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ABSTRACT ARTICLE HISTORY
Before and after a prescribed burning, the upper 2.5cm of soil in Received 13 May 2014
patches of forage, nonforage, and shrub vegetation were sampled. Accepted 26 April 2015
Then, bulk density, gravimetric moisture, pH in water, z?vallable KEYWORDS
phosphorus, exchangeable cations, cationic exchange capacity, total Fire; semi-arid region; soil

nitrogen, total, particulate, and mineral organic carbon contents were fertility; vegetation patch
determined. Maximum temperature ranges reached over the ground
during burning were measured and the highest values were registered
in shrubs. Results showed that total, particulate, and mineral organic
carbon and total nitrogen contents and percent base saturation
increased in all soils after burning, without detecting differential effects
between vegetation patches. After burning, available phosphorus
content increased both for forage and shrub patches. A Na™ content
decrease was observed for all soils in the different patches while Mg®"
content increased. No changes in the other analyzed variables were
observed. Prescribed burning, as studied in the present work, might
improve the Caldenal soils’ chemical fertility, mainly due to an increase
in labile organic matter and some nutrients essential for plant growth.

Introduction

The Calden (Prosopis caldenia Burkart) forest, located in La Pampa, Argentina, currently
shows a great structural heterogeneity with its vegetation distributed in patches as an effect
of grazing (Morici et al. 2009). Previous studies conducted in this ecosystem have shown
that the vegetation covering the soil surface influences the total organic carbon content
and its fractions, total nitrogen, available phosphorus, exchangeable calcium, and bulk
density value (Hepper et al. 2013).

Fire constitutes, in some cases, an equilibrium factor necessary to maintain the ecosys-
tems biodiversity, although it can also become in one of the main causes of its degradation,
which is demonstrated by the important loss of forests and pastures affecting agricultural,
farming and forestry activities. The Calden forest is no stranger to this problem, which
added to the widespread use of prescribed burning, has led many local researchers to study
the effect of its management on diverse components of the ecosystem (Pelaez et al. 2001;
Castelli and Lazzari 2002; Llorens and Frank 2003). Prescribed burning is man-generated
fire with a determined aim, restricted to pre-established areas. Thus, in the Caldenal region
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where farming is the main productive activity, fire is used as a way to restore summer and
winter forage species after continuous grazing, or as a tool to limit the spread of wildfires.

Fire can produce physical, chemical and biological alterations in soil properties. The
magnitude and duration of these changes depend on several factors. One of these factors
is fire severity, which is also dependent of fire intensity (Mataix-Solera et al. 2011). The
effect of prescribed burning on the soil physical and chemical properties depends, among
other things, on fire intensity and duration, type of soil, and moisture content at the
moment of burning (Pyne, Andrews, and Laven 1996). On the other hand, the behavior
of fire depends on the type and amount of fuel, its moisture content and arrangement,
topography and wind (Bento-Gongalves et al. 2012). The energy released during this
practice is directly related to plant tissue death but poorly related to the properties under
the soil surface (Kunst and Rodriguez 2003). This can be associated with low heat flux
in the soil body during the burning, due to low thermal conductivity of the materials that
compose it (Kunst and Bravo 2003). When soils have the same texture and compaction
degree, thermal conductivity depends on moisture content (Abu-Hamdeh and Reeder 2000).

Quantity and quality of organic matter are significant attributes of soil qualities, mainly
in semi-arid environments, because of their effect on physical and chemical characteristics
and on the biota, as this is carbon and energy source (Doran, Sarrantonio, and Liebig 1996).

The effect of fire on the organic matter content in soils is highly variable: important
losses due to the volatilization of organic compounds have been reported, as well as
increases in its content due to the incorporation to the soil of partially-burned plant
remains (Gonzéilez-Pérez et al. 2004). The total organic matter dynamics contributes little
to the study of short-term effects of agricultural practices; however, its fractions are more
sensible (Haynes 2000). While the use of soil organic fractions, physically separated, as
indicators to trace changes produced by management practices have been widely studied
(Galantini 2008; Cambardella and Elliott 1994), minimal research regarding the effects
of prescribed burning on organic matter fractions in silvopastoral systems of the Pampean
Caldenal ecosystem has been carried out. Galantini et al. (2008) defined the most dynamic
fraction of organic matter in the soil as the youngest and highly active organic matter
composed by particles bigger than humus and free of mineral matrix. Several authors have
indicated that this is a more sensible indicator of the changes in soil quality than total
organic carbon content and total nitrogen (Galantini 2008).

