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Abstract The aim of our studies was to determine the
relation between temperature and the respiration rate of the
forest soil organic layer along an altitudinal gradient while
controlling the effects of the soil characteristics. The
respiration rate was measured in laboratory conditions at
different temperatures, 0, 10, 20, and 30°C, in samples
collected in the Polish part of the Western Carpathians at
600, 800, 1,000, and 1,200 m above sea level from four
different mountains, which were later treated as replicates.
The increase in the average respiration rate between two
consecutive temperatures was expressed as Q10 coefficients.
Among the nutrients measured in the soil organic layer,
only the total organic N concentration significantly
increased with elevation. The temperature effect was
significant for both the respiration rate and the Q10 values.
The calculated Q10 values were highest for the temperature
range between 10 and 20°C, and the lowest values were
obtained from the highest temperature range (20–30°C).
The altitude effect was significant for the respiration rate
but not for the Q10 values, indicating that the temperature
sensitivity of the soil respiration did not change much along
the studied altitudinal gradient.
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Introduction

The possible loss of stored soil organic matter due to an
increase in temperature may enhance the concentration of
atmospheric CO2 and result in a positive feedback effect on
climate change (Kirschbaum 1995; Schlesinger and Andrews
2000). The increasing concentration of atmospheric CO2

changes the global climate, although it is not easy to estimate
the magnitude of changes and regional effects (Houghton
1996). The rate of decomposition of soil organic matter
depends mostly on temperature and water content (Howard
and Howard 1993; Arnold et al. 1999; Panikov 1999; Dalias
et al. 2001; Mikan et al. 2002). The increase in the
decomposition rate with temperature is more sensitive at
lower than at higher temperature ranges (Kirschbaum 1995;
Sjögersten and Wookey 2002). Therefore, it has been
suggested that the sensitivity of decomposition to climate
changes may be latitude-dependent, with the response to
global warming being greater at higher than at lower
latitudes (Niklińska et al. 1999; Bekku et al. 2003). Despite
the studies on different factors controlling soil organic matter
decomposition and carbon cycling in terrestrial ecosystems
(Coûteaux et al. 1995; Laskowski et al. 1995; Berg et al.
2003), there is still substantial uncertainty about whether
climate change will shift ecosystems from being important
carbon sinks to being carbon sources (Powlson 2005).

Gradients of temperature in the mountain can be similar to
those related to latitude (Smith et al. 2002), and thus,
relations between temperature change and decomposition
rates can resemble those observed along latitudinal gra-
dients. This makes mountain regions useful areas for
climate change studies and for the assessment of climate-
related impacts (Diaz et al. 2003), but their diverse
topography, steep environmental gradients, and ecological
isolation complicate the task of predicting the effects of
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climatic variability in mountain ecosystems (Beniston
2003).

The aim of the present research was to determine the
altitude and temperature effects on the soil organic layer
respiration rate and determine whether the effects were also
related to some soil physicochemical parameters. We
hypothesized that the soil microbial communities in organic
matter from higher, colder altitudes are more sensitive to
temperature changes than those from lower altitudes. For
the results to be more convincing, we used four elevation
transects along four different mountains as replicate sites.
The altitudinal transects in our study were shorter than
those used in tropical mountains (e.g., Scowcroft et al.
2000; Coûteaux et al. 2002) but represented the temperate
and boreal forests of the Northern Hemisphere, that is,
biomes which together constitute the planet’s largest
terrestrial sink of organic carbon. In addition, it is important
to underline that increases in average temperature in the
period 1976–1999 have been greatest over the midlatitude
of the Northern Hemisphere continents (Salinger 2005).

Materials and methods

Study plots and soil sampling

The samples of the forest soil organic layer (Oi+Oe+Oa) were
collected in autumn 2002 in southern Poland in the Beskidy
Mountains, a part of Western Carpathians. Four mountain
peaks at similar latitudes with identical geological structure
were chosen: Polica [1,369 m above sea level (asl)] and
Romanka (1,366 m asl), both in the Beskid Zywiecki range;
Lubań (1,211 m asl) in the Gorce range; and Radziejowa
(1,262 m asl) in the Beskid Sadecki range. Because the
temperature and moisture of mountain soils depend highly
on the slope and insolation, all plots were laid out on
northern slopes. Sampling plots were established at each
mountain at four altitudes: 600, 800, 1,000, and 1,200 m asl.
From each plot, samples were collected at ten points 10-m
apart horizontally across the slope. The samples were
immediately sieved (<1 cm) to remove stones and roots
and the green parts of plants, thoroughly hand-mixed, and
transported to the laboratory in cotton sacks.

