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Experimental manipulation of the winter surface ice layer: the

effects on a High Arctic soil microarthropod community
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The effect of patch size on the tolerance of the soil microarthropod population to an
experimentally induced environmental catastrophe, a thick surface ice layer, was
studied at a High Arctic site (78°55%N, 11°53%E). Such an ice layer currently occurs
infrequently; however, climate change models suggest that the occurrence of such an
ice layer is likely to increase in frequency. The experimental approach was a factorial
design with two patch sizes, an icing treatment and controls. A thin layer of natural
ice was present even in the controls and this was treated as a covariate in the analysis.
The soil microarthropod fauna at the experimental site consisted of five species of
Collembola and seven species of oribatid mite. The experimental surface ice layer
reduced the total number of the soil microarthropods studied by 50%; however,
mortality differed between mites and Collembola and species within the two taxo-
nomic groups. Mites were very resistant and showed no significant change, Collem-
bola more sensitive (the populations of Hypogastrura tullbergi declined by 56% and
Folsomia quadrioculata by 54% in the iced treatment plots). The thin annual surface
ice layer seemed to have an additional effect on H. tullbergi and the mite Lauroppia
translamellata. That such a thin ice layer could reduce survival was unexpected and
could play an important role in determining the extreme patchy distribution of arctic
soil animals.
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Norway.

The formation of a winter surface ice layer is a charac-

teristic feature of Svalbard, an archipelago in the High

Arctic, east of Greenland. The thickness of the ice layer

varies both spatially and temporally and is dependent on

brief thawing events or periods of freezing rain. Climate

change models predict that arctic regions will experience

a greater than global average increase in mean air

temperatures, particularly in the winter when mean air

temperatures are predicted to rise by ca 4.0°C by 2040

(Kattenberg et al. 1996). Furthermore, that there will also

be an increase in the frequency and extent of severe

climatic events, for example summer drought, tempera-

ture extremes and the thickness of the winter ground

surface ice layer associated with freezing rain and/or brief

thawing events during winter (Kattenberg et al. 1996).

Such icing events are suspected of having a deleterious

effect on winter survival of arctic Collembola (Leinaas

1999). Species responses to such events are a result of

complex interactions between the event, species specific

life history traits and the habitat and are hence difficult

to extrapolate from current ecological theory.

In tundra regions, a zone that covers 6% of the land

area and contains 12% of the global soil carbon pool

(Oechel and Vourlitis 1994), the soil microarthropod

fauna has an enhanced importance in decomposition

processes and soil formation due to the lack of annelid

worms. The Collembola and mites also form the princi-

pal grazers of the cyanobacteria and hence may have a

role in determining the growth rate and productivity of

the cyanobacteria which form a conspicuous component
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of many High Arctic soil systems. The cyanobacteria fix

atmospheric nitrogen and start plant succession (Dodds

et al. 1995, Liengen and Olsen 1997), but, in addition,

form a surface crust which stabilises the thin arctic soils

and enables higher plant succession to commence

(Tishkov 1986, Wynn-Williams 1993). By comparison

with the more visible mammals and birds, very little is

known about the soil fauna and how the soil system is

likely to respond to climatic fluctuations.

The vegetation cover of the High Arctic is often

incomplete, forming a naturally highly patchy landscape

for the soil microarthropods (Coulson et al. 1993,

Wookey et al. 1993, Hertzberg et al. 1994). Habitat

patchiness is now recognised as a principal determinant

in ecological and evolutionary processes from the level

of the individual to communities (Formann 1995,

Hansson et al. 1995, Hanski and Simberloff 1997).

However, few studies have investigated the interaction of

habitat patchiness and environmental stresses on ecolog-

ical processes. This is somewhat surprising considering

the importance of understanding such interactions, not

only for general ecological theory (Mangel and Tier

1993), but also for conservation biology (Meffe and

Carroll 1997) and evolutionary biology (Shorrocks and

Swingland 1990).

