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Abstract

We studied resource quality and climatic constraints on soil respiration over a mountain birch forest—tundra ecotone in northern Swedish
Lapland during 1999-2001 by means of both a field-based soil transplant experiment and a laboratory incubation experiment. Average
carbon dioxide fluxes over the 2000 thaw season were 0.62 and 0.48 g CO, m >h ™', at forest and tundra control plots, respectively. We
attribute the higher respiration rate at the forest site mainly to more favourable microclimate but also to higher resource quality.
Temperature—respiration relationships described using Arrhenius equations explained 37% of the variation in the tundra soil respiration and
42% for the forest soils on a season-wide basis in 2000. Q, values (exponential temperature-response) were generally high (except in August
in the field experiment) compared to the global average (2.4) and varied over time, with increased temperature-dependency at low soil
temperatures. In the laboratory, higher activation energy was found in soils incubated at higher temperatures (12 and 17 °C; in the range 133—
109 kJ mol ') compared with lower temperatures (2 and 7 °C; in the range 98—92 kJ mol ') suggesting an adaptation of the decomposer
community toward more psychrophilic organisms or metabolism in low-temperature environments. Soil moisture, however, could also play
an important role in modifying any temperature response of soil respiration in this sub-arctic ecotone area. These mesic soils have a relatively
rapid turnover time of carbon and should be compared to boreal forest and temperate woodland in carbon dynamics. We conclude that a shift
from tundra to birch forest would give an initial pulse of carbon released from soil to the atmosphere as labile carbon stored in tundra soils is
metabolised by decomposer organisms. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction exudates) and net primary productivity (Liski et al., 1999;
Agren, 2000; Buchmann, 2000; Giardina and Ryan, 2000;
Fang and Moncrieff, 2001; Hogberg et al., 2001; Janssens
et al., 2001; Norby et al., 2001; Rustad et al., 2001).

Due to the integral involvement of R, in the global carbon

Soil respiration is a major component of the global
carbon cycle (Raich and Schlesinger, 1992; Schlesinger,
1997; Rustad et al., 2001) and is comparable in significance
to net primary production (NPP) for the functioning of cycle, it is important to understand controls both of
terrestrial ecosystems. Globally, soil respiration (Rj) contemporary respiration fluxes and of how respiration

releases between 50 and 70 GtCyr ' as CO, to the and carbon cycling in soils would respond to a changing
environment. The direct relationship between R and

temperature is well documented (Flanagan and Veum,
1974, Swift et al., 1979; Nadelhoffer et al., 1991; Raich and
Schesinger, 1992; Lloyd and Taylor, 1994; Peterjohn et al.,
1994; Wiithrich et al., 1994; Simmons et al., 1996; Nakane
etal., 1997; Bowden et al., 1998; Sylvia et al., 1998; Londo
et al., 1999; Fang and Moncrieff, 2001; Rustad et al., 2001)
and it is likely that warmer soils would result in more active
soil organisms and increased decomposition rates. The

* Corresponding author. Tel.: +46-18-471-25-15; fax: +46-18-55-59-20. longevity of such responses, however, and the broader
E-mail address: sofie.sjogersten@geo.uu.se (S. Sjogersten). implications for whole-ecosystem processes (and thus net

atmosphere (Raich and Schlesinger, 1992) and this flux is
an order of magnitude higher than those resulting from
direct anthropogenic activity (e.g. the burning of biomass
and fossil fuels). In spite of the significance of R in the
global C cycle there remains great controversy regarding the
potential responses of respiration to changes in climate
variables such as temperature, and to alterations in the
quantity and quality of litter inputs (including roots and root
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ecosystem CO, fluxes), will depend upon an array of
additional factors; such as (i) the nature and properties (e.g.
lability) of the soil organic matter (SOM) reservoirs, and
how these modulate temperature responses and their
variability through time (Liski et al., 1999; z&gren, 2000);
(ii) the degree to which SOM is ‘protected” from
decomposition processes by complexation reactions with
soil mineral material (Torn et al., 1997; Giardina and Ryan,
2000); (iii) whether temperature response kinetics are
indeed even quasi-stable through time (Reichstein et al.,
2000; Dalias et al., 2001), and (iv) whether interactions
between soil moisture content and temperature can modify
temperature response kinetics. Superimposed upon these
broadly endogenous soil factors are those relating to how
the autotrophs respond to changes in soil nutrient mineral-
isation and how these feed-forward to altered quality and
quantity of plant litter and root activity (Chapin and Reuss,
2001).

High latitude soils (in boreal forest and tundra regions in
particular) have occupied a central position in the debate on
the potential impacts of environmental change on the global
C cycle (Robinson and Wookey, 1997; Goulden et al., 1998;
Christensen et al., 1999; Hobbie et al., 2000; Oechel et al.,
2000). This interest has arisen due (i) to the very large
accumulations of SOM in cold region soils (390 Gt C in
tundra and boreal forest), (ii) the predicted greater-than-
average climate warming at high latitudes, (iii) an
hypothesised reduction in the degree to which SOM is
‘stabilised’ compared with warmer systems, and (iv) the
hypothesised enhanced microbial responses to small
changes in temperature and moisture in these systems.

Our aim in the current study was therefore to investigate
the role of climate and initial soil characteristics in
controlling soil CO, effluxes at the mountain birch forest—
tundra ecotone in sub-arctic Sweden. The forest—tundra
ecotone is of particular interest since models of the potential
impacts of climate change on high latitude ecosystems
predict that substantial areas of tundra will be replaced by
boreal woodlands and forest (Emanuel et al., 1985; Kittel
et al., 2000; White et al., 2000). Also, palaeoecological
evidence (pollen and macrofossils) from Northern Sweden
(Barnekow and Sandgren, 2001) indicates that during the
early and mid Holocene (ca. 9350-5100 calibrated '*C
years before present) the mountain birch treeline extended
300—-400 m above its present position in association with
1.5-2°C warmer summer temperatures compared with
today.

