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CHAPTER 12-1 
TERRESTRIAL INSECTS:  HABITAT AND 

ADAPTATIONS 

 

 

 
Figure 1.  This tiny moving moss on the back of an insect is among the many unknown wonders awaiting us among the bryophyte-

insect interactions.  Photo courtesy of Aline Horvath. 

 
Mosses are useful to the insect tribe, countless 

numbers of which find homes among their branches, and 

roam about in their shades as in mighty forests, looking 

with their thousand eyes upon the wonders of their 

leaves, and sunning their wings of purple and of gold, 

and burnishing their shining armour upon the polished 

columns of their urns.  Frances Tripp, British Mosses, 
1888. 

 
 

Bryophytes can be so unique as to be the source of as 
yet undescribed species (Figure 1) and even genera of 
insects, as will be seen in the many orders of insects 
discussed in the following subchapters.  They harbor 
numerous kinds of insects as well as other arthropods (e.g. 
Takaki 1957). And they provide habitat to protect insects 
all over the world (Schwarz et al. 1993) and in all kinds of 
habitats (Merrifield 1994). 

Bryophytes as Habitat 
Bryophytes not only provide a direct habitat for 

insects, but they alter the soil habitat beneath them.  Gerson 
(1969) suggested that abundance of arthropods in the 
Antarctic is dependent on this soil alteration.  Presence of 
moss can moderate the soil temperature and moisture and 
may in some cases discourage digging by would-be 
predators on soil organisms. 

The bryophyte habitat is subject to the climatic and 
microclimatic differences dictated by elevation, distance 
from sea, topography, and latitude, resulting in arthropod 
community differences (Andrew et al. 2003).  These 
differences extend to such limited habitats as that of 
epiphyllous liverworts (Lücking & Lücking 1998).  
Andrew and Rodgerson (1999) found that in the Tasmanian 
Mountains, site scale variation (2 km or less) is the major 
contributor to the bryophyte faunal diversity, seemingly 
more important than altitude. 
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Drozd et al. (2008, 2009) found that even higher 
taxonomic levels formed associations that indicate 
interactions between the presence of bryophytes and other 
microhabitat features.  Sampling only seven bryophyte 
species in the Czech Republic, they obtained more than 
55,000 specimens of arthropods.  They show that the 
presence of bryophytes, the species of bryophytes, and the 
moisture levels are very important determinants of 
arthropod abundance.  Nevertheless, abundance of 
arthropods was greater in the litter than in the moss 
cushions.  Since many of the arthropods are searching for 
prey, the density of the moss cushions limits the size and 
requires agility to permit the arthropods to navigate to 
capture prey.  Instead, the bryophytes serve as a refuge for 
prey organisms that can find their food there.  These 
require only limited movement, making them relatively 
invisible to predators.  This limited movement also leads to 
trap bias in the pitfall traps as these insects typically do not 
leave the safety of the bryophyte cushions.  Weikel and 
Hayes (1999) pointed out that while the abundance of 
arthropods as potential food for birds may correlate 
positively with bryophyte cover, the bryophytes may act as 
hiding places, thus rendering most of them unavailable to 
the birds. 

Drozd et al. (2007) found that about 25% of the insect 
species in forest floor communities (litter and mosses) are 
present only among the mosses.  Moisture was the primary 
factor accounting for their distribution. 

But, as Drozd et al. (2007) pointed out, our knowledge 
of the mosses as a food source is all but unknown.  One of 
the means of identifying whether bryophytes are eaten is to 
recognize bryophyte fragments in the faeces or frass.  
Matthaias Nuss (pers. comm. 16 January 2008) provided 
me with an image of Tortula truncata with chewed leaves 
and what appeared to be frass on the plant (Figure 2).  But 
then, how often can we identify the producer of the frass? 
 

 
Figure 2.  Possible insect frass on Tortula truncata.  

Matthaias Nuss of the Museum für Tierkunde / Museum of 
Zoology, Dresden, Germany (pers. comm. 16 January 2008) 
suggests that these may be sclerified head or mandible parts that 
have an interesting attachment to the sporophytes of these mosses.  
There appear to be no silk threads, ruling out moth larvae, but 
Byrrhidae (Coleoptera) or some Mecoptera are good 
candidates.  Photo courtesy of Robin Stevenson. 

Drozdová et al. (2009) considered mosses to be unique 
habitats that could provide safe sites against predators.  To 

test this hypothesis, they used living bait in a vertical 
gradient (surface level, moss cushions, bushes, tree trunks).  
The bait was living larvae of the blowfly Calliphora 
vicina, a common prey item.  The locations included leaves 
of blueberries (Vaccinium myrtillus), mosses 
[Polytrichastrum formosum (Figure 3), Polytrichum 
commune (Figure 4), and Dicranella sp. (Figure 4)], and 
spruce (Picea abies) trunks.  After 30 minutes of exposure 
the researchers counted the attacked and missing larvae and 
noted the presence of predators.  The dominant predators 
were ants and spiders, the same as the forest floor in 
general (Drozdová et al. 2009).  The predation rate inside 
the moss cushions was about the same as that in the litter, 
but the taxonomic groupings of the predators differed.  
Millipedes were the dominant predators in cushions of 
Dicranella sp and Polytrichum commune, with spiders and 
beetles (Carabidae and Staphylinidae) following.  
Centipedes also occurred on the ground in areas of moss 
cushions under the Vaccinium myrtilloides.  The highest 
predation occurred inside the Polytrichum cushions, with 
the same rate on the terminal parts of the plants as on the 
tree trunks.  It appears that the structure of the moss 
cushion – the growth form – might be an important 
determinant of predation risk. 
  

 
Figure 3.  Polytrichastrum formosum, a forest moss that 

houses a moderate number of insects.  Photo by David T. 
Holyoak, with permission. 

 

 
Figure 4.  Polytrichum commune.  Polytrichum cushions 

can be home to numerous beetle species.  Photo by A. J. 
Silverside, with permission. 
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Figure 5,  Dicranella heteromalla with capsules, a species 
that is home to millipede predators.  Photo by Michael Becker, 
through Creative Commons. 

We aren't always sure why or how bryophytes 
contribute to the habitat needs of insects, but there is 
certainly evidence that they make a difference.  Pavel et al. 
(2007) used pitfall traps in the Czech Republic to compare 
the beetles (Coleoptera) in forest communities with and 
without a moss layer.  With the caveat that there is not 
necessarily a cause and effect relationship, an accumulation 
of such studies do indicate that it is worth exploring the 
role of the bryophytes.  In this case, two traps were placed 
in Polytrichum (Figure 4) cushions and two were at least 
10 m away from the nearest cushions at each of three sites.  
In their collections, beetles reached the highest numbers 
among the insects, with 56 species and the greatest 
abundance.  Overall, they found a higher insect species 
richness in the moss communities, with ~25% of the insect 
species only occurring among the mosses.  Not 
surprisingly, moisture was the most important 
environmental character affecting habitat preference, but 
presence of a moss layer was not significant.  Only one of 
the species was bryophagous (bryophyte consuming), a 
member of the beetle family Byrrhidae (Figure 6).  
Especially in drier regions, the insects tended to inhabit the 
moss cushions, behaving as bryobionts. 

In the Spitsbergen coastal tundra, Bengston et al. 
(1974) found 268,000 insects on the wet moss tundra, 
compared to 518,000 on grassland.  The abundance of 
major insect groups were similar between the Spitsbergen 
tundra and high alpine areas of southern Norway. 

In the Czech Republic, Božanić et al. (2013) used heat 
extraction from bryophytes to determine the effects of 
species of bryophytes and environmental factors on the 
animals present.  In these samples they found 45 species of 
invertebrates among the 15 bryophyte species examined.  
Surprisingly, few were insects, all in the Formicidae (4 

species of ants).  Rather, there were 9 species of centipedes, 
7 of millipedes, 4 of pseudoscorpions, 6 of isopods, 4 of 
harvestmen, 6 of earthworms, and 5 of spiders.  
Brachythecium oedipodium (Figure 7) had the richest 
assemblages of invertebrates.  These numbers are probably 
minimal as some bryophyte dwellers do little moving and 
may die before escaping the heat within the bryophyte 
clump in the funnel and heat separation apparatus.  The 
ones found are all able to move rather quickly, so this may 
explain the absence of bugs, beetles, and other insect 
groups.  The type of substrate and height above ground 
proved to be the most important factors affecting the 
invertebrate distribution. 
 

 
Figure 6.  Cytilus sericeus (Byrrhidae) adult on mosses.  

Photo by S. Rae, through Creative Commons. 

 
Figure 7.  Brachythecium oedipodium, home to a rich 

assemblage of invertebrates.  Photo by Michael Lüth, with 
permission. 

At McKenzie Table Mountain Preserve in California, 
USA, Bettis (2008) found that the moss fauna on two 
species of Grimmia (Figure 8) were mostly tardigrades, 
mites, springtails, and midge larvae.  Studies of bryophyte 
fauna commonly indicate that spiders (Araneae), 
springtails (Collembola), and mites (Acari) are the most 
common fauna (von der Dunk & von der Dunk 1979; 
Kinchin 1990).  Even on Signy Island in the maritime 
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Antarctic, the mites and springtails predominate (Usher & 
Booth 1984).  The upper, green moss communities differed 
from the lower, dead moss communities.  The same species 
tended to occur in both layers, but the proportions differed. 
 

 
Figure 8.  Grimmia pulvinata with capsules, home to 

tardigrades, mites, springtails, and midge larvae in California, 
USA and elsewhere.  Photo by Javier Martin, through Creative 
Commons. 

Von der Dunk and von der Dunk (1979) listed the 
arthropods in clumps of five species of mosses in March to 
May, including counts (Table 1).  In addition to 
unidentified larvae, they listed the Collembola 
Sminthurinus (Figure 9), Xenylla (Figure 10), and 
Tomocerus (Figure 11-Figure 12) as well as thrips. 
 

 
Figure 9.  Sminthurinus aureus f. ochropus on mosses, 

member of a springtail genus that is common among mosses in 
spring.  Photo by Andy Murray, through Creative Commons. 

 
Figure 10.  Xenylla sp. among mosses.  Photo by Andy 

Murray, through Creative Commons. 

 

 
Figure 11.  Tomocerus sp. juvenile on mosses.  Photo by 

Andy Murray, through Creative Commons. 

 

 
Figure 12.  Tomocerus minor , member of a genus that is 

common among mosses.  Photo by Andy Murray, through 
Creative Commons. 

Table 1.  Number of insects found in moss polsters in Germany in March to May.  From von der Dunk & von der Dunk 1979. 

 Rhytidiadelphus Scleropodium Hypnum Plagiothecium Brachythecium 
 

Sminthurinus 46 52 - - - 
Xenylla 4 2 7 106 - 
Tomocerus - - 1 - 4 
thrips + + +  + 

 
 

Nutrients in the ecosystem affect the types of plants 
that will grow there, and bryophytes seem to have an 
aversion to high nutrients.  Richardson et al. (2002) 
experimented with nutrients and their effects on plant 
communities and their insect herbivores in a Scandinavian 

sub-Arctic dwarf shrub heath.  After nine years of nutrient 
enrichment, the subordinate plant functional groups 
(grasses and mosses) experienced greater effects than did 
the dominant dwarf shrubs.  The insect herbivores showed 
evident changes in abundance.  The biomass changes in the 
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grasses and mosses contributed more to these insect 
changes in biomass and species composition than did the 
shrubs.  One moss-eating species of Heteroptera in the 
fertilized plots dropped to as little as 6% that of the control 
plots.  The abundance of grass specialists in Homoptera in 
fertilized plots, on the other hand, reached 400% that of 
controls.  This study emphasized the importance of the 
subdominant plant species in driving the insect species 
composition of the habitat. 

Temperature Relations 
Because of their construction with lots of air spaces, 

bryophytes can act like a fluffy winter quilt.  They are able 
to buffer temperatures with these trapped air spaces 
(Soudzilovskaia et al. 2013).  In some instances, they may 
remain warmer from reradiated heat from rocks or soil.  In 
other cases their capillary water may cool them by 
evaporative cooling.  Differences between bryophyte 
species comply with physical laws and can be explained by 
differences in mat thickness and moisture content.  There 
are, however, few data sets to evaluate the extent of this 
role in a variety of ecosystems.  Some of these differences 
are provided in Chapter 10-1 on Temperature in Volume 1. 

Of course food is a problem in winter, but some insects 
are able to feed on alternate food sources.  Diamesa sp. 
(Diptera:  Chironomidae; Figure 13) is a cold-tolerant 
insect that lives on a glacier in the Nepal Himalayas 
(Kohshima 1984).  This flightless insect is able to walk on 
the surface and in small cavities beneath the glacier.  The 
larvae feed on Cyanobacteria and other bacteria, permitting 
this species to spend its entire live in the glacier.  And it is 
still active at -16°C.  While this is not a bryophyte dweller, 
it illustrates the ability of insects to survive in cold habitats, 
such as those in the Arctic and Antarctic, and to subsist on 
foods like bacteria and Cyanobacteria that are available 
among the bryophytes. 
 

 
Figure 13.  Diamesa bohemani larva, member of a genus in 

which at least one species is able to survive on glaciers and feed 
on Cyanobacteria and bacteria.  Photo from NTNU Museum of 
Natural History & Archaeology, through Creative Commons. 

Preparation for Winter 

As we noted in the aquatic insect chapter, insects can 
avoid freezing damage in two ways (Duman et al. 1991).  
The most flexible means is to obtain freeze tolerance, 
permitting the insect to survive formation of ice on the 
outside of the body.  The second mechanism is to avoid 

freezing.  The latter can be subdivided into physiological 
mechanisms that prevent the insect from freezing by 
altering the freezing point of the organism or preventing ice 
nucleation through manufacture of antifreeze proteins 
(Duman et al. 2004).  The other is a behavioral adaptation 
that places the insect in a place where it is protected from 
freezing (Duman et al. 1991).   

Bryophytes are often a winter refuge or site of 
hibernation for insects.  The bryophyte offers insulation 
against the wind and cold.  Under the snow, the dark color 
of most bryophytes absorbs heat from the light that is able 
to penetrate the snow.  Nevertheless, bryophytes may be 
exposed to severe cold before the snow arrives or after it 
melts in spring.  Hence, their inhabitants still require some 
sort of protection from the cold. 

Storey and Storey (1992) listed two stresses that can 
prevent winter survival in terrestrial insects.  The obvious 
one in many places is lack of food, but some insect larvae 
are able to feed on the bryophytes.  Others may survive as 
eggs or pupae, stages in which there is no feeding.  Some 
insects compensate for the lack of food by accumulating 
large lipid and carbohydrate reserves in the body fat in 
preparation for winter (Storey & Storey 1992).  Others 
enter into a state of reduced metabolic rate (quiescence) or 
arrested development (diapause) in which they can rely on 
limited food reserves.   

The second winter stress is tissue damage at low 
temperatures, especially freezing (Storey & Storey 1992).  
Insects have two options to survive in areas that attain sub-
freezing temperatures:  freeze avoidance and freeze 
tolerance (Bale 2002).  Freeze avoidance includes life 
cycle adaptations that do not require the insect to be present 
during the cold period.  For some, this is through migration.  
For others, it is finding warmer locations such as deep soil, 
in the water, or even among deep mosses.  But insects also 
can have physiological means of freeze avoidance while 
existing in locations with sub-zero temperatures. 

Protein ice nucleators (PINs) limit supercooling and 
induce freezing (Duman 2001).  When the nucleating 
proteins are internal, a small size can help to prevent the 
formation of large crystals.  In insects, freeze-tolerant 
species produce PINs in the hemolymph.  These allow 
freezing in the hemolymph at temperatures just below 
freezing and inhibit freezing within the cells.  In some 
cases, these PINs are "removed" in the winter, promoting 
supercooling.  Antifreeze proteins (AFPs) prevent 
freezing.  One beetle has AFPs in the hemolymph and gut 
that inhibit the ice nucleators in winter. 

One theory of freeze avoidance in insects is that of 
heterogeneous nucleation.  However Zachariassen et al. 
(2004) provide evidence that it is water volume that 
determines the nucleation temperatures in freeze-avoiding 
insects.  The relationship between the aqueous solutions 
and the particular freeze avoidance displayed behaves more 
like that of homogeneous nucleated samples. 