Patch size potentially influences population dynamics

through several processes. Larger patches are considered

to have greater habitat heterogeneity and higher resource

levels than small patches. The increased immigration

rates to large patches, and reduced emigration compared

to small patches (Stamps et al. 1987), combined with a

smaller stochastic risk of population crashes, works to

increase population performance and species diversity

(Root 1973, Dooley and Bowers 1996). It is also pre-

dicted that populations inhabiting larger patches will be

more robust against environmental catastrophes due to

the increased habitat complexity of larger patches

providing more refuges (Meffe and Carroll 1997). Empir-

ical studies have often supported this prediction (Matter

1997, Marsh and Pearman 1997), but exceptions have

also been reported (Robinson et al. 1992, Dooley and

Bowers 1996, Forare and Solbreck 1997, Marsh and

Pearman 1997, Eggleston et al. 1998). There is therefore

a need to test and examine such theories and predictions

using rigorous field experiments.

The use of soil microarthropods as model organisms

for the experimental study of patch dynamics has many

advantages which include, small size, precise patch

manipulation, comparatively short generation time,

range of different environmental requirements and often

high local abundances (Gonzalez et al. 1998). In addition,

the Arctic is a particularly suitable region to undertake

such studies because the species diversity of the soil fauna

of the Arctic is often reduced in comparison to more

southerly latitudes, and the ecology is correspondingly

simpler. Finally, patch manipulation experiments are

applicable since the methodology only restructures a

natural patchy habitat.

Here we report the results of a field experiment aimed

at investigating the interaction between patch size and a

naturally occurring environmental stress, a winter sur-

face ice layer. The principal aim was to examine the

interaction of patch size and climatic stress on the soil

microarthropod population density (and assemblage di-

versity) and examine whether patch size had an effect on

population response to an environmental stress. The

results are discussed not only in relation to arctic soil

biology but to ecological theory as a whole.

Materials and methods

In July 1997, we established 20 plots at Kolhaugen

(78°55%N, 11°53%E), the crest of a raised ridge formed

from glacial moraine, to the south of Ny-A, lesund,

Svalbard. The patchy vegetation was dominated by

Dryas octopetala and bryophytes, the Luzula/lichen

heath zone (Anon. 1980). The soil had a depth of ca 3

cm and consisted of a thin organic layer overlying glacial

moraine. Consequently the site was well drained and, in

the absence of meltwater or precipitation, was relatively

dry. The site was selected so as to be level with no

obstructions. Hence there were no differences in the

thickness of the uniform winter snow lie and summer soil

water status across the site.

The 20 plots were subject to two experimental treat-

ments; patch size and ice layer thickness in a randomised

2×2 factorial design. To create two patches of standard

sizes, areas of suitable vegetation in each of the plots were

marked out, either 12×12 cm or 30×30 cm (144 and

900 cm2 respectively, hereafter referred to as ‘‘small’’ and

‘‘large’’ plots). These two areas were selected since they

represented large and small patches of D. octopetala

occurring naturally. The surface vegetation and soil was

removed from around the outer edge to a distance of 30

cm in the previous summer. The removed soil was

replaced by fine sand collected from an adjacent area.

(The open ground thus forming ‘‘non-habitat’’ and

restricting the immigration of animals from the ‘‘main-

land’’ population).

The thickness of the winter surface ice layer was

manipulated by erecting a metal frame around the 20

plots in August. These frames were constructed from

sheet aluminium welded at the corners. Each was 25 cm

high and so sized as to ensure a gap of 20 cm between

the edges of the vegetation patch and the walls of the

frame. On 8 January 1998 the frames enclosing five large

and five small plots (randomly selected) were brimmed

with water which froze during the following 24–48 h (air

temperature ca −5– −18°C).

The thickness of the naturally occurring ice layer was

measured in all plots immediately prior to the treatment

frames being filled with water in January. The same
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measurement was repeated in mid-June 1998 to check

that the 25 cm ice layer had been maintained in the

experimental plots throughout the winter and to deter-

mine how much ice had accumulated within the control

plots at the onset of the main spring thaw.