Because all the studied mountains are on approximately
the same east–west parallel, temperature changes associated
with the latitudinal gradient could be ruled out and the four
mountains could be treated as experimental replicates. The
plots at the three lowest altitudes (600, 800 and 1,000 m
asl) are covered by 30–40-year-old spruce forests mixed
with beech, alder, and fir; 50-year-old spruce forests
predominate on the plots at 1,200 m. The plant species
composition of the forests at the lower altitudes has been
affected by human activities such as nearby agriculture,

pasturing on forest meadows, and the collection of litter
from the forest floor (Grodzińska and Szarek-Łukaszewska
1997). The soils at all sampling plots were generally
podzolic and brown-earth type.

Chemical analyses and respiration measurement

The dry weight (dw) of each soil sample was determined by
drying three subsamples per sample at 105°C for 24 h. The
water holding capacity (WHC) was measured by a standard
gravimetric method with three replicates by using sub-
samples of 50 g.

Five subsamples from each plot (equivalent of 5 g dw)
were incubated at 75% WHC in 370-ml airtight glass jars at
0, 10, 20, or 30°C (±1°C). Sample moisture was adjusted
with deionized water a day before the respiration rate
measurement. Five empty jars randomly distributed among
the others were used as blanks. The respiration rate was
measured weekly for 6 weeks by trapping CO2 in 5 ml
0.2 M NaOH. After the incubation of samples in the closed
jars for 12–72 h (depending on the incubation temperature),
2 ml BaCl2 was added to the NaOH solution, and the
excess sodium hydroxide was titrated with 0.1 M HCl in
the presence of phenolphthalein as an indicator. Between
measurements, the jars were left open. The respiration rate
for each sample was calculated as millimolars of CO2 per
kilogram of organic matter per 24 h. Finally, the average
respiration rate for the whole incubation period for each
sample was used for statistical analysis.

At the termination of incubation, the organic matter
content and pH were determined in each soil sample. Organic
matter content was determined as loss on ignition at 550°C for
24 h. Soil pH was measured in fresh subsamples (2 g) shaken
for 1 h at a 10:1 water-to-soil ratio. The concentrations of
some nutrients (Ca, Mg, K, Na, C, and N) were determined in
mixed soil from each site. Total concentrations of Ca, K, Na,
and Mg were measured after wet digestion of 0.5 g sub-
samples in 10 ml concentrated HNO3 (Hopkin 1989). To
check the accuracy of the method, three blank samples and
three replicates of standard certified material (Rye grass,
Promochem, GmbH) were analyzed with each batch of
samples. The concentrations of Ca, Na, and K were
measured by emission flame spectrometry (Jenway, model
PFP 7) and Mg concentrations by flame atomic absorption
spectrometry (Perkin-Elmer, model AAnalyst 800). The
organic C and total N contents were analyzed in three
subsamples per plot using a CHNS analyzer (Vario EL III,
Elementar Analysensysteme GmbH).

Statistical analysis

One-way ANOVAwas performed to test the significance of
differences in pH; organic matter content; concentrations of
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C, N, Ca, Mg, K, and Na; and C-to-N ratios between the
organic layers from different elevations. When significant
differences were found, the means were compared using the
Tukey test. Results were considered significantly different
at p<0.05.