One of the strategies to survive winter is the ability to 
supercool (Holmstrup et al. 2002).  This ability seems to 
have evolved at the same time as the ability for insects to 
retain body water in dry environments.  But soil 
invertebrates are far less resistant to desiccation than the 
above ground insects.  It is likely that bryophyte dwellers 
are more like the soil invertebrates but in some cases may 
find greater moisture among bryophytes.  Soil invertebrates 
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dehydrate in frozen soil; only a few degrees of 
supercooling causes substantial water loss which continues 
until the vapor pressure of body fluids equals the vapor 
pressure of the surrounding ice.  At this point, tissue ice 
formation is eliminated and the invertebrate can survive 
subzero temperatures.  But the Arctic soil invertebrates do 
not base their winter survival on this method of 
supercooling.  Rather, they dehydrate to equilibrate their 
body-fluid melting point to that of the ambient temperature.  
This method works even in the extreme cooling rates of the 
polar soils. 

For those insects that are sensitive to freezing, but still 
exhibit cold hardiness, their survival is typically achieved 
through supercooling, with some exhibiting supercooling 
points to below -25°C (Zachariassen & Husby 1982).  
These low non-freezing temperatures are accomplished 
through polyols and proteinaceous thermal hysteresis 
antifreeze agents that reputedly prevent the growth of ice 
crystals down to approximately -10°C.  This prevention is 
increased dramatically when the crystal size is diminished.  
This added ability to prevent crystal formation permits 
them to live through temperatures as low as -30°C.  In such 
cases, the insects can survive even in exposed areas where 
the snow does not accumulate. 

Freeze tolerance in terrestrial insects occurs primarily 
among the Coleoptera (beetles), Lepidoptera (moths & 
butterflies), Diptera (flies), and Hymenoptera (bees & 
ants) (Storey & Storey 1992), whereas only the Diptera 
seem to have any tolerance to freezing in the aquatic stage 
(Moore & Lee 1991).  Freeze tolerance may require 
preparation or it may be present year-round.   

Freeze tolerance is energetically expensive and 
carries risks of ice crystal damage or other physical 
damage.  The insect furthermore must survive osmotic 
stresses when water and solutes are rapidly redistributed 
across cell membranes during freezing and thawing 
periods.  And part of this strategy is extracellular freezing 
that can damage membranes, not to mention the obstruction 
of oxygen flow to the body. 

Freeze avoidance is the less expensive strategy and 
permits insects to be active under the snow where the snow 
provides suitable insulation (Storey & Storey 1992).  
Insects in cold environments further avoid freezing by the 
presence of hairs and dark body colors (Danks 2004), the 
former to insulate and the latter to absorb heat on sunny 
days.  The insects complement these physical adaptations 
by behavioral adaptations – being active on sunny days and 
going to protected locations when it is getting cold (Danks 
2004, 2005).  Danks (2007) discusses their responses, 
including dispersal, habitat selection, habitat modification, 
resistance to cold, dryness, and food limitation, recognition 
of environmental signals, diapause, modifications to 
developmental rate, life cycle patterns that include multiple 
alternatives within the species, variation in phenology and 
development, and tradeoffs among these. 

The behavioral escape of freezing could be to burrow 
into the ground below the frost line, go into decomposing 
material that generates heat, or find some other protected 
location locally.  But for a few insects, this escape is a 
migration to a warmer climate, as is well known for the 
Monarch butterfly. 

Bryophytes may come into the picture for some of the 
insects that are able to eat them.  Cold induces changes in 

membranes and protein structure in insects due to phase 
changes in the molecules, changes in electrolyte 
concentrations and other solutes in body fluids, and 
changes in metabolism (Ramløv 2000).  In some cases, 
animals switch diets prior to winter, some of which may 
include bryophytes (Prins 1982).  This usefulness of such a 
behavior among insects remains unknown. 

We know that bryophytes are rich in arachidonic 
acids that help to keep membranes pliable  (Hansen & 
Rossi 1991).  Insects produce little or no arachidonic acid 
(McPartland et al. 2001).  Nevertheless, ladybird beetles 
(Coleomegilla maculata; Figure 14-Figure 15) have their 
highest proportion of arachidonic acid in the coldest part of 
winter (Zar 1968).  Thus, a winter switch to bryophytes by 
some insects seems to be a reasonable hypothesis, and a 
potential source of arachidonic acid. 
 

 
Figure 14.  Coleomegilla maculata larva, a species with its 

highest concentrations of arachidonic acid in the coldest part of 
winter.  Photo by Tom Murray, through Creative Commons. 

 
Figure 15.  Coleomegilla maculata adult, a species with its 

highest concentrations of arachidonic acid in the coldest part of 
winter.  Photo by Tom Murray, through Creative Commons. 
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Whether arachidonic acids help in cold resistance for 
insects or not, they may help to keep membranes pliable for 
movement.  Although Prins (1982) demonstrated a 
relationship with bryophytes in the diet of vertebrates, 
arachidonic acid, and winter survival, and we know that 
insects typically have quantities of the acid in their tissues 
(Dadd & Kleinjan 1979; Stanley-Samuelson & Dadd 
1983), there does not yet seem to be research to 
demonstrate this relationship between arachidonic acid, 
winter tolerance, and insects.  The closest evidence is that 
arachidonic acid enables the mosquito Culex pipiens to fly 
when it emerges as an adult (Dadd & Kleinjan 1979). 

Arachidonic acid may not be the only chemical change 
in preparation for winter.  Low temperatures not only affect 
the insects and cause different cell and membrane 
chemicals to initiate, the bryophytes also produce different 
chemicals or different concentrations when the 
temperatures drop.  In Rhytidiadelphus squarrosus (Figure 
16) and Eurhynchium striatum (Figure 17) there is a 
switch from 30% arachidonic acid (AA) and 5% 
eicosapentaenoic acid (EPA) to higher percentages of 
EPA, α-linolenic acid, and dihomo y-linolenic acid, 
accompanied by a slight decrease in AA and linoleic acid 
(Hansen & Rossi 1991).  This particular study does not 
support the hypothesis that AA increases in bryophytes in 
preparation for winter, but it is likely that the bryophytes 
still have higher concentrations of arachidonic acids than 
tracheophytes at those temperatures or any time (Herbert & 
Prins 1982; Hartmann et al. 1986; Groenewald & Van der 
Westhuizen 1997; Kajikawa et al. 2008). 
 

 
Figure 16.  Rhytidiadelphus squarrosus, a species that 

decreases in arachidonic acid in winter.  Photo by Michael Lüth, 
with permission. 

 
Figure 17.  Eurhynchium striatum with a capsule, a species 

that decreases in arachidonic acid in winter.  Photo by J. C. 
Schou, with permission. 

Field biologists often consider winter to be a "down" 
season when insects are inactive, and therefore it is not a 
useful season for field work.  But insects must find some 
way to survive winter and pass their genes to the next 
generation.  Many do this as eggs or pupae.  And 
bryophytes seem to be an ideal place for both, at least for 
some insects.  They provide protection against easily 
damaged tissues of pupae when larger animals walk or 
climb about, they hide them from predators, they decrease 
the threat of desiccation, and they provide insulation.  And 
for active insects, they may provide food directly or 
through other organisms that live among the bryophytes.  
Surely many species spend their winters there in this 
bryophytic safe site. 

But little literature exists on the bryophyte as an 
overwintering home.  Not only is this season less 
conducive to field study, but even those who do collect are 
faced with a daunting task of identification.  Pupae and 
eggs must be matched with adults to avoid the danger of 
creating new species for what is simply a different life 
cycle stage.  That requires rearing to maturity, a special 
challenge for eggs.  And someone needs to have done that 
already if there are to be any keys or descriptions to aid 
identification.  Hence, even those collections that are made 
rarely see publication due to the lengthy process of putting 
names to the organisms. 

Most taxonomic treatments on insects give only 
general habitats for the insects, and often I wonder if there 
wasn't a moss involved, as food or shelter, but unnoticed, 
or at least unreported, by the collector.  Treatments of 
forest floor insects often compare soil and litter organisms, 
and even those on rocks, but no mention is made of mosses, 
although they are often lumped with litter. 

The use of bryophytes on a phenological calendar is 
demonstrated by The Entomologist's Calendar (Samouelle 
1819).  Those arthropods living on or under mosses in 
January were Philosia muscorum (Isopoda; Figure 18), 
Cylindroiulus  londinensis (Diplopoda), Cylindroiulus 
punctatus (Figure 19), Geophilus acuminatus (Chilopoda; 
see Figure 20), Siro rubens (Opiliones; see Figure 21), 
Neobisium carcinoides (Pseudoscorpiones; Figure 22), 
Cychrus caraboides (Coleoptera; Figure 23), Acropagus 
glabricollis (name no longer in use); in February Bryaxis 
haematica (Coleoptera; species name no longer in use; see 
Figure 24), Staphylinus morio (Coleoptera; see Figure 
25); in March Gyrohypnus punctulatus (Coleoptera; 
Figure 26), Chlaenius prasinus (Figure 27), Tachinus 
analis (Coleoptera), Tachyporus analis (Coleoptera), 
Choleva oblonga (Coleoptera), Catops sericeus 
(Coleoptera; species name no longer in use; see Figure 
28); in April Staphylinus aenoecephalus (Coleoptera; 
species name no longer in use), Staphylinus decorus; 
species name no longer in use; in May Dasytes ater 
(Coleoptera; species name no longer in use; see Figure 
29); in June – November no moss records; in December 
Tachyporus chrysomelinus (Coleoptera; Figure 30).  This 
change from winter to summer suggests that the bryophytes 
offer these insects something in winter, whether it is only 
shelter, or there is also a food source. 
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Figure 18.  Philoscia muscorum, an isopod that can be found 

under mosses in January in Europe.  Photo by Africa Gomez 
<abugblog.blogspot.com>, through Creative Commons. 

 

 
Figure 19.  Cylindroiulus punctatus, a millipede that can be 

found under mosses in January in Europe.  Photo by G. Drange 
<Biopix>, through Creative Commons. 

 

 
Figure 20.  Geophilus flavus (centipede) on moss 

protonemata.  Geophilus acuminatus can be found under mosses 
in Europe in January.  Photo by Anthony Barber, through Creative 
Commons. 

 
Figure 21.  Siro sp. on moss; Siro rubens occurs under 

mosses in January in Europe.  Photo by Marshal Hedin, through 
Creative Commons. 

 

 
Figure 22.  Neobisium carcinoides, a pseudoscorpion species 

that spends January under mosses in Europe.  Photo by Trevor 
and Dilys Pendleton <www.eakringbirds.com>, with permission. 

 

 
Figure 23.  Cychrus caraboides adult, a species that occurs 

under mosses in January in Europe.  Photo by Siga, through 
Creative Commons. 
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Figure 24.  Bryaxis bulbifer adult; Bryaxis haematica occurs 

under mosses in February in Europe.  Photo by Christoph Benisch 
<kerbtier.de>, with permission. 

 
 
 

 
Figure 25.  Staphylinus sp. adult; Staphylinus morio occurs 

under mosses in February in Europe.  Photo by Alvesgaspar, 
through Creative Commons. 

 
 
 

 
Figure 26.  Gyrohypnus punctulatus adult, a species that 

occurs among mosses in March in Europe.  Photo from Naturalis, 
Biodiversity Centre, through Creative Commons. 

 
Figure 27.  Chlaenius prasinus adult, a species that occurs 

among mosses in March.  Photo by Mike Quinn, through Creative 
Commons. 

 
 

 
Figure 28.  Catops tristis adult; Catops sericeus occurs under 

mosses in March in Europe.  Photo by Trevor and Dilys Pendleton 
<www.eakringbirds.com>, with permission. 

 
 

 
Figure 29.  Dasytes plumbeus adult.  "Dasytes ater" is 

associated with mosses in May.  Photo by Sarefo, through 
Creative Commons. 
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Figure 30.  Tachyporus chrysomelinus adult on bryophytes.  

Photo by Malcolm Storey, through Creative Commons. 

Water Relations 
Water is often the limiting factor for terrestrial insects 

(Tauber et al. 1998; Hayward et al. 2004).  It can account 
for the importance of other variables such as elevation (Lee 
& La Roi 1979).  Tauber et al. (1998) suggested that 
moisture was important in determining insect seasonality, 
stimulating diapause, modulating development and 
reproductive rates, and providing a cue for seasonal events.  
Bryophyte species are also limited by moisture, thus 
creating different moisture regimes available to the ground-
dwelling and arboreal insects (Whittaker & Niering 1975; 
Slack 1977; Lee & La Roi 1979; Vitt 1991; During 1992; 
Wolf 1994; Li & Vitt 1995; Vitt & Belland 1997). 

Fragmentation and Corridors 
One of the causes of declines in species is the inability 

to disperse due to unfavorable habitat between suitable 
locations.  Gonzalez et al. (1998) found that when patches 
of suitable habitat were connected by habitat corridors, they 
provided a rescue effect.  Both abundance and distribution 
improved when habitats were connected.  For many kinds 
of insects, bryophytes can provide such corridors, 
providing moisture and shelter even when they are 
unsuitable as food. 

Starzomski and Srivastava (2007) experimented with 
landscape geometry and found that reducing the size of 
patches had little effect on community resilience.  
However, habitat loss caused complete loss of connectivity 
between patches.  In their experiments with the 
microarthropod community (mostly mites and springtails) 
of mosses (Polytrichum and Bryum) on a granitic outcrop 
in BC, Canada, repeated disturbance caused rapid declines 
in species richness and abundance, altering community 
structure.   These two arthropod groups were highly 
abundant, reaching 200 or more morphospecies in areas of 
only 20 m2. 

Insect Adaptations to Bryophytes 

Insects often modify their environment to make it 
suitable for their homes.  These include excavations in soil 
and other substrates, construction of feeding or resting 
shelters, inducing plant responses such as galls, forming 
aggregations, building colonial nests, and using parental 
care (Danks 2002).  These alterations can buffer 
temperatures, increase moisture, and avoid flooding.  

Moisture needs (Danks 2004) may drive them to 
bryophytes, especially during summer dry spells.  The 
excavations and shelters protect primarily against physical 
factors (Danks 2002).  On the other hand, aggregations, 
colonies, and parental actions usually influence the ability 
to acquire resources. 

Perhaps the most important characteristic of a 
bryophyte inhabitant is the ability to navigate within the 
small spaces available.  This means the insects must be 
small, and it means their appendages must not get in the 
way.  Hence, large insects like butterflies and moths cannot 
navigate as adults, and many are likewise too large as 
larvae to move within the mat. 

Another adaptation is the ability to utilize the moss.  If 
it is unable to use the bryophyte as a food source, it might 
not be worth the energy to enter the moss community.   

But food is not the only reason to enter a bryophyte 
clump.  As seen in other invertebrates, insects can seek out 
the moss as a safe site from the dangers of desiccation.  
However, they lack the ability to encyst that is beneficial to 
several invertebrate groups.  Instead, their life cycles 
permit them to be inactive during the winter season, and 
their mobility permits them to leave when the going gets 
rough.  Thus, pupae of insects with a holometabolic 
(having eggs, larvae, pupae, and adults) life cycle and eggs 
of all insects provide life cycle options to permit residency 
during dry or cold periods.  And most likely they, like 
many other invertebrates, migrate vertically as moisture or 
temperature within the bryophyte community changes 
(Markkula 1981). 

The bryophyte can provide camouflage.  In addition to 
having the bryophyte create a plethora of light and dark 
areas with small spaces and overlying leaves and branches, 
the insect may itself exhibit camouflage (Lacrampe 2003), 
permitting it even greater protection against predators.  For 
example, the cranefly Triogma (Figure 31) has a green and 
black pattern that makes it resemble a moss branch, 
sporting projections that resemble leaves (Figure 31).  
Species in this genus exist in both aquatic and terrestrial 
habitats, exhibiting a camouflage that suggests it evolved to 
survive in its mossy habitat (Alexander 1920). 
 

 
Figure 31.  This larva of the cranefly Triogma has green and 

black patterns that make it resemble the moss branches where it 
lives.  Photo by Janice Glime. 

