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Table 1a. Identification of the study sites and characterization of the soils.

Table1b. Identification of the study sites and characterization of the soils.

1Climate zone: MSA = Mediterranean semi-arid, TSO = Temperate semi-oceanic, TO = Temperate oceanic, SPSO = 

Subpolar semi-oceanic, MAP = Mean annual precipitation, MAT= Mean annual temperature; * Casanova et al. (2013); 

**P Olsen in mg/kg, *** Ʃ bases in cmolc/kg. 
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2.2. Sampling and soil analysis 

Haan, Germany). A subsample of 200 g was wetted 
with distilled water for 5 minutes and then placed 
into a 250-µm steel sieve. Rain was simulated at 
50 mm hour-1 for 10 minutes, which separated the 
macroaggregates (250-2000 µm) and free micro-
aggregates (50-250 µm) (Elliot et al., 1986). Soil 
particle sizes of less than 50 µm were not consid-
ered in this study, and, similarly, the light fraction 
separated from the macroaggregates by flotation in 
water (Balesdent et al., 1991) was discarded be-
cause this fresh organic matter is not part of the 
soil aggregates. The mass recovery of whole soil 
fractions was more than 90% of the total bulk soil 
mass (including the discarded fractions), indicat-
ing that the largest portion of the soil mass was 
aggregated. The total C and N contents of the bulk 
soil and the aggregates were determined by dry 
combustion. 

2.4. Soil respiration 

Absolute soil respiration was measured by capturing 
the CO2 produced from the soil incubations. The soil 
samples (n = 3) were conditioned at 60% water-filled 
pore space (WFPS) and pre-incubated for 7 days. 
The incubations were conducted using 20 g of a soil 
sample in 50-ml polyethylene tubes with a cap con-
taining a rubber septum for gas sample collection. 
The incubations for the soil respiration assay were 
conducted in incubators at 20 °C, keeping soil water 
content constant to reach the maximum potential res-
piration for the incubated samples. The gas analyses 
were performed following the approach described by 
Plante et al. (2009), in which 4-ml gas samples were 
collected from the incubation tubes, and the pressure 
was then re-established by the addition of helium. 
The gas sample was injected in-line into an N2 gas 
stream, and the peak heights were measured with an 
infrared gas analyzer (Licor, model Li-820, USA). 

Three composite samples were collected per 
study site (one per plot) in fall 2012. At each plot, 
twenty randomly selected soil cores, which were 
restricted to the A horizon (0-7 cm soil depth), were 
taken with a 2-cm-diameter soil drill and pooled to create 
the composite sample. Samples were sieved (< 2 mm) 
in the field to remove soil fauna, rocks and fine roots 
and then thoroughly hand-mixed, placed in plastic 
bags and transported to the laboratory in several 
cooler boxes. At the laboratory, the soil samples were 
air dried and kept frozen at -18 °C until the start of 
the experiments, and chemical characterization of 
the bulk soil (Table 1) was performed according to 
Sadzawska et al. (2006). Total C was between 2.25 
and 11.9%; total N ranged from 0.15 to 1.31%; and 
pH ranged from 4.7 to 7.5. The high variability in 
the chemical properties were to the diverse soil 
types along the transect. The soil clay content of 
the bulk soil was determined according to Sando-
val et al. (2012). 

2.3. Soil fractionation 

Three replicates of each soil sample were fraction-
ated into stable aggregate fractions of different 
sizes (Starr et al., 2001) using a rainfall simulator 
coupled to a sieve shaker (AS 200 Digit, Retsch, 

The study sites were all under grassland and/or 
shrubland vegetation to keep C input as similar 
as possible, but differences in the type of grass-
land and the input of organic matter could not be 
controlled. Biomass production along the transect 
ranged between 1,000 to 4,500 kg dry weight ha-1 
yr-1 with extreme values of 500 kg ha-1 yr-1 in hot 
arid climates and 6,000 kg ha-1 yr-1 in temperate 
humid climates (Ruiz, 1996).
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Following a set of calibrations, peak heights were 
converted to CO2 concentrations in the tubes, and 
the rate of soil respiration was then calculated as 
the slope of the linear equation of the amount of 
soil respiration accumulated during incubation (3, 
5, 7 and 14 days).

2.5. Specific potential respiration

Absolute soil respiration was used to obtain the 
specific potential respiration as CO2-C per unit of 
soil organic C (mg C g C-1).