Multiple regression analysis was used to relate average
organic layer respiration rates to the main factors potential-
ly affecting this process: temperature, elevation, pH, and
nutrient concentrations. The relationship between respira-
tion and temperature in the range used was not linear, so we
used two temperature components, T and T2, in the
regression equation, which both together better describe
the temperature effect on respiration rate (Fang and
Moncrieff 2001). Correlation analysis was used to test
which soil characteristics could be treated as independent
variables. Pearson’s correlation coefficients were consid-
ered significant at p<0.05. The right-skewed data on
respiration rates and concentrations of K, Mg, and pH were
log-transformed prior to statistical analyses to fulfil the
criteria for normality (Kolmogorov–Smirnov test). At the
next step, the independent variables were standardized prior
to statistical analysis by subtracting the average value and
dividing by the standard deviation. After standardization, it
was possible to directly assess the effects of significant
variables and to evaluate their relative importance by using
the calculated regression coefficients.

The Q10 coefficients were calculated for samples from
each elevation/mountain using average respiration rates (R)
measured at two consecutive temperatures (T):

Q10 ¼ RTþ10

RT

Thus, three Q10 coefficients were obtained for the organic
layer from each elevation and mountain: Q10L (low; based
on the respiration rates measured at 0 and 10°C), Q10M
(medium; based on the respiration rates measured at 10 and
20°C), and Q10H (high; based on the respiration rate
measured at 20 and 30°C). The differences between means
of Q10L, Q10M, and Q10H were compared by ANOVA. All
statistical analyses employed Statgraphics version 5.1.

Results

The soil pH, total organic C and N concentrations, organic
matter content (%), and concentrations of some nutrients
(Ca, Mg, K, and Na; milligrams per kilogram in dw) are
shown in Table 1. The organic layer from all elevations had
acid pH ranging from 3.9 to 4.4, typical for the coniferous
forest with mor-moder humus. The lowest pH was
measured in samples from the highest elevation, but no
significant differences in pH between soils from different
elevations were found (p>0.2). Organic matter content
ranged from 60.6 to 78.4%. Although organic matter
content increased from 800 to 1,200 m asl, the differences
between samples from all studied altitudes were not
significant (p>0.06). The organic matter content consisted
of ca. 50% organic carbon in most studied soils.

The nutrient concentrations in organic layer samples did
not significantly differ between elevations (Ca p>0.3, Mg
p>0.2, K p>0.5, and Na p>0.8), but the Ca and K
concentrations showed particularly large variance between
samples from the same elevations. The N concentration in
soils increased significantly with increasing altitude
(p<0.02) from 1.4% at 600 m asl to 2.0% at the highest
elevation. Nevertheless, the mean C-to-N ratios in samples
from all elevations, ranging from 21 to 23, did not differ
significantly (p>0.6).

The respiration rates of the soil organic matter samples
varied widely. The highest mean value, 92.99 mmol CO2 kg

−1

organic matter 24 h−1, was obtained for samples originating
from Lubań at 800-m elevation and incubated at 20°C. The
lowest mean respiration rate, 2.36 mmol CO2 kg−1 organic
mater 24 h−1, was measured in samples from Radziejowa
from 1,000-m elevation and incubated at 0°C. The respiration
rate increased with temperature and was faster in the samples
from the lower altitudes (600 and 800 m) than from the higher
altitudes (1,000 and 1,200 m), except for the Romanka
mountain samples (Table 2).

The correlation analysis showed some soil properties to
be highly correlated (Table 3). The most correlated
properties were the magnesium and potassium concentra-
tions in soil (r=0.9458, p<0.0001). We used potassium in

Table 1 Main properties of forest organic layer along the studied elevation gradient

Elevation (m asl) pH Organic mattera Ca Na Cab Mgb Kb Nab

600 4.4±0.6 71.8±9.5 32±11.3 1.4±0.3 1,109±1,390 188±163 698±1,581 133±49
800 4.4±0.5 60.6±20.1 36.5±4.9 1.7±0.3 509±437 113±38 1,119±1,192 137±21
1,000 4.1±0.2 62.8±13.7 36.2±6.3 1.8±0.1 284±55 113±50 1,475±1,108 151±72
1,200 3.9±0.1 78.4±10.5 44.2±2.9 2.0±0.1 168±58 53±20 766±932 156±29