Climatic change will influence decomposition of SOM
directly through the responses of the decomposer organisms
to altered temperature and/or moisture regimes, but also
indirectly through alterations in the structure and function of
the broader ecosystem. Regarding the latter, we hypothesise
that such alterations will be expressed most strongly where
an ecotone shifts in location in response to environmental
change. This may be particularly marked where the
physiognomy of the vegetation is markedly different at

one side of the ecotone compared with the other (e.g.
forest—tundra). A shift from tundra to forest, or vice versa,
will influence quality and quantity of litter inputs and thus
soil chemistry (see Korner (1998) for a review), micro-
climate (e.g. through differential shading effects of the
contrasting canopies, and/or alterations in snow-pack
characteristics) and soil water regime (through differential
interception by the canopy and contrasting evapotranspira-
tive demand). Since R, varies with vegetation (e.g. major
biome types), and is positively correlated with mean annual
temperature and mean annual precipitation (Raich and
Schlesinger, 1992; Raich and Potter, 1995), we therefore
hypothesise that respiration rates will vary substantially
between contrasting ecosystems at the forest—tundra
ecotone.

In northern Swedish Lapland tundra heath soils differ
from the soils of adjacent mountain birch forest over very
short distances (<10 m; Per Thermaenius, unpublished
data, see also Appendix A), both in terms of the thickness
and structure of the organic horizon. The contrasting soil
characteristics, vegetation cover and site microclimates of
the forest and tundra heaths in close proximity to one
another offer opportunities to answer some specific key
questions: (1) What is the relative role of climatic factors
versus SOM quality/quantity in controlling rates of Ry in the
field? (2) Are temperature response kinetics of R, tem-
porally variable at the same site and are they dependent on
the temperature range of the measurements? (3) To what
extent can temperature response functions obtained in the
field be reproduced under controlled conditions in labora-
tory-based incubations at a range of constant temperatures?
We approached these questions by adopting in situ
measurements of R, in the field at both a forest and a
tundra heath site, a reciprocal core transplant experiment
across the forest—tundra ecotone (to separate climatic from
SOM quality/quantity effects), and a laboratory incubation
experiment at four contrasting temperatures incorporating
Arrhenius-type temperature response evaluations at the
close of the experiment. We confined our studies to soils
from which living vegetation had been removed (thus R;
here comprised only heterotrophic respiration) as a practical
consequence of not wishing to measure ‘ecosystem
respiration’ (total autotroph and heterotroph respiration in
the system). The implications of this are considered in
Section 4.

2. Materials and methods
2.1. Study area

The study area is located in the sub-arctic/alpine treeline
zone (mountain birch—tundra ecotone) in the Abisko area in
northern Swedish Lapland at 68°21'N, 18°49’E. The area
covers an undulating (although predominantly gentle: 4.8°)
slope of northwesterly aspect, running ultimately to
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the shore of Lake Tornetrdsk (341 m a.s.l.). The ecotone
area in this region is composed of a patchwork of tundra and
isolated extensions of mountain birch (Betula pubescens
Ehrh. ssp. czerepanovii (Orlova) Himet-Ahti) forest up to
700-800 m a.s.l.. The tundra areas are variable in species
composition in relation to substrate characteristics, drainage
and topography, although in this region there are substantial
areas of mesic dwarf-shrub heath dominated by Empetrum
hermaphroditum, Vaccinium uliginosum, V. vitis-idea and
Betula nana, lichens (in particular Cladonia spp., Nephroma
arctica and Peltigera aphthosa) and bryophytes (e.g.
Hylocomium  splendens, Polytrichum spp. and
Barbilophozia lycopodioides). Mesic areas within the
mountain birch forest have comparable understorey veg-
etation, although tending toward greater cover of V.
myrtillus. The contemporary vegetation communities
appear to have been rather stable since the mid Holocene
(3500-4500 BP) (Barnekow, 1999; PhD Thesis) although a
20-50 m altitudinal advance of the alpine treeline in Abisko
has been noted in association with a ca. 1.5 °C increase in
mean annual temperature between 1900 and 1930 (Holmg-
ren and Tjus, 1996), probably representing recovery
following the Little Ice Age.

The bedrock is mainly hard-shale but outcroppings of
some richer bedrock types, such as marble and amphibo-
lites, are present in the area. The small-scale topography is
dominated by hummocky till deposits. At Abisko Scientific
Research Station (365 m a.s.l.) the mean January and July
temperatures are — 11.9 and 11.0 °C, respectively, and the
annual precipitation 304 mm (1961-1990 mean;
Alexandersson et al., 1991). The sites are well drained to
mesic and the soils, although thin, are spodosols (principally
orthods) developed within medium to coarse-grained till
deposits. Soil pH in the O/A horizons is moderately acid
(pH 4-4.5). At both sites soils have similar moisture-
content, texture and underlying bedrock, although the
structure and chemistry of the organic horizon differs
between the two sites (Appendix A) (Sjogersten et al., 2002;
Per Thermaenius, unpublished data). In the forest the soil
organic horizon is thinner (ca. 5 cm deep), more fibrous, of
lower density and has a lighter, more reddish, colour
(Munsell colour: 5YR 2/3-2/4 very dark reddish brown).
No clearly developed humic horizons were found at the
forest site. At the tundra site, the average soil organic
horizon is ca. 8§ cm deep with separate F- and H-horizons,
and the colour is very dark brown (Munsell colour: 7.5YR 2/
3). Soil descriptions are given in Appendix A. Additional
measurements of the depth of the organic horizon were
made on the soil cores used in the laboratory experiment
described later.

