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Abstract A ®eld experiment was performed to test
whether cyanobacterial nitrogen ®xation rates increase
or decrease when exposed to low and moderate micro-
arthropod grazing intensities. The densities of naturally
occurring Collembola, i.e. Hypogastrura viatica, were
manipulated on a salt marsh covered with cyanobacteria
in the high Arctic, Svalbard. Nitrogen-®xation rates in
grazed cyanobacterial crust were measured and used as
an indirect measurement of cyanobacterial biomass on
three dates during one summer. After 30 days, a second
order polynomial regression gave a good ®t to the data,
indicating an increase in nitrogen-®xation rates at low/
intermediate grazing pressures and a decrease at high
grazing pressures. Thus, grazing collembolans may
in¯uence the nitrogen-®xation rates in an arctic salt-
marsh community. Although based on a small set of
data, the study indicates a compensatory ®xation at low
grazing pressures followed by a reduction at high
grazing pressures.

Introduction

The grazing optimisation hypothesis states that net pri-
mary production in plants increases with increasing
grazing pressure before it reaches a maximum at a
moderate rate of herbivory (McNaughton 1979; Hilbert
et al. 1981). The fact that herbivory may increase plant
production is supported by a number of investigations

(McNaughton 1983; Alward and Joern 1993; Ouellet
et al. 1994; Wegener and Odasz 1997; Paige 1999),
although it may vary considerably between species,
timing of herbivory and growth conditions (Deangelis
and Huston 1993; Hicks and Reader 1995; Semmartin
and Oesterheld 1996; DeMazancourt et al. 1998). Several
mechanisms may account for this increase in plant
productivity (Trumble et al. 1993), including ecological
mechanisms such as nutrient cycling and physiological
mechanisms such as increased photosynthetic activity
and hormonal redistribution in the plants.

Similarly, soil fungi also increase in biomass at in-
termediate grazing pressure in laboratory experiments
(Bengtsson et al. 1993; Hedlund and Augustsson 1995),
a result partly explained by a physiological change in
fungal growth (Hedlund et al. 1991). Nutrient cycling by
microarthropod grazing is also important for growth of
soil micro¯ora (Fitter et al. 1985).

The high Arctic is an excellent study system for in-
teractions between soil microarthropods and micro¯ora.
The food webs are simple and the two-dimensional
habitat (i.e. areas covered with a crust of ®lamentous
cyanobacteria) allows direct observation of grazing
microarthropods. In arctic salt marshes at Svalbard,
Collembola graze at large densities on this cyanobac-
terial crust (Hertzberg 1997; T. Birkemoe, personal
observation).

Cyanobacteria are the major source of nitrogen input
in polar environments (Alexander and Schell 1973;
Davey 1983; Henry and Svoboda 1986; Chapin et al.
1991) and interactions between microarthropods and
cyanobacteria may be important for the N-dynamics. It
is not known whether Collembola feed on the cyano-
bacteria or the mucilaginous sheath material in which
the bacteria are embedded.

We ®rst tested whether the collembolans were actually
feeding on the cyanobacterial cells. As this was indeed
the case, we wanted to test whether the grazing optimi-
sation hypothesis was applicable to the interaction be-
tween collembolans and cyanobacteria at a salt marsh
covered with a cyanobacterial crust. A ®eld experiment
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manipulating collembolan-grazing intensities was per-
formed. The dominant collembolan in the habitat moves
around in large aggregations, which ensures high local
grazing intensities over short time periods. In our
experiment, however, constant grazing pressures were
applied throughout the experimental period. The den-
sities used were therefore chosen to be considerably
lower than the densities in the aggregations, simulating
low and medium grazing pressure through time. As it is
di�cult to measure cyanobacterial biomass directly in
the ®eld, nitrogen ®xation was used as an indirect
measurement. At one location, nitrogen-®xation relates
directly to biomass when abiotic factors (i.e. tempera-
ture, moisture and time of season) are kept constant.

Materials and methods

Site description

The experiment was undertaken at a salt marsh close to the marine
shoreline in Bjùrndalen, Svalbard, a high-Arctic site with an annual
mean air temperature of )6.7 °C and a mean precipitation of
190 mm/year (data from Svalbard Airport, Fùrland et al. 1997).
The area is covered by an orange cyanobacterial crust and scattered
individuals of the salt-marsh graminoid Puccinellia phryganodes.
Hypogastrura viatica is the dominant springtail (Sveum 1987;
Hertzberg et al. 1994; Hertzberg 1997) in this habitat.

Observations of feeding

To test whether H. viatica feeds on cyanobacteria, ten animals were
collected from the cyanobacterial crust at the Puccinellia salt marsh
and the presence of cyanobacteria in their dissected guts deter-
mined by ¯uorescence microscopy.

