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a b s t r a c t

We examined landscape-level variation in temperature sensitivity of labile SOC across 71 sites at
a central North American grassland. The observed range in activation energy of decomposition (Ea), an
index of temperature sensitivity, was as great at the landscape scale as has been observed at the
continental scale. Ea was lower for soils with more labile C, consistent with the ‘Carbon quality-
temperature’ hypothesis. Soil pH explained 67% of the variation in Ea. Although there are strong
environmental correlates with the Ea of SOC decomposition at landscape scales, the amount of vari-
ation within landscapes could confound regional- to global-scale predictions of the response of soil C
to warming.

� 2009 Elsevier Ltd. All rights reserved.

The fate of soil organic carbon (SOC) in a warmer world is one of
the largest uncertainties in predicting future climate and terrestrial
ecosystem function (Holland et al., 2000; Jones et al., 2003; Lenton
and Huntingford, 2003). Although the ‘Carbon quality-tempera-
ture’ (CQT) hypothesis (Bosatta and�Agren, 1999; Fierer et al., 2005;
Davidson and Janssens, 2006) predicts that the temperature
sensitivity of organic matter decomposition increases with
biochemical recalcitrance and it has been tested on a variety of
substrates and scales (Fierer et al., 2005, 2006b), we know little
about landscape-level variation in SOC temperature sensitivity and
whether the CQT hypothesis explains a significant proportion of the
observed variation in it.

To better understand the landscape-level variation in tempera-
ture sensitivity of SOC decomposition, we collected surface soils
(0e20 cm) across 71 sites at Konza Prairie Biological Station, KS,
USA in June, 2009. Sites were all located within 5.3 km of one
another and distributed among 11 watersheds, each of which
differed in the frequency at which they experience fire (annual,
biennial, or greater than every 20 years). In 9watersheds, soils were
acquired from a grassland topographic sequence that spanned
uplands, slopes, and lowlands. Soils from an additional 9 sites were
acquired from riparian areas, defined as having tree cover adjacent

to permanent or intermittent streams. After collection, soils were
passed through a 4-mm sieve. For each soil, we measured texture
via the hydrometer method (Gee and Bauder, 1979), C and N
concentrations on a Leco CHN analyzer, water holding capacity
(WHC) (Elliott et al., 1999), and pH in a 1:1mixture of soil andwater
(Robertson et al., 1999).

After adjusting the soil moisture of each soil to 35% WHC, 7
replicates of each soil were incubated at 20 �C. At two time points
during this incubation, individual replicates of each soil were
moved to different temperatures (10, 15, 20, 25, 30 �C) for
approximately 24 h with the last two replicates maintained at
20 �C. Average date since acquisition for the first set of respiration
measurements was 13.3 d and 35.7 d for second set. From these
incubations for each soil, we used the Arrhenius equation to
calculate the apparent activation energy of the chemical reactions
that contributed to respiration (Ea) where the rate of respiration
relative to total SOC (k) is described by:

k ¼ Ae�
Ea
RT (1)

where T is temperature in Kelvin, R is the gas constant and A is the
frequency factor that is specific to each reaction. The relative
respiration rates of the two additional replicates incubated at 20 �C
(R20) were used as an index of lability, and were independent from
the samples used to calculate Ea.
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The increases in respirationwith temperature closely followed the
Arrhenius equation. The average coefficient of determination across
all soils and both time points was 0.970 � 0.003 using the Arrhenius
equation (n¼ 142).Ea forfirst and secondmeasurementperiodswere
correlated (r¼0.88,P<0.001)withnodifferences inmeans (93.9 and
93.1 kJ mol�1, P ¼ 0.46). Respiration rates were also correlated
between the first and second measurement periods (r ¼ 0.89,
P< 0.001) although respiration rates were 38% higher for the second
period than the first (7.46 vs. 5.41 mg g�1 d�1, respectively; P< 0.001).
Thirty-four percent of the variation in the difference between R20 at
the secondperiodvs. thefirstwasexplainedby the fractionof soil that
wasclay. Lowclay (high sand) soils showedgreater increasesbetween
the second and first periods than high clay (low sand) soils
(dR20¼ 8.07e0.22*%Clay, r2¼ 0.34, P< 0.001; dR20¼�3.79þ 0.15*%
Sand, r2 ¼ 0.32, P < 0.001). As Ea and R20 measurements for the soils
were strongly correlated between time periods, we averaged Ea and
R20 between the two time points for subsequent analyses.

Among the 71 soils, Ea averaged 93.5 kJ mol�1 and ranged from
69.0 to 146.8 kJ mol�1. These are the equivalents of Q10 values
(change in rates between 20 and 30 �C) of 3.55 and 2.54e7.34
respectively. High C soils had SOMwith higher Ea (Ea¼ 65.33þ 0.59*
[C], r2 ¼ 0.20, P < 0.001), but lower R20 (ln(R20) ¼ 2.73e0.025*[C],
r2 ¼ 0.15, P < 0.001), while neither were affected by soil N content
(P > 0.2). There were no strong relationships between soil texture
and Ea (data not shown), while high clay soils had lower R20 (ln
(R20) ¼ 2.74e0.043*%Clay, r2 ¼ 0.16, P < 0.001).

