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Abstract: Wildfires can cause serious imbalances in ecosystems, primarily at the soil level, making it
vulnerable to degradation processes such as erosion. During and after a fire, changes occur in soil
properties, including pH, which affects the solubility and availability of nutrients. Currently, there
is a great diversity of protocols, some involving normalized standards, to determine soil pH, but
there is no consensual or universal analytical method for this parameter, especially in burned soils,
in which mineral and organic fractions could have been modified. Therefore, the objective of the
present work is to evaluate the effect that variations in these analytical protocols may have on pH
results. For this, five methods commonly found in the international bibliography for the analysis
of pH of soil in water (pHpppo) were selected and compared to propose the most precise procedure.
The analytical methods were applied to 43 soil samples, collected in a plot subjected to prescribed
burning in the Parque Natural de Montesinho (Northern Portugal). The studied methods differ in
the following protocol items: water suspension ratio (1:2.5 or 1:5), mechanical stirring time in the
suspension (10 min or 1 h), and in the resting time for the solid particles to settle (15 min or 8 h).
The obtained results point to the suitability of the five methods used for soil pH analysis, indicating
that there are no statistically significant differences. However, results also allow suggesting a more
appropriate method concerning practical reasons, such as labor in a lab. Thus, to make the analysis
process more profitable, M2 is a good option because it uses a small amount of sample (5 g), short
agitation (10 min) and settling time (15 min). In turn, M1 and M5, which use a lower proportion of
soil (1:2.5) show lower pH variation in the measurements. This fact may be explained by a smaller
dilution effect. Considering that these two methods differ in the settling time, it is suggested to apply
M1, because only 15 min are required. Therefore, the main conclusion reached with this work is
that the measurement of soil pH using M1, i.e., a soil:water ratio of 1:2.5, with agitation of 10 min
and settling time of 15 min, is a robust and more expeditious protocol to be applied to soil samples
after a fire.

Keywords: pH; analytical protocols; forest fires; burned soil; ANOVA; cost-effective method

1. Introduction

The so-called soil reaction (pH) is one of the most routine and traditional measure-
ments performed to interpret chemical and biogeochemical reactions in soils. Indeed, soil
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pH, by far the most common test performed in soils, represents a measure of the acidity or
alkalinity of the soil solution that strongly affects the solubility and availability of nutrients.
In this way, soil pH is one factor that allows inferring, among others, the plant nutrition
status. Thus, it is a very important parameter for chemical and biological processes [1] to
assess potential nutrient deficiencies, crop suitability, correction needs, and to determine
appropriate test methods for other parameters such as phosphorus [1-3]. All plants are
affected by extreme values of pH, but in general, there is wide variation in their tolerance
of acidity or alkalinity. Some plants grow well over a wide pH range, while others are
very sensitive to small variations in this parameter. Microbial activity in the soil is also
affected by soil pH with most activity occurring in soils of pH 5.0 to 7.0. In addition, in
extreme conditions of acidity or alkalinity, various species of earthworms and nitrifying
bacteria disappear.

The pH of a soil change over time, influenced by factors including parent material,
vegetation type, weathering and even management practices. It also varies throughout
the year in accordance with climate variables such as precipitation and after disturbing
events such as fire. It is well known that fire changes some soil properties depending
on fire severity and soil type. For example, it is commonly accepted that after a fire, soil
pH can increase [4-6]. Most studies on the pH analytical methods and effects of soil pH
found in the literature are focused on forest and agricultural soils [7-10]. Nevertheless,
after a fire, the organic and mineral fractions of soil are usually modified. Depending on
the intensity of the fire, burnt soil samples could have portions of ashes, unburnt particles,
and colloidal material, sometimes in the range of nanoparticles. However, in most of the
studies involving burnt soils [11-13], there is no standard or consensus on pH analysis
method for this specific scenario. In recently burnt soils submitted to low-intensity fires,
high amounts of vegetal debris are commonly mixed in the first soil horizons. This mixture
of solid organic particles may contribute to instability during pH readings.

Currently, there are several protocols and standards to analyze the soil pH, even in
the field. Among some techniques, one can mention colorimetric, electrochemical, and
spectrometric [14] methods. However, these techniques may present inherent limitations
that impair the pH results, such as the colorimetric technique that has very low accuracy
due to the use of standard color tables [15]. The spectrometric method, on the other hand,
has a wider range of scale as it allows the use of a mixture of dyes; however, the selection
and combination of the dyes is complex to detect the entire pH range and find similar
wavelength absorption conditions [15,16]. The diffuse reflectance spectroscopy visible and
near-infrared are also used for the measurement of pH [17]; however, besides being an
expensive tool, it may present deficiency due to instability to environmental conditions [18].

