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Abstract
The aim with this study was to develop a method to estimate total area of hair lichens and to 
compare  morphological  traits  and  water  storage  in  them.  Hair  lichens  are  an  important 
component of the epiphytic flora in boreal forests. Their growth is primarily regulated by 
available water, and light when hydrated. Lichens have no active mechanism to regulate their 
water content and their water holding capacity (WHC, mg H2O/cm2) is thus an important 
factor for how long they remain wet and metabolically active. In this study, the water uptake 
and loss in five hair lichens (Alectoria sarmentosa, three Bryoria spp. and Usnea dasypoga) 
were  compared.  Their  area  were  estimated  by  combining  photography,  scanning  and  a 
computer  programme that  estimates  the area of  objects.  Total  area overlap of  individual 
branches  was  calculated  for  each species,  to  estimate  total  area of  the  lichen.  WHC and 
specific thallus mass (STM) (mg DM/cm2) of the lichens were calculated. Bryoria spp. had a 
significantly lower STM compared to  U. dasypoga and  A. sarmentosa,  due to its  thinner 
branches  and  higher  branch  density.  Bryoria also  had  a  lower  WHC  compared  to  A. 
sarmentosa,  promoting  a  rapid  uptake  and  loss  of  water.  All  species  had  a  significant 
relationship between STM and WHC, above a 1:1 line for all species except U. dasypoga. The 
lower  relationship  in  U.  dasypoga is  explained  by  its  less  developed  branching  in 
combination with its thick branches. 

Key words: hair lichens, specific thallus mass, water holding capacity, total area overlap,  
branching
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1 Introduction

1.1 General about lichens
Lichens  are  a  symbiosis  between  a  mycobiont,  which  is  a  heterotrophic  fungus,  and  an 
autotrophic  photobiont.  Depending  on  species  the  photobiont  is  either  a  green  algae 
(chlorolichens), a cyanobacterium (cyanolichens) or both (Kranner et al. 2008). The fungus 
is both controlling the photobiont and creates a surface where the photobiont can get access 
to irradiance and exchange gas. The photobiont constitutes an extracellular layer surrounding 
the fungal hyphae (Honegger 1993) and it fixates CO2 through photosynthesis during periods 
with sufficient moisture and light. Water, light, nitrogen and sometimes slow CO2 diffusion 
are factors affecting the photosynthetic capacity of a lichen (Palmqvist 2000).  The lichen 
symbiosis is important, since different morphological and physiological adaptations in this 
organism group are a result of the interaction between the fungus and the photobiont, as 
shown  for  example  by  Kranner  et  al. (2005),  who  found  that  desiccation  tolerance  in 
Cladonia  vulcani was  much  higher  in  the  intact  thallus  than  for  either  of  the  isolated 
symbionts. Many free-living algae and cyanobacteria are mainly found in aquatic or moist 
habitats, but several of them can tolerate drier habitats as part of a lichen (Nash 2008). 

Various lichen species have adapted to different growth places (Kranner et al. 2008) and one 
way of classifying lichens is based on preferred substrate. Another way of classifying lichens 
is  based  on  their  morphology,  dividing  lichens  into  three  groups:  crustose,  foliose  and 
fruticose, which in turn can be divided into subtypes. Crustose lichens grow with their lower 
surface closely attached to the substrate. Foliose lichens are leaf-like, flat lichens that only 
attach to the substrate with a confined part of the thallus, and most of them have an upper 
and  a  lower  surface.  The  third  group,  the  fruticose  lichens,  are  always  raised  from  the 
substrate. Their thallus shows different growth forms and can be either hair-like, shrubby or 
strap-shaped, with lobes that are flat or cylindrical (Büdel and Scheidegger 2008).

Together  with  bryophytes,  lichens  are  believed  to  be  among  the  first  photosynthetic 
multicellular organisms that colonized land (Green et al. 2011). Lichens have a difficulty to 
compete  with  higher  plants  and  they  are  mainly  restricted  to  habitats  where  light, 
temperature, or moisture limit growth of higher plants (Kershaw 1985). Lichens have many 
different thallus structures, and the morphology and anatomy vary with the environment that 
the lichen is exposed to. Whether the habitat is sunny and dry or shady and wet the lichen 
requires the right amount of irradiance and moisture to have a positive net photosynthesis 
(Büdel and Scheidegger 2008). These morphological and physiological adaptations are the 
reason why lichens are inhabiting a wide variety of terrestrial regions,  from cold and dry 
Arctic tundra and desert regions to temperate forests and warm and moist tropical forests 
(Kappen  1988).  Although  lichens  exist  in  many  different  terrestrial  ecosystems,  their 
contribution  to  the  system  differ  (Kershaw  1985).  According  to  Larson  (1987)  lichens 
dominate the vegetation on 8% of the terrestrial surface. They are prominent in polar and 
sub-polar regions (Longton 1988) and in the taiga in the northern hemisphere (Kershaw 
1985). They are also important in the boreal coniferous forests, in cold deserts and in some 
rainforests (Seaward 2008). 

1.2 Water uptake and regulation in lichens
The remarkable adaptation to different harsh environments is  the reason why lichens are 
called pioneers of vegetation. Lichens can survive where no higher (vascular) plants can exist 
due to their poikilohydric nature (Kappen 1988). The term poikilohydric means that lichens, 
unlike vascular plants, have no active mechanism for regulating water uptake, distribution 
and loss (Blum 1973). Instead their water content is mainly regulated by the water conditions 
in the surrounding environment, where conditions in both the substratum and air contribute 
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to thallus moisture (Kappen 1973). Air-dry lichens often have a water content as low as 5-10% 
of their dry weight (Lange et al. 1993) and it can reach levels of only 2% (Kappen 1973). 

Due to their poikilohydric nature, lichens cannot take up water actively and transport it in the 
thallus. Lichen metabolism can thus only be activated when the thallus is hydrated by rain, 
dew or water vapour (Kershaw 1985). Uptake of liquid water is rapid in dry lichens since the 
whole  thallus  is  absorbing  water  (Rundel  1988).  Immersion  experiments  on  foliose  and 
fruticose  lichens  show that  a  major  part  of  them can  reach  water  saturation  within  2-4 
minutes,  although  some  species  require  more  than  15  minutes  (Blum  1973).  Using  an 
alternate  wetting  technique  with  small  water  droplets  in  an  air  stream  (“raining  wind 
tunnel”), Larson (1981) showed that full saturation was reached within 5-10 minutes for most 
species. The rate for reaching saturation depended on the ratio between surface area and 
weight (A/W). Species showing the highest ratio absorbed water much faster than species 
with a small area compared to weight (Larson 1981). 

Lichens also have an ability to absorb water vapour from the atmosphere, both when the air 
is partially and fully saturated (Kershaw 1985). However, this process is much slower than 
absorption of liquid water.  A lichen thallus  that  has been wetted with liquid water has a 
higher water content than a lichen in equilibrium with saturated air, since both surface water 
and capillary-drawn liquid water are present in the former (Blum 1973). Water content in a 
foliose or a fruticose lichen in equilibrium with a saturated atmosphere often lies in the range 
of 40-50% of that of a lichen saturated with liquid water. If the relative humidity is 95% than 
the amount lies in the range 30-50%. The relative humidity often has to be at least 90% 
before water vapour absorbed from the atmosphere can enter the lichen thallus (Blum 1973). 
How well lichens absorb water vapour is species-specific and connected to lichen anatomy 
and morphology (Blum 1973; Kershaw 1985). 

As for water uptake, water loss in lichens is rapid and a saturated thallus dries out within a 
few hours when exposed to drying conditions (Blum 1973). Although lichens do not have any 
active mechanisms to control the water content, it can be controlled through morphological 
traits. Several factors influence the water-holding capacity of lichens. The first is to change 
the A/W ratio, where a more finely branched lichen has a higher A/W ratio and thus a higher 
evaporative loss (Larson and Kershaw 1976). A thin foliose lichen has a higher ratio than a 
thick foliose lichen and dries out faster (Gauslaa and Solhaug 1998). The second factor is the 
surface characteristics, which can affect the water-holding capacity. Thirdly, lichens can have 
different  growth  forms,  where  growth  in  clumps  or  mats  decreases  the  evaporative  loss 
compared to growing in less dense forms. These traits are related to the specific microclimate 
that different lichens are exposed to (Larson and Kershaw 1976; Kershaw 1985). Also, water 
content at saturation, thallus colour and anatomy are other important factors affecting the 
water-holding capacity (Rundel 1988). Besides different lichen traits, several environmental 
factors  have  an  impact  on  the  evaporation  of  water  from  a  lichen:  temperature,  solar 
radiation, wind speed and humidity, which all vary in different habitats (Kershaw 1985). 