Grazing experiments

A total of 45 open plastic cylindrical enclosures (7 cm high, inner
area 50.0 cm2) with nylon mesh (0.2 mm) covers were pushed into
the soil. As H. viatica does not go deep into the soil, the enclosures
represent a reliable barrier for the collembolans. The cylindrical
enclosures were placed randomly within the study site and 2
treatment densities of Collembola (40 and 80 animals per 10 cm2,
15 cylinders of each) and a control (no animals, 15 cylinders) were
randomly allocated to the enclosures.

Manipulated densities were 10 and 5 times lower than in ag-
gregations found in the ®eld (T. Birkemoe and T. Liengen, personal
observation). As H. viatica moves around in groups, as is common
to several Hypogastrura species (Leinaas 1983a,b), the experiments
were set up while the majority of individuals were feeding outside
the experimental area. Thus, grazing pressure on controls was
insigni®cant.

Temperatures were recorded inside and outside the enclosures
(Grant Squirrel datalogger), with mean temperatures inside the
enclosures slightly higher (average 0.4 °C) than outside.

The experiment started on 7 July 1997 and soil from ®ve en-
closures from each treatment and control was collected on 12 July,
21 July and 6 August. Nitrogen ®xation was measured in a 9.6-cm2

sub-sample taken in the centre of the 50.0-cm2 sample. Collembola
were extracted from the remaining sample with a slightly modi®ed
high-gradient extractor (MacFadyen 1961) into benzoic acid. All
animals were counted and identi®ed.

Nitrogen ®xation

Nitrogen ®xation was measured using the acetylene reduction
method (Stewart et al. 1967). Samples were placed in 160-ml
modi®ed serum bottles with modi®ed ground-glass stoppers, im-
mediately after collection. The joint bottles were sealed by high-
vacuum grease and rubber septa. Air 10% (v/v) was replaced with
10% (v/v) acetylene gas in the serum bottles, and the samples
incubated at 19 °C and 100 lE m)2 s)1 (PAR quantum sensor,
Li-Cor, model LI-185B). Gas samples were taken with a syringe
after 0.5 and 1.0 h incubation and analysed for ethylene by a gas
chromatograph (Shimadzu GC-14A, Shimadzu, Kyoto, Japan)
equipped with a ¯ame ionisation detector and a 1.8-m column,
packed with 50/80 mesh Porapak T (Supelco, Bellefonte, Pa.).
Nitrogen was used as carrier gas; the column was maintained at
60 °C, the injection port at 200 °C and the detector at 240 °C.

There was no detectable natural production or consumption of
ethylene in the soil, a prerequisite for the acetylene reduction
method to provide a reliable measurement of the nitrogen-®xation
activity on the cyanobacterial crust (Postgate 1998). Soil moisture
was calculated from the weight di�erence of the sample before and
after drying at 105 °C, and calculated as percent moisture of the
samples' dry weight.

Statistics

The densities of H. viatica were transformed by log(x + 1) prior to
statistical analyses to homogenise the variance su�ciently. The
relationship between nitrogen-®xation rate and animals' density
was established by choosing the regression model with the best ®t.
However, due to the low number of data-points, a second-order
polynomial regression was the most complex model applied. All
analyses were performed using JMP 3.2.2, SAS Institute.

Results and discussion

H. viatica was found in large numbers at the salt marsh.
Eight of the ten investigated specimens had their guts
®lled with cyanobacterial cells of the genus Nostoc, the
dominant cyanobacteria in the crust (Liengen and Olsen
1997a,b). Thus, neither the mucilaginous sheath material
nor the ®lamentous growth forms of the cyanobacteria,
which have been suggested as defence towards inverte-
brates grazing in freshwater systems (Kirk and Gilbert
1992; Goarant et al. 1994; Dodds et al. 1995), prevented
collembolans from feeding.

There was no signi®cant di�erence in nitrogen-
®xation rate between the control and treatments in our
experiment (Table 1, Fig. 1). However, there was a sig-
ni®cant relationship between the observed densities of
H. viatica and nitrogen-®xation rate at the end of the
experiment (Fig. 2) when the di�erence between the
treatment densities had disappeared (Fig. 3).

Juvenile H. viatica hatch in mid- to late summer
(Hertzberg et al. 1994, in press) and the animals added
to the enclosure on 7 July were dominated by pre-adults/
adults. By 6 August (day 30 of the experiment) however,
recruitment had taken place and a large number of
juveniles were present inside the enclosures. The lack of
a signi®cant grazing e�ect of nitrogen-®xation rate
during the ®rst 14 days of the experiment when the
treatment densities were still applicable could be due to
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the short time period of grazing, or possibly, the age
structure of the individuals. Rapidly growing juveniles
are likely to have a larger energy demand than adults
and may have caused more intense grazing in the latter
part of the experimental period.