2.6. Sensitivity of C decay to temperature 

The sensitivity of organic matter decomposition to 
temperature was based on the differences in the ap-
parent activation energy (Ea) and Q10 value. 
The Arrhenius equation was used to calculate the 
Ea of the chemical reactions that contributed to soil 
respiration, and the specific potential respiration is 
described as k in Equation 1.

  

where A is a frequency or pre-exponential factor 
(it is the theoretical reaction rate constant in the 
absence of activation energy); R is the gas constant 
(8.314 J K−1 mol−1), and T is the temperature in 
Kelvin. The Ea was calculated as the slope of the 
relationship between -1/RT and the natural loga-
rithm of the specific respiration rates, which were 
expressed in kJ mol-1.
The Q10 value was calculated according to Leifeld 
and Fuhrer (2005) on the basis of soil respiration 

at two different temperatures, where K1 and K2 are 
soil respiration (mg C g dry soil-1) at T1 and T2, 
respectively (Equation 2).

The temperatures used for MSA and TSO were T1 
= 20ºC and T2 = 30ºC, and for TO and SPSO, they 
were T1 = 10 ºC and T2 = 20 ºC. These conditions 
were established to induce soil respiration close 
to the microbial activity potential under different 
field climatic conditions.

2.7. Statistical Analysis 

A t-test (p ≤ 0.05) was used to analyze whether the 
soil aggregates were significantly different from 
each other in each climatic zone (MSA, TSO, TO 
and SPSO). One-way ANOVA and Fisher’s LSD 
(least significant difference) test (p ≤ 0.05) were 
used to evaluate differences in soil respiration, Ea 
and Q10 between climatic zones considering each 
data set as an independent assay (soil aggregate 
sizes), and Pearson’s correlations were calculated 
to determine the relationships between parameters. 
INFOSTAT ® (Di Rienzo et al., 2011) was used to 
analyze the data.

3. Results 

3.1. Physical fractionation of soil organic C 

The proportion of macro- and free microaggregates 
obtained from each soil type varied considerably 
(Figure 1). Soils from the MSA and TSO climates 
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mainly contained free microaggregates (50-250 
µm) in a proportion of 32.2 ± 6.2% of the total 
soil mass, while soils from the TO zone presented 
a higher proportion of macroaggregates (250-2000 
µm) with an average of 50.2 ± 5.6% of the total 
soil mass (Chapo, Mayamó and Aituí soils). In the 
SPSO zone, the proportions of macro- and free mi-
croaggregates were similar, each presenting 21.9 ± 
1.54% of the total soil mass. 
Carbon concentrations were similar (i.e., not signi-
ficatly different at p ≤ 0.05) between soil aggregate

fraction of the same series (Table 2) but the C concen-
trations within the soil aggregates in MSA and TSO 
were lower (average of 3.0 ± 1.7%; p ≤ 0.05) than 
that obtained for the TO climate zone (10.0 ± 2.1%). 
Additionally, the relative contribution of each soil ag-
gregate fraction to the total C mass of the soil (Table 
2) demonstrated that macroaggregates contributed be-
tween 4 and 84% of the total C in the soil. The highest 
value was observed in the Chapo soil, which had high 
macroaggregate preservation (84.34% of the total C 
mass). In the case of free-microaggregates, the C con-
tribution range was between 16.3 to 38.7% for all soils.

Figure 1. Proportion of macro- and free microaggregates in bulk soil and total C content in soil aggregates.
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Climate 

zone* 

Soil series Total C 

concentration of 

bulk soil (%) 

C concentration (%) Relative C mass as fraction of total 

(%) 

Macro

aggregates 

Free-

microaggregates 

Macro

aggregates 

Free-

microaggregates 

MSA Catapilco 2.56 
0.72±0.43 3.99± 0.93 

9.31 38.68 

Clarillo 2.69 
1.37± 0.41 2.93±1.19 

5.27 37.21 

Pimpinela 2.25 
3.21 ± 0.92 1.86 ± 0.57 

13.04 36.44 

TSO Bramadero 4.79 
4.95 ± 0.24 4.60 ± 0.63 

31.11 27.69 

Chanco 2.52 
1.18 ± 0.21 1.88 ± 0.19 

4.09 23.00 

Sta. Bárbara 6.38 
5.61 ± 0.10 4.77 ± 0.70 

12.58 22.67 

TO Bahía Mansa 7.33 
5.79±0.51 7.55±0.53 

22.68 35.80 

Chapo 6.16 
10.87±0.58 10.83±0.75 

84.34 29.70 

Mayamó 9.54 
10.83±0.47 10.90±0.72 

52.49 28.23 

Aituí 11.9 
11.33±0.57 11.70±0.20 

53.84 16.96 

SPSO La Tapera 8.1 
8.27±1.07 6.98±0.85 

10.43 16.90 

Simpson 4.76 
2.39±0.51 5.24±0.50 

13.81 31.56 

Cochrane 6.66 
5.82±0.27 5.22±0.60 

21.70 16.31 

Climate zone description as in Figure 1.