Lichen metabolism is dependent on thallus moisture content and is changing in concordance 
with  the  environmental  moisture  conditions  (Lange  et  al. 1993).  Lichen  growth  is  thus 
primarily limited by and correlated with available water. When water is available, light is the 
main limiting factor (Palmqvist 2000). Dry lichens normally show no metabolism but as the 
water content increases first respiration and then photosynthesis is activated (Lange  et al. 
1993). When activated, photosynthesis increases much faster than respiration as the water 
content rises (Kappen 1973). Lichen species show different metabolic responses in relation to 
hydration. Species  whose photobiont is  a green algae can reactivate photosynthesis  when 
exposed  to  humid  air,  while  lichens  with  cyanobacteria  require  liquid  water  to  resume 
metabolism (Lange  et al. 1986).  It  has been shown that  net  photosynthesis  can occur in 
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chlorolichens at a water content of ~20% (Lange  et al. 1988), while it has to be 70-150% 
before  cyanolichens  commence  positive  net  photosynthesis  (Green  et  al. 1988).  Several 
species from the genus Evernia and Ramalina have a positive net photosynthesis at a water 
content of 25-30% of dry weight. The species Ramalina maciformis has been found to show a 
net photosynthesis at a relative air  humidity of 80% (at  10°C) where its  water content is 
below 30%. It can regain as much as 80% of maximum photosynthetic rate at maximum 
water vapour uptake when compared with thalli that have been hydrated with liquid water 
(Kappen 1973). 

Lichen photosynthesis is not only affected by low thallus water content. Net photosynthesis 
continues to increase in lichens until a water content of 70-150% in chlorolichens and 300-
600% in cyanolichens are reached (Green et al. 2008). However, it has been found in many 
species that photosynthesis can be depressed above a certain water content (Kershaw 1985). 
For Ramalina farinacea and Usnea dasypoga net photosynthesis were depressed when the 
water  content  exceeded  70-75%  of  maximum  water  content.  The  depression  of 
photosynthesis  is  often  caused  by  the  lower  diffusion  rate  of  CO2 with  increasing  water 
content  (Kappen 1973).  Depression  of  photosynthesis  is  species  specific,  and while  some 
species shows almost no depression at saturated water content, other species show varying 
degrees of depression (Lange et al. 1993; Green et al. 2008). The water content at maximum 
photosynthesis are correlated with the prevailing conditions in the habitat where the species 
exist (Kappen 1988). Having maximum photosynthesis at a water content below saturation is  
connected to the lichens normal state of hydration, since lichens are seldom fully saturated. It 
is only during and shortly after rain that lichens can reach maximum water content. A shorter 
rain  shower  might  not  be  sufficient  to  saturate  a  thallus  (Blum  1973).  Maximum 
photosynthesis at a water content well below full saturation is thus an important adaptation 
to many of the habitats where lichens can be found (Kershaw 1985).

1.3 Water relations and habitat
Many lichens have a remarkable ability to withstand drying for extended periods, given that 
they  have a  water  content  of  10% or  less  (Bewley  1979).  How well  different  species  can 
withstand drying are related to growth habitat and consequently the moisture regime they are 
adapted  to  (Kappen  1973).  Differences  in  desiccation  tolerance  are  important  regarding 
limitations in the distribution of species (Bewley 1979). The ecology of lichens is at least to 
some  extent  controlled  by  their  drought  tolerance.  The  aquatic  lichen  Verrucaria 
elaeomelanea showed a marked decrease in photosynthetic activity after exposure to 40% 
relative  humidity  for  24  hours,  while  it  can  withstand  submersion  for  extended  periods 
(Kershaw  1985).  However,  many  lichens  have  been  shown  to  withstand  drying  for  long 
periods, but are damaged by prolonged immersion (Kappen 1973). Bewley (1979) reports that 
xeric species have a faster recovery after periods of drought compared to mesic species. They 
also have the ability to withstand longer periods of drought than mesic species. 

Some lichen species are highly desiccation tolerant and can survive in arid areas. Most of the 
species living in deserts have a crustose growth form, although a few foliose and fruticose 
species have been found in this habitat (Kappen 1973). The different thallus structures are 
important for growth place. Water is only lost in crustose lichens from their exposed surface 
and they  are  also  hydrated  by  surface  runoff  when growing  on  sloping  rocks,  making  it 
possible for many crustose lichens to grow exposed (Büdel and Scheidegger 2008).  Some 
coastal desert areas has been reported to have a rich lichen flora. These areas are influenced 
by non-precipitation water sources, i.e.  by fog, dew or high air humidity,  thus enabling a 
positive net photosynthesis to occur during a few hours (Kappen 1988). However, in areas 
where the relative air humidity is below 75% almost all the time, lichens have a problem to 
exist due to limited water resources (Kappen 1973).
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Desiccation tolerance has also been found to differ between hair lichens growing in boreal 
forests.  Usnea  longissima has  been  found  to  be  strictly  desiccation  sensitive,  while  U. 
dasypoga,  Alectoria  sarmentosa and  Bryoria spp.  are  sensitive  to  desiccation  only  in 
combination with light stress (Färber et al. 2014). Desiccation tolerance does not only differ 
between rather similar species, but also within species depending on acclimation to local site 
conditions. Individuals of Peltigera canina collected in a sunny pasture could handle drought 
much better than individuals from a shady forest (Kappen 1973). Morphological adaptations 
to sun and shade habitats have been found in a population of Pseudocyphellaria dissimilis in 
New  Zealand.  Thalli  of  individuals  living  in  a  sunny  habitat  were  thicker  compared  to 
individuals in the shade. The thickness was related to water storage and individuals from the 
sunny habitat could hold more than twice the amount of water per surface area (Snelgar and 
Green 1981). 

The water source is very important for type of lichen community, as shown in a recent review 
by  Gauslaa (2014).  He related the spatial  distribution of  rain,  dew and humid air  to  the 
occurrence of different water-related traits among epiphytic macrolichens, such as growth 
form and type of photobiont. Since chlorolichens (and cephalolichens) can use all three water 
sources  they  are  in  general  a  more  widespread  group  compared  to  cyanolichens. 
Cyanolichens, which require liquid water for photosynthetic activation, are restricted in their 
distribution to areas with rain and/or dew (Gauslaa 2014). 

1.4 Hair lichens
Thin,  filamentous  alectorioid  lichens,  or  hair  lichens,  such  as  Bryoria spp.,  Ramalina 
thrausta,  Usnea spp. and Alectoria sarmentosa, are chlorolichens that have a high surface 
area to weight ratio. As all chlorolichens, they can regain net photosynthesis when the air 
humidity is high (Lange et al. 1986). Studies suggest that hair lichens have a water content of 
about 100% at saturation and due to their fine structure they will rapidly take up and loose 
water  in comparison with other lichens.  Their  spatial  and vertical  distribution have been 
related to differences in their sensitivity to excess water and to gradients in moisture (Coxson 
and Coyle 2003; Gauslaa 2014; Goward 1998). 

The importance of epiphytic lichens in forests has been shown in several studies. In a boreal 
forest in Sweden lichens contributed to the total litterfall with 5% of fine litter components 
(Esseen 1985) and lichens can contribute significantly to total biomass in a forest (Esseen et 
al. 1996). Lichens are important food sources for small mammals and ungulates (Esseen et 
al. 1996), as well as for many invertebrates. They also contribute with shelter and protection 
for invertebrates, and as nesting material for birds. The insect-fauna related to lichens are 
also  an  important  food  source  for  many  birds  (Seaward  2008).  Hair  lichens,  such  as 
Alectoria, Bryoria and Usnea are important members of the epiphytic lichen community in 
boreal coniferous forests (Esseen et al. 1996). Since lichen growth and distribution is strongly 
regulated by water, and secondary by light (Palmqvist 2000),  it  is  of  great importance to 
understand  how  hair  lichens  tolerate  different  habitats  and  the  factors  that  limit  their 
distribution. Forestry has a strong influence on the microclimate (Chen et al. 1993), as well as 
on  substrate  availability  (Esseen  et  al. 1996),  affecting  the  epiphytic  lichen  community 
negatively (Dettki and Esseen 1998; Esseen and Renhorn 1998). Knowledge of lichen growth 
in relation to microclimate is needed to understand how different structures and responses 
among lichen species can be related to changes in microclimate. To do so, an understanding 
of how lichen morphology is related to water storage is needed, since lichen growth depends 
on the time the lichen can be photosynthetically active. A previous study has been made on 
water-holding capacity in foliose lichens (Gauslaa and Coxson 2011). However, comparable 
data  are  lacking for  hair  lichens  due to  the difficulty  to  estimate  thallus  area  and water 
holding capacity in thin, filamentous, pendulous lichens. 
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1.5 Aim
The aim of this work was to study different morphological and water storage traits among 
hair lichens to gain knowledge about the factors affecting their water-holding capacity and 
thus their distribution in forests. To do so, a method had to be developed to estimate the area  
of hair lichens. This study focuses on hair lichens and their morphology and compares species 
in the three dominant genera Alectoria, Bryoria and Usnea. The specific questions were:

1. How can the area of hydrated hair lichens be estimated efficiently and reliably? 
2. How can the overlap of individual branches in each individual be estimated?
3. How is water holding capacity (WHC) and specific thallus mass (STM) related to each 

other in hair lichens? Is there a difference in the relationship between species?
4. Is there any relationship between water content at saturation and STM for different 

species?
The results will be used to discuss how water holding capacity and morphology influence the 
growth habitat and distribution of hair lichens in boreal forests.

