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Abstract We studied the responses of soil microbial biomass,
respiration and enzyme activities to temperature in three
Mexican soils. Soils were incubated at temperature range of
15–550 °C at 50 (wet) and 10 % (dry) of their water holding
capacity. Soils were assayed for their adenosine triphosphate
(ATP) content, CO2-C evolution and acid and alkaline phospho-
monoesterase, phosphodiesterase, β-glucosidase, urease, and
protease activities. Thermal responses of soil enzyme activities
were fitted to both the equilibriummodel (EM) and the classical
Q10 model to describe the effects of temperature on enzyme
activity. Total organic C, Fe speciation, available P, and inor-
ganic N contents were also determined in all soils and at all
temperatures. The results showed that the ATP content, CO2-C
evolution, and enzyme activities of soil increased within the
temperature range 15–65 °C, and at higher temperatures, soil
enzyme activities were more resistant than the ATP content and

CO2-C evolution. The effects of temperature were more drastic
in wet than in dry soil, although the two soil series displayed
similar trends. The enzyme activities showed a good fit to the
EM, making this model suitable for determining activation
energy, enthalpy of inactivation, and equilibrium inactivation
temperatures of soil enzymatic reactions. The results of the EM
indicated that soil chemical parameters may not affect the acti-
vation energy of enzyme reactions, but may influence the en-
zyme resistance to inactivation at higher temperature. The re-
sults also indicated that the EMmodel can be used for predicting
the impact of high temperatures on soil enzyme activities.
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Introduction

Microbial activity and enzyme activities of soil are responsible
for nutrients cycling in the terrestrial ecosystems, their availabil-
ity to plants andmicroorganisms, and both are key factors of soil
fertility. Microbial activity and soil enzyme activity are sensitive
to several environmental factors such as soil organic matter
(SOM) content and quality (Sinsabaugh et al. 2002; Waldrop
et al. 2004; Zornoza et al. 2009), soil management (Bandick and
Dick 1999), soil pollution and remediation (D’Ascoli et al.
2006; Kumpiene et al. 2009), composition of microbial com-
munities (Kamolmanit et al. 2013; Moreno et al. 2013;
Nannipieri et al. 2012), and soil warming (Schimel and
Weintraub 2003; Wallenstein et al. 2011). Decomposition of
plant litter and SOM by soil microorganisms requires the coor-
dinated synthesis of various enzymes hydrolyzing the plant
polymers andmineralizing N, P, and S from organic compounds
tomeet themicrobial metabolic nutrient demand, with elemental
stoichiometric relationships in soils of different ecosystems
(Sinsabaugh et al. 2009). Generally, the synthesis of enzymes
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responds to nutrient availability in soil (Allison and Vitousek
2005; Renella et al. 2007a, b; Nannipieri et al. 2012). Temper-
ature is one of the main environmental factors influencing the
soil processes and soil enzyme activity. Soils can reach high
temperatures at their surfaces depending on the sunlight irradi-
ation intensity, their color, on land use, and vegetation cover
(Doran et al. 1984). In particular, tropical surface of soils can
reach temperatures up to 50 °C, especially when they are
subjected to cropping regimes (Lal et al. 1980), mulching and
ridging the soil surface, or to solarization to suppress soil-borne
diseases. In tropical environments, fire is also used to clear forest
areas to gain arable lands, increase nutrient availability, control
weeds, and reduce fire hazard in forests. Soil temperature under
fire can range between 170 °C and 410 °C depending on the soil
characteristics and the fire event (Biederbeck et al. 1980).

High thermal resistance of clay- and humic-enzyme com-
plexes to thermal denaturation at temperatures higher than
400 °C has been reported (Nannipieri et al. 1996; Ciardi 1998).

We hypothesize that enzyme activity of soils from different
location and under different management have a different
thermal response. A differential sensitivity of soil enzymes
may alter soil organic matter quality and soil fertility on the
long term in soils that experience high temperatures, and
therefore, determination of the thermodynamic parameters of
important soil enzyme activities is crucial to assess the impact
of increasing temperature on soil biochemical activity and
fertility. Most of the previous studies on the effects of increased
temperature on soil microbial activity and enzyme activity
have involved single soils and single soil management or the
measurement of one or a few enzyme activities. Most of the
modeling on the thermal sensitivity of soil enzyme activity has
concerned the impact of the climate change on soil enzyme
activity and the responses to increased temperatures (Burns
et al. 2013). Differently, resistance of the different soil enzyme
activities to thermal denaturation in soils at higher temperatures
than those of the environment has generally not been modeled,
and information about the thermal parameters of soil enzymes
is still scarce (Steinweg et al. 2013). Responses of enzyme
activity to temperature has often been described by a two state
model (hereafter referred as classical model) that considers
changes in the maximum reaction rate (Vmax) and enzyme
substrate affinity (Km) until enzymes are irreversibly
inactivated by thermal denaturation. Peterson et al. (2007)
proposed the three state equilibrium model (EM) to describe
the effects of temperature on enzyme activity in terms of a
reversible equilibrium between the active and inactive state,
but not necessarily denatured forms of enzymes. In vitro
studies demonstrated that the EM better represented the re-
sponses of enzyme activity to temperature by accounting for
the thermodynamic terms of the enzyme’s substrate affinity
and inactivation than classical models (Daniel et al. 2010). The
use of the EM is also interesting because by considering both
the ascending and descending parts of the thermal response

curves, instead of only the ascending parts like the Q10 models,
it allows for a much better determination of the parameters.