Although fire is considered to be a good tool to accelerate processes of nutrient release
from residues, nutrients’ contents in soils can increase, decrease or remain unchanged.
Smith et al. (2001) found increases in total phosphorous and total calcium concentrations
and decreases of total nitrogen. They attributed the increases to a physical reduction of soil
surface layers, and the nitrogen decrease to its volatilization. Arocena and Opio (2003)
found increases in pH values and in calcium, magnesium, potassium and exchangeable
sodium content. Castelli and Lazzari (2002) detected increases in total phosphorus and
available sulfur content, pH values and cationic exchange capacity in soils under a cover
of woody species as well as increases in nitrogen availability, mainly in soils under a cover
of herbaceous species. Enrichment can be attributed to a fire effect similar to that of
organic matter degradation, since final products in both cases are similar. The differences
lie in the speed of these processes, while biological degradation may take from days to
years, depending on the degree of organic matter humification, fire induced decomposition
and mineralization takes only seconds (Garcia-Oliva, Sanford, and Kelly 1999). Nutrient
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Figure 1. Summary diagram on factors affecting the changes of chemical properties immediately
after a prescribed burning.

losses could be due to volatilization, washing, ashes scouring by convection currents during
the burning or wind erosion after it (Giardina, Sanford, and Deckersmith 2000).

From the analysis of the available literature a summary diagram on factors affecting
the changes of chemical properties immediately after a prescribed burning was developed
(Figure 1). Our study objective was: to evaluate if prescribed burning affects in a different
manner organic carbon contents and its fractions, nutrients, pH and cation exchange
capacity according to different soil plant covers on a sandy loam soil in the Pampean
Caldenal region (Argentina).

Materials and methods
Study area

The study area belongs to the phytogeografical region of the Espinal, specifically to the
Calden District (or Caldenal) in La Pampa province, Argentina (Figure 2).The Caldenal
is a forest formation, characteristic of the temperate semi-arid central region of Argentina,
which is represented by xerophilous deciduous forests, shrubby steppe and Gramineae.
The typical vegetation is a forest dominated by calden trees (Prosopis caldenia) associated
to other arboreal species such as Prosopis flexuosa DC., Geoffroea decorticans (Gillies
ex Hook. & Arn.) Burkart and Jodina rhombifolia (Hook. & Arn.) Reissek. Frequently,
there is a middle stratum, composed of shrub species and an herbaceous stratum
dominated mainly by Gramineae (Cabrera 1976).

The study area has a temperate weather, characterized by a high temperature range
between the coldest and warmest month, with annual average temperatures between 14
and 16°C; it is located between the 500 and 600 mm isohyets, registering the highest
average monthly precipitation from October to March (spring-summer), and showing
a great monthly and annual variability in precipitation, being this a characteristic of both
arid and semi-arid regions (Instituto Nacional de Tecnologia Agropecuaria (INTA)
Provincia de La Pampa and Universidad Nacional de La Pampa (UNLPam) 2004).
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@A)

Figure 2. Location of the study area. (A) Espinal Phytogeographical Region, Argentina, (B) Calden
District, Province of La Pampa, and (C) Calden Forest, Bajo Verde Farm.

The relief in this region is flat and the altitude varies among 80 and 120m a.s.l.
The parent materials of the soils are pleistocenic and holocenic eolian sands. The soil in
the study area was classified as Entic Haplustoll of sandy loam texture (Hepper et al. 2013).

Prescribed burning

Prescribed burning was conducted on April 2008 in a 20ha paddock used for grazing,
which is part of a farm located 40km NW of Santa Rosa city, La Pampa, Argentina (36°
29" S latitude and 64° 37" W longitude).

The average temperature registered during the burning day was 25°C, the relative air
humidity was 25% and the wind direction was NW, ranging from 6 and 20kmh™’
speeds. The ignition technique consisted in starting the fire in the south and east ends
of the paddock to windward along a fire line (backing fire). After that the burning was
completed with a head fire, lighting a continuous line that advanced from the NW,
downwind. Fires moving with the wind produce greater heat intensity than backfires,
then, the progress of the flame front is slower and soil is exposed to high temperatures
for a longer period (Raison 1979). The post-burning sampled plots were in the area
affected by the head fire.

