
by BÖLTER & KANDA (1997), SCHMIDT (1999), and SCHMIDT &
BÖLTER (2002).

The expedition TNW-99 was dedicated to the search for as-
pects of life in the Canadian Arctic at different scales (ERIK-
SEN et al. 2006). Preliminary results have been published in the
cruise report (BÖLTER 1999, GRÖNLUND 1999), as well as data
on soil algae (BÖLTER 2001) and soil (BÖLTER et al. 2006). The
working group for small-scale processes thus put its focus on
the life of microbial organisms, i.e., bacteria and fungi. Our
aim was to provide data on sub-surface biomass in correlation
with the main focus of other working groups, namely, various
higher plants (ERIKSEN et al. 2006, LARSSON & LEVESQUE

2002). The data set provided here is, then, another piece of the
puzzle of life in arctic soil (HENRY et al. oral com.).

MATERIAL AND METHODS

Site Descriptions and Sampling

Sites in Canada (Fig. 1) were visited during the expedition
TNW-99 from July 2 to August 30. Site locations and their
specific local descriptions are given in Tables 1a and 1b.
Detailed descriptions of them by vegetation patterns as well as
photos of the sites and from some soils pits are being
presented by ERIKSON et al. (2006), data on soils by BÖLTER et
al. (2006). During Leg 1 of TNW-99 (sites 1-9), sampling was
carried out by the author; on the Leg 2 (sites 10-17) it was
done by Dr. Anders Dahlberg, however, only for surface hori-
zons. Samples were taken at dry and mesic locations accord-
ing to the soil horizons; a surface layer (0-2 cm) sample was
collected separately in each case. Further, several other sites
were sampled only at the surface in order to demonstrate local
variability.

Analytical Methods

Samples taken during Leg 1 were examined onboard the ship
at low microscopic magnification for detritus material and soil
animals, e.g., nematodes, collembolans. Samples were stored
deep-frozen before analyses for micro-organisms, which were
performed in the laboratory in Kiel by epifluorescence micros-
copy. Acridine orange staining and image analysis (Leica
Quantimet 500™) were methods used. Analysis of the micro-
biological organisms included counts and biovolume determi-
nations using polycarbonate membranes with pore size 0.2 µm
for bacteria and 3.0 µm for algae. Bacteria were measured for
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Abstract: Microbial communities were analyzed at 17 sites visited during the
expedition Tundra Northwest 1999 (TNW-99) by microscopic analyses (epi-
fluorescence microscopy and image analyses). The data were used to describe
the communities of bacteria, fungi and algae in detail by number, biovolume
and biomass. Great variability was found, which could be related to organic
matter content of soils and features of vegetation patterns. The amounts
(numbers and abundance) of organisms and data on microbial biomass are
discussed in relation to other polar environments of the Northern and
Southern Hemispheres. 

Zusammenfassung: Mikrobielle Gemeinschaften von 17 arktischen Boden-
Standorten, beprobt während der Expedition “Tundra Northwest 1999”, wur-
den mittels Epifluoreszenz-Mikroskopie und Bildauswertung untersucht.
Dabei wurden Gemeinschaften von Bakterien, Pilzen und Algen hinsichtlich
Zahl und Biovolumen und Biomasse bestimmt. In den Böden wurde eine
große mikrobiologische Variabilität gefunden, die mit der Menge an organi-
schem Material sowie der Vegetationsdecke korrelierte. Die gefundenen Da-
ten werden mit Ergebnissen anderer Untersuchungen aus den Polargebieten
der nördlichen und südlichen Hemisphären verglichen und diskutiert.

INTRODUCTION

Soil micro-organisms bacteria, fungi and algae represent the
driving forces for the turnover of soil organic matter. They
control organic matter accumulation and mineralization, relea-
sing CO2 and CH4. Although the polar environmental condi-
tions would seem to be unfavourable for life, the abundance of
micro-organisms, their high potential for activity and meta-
bolic response to changes in living conditions make them
important indicators of the effects of global change. Extensive
areas of the arctic landscape are known to be in transition
already. In response, micro-organisms will have changed their
communities and physiological properties before such changes
might be monitored by new plant associations, or animal inva-
sions. Indeed, records on these organisms can give us informa-
tion about ongoing processes in soil biology.

