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In the natural environment, soil pH has an enormous inﬂuence on soil biogeochemical processes. Soil pH is, therefore, described
as the “master soil variable” that inﬂuences myriads of soil biological, chemical, and physical properties and processes that aﬀect
plant growth and biomass yield. This paper discusses how soil pH aﬀects processes that are interlinked with the biological,
geological, and chemical aspects of the soil environment as well as how these processes, through anthropogenic interventions,
induce changes in soil pH. Unlike traditional discussions on the various causes of soil pH, particularly soil acidiﬁcation, this paper
focuses on relationships and eﬀects as far as soil biogeochemistry is concerned. Firstly, the eﬀects of soil pH on substance
availability, mobility, and soil biological processes are discussed followed by the biogenic regulation of soil pH. It is concluded that
soil pH can broadly be applied in two broad areas, i.e., nutrient cycling and plant nutrition and soil remediation (bioremediation
and physicochemical remediation).

1. Introduction
To many, soil pH is only essential for the chemistry and
fertility of soils. However, the recognition of soil functions
beyond plant nutrient supply and the role soil as a medium
of plant growth required the study of the soil and its
properties in light of broader ecosystem functions through a
multidisciplinary approach. This allows scientists to view
processes from landscape to regional and global levels. One
process that denotes the multidisciplinary approach to soil
science is soil biogeochemistry, which studies biogeochemical processes. The ecosystem functions of soil, to
some extent, have a strong relationship with soil biogeochemical processes, which are linkages between biological, chemical, and geological processes [1]. The soil is
the critical element of life support systems because it delivers
several ecosystem goods and services such as carbon storage,
water regulation, soil fertility, and food production, which
have eﬀects on human well-being [2–4]. These ecosystem
goods and services are broadly categorized as supporting,
provisioning, regulating, and cultural services [5]. According
to the Millennium Ecosystem Assessment [5], the provisioning and regulating functions are said to have the

greatest impact on the components of human well-being in
terms of safety, the basic material for a good life, health, and
good social relations.
In the natural environment, the pH of the soil has an
enormous inﬂuence on soil biogeochemical processes. Soil
pH is, therefore, described as the “master soil variable” that
inﬂuences myriads of soil biological, chemical, and physical
properties and processes that aﬀect plant growth and biomass yield [6, 7]. Soil pH is compared to the temperature of a
patient during medical diagnoses because it readily gives a
hint of the soil condition and the expected direction of many
soil processes (lecture statement, Emeritus Prof. Eric Van
Ranst, Ghent University). For instance, soil pH is controlled
by the leaching of basic cations such as Ca, Mg, K, and Na far
beyond their release from weathered minerals, leaving H+
and Al3+ ions to dominant exchangeable cations; the dissolution of CO2 in soil water producing carbonic acid, which
dissociates and releases H+ ions; humic residues from the
humiﬁcation of soil organic matter, which produces highdensity carboxyl and phenolic groups that dissociate to
release H+ ions; nitriﬁcation of NH4 + to NO3 − produces H+
ions; removal of N in plant and animal products; and inputs
from acid rain and N uptake by plants [8]. On the other
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hand, pH controls the biology of the soil as well as biological
processes. Consequently, there is a bidirectional relationship
between soil pH and biogeochemical processes in terrestrial
ecosystems, particularly in the soil. In this sense, the soil pH
inﬂuences many biogeochemical processes, whereas some
biogeochemical processes, in turn, inﬂuence soil pH, to some
extent, as summarised in Figure 1.
For many decades, intensive research has revealed that
soil pH inﬂuences many biogeochemical processes. Recent
advances in research have made intriguing revelations about
the important role of soil pH in many soil processes. This
important soil property controls the interaction of xenobiotics within the three phases of soil as well as their fate,
translocation, and transformation. Soil pH, therefore, determines the fate of substances in the soil environment. This
has implications for nutrient recycling and availability for
crop production, distribution of harmful substances in the
environment, and their removal or translocation. This
functional role of soil pH in soil biogeochemistry has been
exploited for the remediation of contaminated soils and the
control of pollutant translocation and transformation in the
environment. Unfortunately, in many studies, soil pH is
often measured casually as a norm without careful consideration for its role in soil. This paper seeks to explore the
importance of pH as an indicator of soil biogeochemical
processes in environmental research by discussing the
biogeochemical processes that are inﬂuenced by soil pH, the
biogeochemical processes that also control soil pH, and the
relevance of the relationship for future research, planning,
and development.

