
Journal of Insect Physiology 46 (2000) 1387–1396
www.elsevier.com/locate/jinsphys

Seasonal changes in tolerance to cold and desiccation in
Phauloppiasp. (Acari, Oribatida) from Finse, Norway

Heidi Sjursen*, Lauritz Sømme
University of Oslo, Department of Biology, P.O. Box 1050 Blindern, N-0316, Oslo, Norway

Received 17 November 1999; accepted 2 March 2000

Abstract

In the alpine region at Finse, Norway,Phauloppiaspp. (Acari, Oribatida) inhabit lichens on top of boulders. Adult mites are
about 0.5 mm in length and have a mean weight of ca. 15µg. Temperatures in the lichens may drop below235°C in winter and
increase to 55°C in the summer. Large seasonal variations were recorded in supercooling points and body fluid osmolality. Mean
January values of SCPs and osmolality were235.3°C and 3756 mOsm, while July values were29.4°C and 940 mOsm, respectively.
Thermal hysteresis proteins were present in both summer and winter acclimated mites. In mid-winter, some of the mites survived
more than 49 days in a water vapor saturated atmosphere at219°C, and more than 42 days enclosed in ice at the same temperature.

The mites showed high tolerance to desiccation. Specimens collected in October survived up to 23 days at 22°C and 5% RH.
The tolerance to desiccation was lower in specimens collected during the winter. Some mites survived the loss of up to 90% of
their total water content and were reactivated when given access to water. Length measurements of individualPhauloppiasp.
showed that both male and female mites are clearly divided in two size groups, suggesting that they belong to two closely related
species or different populations. 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

1.1. Cold hardiness

Terrestrial arthropods are widely distributed in tem-
perate and polar regions, and overwinter in many differ-
ent habitats. Some species overwinter in the ground, pro-
tected from extreme conditions by plant litter and snow
cover; others are exposed to low temperatures under bark
or on branches of trees, or in moss and lichen on wind-
swept mountain ridges. Several groups of arthropods
have successfully adapted to survive exposure to subzero
temperatures. Both behavioral and physiological adap-
tations are required for successful overwintering. Funda-
mental physiological differences lie in whether or not
the organism can survive freezing (e.g. Salt, 1961;
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Sømme, 1981; Zachariassen, 1985; Cannon and Block,
1988).

The ecology and physiology of oribatid mites (Acari,
Oribatida) have been studied in different environments,
but systematics have been the main topic of most studies
(Grandjean, 1953; Trave´, 1961; Krantz, 1978; Norton
and Behan-Pelletier, 1986; Behan-Pelletier, 1991). Earl-
ier studies on overwintering strategies in oribatid mites
have shown that they are freeze susceptible (e.g. Sømme
and Conradi-Larsen, 1977; Cannon and Block, 1988;
Webb and Block, 1993). Low supercooling points
(SCPs), high concentrations of low-molecular weight
substances in the haemolymph, the absence of ice nucle-
ating agents (INAs) and the presence of antifreeze pro-
teins are the most important characteristics seen in freeze
susceptible terrestrial arthropods.

Mean SCPs for most species of oribatid mites tested
to date lie between220 and230°C in winter-acclimated
individuals (Schatz and Sømme, 1981; Block, 1982), and
somewhat higher in summer-acclimated individuals
(Sømme, 1981), although populations from Antarctica
may maintain their ability to supercool to temperatures
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well below 220°C even during the summer (Block and
Sømme, 1982; Shimada et al., 1992; Sømme et al., 1993;
Sugawara et al., 1995). A common feature of oribatid
SCP distributions is that they show a marked bimodality;
often called high and low groups (Cannon and Block,
1988).