The temperature range (including the maximum temperatures reached during the
burning) was measured over the soil surface, and at two depths: 2 and 4 cm. To determinate
it, a set of ten heat sensitive crayons (tempils), covering a temperature range between 52 and
649°C, were placed in each of the five plots of each patch (without disturbing the land).

Sampling and laboratory analysis

Prior to the burning, three vegetation patches were selected.
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Forage Patch (F): gramineous-herbaceous stratum dominated by forage species with
a predominance of Piptochaetium napostaenmse (Speg.) Hack., with Poa ligularis Nees
ex Steud., as secondary species.

Non-forage Patch (NF): gramineous-herbaceous stratum, under calden (Prosopis caldenia),
dominated by non-forage species with a predominance of Jarava ichu Ruiz & Pav., Nassella
tenuissima (Trin.) Barkworth, and Amelichloa brachychaeta (Godr.) Arriaga & Barkworth.

Shrub Patch (S): with a predominance of resprouts of Prosopis caldenia and gramineous-
herbaceous stratum dominated by Jarava ichu., Nassella tenuissima, and Amelichloa
brachychaeta.

Physical and chemical soil properties of each vegetation patch are listed in Table 1.

For each vegetation patch, five sampling plots (about 50 m* each) were selected. In each
plot, three soil samples (N =45) were collected randomly one day before (prefire) and one
day after (postfire) the burning (sampling time). No rains were registered.

On the basis of the edaphic variables to be determined, several types of sampling were
conducted:

e The first 6 cm of the profile were sampled to determine bulk density (BD) by the cylinder
method (Schlichting, Blume, and Stahr 1995) and moisture was determined by gravimetry.
e The first 2.5cm of the profile including the litter layer were sampled to conduct chemical
analysis. These samples were air-dried, sieved by a 2mm wire mesh and used to
determine: pH in water (1:2.5 relation) by potentiometry; available phosphorus (Pa) by
the Bray Kurtz method (Bray and Kurtz 1945); total organic carbon (TOC) by the wet oxi-
dation method (Walkley and Black 1934); exchangeable cations (Ca**, Mg>", K, and Na™)
and cationic exchange capacity (CEC) by extraction with ammonium acetate solution 1 mol
dm™, pH 7, and subsequent determination of Ca*" and Mg”" in the extract by titration with

EDTA and K" and Na* by flame photometry (Jackson 1970). With the same samples, a

physical fractioning of the soil by particle size was performed; to achieve this, the wet sieve

method was used (Galantini 2005), obtaining two fractions: 2000-100 pm and 100-56 um. In

each fraction, the organic carbon content was determined by the Walkley and Black (1934)

method, obtaining the particulate organic carbon (POC) and mineral organic carbon (MOC

1) content, respectively. Carbon content in the fraction smaller than 56 pm (MOC 2) was

calculated as the difference:

MOC 2 = TOC — (POC + MOCI)

Composed samples obtained from three subsamples from each patch were used to total
nitrogen content determination (Nt) conducted by the Kjeldahl method (Bremner and
Mulvaney 1982). The TOC/Nt ratio was calculated for each sample.

Statistical analysis
In order to compare the means, the data statistical analysis were performed by means of

mixed linear models (Littell et al. 2006). The “vegetation patch” and “sampling time”

Table 1. Main characteristics of the soils studied.

Soil sampling  3and__ Silt  Clay  gyjk density Organic Cation exchange
Vegetation patch  depth (cm) (%) (gcm™)  carbon (gkg™) pH  capacity (cmolkg™")
Forage 0-2.5 66.7 221 112 1.06 16.25 6.24 15.70
Non-forage 0-25 66.6 128 20.5 0.86 38.81 579 16.80

Shrub 0-2.5 711 196 93 0.91 20.88 6.65 16.35
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factors were considered as fixed effects while the sampling plots were considered as
random effects. When the interaction “vegetation patch” x “sampling time” was significant,
the means of each variable studied before and after burning were compared in each
vegetation patch by the LSD Fisher method (p < 0.05).

