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Afforested sites in a temperate grassland region: influence
on soil properties and methane uptake
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Abstract Methane (CH,) flux at the soil-atmosphere
interface (SAI) results from the balance between CH4
production (methanogenesis) and CH, consumption
(methanotrophy). The latter predominates in well-
aerated mineral soils; is affected by a combination of
abiotic and biotic factors, especially soil diffusivity,
which depends on soil properties, and methanotroph
activity. This work reports results of CHy4 fluxes from
afforested sites located in a temperate region of
formerly native grassland in Buenos Aires Province
(Argentina, Southern Hemisphere), taking a natural-
ized pasture as a reference. Methane concentration
[CH4] and soil parameters along the soil profile were
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also measured to understand intersite differences in
CH, fluxes at the SAI, that could be related to
vegetation cover and its influence on soil properties
and therefore, on CH, soil diffusivity. At all sites soils
were CH, sinks in the range of —3.55 to
—14.39 ng CH, m~2 s~ !; the naturalized pasture pre-
sented the weakest one. Intersite differences in CHy
fluxes may result from differences observed in [CHy]
profiles and CH, diffusion coefficients. [CH,4] varia-
tion could be explained mainly by differences in silt
and clay content and bulk density that affect CH,4 soil
diffusivity. These could be the result of afforestation
that seems to improve the physical and biological soil
attributes linked to CH, consumption as it meliorates
its diffusivity.

Keywords Methane concentration profile - Soils
properties - Methane diffusion coefficient - Methane
fluxes in soils

Introduction

Both biotic and abiotic processes from natural and
anthropogenic sources produce methane (CHy), a
potent greenhouse gas whose current global mean
concentration in the atmosphere is 1.8 ppmv (Curry
2007; Tate 2015). This concentration value has been
increased since the start of the industrial period as a
result of the growing imbalance between CHy
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production and its consumption. Land conversion to
agricultural use is a major contributor to this imbal-
ance because it reduces the consumption of atmo-
spheric CH,4 by aerated soils (Hiitsch 1998; Jensen and
Olsen 1998; Ridgwell et al. 1999; Smith et al. 2000).
The contribution of these soils to the global methane
sink is small (~30 Tg year ') compared to the
photochemical CH, oxidation that occurs in the
atmosphere (450—510 Tg year ') but it is significant
because it is the unique CH, sink where anthropogenic
activity (with the expansion of agriculture) has an
influence (Boeckx et al. 1997; Dutaur and Verchot
2007; Tate 2015).

CH, flux at the soil-atmosphere interface (SAI)
results from the balance between CH, production
(methanogenesis) and CH4 consumption (methanotro-
phy) where the latter predominates in well-aerated
mineral soils (Smith et al. 2000, 2003). Between 30
and 50% of global soil CH4 consumption is apparently
located in temperate latitudes. However, it has been
poorly estimated because of its great spatial and
temporal variability and the scarce measurements
from the Southern Hemisphere (Dutaur and Verchot
2007; Price et al. 2003). The highest CH4 consumption
was found in temperate and subtropical ecosystems, in
soils under native forest (up to 11 kg CH,4 ha ' -
year ') followed by those under planted pine forest
(4-6 kg CHy ha™! year_l) and undisturbed soils while
the lowest rate was measured in most managed
grassland and cropland soils (<1 kg CH, ha™' -
yearfl) (Tate 2015).

Soil microbial processes in general and in particular
CH, oxidation (consumption) are affected by a
combination of abiotic and biotic factors. Spatial and
temporal variability in CHy4 oxidation in aerated soils
is caused by differences in soil diffusivity that depends
on soil properties, methanotroph activity or some
combination of the two (Von Fischer et al. 2009;
Smith et al. 2003; Striegl 1993). The complex nature
of the soil structure makes difficult to determine in situ
soil diffusivity and, therefore, there is still uncertainty
of its value in different and heterogeneous soils.
Generally, CH, oxidation capacity exceeds soil diffu-
sivity; therefore soil physical characteristics are the
limiting factor (Boeckx et al. 1997; Del Grosso et al.
2000; Hiltbrunner et al. 2012; Striegl 1993). Although
CH, oxidation rates vary markedly between terrestrial
ecosystems, it is generally accepted that changes in
soil moisture and texture mostly affect CHy
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consumption due to their influence on the diffusion
of atmospheric CH, into the soil layer where methan-
otrophs are located (Boeckx et al. 1997; Dutaur and
Verchot 2007; Prajapati and Jacinte 2014).

