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Abstract

Soil biological activity has important implications for soil carbon (C) sequestration. However, very little is 
known about the environmental factors, particularly the effect of soil mineralogy on availability of C for soil 

-
alization and its effects on biological activity at different levels of soil organic matter stability. Two soils an 
allophanic, derived from recent volcanic ash and a kaolinitic, resulting from metamorphic parent materials were 

mineral (MF, silt and clay < 53 μm) fractions. Several biological and biochemical analyses at Ah horizons of 
mineral soil and physical fractions were conducted: soil respiration, enzymatic activities, carbohydrates and mi-
crobial biomass, amongst others soil variables. The results indicated that the bulk soil and physical fractions had 

than 76% of total C-CO2variation was explained by stepwise multiple regression analysis including factors such 

2

and ii) metabolic quotient (soil respiration rate divided by microbial biomass). We also found an inverse and 

2 in volcanic soil, whereas 

in allophanic than in kaolinitic soils due to the amorphous minerals clay materials. 
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1. Introduction  

It is important to know how soil responds to environ-
mental changes to predict the response of soil ecosys-
tem to soil C sequestration under climatic change sce-

et al., 2009; Nie et al., 2013; Zhao et al.,
2014). For instance, the addition of fresh labile C that 
generally induces an acceleration in the turnover of 
native soil organic matter (SOM), the priming effects, 
might causes an extra mineralization of C, greater 
than fresh C incorporated into the soil. 
From a physical point of view, the habitat for soil mi-

size distribution in the soil matrix, but also by the 
mineral composition and availability of C (Van Gestel 
et al., 1996; Barberán et al., 2014). It is well known 
that soil microbes are unable to assimilate solid SOM 
directly, but rather simple and dissolved compounds 
for their growth and development. Consequently, 
soil microbes produce extracellular enzymes to make 
readily usable dissolved compounds. For example, 

linkage of  oligomers, yield organic substances of low  
molecular  weight  and  soluble compounds (Hammel,  
1997). Another example, is shortage of the available 
nitrogen (N) in soil limits the microbial activity, so 
soil microbes produce oxidative enzymes to degrade 
recalcitrant SOM and release the occluded N (Carreiro 
et al., 2000; Waldrop et al., 2004). Dornbush et al.
(2007) found that the N content of grass litters had a 

family enzymes. The release of microbial enzyme in 
response to the quantity andquality of SOM in differ-
ent soil typeneeds to be better understood (Rasmussen 
et al., 2006; Kuzyakov, 2010). Soil physical fraction-
ation and soil mineralogy might indicate different C 
stability and functionalities for microbial communi-
ties. Different methods of soil fractionation have been 
developed to study the mechanisms that control SOM 

stability and complexity. The most popular one, has 
been fractionation by using liquids with different 
densities for non-volcanic soils (Christensen 1992; 
Jastrow 1996; Six et al., 2002; Jolivet et al., 2003). 
In volcanic soils, the density fractionation has been 

et al., 2012), due to in-
trinsic gel soil characteristics of the volcanic materi-
als. However, the common method that is often ap-
plied in both soil types is the wet sieving (Kemper 
and Koch, 1966).
The present study was performed in the Andes and 
Coastal range old growth forest of Nothofagus spp. in 
southern Chile in allophanic soil derived from a vol-
canic ash and kaolinitic soil derived from metamor-
phic materials. These sites offer an ideal opportunity 

stabilization in different physical fractions. The bio-
logical activity in response to soil mineral composi-
tion at different level of SOM stability can provide 
valuable information to study the nutrient conserva-
tion dynamics in pristine ecosystems respiration. 
The aim of this study was to determine the biological 
activity in various physical fractions isolated from Ah 
mineral horizons from soils with contrasting mineral-
ogy and stabilization capacity of SOM. 