2 Material and methods

2.1 Study species
Five widespread pendulous chlorolichens were chosen in this study:
Alectoria sarmentosa (Ach.) is a yellow to greenish grey lichen that can reach a length of 50 
cm or more (Thell and Moberg 2011). It lacks distinct main branches but is rich in branches. 
A. sarmentosa is an indicator of old-growth forest (Esseen et al. 1996), and grows mainly on 
coniferous trees. It can be found in the middle to northern boreal forest and is more common 
in the northern parts. 
Bryoria capillaris (Ach.) can be up to 30 cm and range from whitish grey to brownish grey 
(Thell and Moberg 2011). It has thin branches, is irregularly branched and normally lacks 
distinct main branches.  Bryoria capillaris can be found in both coniferous and deciduous 
forests, but is most common in humid, shaded spruce forests. It is widespread throughout 
Scandinavia, especially in the southern part.
Bryoria fremontii (Tuck.) can be both dull and shiny and vary between yellowish brown or 
reddish brown to pale or blackish brown (Thell and Moberg 2011). It can reach a length of  
about 60 cm and has distinct main branches that is up to 4 mm wide.  Bryoria fremontii 
grows mainly on coniferous trees, especially pine, but can also be found on deciduous trees. It 
grows most abundantly in open forests but may also occur in shady forests. It is common in 
inland forests in northern Fennoscandia.
Bryoria fuscescens (Gyeln.) is normally shorter than 20 cm but some individuals can reach 
30 cm or  more (Thell  and Moberg 2011).  The colour  ranges  between greyish brown and 
blackish  brown.  Usually,  the  basal  part  is  more  pale.  Bryoria  fuscescens has  irregular 
branching and is normally without main branches. It is found mainly on coniferous trees and 
is common throughout the Nordic countries. 
Usnea dasypoga (Ach.) Nyl. can reach about 50 cm and is greyish to yellowish green, but 
with a black basal part (Thell and Moberg 2011). Individuals have one to several very distinct 
main branches and small secondary branches that are irregularly covered with fibrils,  2-3 
mm long.  Usnea dasypoga grows on coniferous and deciduous trees, but also on rocks in 
coastal  areas.  It  prefers  humid  and  mesic  forests  and  has  a  widespread  distribution  in 
Fennoscandia, but is more common in mountain and interior regions.
Alectoria and Usnea contains the light-coloured pigment usnic acid, while Bryoria contains 
dark melanins.

2.2 Study area
Lichens were collected in Vindeln's Experimental Forest, located in north-eastern Sweden, 
approximately 60 km west of Umeå, in the middle boreal zone. The climate at the study area 
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is cold-temperate humid and it has an annual snow-cover from late October to the beginning 
of May. The growing season is about 150 days, defined as the period when the average daily 
temperature is at least +5°C (Raab and Vedin 1995). Annual precipitation is almost 600 mm, 
of which about 65% is rain and the rest is snow. The annual mean temperature is close to 
1.8°C,  while the mean monthly temperature  in  January and July  is  -12.3°C and +14.4°C, 
respectively.

2.3 Lichen collection
The collected lichens were growing on coniferous trees, either Pinus sylvestris or Picea abies 
(Table 1).  All  individuals were found on branches or on the tree trunk at a height of 2-4 
metres above ground. Healthy and intact thalli, assumed to represent a single 'individual', 
without ingrowth from other species, were collected between August and October 2012. Care 
was taken to avoid disturbing their 3D-structure during sampling and transportation. The 
lichens were stored in a freezer (-18°C) until measurements a few weeks later. 

Table 1. Location, elevation, forest structure and site conditions for the lichen collection sites.

Site Position (lat., long.) Elevation (m) Forest 
composition

Site 
conditions

Collected 
lichens

A 64º13'58''N, 
19º49‘37''E

200 Thinned,  mature, 
mixed conifer, Pinus 
sylvestris dominates 
over Picea abies 

Mesic, open Bryoria 
capillaris

B 64º13'47''N, 
19º46‘57''E

175 Old,  mixed  Picea 
abies-Pinus 
sylvestris

Mesic,  semi-
open

Bryoria 
fremontii,  
Bryoria 
fuscescens

C 64º14'23''N, 
19º47‘46''E

185 Old,  mixed  Picea 
abies  -Pinus 
sylvestris

Mesic,  semi-
open

Alectoria  
sarmentosa

D 64º14'13''N, 
19º47‘29''E

180 Mature Picea abies Moist-wet, 
closed.  Near 
small stream

Usnea 
dasypoga

2.4 Development of methodology for area estimation
Macrophoto with a standard digital camera did not produce images with a resolution that 
could capture the thin branches on the lichens. Therefore, scanning with an Epson Perfection 
4990 Photo  scanner  were  performed to  increase  the resolution.  The  scanner  was  set  on 
positive film and the program Epson Scan was used. During scanning, lichens were placed 
between two glass panes (18 x 24 x 0.2 cm). Scanning was performed on wet lichens with 
three different resolutions (2400, 3200 and 4800 dpi respectively) and with different colour 
models (8-bit grayscale, 16-bit grayscale and colour, respectively). The area of the scanned 
lichens were estimated with the programme ImageJ (Rasband 2014). The estimated areas of 
lichens that had been scanned with different resolution and different colour model did only 
differ  slightly from each other.  However,  the  file  size was very large  for images with the 
resolution 4800 dpi and in colour. The resolution and colour model also affected the time of 
each scanning. The higher the resolution the longer the time for each scanning event. 8-bit  
grayscale  was  the  colour  model  that  took  the  least  time  to  scan,  with  increasing  time 
consumed for 16-bit grayscale and colour. Scanning of individuals with 8-bit grayscale and 
2400 dpi took up to four minutes, while scanning with colour and 4800 dpi consumed three 
times as much time. Images with colour and 4800 dpi had a very large file size and were not 
possible to analyze in ImageJ, due to limitations in the programme. Since the estimated area 
did not differ significantly between different resolution and colour models it was considered 
that 8-bit grayscale at 2400 dpi was sufficient to estimate the area of hair lichens, making it 
possible to capture details as small as 0.011 mm. Scanning also showed another limitation. 
Since the lichens were placed between two panes of glass and each scanning took a long time, 
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condensation emerged between the branches. The condensation affected the area estimation, 
because ImageJ could not differ between lichen branches and water droplets in the images. 
Therefore, scanning cannot be used to estimate area of wet hair lichens but it is the preferred 
method for dry lichens. To overcome these problems a new digital camera was acquired. The 
camera, a Nikon D800E, is currently among the full-frame cameras with highest resolution 
available, with a resolution of 36 megapixels. 

From the lichens that had been collected in field, a subset of 30-32 individuals were selected 
based on size and morphology. The size ranged from approximately 5 cm up to 30 cm. The 
morphology  ranged  from  individuals  that  were  sparsely  to  richly  branched.  The 
measurements were first made on whole thalli and then on cross-sections on a subsample of  
individuals from each species.

2.5 Whole thalli
In  the  lab  the  collected  lichens  were  fully  hydrated  by 
repeatedly spraying water on the thallus. Excess water was 
removed first  by  gently  shaking the  lichen five  times  and 
then  by  carefully  pressing  the  lichen  twice  between  two 
blotting  papers.  The  fully  hydrated  lichen  (WM)  was 
weighed (±1 mg) and then photographed (Figure  1).  Each 
lichen  was  photographed  in  the  following  manner.  The 
lichen was first placed on a light table (Dörr LP-400, LED 
light) with a colour temperature of 5000 K.  A pane of glass 
was placed on top of the lichen to add a small pressure that 
levelled the lichen surface to create a sharper focus. A photo 
was taken of the thallus with Nikon D800E using a Nikon 
AF-S  VR  Micro-Nikkor  105mm  f/2.8G  IF-ED  lens.  The 
distance between the  light  table  and the lens  was  85 cm, 
making it possible to take pictures with details of a size down 
to 0.03 mm.  The camera was set on 1/15 second, with the 
aperture f11, the colour temperature 5000 K, ISO 100 and 
the  mirror  up.  Images  were  taken  using  the  programme 
Nikon Camera Control Pro 2, since use of this programme 
prevented vibrations that otherwise could have blurred the 
images. The lichens were then dried for 24 hours in room 
temperature and weighed again. To control if the humidity 
in the room was constant during the period a Hobo Microstation datalogger was used. Ten 
individuals of each species were further dried in an oven at 70°C for 24 hours and the mass of 
the  oven-dried  individuals  (DM) was  recorded.  A  correction factor  for  the  dry  mass  was 
calculated for individuals of the different species. 