The literature describes a variety of techniques, including a robust methodology for
obtaining the pH with modified glass sensors [19], one based on PVC for flow injection
analysis [20] and antimony oxide [21,22], among others. Despite this variety of methods,
the most used protocols are based on potentiometric measurement performed by glass
or reference electrode. Moreover, the electrode measurement is considered precise and
relatively inexpensive [13].

Nevertheless, the determination of the pH of soils within the guidelines of the protocols
that make use of electrodes has many variations [8]. Although FAO [23] intends to present
a standard operating method for pH determination, there is no consensus or universally
accepted procedures, namely regarding preparation of the sample for different types of
soil (e.g., drying and/or sieving); there are even proposals for measurement in situ (in
Archeology) [22]. In addition, the amount of soil and solution, type of solution (water,
KCl or CaCly), time of agitation, and resting time are commonly variable. Within these
variations from method to method, one can cite as an example the resting time used to allow
solid particles to settle, before reading, in two standard procedures. Therefore, the ISO
10390 [24] establishes the need for 15 min before reading, in contrast with 8 hours defined
in the BS 1377-3 protocol [25] or 1 hour proposed by the FAO operating procedure [23].
The same can be mentioned for the stirring time used in this FAO procedure [23], in the
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manual of Margesin and Schinner [26], and in EMBRAPA [27], varying from 60 to 10 min,
respectively. The FAO protocol, like many others, describes a suspension rate of 1:2.5, but
suggests 60 min both for agitation and resting time.

In areas affected by wildfires, namely in Southern Europe, fire causes immediate
changes in soils [28] that may persist for several years because of the direct impact and
changes in the ecological variables such as vegetation cover [29,30].

The disparities in the methods for pH determination as well as the lack of consensual
procedures for soils affected by fire justifies the topic of the present work focused on
pH analysis of burnt soils. Issues such as soil drying, presence of ashes, vegetation and
other particulate or colloidal material impose the need to perform robust and rigorous pH
analysis before interpretations could be made using a specific protocol.

The literature review introduced the evidence of the need to better understand issues
such as, the possible effect of stirring time on the same soil:liquid ratio; the possible effect
of settling time on the same stirring time; and the possible relation between both times and
the mixture ratio.

Considering the identified research needs, especially in disturbed soil samples, the
aim of this study is to contrast the analytical soil pH methods applied to burned soil
samples. Specifically, it intends to assess whether the following factors might affect the
analytical variability of pH measured in water: (i) soil:liquid ratio; (ii) stirring time; and
(iii) settling time.

2. Methodology
2.1. Characterization of Soil Sampling Site

Soil samples were collected in the area of Aveleda located in a natural protected
area—Montesinho Natural Park; N Portugal (Figure 1).

Reauejo

A Mezquita

Montesinho
Natural Park

Figure 1. Location map of the area used for soil sampling within the Montesinho Natural Park.
Yellow star represents the Aveleda plot used for samples collection.

The Montesinho Natural Park is located in northeastern Portugal and covers an area of
75 thousand hectares in the municipalities of Vinhais and Braganga. The region is a plateau,
with gentle inclination to elevations exceeding 800 m.a.s.l. The climate, according to the
Koppen-Geiger classification, is of the Csb type—temperate climate with a dry and mild
summer. The average annual precipitation is of 850 mm, with average annual temperatures
between 10 and 12.5 °C [12,31-34].
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About one third of the total area of the natural park is covered by bushes, classified
as areas of high risk of fire. Therefore, this is a region characterized by frequent fires,
which occur mainly between May and October; an additional contribution is made by the
bioclimate conditions associated with a lack of strategy and land management practices,
as well as the location, far from population centers, i.e., outside the social control of the
territory [31,34].

The area of Aveleda where samples were collected was previously occupied by trees
of Pinus pinaster. However, in 1998, a fire destroyed part of the forest. Presently, shrub
vegetation predominates, and as described by [12,34], species such as Erica australis (44% of
the area), Chaemespartium tridentatum (30%), and Cystus ladanifer (26%) colonize the area.

To reduce the quantity of natural fuel, prescribed fires are a common management
practice in the region [12]. This procedure was applied in Aveleda in March 2021. It was a
low-intensity fire, with the temperature not exceeding 200 °C.