Tinytalk dataloggers were sited to record soil temper-

atures in the frames (large and small) and an unmanip-

ulated control plot at a depth of 1 cm. Air temperatures

were obtained from the Norwegian Meterological Insti-

tute station in Ny-A, lesund.

The ground thawed in mid–late June. However, the

samples were collected at the end of the growing season

on 10 August. We were therefore able to observe the

combined effects of immediate consequences of the icing

treatment and the recovery in the subsequent growing

season. One sample of 144 cm2 and ca 2 cm deep was

taken from each plot; i.e. the whole of the small plots and

a proportion of the large. Hence the actual volume of

extracted soil was equal for both the large and the small

patches. The soil microarthropods were extracted at the

Univ. of Oslo using a modified MacFadyen high gradient

extractor (Leinaas 1978). After extraction the animals

were stored, identified and measured in glycerol.

The Collembola and oribatid mites were identified to

species. In all, five species of Collembola were identified

at Kolhaugen: Hypogastrura tullbergi (Schäffer), Folso-

mia quadrioculata (Tullberg), F. alpha Grow and Chris-

tiansen, Isotoma anglicana Lubbock and Anurida polaris

(Hammer). However, H. tullbergi and F. quadrioculata

dominated the species assemblage comprising 95% of the

total Collembola sample. The juvenile stages of three

species of mite, Camisia anomia Colloff, Diapterobates

notatus (Thorell) and Ceratoppia hoeli Thor, were differ-

entiated from the respective adults (proto, deuto and

tritonymph, excluding larvae). Only adults of the remain-

ing species Lauroppia translamellata (Willmann), Tecto-

cepheus 6elatus (Michael), Ceratozetes spitsbergensis

Thor and Ameronothrus lineatus (Thorell) were consid-

ered. Body lengths of the Collembola were measured to

the nearest unit using an eyepiece graticule (0.04 mm) at

25× magnification. Subsequent analysis grouped the

data to provide size classes of 0.08 mm. Body length was

used as an indicator of age (Petersen 1971).

Both the populations of F. quadrioculata and H.

tullbergi displayed a bimodal size distribution (Fig. 1).

The sample specific distributions were pooled for all

treatments and controls to set the appropriate midpoints

between the modes (0.72 mm and 0.80 mm for H.

tullbergi and F. quadrioculata respectively) to determine

age/size classes for the two species.

Analysis

Log-linear models were fitted to the plot specific counts

for each species. Starting from the most complex model

which included the two experimental factors (patch size

and ice treatment), thickness of natural ice preceding the

ice treatment and all two-way interactions between these

three main effects, insignificant terms were removed by

backward elimination until the model contained only

significant terms (pB0.05). To test for eventual differ-

ences in the age/size structure in the various species as

an effect of the experimental factors and natural ice

binomial models were applied in the same manner to the

proportion of small individuals/nymphs of the sample

totals.

Results

Treatment effects

Of the five species of Collembola only H. tullbergi and

F. quadrioculata had sample counts large enough (mean

number of individuals per control sample 66.2 and 117.2

respectively) for robust analyses of treatment effects

(Table 1). Of the eight species of mites only D. notatus,

C. anomia and L. translamellata could be analysed.

The residual variability from the most complex log-lin-

ear model was considerably larger than expected from the

Poisson distribution for all species. Residual deviance

divided by residual degrees of freedom which is expected

to be *1, ranged from 2.7 D. notatus to 61.1 in F.

quadrioculata. Thus aggregated spatial distributions were

indicated.

Fig. 1. The size distribution of H. tullbergi (a) and F. quadri-
oculata (b) pooled from control and treatment plots. Arrows
inidicate the midpoints selected (see text).
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Table 1. The density of the Collembola and oribatid mite fauna sampled from the Kolhaugen plots (numbers m−2).