2.6 Cross-sections
Measurements on cross-sections were made on a subsample of individuals. Each species was 
sorted in three size classes (small, medium, large) and four individuals from each size class 
were randomly selected from each species. A  cross-section of each selected individual was 
taken in the middle of the lichen thallus by pressing the thallus between a plane of glass and a 
microscope slide (75 mm x 25 mm). A photo was taken of the cross-section (Figure 2a) and it 
was also scanned at 2400 dpi (Figure 2b) as described above. The cross-section was then 
weighed and the individual branches were separated from each other using tweezers. The 
separated branches were placed between two panes of glass and photographed (Figure 3a) 
and scanned (Figure 3b). The images retrieved from scanning were used to calculate thallus 
area overlap ratio (TAO), a new parameter describing the area overlap among branches. TAO 
was  calculated  by dividing  the  area of  individual  branches  with the area of  intact  cross-
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Figure 1. Photograph of a whole 
thallus of Bryoria capillaris.



sections. The overlap ratio was then used as a correction factor to scale up the area for each 
intact thalli by multiplying the estimated area from the photograph with the overlap ratio.

2.7 Estimation of areas with image analysis
To estimate the area (A) of each thallus, the cross-sections and the individual branches the 
computer programme ImageJ was used. Automatic  adjustment of threshold and brightness 
was kept for all images, that is, no manual adjustment was made for these parameters. 

2.8 Data analysis
The measurements of area, fully hydrated weight and oven-dry weight were used to calculate 
mean and standard deviation of specific thallus mass (STM), water holding capacity (WHC) 
and % water at saturation, following Gauslaa and Coxson (2011). Specific thallus mass was 
calculated for each individual as STM = DM/A. Water holding capacity was estimated as 
WHC = (WM-DM)/A. Percent water at saturation was calculated as % water = ((WM-DM) x 
100)/DM. Statistical analyses of the data were performed with IBM SPSS Statistics 21 (IBM 
2012). Differences in STM and WHC between species were tested with ANCOVA using thallus 
area as covariate. The analyses were made on log-transformed data to fulfil requirements for 
parametric analysis. The relationship between WHC and STM was analysed with regression 
analyses, using untransformed data to facilitate comparison with the foliose lichens studied 
by Gauslaa and Coxson (2011). 
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Figure 2. Cross-section cut from the thallus of Bryoria capillaris shown in Figure 1. a) Photograph of the 
cross-section. b) Scanning of the cross-section.



3 Results

3.1 Estimation of thallus area and area overlap
The estimated area was larger for both cross-sections and individual branches in scanned 
images  compared to  estimated area  in  photographs  (Table  2,  Figure  4  and 5).  The ratio 
between scanned images and photographs were slightly larger for individual branches (1.20-
1.57) than for cross-sections (1.09-1.22). There was a strong relationship between the area 
estimated from photographs and scanning, with R2-values above 0.91 for all species with one 
exception.  Bryoria  fremontii had  an  R2-value  of  0.69  for  when  comparing  the  area  for 
individual branches. 
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Figure 3. Individual branches separated from a cross-section cut from the lichen Bryoria capillaris, shown in 
Figure 1 and 2a-b. a) Photograph of the individual branches. Inserted in the upper right corner is a close-up on 
a small part of the picture. b) Scanning of the indiviual branches. Inserted in the upper right corner is a close-
up on the same area of the picture as shown in Figure 3a.  



Table 2. Thallus area (cm2) and ratios from scanning and photographs of cross-sections and of separated 
individual branches as well as thallus area overlap (TAO) (means). TAO estimates the overlap of individual 
branches in a thallus and is calculated by dividing the area of individual branches with the area of the cross-
section, using the area estimated from scanned images. 

Cross-section Individual branches

Species Area photo Area scan Ratio Area photo Area scan Ratio TAO (min-max)

Alectoria 
sarmentosa

3.39 3.86 1.20 4.61 6.96 1.48 1.70 
(1.32-2.34)

Bryoria 
capillaris

2.66 2.93 1.14 5.01 5.89 1.20 1.96 
(1.27-2.61)

Bryoria 
fremontii

2.40 2.66 1.17 3.42 5.02 1.57 1.83 
(1.45-2.62)

Bryoria 
fuscescens

3.38 3.64 1.09 5.82 7.40 1.30 2.01 
(1.34-2.99)

Usnea 
dasypoga

3.79 4.52 1.22 4.45 7.05 1.57 1.47 
(1.24-1.94)

Calculations for branch overlap in cross-sections showed that the lowest thallus area overlap 
was observed in  U. dasypoga (1.24), while the highest value was observed in  B. fuscescens 
(2.99) (Table 2). Highest mean TAO was found in B. capillaris and B. fuscescens (1.96 and 
2.01, respectively) and lowest in  U. dasypoga (1.47). TAO was only correlated with whole 
thallus area in U. dasypoga (adj. R2 = 0.63) and A. sarmentosa (adj. R2 = 0.37), while there 
seems to  be  no apparent  relation between thallus  area and area overlap for  the  Bryoria 
species (Figure 6). 
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Figure 4. Relationship between area estimated from images of cross-sections retrieved with photographs and 
scanning. Adj. R2-values are 0.972 for A. sarmentosa, 0.911 for B. capillaris, 0.944 for B. fremontii, 0.937 for 
B. fuscescens, and 0.930 for U. dasypoga.
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Figure 6. Relationship between calculated thallus area overlap and whole thallus area (hydrated; see Table 2). 
Adj. R2-values are 0.366 for A. sarmentosa, 0.027 for B. capillaris, 0.087 for B. fremontii, 0.275 for B. 
fuscescens, and 0.633 for U. dasypoga.

Figure 5. Relationship between area estimated from images of individual threads retrieved with scanning and 
photographs. Adj. R2-values are 0.982 for A. sarmentosa, 0.940 for B. capillaris, 0.693 for B. fremontii, 0.948 for 
B. fuscescens, and 0.981 for U. dasypoga.
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Whole  thallus  area  of  hydrated  lichens  varied  between species  (Table  3).  Alectoria 
sarmentosa had the largest estimated mean area (19.0 cm2 ±12.1 cm2) when not considering 
area overlap. Largest estimated mean area when area overlap was included was 33.2 cm2 for 
both  A. sarmentosa and  B. fuscescens.  These two species also had  the largest individuals 
included in the study, 101.0 and 100.4 cm2 respectively. Bryoria capillaris had the smallest 
estimated area, both without (12.7 cm2 ±7.7 cm2) and with area overlap taken into account 
(25.2 ±15.5 cm2). Estimated area increased the least for U. dasypoga when correction for area 
overlap was included (an increase of  51% compared to mean area), while it increased the 
most for B. capillaris and B. fuscescens (an increase of 98% and 106% respectively). 

Table 3. Area of the studied lichen species. Areauncorr corresponds to the estimated areas in ImageJ for intact thalli. 
Areacorr is the total area calculated with thallus area overlap taken into account.

Species n Areauncorr (cm2) Areacorr (cm2)

Mean ±Stdev Min-max Mean ±Stdev Min-max

Alectoria sarmentosa 30 19.0±12.1 3.2-44.5 33.2±23.6 5.5-101.0

Bryoria capillaris 32 12.7±7.7 2.5-32.3 25.2±15.5 4.8-60.7

Bryoria fremontii 32 15.0±9.9 1.7-35.0 27.9±19.0 2.7-68.4

Bryoria fuscescens 32 16.1±9.9 2.3-44.5 33.2±22.3 4.6-100.4

Usnea dasypoga 32 17.5±13.8 1.7-52.8 26.5±21.9 2.5-77.7

3.2 Estimation of specific thallus mass and water storage
Oven-dried weight ranged from a mean of 151.3  ± 102.0 mg for  B. capillaris to more than 
twice as much (329.1 ± 277.5 mg) for  A.  sarmentosa (Table 4). All  Bryoria species had a 
mean dry weight below 200 mg, while both U. dasypoga and A. sarmentosa had a mean dry 
weight of at least 150% more. The weight range from lightest to heaviest were also larger for 
U. dasypoga and A. sarmentosa compared to the Bryoria species, a difference of at least 400 
mg. Mean weight in the fully hydrated state was between 336.2 mg (B. capillaris) and 721.8 
mg (A. sarmentosa). The difference in maximum weight for Bryoria species compared with 
A. sarmentosa and U. dasypoga increased to at least 750 mg.

Table 4. Oven-dried weight (DM) and fully hydrated weight (WM) for the studied lichens. 

Species DM (mg) WM (mg)

Mean ±Stdev Min-max Mean ±Stdev Min-max

Alectoria sarmentosa 329.1±277.5 35.0-1156.0 721.8±633.1 74.0-2638.0

Bryoria capillaris 151.3±102.0 23.0-417.3 336.2±228.0 50.0-936.0

Bryoria fremontii 184.5±142.3 19.3-520.5 411.9±338.5 37.0-1292.0

Bryoria fuscescens 178.6±140.2 23.2-600.8 406.3±334.2 47.0-1395.0

Usnea dasypoga 290.7±266.9 21.0-1062.0 551.7±525.1 39.0-2149.0

Specific thallus mass (STMuncorr) and water holding capacity (WHCuncorr) for intact thalli (i.e. 
without considering area overlap) are shown in Table 5. STMuncorr were at least 23% lower for 
B.  capillaris,  B.  fremontii and  B.  fuscescens (10.3-11.9  mg  DM/cm2)  compared  to  A. 
sarmentosa and  U.  dasypoga (15.8  and  15.5  mg  DM/cm2,  respectively).  WHCuncorr was 
highest  for  A.  sarmentosa (18.2  mg  H2O/cm2)  and  lowest  for  B.  fuscescens (12.8  mg 
H2O/cm2). Both STMcorr and WHCcorr (Table 6), which are calculated with the area corrected 
for  overlap,  were  considerably  lower  than  STMuncorr and  WHCuncorr.  The  pattern  between 
species are though the same for STMcorr, with the highest values for A. sarmentosa (9.3 mg 
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DM/cm2) and U. dasypoga (10.6 mg DM/cm2), and a much lower STMcorr for  Bryoria spp. 
(5.2-6.5 mg DM/cm2).  The pattern changed somewhat for WHCcorr,  and the three  Bryoria 
species showed the lowest values. 