Results and discussion
Fuel characteristics

The fuel in the F and NF patches was only composed by fine material (less than 0.5 cm in
diameter), while in the S patches was found to be a combination of fuels derived from
fine, medium, and thick materials (more than 0.5 cm in diameter). The soil surface cov-
ered by litter was 11.7, 20.1, and 21.8% in the F, NF, and S patches, respectively. The
thickness of this layer did not exceeded 1 cm in any patch. The aerial biomass deposited
in the gramineous-herbaceous stratum of the F patch was 2496 4 140 kgha™" of dry mat-
ter and in the NF patch was 7500 4 250 kgha™' of dry matter. In the S patch, the aerial
biomass of the shrub stratum was 32500 +- 400 kgha™" of dry matter, while gramineous-
herbaceous stratum was 7500 £ 250 kg ha™! of dry matter (Ernst 2014). Flores Garnica
(2009) reported that there should be a minimum of 1230 kgha™' of dry matter of fine
fuel material and it should be distributed in a homogeneous way, in order to have a cor-
rect fire spread. In our study, every vegetation patch exceeded this minimum value of
fine fuel material and its distribution was homogeneous, which allowed the prescribed
burning to be successful.

Prescribed burning characteristics

The flame height reached between 1.20 m and 1.50 m and the rate of spread was 180 m h™".
After burning it was observed that the fuel in each patch had been completely consumed,
calden trees had not been damaged by the fire and no plants had been killed. Although the
bushes (calden resprouts) had been burnt, they resprouted sometime after the burning. In
the F and NF patches dark ashes were observed, while in the S patch dark grey to white
ashes were found under the bushes (Figure 3). The ash color is an indirect estimator of
the severity of fire, through organic matter consumption. Brownish and reddish colors rep-
resent low fire severity, black to very dark grey moderate fire severity and dark grey to
white ash, high fire severity (Ubeda et al. 2009). The color observed in the ashes of the
F and NF patches indicated that the severity of the burn was moderate, whereas in the S
patch, it could be estimated as higher severity.

According to the measures of the crayons, the temperatures reached in the soil surface
did not exceeded the 163°C and 246°C in the F and NF patches, respectively, while in the
soil surface of the S patch the maximum temperatures reached presented values between
427-538°C (Table 2). The higher temperatures observed in the S patch could be explained
by the presence of coarse fuel, added to a larger total quantity of aerial biomass and litter
respect the F and NF patches. The differences observed in the maximum temperatures
reached in the soil surface agrees with Certini (2005), who indicated that in presence of
heavy fuels, temperatures between 500-700°C are reached at the soil surface. In each patch
the maximum temperatures reached at 2 and 4 cm were lower than in soil surface (Table 2).
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Pre-fire Post-fire

Figure 3. Photographs of the three vegetation patches studied: forage (F), nonforage (NF), and shrub
(S) in the two sampling times (prefire and postfire).

This can be associated with low heat flux in the soil body during the burning, due to the
low thermal conductivity of the materials that compose it (Kunst and Bravo 2003).

In F patch, there was less heat conduction through the soil, in contrast to what had been
observed in NF and S patches. This was an expected result due to the fact that during the

Table 2. Temperature ranges containing the maximum temperatures reached during a prescribed
burning at different depths and gravimetric moisture pre-fire, in soils of different vegetation patches:
forage (F), nonforage under Calden (NF), and shrub (S).

Temperature ranges at different depths (°C)

Patches Soil surface 2cm 4cm Gravimetric moisture pre-fire (%)
F 121-163 Under 52 Under 52 2.3940.26b
NF 204-246 121-163 52-93 3.81+£0.26a

S 427-538 163-204 121-163 3.60 +0.27a
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pre-burning the gravimetric moisture content was significantly lower than those observed
in the other patches (Table 2). This determined the lowest thermal conductivity, which is
a property directly related to the soil water content (Abu-Hamdeh and Reeder 2000).
Furthermore, this result agrees with DeBano, Neary, and Ffolliott (2005) who indicate that
dry soils are poor conductors of heat and thereby do not heat substantially below about
5cm unless heavy long-burning fuels are combusted.

Soil chemical properties

Gravimetric moisture in all vegetation patches was not affected either by the interaction
between type patch and sampling time or by the prescribed burning (Table 3). According
to previous results shown by other researchers, a decrease in its content after fire was
expected, since water stored near the soil surface was evaporated by the thermal energy
released during combustion (Hubbert et al. 2006; Granged et al. 2011). This difference
could be due to the initial moisture contents (pre-fire), which were lower than those
reported by other authors.