2. Biogeochemical Processes Influenced by
Soil pH
2.1. Substance Translocation. Simultaneously, in accordance
with biochemical changes, physicochemical processes, including dissolution, precipitation, adsorption, dilution,
volatilization, and others, inﬂuence leachate quality [9].
2.1.1. Trace Element Mobility. Soil pH controls the solubility,
mobility, and bioavailability of trace elements, which determine their translocation in plants [10]. This is largely
dependent on the partition of the elements between solid and
liquid soil phases through precipitation-dissolution reactions
[10, 11] as a result of pH-dependent charges in mineral and
organic soil fractions. For instance, negative charges dominate in high pH whereas positive charges prevail in low pH
values [12]. Additionally, the quantity of dissolved organic
carbon, which also inﬂuences the availability of trace elements, is controlled by soil pH. At low pH, trace elements are
usually soluble due to high desorption and low adsorption. At
intermediate pH, the trend of trace element adsorption increases from almost no adsorption to almost complete adsorption within a narrow pH range called the pH-adsorption
edge [13]. From this point onwards, the elements are
completely adsorbed [13]. For instance, Bradl [13] found that
at pH 5.3, the adsorption of Cd, Cu, and Zn onto a sediment
composite consisting of Al-, Fe-, and Si-oxides was 60%, 62%,
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Figure 1: Some biogeochemical processes and their relations with
soil pH.

and 53%, respectively. In contrast, he found that 50% of Cd
and Zn sorbed onto humic acids between pH 4.8–4.9 [13].
The fate of readily available trace elements depends on both
the properties of their ionic species formed in the soil solution and that of the chemical system of soil apart from soil
pH itself [14]. Research has established that with increasing
soil pH, the solubility of most trace elements will decrease,
leading to low concentrations in soil solution [14]. Any
increase or decrease in soil pH produces distinct eﬀects on
metal solubility. This may probably depend on the ionic
species of the metals and the direction of pH change. Rengel
[15] observed that the solubility of divalent metals decreases a
hundred-fold while trivalent ones experience a decrease of up
to a thousand-fold. In contrast, Förster [10] found that a
decrease in soil pH by one unit resulted in a ten-fold increase
in metal solubility. In an experiment, he observed that at pH
7, only about 1 mg Zn·L− 1 of the 1200 mg·kg− 1 total Zn
content was present in soil solution. At pH 6, the concentration reached 100 mg Zn·L− 1 while at pH 5, 40 mg Zn·L− 1
was present. Aside from adsorption, trace element concentrations at high soil pH may also be caused by precipitation
with carbonates, chlorides, hydroxides, phosphate, and sulphates [11, 16]. Apatite and lime applied to soils produced the
highest eﬀect on pH and simultaneously decreased the
concentrations of available, leachable, and bioaccessible Cu
and Cd [16].
2.1.2. Mobility of Soil Organic Fractions. Soil organic matter
exists in diﬀerent fractions ranging from simple molecules
such as amino acids, monomeric sugars, etc. to polymeric
molecules such as cellulose, protein, lignin, etc. These occur
together with undecomposed and partly decomposed plant
and microbial residues [17]. The solubility and mobility of
the fractions diﬀer during and after decomposition and
could lead to the leaching of dissolved organic carbon and
nitrogen in some soils. Dissolved organic carbon is deﬁned
as the size of organic carbon that passes through a 0.45 mm
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diameter ﬁlter [18]. Soil pH increases the solubility of soil
organic matter by increasing the dissociation of acid
functional groups [19] and reduces the bonds between the
organic constituents and clays [20]. Thus, the content of
dissolved organic matter increases with soil pH and consequently mineralizable C and N [20]. This explains the
strong eﬀects of alkaline soil pH conditions on the leaching
of dissolved organic carbon and dissolved organic nitrogen
observed in many soils containing substantial amounts of
organic matter [19, 21]. The same observation has been made
on the dissolved organic carbon concentration in peatland
soils [22]. The pH-dependence of dissolved organic carbon
concentration gets more pronounced beyond pH 6 [23].