Table 5. Specific thallus mass (STM) and water holding capacity (WHC) for intact thalli, i.e. without considering 
thallus area overlap. 

Species STMuncorr (mg DM * cm-2) WHCuncorr (mg H2O * cm-2)

Mean ±Stdev Min-max Mean ±Stdev Min-max

Alectoria sarmentosa 15.8±3.6 9.7-26.0 18.2±5.1 10.7-33.3

Bryoria capillaris 11.5±1.9 7.9-15.7 14.0±2.7 9.3-19.7

Bryoria fremontii 11.9±2.0 7.0-16.5 14.0±3.1 8.0-22.5

Bryoria fuscescens 10.3±2.1 6.9-15.4 12.8±3.4 7.1-20.9

Usnea dasypoga 15.5±2.4 11.4-20.5 12.9±3.1 9.0-20.6

Table 6. Specific thallus mass (STM) and water holding capacity (WHC) when thallus area has been corrected for 
thallus area overlap, i.e. based on total area of separated branches. % water at saturation is calculated as ((WM-
DM) x 100)/DM.

Species STMcorr (mg DM * cm-2) WHCcorr (mg H2O * cm-2) % water at saturation

Mean ±Stdev Min-max Mean ±Stdev Min-max Mean ±Stdev Min-max

Alectoria sarmentosa 9.3±2.0 6.4-15.3 10.7±2.7 7.1-19.6 114.8±9.1 90.0-131.4

Bryoria capillaris 5.9±1.1 4.0-8.1 7.2±1.4 4.7-10.0 121.6±7.1 102.6-139.3

Bryoria fremontii 6.5±1.2 3.8-9.0 7.6±1.7 4.4-12.3 117.5±12.8 87.8-156.9

Bryoria fuscescens 5.2±0.9 3.4-6.9 6.4±1.4 3.5-9.9 122.8±11.0 102.5-148.5

Usnea dasypoga 10.6±1.7 7.1-13.7 8.8±1.9 6.1-14.0 82.9±11.5 63.1-102.4

Differences in STM and WHC between species were tested with an ANCOVA, using thallus 
area  as  a  covariate  (Table  7).  The  interaction  between  species  and  thallus  area  was  not 
significant  for  any  of  the  parameters,  and  a  second  ANCOVA  was  made  without  the 
interaction.  Confidence  intervals  and p-values  from the  second ANCOVA,  controlling  for 
thallus area but excluding the non-significant interaction between species and thallus area, 
are shown in Table 8 and 9. After removing the non-significant interaction, the ANCOVA 
showed that A. sarmentosa and U. dasypoga had a higher STM than the Bryoria spp., and 
that  U. dasypoga also had a higher STMcorr than A. sarmentosa.  Bryoria capillaris did not 
differ  from  the  other  Bryoria in  STMcorr,  while  B.  fuscescens had  a  lower  STM than  B. 
fremontii. For WHC, the ANCOVA showed that  A. sarmentosa had a higher WHCuncorr and 
WHCcorr compared to both U. dasypoga and Bryoria spp.

Table 7. Summary of ANCOVA controlling the effect of species and thallus area on specific thallus mass (STM) and 
water holding capacity (WHC), for both intact thalli and for total thallus area when area overlap is included. 

STMuncorr 
(R2-adj. = 0.601)

STMcorr 
(R2-adj. = 0.703)

WHCuncorr

(R2-adj. = 0.539)
WHCcorr 
(R2-adj. = 0.527)

df F P F P F P F P

Species 4 14.797 <0.001 30.995 <0.001 5.682 <0.001 8.156 <0.001

Thallus area 1 49.561 <0.001 9.104 0.003 89.229 <0.001 37.975 <0.001

Species x 
thallus area

4 1.688 0.156 0.478 0.752 0.966 0.428 0.761 0.552

Total 158
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Table 8. Confidence interval and p-values from the ANCOVA testing for differences in STM (both intact thalli and 
thalli corrected with area overlap) between species, using thallus area as covariate. The interaction between 
species and thallus area was not significant and was removed before the analysis. Alectoria sarmentosa was used 
as reference species.

STMuncorr STMcorr

95% confidence interval 95% confidence interval

P Lower bound Upper bound P Lower bound Upper bound

Bryoria capillaris <0.001 -0.143 -0.073 <0.001 -0.225 -0.146

Bryoria fremontii <0.001 -0.140 -0.070 <0.001 -0.187 -0.109

Bryoria fuscescens <0.001 -0.205 -0.135 <0.001 -0.290 -0.212

Usnea dasypoga 0.772 -0.029 0.040 0.001 0.029 0.107

Alectoria sarmentosa – – – – – –

Table 9. Confidence interval and p-values from the ANCOVA testing for differences in WHC (both intact thalli and 
thalli corrected with area overlap) between species, using thallus area as covariate. The interaction between 
species and thallus area was not significant and was removed before the analysis. Alectoria sarmentosa was used 
as reference species.

WHCuncorr WHCcorr

95% confidence interval 95% confidence interval

P Lower bound Upper bound P Lower bound Upper bound

Bryoria capillaris 0.001 -0.107 -0.029 <0.001 -0.192 -0.109

Bryoria fremontii <0.001 -0.126 -0.048 <0.001 -0.174 -0.091

Bryoria fuscescens <0.001 -0.173 -0.095 <0.001 -0.263 -0.181

Usnea dasypoga <0.001 -0.175 -0.097 0.001 -0.110 -0.028

Alectoria sarmentosa – – – – – –

There was a significant relationship between WHC and STM for all five species, applying to 
both the regression for intact thalli (Table 10, Figure 7) and when the thallus area overlap was 
considered  (Table  11,  Figure  8).  The  adjusted  R2-value  were  somewhat  lower  for  the 
regression based on corrected areas,  and ranged from 0.546 (U. dasypoga)  to 0.897 (B. 
capillaris). All P-values were <0.001. The slope of the lines were above 1.15 for all species 
except U. dasypoga, which had a slope of 0.865.

Table 10. Regression parameters from the regression between WHCuncorr and STMuncorr for intact thalli.

Species Adj R2 Coefficient Constant p-value df

Alectoria sarmentosa 0.932 1.389 -3.651 <0.001 29

Bryoria capillaris 0.900 1.360 -1.613 <0.001 31

Bryoria fremontii 0.667 1.243 -0.777 <0.001 31

Bryoria fuscescens 0.922 1.591 -3.614 <0.001 31

Usnea dasypoga 0.679 1.082 -3.872 <0.001 31
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Table 11. Regression parameters from the regression between WHCcorr and STMcorr, i.e.  when thallus area has been 
corrected for area overlap.

Species Adj R2 Coefficient Constant p-value df

Alectoria sarmentosa 0.882 1.294 -1.322 <0.001 29

Bryoria capillaris 0.897 1.254 -0.214 <0.001 31

Bryoria fremontii 0.644 1.154 0.135 <0.001 31

Bryoria fuscescens 0.823 1.378 -0.753 <0.001 31

Usnea dasypoga 0.546 0.865 -0.387 <0.001 31
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Figure 7. Relationship between water holding capacity (WHC) and specific thallus mass (STM) for 
intact thalli. WHC is in mg H2O *cm-2 and STM in mg DM * cm-2.
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The percent water content at saturation (mean value) was between 114.8% and 122.8% for all 
species except  U. dasypoga, which only had a water saturation of 82.9% (Table 6).  Usnea 
dasypoga also  had the lowest  minimum and maximum values  (63.1% and 102.4%).  The 
maximum observed value for  U. dasypoga was in the same range as the minimum value 
recorded for both B. capillaris and B. fuscescens (102.6% and 102.5%). No relationship was 
found between % water at saturation and STMcorr (Table 12). 

Table 12: Summary of the regression analysis between % water at saturation and STMcorr for intact thalli.