Low molecular weight solutes such as glycerol
depress the supercooling point of a solution about twice
as much as they depress the melting point (Zachariassen,
1985; Cannon and Block, 1988). In addition, the solutes
have other important cryoprotective functions, e.g. stabi-
lizing proteins and enzymes against denaturation,
inhibiting lipid phase transitions, increasing the pro-
portion of unfreezable water, and protection against cold
shock (Duman and Horwath, 1983; Baust, 1983; Storey,
1984; Lee et al., 1986). Thermal hysteresis proteins
(THPs) lower the freezing point of the haemolymph by
a noncolligative mechanism but do not affect the melting
point, thus producing a difference between melting point
and freezing point termed thermal hysteresis. THPs are
found in the haemolymph of overwintering terrestrial
arthropods (Zachariassen, 1985; Duman et al., 1991),
and have been shown to prevent inoculative freezing in
beetles (Gehrken, 1992; Olsen et al., 1998).

Probably because of their small size, few studies have
been carried out on thermal hysteresis and osmolality in
mites. Thermal hysteresis has been described in both the
nymphs and adults of the Antarctic oribatid miteAlasko-
zetes antarcticus(Block and Duman, 1989). Haemo-
lymph osmolality inMaudheimia wilsonifrom Dronning
Maud Land, Antarctica ranges from 500 to 800 mOsm
and thermal hysteresis freezing points from24.7 to
26.1°C. (Sømme et al., 1993).

Time aspect is an important factor in insect cold hardi-
ness. Overwintering species have to survive long periods
at subzero temperatures but may be injured or killed at
temperatures well above their SCP (Sømme, 1996). Very
few studies have examined long term exposure to freez-
ing temperatures in microarthropods. As an example,
more than 85% of winter acclimatedAlaskozetes antarc-
ticus survived exposures up to 100 days at210 and
215°C (Cannon, 1987), and Marshall (1996) maintained
specimens ofMaudheimia petroniaat 215°C for six
months. InAmblyomma americanum(Acari: Ixodidae),
however, unfed immatures as well as fed and unfed
adults showed high mortality after exposure to210°C
for 12 days (Needham et al., 1996).

1.2. Desiccation resistance

The rate at which water is lost in an arthropod depends
on the chemical potential, the total mass of water in the
body fluids and the permeability of the outer protecting
layers of the body (Wharton, 1985). Ring and Danks
(1994) linked resistance to desiccation with cold hardi-
ness, suggesting that physiological adaptations to dry

and cold environments overlap in several ways. Dehy-
dration results in an increase in concentration of cryopro-
tectants, which will depress supercooling points in freeze
susceptible organisms (Zachariassen, 1985).

Some oribatid mites survive longer at low tempera-
tures (0–4°C) than at high temperatures, probably due to
lower desiccation stress (Cannon and Block, 1988). In
the maritime Antarctic,Alaskozetes antarcticusshows
little seasonal variation in water content, with values
between 65 and 75% of fresh weight (Block, 1981). In
this species the rate of water loss is less than 0.5% of
fresh weight h21 at 0°C and 5% RH (Worland and
Block, 1986), while Halozetes belgicaelost 0.7% of
fresh weight h21 under similar conditions. In the sub-
Antarctic mitesPodacarus aubertiandHalozetes fulvus,
water loss rates at 15°C and 5% RH were 0.60 and
0.65% of fresh weight h21, respectively (Marshall,
1996).

In Dronning Maud Land, Continental Antarctica,
Maudheimia petronialives on nunataks in a habitat prac-
tically devoid of free water, except during thawing in
the summer (Marshall, 1996). At 15°C and 5% RH the
mean rate of water loss in this species during the first
45 h of desiccation was 0.42% of body water h21. This
value is close to a rate of 0.44% of body water h21 at
15°C and 10% RH inM. wilsoni (Sømme et al., 1993).

1.3. Purpose of the present study

In the alpine zone at Finse, Norway, the oribatid mites
Phauloppia spp. (family Oribatulidae) experience
extreme climatic conditions. The mites inhabit lichens
on top of large boulders, and are exposed to freezing
temperatures and desiccation stress in winter, as well as
desiccation stress during the summer. The purpose of the
present study was to determine changes in supercooling
points, osmolality, water content and water loss, and in
survival during prolonged exposure to cold in these spec-
ies, as a function of season and temperature.