Soil moisture is an important soil co-variate parameter
when assessing the temperature effects on soil microbial bio-
mass, respiration and enzyme activity (Brockett et al. 2012),
and stronger dependence of soil respiration and enzyme ac-
tivity on warming moist than dry soils have been reported
from either laboratory or field studies (Conant et al. 2004;
Steinweg et al. 2012). Because tropical soils undergo to
prolonged water limitation periods during the dry season
followed by intense rain period, the study of interactive effects
of temperature and soil moisture on soil microbial biomass
and biochemical activity can be important as irregular rainfall
due to global climate changes is expected also in nontropical
areas in the future (Planton et al. 2008).

The aim of the present work was to evaluate the thermal
sensitivity of acid and alkaline phosphatase, phosphodiesterase,
β-glucosidase, urease, and protease activities in three tropical
soils under forest and coffee crop management, located in areas
with different mean temperature by using the EM (Daniel and
Danson 2010). In particular, we determined the activation
energy of soil enzyme activities, the change in enthalpy be-
tween the activated and inactivated forms of soil enzymes, and
the equilibrium temperature between the activated and
inactivated forms of enzymes in soils at two soil moisture
levels. To our knowledge, this is the first application of the
EM to describe the thermal sensitivity of soil enzyme activity.
The thermodynamic parameters determined by the EM were
compared to the Q10 values. Because soil enzyme activity
depends on both intracellular and soil-stabilized extracellular
enzyme activities which may differ for their thermal catalytic
and stability optima (Nannipieri et al. 2012; Rao and Gianfreda
2000), microbial biomass and respiration of the three soils were
measured and their relationship with enzyme activity and spe-
cific soil main properties was discussed. Iron speciation at
different temperatures was also monitored because Fe forms
can stabilize extracellular enzymes in tropical soils.

Materials and methods

Soil sampling and analysis of the main chemical properties

Three Mexican soils, two from the Oaxaca region and one
from the Puebla region, were studied. Two soils were sampled
from Sierra Norte of Oaxaca, in the Talea de Castro District
(17° 20′ LN 96° 24′ LW) and one from the Puebla district
(Ahuatamimilotl, Municipio Tlatauquitepec 97° 25′ LW 20°
00′ LN). One of the two Oaxaca soils (Anthropic
Kandihumults) was under coffee crop (Coffea arabica L.)
intercalated by scattered natural vegetation, whereas the other
Oaxaca soil (Typic Kandihumults) and the Puebla soil (Andic
Kandihumults) were under a tropical semideciduous forest
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dominated by Pinus spp. and Quercus spp. All soils were
sampled at 0–20 cm depth and their main characteristics are
reported in Table 1. Climate in the Oaxaca area is warm humid
with annual precipitation of ca. 2,000 mm and mean annual
temperature of 22 °C, with rain events mainly concentrated in
the period June-November followed by a dry season in the
December-May period. Climate of the Puebla area is humid-
temperate with ca. 2,000 mm year precipitation and mean
annual temperature of 15 °C, with a wet period between June
and November and a dry winter period.

For the analysis of the main chemical properties, soils were
sieved (<2 mm) and air dried. Soil pH was measured at each
temperature step by using a soil water mixture (1:2.5 soil to
water ratio). Total Fe (Fetot) was determined after digestion of
soil with a mixture of concentrated acids (HNO3, HF) and
H2O2 in a microwave oven (Lim and Jackson 1982). Iron pools
were characterised as it follows: poorly crystalline Fe oxides
were extracted with ammonium oxalate (Feo; Schwertmann
1964), crystalline Fe (Fedcb) with dithionite-citrate-
bicarbonate as extractant (Mehra and Jackson 1960), and or-
ganic Fe (Fepyr) with sodium pyrophosphate as an extractant
(Bascomb 1968). Inorganic N (NH4

+-N plus NO3
−-N) was

extracted by shaking 5 g fresh soil for 1 h with 1 M KCl (ratio
of 1:5 soil solution) (Keeney and Nelson 1982). Soil suspen-
sions were filtered through glass fibre filter (Whatman GF/A)
and analysed for NH4

+-N and NO3
−-N content by a flow

injection analyser system (FIAS 300 Perkin-Elmer) coupled
to a spectrophotometer (Lambda 2 Perkin-Elmer). The soil
available P was determined according to Bray and Kurtz
(1945) and the extractable C (Ext-C) was determined
after soil extraction with 0.5 M K2SO4 followed by C
dichromate wet oxidation (Walkley and Black 1934).

Incubation experiments and microbial and biochemical
analyses

Soils were sieved (<2 mm) at field moisture, moistened at the
10 or 50 % water holding capacity (WHC), and soil portions
(50 g) were incubated into 1 L air tight glass jars each
provided with a 3-way valve for gas sampling. All jars were
incubated for 7 days at 15 °C, 20 °C, 25 °C, 30 °C, 37 °C,

45 °C, 55 °C, 65 °C, and 80 °C. Other portions (50 g) of both
soils moistened at the 10 or 50 % WHC were placed into
closed glass or ceramic containers and placed for 24 h at
110 °C and for 6 h at 250 °C and 550 ° C. All treatments
were replicated three times for each incubation time.