PlotSpecies

Small 9SE 9SELarge 9SE Small-iced 9SE Large-iced

1012H. tullbergi 4486 2006 1819 814 4708 2106 2264
F. quadrioculata 8431 3770 2347 1050 7847 3509 3361 1503
F. alpha 569 255 347 68155 236 106 153

12I. anglicana 0 0 111 50 56 25 28
A. polaris 14 6 0 0 42 19 0 0
C. borealis nymphs 264 264 139 4362 931 416 97

adults 194 87 31153 68 472 211 69
D. notatus nymphs 222 99 278 124 347 155 181 81

adults 500 224 431 143193 472 211 319
C. hoeli 31nymphs 14 6 0 0 14 6 69

adults 0 0 0 0 0 0 28 12
A. lineatus nymphs 0 0 139 062 0 0 0

adults 14 6 014 6 0 0 0
L. translamellata 167 75 861 385 681 304 486 217
T. 6elatus 14 6 0 250 139 62 56
C. spitsbergensis 42 19 0 00 0 0 0

For both Collembola species analysed ice treatment

was significant (F. quadrioculata : x2=4.59, p=0.032, H.

tullbergi : x
2=4.46, p=0.035). The predicted number of

individuals per sample was 2.59 times higher in control

than in the ice treatment for F. quadrioculata and 2.08

times higher for H. tullbergi (Fig. 3). There was an

additional effect of natural ice on H. tullbergi per sample

(x2=4.62, p=0.032). The model predicted a 67% de-

crease in numbers from plots with no ice to plots with

60 mm of natural ice, but the scatter was considerable

(Fig. 4). Neither patch size nor any of the interaction

terms were significant in the log-linear models based on

total counts.

For mites the only significant effect was that of natural

ice on L. translamellata (x2=9.19, p=0.002). The pre-

dicted decrease from 0 to 60 mm natural ice was 82%,

but again the scatter was considerable (Fig. 4).

There was no consistent variation in the size/age

structure (proportion of small individuals or proportion

of nymphs) among the samples for either Collembola or

mites as tested by applying quasi-likelihood binomial

models to the data.

Soil and air temperatures

The temperature records show no obvious differences

between the treatments (Fig. 5). The soil was constantly

frozen from 10 September until mid-June. Soil tempera-

ture in the small frame rose briefly when the frame was

filled in January, but remained below 0°C. A soil

minimum of −29.4°C was attained early in March.

While there were a couple of freeze/thaw events in

September, mean daily air temperature was constantly

below 0°C from 6 October until the end of May.

Ice thickness

The thickness of the naturally occurring ice layer on all

the plots in January varied from 0 to 60 mm. However,

this ice had increased in thickness to between 90 and 150

mm by mid-June. This accumulation of ice must have

occurred during the spring thaw in June as the air and

soil temperatures were well below freezing between

January and the end of May.

Discussion

The faunal assemblage at Kolhaugen was similar to that

reported by other authors (Sendstad 1976, Wuthrich

1989, Coulson et al. 1996) for similar localities close to

Ny-A, lesund, but poorer in terms of both total densities

and species richness. Mean densities of Collembola and

oribatid mites being ca 13000 and 1450 m2 respectively

(Fig. 2). This compares with mean figures of ca 50000

and 8000 for the Collembola and mites from a polar

Fig. 2. Numbers of mites and Collembola in the four different
plots: large/small, iced/control (9SE).
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Fig. 3. Box plots showing the sample distributions of H.
tullbergi (a) and F. quadrioculata (b) in the icing and control
plots.

1998) or landscape patchiness (Formann 1995, Dooley

and Bowers 1996, Hill et al. 1996, Gonzalez et al. 1998),

but few have investigated the interaction of both factors

simultaneously on population processes. Since it is likely

that many of these effects are synergistic, it is difficult,

if not impossible, to predict many of the likely conse-

quences from current theory.

The artificial surface ice layer had a dramatic impact

on the microarthropod fauna, killing 50% of the total

population. However, the mortality was restricted to the

Collembola, the mites surviving the treatment relatively

unaffected. Population decline in the two principal

species, H. tullbergi and F. quadrioculata, was dramatic,

\54% for both species. However, the other Collembola

species showed no such pattern although their numbers

were too small to be analysed properly. It is unclear

whether this is due to a genuinely greater tolerance to the

icing treatment or that the low numbers of these species

are masking the negative effects of the treatments.