2. Material and methods

2.1. Sampling area

The field work was done at Finse, in the Hardangerv-
idda alpine plateau in south–western Norway. Finse has
a harsh climate with a short summer period of 90 to 130
days. Average air temperature is approximately210°C
in winter (November to April) and+7°C in summer
(Norwegian Meteorological Institute). Temperatures as
low as 240°C have been recorded in January. Most of
the ground in the Finse area is covered by snow for 8
to 10 months of the year, and occasional snowfall during
the summer months is not unusual. Large boulders trans-
ported by glacier movements during the last period of



1389H. Sjursen, L. Sømme / Journal of Insect Physiology 46 (2000) 1387–1396

glaciation are found in this area. The vegetation on these
boulders mostly consists of lichens. As the upper parts
of the boulders remain above snow cover in the winter,
severe temperature fluctuations may occur (Leinaas and
Sømme, 1984). In the present study, temperatures in the
mites’ microhabitat were recorded hourly with a Grant
Squirrel Meter Logger 1200 in January, February and
March 1998 (Fig. 1A) and in May 1998 (Fig. 1B). The
data logger was connected to thermocouples placed close
to the top of the north and south facing sides of one of
the boulders at 1300 m in the mountain side of
Kvannjolsnut. The temperatures showed largest fluctu-
ations on the south side, but were more stable on the
north side. On clear days in May, the temperature
exceeded 55°C on the south side and 35°C on the north
side. The lowest temperatures recorded were216 to
218°C in January and March, while February was
unusually mild this winter, with an average temperature
of 23.6°C on both sides of the boulder. Due to differ-
ences in the net long wave infra-red radiation from the
rock, the rock surface temperature on the south side,
which is facing the open valley, is often lower than on
the north side, which is protected by the adjacent slope.

2.2. Research species

Phauloppia spp. are prevalent among the oribatid
mites of this habitat, but the species have so far not been
described. Adult mites range from 0.4 to 0.6 mm in
length and the average weight is ca. 15µg. The length

Fig. 1. Temperatures measured hourly on south- and north facing
sides of a boulder at Finse. (A) From 23 January to 16 March 1998;
(B) From 12 to 23 May 1998.

of 123 adultPhauloppiasp. is shown in Fig. 2. There
are two size groups both in males and females. Females
are generally larger than males, but there is a consider-
able overlap between small females and large to
medium-sized males.

Phauloppiasp. is most numerous in the lichenRamal-
ina polymorpha. R. polymorphais distributed all over
Norway, but is most common along the coastline. At
Finse it grows only on top of large boulders frequently
fertilized by birds (Krog et al., 1980).Phauloppiasp. is
observed to be active for most of the year. The mites
aggregate in the lichen thallus and remain immobile for
the coldest period of the winter. When disturbed in the
field they moved at temperatures down to27°C.
Samples ofR. polymorphawere collected by hand eight
times during 1997–1998 from ten boulders, and placed
in cooled thermos bottles for transportation. In the lab-
oratory, the samples were stored at a temperature close
to the average temperature in the field at the time of
collection. The mites were sorted from the lichen under
a dissecting microscope, gently tearing the lichen apart
with forceps and needles. A soft brush was used to pick
up the individual mites. The specimens were separated
from the lichen shortly before they were to be used in
experiments, and all samples were kept cool. Adults of
Phauloppiasp. were used for experimental purposes.

2.3. Supercooling points

Supercooling points (SCPs) were measured as
described by Block and Sømme (1982) following each
date of collection of mites. To minimize physiological
changes during transportation and storage, the measure-
ments were made within 24 hours after returning from
the field. Low temperatures were obtained by the use of
a Hetotherm temperature controlled cooling bath or by
the use of crushed solid CO2. Median SCPs were calcu-
lated and seasonal variation was tested using a non-para-

Fig. 2. Size distribution in male and femalePhauloppiasp. from
Finse.
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metric Kruskal–Wallis one-way analysis of variance.
Mean SCPs were also calculated to find the temperature
used in the chill tolerance experiments and to allow com-
parison with other studies.

