated as WHCexternal = WHCshaking-
WHCblotting. Water content (WC, in percent) was calculated as follows: Total water content 
(WCshaking) = (WMshakning-DM) × 100/DM; Internal water content (WCblotting) = (WMblotting - 
DM) ×100/DM and external water content (WCexternal) = WCshaking-WCblotting. 

All statistical analyses were done with IBM SPSS Statistics version 22 (IBM 2013). I 
calculated means and standard errors for morphological traits, water storage, and anatomical 
traits. General Linear Models (GLMs) were used to analyze if Awet, STM, WHCshaking, 
WHCexternal and WHCblotting, WCblotting and WCexternal depended on species. These GLMs were 
then redone by including DM as a covariate, as morphological and water storage traits are 
size dependent (Merinero et al 2014; Esseen et al 2015). GLMs were also used to test if 
WHCblotting, WHCshaking, WCexternal and WCblotting depended on species, but here STM was used 
as a covariate. A GLM was also used to see if WHCblotting could be explained by species and 
thickness of anatomical layers. Differences between species and interactions (slopes) were 
analyzed by comparing confidence intervals for parameter estimates. The data were checked 
for heteroscedasticity and non-normality. All variables were log-transformed to meet the 
requirements for parametric analysis, except %areatissue, as well as WHCshaking and WHCblotting 
when analysing relationships with STM as covariate, in order to compare results with earlier 
studies. Relationships between anatomical traits and water storage were analyzed by using 
correlation coefficients.   



   

 

10 
 

3. Results 
3.1 Morphology 
Dry mass (DM) ranged from 41 to 3577 mg among individual thalli. There was a more than 
four-fold variation in mean DM, from 256 mg in U. dasypoga to 1122 mg in U. florida (Table 
2). The two species with highest DM were both shrubby. The GLM for DM grouped species in 
three groups with some overlap (Table 2). 

Mean hydrated thallus area (Awet) for U. florida (35 cm2) was almost twice as high as in U. 
flammea (14 cm2, Table 2). Awet increased significantly with DM for all species (Fig. 3) with r2 
varying between 0.72 and 0.98. The GLM for Awet had an overall r2-adjusted of 0.98 with a 
significant effect of species (p=0.032) and DM (p<0.001). The interaction between species 
and DM was also significant (p<0.001), showing that the slope of the relationship varied 
among species. Usnea dasypoga and U. longissima had a steeper slope than the shrubby 
species. 

The two pendent species (U. dasypoga and U. longissima) had significantly lower STM than 
the shrubby species, 13.5-14.1 and 19.4-30.6 mg DM cm-2, respectively (Table 2). The GLM 
separated four groups: (1) U. longissima and U. dasypoga, (2) U. hirta and U. flammea, (3) 
U. subfloridana and U. cornuta, and (4) U. florida (Table 2). However, STM was size 
dependent and increased with DM in all species (Fig. 4). The GLM for STM with DM as a 
covariate had an overall r2-adjusted=0.90 with a significant effect of species (P=0.032), DM 
(p<0.001) and the interaction between species and DM (p<0.001). The regression slope was 
less steep in U. longissima than in the shrubby species, but did not differ from U. dasypoga. 
There was only minor variation in slope among the shrubby species with no significant 
differences (Fig. 4) 
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Fig. 3. Relationships between wet area (Awet) and dry mass (DM) in the seven studied Usnea species. N = 36, 
except U. florida (N = 15). Triangles represent pendent species and circles shrubby species. The regressions 
were done on log-transformed data. Shared superscript letters indicate species that are not significantly 
different in intercept (constant) and slope (coefficient) based on comparison of confidence intervals for 
regression parameters. 

  
 

Fig. 4. Relationships between specific thallus mass (STM) and dry mass (DM) in the studied species. N = 36, 
except for U. florida (N = 15). Triangles represent pendent species and circles represent shrubby species. 
Regressions were done on log-transformed data. Shared superscript letters indicate species that are not 
significantly different in intercept (constant) and slope (coefficient) based on comparison of confidence 
intervals for regression parameters. 
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Table 2  Summary (mean ± 1 SE) of number of thalli, dry mass (DM), wet area (Awet), water holding capacity after shaking (WHCshaking), WHC after blotting (WHCblotting), 
external WHC (i.e. WHCshaking - WHCblotting), % water after shaking (WCshaking ), percent water after blotting (WCblotting), percent external water (i.e. WCshaking - WCblotting) and 
ratio between WHCshaking and WHCblotting  in the studied Usnea species.r2-adj after GLM-test (Tukey) are on log-transformed data. All P-values were significant at p <0.001. 
Grouping of species (superscript letters) after Tukey test. 

 U. longissima U. dasypoga U. hirta U. flammea U. subfloridana U. cornuta U. florida r2-

adj. 

Number of thalli 36 36 36 36 36 36 15  

DM, mg 452.3±64.8A 255.5±28.2A 374.2±40.0AB 311.4±41.3A 832.8±141.0BC  566.8±91.0AB 1122.2±186.8C 0.147 

Awet, cm2 32.9±4.4BC 17.5±1.7AB 18.1±1.5AB 13.7±1.5A 28.6±3.9BC 19.3±2.3AB 34.8±4.5C 0.104 

STM, mg DM cm-2 13.5±0.3A 14.1±0.3A 19.4±0.6B 20.8±0.6B 24.9±1.1C 25.7±1.0C 30.6±1.5D 0.663 

WHCshaking, mg H20 cm-2 52.2±1.8A 51.2±2.0A 94.2±4.1D 88.2±2.5CD 87.6±2.3CD 71.3±2.1B 78.6±2.5BC 0.610 

WHCblotting, mg H20 cm-2 13.0±0.4A 14.6±0.4A 27.4±1.1B
C 23.5±1.0B 32.5±1.4CD 29.8±1.4C 37.8±2.0D 0.706 

WHCexternal, mg H20 cm-2 39.2±1.6A 36.6±2.0A 66.9±3.4B 64.6±2.2B 55.1±2.6B 41.5±1.8A 40.8±1.8A 0.455 