2. Materials and Methods

2.1. Site characterization 

The present study was developed in volcanic soil derived 
from recent volcanic ash in the Andes range and in a ka-
olinitic soil in the Coastal range. Both sites belongs to 
temperate rain forest ecosystems in southern Chile. The 

m.a.s.l. (Godoy et al., 2001; Oyarzún et al., 2004; Matus 
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et al., 2006) in a virgin forest (Nothofagus betuloides 
(Mirb.) with a mean annual precipitation >4,000 mm 
and mean annual temperature (M -
zún et al., 2004).These soils display unique morpho-
logical, physical and chemical properties attributed 
to the composition of their mineral phase consist-
ing of short range ordered (SRO) materials like al-
lophane, imogolite, ferrihydrite and an important 

et al., 

m.a.s.l.) in the summit of Cordillera de la Costa. The 
soil is developed from metamorphic-schist materi-
als with dominant presence of kaolinite (Luzio et al., 

Fitzroya cu-
pressoides (Mol.) Johnst., mixed with Weinmannia 
trichosperma Cav., and Notohofagus nitida
The sampling site was a huge area dominated by 
N. nitida, Saxegothaea conspicua (Lindl.) and 
Laureliopsis philippiana (Looser) Schodde (Moni-
miaceae). The mean annual precipitation is > 4.000 
mm and annual temperature fluctuates between 9.5 

2.2. Soil sampling 

Top Ah mineral horizon (5-10 cm) were sampled after 
organic litter horizon was removed.  
The soils were transported immediately to the labora-
tory under cold conditions, homogenized, sieved to <2 
mm and characterized by soil pH in water, soil organic 

nutrients (Table 1) (Matus et al., 2011; Garrido and 
Matus, 2012).

Table 1. Soil characteristics used in this study

1Soilorganiccarbon
2 Cation exchange capacity
3Luzio et al. (2003); Neculman et al. (2014)
4 SL = silty loam and CL = clay loam

2.3.Physical fractionation of soil organic matter 
(SOM)

We used Balesdent et al. (1991) method for physical 
fractionation. From each soil, three physical fractions 

in water organic materials: Light fraction (LF, coarse 

-
500 mL
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glass beads (5 mm diameter). After 16 h shaking (40 
cycles min-1) the soil suspension was poured into a 

-
sisted of large and small visible fragment sof plant 
and animal structures plus coarse sand size particles. 
The material retained by the sieve was placed in a 
glass beaker and washed several times with water. 

is assumed to be micro-aggregates composed of silt 

size grain and LF is composed from coarse sand.  All 
soil samples were oven dried at 35 ºC.

2.4. Incubation of bulk soils physical fractions

About 10 g (dry weight basis) of bulk soil and physi-
cal fractions (previously inoculated) were placed 

procedure allowed removing the particulate organic 
matter fraction. At the end of pre-incubation, cellu-
lose substrates (1 mg C g-1 soil) was added. 
All soils were again incubated with three replicates 
with 10-ml of 0.5 M NaOH. At each sampling 1, 3, 
7, 15 and 30 days of incubation, the NaOH was po-
tentiometrically titrated back with 0.5 M HCl. The C 
mineralization rates (d-1) were determined as:

where, C1 and C2 is the cumulative C mineralization 

2) at t1 and t2, respectively.
Mineral N (ammomium and nitrate) was extracted 

-
tio of 1:10. Mineral N was measured by the Kjeldahl 

alloy.  Inorganic phosphorus was determined by the 
method Olsen (Olsen et al. -
sured by extracting with 0.5 M NaHCO3 adjusted to 

et al.,2011; Garrido and Matus, 2012)

2.5. Biological and biochemical analysis

2.5.1. Microbial biomass C quotient 

Microbial biomass C (MB-C) was determined by fu-
migation of the sample with ethanol-free CHCl3 and 
extraction with 0.5 M K2SO4, according to Vance et
al qCO2) was calcu-
lated as the soil respiration rate divided by microbial 
biomass C (Anderson and Domsch, 1990) and served 

present in the sample.