2.4. Osmolality and thermal hysteresis

The osmolality of mite body fluids was measured with
a Clifton Nanolitre Osmometer. Measurements were per-
formed within four days after returning from the field.
Small samples of haemolymph and internal tissues were
obtained by crushing the mite under liquid paraffin. In
most cases only one mite was used, but some measure-
ments were done on samples from 2–3 mites pooled
together. The difficulties in obtaining samples of body
fluids from such small organisms may slightly affect the
accuracy of the method. The samples were not clear
enough to distinguish single ice crystals, and this may
also have affected the accuracy of the measurements. For
the same reason, it was not possible to detect any differ-
ence between freezing- and melting point, and thermal
hysteresis could not be observed in these samples. Sea-
sonal differences in osmolality were examined using a
one-way ANOVA. By diluting the mite body fluids with
de-ionized water for clarification, it was possible to
observe the difference between melting- and freezing
point that occurs when thermal hysteresis proteins are
present. These measurements are not strictly quantitat-
ive, and were conducted on samples from individual
mites collected in July and December 1998.

2.5. Chill tolerance

To measure survival at the lower range of the mites’
tolerance, chill tolerance experiments were performed at
freezing temperatures following each field collection.
Open glass tubes, each containing 10 animals, were
placed in a closed container with a layer of ice to main-
tain a saturated water vapor pressure. In samples from
autumn, spring and summer, the experimental tempera-
tures were approximately 6°C higher than the mean
SCPs, while mites collected in the winter were placed
in a deep-freeze at219°C. In this case, the experimental
temperatures were 10–16°C higher than the mean SCPs.
Every week one or two tubes were slowly warmed, and
survival of the mites was recorded. The mites were con-
sidered to be dead if no movement could be observed
after a thawing period of 3–12 hours at 10°C. Seasonal
variance in survival was analysed using logistic
regression with day and month as independent variables.
In the analysis, only days 7 to 49 were included due to
missing data at the end of the experiment.

A similar experiment was performed with mites
enclosed in ice. Small glass tubes were partly filled with
purified water and 10 mites added to each tube. When
the water was frozen, more water was added to make

sure that all mites were covered by ice. Every week one
tube was thawed, and survival of the mites was recorded.
Seasonal variance in survival was analysed using logistic
regression as described above. Days 7 to 42 were
included in the analysis.

2.6. Dehydration and rehydration

Dehydration experiments were performed in October
1997, January, May and July 1998. All experiments were
started within four days after returning from the field.
The mites were dried individually in small, dry glass
containers at 22°C and 5% RH. All mites were weighed
every day on a Cahn Electrobalance 4700 until they died.
The mites were considered to be alive as long as one or
more legs moved slightly when touched with a brush.
To determine total water content, the mites were sub-
sequently dried for 24 hours at 85°C and weighed again.
Median water content was expressed as gram water per
gram dry weight, and the rate of water loss was
expressed as percentage water loss per day for the first
three days (when most mites were still alive), and for
the whole period. Percent survival per day was also cal-
culated.

Rehydration experiments were performed in May and
July to see if inactive, dried mites placed on moist filter
paper were able to take up water and recover after hav-
ing lost almost all of their free water. Individual mites
were initially dried as described above, but when an ani-
mal became inactive it was transferred to moist filter
paper. Survival, weight after dehydration, weight after
one day with access to water, and percent loss of total
water content after dehydration were determined for the
individual mites.

3. Results

3.1. Supercooling points

The SCPs ofPhauloppia sp. (Fig. 3) clearly shift
towards lower values in the winter, and higher values in
the summer. There is generally a large range in the
SCPs, and this tendency was most pronounced in the
autumn (October, November) and in the early spring
(March). The lowest individual SCP measured was
242.7°C (January), and the highest SCP observed was
24.0°C (July). Mean and median SCPs are listed in
Table 1. The Kruskal–Wallis test gives evidence for a
significant seasonal difference in supercooling points
(Kruskal–Wallis, df=6, P,0.0001).