WCshaking, % 388.7±11.6B 365.3±15.2B 487.9±14.3C 432.3±13.2C 374.6±19.4B 286.8±11.5A  261.9±10.0A 0.424 

WCblotting, % 96.3±2.1A 102.7±1.4B 140.0±1.7E 112.3±1.3C 130.8±1.5DE 114.9±1.6C  123.7±2.8D 0.665 

WCexternal, % 292.5±10.7CD 262.6±15.7BC 348.0±14.3D 320.0±13.6CD 243.8±19.7B 172.0±11.4A   138.2±9.2A 0.431 

Ratio WHCshaking/blotting      4.1±0.1      3.6±0.2      3.5±0.11      3.9±0.1      2.9±0.2     2.5±0.1        2.1±0.1  
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3.2 Water storage 
3.2.1 Water holding capacity 
I found a high variability in total water holding capacity (WHCshaking, representing internal 
plus external water) in individual thalli, ranging from 30.8 (U. dasypoga) to 177.2 mg H2O 
cm-2 (U. hirta). The mean WHCshaking for U. hirta was nearly twice as high as for the pendent 
species U. dasypoga and U. longissima (Table 2). Four groups, with some overlap, were 
formed by the GLM, with U. longissima and U. dasypoga separating out from the shrubby 
species. When WHCshaking was analyzed in a GLM with DM as a covariate (with an overall r2-
adjusted= 0.664), I found significant patterns for species (p<0.001), DM (p=0.002) and for 
the interaction (p<0.001). Usnea hirta had the steepest slope (p=0.008, Fig. 5a).  

The internal water holding capacity (WHCblotting) in individual thalli showed large variability, 
ranging from 7.8 mg H2O cm-2 in U. longissima to 54.7 mg H2O cm-2 in U. florida. The 
pendent species had about half the mean WHCblotting compared to the shrubby species (Table 
2). The highest mean was found in U. florida (37.8 mg H2O cm-2). In the GLM with DM as a 
covariate (r2-adj.=0.931), WHCblotting was significantly affected by DM (p<0.001), species 
(p=0.010) and the interaction between species and DM (p=0.010). The slope for U. 
longissima, U. dasypoga and U. subfloridana was similar and flatter than for the other four 
species (Fig. 5c). 

The highest mean external water holding capacity (WHCexternal) was found in U. hirta, closely 
followed by U. flammea (Table 2). The overall range of individual thalli was almost seven- 
fold, from 18.9 mg H2O cm-2 in U. dasypoga to 130.4 mg H2O cm-2 in U. hirta. The GLM 
separated species in two groups: (A) U. longissima, U. dasypoga, U. cornuta and U. florida, 
and (B) U. hirta, U. flammea and U. subfloridana (Table 2). The GLM including DM had a 
lower r2-adjusted (0.527) than for WHCblotting. I found a significant effect of species 
(p>0.001), DM (p=0.038) and the interaction (p<0.001). External water increased with DM 
in U. longissima but decreased in U. subfloridana and U. dasypoga (Fig. 5b). 

The ratio between WHCshaking and WHCblotting showed a wide range across species, from 2.1 in 
U. florida to 4.1 in U. longissima (Table 2). Both pendent (U. dasypoga, U. longissima) and 
two of the shrubby species (U. hirta, U. flammea) showed a high ratio. 
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Fig. 5. Relationship between water holding capacity for total water (WHCshakning) (A), external water 

(WHCexternal) (B), internal water (WHCblotting) (C) and dry mass (DM) using log-transformed data in the studied 

species. N = 36, except for U. florida (N = 15). Triangles represent pendent species and circles represent 

shrubby species. Shared superscript letters indicate species that are not significantly different in intercept 

(constant) and slope (coefficient) based on comparison of confidence intervals for regression parameters.   
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Fig. 6. Relationship between external (WCexternal) (A) and internal relative water content (WCblotting) (B) and dry 

mass (DM) for the studied species. N = 36, except for U. florida (N = 15). Triangles represent pendent species 

and circles represent shrubby species. The analyses were done on log-transformed data. Shared superscript 

letters indicate species that are not significantly different in intercept (constant) and slope (coefficient) based 

on comparison of confidence intervals for regression parameters.    

50

100

200

300

400

600

800

Species Const Coeff r
2

p

 U. longissima - - 0.01 NS

 U. dasypoga 3.11
b

-0.31
a

0.42 <0.001

 U. hirta 2.89
b

-0.14
b

0.16   0.009

 U. flammea 2.95
b

-0.20
b

0.37 <0.001

 U. subfloridana 3.32a -0.36
b

0.80 <0.001

 U. cornuta 2.82
b

-0.24
b

0.35 <0.001

 U. florida 3.02
b

-0.30
b

0.46   0.003

W
C

e
x
te

rn
a
l, 

%
A

100 100030

80

100

120

140

160

65

Species Const Coeff r
2

p

 U. longissima 1.68
a

0.06
b

 0.50 <0.001

 U. dasypoga 1.84
a

0.07
a

 0.37 <0.001

 U. hirta 1.96
b

0.08
a

 0.52 <0.001

 U. flammea 1.91
b

0.06
a

 0.50 <0.001

 U. subfloridana - -  0.03 NS

 U. cornuta 1.91
b

0.07
a

 0.44 <0.001

 U. florida - - -0.02   NS

W
C

b
lo

tt
in

g
, 

%

Dry mass, mg

B



   

 

16 
 

3.2 2 Relative water content 
The range in total relative water content (WCshaking) for individual thalli was four-fold, from 
187% for U. cornuta to 782% for U. subfloridana. The Tukey test in the GLM (Table 2) 
separated species into three groups: (A) U. cornuta and U. florida, (B) U. longissima, U. 
dasypoga and U. subfloridana, and C) U. hirta and U. flammea, when arranged from lowest 
to highest values. Both the highest (U. hirta) and lowest WCshaking (U. florida) was found in 
shrubby species with the pendent species intermediate. 