Values are means±SD (n=4)
aAs percent of dw
bAs parts per million dw
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the multiple regression analysis because magnesium was
highly correlated with the nitrogen also. To check the
correctness of the whole model for respiration rate, the
variables were fitted with forward and backward selection.
In both cases, the calcium concentration was removed from
the model. At the end, the multiple regression analysis for
log respiration (R) with temperature (T and T2), elevation
(ELEV), log pH, N, log K, and Na as independent factors
explained 93.7% of the total variability of respiration rate
according to the equation:

log Rð Þ ¼ �11:2þ 1:37 � N � 0:00411 � Naþ 2:68

� log pHð Þ þ 0:111 � T � 0:00123 � T2

� 0:00078 � ELEV þ 1:13 � log Kð Þ
where the respiration rate is expressed in millimoles of CO2

per kilogram of organic matter 24 h−1, temperature in

degrees Celsius, elevation in meters asl, N in percent dw,
and Na and K in milligrams per kilogram dw. The model
was significant at p<0.0001 (F=135.39). Thus, the respira-
tion rate correlated positively with pH, N and K, and
incubation temperature (as linear component, T), and
negatively with elevation, temperature (as T2 component),
and Na concentration (Fig. 1).

The model based on the standardized values of the
variables gave the following equation:

log Rð Þ ¼ 2:81þ 0:398 � N � 0:157 � Naþ 0:240

� log pHð Þ þ 1:25 � T � 0:435 � T2 � 0:176

� ELEV þ 0:416 � log Kð Þ
This equation allowed us to assess the effects of

significant variables and to evaluate their relative impor-
tance by comparing directly the calculated regression

Table 2 Respiration rates (C–CO2) of forest organic layers samples at different elevations and at each incubation temperature, values are means±SD
(n=4) and Q10 values at temperature ranges for mountains

Mount Elevation Respiration rate (mmol C–CO2 kg
−1 24 h−1) Temperature range

0°C 10°C 20°C 30°C Q10L Q10M Q10H

P 600 6.94±1.28 15.84±1.76 42.69±5.26 51.30±4.94 2.28 2.69 1.20
800 4.29±0.59 7.76±2.49 19.82±2.94 40.38±2.55 1.81 2.56 2.04
1,000 6.72±0.34 6.71±0.52 23.86±1.36 31.98±8.90 1.00 3.56 1.34
1,200 2.96±0.50 4.53±0.80 12.08±2.03 21.69±7.85 1.53 2.67 1.79

Rd 600 4.64±0.72 9.99±2.39 31.63±1.01 33.28±3.30 2.15 3.17 1.05
800 5.71±0.61 11.07±2.17 31.09±1.54 48.47±6.00 1.94 2.81 1.56
1,000 2.36±0.35 5.24±1.66 16.58±0.99 25.49±2.21 2.22 3.16 1.54
1,200 4.10±0.13 8.99±1.31 23.69±1.78 36.18±2.39 2.20 2.64 1.53

R 600 3.87±0.72 9.76±0.97 30.07±1.07 37.44±2.55 3.07 3.17 1.30
800 9.14±0.77 23.32±2.36 58.78±7.80 52.28±11.03 3.14 3.29 0.84
1,000 7.34±1.37 12.18±2.25 32.94±1.72 48.73±7.22 2.77 3.29 0.93
1,200 4.20±0.99 10.35±2.45 32.98±2.83 45.51±2.93 2.24 2.43 1.47

L 600 7.03±0.53 21.58±2.05 68.31±4.95 88.66±2.74 2.53 3.08 1.24
800 9.00±0.43 28.27±3.00 92.99±5.39 77.95±4.72 2.55 2.52 0.89
1,000 4.85±0.85 13.43±1.90 44.21±1.81 41.05±4.86 1.66 2.70 1.48
1,200 4.71±1.11 10.55±1.73 25.61±1.89 37.53±4.00 2.46 3.19 1.38

P Polica, Rd Radziejowa, R Romanka, L Lubań

Table 3 Correlations between different soil parameters

Ca K Mg N Na pH

Ca
K 0.1071 (0.6929)
Mg 0.0705 (0.7952) 0.9458 (0.0000)
N −0.4091 (0.1157) −0.6234 (0.0099) −0.7589 (0.0007)
Na −0.3336 (0.2067) 0.5054 (0.0458) 0.4592 (0.0736) 0.0488 (0.8575)
pH 0.7475 (0.0009) 0.1430 (0.5973) 0.2127 (0.4290) −0.4830 (0.0581) −0.1734 (0.5206)

Pearson’s correlation coefficients (range from −1 to +1) are followed in parentheses by p values (point to statistical significance of the estimated
correlations). Highest correlations are presented in bold.
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coefficients. In this case, the most important factors for the
respiration rate were temperature and potassium and
nitrogen concentrations.