Abundance 
Invertebrates, and particularly arthropods, can be 

especially abundant among mosses.  Peck and Moldenke 
(1999) found 125 morphospecies, comprising 18 orders and 
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5 functional groups, in their study of vine-maple (Acer 
circinatum; Figure 32) in the Willamette National Forest 
(Oregon, USA).  The bases of shrubs exhibited the highest 
species richness and abundance.  The composition likewise 
differed between the bases and tips of the shrubs.  The most 
abundant insect was Sminthurus (Figure 33), a springtail 
(Collembola).  Such abundance raises serious concerns 
about the harvest and export of mosses, especially in the 
first half meter above the ground. 
 

 
Figure 32.  Acer circinatum (vine maple), a species with a 

rich bryophyte fauna.  Photo by El Grafo, through Creative 
Commons. 

 
Figure 33.  Sminthurus sp. with spermatophore, the most 

abundant species among bryophytes on the vine maple.  Photo by 
Petter Bøckman, through Creative Commons. 

The high abundance of insects in some moss 
communities requires special extraction techniques.  
Andrew and Rodgerson (1999) suggest using kerosene to 
float the insects because it attaches to the cuticle of the 
insects.  The moss-insect community must first be 
preserved in 95% ethanol for two weeks.  This preserved 
mix is shaken vigorously after topping off with kerosene.  
The insects settle to the bottom, then float at the interface 
between the ethanol and kerosene.  The kerosene can be 
pipetted off and insects collected from the interface layer.  I 
have not actually tried this method, but it would appear to 
work only on relatively small insects and things without 
legs to get caught.  Further discussion of sampling methods 
appears later in this chapter. 

Food Sources 
Many researchers have considered bryophytes to be 

inedible for insects and other invertebrates (Haines & 
Renwick 2009).  Others have commented on how rare 
bryophagy seems to be (Longton 1984).  Even on Bryonet, 
people familiar with bryophytes marvelled at how little we 
know about bryophyte herbivory.  Nevertheless, Paul 
Johnson reported studying several groups of insects that 
feed on mosses or liverworts, many of which are strict 
bryophages (organisms that feed on bryophytes).  Kathy 
Merrifield reported finding much evidence of grazing on 
mosses that grow in the cracks of tree bark.  Several 
members have provided images that evidence the 
bryophage damage, as will be seen in succeeding 
subchapters of terrestrial insect interactions.  It is likely that 
the presence of bryophagy has been largely overlooked.   

Nevertheless, some of the oddities among growth 
forms seem to be the result of bryophagy (see Ghullam & 
Stevenson 2013; Figure 35).  Since a dense cluster of apical 
filaments is an oddity among members of Zygodon 
rupestris (Figure 34), those clusters (Figure 35) observed 
by Robin Stevenson (pers. comm. 2 June 2016) seem to be 
produced in response to herbivory.  The herbivore is 
unknown.  Normal gemmae (Figure 36) of this species 
were present along the stem, but these terminal filaments 
(Figure 37-Figure 38) seemed to be the result of damage to 
the terminal bud (pers. comm., Robin Stevenson 2 June 
2016).  Fontinalis produces similar filaments 
(protonemata) when the apex of the stem is removed 
(Figure 39).  And could it be that the herbivore deposits a 
hormone such as that used to produce galls in 
tracheophytes?  Stevenson suggested that the normal 
axillary gemmae may be dispersed by hares and deer that 
brush against the tree trunks where the moss lives.  It is 
possible that these terminal filaments might likewise be 
dispersed and serve as propagules.  Anomalies such as 
these should provide an interesting area for research on 
development and evolution. 
 

 
Figure 34.  Zygodon rupestris growing normally with no 

terminal clusters of filaments.  Photo by David T. Holyoak, with 
permission.. 
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Figure 35.  Chewed Zygodon rupestris.  Note that several of 

the apices lack the gemmae clusters.  Photo courtesy of Robin 
Stevenson. 

 
Figure 36.  Zygodon rupestris normal axillary gemmae.  

Photo courtesy of Robin Stevenson. 

 
Figure 37.  Zygodon rupestris with apical threads produced 

after herbivory.  Photo courtesy of Robin Stevenson. 

 
Figure 38.  Zygodon rupestris apical threads produced after 

herbivory.  Photo courtesy of Robin Stevenson. 

 
Figure 39.  Fontinalis hypnoides filaments (protonemata) 

produced after the stem apex was broken.  Photo by Janice Glime. 

Biologists have considered three classes of 
mechanisms to provide barriers to bryophagy:  chemical 
defenses, low digestibility, and low nutrient content.  But 
just as in tracheophytes, not all bryophytes are the same.  
Some are eaten while others just beside them are not, 
suggesting chemical defenses (Swain 1977).  Haines and 
Renwick (2009) compared four bryophyte species by 
examining pre- and post-ingestive defenses by the 
bryophytes, all of which were mosses.  Using the generalist 
caterpillar Trichoplusia ni (Figure 40-Figure 41), a 
generalist caterpillar, they found that mosses were 
consumed much less than lettuce or wheat germ.   Of the 
four mosses tested [(Bryum argenteum (Figure 42), 
Climacium americanum (Figure 43), Leucobryum 
glaucum (Figure 44), and Sphagnum warnstorfii  (Figure 
45)], only Climacium americanum was consumed in 
sufficient quantity to evaluate post-ingestive responses by 
the caterpillars.  Extracts of Leucobryum glaucum placed 
on discs showed that this moss, the least eaten, contained a 
deterrent.  Haines and Renwick suggested that preingestive 
mechanisms are more important than post-ingestive 
mechanisms, but much more study is needed before such a 
generalization is well supported. 
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Figure 40.  Trichoplusia ni caterpillar, a species that prefers 

lettuce over mosses, and avoids mosses even when only mosses 
are offered as food.  Photo by Phil Bendle, with permission. 

 

 
Figure 41.  Trichoplusia ni adult, a species whose larvae 

prefer lettuce over mosses, and avoids mosses even when only 
mosses are offered as food.  Photo by Kurt Kulac, through 
Creative Commons. 

 

 
Figure 42.  Bryum argenteum, a food source that is less 

preferred by Trichoplusia ni than is lettuce.  Photo by Michael 
Becker, through Creative Commons. 

 
Figure 43.  Climacium americanum, a food source that is 

less preferred by Trichoplusia ni than is lettuce, but it is eaten.  
Photo by Alan S. Heilman, through Creative Commons. 

 
Figure 44.  Leucobryum glaucum, a food source that is less 

preferred by Trichoplusia ni than is lettuce.  Photo by James K. 
Lindsey, with permission. 

 
Figure 45.  Sphagnum warnstorfii, a food source that is less 

preferred by Trichoplusia ni than is lettuce.  Photo by Jouko 
Rikkinen, through Creative Commons. 

Longton (1984) reviewed the literature on the role of 
bryophytes and concluded that the energy content of 
bryophytes is generally slightly lower than that of 
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associated plants.  Wielgolaski and Kjelvik (1975) 
demonstrated this for Scandinavian tundra Communities.  
Lewis Smith and Walton (1973) demonstrated it for a sub-
Antarctic island and Bliss (1962) for an alpine tundra.  But 
is this true in warmer habitats?  Gorham and Sanger (1967) 
found it likewise to be true in Minnesota, USA, but that is 
still a relatively cold climate, at least in winter. 

There does seem to be an increase in caloric content 
with latitude (Forman 1968, 1969; Rastorfer 1976), as there 
is for flowering plants, with a range of 3.7-4.8 Kcal g-1 for 
bryophytes.  Longton (1984) suggests that the lower energy 
content in bryophytes results from lower concentrations of 
carbohydrates, proteins, and lipids.  This was true at least 
for proteins and readily soluble carbohydrates in a 
Norwegian alpine tundra (Skre et al. 1975). 

Lawrey (1987) challenged the notion that bryophytes 
had little nutritional value.  Some researchers have argued 
that they are lower in calories than tracheophytes (Forman 
1968; Pakarinen & Vitt 1974), but others consider them to 
fall into the same range as those of tracheophytes (Bliss 
1962; Forman 1968; Pakarinen & Vitt 1974; Rastorfer 
1976).  Davidson et al. (1990) compared uneaten 
gametophytes to edible sporophytes and found that the ash-
free caloric values did not differ, further suggesting that 
caloric values are not a limiting factor.  On the other hand, 
Skre et al. (1975) found that both their protein and 
carbohydrate content is typically low in alpine bryophytes 
compared to tracheophytes.  And levels of potassium and 
magnesium tend to be lower in mosses than in 
tracheophytes (Prins 1982). 

The sugars in bryophytes are the same as in 
tracheophytes, although some additional ones occur.  
Spores are especially high in lipids and may account for 
consumption by ants (Plitt 1907).  Pelser et al. (2002) even 
reported that some mosses [Catharomnion ciliatum 
(Figure 46), Canalohypopterygium tamariscinum (Figure 
47)] produce oils.  They considered that the oil may have 
an energy storage function, but rather than considering it to 
be a food source for invertebrates, they suggested that it 
could serve to repel invertebrates, fungi, or bacteria. 
 
 

 
Figure 46.  Catharomnion ciliatum, a species that produces 

oils that may be a deterrent to herbivory.  Photo by Clive Shirley, 
Hidden Forest <www.hiddenforest.co.nz>, with permission. 

 
Figure 47.  Canalohypopterygium tamariscinum, a species 

that produces oils that may be a deterrent to herbivory.  Photo by 
Pieter B. Pelser, with educational permission. 

Sveinbörnsson and Oechel (1991) questioned the 
carbohydrate and lipid changes in tundra mosses as the 
seasons changed.  Using Polytrichum commune (Figure 4) 
and Polytrichastrum alpinum (Figure 48), they samples 
three times per year.  On the raised polygon rims, both lipid 
and carbohydrate concentrations were higher in 
Polytrichum commune than in Polytrichastrum alpinum.  
The green parts of the plants had significantly higher 
concentrations of lipids than did rhizomes in Polytrichum 
alpinum, but this relationship was not true in 
Polytrichastrum alpinum.  Sugar concentrations were 
higher in green parts in both species, whereas starch 
concentrations were highest in the rhizomes. 

Only Polytrichum commune demonstrated seasonal 
variation in starch and sugar concentrations (Sveinbörnsson 
& Oechel 1991).  There was a significantly strong negative 
relationship between sugars and starches.  On the other 
hand, there was a significant positive relationship between 
lipids and starch+sugar.  The seasonal relationship of these 
two Polytrichaceae mosses is like that of evergreen 
tracheophytes. 
  

 
Figure 48.  Polytrichastrum alpinum, a polygon rim species 

in the Arctic.  This species has high sugar content in green parts 
and high starch content in the rhizomes.  Photo by David T. 
Holyoak, with permission. 

Chapin et al. (1986) found that seasonal fluctuations in 
carbohydrate concentration varied between moss species in 
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the Alaskan tundra.  Brown parts of Aulacomnium spp. 
exhibited greater seasonal differences than did species of 
Polytrichum and Pogonatum.  Lipids increased in autumn 
in brown tissues of mosses and declined in summer.  
Surprisingly, mosses had the greatest levels of lignin-like 
substances when compared with tussock graminoids 
(grasses & sedges), deciduous shrubs, evergreen shrubs, 
deciduous forbs (non-graminoid herbs), and lichens; 
Eriophorum (cottongrass) and lichens had the least.  The 
preferences of the eight generalist herbivores in the study 
responded to nutrient levels, preferring higher levels of 

nitrogen, phosphorus, and potassium but lower levels of 
lipid and cellulose in the plants. 

Russell (1979) found that the liverworts preferred by 
Caurinus dectes actually had a low nutrient content (Table 
2), particularly for nitrogen, an important component of 
protein.  But he pointed out that the Caurinus was able to 
extract the nutrients from the cells without having to eat 
and digest the cellulose that is so abundant in some 
bryophyte leaves, thus making the concentrations higher 
than that indicated in the table. 

 

 

Table 2.  Macronutrient concentrations (% dry weight) in the gametophytes of some bryophytes collected in Caurinus dectes 
habitat at Marys Peak, Oregon, USA.  From Russell 1979. 

 P N Na K Ca Mg 
Mosses 

Dicranum fucescens Figure 49 .142 .932 .038 .546 .418 .145 
Rhizomnium glabrescens  Figure 50 .251 2.083 .043 1.125 .972 .261 
Eurhynchium oreganum Figure 51 .146 .829 .056 .741 .518 .190 
Isothecium spiculiferum Figure 52 .142 .949 .034 .512 .516 .177 
Antitrichia curtipendula Figure 53 .151 .686 .028 .631 .430 .170 
Rhytidiadelphus loreus Figure 54 .164 .727 .072 .770 .440 .171 
mean  .166 1.034 .045 .721 .551 .186 

Liverworts 
Scapania bolanderi Figure 55 .072 .748 .035 .659 .275 .111 
Porella navicularis Figure 56 .155 .890 .026 1.040 .426 .156 
Frullania tamarisci 
  ssp. nisquallensis Figure 57 .107 .874 .030 .904 .515 .134 
mean .111 .834 .030 .868 .405 .134 

 
 
 
 
 
 

 
Figure 49.  Dicranum fuscescens, the species with the 

lowest concentrations of several macronutrients among the nine 
bryophytes tested (Table 2).  Photo by Michael Lüth, with 
permission. 

 
Figure 50.  Rhizomnium glabrescens, the species with the 

highest concentrations of P, N, K, Ca, and Mg among the nine 
bryophytes tested (Table 2). Photo by Matt Goff  
<www.sitkanature.org>, with permission. 



 Chapter 12-1:  Terrestrial Insects:  Habitat and Adaptations 12-1-17

 
Figure 51.  Eurhynchium oreganum, the species with the 

highest concentration of Mg of the nine species tested (Table 2).  
Photo by Matt Goff <www.sitkanature.org>, with permission. 

 

 
Figure 52.  Isothecium spiculiferum, the species with the 

lowest concentrations of P and K among the nine bryophytes 
tested (Table 2).  Photo by Ben Carter, through Creative 
Commons. 

 

 
Figure 53.  Antitrichia curtipendula, the species with the 

lowest concentrations of N and Na among the nine bryophytes 
tested (Table 2).  Photo by Hermann Schachner, through Creative 
Commons. 

 
Figure 54.  Rhytidiadelphus loreus, the species with the 

highest concentration of Na among the nine species of bryophytes 
tested (Table 2).  Photo by Malcolm Storey 
<www.discoverlife.org>, with online permission. 

 
Figure 55.  Scapania bolanderi with capsules, a species with 

the lowest concentrations of P, Ca, and Mg among the nine 
species tested (Table 2).  Photo by Chris Wagner, with 
permission. 

 
Figure 56.  Porella navicularis, the species with the highest 

concentration of P and N among the liverworts tested (Table 2).  
Photo by Rosemary Taylor, with permission. 
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Figure 57.  Frullania tamarisci, the species with the highest 

concentration of Ca among the liverworts tested (Table 2).  Photo 
by Tim Waters, through Creative Commons. 

Rather than low nutrients, it seems likely that 
antiherbivore compounds may contribute to the avoidance 
of bryophytes by herbivores (Clymo & Hayward 1982; 
Davidson 1988; Davidson et al. 1989; Liao 1993).  Lawry 
(1987) suggests that the same compounds already known 
for their antibiotic activity (Madsen & Pates 1952; Pates & 
Madsen 1955; Ramaut 1959; McCleary et al. 1960; 
Wolters 1964a,b; McCleary & Walkington 1966; Gupta & 
Singh 1971; Banerjee & Sen 1979) may serve also as 
antiherbivore compounds.  For example, phenolic 
compounds and other related bio-active compounds have 
been demonstrated multiple times (Markham & Porter 
1978, 1983; Asakawa 1981, 1982, 1984, 1990; Wilschke & 
Rudolph 1988; Harborne 1988; Zinsmeister & Mues 1988; 
Davidson et al. 1989; Xie & Lou 2009). 