2.2. Experimental design
2.2.1. Soil transplant experiment

In July 1999 we established two experimental sites
around the mountain birch—tundra ecotone. The forest site

was situated well within the continuous woodland at 500 m
a.s.l., and the open tundra heath was situated within
generally continuous tundra at 620 m a.s.l.. At each of the
sites we selected 20 experimental plots, and from each of
these plots a soil core was taken using a purpose-built
stainless steel corer housing polycarbonate sleeves 10 cm
deep and 15 cm in diameter. During coring soil monoliths
were fitted exactly into the polycarbonate sleeves. Of these
20 soil cores at each site 10 were placed back into the soil, as
controls (still in the sleeves), but in a different position. The
remaining 10 cores were transported from the original site to
the forest or tundra site, respectively, where they were
inserted (also in the sleeves) into the holes remaining from
the cores taken at that site. Before inserting the soil cores we
clipped the above ground vegetation; this was to allow R; to
be measured subsequently, rather than ecosystem respir-
ation (any re-growth was also clipped during the course of
the experiment). When placing the soil cores back into the
ground we ensured good contract between the base of the
soil core and the surrounding soil to minimise the effect on
soil drainage and heat transport.

Soil respiration rates were measured in the field on six
occasions in July 1999, soon after the experiment was
established, to record the initial response to the actual coring
and re-location procedure. In September, at the end of the
frost-free season, measurements were made when soil
temperatures had dropped to ca. 5 °C. During 2000 soil
respiration was measured on a weekly basis on 12 occasions
from 16 June (just after snow melt at the forest site) to 7
September (when the soil temperatures had dropped
substantially). The 2001 measuring period was focused on
three occasions in July. For the soil respiration measure-
ments we used a portable Infra Red Gas Analyser (IRGA;
EGM 2), with a cylindrical cuvette (CPY-2) placed on the
soil core (PP Systems, Hitchin, Hertfordshire, UK). The
IRGA was calibrated using a 498 ppmv carbon dioxide
standard. We also measured soil water content (integrated
over 0—10 cm depth) with a ThetaProbe and hand-held
ThetaMeter (Delta-T Devices, Burwell, UK), with three
replicates around each plot, and soil temperature at 5 cm
depth, while the Ry measurements were made.

2.2.2. Soil incubation experiment

In July and August 1999 we ‘pre-sampled’ 48 soil cores
(24 each from the forest and tundra) for an incubation
experiment under controlled temperature conditions in the
laboratory. This procedure involved taking cores but then
replacing them immediately in the ground in situ until the
end of the season. The pre-sampling allowed rapid
collection of the cores in September, followed by transport
(refrigerated) to the laboratory in Uppsala where the cores
were stored at 2 °C for ca. 2 months (due to practical
constraints) before the experiment commenced. Both as a
reasonable approximation of autumn temperatures in these
systems, and also to reduce metabolic rates (and thus
minimise depletion of labile C pools) without the use of
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freezing 2 °C was chosen. Prior to the experiment we
clipped the vegetation from the cores and fixed an inert
polyethylene mesh (2 mm) to the base of each core to
prevent loss of soil upon handling. The cores were
subsequently watered to field capacity, and they remained
in the polycarbonate sleeves throughout the experiment.
During the first week of incubation the temperature for all
cores was maintained at 7 °C (the thaw season average
temperature at the sites of origin) and the soils were left to
equilibrate. After a week of incubation at 7 °C two initial
respiration measurements were made. After the initial
measurements we blocked the soil cores randomly into six
different groups according to their initial respiration rate.
Six replicates of each soil, one from each blocking group,
were then placed in incubators with constant temperatures at
2,7, 12 and 17 °C. We chose these temperatures to simulate
both cooling and two levels of warming compared to the
ambient growing season average.

We measured soil respiration rates over a 10 week
period; the measurements were repeated on 13 occasions,
with a higher frequency at the start of the experiment. At the
end of the experiment we measured the temperature
response of the soils from each incubator (i.e. 2, 7, 12,
17 °C) over five temperatures, 2, 7, 9.5, 12, 17 °C, each
temperature step lasting 24 h. Responses were measured
with both ascending and descending temperature steps,
although only data from ascending temperatures are
presented subsequently.

We used the same infra red gas analyser as described
above to measure soil respiration rates in the lab. The
measuring period was 120 s and each measurement was
repeated twice. The soil cores were kept moist and were
always watered with deionised water to field capacity 1 day
prior to measurements.

2.3. Analyses

2.3.1. Total microbial biomass C

At the end of the incubation experiment we measured
total microbial biomass in the samples by fumigation—
extraction (Vance et al., 1987) and analysed the extracts for
total organic carbon (TOC). Fresh soil samples, taken
through the entire depth of the soil core, were sieved to pass
4 mm (this mesh size was chosen to reduce physical
disturbance of fungal hyphae) and then 15 g sub-samples
were fumigated in a chloroform atmosphere for 24 h.
Control and fumigated samples were extracted in 50 ml
0.5M K,SO, by shaking for 30 min and then filtered
through Whatman 42 filterpaper. The extracts were stored at
5°C and were analysed for TOC the following day on a
Shimadzu TOC-5000 with a Shimadzu ASI-5000 auto-
sampler/autoinjector. The samples were burnt catalytically
at 680°C in 150 ml min~' flow of purified air. Carbon
dioxide was detected specifically by NDIR (Non-Dispersive
Infrared)-detector.

2.3.2. C, N content

Total carbon and nitrogen content of bulk SOM were
determined simultaneously using a Carlo-Erba model
NA2000 nitrogen analyser.

2.3.3. Statistical analyses

We used repeated measures analysis of variance
(ANOVA) to test for effects of the treatments (transplanta-
tion/warming), site (and thus contrasting vegetation types)
and time. Where significant differences between sites and
time were indicated by ANOVA, we used a post hoc means
separation test (Tukey’s HSD (Honest Significant
Difference)) to determine which comparisons were
significant.