The estimated Q10 values ranged from 0.84 (Q10H for
samples from 800 m) to 3.56 (Q10M for samples from
1,000 m) (Table 2). There were no significant differences
between the average Q10 values calculated for the four
studied altitudes (p>0.9). However, ANOVA showed that
the coefficients calculated for three temperature ranges,
Q10L, Q10M, and Q10H, differed significantly (p<0.0001)
and could be arranged in the order Q10H<Q10L<Q10M with
respective means values of 1.35<2.22<2.93 (Fig. 2). The

interaction between temperature and altitude was not
significant (p>0.2).

Discussion

The highly significant relationship between the temperature
and organic layer respiration rates shown in our study are in
accordance with results reported earlier (Lomander 1998;
Niklińska et al. 1999; Coûteaux et al. 2002), but the soil
respiration rate measured in laboratory incubation was
significantly dependent on the altitude also (p<0.0004).
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Fig. 1 The component effect
on log respiration rate
(mmol CO2 kg
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24 h−1) on temperature
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The whole model was
significant at p<0.0001; the
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change in the predicted values
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changing of parameters over
their observed range. Each point
is then plotted by adding its
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The highest respiration rate was found for samples from
sites at 800 m asl, and the lowest for those from the highest
elevation, 1,200 m asl. Decomposition of soil organic
matter is a long-term process controlled by different abiotic
and biotic factors. Thus, carbon mineralization rates depend
on soil type (Howard and Howard 1993) and substrate
quality, which in turn are determined by the type of plant
cover (Coûteaux et al. 1995; Raich and Tufekcioglu 2000)
and climate (Anderson 1991). The plant composition
differed somewhat between the studied elevations, with
dominance of spruce near the mountain summits (1,200 m
asl). Therefore, the lowest respiration at the highest altitude
might be related to the higher recalcitrance of litter being
coniferous residue substrates, rich in waxes, resins and
lignin, which are more resistant to decomposition (Swift et
al. 1979). In addition, because precipitation is generally
higher at high than at low mountain altitudes, litter should
be poorer in nutrients due to the removal of the more
mobile chemical elements (K, Ca, and Mg) by leaching,
and this might also reduce the soil decomposition rate.
However, at the study sites, the content of chemical
elements in the organic layer did not markedly change
with elevation, except the nitrogen content, which increased
significantly with elevation. The impact of nitrogen on
decomposition rates has been extensively studied (Prescott
1996; Berg 2000; Michel and Matzner 2002). Large
amounts of endogenous or exogenous nitrogen first
enhance, but in later phases, inhibit decomposition by
slowing the degradation of lignin by fungi (Vestgarden
2001). From the base to the top of the studied gradient, the
mean annual temperature decreases about 4°C in this part
of the Carpathians, possibly affecting carbon and nitrogen
cycling and, in consequence, the structure and quality of
the organic matter. We have observed a significant
increase in the N content with elevation. However,

because C content also slightly increased, the C-to-N ratio
did not change significantly with elevation. The increase
of N and C contents of soil with elevation has already
been reported in different types of mountain ecosystems
(Coûteaux et al. 2002; Smith et al. 2002; Bonito et al.
2003; Garten 2004).

The results showed that the organic layer respiration is
significantly dependent on temperature; increasing temper-
ature enhanced the respiration rate of samples from all
tested elevations. Temperature could affect the soil respira-
tion rate by increasing microbial metabolism and/or
microbial biomass and by changing the composition of
the microbial community (Pietikäinen et al. 2005).