Ferulic acid in shoots (but not young capsules) of 
Mnium hornum (Figure 58) may account for avoidance of 
the shoots; ferulic acid, one of the hydroxycinnamic acids, 
is considered a primitive defense against herbivores in 
flowering plants (Swain 1977; Fry 1983).  These cell wall 
components would be likely to discourage organisms that 
chew and grind, but may have no effect on those that pierce 
and suck, explaining the high incidence of such 
invertebrates (Longton 1992).  In liverworts, it seems that 
the oil bodies store terpenoids and lipophilic aromatic 
compounds that have strong antifeedant activity, as shown 
against the African army worm Spodoptera exempta 
(Lepidoptera; Figure 59-Figure 60) (Asakawa 1990). 

Thus far there is no evidence that insects take an 
offensive approach to bryophyte herbivory (Karban & 
Agrawal 2002).  Karban and Agrawal suggest that 
offensive behavior includes choices for feeding and 
oviposition, enzymes that make it possible to digest or 
assimilate certain foods, sequestration of toxins, etc., 
morphological adaptations, symbionts, induction of plant 
galls, and induced plant susceptibility.  Isopods seem to 
have such offensive tactics that enable them to eat and 
assimilate bryophytes (see Chapter 10-3 in this volume).  
However, special enzymes, bacteria, or other mechanisms 
permitting insects to digest and assimilate bryophytes 
seemingly remain to be discovered. 

 
Figure 58.  Mnium hornum, a species that produces ferulic 

acid, a known antiherbivore compound.  Photo by Tim Waters, 
through Creative Commons. 

 
Figure 59.  Spodoptera exempta larva, a species that avoids 

liverworts with oil bodies that store terpenoids and lipophilic 
aromatic compounds that have strong antifeedant properties.  
Photo from the University of Arkansas, through Creative 
Commons. 

 
Figure 60.  Spodoptera exempta adult, a species whose 

larvae avoid liverworts as food.  Photo from BIO Photography 
Group, Biodiversity Institute of Ontario, through Creative 
Commons. 

Both algae (Ceh et al. 2005) and tracheophytes have 
inducible antiherbivore compounds (e.g. Fowler & Lawton 
1985; Kruidhof et al. 2012).  The brown alga Sargassum 
asperifolium (Figure 61) and red alga Hypnea pannosa 
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(Figure 62-Figure 63) both exhibited lower grazing levels 
on individuals that had been grazed previously than on 
those with no previous grazing, suggesting that these algae 
produced antiherbivore compounds in response to grazing. 
 

 
Figure 61.  Sargassum sp., a brown alga that seems to have 

inducible antiherbivore compounds.  Photo through Creative 
Commons. 
 

 
Figure 62.  Hypnea pannosa, a red alga that seems to have 

inducible antiherbivore compounds.  Photo by  Ria Tan, through 
Creative Commons. 

No one has attempted to show whether these secondary 
compounds are ever induced in bryophytes.  Karban and 
coworkers considered the advantages of inducible 
antiherbivore compounds (Karban & Baldwin 1997; 
Karban et al. 1997).  Whereas most ecologists had argued 
that the inducible compounds saved costs, empirical data 
failed to support this argument (Karban et al. 1997).  
Karban and coworkers suggested that instead it was the 
variability that was important – "maximal levels of defense 
are constrained, variability will increase the effectiveness 
of a given level of investment in defense." 

Gerson (1969, 1982) reports that some members of 
Collembola, Diptera, Hemiptera, Hymenoptera, 
Orthoptera, Cryptostigmata, and Prostigmata (Acarina) 
feed on mosses.  But it is likely that the number is far 
greater than we suppose.   Certainly Lepidoptera must be 
added to the list (Chapman 1894; Tillyard 1926).  We have 
found that Isopods can do considerable damage to mosses, 
but their feeding occurs at night.  A number of insects are 
night active, hence avoiding visibility to birds that feed on 
them. 

 
Figure 63.  Hypnea pannosa, a red alga that seems to have 

inducible antiherbivore compounds.  Photo by Cal Photos, 
through Creative Commons. 

Antiherbivore compounds in liverworts have been 
greatly elaborated by Asakawa (1981, 1982, 1984, 1990).  
Despite the widespread presence of these compounds, some 
liverworts are still eaten.  For example, Robin Stevenson 
sent me an image of Marchantia polymorpha (Figure 64) 
with evidence of herbivory on the gemmae cups. 
 

 
Figure 64.  Marchantia polymorpha showing gemmae cups 

where the gemmae have apparently been eaten; the bottom of the 
cup is eaten through to the soil.  Photo courtesy of Robin 
Stevenson. 

A common pattern of bryophyte consumption is for the 
insect to strip the leaf lamina cells while avoiding the costa 
and border cells (Wyatt & Stoneburner 1989; Davidson et 
al. 1990).  Other insects avoid the cell wall problem by 
using a straw-like stylet, such as those of aphids and mites, 
sucking out the contents without the necessity of digesting 
cell walls. 

Loren Russell (pers. comm.) observed the locations 
and food habits of insects in western Oregon and 
Washington, USA, and researched their food habits through 
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published feeding observations and gut analyses.  He found 
at least 26 species of bryophagous insects (those eating 
bryophytes).  Among these, only three species were 
reported as associated with liverworts.  To the list of 
liverwort consumers, he added Tipulidae larvae and 
Lioligus striolatus (a member of the bryophyte-dwelling 
beetle family Byrrhidae; Figure 65). 
 

 
Figure 65.  Lioligus nitidus adult, a bryophyte dweller and 

liverwort consumer.  Photo by CNC-BIO Photography Group, 
Biodiversity Institute of Ontario, through Creative Commons. 

Bryophyte herbivory may have been more extensive 
among early bryological evolution.  As insects and other 
herbivores became more abundant and diverse, those that 
survived were more likely to be those protected by 
antiherbivore compounds, tough tissues, lack of nutrients, 
or inconspicuous locations.  To shed light on early 
herbivory, Labandeira et al. (2014) examined fossil 
evidence from the late Middle Devonian liverwort 
Metzgeriothallus sharonae (Figure 66) from eastern New 
York state shale fragments.  Using microscopic analysis, 
they detected an "extensive repertoire" of arthropod 
herbivory.  This represented three functional feeding 
groups and nine types of damage by arthropods.  They 
considered the oil bodies were similar to those of modern 
liverworts and probably provided chemical defense against 
the arthropod herbivory on this species.  The evidence 
suggested that these early herbivores were significantly 
smaller than those of the later Palaeozoic and that they had 
an important role in early terrestrial ecosystems. 
 

 
Figure 66.  Metzgeriothallus sharonae fossil showing cells. 

This fossil species is known to have provided food for at least 
three feeding groups.  Photo by Susan Tremblay, with permission. 

It is now clear that bryophytes are eaten, but that this is 
not widespread among the members of the animal 
kingdom.  Claudio Delgadillo (pers. comm. 30 March 
2016) was surprised when a student discovered bryophyte 
tissue in a sea urchin gut.  One had a liverwort and one had 
a moss!  And most of us have probably seen capsules with 
holes in their sides, indicating something had been 
nibbling.  Sometimes only the stems remain, and in the 
image of Orthotrichum affine (Figure 67) sent to me by 
Robin Stevenson.  It remains a challenge to match the 
identity of the bryophages with their food organisms. 
 

 
Figure 67.  Orthotrichum affine eaten by some sort of 

terrestrial invertebrate, most likely an insect or isopod.  Photo 
courtesy of C. Robin Stevenson. 

Bryophytes as Pesticides 
Since many bryophytes have been refused in feeding 

trials, and many bryologists consider their secondary 
compounds with antifeedant properties to be important in 
deterring potential feeders, it should be no surprise that 
some enterprising bryologists and their colleagues have 
attempted to use these compounds in pesticides (Singh et 
al. 2015).  Singh and coworkers found the enzyme 
thiaminase from ferns and mosses exhibited insect 
resistance activity.  They were able to patent crude protein 
extracts of several ferns and mosses that caused 70-100% 
mortality and reduced growth in caterpillars of the 
Noctuidae Spodoptera frugiperda (fall army worm) and 
Helicoverpa zea (corn earworm), neither of which is known 
to eat mosses.  Such pesticides may be a boon to 
agriculture by decreasing destruction.  Since they are 
natural compounds, they are probably already avoided by 
birds.  Nevertheless, their safety as a pesticide must be 
evaluated, particularly in regard to pollinators. 

Sampling Methods 

Field Collection 
A common method of field collection for soil and 

bryophyte invertebrates is the use of pitfall traps.  Drozd 
et al. (2009) were surprised to find that the total abundance 
for arthropods was higher in the litter samples than from 
the moss cushions.  As they point out, conclusions of this 
sort should be evaluated carefully based on the methods.  
Bryophyte dwellers may seek refuge there and may be 
relatively immobile.  They also may be species that tend to 
desiccate easily, hence their retreat into the more moist 
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bryophyte cushions.  Their nighttime movements may be 
vertical rather than horizontal, hence never going near the 
pitfall traps.  In the daytime they retreat into the protective 
cushion of bryophytes where it is harder for predators to 
see them and they are more protected from desiccation.  
This same protection in a dense moss cushion prevents 
rapid movement.  The arthropod surface activity may be 
mostly that of predators in search of dinner.  Those within 
the bryophyte clump may be species that feed on 
bryophytes or the collected detritus and microorganisms, 
hence having no need to move from the clump at all. 

If these problems concern you, then the best method of 
collection is to sample bryophyte clumps.  Andrew and 
Rodgerson (1999) recommend 2.5 x 2.5 cm clumps.  
Unfortunately, this method is destructive and should never 
be done with rare bryophyte species or fragile ecosystems. 

One method I have not tried is to use a sugar flotation 
technique with live bryophyte cushions (see Pask & Costa 
1971 below).  After floating off the insects, clean the 
cushion well in rainwater or stream water and return it to its 
original position.  If the clump is kept intact, it may 
survive.  But I don't know if it will survive the sugar 
solution, and the effectiveness of extracting the insects 
without disturbing the integrity of the moss clump needs to 
be tested. 

Extraction 

Heat gradients are common methods for extracting 
invertebrates from soil and bryophytes.  Tuf and Tvardik 
(2005) used a Tullgren funnel with a heat source (lamp) 
above the mosses in the funnel.  Invertebrates are then 
captured in a jar of alcohol or other preservative below the 
funnel.  This is biased against slow-moving organisms that 
desiccate easily. 

In mosses as dense as some Sphagnum (Figure 45) 
mats, behavioral extraction (also a heat technique) may be 
beneficial (Fairchild et al. 1987).  But Fairchild and 
coworkers added another gradient – dissolved oxygen.  
Both the heat and oxygen form a vertical gradient in a 
column of water with the Sphagnum immersed at the top.  
Mean sorting time was reduced from >16 hr to <2 hr per 
sample.  This method was effective for insects and other 
invertebrates, but was intended for aquatic invertebrates.  
Its usefulness for emergent bog species remains to be 
tested.  The method takes advantage of the need for oxygen 
and the avoidance of warmer temperatures among the 
aquatic organisms. 

Temperature gradients have their problems for 
extracting insects.  Some are slow-moving or might burrow 
deeper into the bryophytes to avoid the heat.  Others may 
become desiccated by the heat and no longer be able to 
move. 

Preserved samples permit the researchers to do the 
extractions at their convenience.  This is sometimes a 
necessity for extended field work.  Pask and Costa (1971) 
recommend preserving the samples in 10% formalin, but 
this is highly carcinogenic and should be avoided.  Using 
70% ethanol (or 95% for aquatic samples) works well.  A 
few drops of glycerine can protect the organisms if too 
much alcohol evaporates (pers. experience).  Pask and 
Costa compared preserved vs unpreserved samples using 
extraction with a sucrose solution of 1.12 sp. gr. They 
found a mean recovery of 90.8% for persevered samples 

compared to 83% from unpreserved samples.  Furthermore, 
the unpreserved samples yielded much greater variability in 
efficiency of recovery than did the preserved samples.  And 
some groups seemed to be easier to recover in the 
preserved samples (Zygoptera, Hemiptera, Trichoptera, 
and Chironomidae).  No group was under-represented in 
the preserved samples. 

Andrew and Rodgerson (1999) tested two common 
insect extraction methods:  Tullgren funnels (e.g. Tuf & 
Tvardik 2005) and sugar flotation (Pask & Costa 1971), 
and compared these to a new technique using kerosene 
phase separation.   They found that the kerosene extraction 
recovered significantly more invertebrate individuals than 
did the sugar extraction and represented similar numbers of 
orders.  

Kerosene phase separation (Andrew & Rodgerson 
1999; Andrew et al. 2003):  Upon collection in the field 
(2.5 x 2.5 cm samples), the bryophyte-invertebrate samples 
should be placed in 95% ethanol for 2 weeks before 
extraction.  For densely tufted bryophytes, pre-washing 
samples in 95% ethanol may be useful because there is 
more interference by the bryophytes. In the kerosene 
phase separation, the kerosene attaches to the insect 
cuticle to facilitate flotation:   

1. First put the bryophyte-insect mix into 2 large test 
tubes (2 cm wide X 17 cm long).   

2. Then fill the test tube 3/4 full of sample with ethanol 
and top it off with 1 cm of kerosene.   

3. Shake this mix vigorously to fully mix the solutions.   
4. After 10-15 minutes of settling, roll each tube to 

release trapped bubbles from the sides and bottom.   
5. When the tubes are then kept upright, a distinct 

interface will form between the ethanol and kerosene; 
insects will collect onto the interface layer.  Pipette 
off the kerosene to within 1 mm of the interface layer. 

6. Then pipette off remaining kerosene plus interface.   
7. Wash the sides of the tube with 95% ethanol to 

dislodge the kerosene stuck to the sides and repipette 
and collect.   

8. Repeat the whole process to get remaining 
invertebrates (increases total number by about 16%).   

9. Push the invertebrates in the kerosene layer into the 
ethanol, using a fine brush, to dislodge the kerosene 
from the cuticle.  

10. Examine the interface mix in a Petri dish with a 
binocular microscope under a fume hood for your 
own safety.  Collect and sort the invertebrates. 

Habitats 
Many practices of humans threaten the bryophytes on 

the planet Earth.  Perhaps the greatest of these in purely 
terrestrial ecosystems is the management practices of 
forests.  Management for timber threatens the forest floor 
bryophytes, not to mention those that live on the trees 
themselves.  A major problem is the imposed dispersal 
limitation to recolonize cut forests, and the larger the cut 
and isolation, the greater the problem for recolonization 
(Fenton & Frego 2005).  Islands of trees provide refugia 
where at least some bryophytes may survive long enough to 
recolonize.  Temperature, total daily photosynthetically 
active radiation, and vapor pressure deficit were 
significantly different between areas with remnant canopy 
and those without.  If bryophytes are unable to colonize or 
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survive, the insects that depend on them for moisture, food, 
and refuge from predators are vulnerable and their 
mortality increases, often to their local extinction. 

Bogs and Wetlands 
Data would suggest that bogs and wetlands have the 

highest populations of insects living among bryophytes.  
This is at least in part due to the greater biomass of mosses, 
a ratio of 1.6:1 in a Stordalen mire when compared to 
tracheophytes (Rosswall et al. 1975).  Since they are also 
the habitats with the greatest cover of bryophytes, this high 
population of insects should probably be expected.  
Nevertheless, there seems to be little evidence that the 
bryophytes are used as food.  Of nine species of 
Nematocera (midge) larvae, Smirnov (1961) found that 
only Psectrocladius from the psilopterus group (Figure 68-
Figure 69) had eaten Sphagnum, and then it constituted 
only 16% of the food volume.  Rather, algae and detritus 
among the bryophytes formed the main food for the 
herbivorous members of the group.  The Collembola 
(springtails) eat the fungi that grow on decomposing 
Sphagnum.  Thus, the Sphagnum provides the substrate 
needed to make the food available. 
 

 
Figure 68.  Psectrocladius sp. larva, a genus that includes 

one species that eats Sphagnum.  Photo by BIO Photography 
Group, Biodiversity Institute of Ontario, through Creative 
Commons. 

 
Figure 69.  Psectrocladius psilopterus adult, species group 

where some larvae eat Sphagnum.  Photo by NTNU Museum of 
Natural History and Archaeology, through Creative Commons. 