For the entire seasonal data set we used multiple
regression analysis to test the effects of soil volumetric
water content and temperature on CO, fluxes. General linear
models (GLM) were used to test for the effects of
temperature. Statistical analyses were performed using
STATISTICA (StatSoft, 1995).

We used both Arrhenius plots and Q;y (temperature
coefficient; where Q19 = (Rry10/Rr) analysis to evaluate
the effect of temperature on the R, rates measured both
in the incubation experiment and also in the field. For
the field experiment monthly Q;, values were calculated.
According to model and Q;, analysis by Fang and
Moncrieff (2001), the Arrhenius model is better than
other suggested relationships between R, rates and
temperature due its performance and theoretical basis in
thermodynamics. Lloyd and Taylor (1994) also con-
cluded that linear and exponential (Q;o) functions are
inferior to Arrhenius-type equations wherein the acti-
vation energy for respiration varies inversely with
temperature. In other words, the relationship between
respiration and temperature is not a simple exponential
across the normal range of physiological temperatures.
The main problem with Arrhenius-type equations for our
analyses, however, is the slight underestimation of
respiration rates at low temperatures. Recognising the
advantages and limitations of each form, we have chosen
to apply both, where appropriate, for comparative
purposes.

The Arrhenius curves are constructed by plotting the
natural logarithm of the soil respiration rates (k) against
the inverse of temperature, and the equation can be
written

Ink=InA—E,/RT
or
k=Ae /AT

where E, is the activation energy and A is called the pre-
exponential, or frequency factor (interpreted as the
frequency of collision of reacting molecules; Panikov
(1997)). The slope of the Arrhenius plot gives — E./R
(kJ mol ') and the intercept at 1/T = 0 gives In A.
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3. Results
3.1. Soil transplant experiment

The soil respiration rates at control plots (native soils
in situ) were significantly (P < 0.005) higher at the forest
site compared to the tundra site during the 1999-2001
measuring period (Fig. 1 shows data for 2000). Average
fluxes over the 2000 thaw season were 0.62 and
0.48 gCO, m 2h™', at forest and tundra control plots,
respectively. The transplanted soils responded in a signifi-
cant way to transplantation to a new environment (Fig. 1).
The tundra soils transplanted to the forest site increased
their respiration rate to 0.68 g CO, m 2h™ ' (P <0.05),ie.
a 42% increase compared to the tundra control plots, and no
significant difference was found between the forest control
plots and the transplanted tundra soils. Conversely, the
transplanted forest soils had significantly reduced respir-
ation rates: 0.45 g CO, m 2h! (P < 0.05), i.e. 28% less
compared to control plots. Again, at this site, no significant
difference was found between the tundra control plots and
the transplanted forest soils. Average soil temperature
(5 cm) and soil water content (integrated 0—10 cm) for the
2000 measurement period was 8.2 °C and 0.24 m* H,O m >
soil; and 7.5 °C and 0.31 m> H,O m~3 soil; for the forest
and tundra site, respectively.

Soil respiration rates varied significantly (P < 0.005)
over time in both 1999 and 2000. In 2000, the year with
weekly measurements over the whole season, the highest
Ry values were recorded in the latter half of July and
beginning of August, and the lowest at the beginning and
the end of the measurement periods (Fig. 1). The initial
CO, pulse in July 1999 is attributed to increased microbial
activity in the soil due to root decay, as well as the
decomposition of damaged mycorrhizial mycelium, fol-
lowing clipping of the above-ground vegetation. We have
therefore based our seasonal fluxes on measurements from
the 2000 thaw season when the effect of the initial
disturbance had decreased.

According to multiple regression analysis with soil water
content and soil temperature as independent variables, 28
and 45% of the variance (P < 0.001) in soil respiration rates
at control plots is explained at the forest and tundra site,
respectively. Temperature explains a larger proportion of
the variance than soil water content in both cases
(BETAsoil temperature (forest) — 047’ BETAsoil water content (forest) — 028’
BETAsoil temperature (tundra) — 0.69; BETAsoil water content (tundra) — 0.27).
In the range of measured soil temperatures and soil water
contents, higher values of these parameters generally
increase soil respiration rates. Soil water contents were,
however, negatively correlated with soil temperature at the
tundra site (R>=0.07, P < 0.01) and at the forest site a
significant regression between soil moisture and soil
respiration was noted, albeit with a low regression
coefficient (R>=0.06, P < 0.05). A marked reduction in
soil water content in the end of July 2000 thus significantly

FOREST SITE
gCO, m2h-'; m2 H,0 m* soil

TUNDRA SITE
gCO, m2h-'; m* H,0 m? soil
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Fig. 1. Soil respiration rates (mean values, n = 10) measured in the field
during the 2000 thaw season from forest and tundra sites at both control
plots and plots with transplanted soils. The figure also presents soil
temperatures at 5 cm depth (scale on the right hand axis) and soil moisture
integrated over the top 10 cm (scale on the left hand axis).

(P < 0.005) reduced soil respiration rates, especially at the
forest site.

Best-fit equations for the temperature and respiration
regressions were a secondary polynomial (R*> = 0.39) at the
tundra, and a linear regression (R?> =0.21) at the forest
(Fig. 2 (a) and (b)). The polynomial for the tundra site
describes a nearly linear relationship between 3.5 and
7.0 °C, while above 7 °C the soil respiration rate was less
responsive to increased soil temperature. The Arrhenius
equations for soil respiration are given in Fig. 2 (c) and (d))
and Table 1. The Arrhenius equation explains 37% of the
variation in the tundra soil respiration and 42% for the
forest soils. The activation energy (derived from the slope in
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Fig. 2. (a) and (b) Best-fit regression between soil respiration rates and soil temperature from forest and tundra control plots during the 2000 measuring period
in the field. (c) and (d) Arrhenius plots with fitted Arrhenius equations from forest and tundra control plots during the 2000 measuring period in the field.

the Arrhenius plots) was higher in forest soils ¢ ompared to
tundra soils; 180.2 and 145.1 kJ mol ™', respectively. The
R? values were generally lower for transplanted soils; 30 and
19, for tundra and forest soils, respectively. For the
transplanted soils activation energy was lower compared
to control soil, 122.9 and 73.1 kJ mol 1, in forest and tundra
soils, respectively.