The general role of micro-organisms in soil processes is well
known. But studies on their abundance and activity in the ex-
treme north have been performed only locally. Some impor-
tant results have been reported, although they refer mostly to
colony-forming micro-organisms (e.g., BOYD & BOYD 1971,
PARINKINA 1974, 1992, COCKELL et al. 2001). Other studies in
these regions on plants or soils generally have neglected
micro-organisms or given them only slight attention (BLISS

1997). Results from the Russian tundra showing the role of
micro-organisms in arctic soils have been published recently

____________
1 Institut für Polarökologie, Universität Kiel, Wischhofstraße 1-3, Geb. 12, D-24148

Kiel.

Manuscript received 26 January 2005, accepted 09 January 2006

Polarforschung 73 (2/3), 103 – 110, 2003 (erschienen 2006)

Microbiological Communities and Properties of Arctic Soils:
Results of the Tundra Northwest Expedition 1999

(Nunavut and Northwest Territories, Canada)

by Manfred Bölter1



104

Fig. 1: Sampling sites in the Canadian Arctic visited during the “Tundra Northwest 1999” expedition. Circles numbered 1 through 9 = sites vi-
sited during Leg 1; circles, numbered 10 through 17 = sites visited during Leg 2. Solid-drawn lines = borders between the five bioclimatic zo-
nes proposed by ELVEBAKK et al. (1999). A = arctic polar desert, B = northern arctic tundra, C = middle arctic tundra, D = southern arctic tun-
dra, and E = arctic shrub-tundra.

Abb. 1: Beprobungsorte während der Expedition “Tundra Northwest 1999”. Die Stationen 1-9 (Kreise) waren Teil des ersten Fahrtabschnittes,
die Stationen 10-17 lagen im zweiten Fahrtabschnitt. Die Einteilung der bioklimatischen Zonen erfolgte nach ELVEBAKK et al. (1999) in A =
arktische Polarwüste, B = nördliche arktische Tundra, C = mittlere arktische Tundra, D = südliche arktische Tundra, E = arktische Strauch-
tundra.



length and regarded as cocci when smaller than 0.25 µm, as
rods when larger than 0.25 µm. Width was estimated according
to an approximation devised by BÖLTER et al. (1993); geome-
trical formulas were used to calculate biovolume and surface
for bacteria and algae depending on their size and shape.

For some analyses of groups of sampling sites, the following
subsets of samples were used: a) samples 0-4 cm; b) samples
0-10 cm; c) samples 0-4 cm dry sites; d) samples 0-4 cm mesic
sites; e) samples >10 cm; f) samples >10 cm dry sites; g)
samples >10 cm mesic sites. Only simple descriptive statistical
entities (means, medians, minima, maxima) were applied as
normal distributions of the data sets could not be assumed.

RESULTS

First microscopic inspections on board the ship directly after
return from the sampling provided a preliminary description
of the metazoan community (Tab. 2). Most soils contained
nematodes and collembolans. Some surface layers, especially
those from moist areas, also showed a few rotifers and even
copepods. Nematodes and collembolans were not restricted to
the topmost layers but were elevated in number generally in
the upper ten centimetres beneath covers of moss cushions or
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moss-and-lichen crusts. Further, several samples contained an
abundance of fungi, probably basidiomycetes from their size
and hook-like cell connections. 

Results from the epifluorescence microscopy for bacterial
communities in soil profiles of dry and mesic sites are given in
Table 3. It is evident that the surface layers, partly also the
layers just beneath them, held the most bacteria and greatest
biomass. Sites 3m, 5m, 6d, 6m showed extreme values, higher
than 109 cells g-1. These figures were directly related to the
amount of organic matter, which at these places exceeded the
mean by far (BÖLTER et al. 2006); probably, this variability is
an effect of local variation in soil properties. 

Such local variability becomes even more evident when fo-
cusing on the surface layers (Tab. 4). Mesic sites had the
highest numbers of organisms and of those with large cells,
and the greatest biovolume. This finding was related to a shift
in the community from small rods (0.5-1.0 µm) to bigger rods
and a smaller proportion of the smallest sized cocci (0.2-0.5
µm). The latter class of cocci made up to 55 % in some soils
and thus determined the biovolume distribution (Tab. 5). The
surface samples did not reveal that big a difference in shares of
rods and cocci, as the MCV relies only partly on the different
environmental conditions of the dry from the mesic sites. 