During the incubation period, all jars were regularly
opened to refresh the headspace gas and closed for 24 h before
new headspace was sampled by an air-tight syringe for mea-
suring the CO2-C evolution by gas-chromatography, accord-
ing to Blackmer and Bremner (1977); the gas sample was
injected into a gas-chromatograph (Hewlett-Packard 6890)
equipped with a gas-sampling valve, a packed column
(Poropack Q), and a thermal conductivity detector, and run
in isothermal mode.

Soil microbial biomass was measured by quantifying the
adenosine triphosphate (ATP) content of soils according to
Ciardi and Nannipieri (1990). Acid and alkaline phospho-
monoesterase activities were measured according to Tabatabai
and Bremner (1969). The phosphodiesterase activity was
measured according to Browman and Tabatabai 1978. The
β-glucosidase activity was measured according to Tabatabai
(1982). Protease activity was determined by hydrolysis of N-
benzoylargininamide (BAA) according to Ladd and Butler
(1972), and the urease activity was measured as reported by
Nannipieri et al. (1974), using 0.5 g of soil and 2 ml of 0.1 M
phosphate. Concentration of p-nitrophenol (p-NP) produced
in the assays of acid and alkaline phosphomonoesterase,
phosphodiesterase andβ-glucosidase activities was calculated
from a p-NP calibration curve after subtraction of the absor-
bance of the controls at 400 nm wavelength. The NH4

+-N
produced by urease and BAA hydrolyzing activities was
determined by a Flow Injection Analyzer (FIAS 300-Perkin
Elmer) coupled with a spectrophotometer Lambda 2 (Perkin
Elmer) as for the inorganic N measurements. Potential NH4

+-
fixation by the studied soils was evaluated by measuring the
NH4

+-N recovery from solutions with NH4
+-N concentrations

in the same range as product concentrations of both urease and
protease activities; all soils were shaken with the NH4

+-N
solution for 1 h at 37 °C and then extracted with 2 M KCl.
The NH4

+-N recovery from the test solutions was greater than
95 % for all soils.

Table 1 Main physico-chemical properties of the three soils Mexican soils

Soil Management Clay Silt Sand Fetot Fe0 Fedcb Fepyr TOC Ntot pH(H2O)

(%) (g kg−1)

Oaxaca Arable 63±3 22±3 15±2 40.6±6 0.8±0.1 0.8±0.2 8.0±0.4 4.10.3± 0.3±0.01 3.4±0.2

Oaxaca Forest 63±4 22±2 15±2 40.8±3 1.4±0.2 1.0±0.2 5.9±0.2 5.2±0.2 0.4±0.01 3.5±0.2

Puebla Forest 50±2 26±2 24±3 40.8±4 1.7±0.2 2.0±0.3 5.3±0.3 14.8±0.8 1.2±0.05 3.7±0.3

Values are means (n=3)±standard deviation

Fetot total Fe concentrations, Feo poorly crystalline Fe oxide concentrations, Fedcb crystalline Fe concentrations, Fepyr organic Fe concentrations, Ntot

total nitrogen
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Data analysis and modeling

Data analysis was performed using the R software (R Devel-
opment Core Team 2011). Correlations were assessed by
Pearson’s correlation coefficient. Optimal temperatures (Topt)
were calculated by fitting the data with a local polynomial
regression (Cleveland et al. 1992) and then selecting the
temperature at which the considered parameter was at its
maximum on the regressed function.

The thermodynamic parameters of soil enzymes were de-
termined according to the EM (Daniel and Danson 2010)
using the entire temperature range:

Vmax ¼ kcat ⋅ Eoe
− kinactKeqt

1þKeq

1þ Keq
ð1Þ

This model considers the inactivation of the enzyme due to
temperature as a reversible reaction described by an equilibri-
um constant, and it allows for a higher precision compared to a
model based on the idea of an irreversible activation. Full
details on the model can be found in Peterson et al. (2007),
Daniel and Danson (2010), and Daniel et al. (2010).

Because in the used soil enzyme assay the period of time is
fixed and substrate concentration is not limiting, we simplified
the model (Eq. 2) to consider thermal enzyme inactivation as
the only limiting factor and the measured enzyme activity as
constant during the assay.

Vmax ¼ kcat⋅Eo

1þ Keq
ð2Þ

This simplification does not affect the accuracy of the
model in estimating the thermodynamic parameters of en-
zymes as shown by Peterson et al. (2007). In Eq. 2, Vmax is
the activity at time t and it is therefore a known term, and E0

represents the total concentration of enzyme in the essay. The
term kcat in Eq. 3 represents the enzyme catalytic rate constant
according to the Eyring-Polanyi equation and is calculated as:

Kcat ¼ kb⋅T
h

e−
ΔGcat
RT ð3Þ

where kb is the Boltzmann’s constant, h is the Planck’s con-
stant,ΔGcat represents the Gibbs’ free energy of activation for
the enzyme catalyzing the reaction, and T is the temperature
(°K) at which the reaction takes place and it is a known term.
The term kcat in Eq. 3 describes the increase of the reaction
rate by increasing the temperature.