Q10 values calculated over different months were
generally higher when temperatures were low, i.e. in June
and September, although it should be noted that there was
only one interpretable result for September (Table 2). No
significant difference between forest and tundra soil, or
control and transplanted soils, could be detected. The lower
Q10 values in mid summer reflect the reduced significance of

Table 1

temperature (low R” values, see Fig. 3) in July and August,
when low soil moisture content instead seems to constrain
soil respiration rates. Table 2 also shows that the
relationship between soil respiration rates and temperature
was rather similar for soils incubated at their original site
and at a new location when Q| values were low in July and
August.

3.2. Laboratory incubation experiment

Forest soil respired significantly (P < 0.01) more than
tundra soil over the 10 week incubation period (0.26 and
0.20 g CO, m 2h™', respectively) when averaged over all
different temperature regimes (2—17 °C) (Fig. 4). Soils

Arrhenius equations derived from the field experiment in Swedish Lapland (data from the whole 2000 measuring period), activation energies calculated from
the transplant experiment. The equations are derived from GLM analysis of the data set, p; (p-value intercept); ps (p-value slope)

Arrhenius equation

Activation energy (kJ mol ')

Forest soil

Tundra soil

Forest soil Tundra soil

Forest site

y = —21681x+ 64.2
R*> =0.4240, F = 80.3
pe < 0.001, p; < 0.001

Tundra site y = —14790x 4 39.6
R? = 0.3040, F = 70.2

p. < 0.001, p; < 0.001

y = —879x + 18.6 180 73
R>=0.1933, F = 25.7
pe < 0.001, p; < 0.001
y = —17456.8x + 49.2 123 145

R?> =0.3720, F = 57.5
ps < 0.001, p; < 0.001
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Table 2

Monthly Q¢ values from the 2000 field season, calculated from regression
models (A7 10 °C around the season mean temperature, i.e. 7.85 °C) at the
forest and tundra site, both controls and transplanted soils

Month Forest soil (Q10) Tundra soil (Q;0)

Control Transplanted Control Transplanted
June 394 6.3 10.9 6.9
July 7.6 74 2.8 2.7
August 0.7 0.9 1.2 04
September oo 6.0 oo oo?

a

oo values result from our regression models approaching zero R at low
soil temperature and should not be over interpreted.

incubated at the two lower temperature regimes (2 and 7 °C)
respired at significantly lower rates than the two higher
(Figs. 4 and 5). The two lower temperatures, however, were
neither significantly different between the two regimes, nor
between the different soil types. The respiration rate from
the tundra soil incubated at 12 °C differed significantly
(P <0.05) from all other combinations of soil type and
temperature treatment. We obtained generally higher
respiration rates from the field measurements compared to
the incubation experiment despite a higher ‘mean exper-
iment temperature’ from the incubation experiment. This is
probably due to the removal of respiration at depth in the
incubation experiment, where the soil cores were only
10 cm deep at maximum (Per Thermaenius, unpublished
data 2001).

When average respiration rates from the 10 week
incubation are plotted against incubation temperature the
two soil types have a near-significant (P = 0.073)
difference in temperature response, with a more S-shaped
response for the forest soil compared to a more linear
temperature response for the tundra soils (Fig. 5(a)),
suggesting a threshold value between 7 and 12 °C for the
forest soil. The Q;q values calculated from the incubation
experiment are presented in Table 3. These values were
calculated over a 5 °C range (i.e. 2-7, 7-12, 12-17 °C).
For the whole 10 week experiment, Q¢ values obtained
from the 7-12°C range were significantly (P < 0.001)
higher than the 2-7 and 12-17 °C temperature ranges,
and no significant differences between soil types were
detected.

Arrhenius equations gave good fits between temperature
and soil respiration from the incubated soils when the
temperature response kinetics were investigated at the end
of the experiment (Table 4). No significant difference
between rising and falling temperature responses was noted
after 10 weeks of incubation. The activation energies
calculated from the Arrhenius equations are generally lower
for the soils incubated at 2 and 7 °C. The pattern is clearest
for forest soils, but the tendency is still there for tundra soils.

After the initial increase in soil respiration following
exposure of the soil to the different incubation temperatures

no significant variations in soil respiration rates were
measured over time. No signs of labile carbon depletion
were detected (i.e. there were no reductions in respiration
rates through time), neither from the measurements repeated
over 10 w of incubation, nor from the Arrhenius curves
constructed at the end of the experiment.

The total microbial biomass C was significantly
(P < 0.01) larger in the tundra soils compared with the
forest soils (3.4 and 2.0 mg microbial Cg~' dry soil,
respectively). There was no significant relationship between
the soil respiration rates and the total microbial biomass in
each sample at the end of the experiment (Fig. 5), neither
between microbial biomass and temperature and depth of
the organic horizon, respectively.