Species Adj R2 Coefficient Constant p df

Alectoria sarmentosa 0.009 0.961 105.912 0.271 29

Bryoria capillaris -0.024 0.652 117.780 0.598 31

Bryoria fremontii -0.033 -0.027 117.709 0.989 31

Bryoria fuscescens 0.034 3.039 107.069 0.159 31

Usnea dasypoga -0.033 -0.086 83.770 0.946 31

4 Discussion

4.1 Estimation of thallus area
Developing  a  fast  and  reliable  method  to  estimate  thallus  area  for  filamentous  fruticose 
lichens is more difficult compared to foliose lichens,  due to the difference in morphology 
between the groups. While foliose lichens have a leaf-like structure, though not completely 
flat,  whose area  can  be  rather  easily  estimated  with  a leaf  area  meter (e.g.  Gauslaa  and 
Coxson 2011), a fruticose lichen shows a more complex morphology with many branches that 
often are intertwined. The same method is therefore not  possible to use. This study shows 
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Figure 8. Relationship between water holding capacity (WHC) and specific thallus mass (STM) when 
thallus area has been corrected for area overlap. WHC is in mg H2O *cm-2 and STM in mg DM * cm-2.
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that it is possible to estimate the area of a hair lichen with a combination of photography, 
scanning  and  a  computer  programme  that  can  estimate  the  area  of  objects  in  images. 
However,  the method has some strengths and weaknesses.  First of all,  taking pictures of 
hydrated lichens is simple and fast and does not require a lot of special equipment. Although 
photography, due to its lower resolution, underestimated the area of intact thalli compared to 
the scanner (Table 2), it was the only method that could be used for hydrated lichens, as 
scanning resulted in condensation and poor quality of the images. In this study, a distance of 
85  cm was  used  between  camera  and object,  which  was  a  compromise  since  it  made  it 
possible to cover whole thalli of the largest specimens in one photograph. If only small thalli 
are to be studied, or if two or more photographs are taken of one large thallus, the resolution 
can  be  increased  by  decreasing  the  focal  distance.  A  distance  of  65  cm  increased  the 
resolution from 0.03 mm to 0.02 mm. Also, camera resolution is improving all the time, and 
future cameras with higher resolution will make it possible to capture finer branches. Using 
wet specimens is  necessary,  since WHC and STM are based on area from fully  hydrated 
individuals and comparisons with other studies  (e.g. Gauslaa and Coxson 2011) otherwise 
cannot  be  done.  Moreover,  dry  individuals  are  also very  brittle  and may  fragment  when 
placed between two glass panes. 

For individual branches, photography did not have enough resolution to give accurate area 
estimates  and  scanning  is  the  preferred  method,  capturing  even  the  finest  details.  The 
limitation with this method is that separating individual branches to estimate area overlap is 
very time-consuming. However, doing this showed that much of the area of hair lichens is  
contained inside the thallus (Table 2 and 3, Figure 4 and 5), and are therefore not easily 
measured. Doing the area overlap calculation on a cross-section of a lichen might not give the 
exact  value  of  the  overlap  for  a  whole  thallus.  However,  it  is  good  compromise  since 
separating the individual branches of  several  complete thalli  would have taken very long 
time. Due to the cylindrical structure of many of the specimens the estimated area are though 
still an underestimation.

Using  a  programme  like  ImageJ  is  fast  and  easy.  However,  knowledge  about  how  the 
programme works internally is limited and the automatically adjusted threshold might not be 
optimal.  Changing the threshold manually for each photograph is possible,  but the result 
would then be based on a  very  subjective  opinion of  when the area of  the lichen in  the  
photograph is best captured by the image shown in Image J. Using inbuilt parameters gives  
thus  a  less  arbitrary  area  estimation.  More  studies  should be done  in  order  to  conclude 
whether this method generates the same area estimation for a lichen every time. Trying to 
maintain the original thallus structure when placing the lichen between the panes should 
result  in quite similar areas,  but some flattening of the thallus  is  needed when it  is  very  
compact to get a sharp picture. A comparison of the area overlap for cross-sections with area 
overlap for whole thalli would also be interesting to determine as to see if it is an acceptable 
compromise to use cross-sections.

Individual branches should, if possible, be measured and included in thallus area, since they 
have a large effect on both specific thallus mass and water-holding capacity. Branches that 
are very close to each other are having a joint boundary layer, and the external area of hair 
lichens are more exposed to environmental factors than the internal area. However, branches 
inside the thallus contributes to water holding capacity and to photosynthesis. The inner part 
of a dense thallus, that is more sheltered from the environment, can probably affect the time 
the lichen  can  be photosynthetically  active  since  water  stored  inside  the  thallus  will  not 
evaporate  as  fast  as  water on the outside.  The role  of  morphology for water storage and 
photosynthesis  has been shown earlier,  and water loss  in clumps of thalli  is  dramatically 
decreased compared with water loss from a single thalli (Kershaw 1985; Larson and Kershaw 
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1976).  The internal area that  can hold water is  thus of  importance for the overall  water-
holding capacity among hair lichens as well.

Scanning gives a larger estimated area compared to photos,  due to the higher resolution. 
Using  a  scanner  is  especially  important  when  measuring  individual  branches,  since  any 
branch that are thinner than 0.03 mm (and thicker than 0.011 mm) can only be captured by 
the scanner, using the mentioned conditions in this study. The overlap ratio was only weakly 
related to thallus area and showed a slight increase in two species (Figure 6). However, the 
sample size was small  (n = 12 per species) and a relationship between overlap ratio and 
thallus area cannot be ruled out in  Bryoria. The overlap factor in the lower forest canopy 
varied from 1.27-2.99, with the highest values in the thinnest species,  B. capillaris and  B. 
fuscescens (Table 2).  In an ongoing study of hair lichens from the upper canopy, overlap 
ratios of 4-6 have been found in very tufted and thick specimens (Per-Anders Esseen, pers. 
communication). Differences in area overlap between the species are reflected by differences 
in their morphology. Not surprisingly,  U. dasypoga had the lowest overlap, in concordance 
with its deviating morphology compared to the four other species. It has a central cord and 
secondary branches with small fibrils, which separates U. dasypoga from the other species. 
Alectoria and  Bryoria are more branched and have many branches of different sizes. The 
largest increase in area overlap for  B. capillaris and  B. fuscescens are in the same manner 
affected by their morphology, since the specimens in this study had the thinnest branches. 
Both  A. sarmentosa and  B. freemonti have some main branches that are relatively thick. 
Subsequent  measurements  on  the  lichens  included  in  this  study  showed  that  the  mean 
diameter of B. capillaris and B. fuscescens were about 0.07 mm, while it was thickest for A. 
sarmentosa and U. dasypoga with 0.12 mm (Per-Anders Esseen and Marie Rönnqvist, pers. 
communication).

4.2 Estimation of specific thallus mass and water storage
Blum (1973)  reported values  of  (130)  150-300% water  content  at  saturation for  different 
fruticose  and  foliose  lichens,  while  Rundel  (1988)  presented  values  of  120-200%  water 
content for green-algal  species.  The present study agrees with these values,  although the 
values for hair lichens were in the lower range. Four of the five included species had a water 
content of 115-120% (Table 6).  Only  U. dasypoga deviated with a lower water content at 
saturation (83%). How fast lichens  reach saturation is species-specific (Blum 1973; Larson 
1981) and this might explain why U. dasypoga showed a lower percent water at saturation 
compared to A. sarmentosa and Bryoria spp. The time allowed for the specimens to absorb 
water  might  possibly  not  have  been  sufficient  for  U.  dasypoga to  reach  full  saturation, 
probably  due  to  its  deviating  morphology  with  the  thick  central  axis.  Reported  by Blum 
(1973), the central axis of some Usnea species could contain as much as 1/3 of the water in a 
saturated thallus. However, other experiments show that the rate of water conduction in the 
central  cord  can  be  as  low  as  1  mm/hour,  thus  making  the  cord  more  important  for 
mechanical  support  than  for  water  storage  (Blum  1973).  In  the  raining  wind  tunnel 
experiment by Larson (1981), it was sufficient with 5-10 minutes to reach full saturation for 
most species.  The species  with the highest  area to weight  ratios  were  also the ones  that  
reached saturation the fastest. All species in this study have a high surface area to weight 
ratio due to their hair-like growth form and finely branched structure with branches less than 
1 mm in diameter. They should thus probably be saturated in a few minutes. Initial tests 
made on just a few specimens in this study (not shown here) showed more or less the same 
wet  weight  in  several  repeated  wetting-drying  cycles.  However,  the  time  given  to  reach 
saturation could possibly be extended a few minutes to make sure that all Usnea specimens 
are fully saturated. 

When comparing water content at saturation with values in other studies, it is important to 
be careful and consider the method that have been used. Especially important is to be aware 
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of how the wet weight has been recorded (Gauslaa 2014). In this study, the wet weight were 
measured on thalli that had been blotted with a filter paper representing the internal water 
storage. In some studies, the lichens have only been shaken and not blotted, giving a weight  
that is ecologically relevant since it more resembles the conditions after a rain shower with 
some water standing on the surface (Kershaw 1985). However, blotting equals the amount of 
water  a lichen are  exposed to during dewfall  (Gauslaa 2014).  The external water may be 
important  for  the  overall  water  status,  prolonging  the  time  that  the  lichen  can  be 
photosynthetically active. The lichens included in this study are though adapted to quickly 
loose some of the external rain water due to their hanging growth form, which promotes run-
off (Büdel and Scheidegger 2008; Kappen 1973). However, in order to calculate WHC and 
compare with other studies, removing excess water with blotting was necessary. Blotting is  
also more easy to reproduce (Gauslaa 2014). Quantifying the weight after both blotting and 
shaking is recommended for future studies.