The term Keq in Eq. 4 represents the equilibrium constant
describing the ratio between the inactive and active forms of
the enzyme and is calculated as:

Keq ¼ e
ΔHeq

R
1

Teq
− 1

T

� �
ð4Þ

where ΔHeq is the change in enthalpy for the transition from
the active to the inactive form of the enzyme, R is the gas
constant (known term), and Teq is the temperature at which the
equilibrium between the active and inactive forms of the
enzyme is at its middle point. The term Keq in Eq. 4 describes
the decrease in the reaction rate at high temperature caused by
the inactivation of the enzyme due to modification of the
protein structure induced by heat.

Equation 2 was calibrated for each site, condition and
enzyme by a Hooke–Jeeves optimization algorithm
(Quarteroni et al. 2007) through minimization of the root
mean squared errors. In order to estimate the error of the
calibrated parameters, we applied the Monte Carlo Markov
Chain (MCMC) approach. The model was again calibrated by
a Metropolis-Hastings search algorithm, implemented in R
through the JAGS sampler (Plummer 2003), and considering
the results of the previous calibration a the prior knowledge,
which for each parameter was described with the normal dis-
tribution with mean corresponding to the previously calibrated
value and error to 0.8 times of such value. Each MCMC was
based on 100,000 runs. The resulting error estimate associated
with each parameter is calculated as the standard deviation of
the whole MCMC. When two values of the same parameter,
including their error, do not overlap, it means that they are
significantly different. The procedure for model calibration
considering all replicates in a Bayesian framework allows a
precise uncertainty estimate (Kruschke 2013). For the compar-
ison of values, we rely, therefore, on the deviation of the
calibrated parameters. Please note that such deviation is that
of the wholeMarkov Chain and not that of the original samples.

Soil enzyme activity was also modelled with the Q10 func-
tion considered as the classical model:

Q10 ¼
V 2

V 1

� � 10
T2−T1 ð5Þ

where V1 and V2 are enzyme activities at T1 and T2 temper-
atures, respectively. The Q10 calculation was performed at
15 °C and 30 °C and the Q10 function was calibrated with
the MCMCmethod based on the same number of runs to have
an error estimate comparable with Eq. 2.

Results

Changes in soil chemical properties induced by temperature

The effects of temperature on soil chemical properties are
reported in Table S-1. Because there were no significant
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differences in the chemical properties of wet or dry soils,
values in Table S-1 were presented as average values of the
wet and dry soils. The pH value markedly increased in all soils
for temperatures higher than 110 °C. The crystalline Fe con-
tent (Feo) did not change in the Oaxaca coffee soil whereas it
increased in the Oaxaca soil under forest and slightly de-
creased in the Puebla soil (Table S-1). The total (Fetot) and
crystalline (Fedcb) Fe contents markedly increased at 110 °C
and at higher temperatures than 110 °C in all soils, particularly
in the Oaxaca soil under coffee crop (Table S-1). Phosphorus
availability was higher in the Oaxaca soil under coffee crop
than in the Oaxaca and Puebla forest soils (Table S-1). The P
availability increased in all soils by increasing temperature,
markedly for temperature higher than 250 °C (Table S-1) due
to ash formation. The Ext-C content of the two Oaxaca soils
was similar, whereas the Puebla soil contained 2.7 and 3.3
times more Ext-C than the Oaxaca cropped and forest soils,
respectively, and decreased in all soils by increasing temper-
ature, with two breakpoints at 250 and 550 °C (Table S-1).
Inorganic N (exchangeable NH4

+-N, NO3
−-N) concentrations

of the two Oaxaca soils were similar whereas the Puebla soil
contained less inorganic N, particularly exchangeable NH4

+-N
than Oxaca soils (Table S-1). The exchangeable NH4

+-N
concentration showed a slight increase in all soils up to
45 °C for the Oaxaca coffee soil, 55 °C for the Oaxaca forest
soil, and 37 °C for the Puebla forest soil (Table S-1). The
NO3

−-N content increased more than the exchangeable NH4
+-

N content up to 45 °C for the Oaxaca coffee soil and
37 °C for the Oaxaca forest soil and for the Puebla
forest soil (Table S-1).

Changes in soil ATP content, respiration, and enzyme activity
by increasing temperature

The ATP content, soil respiration, and enzyme activities in-
creased upon temperature increase up to 30–55 °C, then
decreased in all soils after exposure at higher temperatures
(Fig. 1). The peak values varied depending on the enzyme
activity and soil; but in general, the enzyme activity peaks
were reached at lower temperatures in the Puebla than in the
two Oaxaca soils, whereas no definite trends in relation to the
management of the two Oaxaca soils (Fig. 1). By considering
the temperature of 25 °C, commonly used for studying soil
respiration under laboratory conditions, the Puebla soil had
approximately 3 and 5 times higher ATP content than the
Oaxaca forest and coffee soils, respectively (Fig. 1). At
25 °C, also respiration values were significantly higher than
the those of Oaxaca forest and coffee soils (Fig. 1). The
Oaxaca forest soil had a significantly higher ATP content than
the Oaxaca cropped soil (Fig. 1). Enzyme activities showed no
significantly different values in the two Oaxaca soils, with the
exception of urease and protease activities, which were sig-
nificantly higher in the Oaxaca forest soil (Fig. 1). The Puebla

soil had much higher enzyme activities than the Oaxaca
soils, particularly the acid phosphomonoesterase activity
(Fig. 1).