4. Discussion

Both the transplant experiment and the laboratory
incubation experiment show that mountain birch forest
has higher R, rates compared to tundra heath (ca. 30 and
20% higher in the field and incubation studies, respect-
ively). The fluxes measured in the forest and tundra control
plots (0.62 and 0.48 g CO, m 2 h™", respectively) during
the 2000 growing season compare with values of 0.8 g CO,
m 2h™' measured in mountain birch forest at lower
altitude (450 m a.s.l.) in the Abisko Nature Reserve
(Rustad et al., 2001). The latter flux rates are rather high
compared with a wide range of sub-arctic and arctic sites
(Rustad et al., 2001) and are more similar to respiration
data from boreal forest and woodlands according to Batjes
and Bridges (1992) and Raich and Schlesinger (1992). This
suggests favourable conditions for decomposition in these
mesic sub-arctic soils, and relatively rapid (i.e. decadal
scale) carbon and nutrient turnover in the area. The results
from the soil transplant experiment (Figs. 1-3; Tables 1
and 2) suggest that the physical environment (i.e. soil
temperature and soil water content) at recipient sites
overrides controls exerted by initial SOM quality and
microbial community/biomass on R. Both the transplanted
soil types adjusted to respiration rates comparable to those
measured at the control (recipient) plots at each site
(Fig. 3). The increase in R noted for the tundra soils to
rates comparable with those of the forest control plots
when positioned in a forest environment, and the
maintenance of this increase throughout the 2000 measur-
ing period (and into the summer of 2001), as well as the
higher SOM and C content of the tundra soils compared
with the forest (Appendix A), confirm that there is a pool
of labile C in the tundra soil that could be accessed rapidly
in a more favourable environment.

A clear methodological constraint with our measure-
ments of Ry, both in the field and in the laboratory, is that we
cannot evaluate the significance of root respiration and
rhizosphere processes, including mycorrhizae. Although we
noted minor re-growth in some of the cores, mainly of



1640 S. Sjogersten, P.A. Wookey / Soil Biology & Biochemistry 34 (2002) 1633—1646

FOREST SOIL
3 —
Fy=0.1028x - 0.2662 R? = 0.4415
Ty =0.0575x - 0.0556 R? = 0.4309
= 2 —
£
[} C)N
5 o4 | .
S o .
® .
: .
° [
|
3 —
Fy=0.0734x - 0.0983 R?=0.3163
Ty =0.0674x - 0.0873 R? = 0.3829
£ 2 —
£
N
>~ O
] . g e Q
. o
3 O.Jmo
8879 880
° T
3 ] .
Fy=-0.0242x + 1.0299 R? = 0.0032
Ty =-0.0058x + 0.4724 R? = 0.001
= 2 —
‘;) E * .
S o .
(@)
g’ (@] 1 — ° o o'
< © XN
L] .‘
%&o"+e
’ T
3 _—
Fy=0.188x-0.7318 R? = 0,4304
Ty =0.0565x - 0.0487 R? = 0.2059
& < 2 —
a g
£ £
2 o~ .
5y 8 —— Forest Site
€N o1 — g e Tundra Site
! * 9 ) Forest Site
D s,
0%os ° O Tundra Site
0 "m@o o
\ { 1

TUNDRA SOIL

| Ty =0.0821x - 0.1508 R? = 0.502
| Fy=0.0818x - 0.0937 R? = 0.586

Ty=0.0452x + 0.1266 R* = 0.1975
F y =0.0509x + 0.1543 R? = 0.0872

1 Ty =0.0095x + 0.3645 R? = 0.0021
| Fy =-0.1042x + 1.9751 R?=0.1594

og 8 ~~_°
N
(e§

%" .

Ty=0.1185x - 0.3901 R? = 0.8136
Fy=0.1386x - 0.4217 R? = 0.2094

— ° ———— Tundra Site
o . i
2 T Forest Site
%Qi . [ [ ) Tundra Site
. 2 ° O Forest Site
] L)
! f |
0 4 8 12
°C

Fig. 3. Respiration rates of forest and tundra soils at both sites (i.e. both control and transplanted soils) in the field plotted against temperature for each of four
months separately during the 2000 thaw season. For each month and soil type (forest or tundra) a regression model was constructed, which was used for

calculation the monthly Q, values presented in Table 2.

V. myrtillus, indicating that some below-ground plant parts
were still alive, we assume that most of the fine roots as well
as mycorrhizae had died before or during the 2000 and 2001
field measurements. Thus we assume that our measurements
mainly reflect the responses of decomposer heterotrophs to
environment, and were not strongly influenced by
autotrophs. Whilst this simplifies our interpretation to
some extent, we cannot ignore the significance of rhizo-
sphere processes, and both ecto- and ericoid mycorrhizae,

for overall decomposition processes and nutrient recycling
in these and similar ecosystems (Baath and Soderstrom,
1979; Smith and Read, 1997). We also note the strong
dependence of soil respiration on rates of photosynthesis
observed in a study of Swedish boreal forest (Chapin &
Ruess, 2001; Hogberg et al., 2001). Clearly, therefore, our
results must be interpreted cautiously since they do not
reflect overall soil respiration. In late July 2001, however,
we compared R measured in the field (using the clipped
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Fig. 4. Soil respiration rates measured over the 10 week laboratory-based incubation of forest and tundra soils, in four different temperature regimes (2, 7, 12

and 17 °C); 7 °C is close to the growing season average temperature.

cores) with ecosystem respiration rates (measured in the
dark) of adjacent unclipped areas with intact vegetation;
ecosystem respiration (total heterotroph and autotroph) was
15-18% higher than our measured R; (S. Sjogersten,
unpublished data), but this modest increment suggests that
the contribution of autotrophs and mycorrhizae to soil
respiration at our plots was substantially lower than that
observed by Hogberg et al. (2001) in boreal forest 4° of
latitude further south. This is, nonetheless, a key issue, and
more attention must be focused upon evaluating differential
environmental controls upon the respiration of root systems,
mycorrhizae and other heterotrophic decomposer organ-
isms, and the relative magnitudes of these processes in
contrasting ecosystems.

The strong relationship between soil temperature, soil
moisture and R, rates has been demonstrated in many field
experiments in a wide range of ecosystems (Peterjohn et al.,
1994; Wiithrich et al., 1994; Simmons et al., 1996; Nakane
et al.,, 1997; Bowden et al., 1998; Londo et al., 1999).
Generally soil temperatures are the principal controlling
factor in mesic soils, while extremes (wet or dry) of soil
water content tend to reduce R; rates (Flanagan and Veum,
1974; Peterjohn et al., 1994; Simmons et al., 1996; Dong
et al., 1998; Bowden et al., 1998). These statements agree
well with the results from the mesic freely drained soils in
our study, where temperature is the main controlling factor
but soil moisture affected R, rates (negatively) mainly after
a prolonged dry period.