WCblotting for individual thalli ranged from 66% (U. dasypoga) to 160% (U. hirta). The highest 
mean (140%) was found in the shrubby U. hirta. The lowest WCblotting was found in the 
pendent species (U. longissima and U. dasypoga), which formed their own group, as were U. 
flammea and U. cornuta (Table 2). In the GLM for WCblotting with DM as covariate there was a 
significant influence of species, DM, and the interaction (p<0.001, r2-adj.=0.814). Five 
species showed positive slopes (Fig. 6B) with the steepest slope in U. longissima. 

WCexternal showed an almost 10-fold variation, ranging from 68% to 667% for individual thalli 
(U. cornuta and U. subfloridana, respectively). The highest means were found in U. hirta 
(348%) and the lowest in U. florida (138%, Table 2). When WCexternal was analysed in relation 
to size (DM) some interesting relations were found (Fig. 6A). The GLM for WCexternal showed 
significant influence of species, DM, and the interaction (p<0.001 for all parameters, r2-
adj.=0.697). The relationship with DM was significant in all species except in U. longissima. 
However, in contrast to WCblotting, all slopes were negative and the steepest slope was found in 
U. dasypoga (p<0.001).  

 

3.3 Relationships between water storage and morphology  
The analysis of the relationships between WHC, WC, and morphological traits (STM) showed 
several interesting patterns. In the GLM for WHCshaking (Fig. 7A), all factors were significant; 
species (p<0.001), STM (p<0.001), and the interaction between species and STM (p<0.001) 
with an overall r2-adjusted = 0.687. Usnea hirta and U. longissima showed the steepest 
slopes among the species (p<0.001). Two species did not show significant relationships (U. 
dasypoga and U. subfloridana, p>0.05). The relationship between WHCblotting and STM was 
even stronger (r2-adj. = 0.967) than for WHCshaking. I found a significant effect of STM 
(p<0.001), species (p=0.003), and the interaction (p<0.001, Fig. 7B). The slope of the 
relationship between WHCblotting and STM was 1.8 for U. hirta and slightly above 1 for the 
other species, with a range of 1.21-1.45.  

Several relationships were found between WC and STM. The GLM for WCexternal with STM as 
a covariate (r2-adj.=0.668) showed a significant effect of the interaction (p<0.001) as well as 
species (p=0.001) and STM (p<0.001, Fig. 8A). Five of the seven species had negative slopes 
with STM. The pattern for WCblotting was also highly significant (Fig. 8b) with r2-adjusted= 
0.712. Species (p=0.001), STM (P<0.001), and the interaction (p=0.011) were all significant. 
However, the slopes for WCblotting were positive in contrast to WCexternal. Further, only three 
species showed significant relationships (U. hirta, U. flammea and U. cornuta), with U. 
cornuta showing the lowest slope. 
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Fig 7. Relationship between water holding capacity after shaking (WHCshaking) (A), after blotting (WHCblotting) 

(B) and specific thallus mass (STM) in the studied species. N = 36 for all species, except U. florida (N = 15). 

Triangles represent pendent species and circles represent shrubby species. Shared superscript letters indicate 

species that are not significantly different in intercept (constant) and slope (coefficient) based on comparison 

of confidence intervals for regression parameters.   
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Fig 8. Relationship between water content after  shaking (WC shaking) (A), blotting (WCblotting) (B) and specific 

thallus mass (STM) in the studied species. N = 36 for all species, except U. florida (N = 15). Triangles 

represent pendent species and circles represent shrubby species. Data was log-transformed before the 

analyses. Shared superscript letters indicate species that are not significantly different in intercept (constant) 

and slope (coefficient) based on comparison of confidence intervals for regression parameters.   
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3.4 Thallus anatomy 
The diameters of wet branch cross-sections showed a six-fold variation among individual 
thalli, varying from 309 to 1889 µm, in U. longissima and U. cornuta, respectively. The same 
species had the smallest and the largest mean diameters among species (Table 3, Fig. 9). 

The thickness of cortex, medulla and axis all increased with branch diameter (Fig. 10). Usnea 
longissima completely lacked cortex. In the other species, cortex thickness ranged from 89 
µm in U. flammea to 145 µm in U. florida (Table 3, Fig. 10A). The variation in medulla 
thickness was 18 fold for individual thalli, from 33 µm in U. longissima to 398 µm in U. 
cornuta, respectively. The pendent species had a thinner medulla than the shrubby species, 
from 40 µm in U. longissima and 102 µm in U. dasypoga to 398 in µm U. cornuta (Table 3, 
Fig. 10B). The thickness of the axis in individual thalli ranged from min 77 to max 426 µm for 
U. dasypoga and U. subfloridana, respectively. The highest means were found in U. florida 
and U. subfloridana (Table 3, Fig. 10C). No large difference was found in axis thickness in 
the other species. 

The relative thickness (%) of tissues along the radius varied among species. Besides U. 
longissima, that completely lacked cortex, U. cornuta had the smallest relative thickness of 
cortex (16.4%), closely followed by U. hirta (18.4%), while U. dasypoga had the highest 
thickness (25.8%, Table 3). Relative thickness of medulla was more than double in U. 
cornuta (56.7%) than in U. longissima (18.8%). The axis made up 81% of the radius in U. 
longissima, compared to 27% in U. cornuta, with only minor variation in the remaining 
species (46-54%). 

Besides U. longissima, the mean percent areacortex was highest in the pendent species U. 
dasypoga (45%) and lowest in U. cornuta (30%, Table 3), with moderate variation among 
the shrubby species. The highest percent areamedulla was found in U. hirta (51%) and U. 
cornuta (62%). Not surprisingly the highest percent areaaxis was found in U. longissima 
(66%) and the lowest in U. cornuta (8%). The range was very large among separate thalli, 
varying from 3.6 to 72.6 % for U. cornuta and U. longissima, respectively.  