The soil ATP content and respiration were significantly
correlated with the measured enzyme activities, with the
strongest correlation values found for ATP content with acid
phosphomonoesterase activity (r=0.91, P<0.01), soil respira-
tion with protease (r=0.89, P<0.01), and β-glucosidase (r=
0.82, P<0.01) activities.

Modelling of thermal responses of soil ATP content,
respiration, and enzyme activity

The optimal temperature (Topt) of the soil biochemical param-
eters in °C is reported in Table 2. The Topt for the ATP content
was in the range 20.7–26.0 °C, the Topt for of CO2 evolution
was in the range 28.7–41.3 °C, whereas optimal temperature
for soil enzyme activities, except for the alkaline phospho-
monoesterase activity of the Oaxaca dry soil, showed higher
optimal temperatures than those of ATP content and CO2

evolution.
The Q10 values, calculated according to Eq. 5 (Table 3),

ranged from 0.79 to 1.52.
Values of activation energy required by the catalytic reac-

tion (ΔGcat) were in the 44.1–68.8 kJ range, with the highest
values of urease and protease activities (Table 4). The ΔGcat

values were generally higher in the dry than the wet soils with
the exceptions of phosphodiesterase activity of the Oaxaca
coffee soil, β-glucosidase activity of the Puebla soil,
and urease activity of the Puebla and Oaxaca forest soils
(Table 4).

Values of enthalpy of the equilibrium between activated
and inactivated enzymes (ΔHeq) did not show a specific trend
(Table 4). In the Puebla soil, the acid and alkaline phospho-
monoesterase, β-glucosidase, and urease activities had lower
values in dry than in wet soil and the opposite was observed
for the phosphodiesterase and protease activities (Table 4). In
the Oaxaca forest soil, all the measured enzyme activities
except the urease activity showed lowerΔHeq values (Table 4)
in the wet than dry soil; whereas in the Oaxaca coffee soil, the
acid and alkaline phosphomonoesterase and urease activities
showed lower ΔHeq values in the wet than dry soil, and the
phosphodiesterase, β-glucosidase, and protease activities
showed lower ΔHeq values in the dry than wet soil
(Table 4).

The equilibrium temperature values (Teq) for the measured
enzyme activities varied depending on the soil type and mois-
ture content (Table 4). In the Puebla forest soil, the acid
phosphomonoesterase and the phosphodiesterase showed
lower Teq values in the wet than dry soil whereas the alkaline
phosphomonoesterase, β-glucosidase urease, and protease
activities had lower Teq values in dry than in wet soil (Table 4).
In the Oaxaca forest soil, the acid phosphomonoesterase,
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phosphodiesterase, and protease activities had lower Teq
values in the wet than the dry soil; whereas, the alkaline
phosphodiesterase, β-glucosidase, and urease activities had
lower Teq values in the dry than wet soil (Table 4). In the
Oaxaca coffee soil, the acid phosphomonoesterase and β-
glucosidase activities showed lower Teq values in the wet than
dry soil; whereas, the alkaline phosphomonoesterase,

phosphodiesterase, urease, and protease activities showed
lower Teq values in the dry than in the wet soil (Table 4).

In general, a good fit of the measured values with those
predicted by the EMmodel was observed for both wet and dry
soils (Fig. 2); whereas, the Q10 values, calculated according to
Eq. 5, were relatively low and characterized by high deviation
of the calibrated values (Table 3).
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Fig. 1 ATP content, respiration rate, and enzyme activities of the Oaxaca coffee, Oaxaca forest, and Puebla soils under the tested termperature gradient.
Different letters for values measured at 25 °C indicate significant differences (P<0.05) of the means
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Discussion

The ATP content, soil respiration, and enzyme activity were
markedly changed at 65 °C, a temperature which can ben
reached in the Mexican soils during the hot periods. The peak
values of the ATP content of the wet soils decreased more in
the Oaxaca and Puebla forest soils (28 and 36%, respectively)
than in the Oaxaca coffee soil (17 %); whereas, decreases in
the ATP content of the dry soils were less pronounced. Ciardi
(1998) observed a marked decrease in the ATP content of
fresh soils heated at temperature higher than 60 ° C; whereas,
the decrease in the ATP content in air-dried soils was slower
than in fresh soils even at temperatures higher than 100 °C.
Lower impact of heating on the ATP content of the Oaxaca
coffee soil may depend on the presence of an higher abun-
dance of heat-resistant microorganisms than in forest soils.
Our results also confirmed the previous finding that heating of
wet soils is more effective in destroying soils mircoorganisms
than heating of dry soils (Speir and Ross 1978), probably due
to the better conduction of heat by water in filled pores then by
gas.