In the Aveleda plot, the lithology includes gray phyllites of psammitic carbonaceous
nature, with greywacke on the top. There are also lenticules of impure litites and quartzites,
as well as rare levels of vulcanites. Soil is a scarce resource in the Natural Park (and
especially in the shrub areas such as Aveleda). Soils are classified as Humic leptosols of
schistose origin, generally of medium texture, acidic and with medium to high organic
matter content [12,34]. The top 20 cm of the soil found in the area typically correspond
to horizons of type O, A, and sometimes Bw. When there is a high level of erosion, the A
horizon is practically absent.

2.2. Sampling and Previous Characterization of Soil Samples

Surface soil samples were collected and stored in plastic bags in the Aveleda area
(Figure 1), on the day immediately after the prescribed fire (reaching approximately 200 °C)
representing the first 20 cm of depth. The prescribed fire was carried out in March 2021. The
samples were transferred to the laboratory where they were dried at room temperature for
48 h. Then, the soils were sieved with a 2 mm sieve. Prior to pH analysis, the samples were
characterized according to texture by applying the laser diffraction method with Master-
Sizer 3000 equipment. In addition, mineralogy was analyzed by X-ray powder diffraction
(XRD) using a Philips X"pert Pro-MPD diffractometer (Philips PW 1710, APD) with CuKo
radiation. Semi-quantitative analyses were obtained on powders (fraction < 2 mm) and
on oriented aggregates (fraction < 2 um) in the interval of 3 to 65°20 and 3 to 35°20,
respectively.

2.3. Methods of pH Analysis

It is known that soil chemical properties may show important changes after fire, in
particular the pH, e.g., [35,36]. This emphasizes the need for using precise methods of
pH analysis.

There are many different procedures for potentiometric measurement of the soil pH.
This parameter is commonly obtained by using water as a solvent, as well as soluble salt
extraction solutions, such as CaCl, 0.01 mol.L~! and KCl 1 mol.L~! [10,37-40]. In the
present study, five methods for measurement of soil pH in water (pHppp) were tested
(Table 1). This set of methods includes normalized protocols, such as British and ISO stan-
dards [24,25], and non-standard references that are commonly found in the international
literature (e.g.,, EMBRAPA) [27]. In general, the selected methods present the following
types of variation in the respective analytical procedures: water suspension ratio (1:2.5 or
1:5), mechanical stirring time in the suspension (10 min or 1 h) and in the resting time for
the solid particles to settle (15 min or 8 h).



Fire 2023, 6, 227 50f13
Table 1. Tested methods for measurement of pHpyyo and protocol characteristics.
Method SOhd_qumd Stirring Time Resting Time Bibliography Reference
Suspension
M1 125 10 min 15 min Rossa (2006) [41]
(10 g to 25 mL)
1:5 . .
M2 (5 t0 25 mL) 10 min 15 min Embrapa (1997) [27]
1:5 . . .
M3 (5 to 25 mL) 1h 15 min Margesin and Schinner (2005) [26]
1:5 . .
M4 (10 g to 50 mL) 10 min 15 min ISO 10390 (2005) [24]
1:25 .
M5 (10 g to 25 mL) 10 min 8h BS (2018) [25]

The pH content was analyzed in the fraction of < 2 mm of the dry samples. The pH
reading was performed in triplicate for each sample and method by multiparameter and pH
electrode instrument, Thermo Scientific Orion Star A325. The electrode (ORION waterproof
Triode, model 9107WP) has an Ag/AgCl internal reference system, sealed reference, and
automatic temperature compensation. It was calibrated and tested for accuracy according
to the manufacturer’s instructions. This calibration was performed every six measurements
with Panreac buffer solutions, pH 4.00 and pH 7.00. Ultra-pure water from a Millipore
system was used to prepare the soil:water suspensions.

Stirring was performed with mechanical stirrer, the IKA KS 260 basic, using the same
stirring speed (250 rpm) for all samples. The experiment was performed in high-density
polyethylene containers (60 mL volume) (Figure 2), previously washed with MiliQ water
under laboratory-controlled conditions (20 °C temperature).

Figure 2. Illustration of laboratory material and devices used in the measurement experiments.

After the time required for the solid particles to settle, the electrode was inserted into
the reactor container. Thus, the pH reading was performed directly on the supernatant,
registering a steady reading.

For methods one to four (M1, M2, M3, and M4), 43 samples were used; the fifth
method (M5) was applied only to 11 of these 43 samples due to the high settling time and
the limiting amount of samples available.