 

Fig 9. Photos of wet cross-sections from representative thalli of the seven studied Usnea species (A) U. 

dasypoga, (B) U. longissimia, (C) U. hirta, (D) U. flammea, (E) U. subfloridana, (F) U. cornuta, and (G) U. 

florida. The scale bar shows 0.1 mm steps.
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Table 3  Number of thalli, thickness (µm) of cortex; medulla; axis and the percent of radius and total area (%) from cross sections of studied Usnea species. Thickness of 

tissues was measured over one radius. Photobiont counted to the medulla. Means ± 1SE are given. 

 

 U. longissima U. dasypoga U. hirta U. flammea U. subfloridana U. cornuta U. florida 

Number of thalli 18 18 18 18 18 18 12 

Diameter, µm 436.0±17.4 719.0±52.5 1056.7±53.0 962.4±53.9 1251.0±62.8 1391.3±59.3 1360.0±42.5 

Thickness of layers, µm        

Cortex - 93.9±8.4 95.6±4.4 88.7±4.3 137.6±8.4 113.1±4.8 144.8±8.7 

Medulla 40.4±1.3 101.9±8.1 234.6±20.9 162.8±12.5 158.3±16.9 397.9±22.9 200.6±12.8 

Axis 177.6±8.1 163.8±13.1 198.3±12.5 229.9±18.1 329.7±12.7 184.6±9.8 334.7±13.4 

Thickness of layers, %         

Cortex 0.0±0.0 25.8±0.7 18.4±0.6 18.8±0.4 21.9±0.8 16.4±0.5 21.7±0.8 

Medulla 18.8±0.7 28.7±1.5 43.4±2.7 34.3±1.9 24.6±1.9 56.7±1.8 29.5±1.5 

Axis 81.2±0.7 45.5±1.3 48.3±2.4 47.0±1.8 53.6±1.8 26.9±1.4 49.4±1.7 

Area of layers, %        

Cortex 0.0±0.0 45.0±1.1 33.3±1.0 33.7±0.7 39.0±1.0 30.0±0.8 37.8±1.2 

Medulla 34.1±1.1 34.1±1.6 51.1±2.6 43.2±1.9 32.1± .8 62.4±1.6 37.6±1.6 

Axis 65.9±1.1 21.0±1.2 15.6±2.1 23.1±1.7 29.0±1.5 7.6±0.9 24.7±1.6 
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Fig. 10. Relationships between thickness (µm) of cortex (A), medulla (B)as well as axis (C) and branch 

diameter in cross-sections of the studied Usnea species. N = 18 for all species (except U. florida = 12). 

Triangles represent pendent species and circles represent shrubby species. Shared superscript letters 

indicate species that are not significantly different in intercept (constant) and slope (coefficient) based on 

comparison of confidence intervals for regression parameters.   
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3.5 Relationships between water storage and anatomy 
Some correlations were found between water storage and anatomic traits. Internal water, 
WHCblotting, correlated positively with branch thickness in all species (r= 0.54-0.77, p<0.05, 
Fig. 11A) except in U. florida and U. hirta. The correlation across all species was highly 
significant (r=0.78, p<0.001). WCblotting also correlated with branch diameter, but only for U. 
longissima (r=0.62, p=0.007) and U. flammea (r=0.47, p=0.05, Fig. 11B). This relationship 
was significant across species (r=o.51, p<0.001). 

WHCblotting was positively correlated with the thickness of cortex in only three species (U. 
dasypoga, U. flammea, and U. florida, Fig. 12A), although the relationship was highly 
significant across all species (r=0.69, p<0.001). Between WHCblotting and medulla thickness, I 
found positive correlations only for U. subfloridana (r=0.69, p=0.018) and for all species 
pooled (r=0.52, p<0.001, Fig. 12B). For WHCblotting and axis thickness (µm), positive 
correlations were found across species (r=0.63, p<0.001) as well as for U. dasypoga, U. 
longissima, U. flammea, U. subfloridana, and U. florida (Fig. 12C).  

The relationships with anatomical traits were weaker for WCblotting. No correlations were 
found between WCblotting and percent areacortex (Fig. 13A), except for all species combined 
(r=0.39, p<0.001). WCblotting decreased with percent area of medulla in U. longissima (r=-
0.51) and U. hirta (r=-0.48, Fig. 13B). Only U. longissima showed a relationship between 
WCblotting and percent areaaxis (r=0.50, p=0.03, Fig. 13 C). However, the correlation was 
significant when all species were pooled (r= -0.39, p<0.001).  
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Fig. 11. Relationships between internal WHC (mg H2O cm-2) (A) as well as internal WC (%) (B) and branch 

diameter (µm) in the studied Usnea species. N = 18, except for U. florida (N = 12).  Triangles represent 

pendent species and circles represent shrubby species. The correlation coefficients (r) and corresponding P-

values are given for each species.  
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Fig. 12. Relationships between WHCblotting (mg H2O cm—2) and thickness (µm) of cortex (A), medulla (B) as 

well as axis (C) in cross-sections of the studied Usnea species. N = 18 for all species (except U. florida = 12). 

Triangles represent pendent species and circles represent shrubby species. The correlation coefficients (r) and 

corresponding p-values are given for each species.  
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Fig. 13. Relationships between WCblotting and percent area (% out of full cross-section area) of cortex (A), 

medulla (B) as well as axis (C) in the studied Usnea species. N = 18 for all species (except U. florida = 12). 

Triangles represent pendent species and circles represent shrubby species. The correlation coefficients (r) and 

corresponding P-values are given for each species.  
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4. Discussion 
This is the first study on morphology and water storage using multiple species of Usnea. The 
study by Esseen et al. (2015) included only one species, U. dasypoga. Several new important 
findings on water storage and morphological as well as anatomical traits were recorded for 
the seven studied species. These findings may help to explain the broad-scale distribution of 
the species in this large lichen genus. 