In this study TOC content and POC and MOC 1 fractions were affected in the same way
by the prescribed burning in the three vegetation patches studied, which indicates that
there was no differential effect of this management practice on these variables as a function
of the type of dominating vegetation. In post-burning, an increase in TOC, POC and MOC
1 content was observed (Table 4). The higher TOC and POC contents could be associated
with the input of dry and partially burned vegetation remains into the soil and to the
incorporation of the litter layer in the form of particulate material with a particle size
smaller than 2 mm (Gonzdilez-Pérez et al. 2004). The MOC 1 fraction can include both
recent organic remains such as organic-mineral complexes and microaggregates, with sizes
that may be bigger than 50 um (Galantini 2005); therefore, the increase in MOC 1 content
could reflect the fact that the fire, on the decomposition of organic matter, acts similarly to
biological mineralization. The difference is the time involved in each process: while fire acts
in seconds, biological mineralization can take years (Hungerford et al. 1991; Garcia-Oliva,
Sanford, and Kelly 1999). The MOC 2 content was not affected by the interaction between
sampling time and vegetation patch, or by the prescribed burning (Table 4). This fraction,
associated with lime and clay particles size in the form of organic-mineral complexes,
represents the most transformed and stable form of soil organic material and, therefore,
chemically protected from thermal energy.

Nt content increased in the same way after the prescribed burning in the three
vegetation patches, which indicates that there was no differential effect of this management

Table 3. Estimated mean and standard error for gravimetric moisture and pH (at 2.5 cm of the profile),
classified by sampling time (pre-fire and post-fire) in soils of different vegetation patches: forage (F),
non-forage under Calden (NF) and shrub (S).

Gravimetric moisture (%) pH
Pre-fire Post-fire Pre-fire Post-fire
F 26+03 21403 6.24+0.2 6.54+0.2
NF 41+03 35403 58+0.2 6.1+0.2
S 38+04 34403 6.6+0.2 6.84+0.2
Vegetation patch X Sampling time ns ns

Mean content per sampling time 3.524+0.2ns 3.02+0.2ns 6.21+0.2ns 6.54+0.2ns
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practice on these variable as a function of the type of dominating vegetation (Table 4).
Different authors have found losses of this nutrient due to volatilization after fire (Raison
1979; Giardina, Sanford, and Dackersmith 2000; Certini 2005). However, this process does
not occur at temperatures under 200°C (Knoepp, DeBano, and Neary 2005). This agrees
with that observed in our study, given that the measured temperatures at the sampling
depth were found within this range (Table 2). The observed increase in Nt content could
be due to the fact that the loss through volatilization (Giardina, Sanford, and Deckersmith
2000) was compensated by the input of dry and partially burned vegetation remains into
the soil and to the incorporation of the litter layer in the form of particulate-material with
a particle size smaller than 2 mm (Gonzalez-Pérez et al. 2004). Also, this increase was
in agreement with that of the TOC content, reflected in the TOC/Nt ratio, which had
not been affected by the prescribed burning, showing that both variables increased in
a similar way after the burning (Table 4). Moreover, the fact that the TOC/Nt ratio did
not change would indicate that the organic matter quality was unaffected.

The pH was not affected either by the interaction between vegetation type and the
sampling time or the burn (Table 3). Certini (2005) states that in noncalcareous soils
the pH increases because of the release of the alkaline cations (Ca®", Mg”, and K*) bound
to the organic matter. However, Arocena and Opio (2003) argue that significant increases
occur only at high temperatures (>450-500°C). This can explain that in our study no
significant differences were detected in the pH, given that in the soil body (2-4 cm) no
temperatures higher than 450°C were found in any of the three vegetation patches studied.