3.2. Osmolality and thermal hysteresis

Seasonal changes in osmolality of the body fluids in
Phauloppiasp. are shown in Table 1. There is a distinct
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Fig. 3. Seasonal changes in SCP distribution inPhauloppiasp. plot-
ted against number of specimens per 1°C interval.

increase in mean osmolality from November to January,
and a decrease from March to May. The highest individ-
ual concentration measured was 3855 mOsm (January),
and the lowest individual value was 726 mOsm (July).
Osmolality was significantly different between months
when tested with an ANOVA (F-test, df=5, 18,
P,0.0001). A Tukey Test (Table 1) also gave evidence
for a significant difference in osmolality between
autumn/early winter, late winter and spring/summer.

Thermal hysteresis (Table 1) was present in winter
acclimatized specimens, and to a lesser degree in late
summer acclimatized mites.

3.3. Chill tolerance

Seasonal variation in tolerance to prolonged exposure
to subzero temperatures is shown in Table 2, for speci-
mens of Phauloppia sp. in a water vapor saturated
atmosphere. High survival rates were recorded in the
autumn and during the winter. Although the range of
individual SCPs sometimes include values above the
experimental temperature (Fig. 3), no mortality was
recorded during the first seven days. It was not possible
to determine whether the mites in the chill tolerance
experiment were frozen. In months when the mean SCPs
were relatively low (Table 1), some specimens survived
extended periods at219°C. In May and July mortality
at relatively high experimental temperatures was higher,
but some specimens survived for more than 63 days at
211 and24°C. At this time of the year most specimens
would have died rapidly at219°C since their SCPs are
higher than this temperature. A logistic regression analy-
sis showed that the probability of survival for 49 days
was significantly different (P,0.05) between all months
except between December, January and March.

Mites enclosed in ice (Table 3) also showed high sur-
vival rates during the winter, when some specimens sur-
vived for more than 42 days. It appears that the mites
are resistant to inoculative freezing through the cuticle.
Higher mortality was recorded in the spring and summer
for specimens in ice. The probability of survival to 42
days when enclosed in ice was significantly different
(P,0.05) between months. The probability of survival
compared to mites in a humid atmosphere was also sig-
nificantly different (P,0.0032) when tested for the four
months when both treatments were applied.

3.4. Dehydration and rehydration

Median water content per day inPhauloppiasp. is
presented in Fig. 4. Table 4 shows the rate of water loss
per day for day 0–3 and for the whole period, and the
median water content of fresh specimens in percentage
of fresh weight. The rate of water loss was low in the
autumn, increased considerably in the winter, and
remained high in spring and summer. Water content as
a percentage of fresh weight was similar for the four
seasons. Individuals sampled in May had the lowest
fresh weight, the lowest total water content, the highest
rate of water loss during 0–3 days and the lowest sur-
vival. Percent survival of mites for the four periods is
given in Fig. 5. The highest rate of survival was
observed in October concurrent with the lowest rates of
water losses.

Results from the rehydration experiments in May and
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Table 1
Median SCP, mean (±SD) SCP, osmolality and thermal hysteresis inPhauloppiasp. from Finse

SCP (°C) Osmolality (mOsm)a Thermal hysteresisb

Month n median x̄±SD n x̄±SD n x̄±SD

Sep 39 212.5 212.8±2.9 4 305±137
Oct 53 222.8 221.3±7.1 4 2110±282A
Nov 51 229.0 229.1±7.9 4 2400±112A 4 1057±329
Jan 31 237.1 235.3±5.8 4 3756±115B
Mar 57 235.7 232.4±7.6 4 3463±102B
May 51 217.6 216.8±4.2 4 1272±98C
Jul 40 29.5 29.4±2.3 4 940±151C

a Tukey Test; means with the same letter are not significantly different.
b In diluted haemolymph.