2.5.2. Enzyme activity

We determined the activity of four enzymes: 

phosphatase. The reference method for the 
determination of these enzyme activities is described 

Dehydrogenase activity was determined by the 
reduction of 2-p-iodo-nitrophenyl-phenyltetrazolium 
chloride (INT) to iodo-nitrophenyl formazan (INTF).
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2.6. Data analysis

The ANOVA test and correlations amongst different 

P
value of 0.05.  Regression analysis to test the effect 
of soil properties on C mineralization were conducted 
following the approach used by Matus et al. (2006). 
The multiple regression analysis was carried out to test 

2

Dehydrogenase activity was measured in soil, follow-
ing incubation in the dark with 0.2 ml of 0.4% INT in 

-
tracted with 10 ml of methanol by shaking vigorously 

paper. The INTF was measured spectrophotometri-
cally at 490 nm. Urease activities were determined in 
0.1 M phosphate buffer at pH 7; 1 M urea. Two ml of 
buffer were added tothe soil sample (in triplicated), 

-
ties were determined by the released NH4 (Nannipieri
et al
were determinedusing p-nitrophenyl phosphate diso-
dium or p-nitrophenyl-b-d-glucopyranoside as sub-
strates, respectively (Masciandaro et al.,1994). Two 
ml of 0.1 M maleate buffer (pH 6.5 for both phospha-

were added to 0.25 g of sample and incubated at 37 

down; 0.5 M CaCl2, then2 ml of 0.5 M NaOH were 
added and the mixture centrifuged at 2000 g for 5 min. 

-
aminomethane wasused according to Tabatabai 

Bremner,1969). 

2.5.3. Carbohydrates

Total carbohydrates were determined by the direct 

About 0.25 g of soil sample was transferred to glass 
tubes and 1 mL of 72% sulfuric acid plus 20 mL 
of water were added. The glass tubes were placed 

the tubes were cooled down, the suspension was 

the extract was added to 4 mL of anthrone reagent 

(4 g in 200 mL anthrone sulfuric acid), stirred and 

cooled on ice for 10 min and then the absorbance was 
measured at 660 nm. The amount of reducing sugars 
released by microorganism was determined by the 
3,5-dinitrosalicylic acid (DNS) method (Miller, 
1959). DNS reagent was prepared by adding 1 g of 
DNS and 30 g of sodium potassium tartaric acid to 

then cooled down at room temperature and diluted 
with distilled water to 100 mL. The solution was 

0.4 mL of DNS reagent was added to 1 g of soil in 

The absorbance was measured at 540 nm. 

et al.

in Ciardi and Nannipieri (1990). Twenty milliliters 
of a phosphoric acid was added to 1 g of soil, the 

through Whatman paper and an aliquot was used to 

luminometer (Optocomp 1, MGM Instruments, Inc.).
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correlations. Multiple regression has been criticized 
because of the inclusion of a multiplicative term (or 

Matus, 2012). In the present study, this disagreement 
was avoided using an additive model in which no 
multiplicative terms were included; we assumed that 

the change of the dependent variable, regardless of the 
level of other effects (Garrido and Matus, 2012). The 
multiple regression analysis allowed us to perform a 

criterion was used instead of the error mean square 
to select the best model. A model was selected when 

(0.05), and the number of parameters in the equation 
2

data were tested for the normality of the distribution 
using a skewness test value of 0.5 (Webster and Oliver, 
2001). If the skewness value was>0.5, we concluded 
that the distribution was not normal. All analyses were 

Cary, NC, and U.S.A).

3. Results

3.1. Soil properties

The total recovery from LF, IF and MF to total soil 

et al., 2012), whereas in kaolinitic metamorphic soil it 
is clay loam (Luzio et al., 2003). The SOC in both bulk 

was always lower in the other fractions too. The Alp

(pyrophosphate) is an indicator of complexed Al with 
organic matter, particularly this indicator is important 
in volcanic soils. As expected, Alp

C kg-1 soil and were similar in all fraction and bulk soil, 

trends as for MB (Table 2).