Pa content was affected by the interaction between patch type and sampling time,
showing that burning influenced this nutrient content in the studied soil patches in a different
way. In soil F and S patches, significant increases in the Pa content were found (Figure 4).
In forest ecosystems, a great amount of nutrients is contained in the organic matter found
in the forest soil (Litton and Santelices 2003). The increase of Pa in F and S patches could
be explained by the burning of this organic matter, which would leave relatively high
amounts of available phosphorus in the ashes found in the soil surface immediately after
the burning (Knoepp, DeBano, and Neary 2005). Debano and Conrad (1978) suggested
that 100% of the phosphorus from plants and litter consumed during a fire, returns to
the soil surface as ash. If this ash is not removed from its place by the wind and/or surface

807

0 40 - ‘ O Pa Pre-fire
=304 b b @ Pa Post-fire

F NF S

Figure 4. Mean contents of available phosphorus (Pa), classified by sampling time (prefire and post-
fire), in soils of different vegetation patches: forage (F), nonforage under Calden (NF), and shrub (S). Error
bars indicate the standard error of the observed data. Different letters within the same vegetation type
indicate significant differences between sampling times (p < 0.05).
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runoff, it will be incorporated to the mineral soil, generating an increase in the extractable
phosphorus levels after a fire (Litton and Santelices 2003). On the other hand, the observed
Pa increase cannot be attributed to the shift of the calcium phosphate solubility equilibrium
predominating in these soils because no significant differences were found in pH values
after the burning (Table 3). No significant differences were found in the Pa content in
the NF patch (Figure 4), which would indicate that the burning of the plant material in this
patch could have generated ashes rich in calcareous-substances, which immobilized the
phosphorus released during the burning (Knoepp, DeBano, and Neary 2005).

Exchangeable cation contents, CEC values and percentages of base saturation were not
affected by the interaction between patch type and sampling time (Table 5). The content
of Na* decreased significantly after burning. This effect cannot be associated with its
volatilization, since this process takes place when temperatures are higher than 800°C
(Neary et al. 1999; Albanesi and Anriquez 2003) but these losses can be associated with
particle transfer in the generated smoke (Knoepp, DeBano, and Neary 2005). The Mg**
content increased significantly after burning, this could be due to the chemical composition
of the ash deposited on the soil surface, which contains higher levels of this cation.
Exchangeable Ca*" and K contents were not affected by the burning. Kang and Sajja-
pongse (1980), working under controlled laboratory conditions, found changes in K*
and Ca®" content when working with a temperature above 500°C. In the same way,
CEC was not affected by the controlled burning. Hepper et al. (2008), when working under
controlled laboratory conditions and with soils from the Caldenal region, found that CEC
values started to be affected when temperatures exceeded 400°C, because higher tempera-
tures decreased the finest textural fractions, particularly silt and clay. These fractions offer
the highest amount of exchange sites in these soils (Hepper et al. 2006). The base saturation
percentage increased after burning as a consequence of the prevailing release of bases from
the combusting organic matter (Certini 2005). This result is in agreement with previous
studies conducted by Arocena and Opio (2003) after a burning in soils collected from
sub-boreal forests in Canada. On the other hand, the changes observed in cations did
not coincide with the results obtained by Castelli and Lazzari (2002) after a controlled
burning carried out in the southeast region of the Pampean Caldenal, because they showed
an increase in the amount of K content while the content of the remaining cations was
not affected. It is very difficult to predict how the soil will behave during the burning,
as burning severity is influenced not only by both intensity and duration but also by atmos-
pheric conditions, landscape features, soil moisture level, and vegetation type and distri-
bution (Thomaz, Antoneli, and Doerr 2014).

Conclusions

The temperatures reached during the fire in the different vegetation patches were related to
the quantity and quality of the present fuel and the color observed in the ashes of each
patch. Higher temperatures in the soil surface were reached in shrub patch. Therefore,
the observed color of the ashes was clearer than in the other two patches, which indicates
a higher consumption of organic matter and a higher severity of the fire. This is not conse-
quent with the effect of this fire on the analyzed chemical properties of the soil, given that
most of them were equally affected in every vegetation patch. The available phosphorous
was the only nutrient whose content was modified by the prescribed burning in a
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differential way in every vegetation patch. In patches F and S, significant increases in their
content were found; however, in NF patch no significant differences were observed.

This prescribed burning generated an increase in the contents of total organic carbon,
particulate organic carbon, mineral organic carbon, total nitrogen and exchangeable
Mg>". The contents of exchangeable Ca*" and K*, the cation exchange capacity,
the pH, and the content of gravimetric moisture did not change. Furthermore, the only
nutrient that decreased was the exchangeable Na™.

In the Caldenal ecosystem, a prescribed burning with the characteristics described
in this study would produce an improvement in the chemical soil fertility.
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