Table 2
Chill tolerance inPhauloppiasp. exposed to a water vapor saturated atmosphere for different time periods at temperatures 6 to 16°C higher than
their mean SCPa. The table shows number of surviving specimens from a total of 10 specimens per sample

Days

Temp.
Month 7 14 21 28 35 42 49 56 63

(°C)

Sep 26 10 10 10 10 10 9 9 9 9
Oct 214 10 10 10 9 9 9 9 9
Nov 219 10 10 10 9 7 6 6
Jan 219 10 10 9 9 7 6 7
Mar 219 10 10 9 8 7 7 6 5 5
May 211 10 10 7 6 6 5 4 4 4
Jul 24 10 7 6 4 4 3 3 3 2

a For data on mean SCP see Table 1.

Table 3
Chill tolerance inPhauloppiasp. enclosed in ice and exposed for different time periods at temperatures 6 to 16°C higher than their mean SCPa.
The table shows number of surviving specimens from a total of 10 specimens per sample

Days

Month Temp. (°C) 7 14 21 28 35 42

Jan 219 10 10 9 9 6 6
Mar 219 10 8 8 5 5 5
May 211 9 9 7 4 3 3
Jul 24 8 7 5 3 3 2

a For data on mean SCP see Table 1.

July are given in Table 5. Individual mites were rehy-
drated and increased their body weight when given
access to water after a period of dehydration. The drying
period lasted for 2 to 19 days, and the mites lost up to
90% of their total water content. Following one day of
rehydration, some mites had restored their weight to the
original fresh weight. With the exception of two speci-
mens, all mites survived and recovered full mobility.

4. Discussion

4.1. Microclimate

The microhabitat of thePhauloppiasp. in lichens on
top of the boulders at Finse is a habitat of extremely
variable conditions. Temperatures remain below210°C
for long periods during the winter (Fig. 1A), and may
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Fig. 4. Median water content inPhauloppiasp. after exposure to 5%
RH and 22°C in October (j, n=9), January (s, n=13), May (I, n=17)
and July (x,n=16).

Table 4
Median fresh weight, median water loss rate per day for the whole period, median water loss rate per day from day 0–3 only, and median water
content (wc) inPhauloppiasp. at 22°C and 5% RH, in autumn, winter, spring and summer

Water loss rate day 0– wc (% of fresh
Month n Fresh weight (µg) Water loss rate (%/d)

3 (%/d) weight)

Oct 9 20.0 3.3 7.7 68.9
Jan 13 15.7 20.9 14.0 67.1
May 17 13.4 15.9 21.7 67.3
Jul 16 13.8 14.2 16.2 67.0

Fig. 5. Percent survival inPhauloppiasp. after exposure to 5% RH
and 22°C in October (j, n=9), January (s, n=13), May (I, n=17) and
July (x, n=16).

exceed 5°C on sunny days. Air temperatures down to
240°C have been recorded at Finse (The Norwegian
Meteorological Institute). Due to rain, frost and snowfall,
the lichens may become enclosed in ice. For this reason
the inhabitants of the lichens must be well adapted to
avoid inoculative freezing when they come in contact
with the ice. During the summer, the sun warms the dark
boulders to more than 50°C during the day, although the
temperature drops to zero at night (Fig. 1B). February
1998 was exceptionally mild at Finse (Fig. 1A), but this
did apparently not affect the supercooling capacity of the
mites in March (Fig. 3).

Organisms inhabiting the lichen may be exposed to
extreme dehydration, since the lichen will loose most of
its water content in periods without precipitation. Due
to the low water vapor pressure above ice, there is also
a risk of dehydration when the environment is frozen. It
appears thatPhauloppiasp. minimize dehydration dur-
ing the winter by aggregating in large groups. In studies
on cold hardiness and resistance to desiccation factors
affecting both the acclimatization and physiology of the
animals should be considered.