Soil samples from deep horizons showed a community of
significantly smaller size, based on both the overall
descriptors (TBN and BBM) and the individual ones (MCV
and MBS). A different situation was documented for the deep
layer horizons at the mesic sites. Table 5 shows the summa-
rized data of the shifts in size classes and their contributions to
the total bacterial community. It was not possible to differ-
entiate all individual groups by the data sets. Significant dis-
crimination was only possible for all surface samples (depths
0-10 cm) and all deep layer samples (depth >10 cm). How-
ever, it was not possible to split dry and mesic sites by these
parameters.

Small cocci contribute only a low percentage to the total
number, and even less to the total volume and surface of the
bacterial community. High percentages of cocci could nor-
mally be found in deep layers or in samples from dry surfaces,
though some exceptions existed – and were responsible for the
distribution patterns in the sample groups (Tab. 5). Nearly 70
% of all samples have less than 20 % of these cocci cells,
another 20 % of samples show a cocci share between 20 and
30 %. The most abundant group of bacterial cells were small
rods (0.25-0.75 µm); 83 % of all the samples had more of
these bacterial cells (70-80 %) than any other type. This high
number has the most responsibility for the generally uniform
pattern of the overall community. These cells also contribute
most to total cell volume and total cell surface (Tab. 5). Large
cells (lengths >1.5 µm, >1.75 µm) are seldom seen and contri-
bute generally less than 1 % (mean value) of all cells numbers.
Their presence, however, indicates high organic matter content
– they thus occur mostly in surface samples of mesic sites.

The statistical analyses show that separations for individual
sample groups can be performed. This holds true for the share
of cocci in their contributions to TBN, BBV and TBS. Hence,
a similar pattern can be shown, as above, for the overall
descriptors, i.e., the distribution of cocci can be regarded as
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representative of the bacterial community. The analysis of rods
was performed for their percentages in the three size classes
0.25-0.75 µm, 0.75-1.25 µm, and >1.25 µm. The wealth of the
smallest rods in all samples results in their lack of usefulness
as discriminators for sample groups; data on these organisms
apply only to themselves. Similarly, the frequency of rods
>1.25 µm is not high enough to used in separating groups of
sampling stations. Which leaves the midsized rods (0.75-1.25
µm), and discrimination of the sample groups can be under-
taken using them.

Autotrophic micro-organisms

Autotrophic micro-organisms, i.e., soil algae and cyanobac-
teria, occurred only in surface layers (0-2 cm). Only 27 sam-
ples of those 56 samples considered show an occurrence of
autotrophs, this number is about 50 % (Tab. 6). The occur-
rence of algae cannot be related to the actual water content of
the soil. The mean water content of samples with algae is 29.6
% (range: 4.9-66.2 %) of those without algae is 17.8 % (range:
4.8-50.3 %). Hence, there is no evidence for a significant
differentiation between these sites with regard to their actual
water contents.

DISCUSSION

Invertebrates

Grazers, i.e., nematodes, collembolans and rotifers, were
found in soils where organic matter had accumulated, being
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found close to plant roots or underneath the cover of mosses.
Comparable situations are described for soils from the Antarc-
tic Peninsula region (BÖLTER et al. 1997) and Antarctic deserts
(e.g., FRECKMANN & VIRGINIA 1998). These organisms contri-
bute significantly to changes in structure and composition of
soil organic matter and to soil-forming processes at different
trophic levels (BLOCK 1984, FISCHER & SKIBA 1993). Interrela-
tionships between soil invertebrates and non-living soil
compounds in tundra systems of the Arctic and Antarctic have
been summarised by HOLDGATE (1977) and VINCENT (1988).

Collembolans are widespread in the Arctic (FJELLBERG 1986)
and can show a high degree of species diversity (RYAN 1981).
They were noted in considerable numbers in nearly all loca-
tions (Tab. 2). They belong to the most common invertebrates
of this environment and may reach numbers of 0.2 106 m-2, and
nematodes can reach counts of more than 106 m-2 (MCLEAN

1981). Soils of the maritime Antarctic tundra showed the
existence of up to 104 m-2 nematodes and collembolans
(BÖLTER et al. 1997). Enchytraeids and lumbricids could not
be observed in the samples taken in this study, probably
because the sampling size was not large enough.