Table 2. Total C (%) in bulk and aggregate soils, and the contribution of soil aggregates to C mass as a fraction 
of the total

3.2. Absolute and specific soil respiration 

Absolute respiration rates (Table 3) for MSA, TSO 
and SPSO (0.92 ± 1.52 µg C g-1 d-1 on average) 
were not significantly different between soil ag-
gregate fractions, but higher soil respiration was 
found in the macroaggregates than in the free mi-
croaggregates (10.93 µg C g-1 d-1 and 5.83 µg C g-1 
d-1, respectively) for TO. 

The specific soil respirations (Figure 2) from the two 
soil aggregate sizes were not significantly different (p 
≤ 0.05), but MSA (211-714 µg C g C soil-1) and TSO 
(58-338 µg C g C soil-1) presented lower specific soil 
respirations than soils from TO (1108-3984 µg C g 
C soil-1) and SPSO (287-1545 µg C g C soil-1) (Fig-
ure 2). In addition, the trend in Figure 2A suggests 
that there is a decrease in specific soil respiration with 
increased precipitation, while in contrast,  Figure 2B
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shows an increase in specific soil respiration with 
increasing precipitation, which is higher and also 
colder than those values shown for MSA and TSO. 
Across all sites, the relationship between specific soil

respiration and annual precipitation was 0.65 (Pear-
son correlation; p ≤ 0.05), but no significant correla-
tion was found between this parameter and the mean 
temperature of each zone.

Table 3. Absolute soil respiration rates (µg C g-1 d-1) of soil aggregates from different climate zones. Fisher,s LSD 
test (p  ≤ 0.05); different letters represent statistical significance between climate zones.

Climate zone Soil Macroaggregate 

(µg C g-1 d-1)

Mean 

(µg C g-1 d-1)

Free-micro 

aggregate 

(µg C g-1 d-1)

Mean 

(µg C g-1 d-1)

MSA Catapilco 0.10 0.44 ± 0.43 b 0.23 0.28 ± 0.14 b

Clarillo 0.31 0.44 

Pimpinela 0.93 0.17 

TSO Bramadero 0.68 0.35 ± 0.28 b 0.31 0.25 ± 0.15 b

Chanco 0.18 0.08 

Santa

Bárbara

0.21 0.35 

TO Bahía Mansa 11.06 10.93 ± 4.19 a 3.43 5.83 ± 1.63 a

Chapo 16.14 6.62 

Mayamó 5.30 6.30 

Aituí 15.37 6.98 

SPSO La Tapera 0.63 1.21 ± 0.68 b 0.84 2.22 ±1.91 b

Simpson 1.04 1.41 

Cochrane 1.96 6.67 

 
*Climate zone description as in Figure 1



470       Muñoz  et al.

Journal of Soil Science and Plant Nutrition, 2016, 16 (2), 461-476

Figure 2. Specific respiration (mg C g C-1) of soils from different climate zones (at 20 °C) along a longitudinal 
transect in Chile, where (A) shows soils from MSA and TSO, and (B) shows soils from TO and SPSO. The lines 
represent the increase or decrease in temperature along the gradient
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3.3. Ea 

The Ea (Table 4) varied considerably between the 
soils of each climate study zone with a coefficient 
of variation (CV) of 44.45% between the 13 studied 
soils. When analyzing the mean Ea values for macro-
aggregates, no significant differences were observed 
between climate zones; values ranged between 32.95 
and 83.13 kJ mol-1 with a CV of 51.83%. 

For free microaggregates, the highest value (p ≤ 0.05) 
was found in soils from the TO zone (80.4 kJ mol-1), 
while MSA and TSO values were less than 54% of this 
value. In addition, no significant differences in Ea val-
ues were found between the two soil aggregate class-
es. The average Ea of each climate zone was 20.24, 
25.91, 42.42 and 81.75 kJ mol-1 for MSA, TSO SPSO 
and TO, respectively.