Besides temperature, potassium, nitrogen, and soil pH
also affected the respiration rate of the forest organic layer.
Other studies have shown positive correlations between
soil microbial indices (e.g., activity, biomass) and pH
(Andersson and Nilsson 2001; Niklińska et al. 2005). Our
samples from lower elevations had similar pH values, all
slightly higher than the more acidic samples from the
highest elevation, where only spruce forests occurred. The
higher acidity at higher than at lower altitudes may depend
not only on biological processes but also on high acidic
deposition due to the higher precipitation (Herman et al.
2001; Nanus et al. 2003).

Irrespectively of the differences found in the respiration
rate from selected altitudes caused by physicochemical
factors, we compared differences in relative changes in
respiration rates due to temperature increase as Q10

coefficients. The sensitivity of soil respiration to tempera-
ture changes has been frequently measured through the Q10

relationship (Lomander et al. 1998; Niklińska et al. 1999).
Raich and Schlesinger (1992) found that the soil respiration
rate increased with temperature with a Q10 coefficient close
to 2.4 for temperate regions. Lenton and Huntingford
(2003) reviewed a series of studies to show that the most
frequent Q10 values ranged between 2 and 3. In our
experiment, 2.17 was the average Q10 value for the whole
incubation temperature range.

The soil respiration rate sensitivity to temperature, as
expressed by Q10, is not constant across the range of
temperatures, and often is higher at lower than at higher
temperatures ranges. (Kätterer et al. 1998) suggested that a
Q10 of 2 is adequate for describing the influence of
temperature on decomposition between 5 and 35°C.
Kirschbaum (1995) showed Q10 values as high as 8 at
low temperatures (<10°C). However, these high Q10 values
could be related to the composition of the microbial
communities that originate from colder environments,
which have higher metabolic efficiency at soil temperatures
near 0°C than microbial communities from warmer sites
(Sjögersten and Wookey 2002). A lot of studies done earlier
also proved that the temperature sensitivity of the decom-
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position process decreases with increasing temperature
given a lower Q10 coefficient at the highest temperature
(Kirschbaum 1995; Niklińska et al. 1999).

The highest average Q10 value (mean value 2.93) of this
study was calculated for the temperature range between 10
and 20°C, followed by the mean value of 2.22 for the
temperature range 0–10°C, and the lowest Q10 value (1.35)
at the temperature range between 20 and 30°C. The
respiration rates of the organic layer from all studied
elevations followed the same order of Q10 values
(Q10H<Q10L<Q10M). Like Christensen et al. (1999), who
measured the respiration rates of tundra soils along the 0–
15°C temperature gradient, we have found the maximum
sensitivity of respiration at temperatures higher than 10°C.
Howard and Howard (1993) reported Q10 values higher at
the temperature range between 10 and 20°C than at that
between 0 and 10°C.

The highest Q10 values at the 10–20°C temperature
range could be dependent on additional positive moisture
effects, as it is well known that temperature and moisture
are more important than physicochemical soil properties
affecting factors that affect the decomposition process of
organic matter (Wardle et al. 2003). The sample moisture
was kept at 75% of maximum WHC, and this value may
not be optimal for the soil respiration at all incubation
temperatures. Furthermore, the interaction effect of temper-
ature and moisture level may differ between soils (Howard
and Howard 1993).

It is well established that organic matter decomposition
also depends on its chemical composition. It seems that soil
organic matter of the surface layer is more sensitive to
temperature than organic matter of the deeper layers
(Kähkönen et al. 2001). Increasing temperature may
increase the percentage of labile organic C with a decrease
of the percentage of the recalcitrant fraction, and/or, in
addition, the composition of soil microflora can shift to an
increase of microbial species, being less efficient in using
more recalcitrant organic C (Dalias et al. 2003).

The most unexpected result of our study is that, based on
the four different mountains as replicates, we did not find
significant differences in the Q10 coefficients calculated for
the four studied elevations. This means that soil microbial
communities from higher and colder elevations were as
sensitive to temperature changes as those from lower,
warmer sites. We have to remember that the chosen
600-m elevation gradient was pretty short and character-
ized by only a 4°C temperature difference; probably, the
studied forest organic layers differ in the composition of
soil organic matter, as is indirectly shown by different
pH values and nutrient concentrations. However, further
research on how the composition of soil microflora and
organic matter affect soil respiration in the investigated
sites is needed.
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