2.4. Statistical Analysis

The obtained results were submitted to descriptive statistical analysis including mini-
mum and maximum values, average, median, standard deviation, standard error, variance,
and linear regressions using Excel and R software. Normality (Shapiro-Wilk) and ANOVA
(Kaufmann and Schering) [42,43] tests were also conducted to better understand the results
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and the significance of differences between the used methods. Normal distribution was
considered at p > 0.05.

3. Results and Discussion

In the case of soils affected by fire, the pH can vary from the optimal range as ob-
served by [44]. Such behaviour supports the need for monitoring this parameter, which
is considered by many researchers as a primary indicator of soil degradation, namely in
composting processes, e.g., [45,46]. Therefore, a key issue in this research is to check the
performance of common electrometric methods of soil reaction. This methodological com-
parison investigated the effect of solid-liquid suspension, stirring time, and resting time, as
follows, respectively: M1 (1:25-10-15), M2 (1:5-10-15), M3 (1:5-1 h-15), M3 (1.25-10-15), M4
(1:5-10-15 ISO), M5 (1.25-10-8 h).

3.1. General Characterization of Soil Samples

The nature of the parent material and the respective mineralogy have an influence on
the physical-chemical properties of the soil, such as pH and texture. In the Aveleda plot,
mineralogical analysis of a <2 mm fraction by X-ray diffraction indicates the dominance
of the following minerals: mica (muscovite) > quartz > plagioclase > K-feldspar >> clay
minerals >> goethite. The finest fraction (<2 pm) is generally composed of illite, kaolinite,
chlorite, and goethite (Figure 3).
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Figure 3. XRD patterns (typical sample) of <2 mm fraction (random powder) and of oriented mounts
showing d values (A) of <2 um fraction, of a typical sample. Mi—Mica; Q—Quartz; F—K-feldspar;
P—Plagioclase; C—Chlorite; II—lIllite; K—Kaolinite; Go—Goethite.
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Regarding the soil texture, most of the samples have a classification of silty loam with
the same coarser soils falling into the sandy loam domain (Figure 4). This coarse texture is
in accordance with the lithology and respective assemblage of the minerals that compose
the parent materials, such as quartz and micas.

100
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e 000 /0 A S
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X % % ° ® ) 2 R o
< Sand %

Figure 4. Textural classification of soil samples.

The literature review indicated that pre-fire soil in this region has similar composition
and textural characteristics [12,34].

3.2. Contrast of pH Analytical Methods

Table 2 reports the statistical summary of the results obtained through the five methods.
In general, the pH varies between 4.4 and 5.8, which indicates that samples correspond to
acid soils according to the Pratolongo scale [47]. Like texture and mineralogy, the acidic
values agree with the nature of the parent material. In addition, the pH values are in the
same acidic range observed in the region of the Montesinho Natural Park for unburnt
soils. The low intensity of the prescribed fire should explain this similarity. Therefore,
even though it is known that fire affects soil properties in a complex manner, complete
combustion should not occur in temperatures below 450-500 °C [48].

Table 2. Statistical summary of the pH readings.

Method M1 M2 M3 M4 M5

N 43 43 43 43 11
Average 4.95 5.12 5.07 5.18 4.92
Median 4.90 5.04 5.00 5.12 4.87
Minimum 4.57 4.70 4.69 4.76 4.70
Maximum 5.50 5.73 5.62 5.69 5.26
Standard Deviation 0.23 0.26 0.25 0.24 0.15
Standard Error 0.04 0.04 0.04 0.04 0.05

Variance 0.05 0.07 0.06 0.06 0.02
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Indeed, the washing of soluble salts, especially after the first rains in the summer can
promote alkalinity. However, this is not the case of the present study, as the prescribed
fire occurred in winter. It is also known that fire can provide ashes, which are rich in
bases as magnesium, potassium, and calcium with consequent increase in soil pH in
acidic and neutral soils. Nevertheless, as mentioned before, the prescribed fire was of low
intensity. Therefore, it was not expected to observe important increases in pH associated
with degradation of organic matter and washing of bases since the temperature did not
exceed 200 °C.

The analysis of Table 2, integrated with the information in Figures 5 and 6, indicates
that the highest average was observed with M4, while the lowest values occurred with M5.
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Figure 5. Average pH value of each sample in the five methods used.
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Figure 6. Boxplot in relation to the analytical results of the five methods.

Figure 6 on the variance and dispersion of the data, represented by the amplitude in
the boxplot, presents slight differences between the methods, with M5 standing out with
the smallest variation and M2 with the greatest variability and amplitude of pH values.