3.2. Incubation 

In all soils and fractions, the C mineralization was be-
tween 162 and 1000 mg C-CO2 kg-1 soil after 30 days 

(Figure 1). Depending on the fraction, mineralization 
decreased as follow: LF > IF> MF in both soils (Figure 
1A and 1B). In general, the mineralized C tended to sta-
bilize after 15 days of incubation (Figure 1C and 1D). 

3.3. Enzymes activity, carbohydrates and other soil 
parameters

Enzymes secreted by soil microorganisms and various 
related soil properties at different fractions provided 
information about the potential activity of the soil mi-

ase) and 
urease (U) and carbohydrates (total, soluble and re-
ducing sugars), inorganic N (ammonium and nitrate), 

distributed [Shapiro-Wilk test > 0.05 or skewness 
test value < 0.5, Webster and Oliver (2001)]. The ef-
fect of Ah mineral horizons and physical fraction was 

DH, U and reducing sugars (Table 3). However, soil 
respiration, the C-CO2

-
after 30 days of incubation is shown in Figure 2A and 

bulk soil and fractions. Both enzymes were higher in 
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Table 2.

1

2Soil organic carbon by Wlkley and Black (1934); 
3Aluminium extracted with Na-pyrophosphate; 4C in the microbial biomass.

activity decreased as the fraction size diminished in both 
soils (Figure 2D).
Although the total and soluble carbohydrates were not 

DH (Figure 3A and 3B). This was particularly true for 
MF of reducing sugars.

3.4. Simple and multiple regression analysis

properties were similar in both soils, therefore, only 

DH were highly correlated each other (r= 0.53, P < 
0.01) and both enzymes were correlated with soluble 
carbohydrates and reducing sugars. From Table 4 
interesting results emerge. Soil respiration was positive 

DH and phosphatase. Ammonium was inversely 
correlated with nitrate and highly correlated with 
soluble carbohydrates. In order to look at the response 
of C-CO2 in the physical fraction isolated from 

(SMR) analysis was conducted. Table 5 shows the 

C-CO2 as calculated by increasing R2 in forward step. 
Similar result were obtained for bulk soils(not shown).  
The C-CO2 variation due to several soil properties 

correlation obtained in Table 4. Dehydrogenase, urease 
and phosphatase were common variables and they 
explained >76% the C-CO2

soils.Soluble and total carbohydrates were relevant 
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Figure 1. Carbon mineralization in the (A-B) soil fractions and (C-D) bulk soil from temperate rain forest in 

Table 3.
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Figure 2.
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Figure 3. Average of enzymes activity after 30 days of incubation. (A) Total carbohydrate (CHOt), (B) soluble 

3.5. Carbon stabilization

The soil metabolic quotient (qCO2), the respiration 
rate C-CO2 mineralized between 15 and 30 days di-
vided by microbial biomass C was used as indicator of 

correlation with qCO2

highly correlated with the cumulative C-CO2 at 15-30 
days of incubation too (Figure 4).
The C stabilization is evaluated by the relationship 
between Alp, (Al bound to SOM) and the C-CO2 min-
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Table 4.

ase= Acid phosphatase; TotCH = Total carbohydrates; SolCH= Soluble carbohydrates; RdSug= Reducing sugars; Nitrate = 

N-NO3; Ammonium =N-NH4 P < 0.001; * P < 0.05.

Table 5. Contribution of various soil parameter on soil C respiration of physical fractions using step wise 
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Figure 4 2, (B) qCO2 at 15-30 days of days of incubation from the 

p< 0.05 and ** P < 0.01

Figure 5. Relationship between Al pyrophosphate and C-CO2 at 15-30 days of incubation in the bulk soil and in 
p<

0.05 and ** P < 0.0
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4. Discussion

4.1. Mineral control on biological activity and C sta-
bilization

The present research was carried out in two soils from 
forest ecosystems developed from volcanic ash (allo-
phanic) and -
ence of soil mineralogy on C stabilization in the bulk 
soil and different physical fractions was evaluated. 
The biological activity in response to the soil mineral 
composition and physical fractions were assumed to 
represent the level of SOM stability that provided 
valuable information on C mineralization stabiliza-
tion mechanism. 
The enzyme activity in the soil amended with cel-

type and the fractions and these result were consistent 
with those obtained with multiple regression analysis. 