Although the ice treatment killed a high proportion of

the population, there were no differences in the effects

between the two patch sizes. It is frequently argued that

large patch sizes should support greater population

densities than small patches (Root 1973, Stamps et al.

1987, Bowers and Dooley 1993, Ims 1995). It was

therefore expected that, due to a combination of greater

habitat complexity with the increased number of refuges,

higher initial populations and the consequent reduction

in the chance of stochastic population crashes, that the

Fig. 4. Relation between the thickness of natural ice and
numbers of H. tullbergi (a) and L. translamellata (b).

semi-desert site two kilometres to the west of Ny-A, lesund

(Coulson et al. 1996). Coulson et al. identified eleven

species of Collembola and six species of oribatid mite

from the semi-polar desert site, compared to five species

of Collembola and seven species of oribatid mite in the

present study. Therefore despite possessing a greater

vegetation cover than the polar semi-desert site, the

Kolhaugen site appears to be a more extreme location.

This may be due to either a combination of such factors

as a more exposed position, thin soils and the risk of

desiccation in the summer or a naturally regularly

occurring surface ice layer.

Many studies have investigated the effects of either

climate fluctuations and change (Strathdee et al. 1993,

Wookey et al. 1993, Convey 1997, Hertzberg and Leinaas
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Fig. 5. Mean daily soil and air
temperatures at Kolhaugen from
August to June, 1997–1998. Soil
temperature inside frames – – – – – –

– – – – –; soil temperatures outside
frames -- -- -- -- -- --; air tempera-
ture · · · · · · ·.

microarthropod populations in the large patch sizes

should be more robust against the icing treatment than

those from the small patches. However, there was no

indication of this. This does not necessarily mean that

patch size is unimportant under natural conditions. The

effect observed here was due to a combination of ice

induced mortality and recovery during one growing

season. Even if survival rate is unaffected, recovery may

be size dependent through the effect of population size

on growth rate and extinction risks. Such an effect might

have been detected if different patch sizes had been

selected. The patch sizes selected in the experiment were

chosen so as to be representative of the naturally

occurring patches at Kolhaugen and our study might

indicate that habitat patchiness is not an important

determinant of Collembola population performance in

this habitat type. However, other systems have a higher

degree of patchiness at differing scales (e.g. smaller

tussocks) where an interaction between patch size and

icing may be more important.

An unexpected finding was that the thin and variable

cover of ice present in the area before the ice treatment

had a significant and persistent effect on H. tullbergi and

the mite L. translamellata throughout the study period.

The importance of the thickness of the ice on these two

species is also evident from the icing experiment which

gave a marked effect on plots already covered with up

to 50–60 mm of ice. However, the additive effect of

natural and experimental icing also shows that the

thickness of the ice is not the only important variable.

If so, 250 mm of ice would have masked the effect of

natural icing completely. Most likely, the results reflect

a combined effect of thickness and duration of the ice

cover. Judged from the temperature recordings, this ice

layer must have been formed ca 3 months earlier, as no

prolonged period of thaw had occurred between 5

October and 30 May (Fig. 5). The effect of duration of

ice cover is also indicated by the fact that all control

frames were filled up with 90–150 mm of ice in late

winter, without masking the effects of either early winter

natural icing or of the experimental icing. Formation of

an ice layer below the snow cover in late winter has been

suggested as an important mortality factor in temperate

soil dwelling collembolan species, and a reason why

surface dwelling species tend to migrate up into the

snowpack (Leinaas 1981, 1983).