The static chambers technique is the most widely
used method to measure CH, flux in situ at the SAIL It
is simple, low cost and allows repeated measurements
on a study site with minimal disturbance and relatively
little labor. Moreover, the CH,4 concentration profile
can be obtained with a simple probe inserted into the
soil and this information can be used both to supple-
ment CH, flux measurements and to identify the soil
depth where CH,4 oxidation mostly occurs or where the
diffusion process is predominant (Hou et al. 2012;
Kusa et al. 2008). How these two processes co-
participate in regulating CH,4 flux at the SAI remains
unclear-little is known about either the vertical
heterogeneity of soil diffusivity and CH4 oxidation
(Von Fischer et al. 2009) and about how these two
parameters could explain intersite differences in CHy
fluxes.

In this work we present results of CH, fluxes from
afforested sites located in a temperate region of
formerly native grassland in Buenos Aires Province
(Argentina, Sourthern Hemisphere) taking a natural-
ized pasture as a reference. The aim of this work was to
understand intersite differences in CH, fluxes that
could be related to vegetation cover and its influence on
soil properties and therefore, on CHy4 soil diffusivity.

Materials and methods
Sites and soil description

The experimental sites were located in the piedmont of
Tandil Sierras (50-250 MAMSL), near Tandil city
(37°19'00"S 59°08'00"W), where annual mean air
temperature is 13.7 °C and average annual precipita-
tion is 889 mm. Soils are developed in a Quaternary
loess mantle composed by pebbles, eolianites, lacus-
trian clays and alluvial deposits with a variable
thickness covering a Pre-Cambrian granitic basement
(Chaparro et al. 2003). Table 1 presents a brief site
description along with its associated soils. A more
detailed description can be found in Priano et al.
(2014).

At each experimental site, one pit was hand
excavated and described according to the NRCS soil
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Table 1 Sites and description

Site ID Landforms Parent material Vegetation Soil

classification

Pasture field Gently undulating slopes Loessic sediments Pastureland with exclosure; Typic
(PF) (<2%) herbage naturally growing* Argiudoll

Eucalyptus ~ Upland; shoulder of a loessic Loessic sediments Eucalyptus viminalis Typic
grove crest. Anthropic disturbance Argiudoll
(EG) nearby (crest dissection for a

road). Predominant slope
>3%

Afforested Upland slope (>10%) A loessic mantle mixed with Pinus radiata Typic
pine grove colluvial debris from a Argiudoll
(PG) Precambric granite outcrop

(Tandilia System or Tandilia
sierras)

Mixed Upland slope contiguous to a Loessic mantle reworked by Grassland + trees (Celtis sp., Petrocalcic
deciduous floodplain. Anthropic water Eucalyptus camaldulensis, Argiudoll
grove disturbance nearby; slope Eucalyptus viminalis, Laurus
(DG) >2% nobilis, Quercus robur and

Cedrus sp.)

PF pasture field, EG eucalyptus grove, PG afforested pine grove, DG mixed deciduous grove

* Prior to the study, the site was used for cattle raising purposes and included pasture sown with NP-fertilization

description manual (Schoeneberger et al. 2002).
Undisturbed soil samples were taken to estimate
porosity using the cylinder method (SSLS 2004).
Disturbed soil samples were taken for soil physico-
chemical characterization. Soil characterization at
LASFA (Laboratorio de Analisis de Suelos de la
Facultad de Agronomia—UNCPBA) facilities included
organic C determination (OC, wet oxidation), total N
(micro Kjeldahl with steam distillation), pH (poten-
tiometric method, 1:2.5 soil:water), salinity (electrical
conductivity in 1:2.5 soil:water extracts, EC), and
cation exchange capacity (CEC) extracted in 1 N
NH4Ac, pH 7 or 8.2 (the latter for samples with
reaction to HCl 10% v/v, indicating the presence of
carbonates). The CEC involved the displacement of
ammonium by 1 N NaAc and quantification of
ammonium by steam distillation. Mechanical analysis
(texture) was performed using the hydrometer method
after labile OC oxidation with H,O, and carbonates
dissolution with HCl and removal of cations by
washing. All soil routines were performed according
to SSLS (2004) protocols, with the exception of OC,
that followed a modified Walkley and Black procedure
according to SAMLA (2004). After soil morpholog-
ical and physicochemical characterization, and con-
sidering climate information, soils were classified
according to the Soil Taxonomy (SSS 2014).