Table 4. Energy of activation (Ea) and Q10 of soil aggregates from different climate zones. Fisher,s LSD test (p d" 
0.05); different letters represent statistical significance between climate zones

Climate zone description as in Figure 1. CV: Coefficient of variation

Figure 3. Relationship between annual precipitation and Q10 for macroaggregates (>250 µm) and free microag-
gregates (50-250 µm). 
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3.4. Q10 

In terms of the sensitivity to organic matter decom-
position produced by an increase of 10 °C (expressed 
as Q10 value; Table 4; Figure 3), the values ranged 
from 1.36 to 3.22 for macroaggregates and from 1.41 
to 3.35 for free microaggregates with no significant 
differences between the soil fractions (Table 4). The 
highest values of Q10 obtained for both macro- and 
free microaggregates corresponded to TO soils, which 
were significantly different from the other climate 
zones (p ≤ 0.05). Taking both soil aggregate fractions 
together, the mean Q10 for the soils from TO was 3.28.
In general, the Q10 value increased as precipitation 
increased; a strong positive correlation (r = 0.77, p 
≤ 0.05) was found between Q10 and annual precipita-
tion. Soils from zones with low annual precipitation, 
such as MSA and TSO, presented Q10 < 2, and the 
Q10 value was higher than 2 when annual precipitation 
was higher than 1,155 mm (TO and SPSO climate 
zones; Figure 3). These results demonstrate a high 
temperature sensitivity of C decomposition in soil ag-
gregates from rainy zones.  

4. Discussion

4.1. Effect of weather on soil C mineralization in soil 
aggregates.

A high correlation was observed between the specific 
soil respiration of the study sites and annual precipi-
tation: C mineralization decreased with increases in 
precipitation in soils formed in warmer zones (an-
nual mean temperature above 12 °C; Figure 2A) but 
showed an opposite tendency in soils from colder 
zones (annual mean temperature from 2.7 to 10.8°C; 
Figure 2B).  One explanation is that the vegetation of 
the TO zone (Figure 2B) consists of permanent grass-
lands that are highly productive (2,500-6,000 kg ha-1 

year-1; Ruiz, 1996), resulting in high plant residue in-
puts into the soils. Thus, higher C concentration levels 
in soil aggregates (10.0 ± 2.1% on average; Table 2) 
were observed in TO compared to soils from MSA 
and TSO, where grassland productivity ranges from 
500 to 1,500 kg ha-1 year-1 (Ruiz, 1996), resulting in 
lower residue inputs and an average C value of 3.0 ± 
1.7% C in soil aggregates (Table 2). In contrast, soils 
from warmer zones (Figure 2A) presented lower C 
respiration (58-713 µg C g C soil-1) than soils from 
colder zones (Figure 2B, 287-3,984 µg C g C soil-1), 
which demonstrates a high lability or availability of C 
organic matter in soils from colder zones. This find-
ing is partially supported by Podrebarac et al. (2016), 
who, comparing soil-specific respiration in podzolic 
boreal forest between higher latitude (colder region) 
and lower latitude (warmer region) sites, determined 
that soils from warmer regions are less C bioreactive 
because they presented a lower cumulative specific 
respiration than the other soils. While the ecosystem 
evaluated in the Podrebarac study is different from 
ours, the concept of organic C bioavailability can help 
to elucidate the differences found between colder and 
warmer zones; in warmer zones, the more labile forms 
of C have been lost as CO2, so only recalcitrant forms 
of C persist that are less bioavailable to microbial de-
cay.  As these authors postulate, the different climate 
histories during soil formation can be used to predict 
the temperature sensitivity of C decomposition with 
soils formed under warmer and wetter climate condi-
tions exhibiting increased sensitivity. However, Doet-
terl et al. (2015) recently demonstrated the relevance 
of the interactions between geochemistry and climate 
to soil C storage, showing the complexity of ecosys-
tem C budgets to climate change. In addition, abso-
lute soil respiration rates (Table 3) are higher in soils 
from the TO zone compared with other climate zones, 
demonstrating the interaction effect between high C 
content and the lability of this organic material, which
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is quantified by the C/N ratio.  In other words, 
soils from TO and SPSO had lower C/N ratios (and 
therefore higher lability; average C/N ratio = 13.5) 
compared to soils from MSA and TSO, which had 
average C/N ratios of 22.3 and 14.9 for macro- and 
microaggregates, respectively. 
In our study, no differences were found in C respira-
tion (absolute and specific soil respiration) between 
soil aggregate fractions, which likely resulted from the 
fact that all of the evaluated soils are from unaltered 
natural grassland systems in which the soil structure 
has not been disrupted. As a result, aggregates pre-
serve their C content. However, due the short evalu-
ation term (15 days), the respired C consists mainly 
of labile forms (e.g., located on the surface of the soil 
aggregates) and does not include more recalcitrant C 
sources, which are protected from decay by physical 
and/or chemical mechanisms (Blanco-Canqui and 
Lal, 2004; Six and Paustian, 2014). A biochemical 
analysis of C within soil aggregates (C quality) will 
help to elucidate soil decomposition patterns between 
soil aggregates and contribute to a better understand-
ing of our results. 