4.1 Morphology  
Previous studies (Gauslaa and Coxson 2011; Merinero et al. 2014) have identified STM as an 
important driver of internal water storage in lichens. This means that thalli with higher STM 
can store more internal water (Gauslaa 2014). STM was found to be size dependent in all 
seven studied Usnea species, supporting the results from the previous study (Esseen et al. 
2015). The Usnea species in the present study showed large interspecific variation in STM, 
with the highest found in U. florida, twice as large as in the pendent species U. dasypoga and 
U. longissima. STM for U. dasypoga in this study was almost the same as in the previous 
study (STM of 14.9 mg cm-2, Esseen et al. 2015). All five shrubby Usnea species showed much 
higher mean STM than Alectoria sarmentosa (15.1 mg DM cm-2) and Bryoria spp. (9.9 – 11.3 
mg DM cm-2) in Esseen et al. (2015). The main reason for that shrubby species have higher 
STM is because they are thicker. In addition, a possible explanation to the high STM in U. 
florida is that it grew in upper canopies of oaks and received much sunlight. In foliose lichens 
an increased thickness (STM) has been recorded for lichens living in sun-exposed sites, which 
increase water storage and retention and prevent fast desiccation (Gauslaa and Coxson 2011). 

4.2 Water storage 
The result for water storage in Usnea shows many interesting findings that are new for the 

studied species. The reason why I studied two different water storage parameters  water 
holding capacity (WHC) and relative water content (WC) – is that both parameters are 
important for understanding factors affecting the ecology, ecophysiology and distribution of 
lichens (Gauslaa 2014). WHC is a good measure of the amount of precipitation and dew 
needed to fill water storage in lichens, whereas WC have been used frequently when studying 
how photosynthesis varies in relation to water content in lichens (Rundel 1988; Lange et al. 
2001) 

4.2.1 Water holding capacity 

Rain (or dew) is needed to fill both internal and external water pools (WHCshaking) in lichens 
(Gauslaa 2014). There was a great variation in WHCshaking among species in this study, and 
perhaps not surprisingly U. hirta showed the highest value, which corresponds to this species 
being common in dry pine forests (Halonen et al. 1999; Thell and Moberg 2011). As this 
species lives in a drier, more continental habitat than the other studied species it is of even 
greater importance to store as much as possible of the available water.  

The two pendent species showed very similar WHCshaking that was very different from all the 
shrubby species. Since only a few studies have recorded any data for total WHC in fruticose 
lichens it is hard to put these numbers in perspective. But measuring WHCshaking is important 
and I agree with Gauslaa (2014) that it should be included in future studies in chlorolichens, 
as the parameter is of great ecological relevance. WHCshaking gives a measure of how much 
water a thallus can hold after saturation by rain and therefore explains how much water can 
be hold totally – both internally and externally. Although it is harder to reproduce shaking 
than blotting it is well worth the time spent on this method. 

Internal WHC (WHCblotting) is a measure of how much water a lichen thallus can hold within 
their tissues after saturation by rain or any other water source, where 10 mg water per cm-2 = 
0.1 mm rain (Merinero 2014) or dew (Gauslaa 2014). An average dewfall supplies 0.2 mm of 
dew (maximum 0.04 mm h-1), which is enough to fill the average of WHCblotting for all lichens 
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(Gauslaa 2014). For internal WHC, some studies have been done on both foliose (Gauslaa 
and Coxson 2011) and fruticose lichens (Gauslaa 2014), including hair lichens (Esseen et al. 
2015). I found that WHCblotting was twice as high in the best water storing shrubby species, 
than in the two pendent species. For U. dasypoga I found a slightly higher WHCblotting than 
Esseen et al. (2015). In comparison to the previous study, the two pendent Usnea species had 
lower WHCblotting than Alectoria sarmentosa (17.4 mg H2Ocm-2), but almost the same as three 
Bryoria spp. (12.3–13.4 mg H2O cm-2, Esseen et al. 2015). All the five shrubby Usnea species 
showed a higher WHCblotting than both A. sarmentosa and Bryoria spp. Esseen et al. (2015) 
have already shown that pendent hair lichens have lower internal WHC than foliose and 
fruticose lichens (Gauslaa and Coxson 2011), and my results support this conclusion. More 
importantly, I show that shrubby hair lichens have markedly higher WHC, in the same range 
as many foliose lichens (Gauslaa 2014). A higher internal WHC is most likely an adaptation 
to sparse and infrequent water-availability, and could help explain why many Usnea species 
have such a wide distribution world-wide. 

Since few studies have been performed on total WHC in lichens, little is also known about the 
external water holding capacity (WHCexternal, which require WHCshaking for calculations, see 
Methods). I have not found any previous study on external WHC in hair lichens so my results 
should be important for understanding the ecology of these lichens. External water is water 
adhering to the thallus surface after rain (or dew fall), which then can be absorbed and used 
as internal water by physiological processes. Usnea hirta had the highest WHCexternal, which 
can be probably be explained by morphological adaptations to a drier habitat (see 4.3 below), 
where it is important to store all the available water, including surface water. 

An increase in biomass (DM) increased both the total and internal WHC (Fig 5A and C), but 
decreased external WHC in some species (Fig. 5B). It has previously been observed that 
water availability can limit the distributions of lichens (Lange et al. 1993). When the internal 
water content was placed in relation to dry mass, U. cornuta shows an almost perfect 
prolongation of the regression line of U. flammea. The reason that these two species can live 
at the studied location with high precipitation and humid air is likely because they can store 
the same percentage water in relation to their own dry mass.  

The steeper regression for total WHC in U. hirta than in U. longissima and U. cornuta, can 
likely be explained by explained by morphological adaptions in U. hirta, such as increased 
branching and more fibrillae and isidiomorphs than in the other species (as I observed in the 
lab by comparing the different species side by side), this means that U. hirta gains more total 
water per mg invested biomass than the other species and therefore is a more effective water 
holder than the other species, living in wetter habitats. When WHCexternal was related to DM, 
both U. dasypoga and U. subfloridana showed a decrease in external water as DM increased. 
Usnea longissima, on the other hand, showed a positive slope. The negative slope for the first 
two species can be related to the surface area to mass ratio. The area does not increase with 
the same proportion as mass when the biomass increases. Species with relatively smaller 
surface area to mass ratios can therefore hold less water externally. Why U. longissima does 
not decrease its external water as the thallus grows bigger could be explained by its 
homogeneous morphology, with almost the same appearance from base to apex (Fig. 1B). An 
increased mass only results in a longer main branch with additional fibrils. Since U. 
longissima has a much narrower range in branch diameter (Fig. 10) than the other species it 
is not as much affected by changes in the surface area to mass ratio as the other species, who 
can increase more in diameter. 