Soil respiration was the most sensitive process responding
to soil drying and heating. Impact of moisture on soil

respiration is well established (Tang and Baldocchi 2005;
Moyano et al. 2012) and is related to both cellular activity
and better SOM solubility and better movement of available
organic C in pores of moist soils (Kätterer et al. 1998).
Temperature impacted the microbial utilization of SOM pos-
sibly due to changes in the composition of the activemicrobial
communities and/or physiological stress induced by high tem-
perature, whereas soil drying smoothed the temperature ef-
fects, particularly in the Puebla soil, thus confirming the
interactive effects of temperature and moisture on soil respi-
ration (Moyano et al. 2012). The observed progressive in-
crease up to peak values and the sudden decay of soil respi-
ration by increasing temperature could be due to the activation
of viable but dormant soil microorganisms or bacterial and
fungal spores followed by their inactivation or death at high
temperatures, as reported for the spore forming bacterium
Bacillus subtilis extracted from soils and exposed to different
temperatures and moisture regimes (Funke and Harris 1968).

The three studied soils showed very high acid phospho-
monoesterase activity, probably related to extracellular en-
zyme release by soil microorganisms in response to low P
availability in the three soils (Nannipieri et al. 2011, 2012).
Differently, the alkaline phosphomonoesterase activity was

Table 2 Optimum temperature (Topt) of soil microbial biomass, soil respiration and soil enzyme activities

Soil ATP CO2-C Ac. Ph. Alk. Ph. Phosphod. β-Gluc. Urease Protease

Temperature (°C)

Oaxaca forest (wet) 25.9±3.12 39.2±1.22 31.0±2.68 28.6±1.67 34.9±2.59 35.1±1.18 38.6±2.22 42.5±1.11

Oaxaca forest (dry) 24.8±2.15 41.3±0.99 39.6±2.44 20.2±1.01 26.7±1.44 37.8±1.67 54.3±2.85 37.7±1.03

Oaxaca coffee (wet) 26.0±2.09 31.4±1.11 34.8±2.21 29.0±0.96 41.4±2.35 31.7±1.42 32.6±2.13 28.7±0.96

Oaxaca coffee (dry) 24.2±1.81 32.5±2.03 37.9±2.03 15.0±0.88 40.8±2.07 43.4±1.98 40.1±2.31 42.3±1.31

Puebla (wet) 20.7±2.43 28.7±1.16 53.2±3.15 35.0±2.02 45.0±3.12 33.7±1.37 35.4±1.88 34.6±1.27

Puebla (dry) 23.1±1.99 41.2±1.84 52.1±2.88 34.6±2.08 44.0±2.68 25.7±1.06 44.5±2.48 43.9±1.33

Values reported are the mean values (n=3) and the standard deviation

ATP adenosine triphosphate, CO2-C soil respiration, Ac. Ph. acid phosphomonoesterase activity, Alk. Ph. alkaline phosphomonoesterase activity,
Phosphod. phosphodiesterase activity, β-Gluc. β-glucosidase activity

Table 3 Q10 values of soil enzyme activities

Soil Ac. Ph. Alk. Ph. Phosphod. β-Gluc. Urease Protease
Q10 values

Oaxaca forest wet 1.09±0.21 1.19±0.33 1.01±0.17 1.34±0.21 1.21±0.65 1.41±0.95

Oaxaca forest dry 1.12±0.23 1.24±0.38 1.19±0.49 1.40±0.3 1.14±0.37 1.49±0.74

Oaxaca coffee wet 1.07±0.15 1.3±0.49 1.28±0.12 1.08±0.3 1.19±0.32 1.19±0.14

Oaxaca coffee dry 1.32±0.78 1.14±0.25 1.28±0.57 1.21±0.47 1.12±0.39 1.26±0.2

Puebla wet 0.79±0.20 1.52±0.22 1.46±0.41 1.17±0.23 1.36±0.28 1.37±0.26

Puebla dry 1.02±0.21 1.09±0.38 1.36±0.38 1.17±0.38 1.16±0.58 1.06±0.28

Errors are reported as standard deviation and are calculated according to Bayesian principles

Ac. Ph. acid phosphomonoesterase activity, Alk. Ph. alkaline phosphomonoesterase activity, Phosphod. phosphodiesterase activity, β-Gluc. β-
glucosidase activity
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relatively low in all soils, likely due to the acidic soil pH
values (Nannipieri et al. 2011). Predominance of acidic over
alkaline phosphomonoesterase activity in acidic soils has been
previously reported (Dick et al. 2000). Such differences could
depend on the greater molecular stability and catalytic activity
of the acid phosphomonoesterases in the acid soils but also on
the specific composition of soil microbial communities of
acidic soils (Renella et al. 2006). In fact, it has been proposed
that the acid phosphomonoesterase is mainly produced by
free-living and michorrizal fungi roots whereas the alkaline
phosphomonoesterases is mainly synthesized by bacteria
(Taylor et al. 2002). Fungi should be predominant and more
active than bacteria in acidic soils (Killham 1994), but a better
relationship between soil enzyme activity and microbial com-
munity composition requires determination of both composi-
tion and expression of phosphomonoesterase encoding genes
(Renella et al. 2006; Nannipieri et al. 2012). From in vitro
studies, it was shown that different soil microbial species
synthesize different types of phosphomonoesterase with dif-
ferent optimal temperatures and stability, some of them being
still active at 70 °C (Wyss et al. 1998). Soil enzyme activities
persisted at higher temperatures than ATP and respiration,
with residual but still measureable values after soil exposure
at 550 °C (Fig. 1). Even if it is well established that organo-
mineral phosphomonoesterase complexes can protect

enzymes from thermal inactivation (Nannipieri et al. 2011;
Rao and Gianfreda 2000), it is unlikely that these enzyme
complexes are still present at temperatures as high as 500 °C,
and such activity can be due to inorganic catalysts (Ruggero
et al. 1996). Unfortunately, the present enzyme assays do not
discriminate among intracellular enzyme activities, stabilized
extracellular enzyme activities and enzyme-like activities
(Nannipieri et al. 2012).