4.2. Temperature sensitivity of C decomposition in 
soil aggregates 

In this study, no differences in temperature sensitiv-
ity to C decay were found between soil aggregate 
fractions (Table 4), but this is in contrast to previous 
research, in which soil incubation periods were lon-
ger than in this study (e.g., 60 days or more). 
For example, Wang et al. (2015) found differences 
between soil aggregate fractions from temperate 
grasslands, observing higher thermal sensitivity in 
macroaggregates (i.e., higher Ea and Q10) than in 
other soil fractions. In contrast, Sandeep and Ma-
jaiah (2014) obtained higher Ea and Q10 in micro- 
compared to macroaggregates in two tillage systems 

under different fertilizer treatments from semi-arid 
and subtropical zones. Again, this result is likely ex-
plained by the duration of the experiment (short-term) 
and/or by the complex nature of the soil matrix be-
cause C stabilization differs with the type and origin 
of the soil (Doetterl et al., 2015). 
On the other hand, the CQT theory considers the qual-
ity of the C substrate, which explains the sensitivity of 
decomposition to temperature. This theory has been 
applied to various bulk soils, but few studies have 
focused on soil aggregates. To this end, Wang et al. 
(2015) analyzed macro- and microaggregates from In-
ner Mongolian temperate grasslands and determined 
that the CQT theory applied to soil aggregates, indi-
cating that the decomposition of low-quality C (with 
higher Ea) is more temperature sensitive than that of 
high-quality C (with lower Ea). In our study, we found 
that soil fractions with higher Ea presented a high Q10 
value (Table 4), showing higher temperature sensitiv-
ity of C decomposition in soils with more recalcitrant 
or low-quality organic matter (from a thermodynamic 
view). However, this is contrary to our soil respiration 
findings, where soils with a high rate of C respira-
tion presented higher Ea (see Tables 3 and 4). Further 
studies are necessary to study these thermodynamic 
parameters and associated trends in soils of volcanic 
origin because these soils, specifically Andisols (6 of 
the total number of soils), interact with organic mole-
cules through allophone, imogolite-type minerals and 
aluminum (Al) and iron (Fe) oxides, which produce C 
stabilization in soils. Such stabilization mechanisms, 
which differ from those of other non-allophanic soils 
(Matus et al., 2014; Takahashi and Dahlgren, 2016), 
would mask the true value of Ea. 
The results from our Q10 analysis showed that micro-
bial decomposition in TO soils was more sensitive 
to an increase in temperature than those at all other 
sites (Table 4).  This result could be partially due 
to the high precipitation at TO (Table 1) because a 
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strong correlation between Q10 and precipitation was 
observed (r = 0.77, Figure 3). This phenomenon sug-
gests a comparatively large increase in CO2 emissions 
in soils from Chile’s rainy zones under new global 
warming scenarios (until 2100), which predict an 
increase of 3-4 °C in the global temperature for our 
southern location (IPCC, 2014). The average value of 
Q10 for the TO and SPSO areas was 2.70 ± 1.02, while 
soils from MSA and TSO presented a lower mean Q10 
value (Q10=1.42 ± 0.42). These findings suggest that 
the Q10 value more than doubles in rainy sites with 
annual precipitation of at least 1,155 mm. 

5. Conclusions

Soils can act as either sources or sinks for atmospheric 
carbon, and this determination is critical to assessing 
their impact on global warming. Although our results 
do not provide evidence of differences between soil 
aggregate fractions in the parameters evaluated, soil 
aggregate respiration along a north-south gradient in 
the central-south part of Chile was highly correlated 
with the annual mean precipitation, indicating the rel-
evance of this factor in the rate of C decay. 
Through the use of the thermodynamic parameter Q10, 
it was demonstrated that the microbial C decomposi-
tion in soils from rainy zones (the south of Chile) was 
more sensitive to increases in temperature than that 
of soils from drier areas. This information could con-
tribute to improving current models of global change. 
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