Both specific thallus mass and water holding capacity for the studied lichens are affected by 
the area within the thallus and decreases substantially when using the total area, i.e. the area 
that has been corrected for branch overlap in the calculations (Figure 4 and 5, Table 5 and 6). 
The intra-specific relationships between WHC and STM were though more or less the same in 
all  species (Figure 7 and 8,  Table 10 and 11),  with about a 1:1 to 1:1.4 relationship when 
thallus  area  overlap  was  included.  A  1:1  relationship  represents  100  % water  content  at 
saturation. WHC correlated with STM for all  species, and WHC increased with increasing 
STM. The five hair lichens included in this study had a lower STM than most of the foliose 
lichen species included in the study by Gauslaa and Coxson (2011), following the difference in 
morphology between these two groups of lichens. Hair lichens have a more finely dissected 
structure,  which results in a lower weight to area ratio that  affects their  STM. The three 
Bryoria species had lower STM compared to  A. sarmentosa and  U. dasypoga, implicating 
that they have a higher area to weight ratio.  Bryoria should thus take up and loose water 
more rapidly  than  A.  sarmentosa and  U. dasypoga.  The difference in STM can to some 
extent be explained by the difference in their morphology, since the branches are thicker in 
A.  sarmentosa and  U. dasypoga compared  to  the  Bryoria species.  The  results  from the 
ANCOVA (Table 7-9) also show that both  A. sarmentosa and  U. dasypoga clearly differs 
from the other species with their higher STM, following the difference in morphology with 
their  thicker  branches.  In  the same manner,  Bryoria spp,  with their  lower  mean branch 
diameter had a lower STM. This was most prominent for B. fuscescens and B. capillaris, who 
had the lowest  mean branch diameter  and a  more tufted growth form (identified by the 
higher TAO). 

The specific thallus mass and water-holding capacity estimated for the hair lichens included 
in this study are in concordance with the findings in studies of Gauslaa and Coxson (2011) 
and  Gauslaa  (2014),  who  reported  a  1:1  relationship  for  different  foliose  and  fruticose 
chlorolichens from both British Columbia and Norway. In the present study, the relationship 
was somewhat higher for most species. Alectoria and Bryoria had a relationship above 1:1.15 
(up to  1:1.38),  while  it  only  was  1:0.87  for  U. dasypoga (Figure  8,  Table  11).  The lower 
increase in WHC with increasing STM for U. dasypoga might be due to its branching pattern, 
which diverts  it  from the other  species.  Since it  only  has  secondary branches with small 
fibrils, it will not have the same amount of space on its surface for water storage as the other 
species with more branches and branching. This affects the WHC and how much it increases 
with increasing STM. The lower thallus area overlap in  U. dasypoga might also affect the 
relationship, since it is related to how tufted the growth form is and thus how much water can 
be stored within the thallus (exemplified by the lower % water at saturation in U. dasypoga 
compared to A. sarmentosa and Bryoria spp.). How much Usnea invests in the central cord 
with  increasing  weight  might  as  well  affect  the  STM-WHC  relationship,  if  much  of  the 
increase occurs in the cord. This is especially important if the cord only has a mechanical 
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function (Blum  1973).  Kappen  (1973)  reported  that  U.  dasypoga had  a  depressed  net 
photosynthesis  when  the  water  content  exceeded  70-75%  of  maximum  water  content. 
Although higher WHC can prolong the time when a species can be photosynthetically active, 
investing in increased WHC could thus actually depress the photosynthesis in U. dasypoga, 
and a  higher  WHC would therefore  be  counterproductive.  Alectoria  sarmentosa and the 
Bryoria species have a steeper slope and increase more in WHC with higher STM. Larger 
individuals of these species are in general more branched, creating more external spaces that 
can be filled with water, thus creating a slope somewhat steeper than that for U. dasypoga. 
The branching pattern, i.e. increased branching, in A. sarmentosa and Bryoria spp. might as 
well  explain  the  higher  relationship  found  for  these  species  compared  with  the  results 
reported by  Gauslaa and Coxson (2011) and Gauslaa (2014).  When considering only WHC 
there are some significant differences between the species (Table 9). The higher WHC in A. 
sarmentosa compared to the other species are not explained by a difference in size, i.e. that 
larger individuals of  A. sarmentosa were included (as the ANCOVA shows). Instead, it's an 
innate difference between the species, probably as a result of their different morphology and 
anatomy. The importance of morphology for water storage has been discussed in a number of 
studies  and reviews (e.g.  Gauslaa and Coxson 2011;  Kershaw 1985; Kranner  et al. 2008; 
Lange et al. 1993) and the thickness of an individual has also been shown to be important for 
increasing the water-holding capacity (Gauslaa and Coxson 2011; Rundel 1988; Snelgar and 
Green 1981). The thicker branches in A. sarmentosa may therefore partly be responsible for 
its higher WHC. 

Anatomy might be a contributing factor to the differences in STM and WHC between lichen 
species (Gauslaa and Coxson 2011), since the layers and the parts of a lichen thallus varies 
substantially  in  how  much  water  they  can  absorb  (Blum  1973).  The  medulla  shows  the 
greatest water holding capacity of all the different lichen tissues (Jahns 1973), and a thorough 
investigation  of  the  differences  in  anatomy  between  the  species  could  have  revealed 
variations affecting each species ability to hold water. 

No apparent  relationship was found between % water at  saturation and STM (Table 12). 
Gauslaa and Coxson (2011) found an intra-specific relationship between these parameters 
and also related differences between species to the extracellular amount of water that each 
species can contain in their photobiont layer. The species in this study do not differ very 
much from each other in % water at saturation, except for U. dasypoga. The amount of water 
that the photobiont layer can contain may therefore not be as important for the water storage 
in thin hair lichens compared with the thicker foliose lichens that were included in the study 
by Gauslaa and Coxson (2011). The difference between species in percent water at saturation 
may instead be more related to their morphology, since the Bryoria species with their finer 
structure and lower STM actually has a somewhat higher water content in relation to size. 

4.3 Relationship between water storage and growth habitat
There were some differences in WHC and STM between the hair-like chlorolichens in this 
study,  although they were not as large as the difference found between cyanolichens and 
chlorolichens in the study by Gauslaa and Coxson (2011). Their result was related to the fact  
that  chlorolichens can resume photosynthesis  with humid air,  while cyanolichens require 
liquid water to do so (Lange et al. 1986). All species in this study are chlorolichens and they 
can thus use all three sources of water to become photosynthetically active. As observed by 
Gauslaa (2014), a lichen with an average WHC under 20 mg/cm2 is able to utilize a dew-fall 
of 0.2 mm, which is a fairly average dew-fall. He also concluded that many lichens may be 
adapted to use dew instead of rain to function optimally, supporting it with findings by Lange 
(2003). All species in this study has an average WHC well below 20 mg/cm2 and might thus 
be more adapted to dew and humid air for their photosynthesis. The hanging growth form of 
the lichens in the genera  Usnea,  Bryoria and  Alectoria promotes rapid loss of rain water 
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(Büdel and Scheidegger 2008; Rundel 1988), while their finely dissected structure and fine 
branches may be an advantage for both rapid uptake of water from fog and humid air and 
rapid  loss  of  excess  water  (Larson  1981;  Larson  and  Kershaw  1976).  Differences  in 
morphology between species, contributing to different STM (i.e. A/W ratios), can represent 
adaptations  to  different  habitats  (Kershaw  1985).  The  hair  lichens  in  this  study  might 
therefore be adapted to survive in a somewhat drier climate, where fog, dew, and humid air 
are important water sources for their net photosynthesis. The relatively low water-holding 
capacity found for these species also supports this, since the total water-holding capacity is 
related to the water content required for optimal photosynthesis. In a study on rainforest 
lichens, Lange  et al. (1993) found that the species with the highest water-holding capacity 
also required the highest water content to reach maximal photosynthesis. Since the water-
holding capacity is linked to morphology (summarized by Rundel 1988), the hair lichens may 
require a relatively low water content to reach optimal photosynthesis. 