The nitrogen-®xation rate increased at low/interme-
diate grazing intensities at day 30 of the experiment

(Fig. 2). Protozoan grazing has been shown to increase
nitrogen ®xation of cyanobacteria in a study carried out
in desert soils (Ghabbour et al. 1980). Ghabbour et al.
(1980) argued that the Protozoa fed on the vegetative
cells only and were unable to ingest the heterocysts (i.e.
the cells in which nitrogen ®xation take place). The much
larger size of Collembola as compared to Protozoa,
however, makes discrimination between these cell-types
unlikely and another mechanism is needed to explain the
increase in nitrogen-®xation rates, e.g. compensatory
growth.

The nitrogen-®xation rate decreased about 50% when
the densities of H. viatica increased to the highest
grazing pressures at day 30 of the experiment (Fig. 2).
This e�ect of high grazing intensity is most likely caused
by removal of bacterial biomass beyond a potential
compensating capacity. However, a decrease in nitro-
gen-®xation rate may also be caused by accumulation of
collembolan faeces. Nutrient cycling is suggested as one
of the mechanisms increasing plant production in re-
sponse to grazing (Dyer et al. 1986; Holland et al. 1992;
DeMazancourt et al. 1998). Similarly, the cyanobacte-
rial growth rate is likely to be in¯uenced positively by
nutrient cycling through animal faeces. However, the
nitrogen-®xation activity is inhibited rather than facili-
tated as cyanobacteria decrease the expensive process of
nitrogen ®xation when combined nitrogen is available
(Flores and Herrero 1994; Liengen 1999).

The grazing optimisation hypothesis states that pri-
mary production will increase at low and intermediate
levels of grazing intensity (McNaughton 1979; Hilbert
et al. 1981). Our results indicate a similar e�ect in the
cynaobacteria-collembolan grazing system. It might be
argued that our approach re¯ects a ``static'' situation;
under natural conditions the grazing is patchy in time and
space. However, dynamic grazing patterns have proved
essential for compensatory growth in plants (Oesterheld
1991; Beaulieu et al. 1996; Semmartin and Oesterheld
1996), as well as in soil fungi (Bengtsson et al. 1993).
Thus, if cyanobacteria have a similar response, the

Table 1 ANOVA analyses testing for the e�ect of time and treat-
ment on nitrogen ®xation (ethylene production). The r2 of the
model was 0.296. Interaction with moisture was included in the ®rst
model, but excluded by backwise elimination procedure as it did
not have any signi®cant e�ect on the model (P > 0.2)

df F-ratio P-value

Time 2 5.53 0.008
Treatment 2 0.55 0.580
Time * Treatment 4 0.75 0.567

Fig. 1 Nitrogen-®xation rates expressed as ethylene produced by the
cyanobacteria in the controls (unshaded) and the treatments [40 (light
shading) and 80 (dark shading) Hypogastrura viatica added/10 cm2].
Medians, 25 and 75% quartiles and 10 and 90% percentiles are
presented. No values were found outside the 10 and 90% percentiles

Fig. 2 The polynomial regression with the best ®t (i.e. the highest r2-
value) between the number of Hypogastrura viatica and nitrogen-
®xation rate (ethylene produced) after 30 days of increased grazing
pressure. Regression statistics: r2 � 0.69, P � 0.003. One outlier, not
shown in the plot, was excluded prior to the analysis by comparing
Mahalanobis distances from the mean

Fig. 3 Number ofHypogastrura viatica recovered from the enclosures
in the two treatments [40 (light shading) and 80 (dark shading)
H. viatica added/10 cm2] and controls (unshaded). The number in
parentheses denotes the number of samples from which the animals
were successfully extracted, i.e. seven samples in total were damaged
prior to extraction. Medians, 25 and 75% quartiles and 10 and 90%
percentiles are given. No values were found outside the 10 and 90%
percentiles
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compensation in nitrogen-®xation rates, i.e. larger in-
crease in biomass resulting in higher nitrogen-®xation
rates, will be stronger with a more patchy grazing regime.

Further studies are needed in order to understand the
mechanisms by which grazing collembolans e�ect cy-
anobacterial nitrogen-®xation rates. Moreover, as our
results are based on a small data set, further investiga-
tions should be carried out to verify the existence of a
compensatory nitrogen-®xation rate in cyanobacteria.
However, our results clearly indicate that grazing coll-
embolans may, dependent on animal densities, increase
or decrease nitrogen-®xation rates of cyanobacteria in
arctic salt marsh communities.
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