Soil algae, cyanobacteria and fungi

It seems difficult to compare the data obtained about auto-
trophs from the TNW-99 study with those from other studies.
One reason is that algae are mostly used for taxonomic stu-

dies via cultures and are not regarded as constituents of the
microbial soil flora in its soil-ecological sense. A second point
is that ecological emphasis on algae is mostly put on them as
primary producers in wet areas; data from mesic or only spora-
dically moist places are rare. KERCKVOORDE et al. (2000)
describe findings of 0.5-1.7 106 diatoms g-1 d.wt. in soils from
NE Greenland. BUNNELL et al. (1975) reported that for soils in
tundra near Barrow a single species of algae may account for
107 g-1 soil. Colony-forming units numbered in the range 1.6-
2.4 104 in different soils on Devon Island (JORDAN et al. 1978).
Most of the autotrophs could be identified as diatoms, e.g.,
Navicula sp., comparable to the report of BUNNELL et al.
(1980).

Algal numbers on plants and mosses were lower, between 103-
104 cells g-1 d.wt. (Tab. 6). Data comparable to those found in
this study were described in soils from the Russian Arctic
(Taymyr Peninsula and Severnaya Zemlya) (BÖLTER & KANDA

1997, BÖLTER & PFEIFFER 1997). Other reports from Antarctic
sites register figures in ranges from 104-106 algal cells g-1 d.wt.
(BÖLTER 1996, 1997); here cyanobacteria dominated the
surface soils.

Soil algae can easily dominate the soil microbial community
in the upper horizon when conditions favour their growth (Tab.
6). It is noteworthy that the dominant portion of micro-auto-
trophs found during this study belongs to the cyanobacteria
(BÖLTER 2001). BUNNELL et al. (1980) identified most of their
blue-greens as Schizothrix calcicola and Nostoc commune, but
such specific identifications were not possible from the data of
this study. The great importance of cyanobacteria can be seen
in relation to their ability in nitrogen fixation. This property is
of advantage in nutrient-poor soils, and METTING (1991)
regards these organisms as indicative of arid and semiarid
lands. In such an environment they are also active in forming
soil crusts or aggregates by their production of slimes, which
is of great importance for soil stabilization (JOHANSEN 1993,
WILLIAMS et al. 1995 a,b) and as a positive influence in the
establishment of higher plant seedlings (ST. CLAIR et al. 1984,
BELNAP 1990).

Soil fungi were seldom detected during the microscopic in-
spections, at least not in appreciable amounts, which suggest-
ed their lack of importance in this environment, although other
fungi were observed in some places (Tab. 2). This can be
regarded as surprising since fungi have been described as a
most evident organism group in tundra environments
(SCHMIDT & BÖLTER 2002). Their evaluation, however, is diffi-
cult and relies either on cultural techniques or on meas-
urements of hyphal lengths. Because of the generally low
incidence in most samples, such analysis was not performed
during this study. It has to be mentioned that the occurrence of
fungi is also more related to plants: not only free living
bacteria or those associated with detritus are important for
plant growth. A great variety of Arctic plants can be found as-
sociated with mycorrhizal fungi (KOHN & STASOVSKI 1994).
(A more detailed study on these organisms was performed by
A. Dahlberg of Lund University.)

Bacteria generally dominate the microbial scene in the soil.
Their role is most significant at sites with an elevated amount
of organic matter, i.e., in soils with living plant life or plant
litter which provides a sufficient supply of nutrients. This de-
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pendence becomes evident from the striking decrease in bac-
terial count and total biovolume with depth (Tab. 5). Nutrient
descriptors decrease with depth and thus by definition, like-
wise nutrients (cf. BÖLTER et al. 2006). Comparable values of
TBN, BBV, and MCV as presented here have been found in
both arctic (BÖLTER 1998, BÖLTER & KANDA 1997, SCHMIDT &
BÖLTER 2002) and antarctic regions BÖLTER (1995, 1996),
BÖLTER et al. (1997, 1999). (Those data have been evaluated
by the same method used for the TNW-99 study.)