Within the pH condition in a speciﬁc soil system, the
solubility of organic matter is strongly inﬂuenced by the type
of base and is particularly greater in the presence of
monovalent cations than with multivalent ones [23].
According to Andersson and Nilsson [24] and Andersson
et al. [19], soil pH controls the solubility of organic matter in
two major ways: (i) its inﬂuence on the charge density of the
humic compounds, and (ii) either the stimulation or repression of microbial activity. The former is found to be
more pronounced than the latter [19].

2.2. Soil Biological Processes
2.2.1. Microbial Ecophysiological Indicators. Ecophysiology is
an interlinkage between cell-physiological functioning under the inﬂuence of environmental factors [25]. It is estimated using the metabolic quotient (qCO2) as an index [25]
to show the eﬃciency of organic substrate utilization by soil
microbes in speciﬁc conditions [26]. A decrease in microbial
community respiration makes C available for more biomass
production, which yields higher biomass per unit [27]. The
metabolic quotient is, therefore, described as a cell-physiological entity that reﬂects changes in environmental conditions [25]. This implies that any change in environmental
conditions towards the adverse state will be indicated by the
index [25]. This is controlled by soil pH [28]. Soil pH as a
driving force for microbial ecophysical indices stems from
its inﬂuence on the microbial community together with the
maintenance demands of the community [28] and was
among the predictors of the metabolic quotient [29, 30]. The
metabolic quotient was found to be two-and-a-half times
higher in low pH soils compared to neutral pH soils [28].
This has been associated with the divergence of the internal
cell pH (usually kept around 6.0) from the surrounding pH
conditions, which increases the maintenance requirements
and reduces total microbial biomass produced [25].
It is observed from the literature that soil pH conditions
required for microbial activity range from 5.5–8.8
[26, 31, 32]. Thus, soil respiration often increases with soil
pH to an optimum level [26]. This also correlates with
microbial biomass C and N contents, which are often higher
above pH 7 [26]. In low pH conditions, fungal respiration is
usually higher than bacterial respiration and the vice versa
[25] because fungi are more adapted to acidic soil conditions
than bacteria.

3
2.2.2. Soil Enzyme Activities. Extracellular enzymes are
produced by soil microorganisms for the biogeochemical
cycling of nutrients [33]. Soil pH is essential for the proper
functioning of enzyme activity in the soil [34, 35], and may
indirectly regulate enzymes through its eﬀect on the microbes that produce them [36]. However, there are myriad of
enzymes in biological systems which assist in the transformation of various substances. Besides, enzymes are of
diﬀerent origins and with diﬀering degrees of stabilization
on solid surfaces. Thus, the pH at which they reach their
optimum activity (pH optima) is likely to diﬀer [33]. It is
striking that enzymes that act on the same substrates could
vary considerably in their pH optima. This is evident in
phosphorus enzymes, which have both acid and alkaline
windows of functioning in the range of pH 3–5.5 and pH
8.5–11.5 [33]. In a study on the optimum pH for speciﬁc
enzyme activity in soils from seven moist tropical forests in
Central Panama, Turner [33] classiﬁed enzymes into three
groups depending on their pH optima as found in the soils.
These were: (a) enzymes with acidic optima that appeared
consistent among soils, (b) enzymes with acidic pH optima
that varied among the soils, and (c) enzymes with optima in
both acid and alkaline soil pH. Stursova and Walker [37]
found that organophosphorus hydrolase has optimal activity
at higher pH. For instance, glycosidases have an optimal pH
range between 4 and 6 compared to proteolytic and oxidative
enzymes whose optima was between 7 and 9 [35, 36, 38].
Shifts in microbial community composition could potentially inﬂuence enzyme production if diﬀerent microbial
groups require lower nutrient concentrations to construct
biomass, or have enzymes which diﬀer in aﬃnity for nutrients [39].