At the continental scale for North America (Fierer et al., 2006b),
Ea of labile SOM, which we recalculated from the original data,
ranged from 56.8 to 108.5 kJ mol�1. Not only was the range of Ea
greater within Konza than at the continental scale (77.8 vs.
56.8 kJ mol�1), but maximum Ea within Konza exceeded those
observed at the continental scale by 38.3 kJ mol�1 (146.8 vs.
108.5 kJ mol�1, respectively).

Ea declined with increasing R20 (Ea ¼ 118.9e16.34*ln(R20);
r2 ¼ 0.61, P < 0.001). (Fig. 1), supporting the CQT hypothesis. Soils
with more labile C being decomposed, as evidenced by higher rela-
tive respiration rates, were less sensitive to changes in temperature
than soils with more recalcitrant C. Surprisingly, Ea increased with
soil pH (Fig. 1), which explained an even higher proportion of the
variation in Ea than R20 (Ea ¼ �65.24 þ 23.78*pH; r2 ¼ 0.67,
P < 0.001). Konza soils are derived from limestone, shale, or loess,
and the relative contribution of each is likely a main driver of surface
soil pH. Konza uplands on average had lower soil pH than lowlands
(6.2 vs. 6.8, P < 0.001), and soil pH increased with soil C (r2 ¼ 0.16,
P< 0.001), which in total explain 33%of the variation inpH. Although

soil pH is a strong correlate with microbial community structure
(Fierer and Jackson, 2006a), there is no underlying principle that
would cause soil pH to directly affect the temperature sensitivity of
decomposition. At the continental scale, soil pHwas not a correlate of
Ea, even over the same pH range as observed at Konza (5.4e7.6; data
not shown).We hypothesize that at Konza, soil pHmust indirectly be
associated with factors that affect SOC biochemical recalcitrance,
such as plant productivity or microbial utilization of soil C. That said,
little is known at this time about the patterns of soil pH at Konza, no
less why it would be associated with Ea.

Ea did not differ among soils acquired from slope, lowland, and
riparian landscape positions (P ¼ 0.81), while Ea was 14% lower in
upland positions than other landscape positions 82.9 � 3.8 vs.
97.0 � 2.2 kJ mol�1 (P ¼ 0.002; Table 1). Bison grazing and fire
frequency had no influence on Ea (P¼ 0.10, 0.12 respectively; Table 1).
R20 was lower in areas grazed by bison (7.6 vs. 4.2, P ¼ 0.004),
which suggests that the intense grazing of bison leads to smaller
labile pools of SOC. In part, this is likely due to inputs of carbon in
grazed areas, as belowground production and soil CO2 flux is lower in
bison-grazed areas of Konza (Johnson andMatchett, 2001), but could
also be associated with changes in the quality of organic matter
inputs. R20 was not affected by fire treatment (Table 1).

Overall, this survey for a single grassland landscape reveals the
necessity of improving our understanding of landscape-level vari-
ation in the temperature sensitivity of SOC decomposition when
attempting to refine predictions of the effect of warming on SOC
pools. Not only might it be difficult to stratify predictions within

Fig. 1. Relationships between the apparent activation energy of the reactions that determine respiration (Ea) and soil pH (a) and the relative respiration of SOC at 20 �C (R20) (b).

Table 1
Regression model results for activation energy (Ea) and relative respiration rate of
SOC at 20 �C (R20) as predicted by landscape position, fire frequency, and bison
grazing.

Ea R20

SS P SS P

Position 2838 0.02 240 0.008
Lowland 97.8 � 4.2a 4.82 � 1.12a

Riparian 98.8 � 6.0a 4.76 � 1.62a

Slope 101.6 � 3.3a 4.99 � 0.88a

Upland 85.8 � 3.9b 9.14 � 1.06b

Fire frequency 830 0.08 15 0.67
Grazing 1229 0.10 198 0.002

Ungrazed 92.5 � 2.9a 7.63 � 0.78a

Grazed 99.5 � 3.3a 4.22 � 0.88b

Included are least squares means for Ea (kJ mol�1) and R20 (mg C g C�1 d�1).
Superscripts denote significant differences in Ea and R20 among position and grazing
categories. For both regressions, n ¼ 71; r2 ¼ 0.23 for Ea and 0.28 for R20.
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a landscape, the similar range of Ea observed at the landscape level
as at continental scales could preclude large-scale generalizations
of SOC temperature sensitivity if other landscapes are similarly
diverse in SOC composition.
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