BUNNELL et al. (1980, Tab. 8-2) estimated bacterial numbers
for wet meadows in the Barrow region and found a seasonal
average by direct count of 12.2 109 cells g-1 d.wt. (0-2 cm),
10.9 109 cells g-1 d.wt. (2-7 cm), and 8.1 109 cells g-1 dw (7-
12cm) for wet meadows. Further, BUNNELL (1980, Tab. 8-1)
calculated by converting plate counts to direct counts, yielding
a range 4.6-9.8 109 cells g-1 d.wt. for individual microtopogra-
phic units. From these data he estimated biomass at between
0.92 and 1.52 g d.wt. m-2. Biomass figures in our study for
polygonal soils were 0.14-0.82 g m-2, somewhat lower than
near Barrow. Further comparisons with other data from tundra
environments become speculative, as they were also obtained
by recalculating colony forming units to direct counts by
specific units derived from correlation patterns (e.g., PARIN-
KINA 1974, CHERNOV et al. 1975, ROSSWALL et al. 1975),
although data from the latter investigation match those from
the TNW-99 study.

But it's not only the distribution of the total numbers of bacte-
ria and their contribution to the total microbial biomass that is
of interest in describing tundra soils. The varieties of bacteria
and their proportions are also noteworthy. Size classification
provides important information similar to differentiation into
Gram-reaction or state of activity. Table 5 shows the contri-
butions of rod-shaped bacteria versus cocci. Cocci and small
rods (0.25-0.75 µm) dominate the communities generally with
at least an 85 % share. In samples from depth greater than 10
cm their share grows to more than 92 %, and in these deep
samples the share of the cocci’s biovolume also increases sig-
nificantly. Similar size-class distributions of bacteria have
been described in other arctic and antarctic locations (BÖLTER

1990, 1995, BÖLTER et al. 1997, 1999, BÖLTER & PFEIFFER

1997).

It can be suspected that these small bacterial cells belong to
Gram-positive groups, which also can be regarded as more
resistant to osmotic stress and periods of starvation. DUNICAN

& ROSSWALL (1974) report very variable ratios between Gram-
positive and Gram-negative bacteria in tundra soils, de-
pending on local environmental conditions rather than general
trends. Most isolated organisms, however, were short rods,
probable Gram-positive bacteria. From Tables 4 and 5 it be-
comes clear that locations with decreasing nutrient supply
have bacterial communities with lower mean biovolume,
which ranges around 0.03 µm3. Such size implies a much
lower mean bacterial weight (c. 3 10-14 g) than that proposed by
BAKER (1970) for tundra bacteria (1.5 10-12 g).

The primary inspection of the soils in combination with the
detailed laboratory analyses have shown that the soils are do-
minated by varying communities of phototrophic and hetero-
trophic organisms. The heterotrophic communities are
strongly related to the existence of an active phototrophic

layer, which may consist of higher plants or cryptogams plus
soil algae. The latter group may be dominated by cyanobac-
teria (BÖLTER 2001). Hence, the functioning of the system can
be regarded as well balanced, although the distribution of such
harmonious units is small in area and/or they last for only
short periods. 

A clear separation between sites with or without soil photo-
trophs as related to other environmental properties is not
possible. Sites with algae tend to show elevated bacterial
counts and mean cell volumes. Algae thus can be regarded as
at least stimulators of bacterial growth in nutrient-poor soils,
and also as providing some storage of organic matter for less
productive time spans. 

Reactions over a short period of time and with a detectable
change in the bacterial community remain speculative from
the data obtained here. It seems to be more evident for that the
bacterial community acts more in its totality by manifesting
elevated numbers and biomass in correspondence with
elevated organic material – albeit the latter is generally a ma-
terial of a resistant sort. Hence, for survival it appears that this
community has to act in steady way rather than by large and
rapid fluctuations of supplies of low-weight organic material.
It has been shown in other environments that metabolic pro-
cesses relying on high quality substances are more sensitive to
temperature than those of low quality substances because of
their different activation energies (MIKAN et al. 2002, AGREN

& BOSATTA 2002), which cannot be regarded as a benefit in
such a system. These communities have to look for a strategy
for longer survival under harsh conditions. 
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