It can also be seen that M1 and M4 have a symmetric distribution, as M2 and M3 are
slightly negatively asymmetric with respect to their median [46,49].

A comparison of methods was performed using linear regression (Figure 7a—j). The
higher correlations occurred between M1 and M2 (R? = 0.9259), M1 and M4 (R? = 0.9408),
and M2 and M4 (R? = 0.9395). Lower correlations were observed in the case of regressions
involving M5, which is the method with the lowest number of samples (11). The lowest
value was obtained for the correlation between M1 and M5 (R? = 0.6604). Therefore, the
results suggest that the two closest methods might be M1 and M4, in accordance with the
obtained correlations.
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The state of the art indicates that analysis of soil pH can be affected by factors such
as the soil:solution ratio, ionic strength of the soil solution, and stirring of the suspension
during pH measurement. Moreover, apparently minor aspects such as the position of the
electrodes in the suspension could also affect pH results [50].

An important difficulty in pH measurement is related with the suspension effect and
settling of solids in the suspension; research works [51,52] report an apparent decrease in
pH values when a probe is moved between the supernatant and the settled solids of the
suspension; the explanation for this fact, however, is completely clear [22]. For this reason,
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the measurements were always performed in the supernatant, avoiding contact with the
settled solids.

The obtained results (Figure 5) suggest an increase in pH proportionally to the sample
dilution, as stated by the work of Hendershot and Lalande, [53], which defends the notion
that pH measurement of soils in water represents the closest pH value of the field solution.

Longer contact time allows greater individualization of the particles and a greater
contact surface of the mixture, that is, greater contact between materials of different na-
tures. The resting time allows sedimentation and reduces the effect of the presence of
particles that can affect the measurement. Therefore, after agitation, higher resting times
should better contribute to exclusion of the particles in the supernatant, allowing a more
stable measurement.

The p-values in Table 3 indicate that only M3 and M4 do not follow a normal distribu-
tion. However, to perform ANOVA using the F-test, it is not necessary that the data follow
a normal distribution. Thus, the analysis proceeded by comparison of the variances of the
five methods among themselves.

Table 3. Summary of the p-values obtained in the R software by comparing the variances of the
five methods used.

Methods p-Value
M1 x M2 0.3917
M1 x M3 0.5787
M1 x M4 0.7581
M1 x M5 0.5289
M2 x M3 0.7626
M2 x M4 0.5865
M2 x M5 0.2426
M3 x M4 0.8126
M3 x M5 0.1784
M4 x M5 0.3825

By analyzing Table 3, given that there are no differences between the variances if
p-value is greater than the significance level (« = 0.05), it can be concluded that there are no
significant differences between the variances of the methods. This means that any of the
five methods is plausible to be used in soil pH analysis of these samples.

It seems reasonable, therefore, that it would be recommended that future studies clearly
indicate the analytical methods considered in soil reaction, justifying the chosen method.

4. Conclusions

A comparison of five analytical methods was performed for determination of pH in
water in samples of recently burnt soils. Under consistent criteria for soil analysis diagnostic
purposes, our finding showed that soil pH measurements indicated acidic values of pH
in the range between 4.4 and 5.8 in accordance with the lithology, and in the same acidic
range of unburnt soils in the area. The analytical protocols were selected based on their
differences regarding the soil:water ratio (1:2.5 or 1:5), the stirring time at 250 rpm (10 min
or 1 h), and the settling time before reading (15 min or 8 h).

Although analysis of samples by the five different methods indicated some variation
in pH values, the ANOVA suggests that there are no statistically significant differences.
Therefore, the obtained results indicate that the protocols tested and discussed in the
present study are suitable for measuring the pH of burnt soils. Since different methods
presented different amplitudes for each sample, it was not possible to identify one that
stood out. However, when it comes to optimizing the process of analysis, it might be
interesting to recommend a cost-effective method. Therefore, the present study allows
to suggest the best option: M1 fits best based on time and sample consumption. In this
method, 10 g of the sample is stirred at 250 rpm for 10 min, and then the measurements
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are conducted after a settling time of 15 min. Moreover, M1 has a low soil:water ratio
(1:2.5). This may be contributing to lower pH variation as indicated by statistical analysis,
associated with a reduced dilution.

Following the findings, it is worth emphasizing the importance of defining spe-
cific methods for the determination of soil reaction in post-fire soils given the absence
of specific methodologies.
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