Methane flux and methane soil air concentration

At each site, CH, fluxes from the SAI were measured
by the static chamber technique described in Priano
et al. (2014). CH, fluxes in each static chamber were
determined by the linear regression of methane
concentration versus time, always with R? > 0.94.

Simultaneously, sub-surface CH, concentration
[CH4] was measured to obtain the [CHy4] profile of
the soil atmosphere and to determine gas diffusion
coefficients for the first layer (10 cm) at each site (A
horizons) by Fick’s Law using a stainless steel probe
(6 mm outer diameter and 4 mm inner diameter) of
550 mm length and with four lateral small holes
(<5 mm) in its lower end. The probe was randomly
placed three times at each site to obtain three [CH,4]
profiles after driving the probe into the soil and taking
soil air samples every 5 cm until reaching a depth of
50 cm. This technique allowed us to obtain a gas
sample at a selected depth with the least disturbance to
the soil gas composition and the soil environment. Gas
samples were drawn using 20-mL syringes with the
three stopcocks that were flushed with approximately
10 mL of gas at the desired sampling depth and then a
10-mL gas sample was withdraw.

Both measurements were carried out during June—
July 2013 because it was the time when we recorded
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the highest CH,4 consumption for these sites (Priano
2014).

All gas samples were analyzed immediately with a
gas chromatograph (GC, Agilent 7890A) equipped
with a FID and 1.8 m Poropak Q (80/100 mesh)
column. The oven, injector and detector temperatures
were 50, 250 and 250 °C respectively. The flow rate of
the carrier gas (He) was 30 mL min~'. Flame gases
(H, and O,) were set at 30 and 400 mL min ..

CH, diffusion coefficient in soil (D) was obtained
for the first 10 cm soil layer using Fick’s Law:

A[CHy]
e (1)

FCH4 = —Ds

where Fcy, is the CH4 mass flux (ng CHy m > sfl), Dy
is the soil CH, diffusivity coefficient (cm® soil air
cm~! soil s7') and A[CH,J/AZ the concentration
gradient (ppm CH, soil air cm™' soil depth). The
diffusivity coefficient Dy was obtained by

Ds =D, * a(pg, (2)

according to Price et al. (2003), where D, is the diffusion
coefficient for CHy in air (cm2 sfl), @, the air filled
porosity (m® air m™ soil) and a and b are the
dimensionless coefficients that account for the tortuosity
and size distribution of the soil pore respectively and,
whose empirical values are a = 0.9 and b = 2.3—, the
most commonly values used in soil CH4 oxidation
studies. CH, diffusion coefficient in air (D,) is 0.195 cm?
s~ at standard temperature and pressure conditions

(STP) (Ridgwell et al. 1999) and the term ¢, is
@, = &(1 — WFPS), (3)

where ¢ is the porosity (m* m~*) and WEPS the water
filled pore space (m*> m~>). D, depends on temperature
and pressure; therefore corrections for temperature
were made according to Price et al. (2003):
T(K)]*

K @

Dty = Daz73k * [m

Pressure corrections were not taken into account here
because sampling was performed in the same area
(Tandil city) (Price et al. 2003).

Environmental parameters

Soil temperature at a 5 cm depth, air temperature
inside the chamber and air ambient temperature were
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logged with a temperature data logger ibutton
DS1921G in each case during CH, flux measurements.
In addition, soil water content (W%, n = 5) was
measured gravimetrically for the first soil layer from
each site with a small stainless steel cylinder (6 cm in
height. 4 cm in internal diameter), which afterwards
allowed us to calculate bulk density (p,), water filled
pore space (WFPS) and porosity (¢) through:
drymass ~ whxp,

Pa
= _mass . yppg e=1-"Fa
Pa = Totalvolume’ Py * € ¢ o,

(5)

where p,, is the water density (1 g cm ™) and p, is the
particle density (2.65 g cm ™). Then, @, was calcu-
lated according to Eq. 3.