the release of C-CO2, r=0.63 and r=0.66, respectively. 
In general, the respiration was correlated with phos-

-
-

-
plexed with Al oxides and short-range ordered (SRO) 
minerals, (allophane like-materials, Garrido and Ma-
tus, 2012; Neculman et al., 2012), Recently, it has 
been recognized that SOM can be micro-encapsulated 
inside of highly and this is an important mechanism of 
C stabilization  (Asano and Wagai, 2014; Chevallier et
al., 2010). This contrasts with the lower stabilization 
capacity in kaolinitic, 1:1 clay mineral soil. 
Multiple regression analysis indicated that 

ase,

soil C respiration in both amended soils. Spite of the 
-
-

tered in the MFdue to a reduced stabilization capac-
ity (Luzio et al., 2003) (see below). The latter was 

extremely high (Table 1).  

of cellular metabolism, where N limits microbial 
biomassto build proteins, but the rates of protein 

-
ported by the high correlation of C-CO2 and phos-
phatase activity. Incorporation of these physiologi-
cal processes may improve models of carbon cycling 
and understanding of the effects of nutrient availabil-
ity on soil C turnover across terrestrial ecosystems.

4.2. Relationship between metabolic quotient (qCO2)
and C stabilization

The metabolic quotient (qCO2 -
tion rate, the total amount of C-CO2 mineralized be-
tween 15 and 30 days divided by microbial biomass 

-
lated with the C-CO2 on 15-30 days of incubation. It 
is possible that the differences in the qCO2 along the 

in different fractions. Microbial community structure 

higher diversity of microbes in small size fractions 
than in coarse size fractions (Sessitsch et al., 2001). 
The mineralogical composition of soil showed an 
important role in the C mineralization,since there 

Alp (Al bound to SOM) and the C-CO2 f
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(Figure 5). This relationship was 
expected to occur only in volcanic soils, because of 
the potential of Alp to complexes SOM (Matus et al.,
2014). However, in kaolinitic soils, more crystallin-
ity clay exerted a small stabilizing effect. In previous 
studies, Al-SOM  complexes was the primary fac-
tor explaining soil C variation in similar soils rather 

et
al., 2000; Matus et al., 2006). Neculman et al. (2012) 
found an inverse relationship between soil pH and C 
pyrophosphate, supporting the hypothesis that the Al-
SOM complexes and allophane formation are inverse, 
although complementary processes are mainly regu-

et al
soil with pH 6.2 could promote the allophane polym-
erization and thereafter SOM sorption. It is also well 
known that others factors, than pH such as the sta-
bility constants of metals and/or the concentration of 

the degree of complexation (Dahlgren et al., 2004). 
Marino et al. (personal communication) established 

indicated the reduced availability of organic C for 
soil microbes due to clay mineralogy (allophane and 
imogolite, with high potential for Al-SOM complexes 

simple C substrates (glucose and citrate) added to 
kaolinite and illite-mica were more decomposable 
than those added to ferric hydroxide. Zunino et al.

allophonic materials were added to non-volcanic soil. 
The chemical bonding between SOM and mineral sur-
faces decreased the availability of C to microorgan-
isms (Guggenberger and Kaiser, 2003). Clay miner-

to hold organic C.

5. Conclusions 

We examined C stabilization capacity of two pristine 
temperate rain forest soils; allophanic and kaolinitic 
soils. The soils were physically fractionated in light 

all enzyme activities. More than 76% of total C-CO2

-
ase and phosphatase using stepwise multiple regres-

kaolinitic clay, showed the lowest enzymatic activity, 
-

ly correlated with i) C-CO2 at 15-30 d of incubation 
and ii) qC-CO2 (respiration rate divided by microbial 
biomass). These results were in line with an inverse 
relationship found between Alp (Al bound to SOM) 
and C-CO2, indicating the large stabilization capacity 
of allophanic compared with kaolinitic soils. 
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