4.2.2 Water content 
The results showed a large variation of all water content measurements in the studied Usnea 
species. The total water content (WCshaking) was highest in U. hirta, which formed a group 
together with U. flammea. The reason for that U. hirta has a high total water content is likely 
an adaption to a dry habitat as discussed above for WHCshaking. Why U. florida and U. 
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cornuta, who do not share the same niche, have almost the same total water content is harder 
to explain, but could be caused by morphological adaptions. The adaptations vary a lot 
between the species as U. florida has large apothecia that could potentially store high amount 
of water both internally and externally and could therefore contribute to a higher total water 
content. Usnea cornuta is the species with second most (after U. hirta) smaller secondary 
branches, which increases the surface and ability to bind external water, and to store water 
internally. The amount of total water in the two species may thus have occurred just by the 
adaptions mentioned above. 

Internal water content (WCblotting) showed some new and interesting results about the ecology 
and distribution of the studied Usnea species. The highest WCblotting was found in U. hirta, 
which is a probable adaptation to its dry habitat in continental areas with low precipitation. 
Lange et al. (1993) discussed this kind of adaptation in water storage for lichens occurring in 
dry habitats. Since precipitation is infrequent, it is of great importance to be able to store 
high amounts of water internally in order to maintain photosynthesis for a longer period of 
time to survive the harsh environment. The two pendent species, U. dasypoga and U. 
longissima, both live in humid habitats where precipitation is moderate but air humidity is 
high. Both species had lower WCblotting than all other species. These species with thin branches 
apparently maximize uptake of water from humid air. Since water availability is not a strong 
limiting factor in their habitat, internal water storage is not as important as for U. hirta and 
other shrubby species.  

In the study of Gauslaa and Coxson (2011) on foliose chlorolichens, a WCblotting of 125% was 
recorded in Platismatia glauca. In comparison with the species in the present study, only U. 
hirta (140%) and U. subfloridana (131%) had higher internal WC. All the other shrubby 
species were in almost the same range as the reported WCblotting for Bryoria spp. and A. 
sarmentosa by Esseen et al. (2015), which means that the hair-lichen group have a greater 
variation in internal WC than what has been previously known. As Usnea is such a diverse 
genus this should not be so surprising, and the internal water storage may help to the 
distribution of species. 

The external water content showed a large variation, with some overlap between species. The 
highest WCexternal was (as in WHCexternal) found in U. hirta. In a dry habitat it is important to 
be able to hold more water on the surface in order to maintain photosynthetic activity for a 
longer period of time. However, too much water is not good. It is known that net 
photosynthesis in lichens increase with WC up to a certain species-specific threshold, i.e. an 
optimal water content of around 60% WC (Lange et al. 2001). When WC exceeds this level 
the photosynthesis decreases, because of decreased CO2 diffusion, until the thallus has dried 
enough to resume high photosynthesis again – a phenomenon known as suprasaturation 
depression (Lange et al. 2001). During the timespan of metabolic activity in a thallus, as 
much as one-third of the time can be inhibited by too high WC in some species (Lange et al. 
2001). Cyanolichens have a higher tolerance to high WC, but also need higher WC in order to 
activate photosynthesis in the first place, and can therefore not use humid air as a water 
source (Lange et al. 2001). Chlorolichens, such as Usnea, on the other hand, can use humid 
air (Lange et al. 2001, when humidity exceeds 80%) to activate photosynthesis (Gauslaa 
2014). Humid air is not inhibiting photosynthesis by suprasaturation and photosynthesis can 
also be reactivated more frequent and last longer than when activated by liquid water (Lange 
et al. 2001; Gauslaa and Coxson 2011). Since Usnea is not only a chlorolichen, but also 
filamentous and thin (Esseen et al. 2015), the activation of photosynthesis can be even more 
frequent.  

Gauslaa studied the ratio between WHCshaking and WHCblotting in four foliose lichen species and 
found the ratio to be 1.9–2.3 (Gauslaa 2014). For hair lichens this ratio has never been 
examined before. The present study showed a ratio in the range of 2.1-4.1 for the studied 
species, showing that hair lichens can hold up to twice as much external water as foliose 
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lichens. An interesting detail in this ratio is that it can possibly explain some adaptations to 
available water sources. Since U. florida, U. cornuta, and U. subfloridana have lower ratios 
than the other studied species this means they have a higher WHCblotting in relation to 
WHCshaking. This might be explained by lower ability to take up water from humid air. The 
other species thus have a higher WHCshaking in relation to WHCblotting, which can be an 
adaption to rain (U. hirta and U. flammea) and humid air (U. longissima and U. dasypoga). 
Interestingly, U. flammea and U. cornuta, who were sampled at the same locality, differ 
much in this ratio. Adaptations to different water sources might decrease their niche overlap, 
resulting in both species living together side by side, which may explain why both species 
coexisted in large numbers at these sites. In future studies on water storage in hair lichens it 
would be interesting to examine uptake of water from humid air in the different Usnea 
species in order to strengthen or reject this hypothesis. 

It has previously been discussed that water availability can limit the distributions of lichens 
(Lange et al. 1993), but not which parameter is most important. The distribution of Usnea 
spp. seems to be at least partly explained by adaptations to different water sources, both with 
respect to internal and external water uptake in the individual species. Internal water content 
in relation to DM explains some of the distribution of the species. Species in drier locations 
have higher WC than species in wetter locations. Regarding the first question that I 
addressed, my results suggest that differences in water storage can help to explain the 
distribution of Usnea species. Hypothesis 1a (that oceanic species should maximize water 
water storage, while lichens from continental areas should have faster uptake of humid air, 
rather than high water storage) was supported, except for the continental Usnea hirta with 
high water storage. Hypothesis 1b was supported by my results, as species from drier 
microclimates had higher water storage than species from wetter habitats within continental 
areas. 