All species are found in the canopy in boreal forests, but while A. sarmentosa and Usnea are 
mainly found in the lower part of the canopy, Bryoria normally dominate the upper part of 
the canopy (Campbell and Coxson 2001; Coxson and Coyle 2003; Gauslaa et al. 2008). The 
upper canopy is more exposed to high light intensities and to desiccation compared with the 
lower canopy (Coxson and Coyle 2003). It is difficult to separate the importance of water and 
light, since these factors are often confounded (Gauslaa 2014). A recent study (Färber et al. 
2014) found a difference in canopy position and type of sun-screening pigment in the lichen. 
Bryoria has the pigment melanin, and this was found to be more efficient in protecting the  
lichen from high light in combination with desiccation compared to the pigment usnic acid, 
which occurs in  A. sarmentosa and  U. dasypoga. The vertical distribution gradient of hair 
lichens in boreal forests might therefore be explained by different pigments in the lichens 
(Färber  et  al. 2014),  rather  than  differences  in  sensitivity  to  desiccation.  However,  U. 
longissima was sensitive to desiccation and other studies also shows the importance of water 
for the distribution of the lichens (e.g. Coxson and Coyle 2003; Goward 1998). In the present 
study, WHC differed between the species and can be related to their respective habitat. The 
species with the lowest WHC in relation to STM, U. dasypoga, is found in the lower canopy 
in  more  moist  forest  and it  grows  rather  close  to  the coast  in  Sweden and decreases  in 
northern areas (Per-Anders Esseen, pers. communication). However, Usnea can be found in 
the upper canopy of forests in oceanic parts of Norway (Färber et al. 2014) and in wet forests 
of  Washington  (Antoine  and  McCune  2004),  showing  that  water  relations  affect  the 
distribution of this genera. The low WHC in relation to STM shows that U. dasypoga has to 
invest much more in growth to increase the WHC. Since Usnea grows in moist habitats, it is 
possible that it more often is able to have a positive net photosynthesis due to longer periods 
with  high  air  humidity  after  rainfall,  which  is  more  common  in  the  interior  of  forests 
(Gauslaa 2014). Therefore, it does not have to invest in WHC in the same manner as the other 
species, that grows in more mesic and xeric habitats. The steeper rise in WHC for the other 
species might be compensating that they grow in drier habitats. 

Alectoria sarmentosa, although preferring old-growth  Picea forest, do not often grow in a 
habitat as wet as  Usnea. It also has a much higher WHC, due to its morphology. The high 
WHC in A. sarmentosa enhances the time that it can be photosynthetically active after being 
wet, since it takes longer time for A. sarmentosa to dry out. However, the higher WHC might 
also impose that A. sarmentosa requires more water to reach optimal photosynthesis, and it 
probably  has  a  slower  uptake  of  water  due  to  its  high  STM.  The  higher  WHC  in  A. 
sarmentosa might be compensating its lower area to weight ratio compared with the Bryoria 
species. Esseen and Renhorn (1998) found a change in morphology among individuals of A. 
sarmentosa, where thalli growing exposed, near edges were shrubby and had thick branches, 
while  thalli  growing  in  the  forest  interior  were  long  and  pendulous.  Morphological 
adaptations  within  species  are  thus  important  for  the  growth  habitat.  Having  thicker 

21



branches and a shrubby growth form enhances the WHC and STM, as shown in this study. 
Although becoming thicker is an acclimation important for water storage,  becoming too thick 
slows down the response to humid air, making it insufficient as a water source (Gauslaa and 
Coxson  2011).  The  distribution  of  A.  sarmentosa has  been  related  to  gradients  in 
microclimate, as shown by Coxson and Coyle (2003). They found that A. sarmentosa had a 
higher  net  assimilation  potential  in  the lower  canopy,  partly  explaining its  distributional 
preference for the lower canopy. Alectoria has also been found high up in the canopy in wet 
forests of British Columbia (Benson and Coxson 2002), supporting that its distribution is 
related to more moist habitats. Esseen (2006) found a preference in A. sarmentosa to more 
moist habitats, as this species declined in abundance close to edges, probably as a response to  
a change in microclimate. Although several studies support the idea that the distribution of 
A. sarmentosa is limited by available water, its vertical distribution might also be affected by 
a sensitivity to fragmentation (Renhorn and Esseen 1995).

Contrasting to A. sarmentosa, Bryoria can normally be found in the upper part of the canopy 
where a fast response to changing water conditions is important. Their fine structure, low 
STM, and low WHC promote a rapid uptake and loss of water instead of investing in water 
storage.  The  low WHC  in  Bryoria also  agrees  with  the  findings  of  Goward  (1998),  who 
concluded that the distribution of  Bryoria is affected by a sensitivity to prolonged wetting, 
explaining why Bryoria prefer to grow in the well-ventilated, much drier upper canopy. The 
low WHC and low STM facilitate a rapid drying,  shortening the time being wet.  Gauslaa 
(2014) reports that biomass of Bryoria is showing a spatial gradient, reaching much higher 
levels in drier inland regions compared to wetter coastal forests. This distribution is also in 
concordance with the finding that  Bryoria has a low WHC and a fast response to changing 
water conditions. Low WHC is important for rapid drying of the thallus, which is important 
for species growing exposed, since lichens can tolerate high solar radiation much better in a 
dry state (Palmqvist 2000).

Studies on the water content at optimum photosynthesis for the species would have been 
interesting,  to  see  whether  a  relationship  exist  between their  respective  WHC and water 
content at  optimal  photosynthesis.  It  would also have been interesting to study at  which 
relative humidity (RH) they become photosynthetically active. The three lichen genera in the 
present study show preference for different habitats along a gradient in humidity. Having a 
low WHC and becoming photosynthetically active at low RH, can thus be an adaptation to the 
drier conditions that prevail were  Bryoria grows. It prolongs the time that  Bryoria can be 
active, while in the mean time  Bryoria does not have to invest in biomass to enhance the 
water storage.  Instead, it  has a fast response to changing moisture conditions.  The mean 
branch  diameter  and STM,  which are  lower  for  Bryoria than  for  A.  sarmentosa and  U. 
dasypoga, also agrees with this hypothesis, since it impose a morphological adaptation to a 
faster response, as proposed by Larson (1981) and Kershaw (1985). Chlorolichens can reach a 
water content of 55% at a relative humidity of 95%. A water content of 20% is enough for 
positive net photosynthesis to occur, and depending on species a water content of 55% result  
in a net photosynthesis somewhere between 38 and 69% of maximum photosynthesis (Lange 
et al. 1988). 

The growth place of the Bryoria species in this study seem to be related to their WHC, and 
Bryoria spp with their lower WHC grows more exposed than  A. sarmentosa, which had a 
higher WHC. This  is  in contrast to what Gauslaa and Coxson (2011) and Gauslaa (2014)  
reported  about  different  species  from varying  habitats.  They  found  that  WHC  and  STM 
increased  with  increasing  openness,  probably  as  a  way  to  compensate  for  the  higher 
evaporation in an open habitat. The adaptation to drier habitats among hair lichens are thus 
different,  and the lower  WHC in  open habitats  might instead be advantageous for a fast 
response to a changing humidity. Also Snelgar and Green (1981) found that WHC increased 
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when species were growing in more exposed, sunny habitats, although their findings only 
regarded one species. The changes in morphology for A. sarmentosa reported by Esseen and 
Renhorn (1998) are consistent with these findings. However, one have to keep in mind that 
all lichens in the present study have been collected from the same height, i.e.  2-4 meters 
above ground. It is thus possible that the intra-specific relationship for the hair lichens in this 
study are following the same pattern with an increasing WHC for individuals growing in more 
exposed habitats. It may be the case that dense clumps of Bryoria growing higher up in the 
canopy might have a higher WHC, following the pattern reported by  Gauslaa and Coxson 
(2011). 

The  difference  between  the  interior  of  forests  and  forest  edges  in  microclimate  are 
pronounced (Chen et al. 1993). Since lichen productivity is strongly correlated with available 
water and light (Palmqvist 2000), the lower humidity at the forest edge or clear-cut edges can 
affect the growth of lichens. The differences in WHC for the five hair lichens in this study is  
related  to  their  growth  place,  and  might  be  an  important  factor  partly  explaining  their 
response to changes in microclimate brought about by e.g. forestry. Epiphytic macrolichen 
response to forestry has been studied by Dettki and Esseen (1998). They found that both A. 
sarmentosa and U. dasypoga were much more common in natural forests than in managed 
forests compared with the three Bryoria species included in this study. It might be possible 
that the adaptations in water storing capacity in these lichens can be partly responsible for 
the distribution in managed and natural forests. 

4.4 Conclusions
I have shown that total area of hair lichens can be estimated by combining photography with 
scanning of  both cross-sections and individual branches.  The new parameter thallus area 
overlap (TAO) shows that a large portion of the surface area of hair lichens is found within 
the thallus, affecting both their specific thallus mass and their water-holding capacity. TAO 
reflects  the  branch  density  in  hair  lichens  and  shows  that  increased  branching  is  a  key 
mechanism to increase water storage in this group of lichens. There were some differences 
between the three genera of hair lichens (Alectoria, Bryoria and Usnea) regarding their STM, 
WHC, and the relationship between STM and WHC. Especially  U. dasypoga deviated from 
the other studied species and had lower water storage capacity, due to different morphology 
and branching. However, the intra-specific variation might be more pronounced than inter-
specific variation among hair lichens, and the difference was also larger when comparing hair 
lichens with foliose lichens. Results suggests that hair lichens have among the lowest water 
storage capacity found in macrolichens. More research is needed to study the influence of 
TAO on water  storage and how STM and WHC varies  within and between different  hair 
lichen species,  and if these parameters can be related to distributional differences in hair 
lichens.
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