4.2. Size distribution

Size measurements ofPhauloppiasp. show that both
males and females are clearly divided in two groups
(Fig. 2). This can be an indication that the mites belong

to two different species or to different populations. There
are, at present, no other known differences in morpho-
logical characters than the size to separate the two
groups. The present results on chill tolerance showed no
correlation to size, but surface area: volume ratios may
indicate that smaller mites are less resistant to dehy-
dration than larger mites. Taxonomic studies should be
performed to see if the mites belong to two closely
related species.

4.3. Supercooling and osmolality

The patterns of supercooling points inPhauloppiasp.
(Fig. 3) are similar to patterns found in other freeze sus-
ceptible microarthropods (e.g. Sømme and Conradi-
Larsen, 1977; Von Allmen and Zettel, 1984; Leinaas and
Sømme, 1984; Leinaas and Fjellberg, 1985). The super-
cooling points of Phauloppia sp. in this study were
clearly correlated with osmolality, and showed a distinct
response to changing temperatures. When temperatures
were low in the winter, SCPs were low and haemolymph
concentrations were high. When air and microhabitat
temperatures rose during spring, SCPs increased and
osmolality decreased. The large range of the SCPs sug-
gests that the SCP of some individuals follow the tem-
perature changes closely, while other individuals require
a longer time to acclimatize. Processes such as gut con-
tent evacuation and water balance are important in this
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Table 5
Rehydration in individualPhauloppiasp. collected in May and July 1998. Following dehydration, all mites were kept on moist filter paper for
one day

Weight after dehydr. Loss of total water Weight after rehydr.
Mite no. Fresh weight (µg) No. days dehydrated

(µg)a cont. (%) (µg)b

May: 1 6.6 2 5.1 60 5.5
2 9.1 3 5.0 69 5.9
3 21.0 5 13.5 67 15.4

July: 1 14.9 5 7.0a – db

2 9.9 14 3.5 90 7.5
3 9.4 6 4.2a 87 6.5
4 8.1 19 4.1 82 8.3
5 10.1 7 4.3 81 5.7
6 14.6 7 6.3 89 8.6
7 13.1 6 5.9a – db

8 12.0 16 6.4 84 11.1

a =not moving
b =dead

context (Sømme, 1981). Preliminary analysis showed
that part of the high osmolality in winter can be
explained by the presence of large quantities of glycerol
and smaller amounts of mannitol and fructose (W.
Block, pers. comm).

As discussed by Meier and Zettel (1997), high levels
of low molecular weight antifreezes may impair the
mobility of terrestrial arthropods, and observations on
the collembolanEntomobrya nivalisfrom the Swiss Alps
were in agreement with this. Field collected individuals
of Phauloppiasp., however, were active when they were
removed from the lichen, even at a time when haemo-
lymph concentrations were very high.

4.4. Thermal hysteresis

Thermal hysteresis has previously been demonstrated
in oribatid mites from the Antarctic (Block and Duman,
1989; Sømme et al., 1993). Since the small volumes of
body fluids obtained fromPhauloppiasp. were not clear,
thermal hysteresis in this species could not be observed
without diluting the samples with water (Table 1). A
dilution of about 1:4 prevented exact measurements, but
thermal hysteresis was clearly demonstrated. Thermal
hysteresis proteins are probably costly to produce, and
may only be present in large quantities when there is a
risk of cold injury. This will result in a seasonal variation
in hysteresis protein activity, with a larger thermal hys-
teresis in the winter than in the summer, as observed in
Phauloppiasp. These results are consistent with other
observations on thermal hysteresis in insects (e.g. Olsen
and Duman, 1997).

4.5. Chill tolerance

As pointed out by Sømme (1999), supercooling
capacity in freeze susceptible species or the lower lethal

temperature in freeze tolerant species are not sufficient
to assess the ability of an organism to survive low tem-
peratures. In addition, it is important to consider time as
a factor in cold hardiness.Phauloppiasp. has a high
tolerance for prolonged exposures to low temperatures a
few degrees above their mean SCP (Table 2). The toler-
ance decreases in the spring, probably because the mites
have already sustained a long cold winter. Reduced tol-
erance may also be related to a decrease in thermal hys-
teresis proteins and low molecular weight cryoprotectant
substances. Concurrent seasonal changes in SCPs and
tolerance to prolonged exposures have also been
observed in insects (e.g. Kostal and Simek, 1996).