4.3 Relationships between water storage and morphology 
WHCshaking increased with STM for the majority of species. The large thallus volume increases 
the total water content. It is known that chlorolichens (e.g. Usnea) and cephalolichens store 
less water than cyanolichens as they have a lower STM (Gauslaa and Coxson 2011, Merinero 
et al. 2014). It is further known that a lower STM facilitates water uptake and allows lichens 
to be faster and more frequently hydrated. A lichen with a lower STM does not need to be as 
resistant as cyanolichens to desiccation in sunny locations (Merinero et al. 2014). The species 
in my study followed the 1:1 relationship between WHCblotting and STM (Fig. 7B) previously 
found in hair lichens (Esseen et al. 2015) for all species except U. hirta. It has been shown 
earlier that water holding capacity in lichens is a result of both acclimation to local conditions 
and morphological adaptations (Gauslaa et al. 2014). In a study of foliose lichens, 
cyanolichens showed a WHCblotting that was two times as high as STM, the same factor for 
cephalolichens was 1.5 (Merinero 2014). A study on foliose chlorolichens showed a 1:1 ratio 
for WHCblotting:STM (Gauslaa and Coxson 2011). It has been discussed why cyanolichens have 
a higher ratio in comparison with chlorolichens, and the most probable reason is that since 
cyanolichens lack the ability to activate photosynthesis by humid air, they need this 
compensation in higher WHCblotting (Gauslaa and Coxson 2011). For the second question 
addressed, the relationship between WHC and STM differed among species and roughly 
followed the 1:1 relationship earlier found for hair lichens, except in U. hirta. Hypothesis 2 
was thus confirmed for six of the species. 

For the third question addressed (Can interspecific differences in external water storage be 
explained by differences in thallus morphology), my results show that external water storage 
was related to morphology. However, external water could not be explained by growth habit 
alone as high external water was found in both pendent and shrubby species. More 
importantly, percent external water decreased with STM in five species. This supports 
hypothesis 3, that external water storage is higher in lichens with thin than in ones with thick 
branches. 
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4.4 Thallus anatomy  
Overall the results of the measurements of tissue thickness were very similar to reports in the 
previous literature (Thell and Moberg 2011). The branch diameter showed a large variation 
between species, with the pendent species being much thinner than the shrubby (Table 3). 
However, because the size of the thalli varied considerably and that tissue thickness was 
strongly size dependent (Fig. 10), percent of radius and percent of area give a better 
opportunity to compare the interspecific differences in anatomy than does thickness. The axis 
made up most of the radius in all species except U. cornuta (which was also one reason why 
this species was studied in the first place). Instead, the medulla made up more than 50% of 
the radius in U. cornuta. The largest percent of the cross-sectional area was found in the 
cortex for U. dasypoga and U. subfloridana, and in the medulla for U. hirta, U. flammea and 
U. cornuta and in axis for U. longissima. Usnea florida had almost the same proportion of 
cortex and medulla (Table 3). 

Thell and Moberg (2011) have previously reported the percent thickness of different layers, it 
is however unclear if they studied dry thalli or wet as in my study. Comparing their numbers 
with mine gave almost the same proportions for all studied species. The only major difference 
is that the water saturated U. hirta in my study showed a much higher percent thickness of 
cortex than in the previous study. The higher percent cortex in this case results from a 
reduced thickness of the medulla (Thell and Moberg). This difference can be caused by 
different sampling locations or by some relations in water storage as discussed below 
(Chapter 4.5). Also Clerc (1987) reported almost the same proportions of thickness in the 
anatomical layer in U. cornuta and U. hirta as I found in my study. Halonen et al. (1999) 
have studied the thickness of tissues for nine Usnea species with shrubby growth habit. This 
study included U. hirta and U. subfloridana. My data of thickness were almost identical to 
the ones reported in this study (Halonen et al. 1999). 

 

4.5 Relationship between water storage and anatomy  
Internal WHC (WHCblotting) increased with branch diameter for all species combined in this 
study, and for some of the individual species. Fewer species showed a correlation between 
WCblotting and branch diameter, but U. dasypoga and U. flammea did, as well as all species 
combined. In my study I did not find any clear evidence that a specific anatomic layer stores 
most of the water in all species. The thickness of the cortex could only explain part of the 
internal water storage. The internal WHC increased with medulla thickness for U. longissima 
and U. subfloridana, but internal WC decreased with an increased percent area of medulla in 
U. longissima and U. hirta. Earlier studies on foliose lichens have not shown that the 
medulla is a main tissue to store water in studied species of chloro- and cyanolichens 
(Gauslaa and Coxson 2011). Other studies have shown that Peltigera had 25% more water per 
dry mass in the medulla than in the cortex, and in saxicolous lichens the cortex had more 
water per dry mass than in the medulla, and finally Umbilicaria had the highest amount of 
water in the algal layer (Rundel 1988). Honegger (2008) explains this as hydrophilic hyphal 
layers in the medulla are often covered by hydrophobic ones, and writes that a medulla with 
much air-space does not result in a high water storage. This may explain the low WHC and 
WC in U. cornuta, the species with the most loose (lax) medulla (personal lab observation). 