Insects in boreal peat bogs may be more distinctive.  
Spitzer and Danks (2006) found that these bogs have not 
only the generalists that seem to be common in many bogs, 
but also distinct tyrphobionts (species restricted to bogs) 
and tyrphophiles (species frequenting bogs but not 
restricted to them).  One reason for the great diversity in 
some bogs is the topographic diversity of bogs, including 
hummocks that can become dry and hollows that are 
underwater, with the opportunity to migrate short distances 
vertically to find suitable moisture levels.  Especially in 
boreal regions, many bogs may be hundreds and some 
thousands of years old, preserving relict communities that 
are well established.  The isolation of bogs from each other 
has permitted them to develop unique insect communities. 

Brink and Wingstrand (1949) found that the four 
species considered typical for bogs (Krogerus 1939, 1947) 
were also present in the Virihaure area of Swedish Lapland.  
These were the beetles (Coleoptera) Agonum consimile 
(Carabidae) and Elaphrus lapponicus (Carabidae) and 
the flies (Diptera) Dolichopus fraterculus 
(Dolichopodidae) and Delia lineariventris 
(Anthomyiidae).  They also considered  Staphylinidae 
beetles Anthobium lapponicum, Stenus hyperboreus, S. 
umbratilis, the Linyphiidae spiders Erigone capra and 
Bathyphantes setiger.  On the other hand, Agrell (1941) 
was unable to find any Collembola that were characteristic 
bog species. 

Forests 

Biomass production of bryophytes in forests can be 
high.  In oak woodlands, Rieley et al. (1979) reported that 
bryophytes contributed 90% of the ground vegetation green 
biomass compared with only 60% of the annual production, 
providing a standing crop (green + brown) of 200-640 g m-

2 in pine forests and mires.   
Garry Oak trees sport a variety of bryophytes, 

providing habitat for various invertebrates (pers. comm. 
Wynne Miles 12 January 2008).  Miles found tufts of 
Orthotrichum (Figure 70) that were missing their 
sporophytes and only the broken setae remained.  In 
another case, a collection of epiphytes, including Tortula 
(Figure 71), was grazed while in its collecting bag. 
 

 
Figure 70.  Orthotrichum diaphanum with a chewed capsule 

(on right) similar to that observed by Wynne Miles.  Photo 
courtesy of Robin Stevenson. 
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Figure 71.  Larva (Lepidoptera) on Tortula sp.  This 

inadvertently collected larva grazed a collection of epiphytic 
mosses that had been growing on a large Garry Oak.  Photo 
courtesy of Wynne Miles. 

 
 

Forest ecosystems offer a diversity of habitats to 
insects.  Because of their ability to fly as adults, the adult 
habitat can differ significantly from that of the larvae.  The 
habitats of eggs and pupae – immobile stages – are 
typically the same as those of the larvae.  But once the 
adult emerges, it is able to move from the food habitat of 
the larva to the feeding habitat of the adult, or in some 
cases, the adult does not feed.  For many of the adults 
mating is the first and only priority. 

In boreal forests, the bryophytes can often form 100% 
cover (Oechel & Van Cleve 1986).  Although they are a 
minor part of the biomass, they perform a major portion of 
the primary productivity and ground cover.  Hence, they 
also provide a major function in determining the 
invertebrate communities. 

Drozd et al. (2009) used pitfall traps in a submountain 
and mountain forest ecosystem of the Czech Republic amid 
Polytrichum commune (Figure 4), Polytrichastrum 
formosum (Figure 3), Sphagnum teres (Figure 72), 
Sphagnum girgensohnii (Figure 73), Sphagnum fallax 
(Figure 74), Bazzania trilobata (Figure 75), Pleurozium 
schreberi (Figure 76), Eurhynchium angustirete (Figure 
77), and Oligotrichum hercynicum (Figure 78).  The traps 
followed a moisture gradient in moss cushions and in litter 
with no moss (controls).  Drozd and coworkers suggested 
that the relationship with the mosses seemed to have 
broader implications than just that of a substrate, i.e., the 
data indicate interaction between moss presence and other 
microhabitat features.  The great number of insects in these 
forest floor habitats was indicated by the 55,000 specimens 
collected (66 traps, 5 locations), averaging 850 individuals 
per trap.  Drozd and coworkers found that moss species, as 
well as moss presence, was important in determining both 
total abundance and taxon diversity (Figure 79).  But 
moisture was important as well, perhaps contributing to 
moss species preference.  Nevertheless, trapped arthropod 
abundance was greater in the litter samples.   
 

 
Figure 72.  Sphagnum teres, a forest moss that houses a 

moderate number of arthropods.  Photo by A. Neumann 
<www.biopix.org>, with online permission. 

 

 
Figure 73.  Sphagnum girgensohnii, a forest moss that 

houses large numbers of arthropods, including insects.  Photo by 
Mark Melton (Noah Project), with permission. 

 
 

 
Figure 74.  Sphagnum fallax, a forest moss that houses a 

small number of arthropods.  Photo by Michael Lüth, with 
permission. 
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Figure 75.  Bazzania trilobata, a forest liverwort that houses 

a moderate number of arthropods with few being insects.  Photo 
by Bernd Haynold, through Creative Commons. 

 

 
Figure 76.  Pleurozium schreberi, a forest moss species with 

a moderate number of insects.  Photo by Sture Hermansson, with 
online permission. 

 
Figure 77.  Eurhynchium angustirete, a forest moss species 

that houses insects.  Photo by  Marko Vainu, through Creative 
Commons. 

 

 
Figure 78.  Oligotrichum hercynicum, a forest moss species 

that houses insects.  Photo by  Hermann Schachner, through 
Creative Commons. 

 
 

 
 Figure 79.  Arthropods from mosses in the Podolánky area of the Czech Republic.  Poco = Polytrichum commune, Poly = 

Polytrichastrum formosum, Spht = Sphagnum teres, Sphg = Sphagnum girgensohnii, Sphf = Sphagnum fallax, Bazz = Bazzania 
trilobata, Pleu = Pleurozium schreberi, Eurh = Eurhynchium angustirete, Olig + Oligotrichum hercynicum, Spha = Sphagnum spp., 
Cont = litter; moisture Wet = high, Mid = middle, Dry = low.  Modified from Drozd et al. 2009. 
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As Drozd and coworkers (2009) pointed out, 
bryophages and detritivorous arthropods "have no reason to 
move about," potentially causing a low capture rate in traps 
that require movement.  But these researchers also 
suggested that bryophytes may serve only as shelter and a 
temporary place to prevent desiccation, referring to the oft 
held view that the bryophytes are low in nutrients.  This 
latter assumption, however, has been contested, as you will 
seen earlier in this chapter. 

Few studies have attempted to find the uses made by 
the bryophyte inhabitants (Drozd et al. 2009).  Rather, most 
have simply enumerated species, perhaps correlating them 
with other physical factors such as temperature and 
moisture.   

One of the few studies that elaborates on the 
relationship between bryophyte species and the invertebrate 
inhabitants is that of Božanić et al. (2013).  In this case, 
Brachythecium curtum on a decaying tree housed the 
greatest number of species.  The layers of the forest were 
important, with type of substrate and height above ground 
proving to be the most important factors to determine the 
invertebrate distribution. 
 

 
Figure 80.  Brachythecium curtum, a species with a rich 

fauna of arthropods.  Photo by Janice Glime. 

Montane Tropical Rainforests 
In the Atlantic Forest of Brazil, Maciel-Silva and dos 

Santos (2011) found a number of insects associated with 
the mosses Hypopterygium tamarisci (Figure 81) and 
Lopidium concinnum (Figure 82).  These include 
Lepidoptera larvae, leafhoppers, aphids, and Psocoptera, 
as well as isopods, snails, mites, and spiders.  
 

 
Figure 81.  Hypopterygium tamarisci, home to several 

orders of insects.  Photo by Peter Woodward, through Creative 
Commons. 

 
Figure 82.  Lopidium concinnum, a habitat for several 

orders of insects.  Photo by Juan Larrain, through Creative 
Commons. 

Epiphytes 
A number of species of arthropods are associated with 

the epiphytes, including several groups of insects.  Miller et 
al. (2008) compared the epiphyte arthropod fauna at three 
heights on red maple (Acer rubrum; Figure 83) trees in the 
Acadian forest of Maine, USA.  They found that there was 
a close association between springtails and spiders and 
suggested that the spiders were there because of the 
abundance of springtail prey.  When the bryophytes 
diminished following gap harvesting, the spiders and 
springtails did as well.  One surprise was the abundance of 
Diptera associated with the epiphytes.  Fifteen families of 
these flies were represented.  Overall, the numbers of 
morphospecies was positively correlated with bryophyte 
abundance except for the springtail family Isotomidae.  
Abundance of the other springtail morphospecies were 
correlated with dense bryophyte cover at the bases of trees.  
 

 
Figure 83.  Acer rubrum, a species that supports arthropods 

living in epiphytic bryophytes.  Photo by Jean-Pol Grandmont, 
through Creative Commons. 
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In the Pacific Northwest of North America, the 
epiphytic bryophyte mats in the subcanopy likewise house 
numerous insects.  In collections of over 143,000 
individuals, Peck and Moldenke (2011) recovered 205 
morphospecies from 337 moss mats (less than 25 kg of 
mosses, fresh weight).  These mosses were collected to 
determine the impact of moss harvesting on the insect 
community, but they also provide us with information on 
community structure.  The faunal morphospecies 
composition between moss mats from the two shrubs, vine 
maple (Acer circinatum; Figure 84) and huckleberry 
(Vaccinium parvifolium; Figure 85) did not differ.  
Likewise, the fauna of the vine maple did not differ 
between the bases and branch tips of these shrubs, differing 
from their results in the Willamette National Forest (Peck 
& Moldenke 1999).  Instead, the invertebrate fauna 
composition correlated with elevation, stand age, and 
vertical distance to water.   
 

 
Figure 84.  Acer circinatum, a shrub that supports growths 

of mosses that are often commercially harvested, with their 
accompanying invertebrate fauna.  Photo by El Grafo, through 
Creative Commons. 

 

 
Figure 85.  Vaccinium parvifolium, a species with moss 

mats that hold arthropods.  Photo by Walter Siegmund, through 
Creative Commons. 

In the tropics, canopy bryophytes may be especially 
important for some of the invertebrates.  Pócs (1982) 
estimated an excess of 1000 g m-2 of bryophytes in the elfin 
forests.  Trees in Costa Rican montane forests build canopy 
soils (including bryophytes) that house mites, amphipods, 

isopods, beetles, springtails, ants, and insect larvae as the 
dominant invertebrate groups (Nadkarni & Longino 1990).  
The ground fauna had a mean density of 2.6 times that of 
the canopy.  Only ants did not fit this pattern.  However, it 
is difficult to assess these tropical mats because the mosses 
are typically only a minor component.  Instead, the mats 
are primarily leafy liverworts and filmy ferns (Yanoviak et 
al. 2007).  Yanoviak and coworkers found that these insect 
assemblages resembled the fauna of the soil mosses and 
accompanying humus layer.  These are dominated by 
mites, springtails, ants, and minute beetles (Yanoviak et al. 
2003, 2004).  Unfortunately, the fauna of mosses in the 
canopy may be under-sampled because the fogging method 
used in many studies of canopy invertebrates is ineffective 
for sampling the tiny insects that inhabit the canopy 
bryophytes (Yanoviak et al. 2003). 

Even within a mat of epiphytic bryophytes and other 
plants, vertical differences exist (Yanoviak et al. 2004).  In 
a Costa Rican lower montane forest, the green portion of 
the mat housed twice as many individuals and species per 
gram dry mass compared to the brown portion.  
Morphospecies composition was similar, but some taxa 
differed significantly in relative abundance.  Predators were 
randomly distributed in the larger patch sizes (up to 50 
cm2).  They found that interspecific interactions were more 
important than the environmental variables in determining 
the distribution of the mat fauna in small patch size (20 
cm2).   

Cryptogamic Crusts 
The cryptogamic crusts are those habitats in arid 

ecosystems that are comprised of algae, bacteria, fungi, 
lichens, and bryophytes.  These crusts are of major 
importance in these ecosystems, covering as much as 70% 
of the soil (Brantley & Shepherd 2004).   

The arthropod fauna make use of the crusts for retreats 
and homes.  In piñon-juniper woodland in central New 
Mexico, the crusts differ little in major groups from 
bryophyte habitats in other ecosystems, with tardigrades, 
nematodes, springtails, small insects, mites, and spiders 
predominating (Brantley & Shepherd 2004).  Of the 38 taxa 
identified in the study, 27 occurred on mixed lichen and 
moss patches and 29 on moss patches.  Only 21 were found 
on pure lichen patches.  Of the three types of crusts, 15 
arthropod taxa occurred on all three.  Not only did the 
mosses have the highest number of arthropod species, but 
they also had the greatest abundance of arthropods.  In this 
very dry climate, the greatest arthropod richness and 
abundance occurred in winter. 

Altitude 
Altitudinal gradients are complicated.  Although the 

temperature tends to decrease and winds increase, moisture 
may be greater or less, and microhabitats abound.  
Vegetation changes and can increase or decrease shade.  
UV light may come into play. 

Differences between elevations may be more due to 
microclimate differences than to those differences caused 
by elevations (Andrew et al. 2003).  For example, Andrew 
and coworkers found that whereas altitude had a significant 
effect on diversity of insects in Tasmania and New 
Zealand, there was no general trend present along the 
altitudinal gradient.  Mt. Field in Tasmania had the highest 
invertebrate and bryophyte diversity at 750 m.  But Mt. 
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Rufus had low bryophyte and insect diversity throughout 
the altitudinal gradient.  In Tasmania Mt. Otira had the 
highest diversity of both invertebrates and bryophytes at 
low altitudes, whereas Mt. Kaikoura had the highest 
invertebrate and lowest bryophyte diversity at the highest 
altitude.  Clearly different factors are important for the 
bryophytes compared to those important for the 
invertebrates.  Andrew and coworkers stressed the 
importance of scale and the need to sample both broad 
scale and microscale community patterns. 

Tundra 
Bryophytes are important ground cover in the tundra.  

In Spitsbergen, Bengston et al. (1974) found a total 
arthropod abundance of 268,000 individuals m-2 on wet 
moss tundra, compared to 42-63,000 on lichen tundra and 
518,000 on grassland.  The mites and springtails comprised 
96-99% of the arthropod fauna, with small numbers of 
spiders, flies, and Hymenoptera.  These major groups 
were similar in abundance to those of the high alpine in 
southern Norway. 

Boreus in Norway takes advantage of mosses to 
provide protective space.  This is a safe space in which they 
lay their eggs (Håvar 2001).  And it appears that it might be 
a site of copulation, an event rarely observed on the snow.  
The chambered air spaces most likely also provide space 
for this winter-active scorpionfly.  Adults of Boreus 
elegans (Figure 86) and B. californicus (Figure 87-Figure 
88) feed on Racomitrium heterostichum (Figure 89-Figure 
90); larvae and pupae of B. elegans can be found under 
Brachythecium (Figure 91) and other mosses (Russell 
1979). 
 

 
Figure 86.  Boreus elegans adult, a winter-active scorpionfly 

that lays eggs among mosses.  Photo by Megan Asche, with 
permission. 

 
Figure 87.  Boreus californicus adult female, a species that 

feeds on Racomitrium heterostichum.  Photo by BIO 
Photography Group, Biodiversity Institute of Ontario, through 
Creative Commons. 

 

 
Figure 88.  Boreus californicus adult male, a species that 

feeds on Racomitrium heterostichum.  Photo by BIO 
Photography Group, Biodiversity Institute of Ontario, through 
Creative Commons. 

 

 
Figure 89.  Racomitrium heterostichum habitat and home 

for Boreus californicus and B. elegans.  Photo by Andrew Spink, 
with permission. 
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Figure 90.  Racomitrium heterostichum, food for Boreus 

californicus and B. elegans.  Photo by J. C. Schou  
<www.biopix.com>, with permission. 

 
Figure 91.  Brachythecium rutabulum, home for larvae and 

pupae of Boreus elegans, with capsules.  Photo by Tim Waters, 
through Creative Commons. 