In general, oribatid mites possess a hydrophobic cuti-
cle, and this may explain whyAlaskozetes antarcticus
embedded in ice during the winter resume activity upon
rewarming (Young and Block, 1980). Cannon (1987)
found that 78% of these mites survived 21 days in ice
at 215°C, while Shimada et al. (1992) showed that
inoculative freezing reduced the survival rates in both
adults and tritonymphs. It is remarkable thatPhauloppia
sp. survived several weeks surrounded by ice (Table 3),
which suggests that this species is highly resistant to
inoculative freezing. As reported by Olsen et al. (1998),
thermal hysteresis proteins are present in the epidermal
cells underneath the cuticle of the beetleDendroides
canadensisand may prevent the “seeding” of ice crystals
through the cuticle, and this may also be the case in
Phauloppiasp.

4.6. Dehydration

There are few observations on desiccation in oribatid
mites. Sugawara et al. (1995), however, found thatAnt-
arcticola meyerisurvived for 7 days at 30°C and 100%
RH, but only 4 days at 30°C and a lower (unspecified)
humidity. The present dehydration experiments (Figs. 4
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and 5) suggest thatPhauloppiasp. can tolerate a long
drying period in the autumn, but not during the winter
and spring. On the other hand, the mites may be sub-
jected to desiccation in frozen surroundings due to the
low water vapor pressure of ice (Holmstrup and Zachari-
assen, 1996). Resistance to desiccation at high and sub-
zero temperatures is probably based on different physio-
logical mechanisms. The Arctic collembolanOnychiurus
arcticus is susceptible to desiccation at high tempera-
tures (Block et al., 1994), but tolerates dehydration at
sub-zero temperatures (Holmstrup and Sømme, 1998).

The rates of water loss observed inPhauloppiasp.
(Fig. 4, Table 4) correspond approximately to those
found by Marshall (1996) inMaudheimia petroniaat
215°C and 5% RH. In the latter, water loss rates were
higher during the initial 45 hours of exposure. A similar
tendency was observed inPhauloppia sp. when the
water loss during days 0–3, when all mites were alive
(Fig. 5), was compared to the water loss during the
entire period.

The seasonal difference in resistance to desiccation is
difficult to explain, but exposure to 22°C and 5% RH is
an artificial situation which the mites will not encounter
in winter and spring. Mites collected in October had
slightly higher water content and were larger than speci-
mens collected later on (Table 4). If two species are
involved (Fig. 2), the smaller species may be less resist-
ant to desiccation. In May the mites had a low median
fresh weight and the highest mortality after a short per-
iod of drying. They did not survive a loss of more than
0.5 g/g dw (Fig. 4), which corresponds to a loss of 70%
of their total water content. Individual mites were con-
sidered to be alive when small movements of a leg were
observed, but this criterion may have been misleading.
As seen from Table 5, a mite considered as completely
inactive was able to take up water and resume activity.
Some of the mites collected in October and July survived
the loss of 90% of their body water. Studies on the fit-
ness and reproductive success in mites subjected to
extreme dehydration should be performed.

4.7. Conclusions

It is concluded that the oribatid mitePhauloppiaspp.
is adapted to its exposed alpine habitat through several
physiological mechanisms. Low winter temperatures are
tolerated due to lowered SCPs and great ability to sur-
vive extended periods of exposure to sub-zero tempera-
tures. The mites also survive enclosed in ice. Cold hardi-
ness is correlated with high haemolymph osmolality and
thermal hysteresis during the winter. Furthermore, dur-
ing the summer the mites are adapted to high tempera-
tures and desiccation through their low water loss rates
and ability to survive water losses up to 90%.
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