It is quite surprising that the effects of a rather thin

natural ice layer were so pronounced that it was still

evident in two species towards the end of the following

growing season. It is therefore important to stress the

potential importance of a variable ice layer as a structur-

ing factor in soil communities. The fact that H. tullbergi

appeared more sensitive to a thin ice layer than F.

quadrioculata may explain the differential winter mortal-

ity between these two species observed by Birkemoe and

Sømme (1998). Icing has long been recognised as a

mortality factor for microarthropods (Sømme and Con-

radi-Larsen 1977, Leinaas 1981, Leinaas and Sømme

1984), but no one has explicitly studied population

consequences of the surface ice layer. This is in striking

contrast to the extensively studied effects of factors such

as soil moisture, exposure to winter cold and how species

distribution is determined by their drought resistance and

cold hardiness (for example, Salt 1936, 1961, Verhoef and

van Selm 1983, Leinaas and Fjellberg 1985, Kennedy

1993, Block 1996, Hertzberg and Leinaas 1998, Hodkin-

son et al. 1999). In light of our results, it seems likely that

the formation of a variable surface ice layer may explain

some of the patchy distribution of arctic soil mi-

croarthropods. It additionally raises questions such as
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does the soil microarthropod fauna actively or passively

avoid areas with a high incidence of a relatively thick

winter surface ice layer.

Only the abundance of L. translamellata among the

mites was related to the natural winter ice layer. Here

there was a population decline with increasing ice thick-

ness, but the scatter is wide. As there was no treatment

response observed it cannot be concluded that the mite

was directly affected by ice thickness, rather that it may

be the duration of icing that is more important for this

mite species, than ice thickness per se. The lack of a

response to the icing treatments amongst the remaining

mite species agrees with earlier studies which have

demonstrated the greater tolerance of the oribatid mite

fauna to climatic extremes when compared with the

Collembola (Worland and Block 1986, Danks 1992,

Coulson et al. 1996, Hodkinson et al. 1996, Webb et al.

1998). High tolerance of environmental extremes would

be a necessary adjunct to the extended life cycles observed

for many species of polar and alpine mite which may span

many years (Norton 1994, Convey 1994, 1997, Block and

Convey 1995).

Hypogastrura tullbergi has a 2-yr life cycle (Birkemoe

and Leinaas 1999). The group of large animals in our

August sampling consisted of pre-reproductive adults

that had survived the winter as juveniles. The juvenile

peak, on the other hand, consisted of animals that

hatched from eggs laid in early summer. Thus only one

of the two cohorts in our autumn sample had been

exposed to differential ice cover during the last winter,

while the other one was indirectly affected by the icing

via effects on their parents (survival and fecundity). The

lack of a demographic difference between treatments

indicates that there were no age specific effects of the

treatments. Folsomia quadrioculata has a more extended

reproductive period (Birkemoe and Sømme 1998) and

some individuals may reproduce in their second summer,

but the lack of treatment effects on demography again

suggests that there were no dramatic differences in

survival of juveniles and adults.

Conclusion

An environmental catastrophe was simulated by manip-

ulating the thickness of the naturally occurring winter

surface ice layer covering two standardised sizes of

natural landscape patches. Patch size had no effect on the

tolerance of the soil microarthropod fauna to the exper-

imental stress. The overall effect of this catastrophic

event was to reduce the Collembola populations by ca

54%, but there was no effect on the oribatid mite

community. An unexpected observation was the great

sensitivity of the Collembola fauna to the natural ice

layer, which may be only a few centimetres indicating an

interaction of duration of the ice layer with ice thickness.

With the predicted increased occurrence of such ice it is

to be expected that the Collembola populations will

experience more frequent population crashes. It is un-

known how the warmer but dryer summers will act to

mitigate or exacerbate the reduction in the populations.

Various authors (for example Coulson et al. 1996, Webb

et al. 1998) have demonstrated how hot dry summers at

a similar site had a deleterious effect on Collembola

numbers but less of an effect on the mite populations.

The response of the soil fauna inhabiting a landscape

with patches of different sizes to those selected in this

experiment is unknown. As the soil fauna has such an

important role in nutrient recycling in these (O’Lear and

Seastedt 1994) and other soils (Lavelle et al. 1997, Rusek

1998, Sulkava and Veikko 1998), the knock-on effects to

the general ecology of the system are also unclear.
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