The family Apteropanorpidae has a single genus, 
Apteropanorpa (Figure 92), with only four species 
(Wikipedia 2011).  These are the Tasmanian snow 
scorpionflies, and they live among mosses in Tasmania and 
southern Australia.  The adults are predators, but the larvae 
live among the mosses. 
 

 
Figure 92.  Apteropanorpa tasmanica, a moss dweller that is 

often infested with one or two species of parasitic mites.  Photo by 
Simon Grove ©, Tasmanian Museum and Art Gallery, with 
permission. 

The best-known species, Apteropanorpa tasmanica 
(Figure 92), is known to carry two species of parasitic 
mites (Seeman & Palmer, 2011).  These are Leptus agrotis 
(Erythraeidae) and Willungella rufusanus 
(Microtrombidiidae) 

Antarctic 
In the Antarctic, bryophytes form the dominant 

vegetation and house the most arthropods (mites, 
springtails, insects) (Gerson 1969).  Gerson reported that 
the Polytrichum-Dicranum (Figure 93) mats housed more 
arthropods than did Pohlia (Figure 94-Figure 95).  The 
former was less wet and cold in the summer and its open 
texture made it easier for movement, especially of larger 
arthropods. 
 

 
Figure 93.  Polytrichum juniperinum in Dicranum 

scoparium mat, a species combination that is home for many 
arthropods.  Photo by Kirill Ignatyev, through Creative Commons. 

 
Figure 94.  Pohlia nutans with capsules, a common sight in 

the Arctic and Antarctic.  Pohlia species house arthropods there.  
Photo by Michael Lüth, with permission. 

 
Figure 95.  Pohlia nutans with capsules, a genus that is 

home to arthropods.  Photo by Michael Lüth, with permission. 
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The Antarctic is dominated by small organisms.  In 
that regard, bryophytes are an important habitat for 
invertebrates.  Davis (1981) compared the invertebrates on 
two kinds of moss communities on Signy Island:  a moss 
turf dominated by Polytrichum alpestre (=P. juniperinum; 
Figure 96) and Chorisodontium aciphyllum (Figure 97-
Figure 98) and a moss carpet composed of Warnstorfia 
sarmentosa (Figure 99), Sanionia uncinata (Figure 100), 
and Calliergidium austrostramineum (Figure 101), with 
the liverwort Cephaloziella varians (Figure 102).  The 
trophic structure, organic matter transfer, and production of 
primary producers (which included lichens and algae in 
addition to the bryophytes) were similar in these two 
community types, but the standing crops of Collembola 
(springtails; Figure 33) and Acari (mites) differed.  These 
differences may have related to the differences observed in 
turnover of mosses and accumulation of dead organic 
matter. 
 

 
Figure 96.  Polytrichum juniperinum, a common moss on 

Signy Island and home to Protozoa, Rotifera, Tardigrada, 
Nematoda, Acari, and Collembola.  Photo by Juni, through 
Creative Commons. 

 

 
Figure 97.  Chorisodontium aciphyllum in Antarctica, home 

to a variety of invertebrates.  Photo from Polar Institute, through 
Creative Commons. 

 
Figure 98.  Chorisodontium aciphyllum in the Antarctic, a 

primary producer and home for the same groups of organisms as 
Polytrichum juniperinum, but with different proportions.  Photo 
by Zicheng Yu, through Public Domain. 

 

 
Figure 99.  Warnstorfia sarmentosa, home for a variety of 

invertebrates, including Collembola, on Signy Island. Hermann 
Schachner, through Creative Commons. 

 

 
Figure 100.  Sanionia uncinata, home for invertebrates in 

the Antarctic.  Photo by Hermann Schachner, through Creative 
Commons. 
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Figure 101.  Calliergidium austro-stramineum, home for 

invertebrates in the Antarctic.  Photo by Bill Malcolm, with 
permission. 

 
Figure 102.  Cephaloziella varians with Polytrichum sp., 

home for invertebrates in the Antarctic.  Photo by Christian 
Peters, with permission. 

The maritime Antarctic has a flora that is 
predominately bryophytic (Tilbrook 1967).  The 
invertebrate fauna has few species with any great 
abundance.  This area produced a number of indigenous 
insects:  only seven species of Collembola (springtails) and 
one of Diptera (flies), but 20 species of mites.  The 
dominant arthropod is Cryptopygus antarcticus 
(Collembola).  The highest densities of insects are among 
the vegetation, but some occur in areas free of permanent 

ice.  Habitat specificity is uncommon.  It is likely that the 
ability of bryophytes to absorb radiation and affect the 
microhabitat temperature, coupled with the insulation of 
snow, makes the bryophyte habitat a suitable habitat for the 
arthropods.  Geothermal areas, as discussed below, further 
provide a bryophytic habitat that is suitable for arthropods. 

Strong (1967) considered the Antarctic mosses to serve 
primarily as shelter and concluded that they do not provide 
a significant source of nourishment.  Humidity seems to be 
the major controlling factor, with temperature playing a 
secondary role.  Wind is an important feature that modifies 
temperature and humidity.  The primary consumers include 
springtails and the midge Belgica (Figure 103).  
Adaptations to the climate seem to be primarily 
physiological rather than developmental or behavioral.   
 

 
Figure 103.  Belgica antarctica, a moss consumer, mating.  

Photo, through Creative Commons. 

Usher and Booth (1984) cut five sets of 96 contiguous 
samples from moss turf on Signy Island in the maritime 
Antarctic.  They found only 10 taxa of arthropods, 
comprised of mites and springtails.  Of the six species with 
enough abundance to analyze, they found a vertical 
separation of the species, with three occurring near the 
surface, two in an intermediate position, and one deep in 
the mat, resulting in many negative correlations arthropod 
between species at any given depth.  However, when the 
depths were combined, there were no negative correlations, 
and many positive correlations were present.  Even within a 
species the vertical distribution differed with life cycle 
stage.  Overall, two distinct communities were present – the 
green moss community (0-1.5 cm) and the dead moss 
community (below 3 cm).  Nevertheless, the two 
communities were composed of the same six species, but 
the proportions differed. 

Geothermal 

Cold climates are harsh and many organisms do not 
have the life cycle and physiological adaptations needed to 
survive in them.  However, one habitat provides the year-
round warmth for survival of more temperate organisms 
that are able to arrive there.  These are the geothermal areas 
that are in polar regions of both the Antarctic and Arctic 
landscapes. 

Bryophytes serve as buffers in these habitats.  Their 
own depth insulates the tips of the plants from the heat 
beneath, and the "steam" emanating from the vents keeps 
the habitat moist (Glime & Iwatsuki 1990).  Lichens seem 



 Chapter 12-1:  Terrestrial Insects:  Habitat and Adaptations 12-1-31

unable to survive these hot but moist environments, but the 
bryophytes protect their own growing tips and survive at 
higher moist temperatures than those suitable for lichens. 

Elmarsdottir et al. (2003) address the paucity of 
knowledge about the geothermal ecosystems.  Most studies 
have been descriptive, with little attention to the 
interactions of this unique ecosystem.  Soil temperatures 
dominate the limiting factors, with soil pH and carbon 
content also influencing species composition.  
Nevertheless, a number of bryophytes have been able to 
tolerate the heat or escape it by providing their own 
insulation through decaying lower parts.  These bryophytes 
provide homes for invertebrates. 

Historically, geothermal areas most likely served as 
refugia from glaciers, and once glaciers receded, these 
heated areas permitted recolonization of nearby non-
geothermal regions.  Fraser et al. (2014) tested this 
hypothesis, based on the expectation that the greatest 
diversity would occur closest to the geothermal areas.  
Using Antarctica as a test, they did indeed find the greatest 
diversity closest to the geothermal areas. 

Convey and Lewis Smith (2006) reported that the 
bryophytes on South Sandwich Islands in the Antarctic had 
the greatest richness in geothermally influenced ground.  In 
fact, only four of the mosses on the islands were never 
associated with geothermal areas; 35 moss species and 9 
liverwort species were present in all.  On the other hand, 8 
liverwort  and 50% of the mosses occurred only on heated 
or recently heated geothermal areas.  Campylopus 
introflexus was the only bryophyte to tolerate the 
maximum temperatures (40-47°C) of the upper 0.5 cm of 
the bryophyte layer.  The flora of the unheated ground is 
similar to that of the maritime Antarctic (Convey et al. 
2000).  The heated ground contains species common to 
both the maritime and sub-Antarctic areas, supporting the 
importance of the geothermal areas for successful 
colonization elsewhere  

Given the success of bryophytes in geothermal areas, it 
is easy to imagine that the ubiquitous insects would 
likewise be represented there, likewise taking advantage of 
the extra warmth.  Even in Hawaii, geothermal areas permit 
ants to extend to higher elevations than would otherwise be 
possible (Wetterer 1998).   

Boothroyd and Browne (2006) found that the 
invertebrate species occupying geothermal areas of New 
Zealand tended to be common species.  Willoughby et al. 
(2015) found that the bryophytic fauna in the Waikato 
Region of New Zealand did not correlate with the soil 
temperature. 

Some studies are focussing on the impact of human 
activity, especially for harvesting geothermal heat and 
power, on the flora and fauna (Miller et al. 1995).  Human 
activity poses a threat to these fragile systems.  
Connectivity between suitable sites is important to maintain 
these communities and their fauna. 

Pollution Effects 
Bryophytes are well known for their ability to collect 

air pollutants, especially heavy metals.  As a result, we 
might expect that the bryophagous insects would also have 
higher concentrations than those feeding on plants that are 
less efficient collectors (Steiner 1994). 

We might also predict that these high concentrations 
could be lethal for some of the inhabitants.  Varga (1992) 
tested Plagiobryum zierii (Figure 104) and Saelania 
glaucescens (Figure 105) from a polluted roadside in 
Hungary and found higher lead concentrations in them.  
Concomitantly, the invertebrate fauna, including insects, 
was lower than that found in mosses from an unpolluted 
control site.  Furthermore, the invertebrates from the 
polluted mosses exhibited high concentrations of lead. 
 

 
Figure 104.  Plagiobryum zierii from Europe, a moss that 

accumulates lead that can then accumulate in bryophagous 
insects.  Photo by Michael Lüth, with permission. 

 
Figure 105.  Saelania glaucescens, a moss that accumulates 

lead that can then accumulate in bryophagous insects.  Photo by 
Michael Lüth, with permission. 

Pollution can have positive or negative effects on 
insects.  When mosses in an area polluted with heavy 
metals were analyzed, those from less polluted areas had 
more molybdenum, whereas those from the polluted areas 
had increased levels of cadmium and chromium (Soltes 
1996).  These increased Cd and Cr contents corresponded 
with the areas of spruce bark beetle outbreak. 

Climate Change 
Pollution with CO2 is generally blamed for global 

climate changes.  It not only means that some areas will be 
hotter, some will be colder, more severe storms will occur, 
water levels will rise, and seasons will have different 
periodicities, but nutrient levels will change as well.  
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Richardson et al. (2002) examined the impact of 
changes in nutrients and warming in a sub-Arctic heath on 
vegetation and insect herbivores.  The bryophagous 
Heteroptera in fertilized plots was reduced to as little as 
6% that of the unfertilized controls.  Homoptera that fed 
on grasses became 400% more abundant.  The changes in 
the insect community was driven primarily by the 
subordinate plant groups (grasses and mosses), 
emphasizing the importance of the mosses in this tundra 
habitat.  Nutrients had a greater impact than the rise in 
temperature. 
 

 

Summary 
Bryophytes serve as habitat for numerous kinds of 

insects.  They provide moisture (an important limiting 
factor for insects), food, shelter, refuge from predators, 
and a buffer against the climate.  The insects that live 
there are limited in their adaptations, but some are 
wingless, have cryptic coloration, are able to eat 
bryophytes, and are small and flexible enough to 
maneuver among the bryophytes.   

Those that live in northern regions often use 
mosses as a winter home.  They may eat bryophytes to 
survive in winter and it is possible these bryophytes 
may help to adapt them to the winter cold, possibly 
through providing arachidonic acids. 

Because bryophyte dwellers typically have limited 
mobility, their dispersal is limited.  Fragmented 
landscapes and separated microhabitats often require 
corridors that connect the habitats with suitable 
microhabitats to permit recolonization of disturbed 
sites. 

Although most of the bryophyte inhabitants seem 
to use the associated invertebrates, algae, bacteria, and 
fungi as food, some do eat the bryophytes and some are 
even liverwort specialists.  Bryophytes often have 
secondary compounds that prevent herbivory and those 
insects that eat bryophytes do have preferences.  Some 
bryophytes are so effective at deterring herbivores that 
they are being developed as pesticides.   

Again because bryophytes have limited mobility, 
typical insect sampling methods are often inappropriate 
and biased.  Using heat to cause the insects to fall into 
traps or using pitfall traps may miss whole taxonomic 
groups that fail to move away from the bryophytes.  
Hand sorting of bryophyte clumps is the only (nearly) 
unbiased method, but it is destructive and therefore 
limits the number of samples. 

The most common bryophyte-dwelling arthropods 
worldwide are spiders, springtails, and mites.  The 
typical orders of insects present include Collembola, 
Odonata, Notoptera, Psocoptera, Hemiptera, 
Megaloptera, Neuroptera, Coleoptera, 
Hymenoptera, Trichoptera, Lepidoptera, 
Mecoptera, and Diptera.  

In bogs and wetlands, ants are common Sphagnum 
inhabitants making nests of the Sphagnum.  
Lepidoptera are common and depend on plants that 
depend on the environment created by the bryophytes.  
Several families of beetles, especially Carabidae, live 
among the bryophytes.  

Forest bryophytes have fewer species and the 
bryophyte fauna there seems to be less well known.  In 
the tropical rain forests, epiphytes provide important 
habitats, especially for ants and springtails.  In 
cryptogamic crusts of the desert, bryophytes provide a 
refuge from the hot sun and a place where moist periods 
last longer, but the life cycle needs to be attuned to the 
short moist periods or the insects must be able to 
burrow deep into the soil.   

At high altitudes, in the tundra, and in the 
Antarctic, the bryophytes are the most hospitable 
habitat for terrestrial insects, providing a buffer against 
the extreme temperatures, maintaining moisture, and 
harboring smaller food organisms.  It is also likely that 
they protect against UV light.  Geothermal areas in 
these cold regions provide a haven for species normally 
found in warmer habitats, and the bryophytes are 
usually the dominant vegetation. 

Bryophytes are known accumulators of air 
pollutants, so insects that eat them or eat other 
invertebrates that eat them may be seriously affected by 
the accumulated heavy metals.  A warming climate is 
likely to decrease the bryophytes in northern climates 
and thus affect the insect herbivores.  Furthermore, 
increases in nutrients resulting from climate warming 
cause decreases in bryophagous Heteroptera and 
increases in Homoptera that feed on grasses.  

 

Acknowledgments 
Will Haines helped me to locate some of the literature 

and contributed to the discussion about winter dependence 
on bryophytes for food.  Dietmar Quandt helped me find 
Matthaias Nuss, who ventured a guess at the identity of the 
unknown frass on the Tortula truncata.  Thank you to 
Pierre Morriset for pointing me to the Nowellia Bryologica 
website.  Robin Stevenson has offered continued support of 
this project and provided me with the images of Zygodon 
rupestris with terminal gemmae and an interesting 
discussion about it as well as other examples of herbivory. 

Literature Cited 
Agrell, I.  1941.  Zur Ökologie der Collembolen.  Opusc. 

Entomol. Vol. III, Suppl. III, Lund. 

Alexander, C. P.  1920.  The Crane Flies of New York.  Part II.  
Biology and Phylogeny.  Mem. Cornell Univ. Agric. Exper. 
Stat. 38: 691-1133. 

Andrew, N. and Rodgerson, L.  1999.  Extracting invertebrate 
fauna from bryophytes.  J. Insect Consummation 3: 53-55. 

Andrew, N. R., Rodgerson, L., and Dunlop, M.  2003.  Variation 
in invertebrate-bryophyte community structure at different 
spatial scales along altitudinal gradients.  J. Biogeogr. 30: 
731-746. 

Asakawa, Y.  1981.  Biologically active substances obtained from 
bryophytes.  J. Hattori Bot. Lab. 50: 123-142. 