Statistical analysis

ANOVA test was used to establish if there were any
statistical differences between sites regarding soil
parameters within the first layer, CH4 fluxes and CHy
diffusion coefficients in soil. Levene test was used to
determine homogeneity of variance that allows defin-
ing which post hoc test can be used (LSD Fisher or
Games-Howell). Linear correlations (Pearson) were
used to determine the significance of the relationship
between methane concentration in soil profile and soil
parameters and subsequently, simple and multiple
regression analysis were carried out.

Results
Soil parameters at the studied sites

Soil morphology of the four studied sites (Table 2)
was the expected for soils in the area, developed on
loess primarily under grassland vegetation (INTA-
CIRN 1989). These Mollisols had surface horizons
rich in OC and Bt horizons with clay accumulation due
to illuviation (Pazos 1984). The soil profiles were free
of carbonates with the exception of the BCk horizon of
the DG site that accumulated inorganic C as concre-
tions and was underlain by a petrocalcic horizon,
whose cementation was due to carbonates that accu-
mulated as result of a past semiarid climate (Pazos and
Mestelan 2002). Trees at the EG, PG and DG were the
result of afforestation and the gross biomass
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Table 2 Soil parameters for the different sites

Site  Horizons Depth PH EC oC Total N C:N CEC Clay Silt Sand p, e %
(cm) (1:2.5, (uS (g kgf') (g kgf') ratio (cmoc % (g cm73)
water) cm ™)) kg_l)

PF  Apl 0-7 5.8 n.d 33.0 342 9.6 22.3 26.09 37.04 36.88 1.18 55.47
Ap2 7-20 6.1 n.d 23.2 2.10 11.0 19.8 25.83 37.78 36.39 nd n.d
AB 20-35 6.3 n.d 12.1 1.20 10.1  18.2 27.14 3544 3742 nd n.d
Btl 35-57 6.4 n.d 8.4 0.64 13.1  25.6 4522 2572 29.06 nd n.d
Bt2 57-70 6.5 n.d 4.6 0.45 102 23.1 39.59 2528 35.14 nd n.d
BC 70-78 6.7 n.d 3.0 0.30 10.0 17.5 19.72 3648 43.80 nd n.d
C 78+ 6.8 n.d 2.0 0.15 133 15 7.80  39.13 53.07 nd n.d

EG A 0-17 5.06 74.7 67.8 4.27 159 219 25.86 29.71 4443 0.84 68.14
AB 17-30 5.46 67.4 15.3 1.19 129 20.2 31.87 4094 27.19 1.17 55.88
Btl 30-47 6.35 76.5 12.4 0.79 157 252 3225 39.76 2799 1.07 59.71
Bt2 47-64 6.76 1584 7.1 0.28 254 219 4291 30.56 2654 1.16 56.36

PG Oa 5-0 4.18 300 205.9 7.47 27.6  65.3 n.d n.d n.d 0.65 75.42
Al 0-9 5.55 66.8 314 1.8 174 20.2 2574 38.66 356 094 64.5
A2 9-16.5 5.83 422 15.3 1.43 10.7 16.8 26.28 37.64 36.08 1.23 53.64
AB 16.5-32 584 49.1 14.9 0.94 159 353 39.18 28.15 32.66 1.14 56.98
Btl 32-44 6.2 26.4 7.4 0.28 264 329 48.50 2573 2577 1.17 55.96
Bt2 44-63 6.32 37.3 4.0 0.19 21.1 26 4253 26.68 30.79 1.12 57.79
C 63-744+ 645 60 3.7 0.16 23.1 20.2 3258 26.88 4053 1.11 58.26