The ATP content and CO2 production peaked at lower
temperature than enzyme activities although they were corre-
lated; such correlation may depend on the contribution of the
stabilized extracellular enzyme activities to the respective
measured enzyme activity. If this hypothesis is true, it con-
firms that the stabilized extracellular enzymes are active under
conditions limiting the microbial activity in soil.

The classical Q10model (Eq. 5) presented some limitations,
not being able to consider anything above or equal to the
optimal temperature and thus discarding many relevant infor-
mation. The chosen limit of 35 °C ensures that all data points
were below the optimal value and in the growing part of the
curve (Table 3).

The calibration of the EM over the broad temperature range
we used allowed us to estimate the enzymes thermodynamic
parameters with a high accuracy, as showed by the low errors
associated with each parameter. This increases in precision is

Table 4 Thermodynamic parameters of soil enzyme activities calculated using the EM

Soil Parameter Enzyme activities

Ac. Ph. Alk. Ph. Phosphod. β-Gluc. Urease Protease

Oaxaca forest (wet) ΔGcat (kJ) 48.8±0.0 54.1±0.0 54.9±0.0 51.5±0.0 67.0±0.0 66.6±0.0

ΔHeq (kJ) 90.0±0.3 94.3±0.3 94.3±0.3 92.2±0.3 100.3±0.3 110±0.3

Teq (°C) 13.7±0.8 23±1.1 15.2±1.2 24.4±0.8 29.2±1.8 22.3±0.9

Oaxaca forest (dry) ΔGcat (kJ) 50.1±0.0 54.6±0.0 56.5±0.0 52.5±0.0 65.9±0.0 68±0.0

ΔHeq (kJ) 105.2±0.3 98.1±0.3 107.7±0.3 95±0.3 97.8±0.3 124.3±0.3

Teq (°C) 19.4±0.7 22.9±1.1 21.3±0.8 22.1±0.9 17.6±1.2 26.3±0.9

Oaxaca coffee (wet) ΔGcat (kJ) 49.4±0.0 55.1±0.0 59.1±0.0 53.3±0.0 67.6±0.0 67.8±0.0

ΔHeq (kJ) 83.2±0.3 112.6±0.3 107.6±0.3 97.3±0.3 96.4±0.3 94.6±0.3

Teq (°C) 18.8±1.0 27.1±1.1 28.9±1.1 15.6±0.8 20.4±1.2 18.6±1.1

Oaxaca coffee (dry) ΔGcat (kJ) 51.9±0.0 55.2±0.0 57.9±0.0 54.9±0.0 68.5±0.0 68.8±0.0

ΔHeq (kJ) 93.8±0.3 113.2±0.3 87.6±0.3 85.8±0.3 96.6±0.3 90.9±0.3

Teq (°C) 21.6±0.8 19.8±0.8 23.2±1.2 16.4±0.9 13.6±1.4 11.5±1.5

Puebla (wet) ΔGcat (kJ) 44.1±0.0 53.4±0.0 57±0.0 51.8±0.0 66.2±0.0 64.4±0.0

ΔHeq (kJ) 85.1±0.3 118.4±0.3 92.8±0.3 109.5±0.3 132.7±0.3 89.5±0.3

Teq (°C) 9.30±1.3 23.3±0.6 24.8±0.7 29.5±1.3 27.2±1.1 19.3±1.0

Puebla (dry) ΔGcat (kJ) 47.2±0.0 54.2±0.0 59.0±0.0 51.5±0.0 65.2±0.0 65.3±0.0

ΔHeq (kJ) 81.3±0.3 93.8±0.3 135±0.3 96.5±0.3 107.6±0.3 104.5±0.3

Teq (°C) 16.8±1.3 16.9±1.1 29.3±0.8 19.5±0.9 17.7±1 14.4±1

Errors are reported as standard deviation and are calculated according to Bayesian principles

Ac. Ph. acid phosphomonoesterase activity, Alk. Ph. alkaline phosphomonoesterase activity, Phosphod. phosphodiesterase activity, β-Gluc. β-
glucosidase activity
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one of the main advantages over calibrating an exponential
Q10 model over the ascending part of the curve.

The measurement of soil enzyme activity over a broad
temperature range demonstrated that the EM could well de-
scribe the behavior of enzyme activities across a wide tem-
perature range for both wet and dry soils (Fig. 2). Differently,
the Q10 model can only be applied in the range of increasing
enzyme activities providing only a partial picture of the be-
haviour of enzyme activities in soils under broad temperature
variations (Silverstein 2012).