In the literature it is frequently stated that soils in cold
environments are more sensitive to changes in temperature

compared to soils in more favourable environments (Swift
et al., 1979; Anderson, 1991; Lloyd and Taylor, 1994). This
view has, however, been challenged recently by a meta-
analysis of soil warming experiments conducted by Rustad
et al. (2001). The analysis revealed that forest ecosystems
generally exhibited a greater response to experimental
warming compared with tundra and grassland systems. In
our study, the monthly Q¢ values calculated from the field
experiment were variable but there is a clear tendency
toward higher Q;o values at low temperatures, with the
highest Qo values at the beginning and end of the
measuring period (Table 2). During July and August the
importance of temperature decreased markedly and other
parameters, such as soil water content, assumed increased
significance in controlling the flux rates (Fig. 3). Similar
temperature-dependency of Q¢ values has been observed
by Schleser (1982), Lloyd and Taylor (1994) and Widén
(2001), the latter also finding higher Q;o values in the
beginning of the growing season in a boreal forest when
temperatures were low. Our data strongly support the view
that Qo values are not an inherent and fixed property of a
soil; they vary over a season as the importance of
temperature to R, varies. Compared to the 2.4 global
median Q¢ value (Raich and Schlesinger, 1992) our values
are generally high (with the exception of the August 2000
field data), suggesting a greater influence of temperature on
R in these cold ecosystems than the global average
(Table 2).

The higher R for forest compared to tundra soils at all
temperatures in the incubation experiment (Fig. 4) implies
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Fig. 5. (a) Relation between average soil respiration rates, measured over
10-weeks in the laboratory, and incubator temperature for forest and tundra
soils. Symbols accompanied by different letters are significantly different at
P < 0.05 based upon ANOVA and means separation test; (b) microbial
biomass measured at the end of the experiment in forest and tundra soils.
Mean values (= SEM) are shown.

that there exists a substrate quality difference, with more
labile carbon or a more efficient/active decomposer
community, in the forest soil compared with the tundra.
This agrees with the observation by Raich and Tufekcioglu

Table 3

(2000) that litter production and soil respiration are
positively correlated in mature forest systems. The same
situation is likely in our study ecosystems, where we
hypothesise that the birch forest produces significantly more
litter with more labile chemistry compared to tundra. We
note, however, that tundra soils transplanted into forest
adopted consistently higher respiration rates than at the site
of origin (Fig. 1), indicating that a labile pool of carbon is
available in these soils too. Thus a simple interpretation of
SOM lability in the contrasting soils is not justified.

The Arrhenius curves resulting from the field and
incubation experiment (Tables 1 and 4, respectively) point
toward lower activation energies for soils incubated at lower
temperatures, suggesting that these soils need less kinetic
energy (i.e. temperature) to drive metabolic processes. This
is consistent with the view that microorganisms with more
efficient enzymatic systems are active at lower tempera-
tures, and may point to a shift in microbial community
towards more psychrophilic organisms, or a physiological
acclimation of the existing community (Panikov, 1997). Our
results on activation energies contrast, however, with the
analysis by Lloyd and Taylor (1994) who found generally
higher activation energies for soils in cold environments
compared to warmer (in an evaluation of 15 soil respiration
studies conducted in a variety of ecosystems and biomes).
The data for microbial biomass at the end of the incubation
(Fig. 5) suggests that the increased R, rate as a response to
temperature is caused by increased metabolic efficiency
rather than a larger microbial population. The larger
microbial biomass in the tundra soils (with a lower
respiration rate cf. forest) at the close of the experiment
compared to forest soils suggests that, in this case, microbial
efficiency and resource quality is more important to the total
R than the actual population size (Fig. 5). Vance and
Chapin (2001), in an analysis of soil microbial activity in
contrasting Alaskan taiga forest systems, also noted that
microbial biomass is not strongly coupled to indices of
microbial activity (such as Ry).

The temperature response curves in our experiments do
not follow the exponential relationship reported in many
investigations (e.g. Peterjohn et al., 1994; Simmons et al.,
1996; Bowden et al., 1998; Davidson et al., 1998; Londo

Q) values calculated from temperature response measured at the end of the incubation period in the laboratory for soils incubated at four temperatures

Incubation temperature (°C) Tundra soil (Q;0)

Forest soil (Q¢)

7-2 12-7 17-12 7-2 12-7 17-12
10-weeks average 1.3£0.2 74 1.0 1.6 £0.3 2.8 £0.5 6.7+t 1.8 2403
2 33+ 1.1 5.6 £0.8 24+02 53+22 2.8 £ 0.6 69 +42
7 48 £2.1 45*25 2907 37+£22 3.6£038 2.6 £0.3
12 39+13 6.0 £ 1.7 23+03 14.0 = 4.7 3.6 0.9 36 1.0
17 45=*19 15.3 = 10.0 35+0.8 57=*1.0 3.6*038 38 +£09

Occasional apparently negative and zero respiration values were excluded from the data set as they are considered the result of analytical constraints near
the detection limit of the IRGA. Top row: Q¢ values calculated from the incubation experiment. The values are averages (= SEM) for the whole incubation
period (i.e. 10 weeks) and have been calculated by dividing the average respiration rate at 7 and 2, 12 and 7, and 17 and 12 °C.
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Table 4

Arrhenius equations from the temperature kinetics investigation ending the 10-weeks incubation period, equations are given for each temperature treatment and
soil type. The equations are derived from GLM analysis of the data set; n = 6; p; (p-value intercept); p (p-value slope)