Rundel (1988) and Esseen et al. (2015) discuss the possibility that Usnea can hold water in 
the central axis. Water movements of low rates have been recorded in the axis of Usnea in 
earlier studies but quantitative data are lacking (Rundel 1988). My results showed that WHC 
was related to the thickness of the axis in four of the seven species, but only U. longissima 
had a relationship between percent area of axis and WCblotting. Since the axis makes up such a 
large proportion of U. longissima’s thallus, water storage in the axis is probably more 
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important than in the other species. A relationship with water storage in cortex (thickness) 
was found for WHC in U. dasypoga, U. flammea and U. subfloridana as well as for all 
species combined. When grouping all species together also the percent areacortex showed a 
correlation with percent water. The relationships between water storage and anatomy seem 
hard to explain as the patterns differ among the species. Since all species together show 
correlations for all tissues and some species show correlations with P-values close to 0.05; 
maybe a higher number of replicate thalli would have yielded stronger relationships. Also the 
anatomy was only measured in the main branch for all thalli. I collected no information 
about anatomical differences between the main branches and smaller branches or other 
structures such as fibrillae. A larger and more ingoing study is probably needed if we want to 
find more clear relationships between water storage and anatomy. For question 4 the answer 
is that interspecific differences in internal water storage can only vaguely be explained by 
thallus anatomy. Hypothesis 4 can be rejected as the medulla did not explain internal water 
storage better than any other tissue. 

It has earlier been discussed that, since lichens are poikilohydric, one layer with much higher 
water storage capacity than the other layers would affect the resistance for water transport in 
the system because of differences in water potential (Rundel 1988). As the thickness of 
branch diameter increased, the internal WHC increased in U. longissima, U. dasypoga and 
U. subfloridana. My results show that more water is stored in cortex and axis and less in 
medulla. I have not been able to figure out if the cortex or the axis is the most important 
tissue for water storage. Since the studied Usnea needed more time to get fully saturated by 
sprayed water than Alectoria and Bryoria (which lack axis) in the study by Esseen et al. 
(2015) this nevertheless implies that the axis is important for water storage in the genus 
Usnea. 

4.6 Ecological implications  
Bruteig (1993) studied several epiphytic lichen genera and investigated the distribution of 
abundant species in Norway in relation to climatic data and air pollution. She did not find 
any relations between distribution of Usnea as a genus and abiotic factors, but the abundance 
decreased in the inland in comparison with the oceanic areas. The author discusses that 
interspecific differences in ecology may have influenced the results (Bruteig 1993). I would 
agree with Bruteig since my study shows that the distribution of Usnea species seems to be 
related to morphological adaptations affecting ability to store water, which may influence the 
ecological range of different Usnea species. The species collected in Sweden were from areas 
with low yearly precipitation, and out of this a large part (around one third) falls as snow, 
which is mostly inaccessible for the lichens. It may seem like to similar habitats for the 
sampled species, but U. hirta lives in a drier habitat in an open P. sylvestris forest with high 
evaporation and more frequent dew formation. In contrast, U. dasypoga lives in a denser P. 
abies forest where dew is rare but humid air is frequent and makes out a great part of the 
available water. Usnea hirta can live in this harsh environment due to morphological 
adaptations which increase both external and internal water storage. In contrast, U. 
dasypoga is more adapted to its habitat with higher humid air, which can be explained by 
low STM and better uptake of water vapour. Usnea longissima also has adaptations to uptake 
of water from humid air and is frequent in dense, humid P. abies forest in the continental 
regions with moderate precipitation. On the other hand, Usnea cornuta, U. flammea and U. 
subfloridana all live in the same oceanic region where precipitation is high. All three species 
showed a high total and external WHC, which should be favourable in this habitat with much 
rain, a more variable water source than humid air. Usnea florida had both high total and 
internal water storage. This may be an adaptation to areas with high precipitation, but could 
also be explained by its more exposed position higher up in the forest canopy. 

It is known that Usnea has a lower diversity in drier than in more oceanic regions (Bjerke et 
al. 2006), which is clear when comparing distribution-maps of species. The genus Usnea is 
associated with oceanic areas with high rainfall, such as Norway, while e.g. Bryoria is a more 
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northern genus dominating in continental areas (Gauslaa 2014). Furthermore, boreal forests 
have lower overall lichen diversity than temperate and tropical forests (Esseen and Coxson 
2015). This is because temperate and tropical forests provide more heterogenic microclimate 
due to variation in elevation and precipitation (Esseen and Coxson 2015). Another factor that 
affect distribution and diversity of epiphytic lichens is air pollution, where Usnea (together 
with Bryoria) are known to be among the most sensitive lichens (Bruteig 1993). As my study 
shows interesting and new ways to explain the distribution of Usnea species it would be of 
great importance to study more species from this large genus, particularly species from 
temperate and tropical regions.  

 

5. Conclusions  
This study examined if the distribution of Usnea species in Sweden and Norway could be 
explained by interspecific differences in morphology, water storage, and anatomy. The most 
important findings were: 

1. There was a great variation in morphology and water storage in the studied species. 

2. Pendent species had lower specific thallus mass (STM, indicating branch thickness), 
the main driver of water holding capacity (WHC), than shrubby species. Oceanic 
species had higher STM than continental species. 

3. All three types of WHC (total, internal, external) were higher in the shrubby than in 
the pendent species.  

4. The pendent species had about the same internal WHC as Bryoria spp. in a previous 
study (Esseen et al. 2015). The shrubby species had higher WHC than reported for 
Alectoria sarmentosa. 

5. The percent internal water content was lowest in pendent species but percent external 
water did not show any consistent pattern with respect to morphology. 

6. The ratio of total to internal water in hair lichens has never been studied before. This 
study shows that the ratio is up to twice as high for hair lichens as ratios recorded in 
earlier studies on foliose lichens (Gauslaa 2014). 

7. External water storage decreases with increasing biomass and STM because of a 
decreased surface area to mass ratio. 

8. Six of the seven studied Usnea species followed the 1:1 relationship between 
WHCblotting and STM that has previously been reported for hair lichens (Esseen et al. 
2015), only U. hirta deviated from this ratio. 

9. There are large interspecific differences in branch diameter and anatomical traits 
(thickness of cortex, medulla and axis). 

10. Usnea species seem to have different adaptations to store water in different tissues, 
but further studies are needed. 

11. Information on both internal and external water storage helps to explain the 
distribution of Usnea species in Norway and Sweden. The oceanic species uses mainly 
rain and have high water storage while pendent continental species are more 
dependent on humid air and have lower water storage. 
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