The calculated values of ΔGcat (Table 4), indicating the
activation energy required by the catalytic reaction, were
inversely proportional to the measured enzyme activity as
expected, and in the same order of magnitude of those previ-
ously reported (Peterson et al. 2007; Daniel and Danson

2010). Among the wet soils, the ΔGcat values were higher in
the Oaxaca coffee than in the Oaxaca and Puebla forest soils
(Table 4). This could be explained by the fact that the coffee
cropped soil is subjected to higher mean temperatures and
hosts microbial communities synthesizing more thermal resis-
tant enzyme isoforms than microbial communities of the
forest soils, while subjected to lower mean temperatures. Only
the acid phosphomonoesterase activity displayed slightly low-
er activation energies and seemed less temperature-resistant in
the Puebla soil, whose area has colder annual mean tempera-
tures than the Oaxaca area (Table 4). The acid phosphomono-
esterase activity seemed to be more resistant to thermal inac-
tivation in the two Oaxaca soils than that of Puebla (Table 4),
although the initial enzyme activity of the latter was about
three times higher than those of the former soils. Differences

Fig. 2 Measured versus predicted values by Eq. 3 for each enzyme activity the studied soils. The x axis reports the temperature (°K) while the y axis the
enzyme activity
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in the activation energy among enzyme in different soils could
be calculated by the EM thanks to its greater accuracy than the
Q10 model, the latter showing large deviations in values and
this makes impossible to understand differences between dif-
ferent enzymes in a soil and for a specific enzyme in the
studied soils.

The ΔHeq values, indicating the enthalpy of the equilibri-
um between activated and inactivated enzyme forms, can be
related to the enzyme protection from inactivation (Daniel and
Danson 2010). By considering these values, we hypothesize
that both intracellular and extracellular enzyme activities con-
tributed to the overall measured enzyme activity of wet soils;
whereas probably in dry soils, the extracellular stabilized
enzyme activities were those mainly contributing to the over-
all measured enzyme activity. The lack of a precise pattern in
the ΔGcat and ΔHeq parameters between wet and dry soils
could be attributed to the fact that different enzymes were
contributing to the enzyme activity of the wet and dry soils.
These differences could be due to microbial physiological
adaptation or changes in the nutrient availability to soil mi-
croorganisms, as hypothesized by Allison et al. (2010).

The equilibrium temperature (Teq) indicates the upper ac-
tivity limit of the enzyme that can be reached before enzyme
inactivation, and in our case represent site-specific differ-
ences. Among the wet soils, the Oaxaca coffee soils displayed
the highest Teq values for the phosphatase and urease activi-
ties; whereas, all forest soils displayed the highest Teq values
for the β-glucosidase and protease activities as compared to
the cropped soil. Dry soils behaved in a different way (Ta-
ble 4), as the phosphodiesterase activity presented both a high
Teq and a highΔHeq in the Puebla dry soil, suggesting a high
stability of the enzyme probably related to its higher SOM
content.

Overall, the complex pattern of thermodinamic values of
the measured enzyme activities determined by the EM indi-
cated that the stability of enzymes of the three soils depended
on soil type, management, and moisture contents, and proba-
bly, on different enzymes catalyzing the same reaction and
different enzyme synthesis rates by different microbial com-
munities of the three soils. Differently, the response of the
activation energy over temperature was not particularly influ-
enced by soil type. Edaphic factors seemed, therefore, affect-
ing soil enzyme stability as much as moisture. It has already
been noted (Burns et al. 2013) that drought can slow down
enzyme turnover rates; but in this experiment, this was only
true for some enzyme activities. These results provide a
deeper understanding for the lack of acclimation of soil en-
zyme activity to increased temperature as previously reported
(Jing et al. 2013). The complex interactions between soil
parameters and enzyme activities revealed by our study
evidentiate the necessity to account for soil parameters in
future models assessing the effects of global warming on soil
biological and biochemical activity.

Conclusions

Our results showed that enzyme activities of tropical soils
have different thermal sensitivity reflecting their location and
use, with soils under warmer climate and agricultural use
generally showing higher optimal temperatures and greater
resistance to thermal denaturation than in soils from forest
ecosystems and colder climate. Enzyme activity in soil per-
sists at higher temperature than microbial biomass and more
than soil respiration likely due to stabilization of extracellular
enzyme activities and presence of enzyme-like activities. Our
results also prove that the EM was suitable for modelling the
thermal response of soil enzyme activity over a wider temper-
ature interval than that usually considered for global warming
studies and was also more accurate than the classical Q10

model. We suggest that the EM can be used for further studies
on the effects of increased temperature on soil enzyme activ-
ity, especially when the soil is subjected to temperatures
beyond the optimal value. The EM model showed that the
activation energy of enzymatic reactions was less influenced
by soil types or land use than the enzyme protection against
inactivation. This result suggests that the response of soil
enzyme activities to increased temperatures, considered here
as a change in the activation energy of the reaction, is more
influenced by soil moisture and land soil management than by
soil physico-chemical properties. In this sense, the equilibrium
temperature (Teq) and the enthalpy of inactivationΔHeq could
be used as indices of site-specific thermal sensitivity of soil
enzyme activity.
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