Asakawa, Y.  1982.  Terpenoids and aromatic compounds as 
chemosystematic indicators in Hepaticae and Anthocerotae.  
J. Hattori Bot. Lab. 53: 283-293. 

Asakawa, Y.  1984.  Some biologically active substances isolated 
from Hepaticae:  Terpenoids and lipophilic aromatic 
compounds.  J. Hattori Bot. Lab. 56: 215-219. 

Asakawa, Y.  1990.  Biologically active substances from 
bryophytes.  In:  Chopra, R. N. and Bhatla, S. C. (eds.).  



 Chapter 12-1:  Terrestrial Insects:  Habitat and Adaptations 12-1-33

Bryophyte Development:  Physiology and Biochemistry, 
CRC Press, Ann Arbor, pp. 259-287. 

Bale, J. S.  2002.  Insects and low temperatures:  From molecular 
biology to distributions and abundance.  Philosoph. Trans. 
Royal Soc. London B Biol. Sci. 357: 849-862. 

Bannerjee, R. D. and Sen, S. P.  1979.  Antibiotic activity of 
bryophytes.  Bryologist 82: 141-153. 

Bengtson, S.-A., Fjellberg, A., and Solhy, T.  1974.  Abundance 
of tundra arthropods in Spitsbergen.  Entomol. Scandinavica 
5: 137-142. 

Bettis, C. J.  2008.  Distribution and abundance of the fauna living 
in two Grimmia moss morphotypes at the McKenzie Table 
Mountain Preserve, Fresno County, California.  M. S. Thesis, 
California State University, Fresno, 56 pp. 

Bliss, L. C.  1962.  Caloric and lipid content in alpine tundra 
plants.  Ecology 43: 753-757. 

Boothroyd, I. K. G. and Browne, G. N.  2006.  Invertebrates of 
geothermally influenced aquatic and terrestrial ecosystems:  
Longitudinal and lateral linkages.  In:  Proceedings of the 
28th New Zealand Geothermal Workshop. Auckland 
University, Auckland, New Zealand, Paper 212, No. 4. 

Božanić, B., Hradílek, Z., Machač, O., Pižl, V., Šťáhlavský, F., 
Tufova, J., Véle, A., and Tuf, I. H.  2013.  Factors affecting 
invertebrate assemblages in bryophytes of the Litovelské 
luhy National Nature Reserve, Czech Republic.  Acta Zool. 
Bulg. 65: 197-206. 

Brantley, S. L. and Shepherd, U. L.  2004.  Effect of cryptobiotic 
crust type on microarthropod assemblages in piñon-juniper 
woodland in central New Mexico.  West. N. Amer. Nat. 64: 
155-165. 

Brinck, P. and Wingstrand, K. G.  1949.  The mountain fauna of 
the Virihaure area in Swedish Lapland.  Lunds Universitets 
Arsskrift Nf2 45(2): 1-70. 

Ceh, J., Molis, M., Dzeha, T. M., and Wahl, M.  2005.  Induction 
and reduction of anti-herbivore defenses in brown and red 
macroalgae off the Kenyan coast.  J. Phycol. 41: 726-731. 

Chapin, F. S., III, McKendrick, J. D., and Johnson, D. A.  1986.  
Seasonal changes in carbon fractions in Alaskan tundra 
plants of differing growth form:  Implications for herbivory.  
J. Ecol. 74: 707-731. 

Chapman, T. A.  1894.  Some notes on microlepidoptera whose 
larvae are external feeders and chiefly on the early stages of 
Eriocephala Calthella (Zygaenidae, Lymacodidae, 
Eriocephalidae).  Trans. Royal Entomol. Soc. Lond. 1894: 
335-350. 

Clymo, R. S. and Hayward, P. M.  1982.  The ecology of 
Sphagnum.  In:  Smith, A. J. E.  (ed.).  Bryophyte Ecology, 
Chapman & Hall, London, pp. 229-289. 

Convey, P. and Lewis Smith, R. I.  2006.  Geothermal bryophyte 
habitats in the South Sandwich Islands, maritime Antarctic. 
 J. Veg. Sci 17: 529-538. 

Convey, P., Lewis Smith, R. I., Hodgson, D. A., and Peat, H. J.  
2000.  The flora of the South Sandwich Islands, with 
particular reference to the influence of geothermal heating. 
 J. Biogeogr. 27: 1279-1295. 

Dadd, R. H. and Kleinjan, J. E.  1979.  Essential fatty acid for the 
mosquito Culex pipiens:  Arachidonic acid.  J. Insect 
Physiol. 25: 495-502. 

Danks, H. V.  2002.  Modification of adverse conditions by 
insects.  Oikos 99: 10-24. 

Danks, H. V.  2004.  Seasonal adaptations in Arctic insects.  
Integr. Comp. Biol. 44: 85-94. 

Danks, H. V.  2005.  Key themes in the study of seasonal 
adaptations in insects I. Patterns of cold hardiness.  Appl. 
Entomol. Zool. 40: 199-211. 

Danks, H. V.  2007.  The elements of seasonal adaptations in 
insects.  Can. Entomol. 139: 1-44. 

Davidson, A. J.  1988.  Aspects of bryophyte herbivory.  Bull. 
Brit. Bryol. Soc. 51: 16-17. 

Davidson, A. J., Harborne, J. B., and Longton, R. E.  1989.  
Identification of hydroxycinnamic and phenolic acids in 
Mnium hornum and Brachythecium rutabulum and their 
possible role in protection against herbivory.  J. Hattori Bot. 
Lab. 67: 415-422. 

Davidson, A. J., Harborne, J. B., and Longton, R. E.  1990.  The 
acceptability of mosses as food for generalist herbivores, 
slugs in the Arionidae.  J. Linn. Soc. Bot. 104: 99-113. 

Davis, R. C.  1981.  Structure and function of two Antarctic 
terrestrial moss communities.  Ecol. Monogr. 51: 125-143. 

Drozd, P., Plásek, V., Dolny, A., Kocárek, P., and Jasík, M.  2007.  
Factors or mosses – What the bryobionts prefer?  Nowellia 
Bryol. 34: 9-10. 

Drozd, P., Dolny, A., Jasík, M., Kocárek, P., Krupar, M., Plásek, 
V., and Sevcík, V.  2008.  Structure of invertebrate 
community associated with moss cushions.  In:  Shaw, B. 
and Golinski, K.  (eds.).  Symposium Schedule, Abstracts, 
and List of Participants. Alaska 2008. 4th International 
Meeting on the Biology of Sphagnum, August 1-11, 2008. 
Juneau, Anchorage, and Kenai Peninsula, Alaska, p. 8. 

Drozd, P., Dolný, A., Kočárek, P., and Plášek, V.  2009.  Patterns 
of abundance and higher taxa composition of moss arthropod 
association in submountain and mountain forest ecosystem.  
Nowellia Bryol. 38: 19-26. 

Drozdová, M., J. Šipoš, and P. Drozd.  2009.  Predation risk for 
insects living in moss cushions:  Comparison between 
different strata of mountain forest.  Nowellia Bryologica 38: 
13-18. 

Duman, J. G.  2001.  Antifreeze and ice nucleator proteins in 
terrestrial arthropods.  Ann. Rev. Physiol. 63: 327-357. 

Duman, J. G., Bennett, V., Sformo, T., Hochstrasser, R., and 
Barnes, B. M.  2004.  Antifreeze proteins in Alaskan insects 
and spiders.  J. Insect Physiol. 50: 259-266. 

Duman, J. G., Wu, D. W., Xu, L., Tursman, D., and Olsen, T. M. 
 1991.  Adaptations of insects to sub-zero temperatures.  
Quart. Rev. Biol. 66: 387-410. 

Dunk, K. von der and Dunk, K. von der.  1979.  Lebensraum 
Moospolster.  Mikrokosmos 68: 125-131. 

During, H. J.  1992.  Ecological classifications of bryophytes and 
lichens.  In:  Bates, J. W. and Farmer, A. M.  (eds.).  
Bryophytes and Lichens in a Changing Environment, 
Clarendon Press, Oxford, pp. 1-31. 

Elmarsdottir, A., Ingimarsdottir, M., Hansen, I., Olafsson, J. S., 
and Olafsson, E.  2003.  Vegetation and invertebrates in three 
geothermal areas in Iceland.  International Geothermal 
Conference, Reykjavik, Sept. 2003, 12: 49-55. 

Eriksson, L.  1992.  Lurad av en mossa!  [Tricked by a moss.].  
Sver. Nat. 1991(4): 76. 

Fairchild, W. L., O'Neill, M. C. A., and Rosenberg, D. M.  1987.  
Quantitative evaluation of the behavioral extraction of 
aquatic invertebrates from samples of Sphagnum moss.  J. N. 
Amer. Benthol. Soc. 6: 281-287. 

Fenton, J. N. and Frego, A. K.  2005.  Bryophyte (moss and 
liverwort) conservation under remnant canopy in managed 
forests.  Biol. Conserv. 122: 417-430. 

Forman, R. T. T.  1968.  Caloric values of bryophytes.  Bryologist 
71: 344-347. 

Forman, R. T. T.  1969.  Comparison of coverage, biomass, and 
energy as measures of standing crop of bryophytes in various 
ecosystems.  Bull. Torrey Bot. Club 96: 582-591. 



 Chapter 12-1:  Terrestrial Insects:  Habitat and Adaptations 12-1-34 

Fraser, C. I., Terauds, A., Smellie, J., Convey, P., and Chown, S. 
L.  2014.  Geothermal activity helps life survive glacial 
cycles.  Proc. Natl. Acad. Sci. 111: 5634-5639. 

Gerson, U.  1969.  Moss-arthropod associations.  Bryologist 72: 
495-500. 

Gerson, U.  1982.  Bryophytes and invertebrates.  In:  Smith, A. J. 
E.  (ed.).  Bryophyte Ecology. Chapman & Hall, New York. 
Pp. 291-332. 

Ghullam, M. and Stevenson, R.  2013.  Conferva zygodontis from 
Norfolk.  Field Bryol. 109: 104. 

Glime, J. M. and Iwatsuki, Z.  1990. Niche characteristics of 
Cladonia lichens associated with geothermal vents in Japan.  
Ecological Research 5: 131-141. 

Gonzalez, A., Lawton, J. H., Gilbert, F. S., Blackburn, T. M., and 
Evans-Freke, I.  1998.  Metapopulation dynamics, 
abundance, and distribution in a microecosystem.  
Science 281: 2045-2047. 

Gorham, E. and Sanger, J.  1967.  Caloric value of organic matter 
in woodland, swamp and lake soils.  Ecology 48: 492-493. 

Groenewald, E. G. and Westhuizen, A. J. Van der.  1997.  
Prostaglandins and related substances in plants.  Bot. 
Rev. 63(3): 199-220. 

Gupta, K. G. and Singh, B.  1971.  Occurrence of antibacterial 
activity in moss extracts.  Res. Bull. Punjab Univ. Sci. 22: 
237-239. 

Hågvar, S.  2001.  Occurrence and migration on snow, and 
phenology of egg-laying in the winter-active insect Boreus 
sp. (Mecoptera).  Norw. J. Entomol. 48: 51-60. 

Haines, W. P. and Renwick, J. A. A.  2009.  Bryophytes as food: 
comparative consumption and utilization of mosses by a 
generalist insect herbivore.   Entomol. Exper. Appl. 133: 
296-306. 

Hansen, C. E. and Rossi, P.  1991.  Effects of culture conditions 
on accumulation of arachidonic and eicosapentaenoic acids 
in cultured cells of Rhytidiadelphus squarrosus and 
Eurhynchium striatum.  Phytochemistry 30: 1837-1841. 

Harborne, J. B.  1988.  Introduction to Ecological Biochemistry 
(3rd ed.).  Academic Press, London. 

Hartmann, E., Beutelmann, P., Vandekerkhove, O., Euler, R., and 
Kohn, G.  1986.  Moss cell cultures as sources of arachidonic 
and eicosapentaenoic acids.  FEBS Letters 198(1): 51-55. 

Hayward, S. A., Worland, M. R., Convey, P., and Bale, J. S.  
2004.  Habitat moisture availability and the local distribution 
of the Antarctic Collembola Cryptopygus antarcticus and 
Friesea grisea.  Soil Biol. Biochem. 36: 927-934. 

Herbert, H. and Prins, T.  1982.  Why are mosses eaten in cold 
environments only?  Oikos 38: 374-380. 

Holmstrup, M., Bayley, M., and Ramlov, H.  2002.  Supercool or 
dehydrate?  An experimental analysis of overwintering 
strategies in small permeable Arctic invertebrates.  Proc. 
Natl. Acad. Sci. 99: 5716-5720. 

Kajikawa, M., Matsui, K., Ochiai, M., Tanaka, Y., Kita, Y., 
Ishimoto, M., Kohzu, Y., Shoji, S.-I., Yamato, K. T., 
Ohyama, K., Fukuzawa, H., and Kohchi, T.  2008.  
Production of arachidonic and eicosapentaenoic acids in 
plants using bryophyte fatty acid Δ6-desaturase, Δ6-
elongase, and Δ5-desaturase genes.  Biosci. Biotechnol. 
Biochem. 72: 435-444. 

Karban, R. and Agrawal, A. A.  2002.  Herbivore offense.  Ann. 
Rev. Ecol. Syst. 33: 641-664. 

Karban, R. and Baldwin, I. T.  1997.  Induced Responses to 
Herbivory.  University of Chicago Press, Chicago. 

Karban, R., Agrawal, A. A., and Mangel, M.  1997.  The benefits 
of induced defenses against herbivores.  Ecology 78: 1351-
1355. 

Kinchin, I. M.  1990.  The moss fauna 3:  Arthropods.  J. Biol. Ed. 
24: 93-99. 

Kohshima, S.  1984.  A novel cold-tolerant insect found in a 
Himalayan glacier.  Nature (London) 310: 225-227. 

Krogerus, R.  1939.  Zur Ökologie nordischer Moortiere.  In: 
 Verb, Vol. 7, pp. 1213-1231. 

Krogerus, R.  1947.  Nogot om torvmarksdjurens ekologi.  Sv. 
Faunistisk Revy 9: 36-47.  

Kruidhof, H. M., Allison, J. D., and Hare, J. D.  2012.  Abiotic 
induction affects the costs and benefits of inducible 
herbivore defenses in Datura wrightii.  J. Chem. Ecol. 38: 
1215-1224. 

Labandeira, C. C., Tremblay, S. L., Bartowski, K. E., VanAller 
Hernick, L.  2014.  Middle Devonian liverwort herbivory and 
antiherbivore defence.  New Phytol. 202: 247-258 

Lacrampe, C.  2003.  Sleep and Rest in Animals.  Firefly Books, 
Ltd., 109 pp. 

Lawrey, J. D.  1987.  Nutritional ecology of lichen/moss 
arthropods.  In:  Slansky, J. Jr. and Rodriguez, J. G.  (eds.).  
Nutritional Ecology of Insects, Mites, and Spiders, and 
Related Invertebrates. John Wiley & Sons, New York, pp. 
209-233. 

Lee, T. D. and La Roi, G. H.  1979.  Bryophyte and understory 
vascular plant beta diversity in relation to moisture and 
elevation gradients.  Vegetatio 40: 29-38. 

Lewis Smith, R. I. and Walton, D. W. H.  1973.  Calorific values 
of South Georgian plants.  Brit. Antarct. Surv. Bull. 36: 123-
127. 

Li, Y. and Vitt, D. H.  1995.  The dynamics of moss 
establishment:  Temporal responses to a moisture gradient.  
J. Bryol. 18: 677-687. 

Liao, C.-L.  1993.  Chemical defence in bryophytes with high 
apparency.  In: Glime, J. M.  Ecology Column, Bryol. Times 
75: 1-4. 

Longton, R. E.  1984.  The role of bryophytes in terrestrial 
ecosystems.  J. Hattori Bot. Lab.  55:  147-163. 