Incubation temperature Arrhenius equation

Activation energy (kJ mol ')

Forest soil Tundra soil Forest soil Tundra soil
2°C y = —11298x +26.6 y=—11587x+27.2 94 96
R*>=0.51; F=295 R>=067, F =528
pe < 0.001, p; < 0.001 p, < 0.001, p; < 0.001
7°C y = —11038x +25.3 y=—11813x+27.7 92 98
R>=0.62; F = 46.2 R>=049; F =253
ps < 0.001, p; < 0.001 ps < 0.001, p; < 0.01
12°C y = —15982x +43.3 y = —13144x + 33.1 133 109
R>=0.75; F = 82.1 R*>=0.82; F=1245
ps < 0.001, p; < 0.001 ps < 0.001, p; < 0.001
17°C y = —13797x +35.2 y = —13241x+33.3 115 110

R>=10.85 F = 162.3
p, < 0.001, p; < 0.001

R*>=0.52; F =304
p, < 0.001, p; < 0.001

etal., 1999). At both sites a near-linear relationship between
R and soil temperature over the measured temperature
range was found, with indications of a slightly stronger
control on Ry at lower soil temperatures at the tundra site in
both the field and laboratory experiment (Figs. 2, 3 and 5).
These relationships possibly indicate an adaptation of the
decomposer community to the cold environment, particu-
larly in the tundra soils, to maximise the benefit of a small
temperature increase within the lower temperature range.
The apparent sinusoidal temperature response of the forest
soils in the incubation experiment (Fig. 5) is interesting
because the threshold value seems to be just around the
ambient summer temperatures. This gives potential for
increased soil respiration rates in response to quite small
increases in soil temperatures, and this interpretation is also
consistent with the small difference in temperature between
tundra and forest plots in the field during 2000 (7.5 and
8.2 °C, respectively). A similar threshold value was
identified in a study of Arctic soil by Nadelhoffer et al.
(1991) at around 9 °C (also the upper range of the daily
temperatures). Above this threshold soil respiration
increased by a factor of two compared to the ambient
situation. This might indicate that soil microorganisms are
particularly sensitive to temperatures outside the normal
range, or that the microbial community at higher tempera-
tures shifts in favour of organisms with a different
temperature response. The impact of such a threshold
must, however, be considered in the context of soil moisture
conditions: In the incubation experiment soil moisture was
held at field capacity across all temperatures. Our field
experiment, however, showed a significant relationship
between increased soil temperature decreased soil moisture
content, and reduced R,. This suggests that the impact of
increased soil temperature on R, rates could be significantly

constrained by soil moisture content in these environments.
Similar findings of moisture controls on Ry in dwarf-shrub
heath soils have been presented by Illeris (2001, PhD
Thesis).

We conclude that a shift from tundra to birch forest
would result in an initial pulse of carbon released from soil
to the atmosphere as labile SOM stored in tundra soils is
used by the decomposer community. Data from both the
field experiment and the controlled incubation show that
these soils are highly sensitive to increasing temperature,
but that the responses: (i) vary temporally through the thaw
period, and (ii) are not independent of changes in soil
moisture content even in this maritime climatic setting.
Since changes in temperature and precipitation will likely
co-vary in this and other high-latitude regions (Overpeck
et al., 1997; Stotter et al., 1999) our data underscore the
importance of improving models of soil hydrological status
for understanding decomposition processes and Ry
(Hodkinson et al., 1999). Contrasts in the detailed form of
the relationships between temperature and soil respiration
observed in the field experiment and the controlled
incubation may, to some extent, reflect the fact that: (i)
soil moisture status and temperature were kept constant in
the laboratory, and (ii) mineralisation products of decompo-
sition remained in situ within the incubation cores. Both
factors could have affected the dynamics of decomposer
metabolism and the community composition/turnover in the
field compared with the laboratory. The data illustrate the
potential risks of purely field or laboratory-based investi-
gations, and we note the tendency (highlighted by
Kampichler et al. (2001)) for soil ecological research to
have become over dominated recently by short-term
experiments involving micro and mesocosms in the
laboratory.
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Table Al

Soil profile descriptions. Two soil profiles (i) and (ii) were described at each site

Horizon Depth (cm) Colour Texture %C %N %P pH Density (g cm ) LOI (%)
Tundra (i) Organic 0-8 5 YR 3/3 Felty 4.53 0.15 78
Albic 8-11 10 YR 5/4 Gravely sand 5.09 1.14 6.0
Spodic 11-21 7.5 YR 5/6 Gravely sand 5.55 0.74 20
Tundra (ii) Organic 0-7 7.5 YR 2/3 Felty 3.86 0.14 96
Oi 0-1 46.13 1.17 0.90
Oe 1-5 40.52 1.33 1.06
Oa 5-7 38.48 1.27 0.90
A 7-9 7.5 YR 4/3 Silt 4.35 0.34 50
Albic 9-13 10 YR 5/2 Silt 5.14 0.84 5.6
Spodic 13-16 10 YR 4/6 Sandy gravel 5.61 1.73 1.0
C 7.5 YR 3/3 Sandy gravel 6.22 1.66 0.71
Forest (i) Organic 0-5 5 YR 2/4 Fibrous 5.22 0.066 94
Oi 0-0.2
Oe 0.2-4.8
Oa -
Albic 5-8 2.5 YR 52 Sandy silt 4.20 1.47 52
C 8-33 2.5 YR 4/3 Silt 5.58 1.10 1.1
Forest (ii) Organic 0-5 5 YR 2/3 Fibrous 4.07 0.11 96
Oi 0-0.5
Oe 0.5-2.5 29.6 1.40 0.91
Oa 2.5-5 41.7 1.87 0.83
Albic 5-20 5Y6/2 Heterogen 4.95 1.30 2.2
C 20-29 5Y4/3 Sandy silt 591 1.68 1.3
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See Table Al.
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