DG Al 0-10 5.15 87 44.2 3.18 139 319 19.60 24.85 55.54 0.97 63.21
A2 10-20 5.12 60 27.7 1.93 144  30.6 1580 29.94 5425 1.14 56.96
Btl 20-28 6.05 95 24.6 1.1 224 29.6 48.00 2241 29.60 1.03 60.97
Bt2 28-38/40  6.82 219 6.6 0.72 9.2 27.5 58.05 17.02 2494 1.09 58.92
BCk 38/40-55 7.44 226 37 0.32 11.6 24.6 2235 8.04 4939 1.09 58.82
2Ckm 55+ n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d

PF pasture field, EG eucalyptus grove, PG afforested pine grove, DG mixed deciduous grove, EC electrical conductivity, OC organic
content, Total N total nitrogen content, C:N ratio proportion of carbon to nitrogen, CEC cation exchange capacity, p, bulk density

and ¢ porosity, n.d not determined

productivity just allowed the formation of O horizons
at the PG site, probably due to a more acidic and
recalcitrant organic residues. In fact, the lowest pH
value was found for the Oa horizon of the PG site. All
the afforested sites had increased OC content in the
0-30 cm layer respective to the PF site (Table 2),
having the vegetation a relevant imprint also on the
OC concentration profile, which might be related to
the migration of C soluble forms and deep root C
allocation. An increased N concentration could be
seen on the afforested surface horizons by biomass
extraction and residues return, particularly at PG and
EG sites, compared to PF site. However, the rate of
soil OC built up was higher than the soil total N rate,
yielding higher C: N ratios than those for PF site,

settled around the 10-12 classical ratio for Mollisols.
Soil reaction was either influenced by soil vegetation
as it is shown in surface horizons of the afforested
sites, or could be influenced by ammonium based
fertilizers for PF site. However, most of the subsurface
horizons exhibit pH values related to adequate bases
provision and in the BCk horizon of the DG site,
carbonate activity could be ascertained from the soil
reaction. Cation exchange capacity (CEC) was high
through all the four soil profiles and was either related
to the OC concentration or clay content. Argillic
horizons (Bts), with evidence of clay illuviation
(argillans) and peaks in clay content, were found at
the four pits. Despite the vegetation type, elluviated
(E) horizons were not found, and there were not
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significant sand to clay ratio shifts suggesting its
incipient formation with exception of the A2 to Btl
horizons of the DG site. Bulk density correlated
negatively to OC concentration and defined total
porosity that was always high.

Methane fluxes

All sites presented soils that resulted CH, sinks as it is
indicated by their negative flux values (Table 3) which
were in the range of —3.55 to —14.39 ng CH,
m 2 s~!. Lower flux values (absolute values) were
found at PF and EG sites and the highest were found at
DG site with statistically significant differences
between them (ANOVA Test, post hoc Games How-
ell, p < 0.0001). These results are similar to those
reported previously for the same sites (Priano et al.
2014) and consistent with the literature (Dutaur and
Verchot 2007; Hiltbrunner et al. 2012; Smith et al.
2000).

Methane concentration profiles

Mean [CHy] profiles are shown in Fig. 1. In each case,
the obtained profile (mean CH, concentration) is
compared to three theoretical profiles that could exist
if there were only diffusive processes that explain
[CH4] at a particular depth. In this simulation, three
CH, diffusion coefficients in soils (D) were
employed, that are related to its value in air at the
STP (D,). To obtain these three theoretical profiles,
Fick’s Law (Eq. 1) and the mean CH, flux value for
each site (Table 3) were used.

Each case shows a decrease in [CHy4] reaching
values between 0.2 and 1.4 ppm at a depth of 40 cm.
Within the first layer (10 cm-deep), which is involved
in CH, fluxes from the SAI, both PG and DG sites

Table 3 Mean CH, fluxes in ngCHy m? s~! for each site

showed a slope according to the theoretical profile
D, = 0.1 D, with values close to 0.02 cm? s~ (lineal
gradient, R? = 0.8); this indicate that Fick’s Law
could be a good approximation to estimate CH, fluxes
in these cases.