Longton, R. E.  1992.  The role of bryophytes and lichens in 
terrestrial ecosystems.  In:  Bates, J. W. and Farmer, A. M.  
(eds.).  Bryophytes and Lichens in a Changing Environment.  
Clarendon Press, Oxford, pp. 32- 

Lücking, A. and Lücking, R.  1998.  Anpassungen und 
Konvergenzen in der Phyllosphäre am Beispiel epiphyller 
Moose, Flechten und Insekten.  Mitt. Bund.anst. Forst. 
Holzwirtsch. Hamburg 190: 115-119. 

Maciel-Silva, A. S. and Santos, N. D. dos.  2011.  Detecting 
herbivory in two mosses from an Atlantic Forest, Brazil.  J. 
Bryol. 33: 140-147. 

Madsen, G. C. and Pates, A. L.  1952.  Occurrence of 
antimicrobial substances in chlorophyllose plants growing in 
Florida.  Bot. Gaz. 113: 293-300. 

Markham, K. R. and Porter, L. J.  1979.  Flavonoids of the 
primitive liverwort Takakia and their taxonomic and 
phylogenetic significance.  Phytochemistry 18: 611-615. 

Markham K. R. and Porter, L. J.  1983.  Chemical constituents of 
the bryophytes.  Prog. Phytochem. 5: 181-273. 

Markkula, I.  1981.  Vertical distribution of soil animals in a 
virgin and drained raised bog.  Suo 32: 126-129. 

McCleary, A. and Walkington, D. L.  1966.  Mosses and 
antibiosis.  Rev. Bryol Lichénol. 34: 309-317. 

McCleary, J. A., Sypherd, P. S., and Walkington, D. L.  1960.  
Mosses as possible sources of antibiotics.  Science 131: 108. 



 Chapter 12-1:  Terrestrial Insects:  Habitat and Adaptations 12-1-35

McPartland, J., Marzo, V. Di, Petrocellis, L. De, Mercer, A., and 
Glass, M.  2001.  Cannabinoid receptors are absent in 
insects.  J. Compar. Neurol. 436: 423-429. 

Merrifield, K.  1994.  Sporophyte production and invertebrate 
population fluctuations in Schistidium maritimum (Turn.) 
Brusch & Schimp., Yachats, Oregon.  Northw. Sci. 68: 139. 

Miller, K. M., Wagner, R. G., and Woods, S. A.  2008.  Arboreal 
arthropod associations with epiphytes following gap 
harvesting in the Acadian forest of Maine.  Bryologist 111: 
424-434. 

Miller, S. E., Burgett, J., and Bruegmann, M.  1995.  Surveys of 
arthropod and gastropod diversity in the geothermal resource 
subzones, Puna, Hawaii (No. DOE/OR/22088--T3).  Fish and 
Wildlife Service, Honolulu, HI (United States).  Pacific 
Islands Office, 72 pp. 

Moore, M. V. and Lee, R. E. Jr.  1991.  Surviving the big chill: 
Overwintering strategies of aquatic and terrestrial insects.  
Amer. Entomol. 37: 111-118. 

Nadkarni, N. M. and Longino, J. T.  1990.  Invertebrates in 
canopy and ground organic matter in a neotropical montane 
forest, Costa Rica.  Biotropica 22: 286-289. 

Oechel, W. C. and Cleve, K. Van.  1986.  The role of bryophytes 
in nutrient cycling in the taiga, pp. 121-137.  In:  Van Cleve, 
K., Chapin, F. S. III, Flanagan, P. W., and Viereck, L. A.  
Forest Ecosystems in the Alaskan Taiga.   Springer Verlag, 
New York. 

Pakarinen, P. and Vitt, D. H.  1974.  The major organic 
components and caloric contents of high Arctic bryophytes.  
Can. J. Bot. 52: 1151-1161. 

Pask, W. M. and Costa, R.  1971.   Efficiency of sucrose flotation 
in recovering insect larvae from benthic stream samples.  
Can. Entomol. 103: 1649-1652. 

Pavel, D., Vítězslav, P., Alea, D., Petr, K., and Martin, J.  2007.  
Factors or mosses - what the bryobionts prefer?   Nowellia 
Bryol. 34: 9-10. 

Peck, J. E. and Moldenke, A.  1999.  Describing and estimating 
the abundance of microinvertebrates in commercially 
harvestable moss.  Report to the Eugene District Bureau of 
Land Management, Eugene, OR. 

Peck, J. E. and Moldenke, A. R.  2011.  Invertebrate communities 
of subcanopy epiphyte mats subject to commercial moss 
harvest.  J. Insect Conserv. 15: 733-742. 

Pelser, P. B., Kruijer, H. (J. D.), and Verpoorte, R.  2002.  What is 
the function of oil-containing rudimentary branches in the 
moss Canalohypopterygium tamariscinum?  N. Z. J. Bot. 40: 
149-153. 

Plitt, C. C.  1907.  Webera sessilis and ants.  Bryologist 10: 54-55. 

Pócs, T.  1982.  Tropical forest bryophytes.  In:  Smith, A. J. E.  
(ed.).  Bryophyte Ecology, Chapman and Hall, London, pp. 
59-104. 

Prins, H. H. T.  1982.  Why are mosses eaten in cold 
environments only?  Oikos 38: 374-380. 

Ramaut, J. L.  1959.  Autoecologie du genre Sphagnum.  Nat. 
Belges 40: 9-22. 

Ramløv, H.  2000.  Aspects of natural cold tolerance in 
ectothermic animals.  Human Repro. 15: 26-46. 

Rastorfer, J. R.  1976.  Caloric values of three Alaskan-Arctic 
mosses.  Bryologist 79: 76-78. 

Richardson, S. J., Press, M. C., Parsons, A. N., and Hartley, S. E.  
2002.  How do nutrients and warming impact on plant 
communities and their insect herbivores? A 9-year study 
from a sub-Arctic heath.  J. Ecol. 90: 544-556. 

Rieley, J. O., Richards, P. W., and Bebbington, A. D. L.  1979.  
The ecological role of bryophytes in a North Wales 
woodland.  J. Ecol. 67: 497-527. 

Rosswall, T., Flower-Ellis, J. G. K., Johansson, L. G., Jonsson, S., 
Ryden, B. E., and Sonnesson, M.  1975.  Stordalen (Abisco), 
Sweden.  Ecol. Bull. (Stockholm) 20: 265-294. 

Russell, L. K.  1979.  A new genus and a new species of Boreidae 
from Oregon (Mecoptera).  Proc. Entomol. Soc. Wash. 81: 
22-31. 

Samouelle, G.  1819.  The Entomologist's Calendar, exhibiting the 
time of appearance and habitation of near three thousand 
species of British insects.  In:  The Entomologist's Useful 
Compendium; An Introduction to the Knowledge of British 
Insects.  R. and A. Taylor, Shoe-lane, pp. 314-. 

Schwarz, A.-M. J., Green, J. D., Green, T. G. A., and Seppelt, R. 
D.  1993.  Invertebrates associated with moss communities at 
Canada Glacier, southern Victoria Land, Antarctica.  Polar 
Biol. 13: 157-162. 

Seeman, O. D. and Palmer, C. M.  2011.  Parasitism of 
Apteropanorpa tasmanica Carpenter (Mecoptera:  
Apteropanorpidae) by larval Leptus agrotis Southcott (Acari: 
Erythraeidae) and Willungella rufusanus sp. nov. (Acari:  
Microtrombidiidae).  Zootaxa 2925: 19-32. 

Singh, P. K., Upadhyay, S. K., Krishnappa, C., Saurabh, S., 
Singh, R., Ral, P., Singh, H., Mishra, M., Singh, A. P., 
Verna, P. C., Nair, K. P. N., and Tuli, R.  2015.  A novel 
insecticidal chitinase protein its encoding nucleotide and 
application thereof.  Patent. 

Skre, O., Berg, A., and Wielgolaski, F. E.  1975.  Organic 
compounds in alpine plants.  In:  Wielgolaski, F. E.  (ed.).  
Fennoscandian Tundra Ecosystems.  1:  Plants and Micro-
organisms.  Springer, N. Y., pp. 339-350. 

Slack, N. G.  1977.  Species diversity and community structure in 
bryophytes:  New York State studies.  Bull. N. Y. State Mus. 
428: 1-70. 

Smirnov, N. N.  1961.  Food cycles in sphagnous bogs.  
Hydrobiologia 17: 175-182. 

Soltes, R.  1996.  Insect outbreak in relation to heavy metal 
deposition in the moss species.  Oecol. Mont. 5(2): 93-96. 

Soudzilovskaia, N. A., Bodegom, P. M., and Cornelissen, J. H.  
2013.  Dominant bryophyte control over high-latitude soil 
temperature fluctuations predicted by heat transfer traits, 
field moisture regime and laws of thermal insulation.  Funct. 
Ecol. 27: 1442-1454. 

Spitzer, K. and Danks, H. V.  2006.  Insect biodiversity of boreal 
peat bogs.  Ann. Rev. Entomol. 51: 137-161. 

Stanley-Samuelson, D. W. and Dadd, R. H.  1983.  Long-chain 
polyunsaturated fatty acids:  Patterns of occurrence in 
insects.  Insect Biochem. 13: 549-558. 

Starzomski, B. M. and Srivastava, D. S.  2007.  Landscape 
geometry determines community response to disturbance.  
Oikos 116: 690-699. 

Steiner, W. A.  1994.  The influence of air pollution on moss-
dwelling animals:  1.  Methodology and composition of flora 
and fauna.  Rev. Suisse Zool. 101: 533-556. 

Storey, K. B. and Storey, J. M.  1992.  Biochemical adaptations 
for winter survival in insects.  Adv. Low-temp. Biol. 1: 101-
140. 

Strong, J.  1967.  Ecology of terrestrial arthropods at Palmer 
Station, Antarctic Peninsula.  In:  Gressitt, J. L.  (ed.).  
Entomology of Antarctica.  Antarctic Research Series, 
American Geophysical Union 10: 357-371. 

Sveinbjörnsson, B. and Oechel, W. C.  1991.  Carbohydrate and 
lipid levels in two Polytrichum moss species growing on the 
Alaskan tundra.  Holarctic Ecol. 14: 272-277. 



 Chapter 12-1:  Terrestrial Insects:  Habitat and Adaptations 12-1-36 

Swain, T.  1977.  Secondary compounds as protective agents.  
Ann. Rev. Plant Physiol. 28: 479-501. 

Takaki, N.  1957.  [Certain mosses are utilized by birds and 
insects.]  Misc. Bryol. Lichenol. 12: 1-2. 

Tauber, M. J., Tauber, C. A., Nyrop, J. P., and Villani, M. G.  
1998.  Moisture, a vital but neglected factor in the seasonal 
ecology of insects:  Hypotheses and tests of mechanisms.  
Environ. Entomol. 27: 523-530. 

Tilbrook, P. J.  1967.  Arthropod ecology in the maritime 
Antarctic.  In:  Gressitt, J. L.  (ed.).  Entomology of 
Antarctica. Antarctic Research Series. Amer. Geophys. 
Union 10: 331-356. 

Tillyard, R. J.  1926.  The Insects of Australia and New Zealand.  
Angus & Robertson, Sydney. 

Tripp, F. E.  1888.  British Mosses, their Homes, Aspects, 
Structure and Uses.  2 Vol.  George Bell & Sons, Covent 
Garden, London (Wheldon & Wesley). 

Tuf, I. H. and Tvardík, D.  2005.  Heat-extractor – indispensable 
tool for soil zoological studies.  Contributions to Soil 
Zoology in Central Europe I. Institute of Soil Biology, 
ASCR, České Budějovice, pp. 191-194. 

Usher, M. B. and Booth, R. G.  1984.  Arthropod communities in 
a maritime Antarctic moss-turf habitat:  Three-dimensional 
distribution of mites and Collembola.  J. Anim. Ecol. 53: 
427-441. 

Varga, J.  1992.  Analysis of the fauna of protected moss species.  
Biol. Conserv. 59: 171-173. 

Vitt, D. H.  1991.  Distribution patterns, adaptive strategies, and 
morphological changes of mosses along elevational and 
latitudinal gradients on South Pacific Islands.  In:  Nimis, P. 
L. and Crovello, T. J.  (eds.).  Quantitative Approaches to 
Phytogeography.  Kluwer Academic Publishers, Dordrecht, 
The Netherlands.  Tasks for Vegetation Science 24: 205-231. 

Vitt, D. H. and Belland, R. J.  1997.  Attributes of rarity among 
Alberta mosses:  Patterns and prediction of species diversity.  
Bryologist 100: 1-12. 

Weikel, J. M. and Hayes, J. P.  1999.  The foraging ecology of 
cavity-nesting birds in young forests of the northern coast 
range of Oregon.  Condor 101: 58-66. 

Wetterer, J. K. 1998.  Nonindigenous ants associated with 
geothermal and human disturbance in Hawaii Volcanoes 
National Park. Pacific Sci. 52(1): 40-50. 

Whittaker, R. H. and Niering, W. A.  1975.  Vegetation of the 
Santa Catalina Mountains, Arizona.  V.  Biomass, 
production, and diversity along the elevation gradient.  
Ecology 56: 771-790. 

Wielgolaski, F. E. and Kjelvik, S.  1975.  Energy content and use 
of solar radiation of Fennoscandian tundra plants.  Ecol. 
Stud. 16: 201-207. 

Wikipedia.  2011.  Apteropanorpa.  Updated 7 Sept 2011.  
Accessed 15 September 2011 at 
<http://en.wikipedia.org/wiki/Apteropanorpa>. 

Willoughby, B., Beard, C., and Luketina, K.  2015.  Invertebrate 
macro-fauna in geothermal soils under native vegetation in 
the Waikato Region, New Zealand.  Proceedings World 
Geothermal Congress 2015 Melbourne, Australia, 19-25 
April 2015.  11 pp. 

Wilschke, J. and Rudolph, H.  1988.  HPLC analysis of phenolics 
in mosses.  In:  Glime, J. M.  (ed.).  Methods in Bryology, 
Hattori Botanical Laboratory, Nichinan, Miyazaki, Japan, pp. 
165-172. 

Wolf, J. H.  1994.  Factors controlling the distribution of vascular 
and non-vascular epiphytes in the northern Andes.  
Vegetatio 112: 15-28. 

Wolters, B.  1964.  Antibiotische und Toxisch Wirkende 
Substanzen aus Algen und Moosen.  Planta Med. 12: 85-99. 

Wolters, B.  1964.  Die Verbreitung antifungaler Eigenschaften 
bei Moosen.  Planta 62: 88-96. 

Wyatt, R. and Stoneburner, A.  1989.  Bryophytophagy of 
Rhizomnium punctatum by larvae of the crane fly Tipula 
oropezoides.  Bryologist 92: 308-309. 

Xie, C. F. and Lou, H. X.  2009.  Secondary metabolites in 
bryophytes:  An ecological aspect.  Chem. Biodiv. 6: 303-
312. 

Yanoviak, S. P., Nadkarni, N. M., and Gering, J.  2003.  
Arthropods in epiphytes:  A diversity component not 
effectively sampled by canopy fogging.  Biodiv. Conserv. 
12: 731-741. 

Yanoviak, S. P., Walker, H., and Nadkarni, N. M.  2004.  
Arthropod assemblages in vegetative vs humic portions of 
epiphyte mats in a neotropical cloud forest.  Pedobiologia 48: 
51-58. 

Yanoviak, S. P., Nadkarni, N. M., and Solano, J.  2007.  
Arthropod assemblages in epiphyte mats of Costa Rican 
cloud forests.  Biotropica 39: 202-210. 

Zachariassen, K. E. and Husby, J. A.  1982.  Antifreeze effect of 
thermal hysteresis agents protects highly supercooled 
insects.  Nature (London) 298: 865-867. 

Zachariassen, K. E., Kristiansen, E., Pedersen, S. A., and 
Hammel, H. T.  2004.  Ice nucleation in solutions and freeze-
avoiding insects – homogeneous or heterogeneous. 
Cryobiology 48: 309-321. 

Zar, J. H.  1968.  The fatty acid composition of the ladybird 
beetle, Coleomegilla maculata (DeGeer) during hibernation.  
Compar. Biochem. Physiol. 26: 1127-1129. 

Zinsmeister, H. D. and Mues, R.  1988.  Bryophytes as a reservoir 
of remarkable secondary components – a survey.  Plant Res. 
Dev. 27: 12-37. 

 