On the contrary, PF site presented a slope far away
from the theoretical profile previously mentioned
(Ds = 0.1 D,) that could suggest either the presence
of CH4 oxidation or diffusion processes that may
prevail in this layer as a result of a Dy value much
smaller than 0.02 cm? s~'. In this site, deeper layers
show an important change in slope with an increase in
CH, concentration reaching values close to atmo-
spheric ones, which could indicate the presence of
methanogenesis.

EG mean profile presented a decrease in [CHy]
within a first thin layer of 5 cm and then at a depth of
25 cm. The slope in the first case (5 cm) is similar to
that of a theoretical profile if Dy takes values of
0.059 cm? s~ (D, = 0.3 D,).

Soil water content and related parameters

There were statistically significant differences between
sitesinw %, p,, WFPS and (o from the first 10 cm of

the soil layer (Table 4); PF site presented the lowest
value of ¢, and the highest p,.

Discussion

Soil parameters and soil methane concentration
profiles

[CH,4] showed a significant and positive lineal corre-
lation with the proportion of silt in soils (R = 0.59,

Site Mean methane flux (ngCHy4 m2s7h (6\Y% Min Max N
PF —3.55 + 1.10@ 31.11 —4.94 —1.84 7
EG —3.99 + 2.29® 57.28 -7.29 —2.22 4
PG —9.81 + 2.42® 24.66 -11.92 —5.85 5
DG —14.39 + 4.79© 33.29 —20.09 -9.00 4

Different letters a, b and c indicate statistically significant intersite differences in CH, fluxes (ANOVA test Games Howell,

p < 0.0001)

PF pasture field, EG eucalyptus grove, PG afforested pine grove, DG mixed deciduous grove, CV coefficient of variation, Min

minimun value, Max maximun value, N numbers of measurements
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Fig. 1 Mean CH,; concentration profiles measured during
June—July 2013 for: a PF Pasture field; b EG Eucalyptus grove;
¢ PG Afforested pine grove and d DG Mixed deciduous grove
(solid lines), with its respective horizons. Lines represent three
different theoretical profiles (Fick’s Law) for the three different

Table 4 Mean values of soil water content (w%) at the sam-
pling dates, bulk density (p,), water filled pore space (WFPS)
and air filled porosity (¢,)

Site w% Pa (g cm™) WEPS ?,

PF 28.25@ 1.18@ 59.96® 0.23@

EG 32.93® 0.94© 28.99 0.53©

PG 24.04® 0.91® 34.43® 0.43%9
DG 30.79@ 0.961 45.58@> 0.35®

PF pasture field, EG eucalyptus grove, PG afforested pine
grove, DG mixed deciduous grove

Letters a b and c indicate statistically significant intersite
differences (ANOVA test p < 0.03 for w %, p < 0.001 for the
rest of the parameters)

p < 0.01), Table 2; Fig. 1, but a negative one with the
clay content (R= —-048, p<0.0l) and p,
(R = —0.40, p < 0.01). These negative relationships

CH, (ppm)
(b) EG 00 02 04 06 08 10 12 14 16 18 20
10 T T T T T T T T T T
Oi Horizon
0 D
)
-10 ‘/{\_ A
. Lo
e S|
— 20 4 ]
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= 30 _— ,/ .
a /
8 -40 7 / Bt1
50
Bt2
-60 -
70 4
-80
—m— Mean methane concentration profile
Fick's Law (D,=0.1D,)
—-=-Fick's Law (Ds=0.3D,)
- - - Fick's Law (D,=D,)
CH, (ppm)
(d) DG o0 o2 04 06 08 10 12 14 16 18 20
T T T T T T T T T
10
0 = O Horizon
e me R, A
AR e e 1
--------- t z A
20 _— - ’ 2
5 > P , Bt,
= -30 = 7
‘;‘) \ P ’ Bt,
&8 -0
50 ] BC,
-60
70 2C,
-80

—m— Mean methane concentration profile
— — Fick's Law (Ds=Ds)

—-— Fick's Law (D;=0.3D)

- - - - Fick's Law (Ds=0.1D)

CHy, diffusion coefficient values in soil (D) compared with the
value in air at the STP (D,): Fick’s Law with Dy = D, (dashed
lines), Fick’s Law with D, = 0.3 D, (Dash-dot lines) and Fick’s
Law with Dy = 0.1 D, (dotted lines)

with [CHy4] could be supported by the effects that clay
has on the pore size distribution, leading to a dominant
microporosity (Hillel 2006). Additionally, it was yet
established a negative relationship between clays and
methanotrophic activity (Bender and Conrad 1995);
although the maximum clay content of the studied
soils occurred at a depth (Bt horizons) where restric-
tion to oxygen diffusion probably will create an
environment not prone to methanotrophy, as the
change in the slope of [CH4] indicates at PF and DG
sites. On the other hand, the increase on p, implies a
decrease in ¢, with probable implications on CH,
diffusivity. These two parameters, clay content and p,,
determine Ds value according to Prajapati and
Jacinthe (2014), affecting [CH4] gradient and, in
consequence, CH, oxidation. PF site presented the
highest values for both parameters in the first layer and
the lowest CH,4 oxidation (Table 3).
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At the same time, [CHy4] correlated negatively with
soil pH values (R = —0.52, p < 0.01) suggesting a
restriction to methanotrophic activity in the more acid
O-A horizons developed at the afforested sites, as it was
observed by Smith et al. (2000). Moreover, € and w%
showed significant and positive lineal correlation with
[CH4] (R =040, p<0.01 and R =0.32, p < 0.01
respectively). Finally, a significant and positive lineal
correlation between [CH,4] and total nitrogen content
was found (R = 0.52, p < 0.01) for the afforested sites.
High values of [CH,4] indicate low CH,4 oxidation which
is related with high amount of total nitrogen content.
This is in agreement with findings of Hiitsch (1998).

A multiple regression with the most significant
physical parameters (silt and clay content, p, and €)
showed that these parameters explain 68% of the [CHy4]
variation in the soil profile (R*> = 0.68, p < 0.01). The
adjustment improved when ¢ was excluded from the
analysis as it was well correlated with p, (they are
covariants) (R2 = 0.69, p < 0.01). These results indi-
cate that, at least for the first layer, [CH,4] profiles could
be explained mainly by differences in physical param-
eters among soil layers as a result of the diffusion of
atmospheric CHy into the soil. Subsequently it should
be evaluated if there are differences in methanotrophic
population between sites, as a result of afforestation.

A mean [CHy] statistical analysis between sites
showed that DG and PG sites presented the lowest
[CH4] values along the soil profile (0.61-0.88 ppm),
as it is shown in Fig. 1. These results agree with the
CH,4 fluxes values from the SAI (Table 3).

Methane diffusion coefficient in soils (D)
and estimated methane flux (Fick’s Law)

According to Eq. 2, 3 and 4 CH, coefficient values
(Ds) were obtained for the first layer of each site

(Table 5) which then allowed us to estimate CH, flux
(Fick’s law, Eq. 1) base on [CH4] profiles (Fig. 1),
assuming no oxidation or emission processes of CH, at
the analyzed depth.

Coinciding with what was previously observed
(Fig. 1), the lowest Dy values were for the reference
site, PF site (<0.01 cm? s™'), lower than 10% of D,
value but similar to those reported in other works
(Prajapati and Jacinthe 2014). EG site showed the
highest Dy values close to 0.05 cm? s~ which could
explain the small variation in [CH,4] along the profile,
and PG and DG presented intermediate values. As
other works report (Kusa et al. 2008; Prajapati and
Jacinthe 2014), a marked variation occurred in each
case (CV values). However, intersite differences in Dy
values are statistically significant (p < 0.001) as
letters a, b and ¢ show (Table 5) and they could be
explained by differences in w % and its related
parameters (Table 4) that were used to calculate the
D, values.

Furthermore, a new methane flux was estimated for
the first soil layer in each site according to Fick’s Law
employing mean Dg values (Table 5) and [CH4]
measured in each case (Fig. 1). Results are also shown
in Table 5; letters a, b and c indicate the statistically
significant differences between sites (ANOVA test,
p < 0.001). According to this, the estimated CH,4 flux
for PF site was similar to that registered by the static
chamber technique (Table 3). This result could indi-
cate that, in this case, diffusive processes prevail in the
first layer and most of the CH4 oxidation could occur
in deeper layers as Fig. 1 shows. Mean CH, flux
estimated for EG site was 26% of that measured using
the static chamber technique (Table 3) and showed
great variation. In PG site, mean CH, flux estimated
was 82% higher than that on Table 3. As mean Dy
value was estimated to be close to 15% of D,

Table 5 Mean CH, diffusion coefficient values (D, cm? s~ ') and estimated CH, flux (ngCH4 m2 571) for each site

Site Dg CV % N Estimated CH, flux CV % N
Mean values (cm2 sh (ngCH4 m~2 sfl)

PF 0.0067 + 0.0036® 53.70 6 —3.32 4+ 2.13@ 64.05 6

EG 0.0451 + 0.0096 21.38 5 —1.03 + 8.64@» 835.4 6

PG 0.0294 + 0.0147® 50.03 5 —17.90 + 5.67 31.68 6

DG 0.0179 + 0.0105® 58.32 5 —10.61 £221® 20.81 8

PF pasture field, EG eucalyptus grove, PG afforested pine grove, DG mixed deciduous grove, CV coefficient of variation, N numbers
of measurements; and letters a, b and c indicate statistically significant intersite differences (ANOVA Test, Games Howell p < 0.001)
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(Table 5), the [CH,4] gradient in the first 10 cm layer
shown in Fig. 1 moved away from which should be
obtained if only diffusion occurs which a Dy value
between 0.1 D, and 0.3 D,. Therefore, the gradient
difference observed could be due to CH,4 oxidation in
this layer (A horizon) and Fick’s Law would not be a
good approximation for this site as it was mentioned in
3.3, at least for this layer. In contrast, in DG site, the
mean CH, flux estimated was 26% lower than that
detected by the static chamber (Table 3) but the [CHy4]
gradient for the first layer (Fig. 1) was similar to the
theoretical one for a Dy value close to 10% of D, (and
similar to the estimated Dy value, Table 5), which
would suggest predominance of diffusive processes.
Similar results were found in Hiitsch (1998) where a
strong CH,4 oxidation was reported at a subsurface
horizon in forest soils.

Therefore, differences in CH, fluxes at the SAI
from PF and DG sites could be explained mainly by
differences in soil physical parameters (p., @,,
Table 4) that regulate CH, diffusion into the soil and
determine CH, diffusion coefficient for which, PF
presented the lowest value. Also, methanogenesis in
deeper layers in PF site (mean [CH4] = 1.2 ppm)
could account for intersite differences. For this reason,
Fick’s Law could be a good approximation to estimate
CH, fluxes for these sites with a certain CHy diffusion
coefficient.

In contrast, in PG site diffusion likely prevails in
horizons O; and O, and Fick’s law could be applicable
to estimate CH, fluxes considering solely the [CH,]
gradient in horizons O; and O,, which was not
measure in this work.

Finally, EGsite presented a [CH,4] profile that agrees
with its estimated CH, diffusion coefficient, which was
the highest of all (~0.05 cm? s~'). CH, flux at the SAI
was low in this case and the reason could be methan-
otrophic activity present in deeper layers as it is shown
in the [CH,] profile and differences in its bacterial
community. For this reason, Fick’s law would not be
appropriate for estimating CH, flux.

Conclusions
Statistically significant differences between sites were

found regarding CH, fluxes at the SAI that may result
from differences observed in [CH4] profiles and D;.

The strongest CH, sinks were found in DG and PG
sites which also showed the lowest [CH,] values. Such
values could be partly explained by differences in silt
and clay content and p, along the soil profile, but they
are also the result of methanotroph activity which was
not measured in this work. Afforestation can improve
the physical and biological soil attributes linked to
CH,4 consumption as it meliorates its diffusivity.

Besides, CH, fluxes could be estimated by Fick’s
Law, for some cases, using a particular Dy and a [CHy4]
profile; taking into account that CH, consumption
seems to be present in deeper layers and it is limited by
physical factors.

However, more measurements must be performed
to determine the spatial and temporal variability of the
parameters that regulate CH, fluxes in these sites and
studies of the potential CH,4 oxidation must be carried
out to confirm and understand the differences in CHy4
fluxes between these sites.
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