2.2.3. Biodegradation. Soil microorganisms are described as
ecosystem engineers involved in the transformation of substances in the soil. One of such transformations is biodegradation, a process through which microbes remediate
contaminated soils by transforming toxic substances and
xenobiotics into least or more toxic forms. Biodegradation is
the chemical dissolution of organic and inorganic pollutants
by microorganisms or biological agents [34, 40]. Like many
soil biological processes, soil pH inﬂuences biodegradation
through its eﬀect on microbial activity, microbial community
and diversity, enzymes that aid in the degradation processes as
well as the properties of the substances to be degraded. Soil
pH was the most important soil property in the degradation of
atrazine [41]. Generally, alkaline or slightly acid soil pH
enhances biodegradation, while acidic environments pose
limitations to biodegradation [34, 37, 42]. Usually, pH values
between 6.5 and 8.0 are considered optimum for oil degradation [43]. Within this range, speciﬁc enzymes function
within a particular pH spectrum. For instance, the pesticide
fenamiphos degraded in two United Kingdom soils with high
pH (>7.7) and two Australian soils with pH ranging from pH
6.7 to 6.8. The biodegradation process rather slowed down in
three acidic United Kingdom soils (pH 4.7 to 6.7) in 90 days
after inoculation [42]. Xu [44] found some strains of bacteria
isolated from petroleum-contaminated soil in northern China
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being able to degrade over 70% of petroleum at pH 7 and 9. In
a degradation experiment involving polycyclic aromatic hydrocarbons (PAHs), half of the PAHs degraded at pH 7.5
within seven days representing the highest amount degraded
[34]. This was associated with the highest bacterial populations [34]. Furthermore, Houot et al. [41] found increased
degradation of atrazine in French and Canadian soils, which
occurred with increased soil pH. They observed maximum
soil respiration in atrazine-contaminated soils at soil pH
values higher than 6.5 compared to those with soil pH value
less than 6.0 where metabolites rather accumulated.
2.2.4. Mineralization of Organic Matter. Organic matter
mineralization is often expressed as carbon (C), nitrogen
(N), phosphorus (P), and sulphur (S) mineralization
through microbial action. Soil pH controls mineralization in
soils because of its direct eﬀect on the microbial population
and their activities. This also has implications for the
functions of extracellular enzymes that aid in the microbial
transformation of organic substrates. Additionally, at a
higher soil pH, the mineralizable fractions of C and N increase because the bond between organic constituents and
clays is broken [20]. In a study on the mineralization of C
and N in diﬀerent upland soils of the subtropics treated with
diﬀerent organic materials, Khalil et al. [45] found that soil
pH and C/N ratio were responsible for 61% of the decomposition rate, with corresponding increases in CO2 efﬂuxes, net N mineralization, and net nitriﬁcation in alkaline
than in acid soils. Similar results had earlier on been obtained by Curtin et al. [20].
2.2.5. Nitriﬁcation and Denitriﬁcation. Nitriﬁcation and
denitriﬁcation are important nitrogen transformation processes of environmental concern. Like many of the biogeochemical processes, the processes, to a large extent, are
controlled by soil pH. Nitriﬁcation involves the microbial
conversion of ammonium to nitrate. It generally increases
with increasing soil pH but reaches an optimum pH [45–47].
In a four-year study, Kyveryga et al. [47] observed that soil
pH range of 6 to 8 strongly inﬂuenced the nitriﬁcation rates
of fertilizer N. Generally, the nitriﬁcation rate decreases at
lower soil pH values. In some soils, nitriﬁcation and nitriﬁcation potential substantially decrease or are negligible
below a pH value of 4.2. However, nitriﬁcation may still
occur even below pH 4.14, suggesting that ammonia-oxidizing and nitriﬁer communities might remain active at low
soil pH [48].
Denitriﬁcation is the microbiological process in which
oxidized N species such as nitrate (NO3 − ) and nitrite
(NO2 − ) are reduced to gaseous nitric oxide (NO), nitrous
oxide (N2O), and molecular nitrogen (N2) under limited
oxygen conditions [49]. Soil pH aﬀects denitriﬁcation rate,
potential denitriﬁcation, and the ratio between the two
main products of denitriﬁcation (N2O and N2). The ratio
has an inverse relation with soil pH [49]. At pH values
below 7, N2O was the main denitriﬁcation product whereas
N2 prevailed at pH values above 8 [49]. Sun et al. [50]
discovered that soil pH was the best predictor of
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denitriﬁcation rate where the ratio of N2/N2O increased
exponentially with an increase in soil pH. This is because
low pH prevents the assembly of functional nitrous oxide
reductase, the enzyme reducing N2O to N2 in denitriﬁcation [15, 20] and this mostly depends on the natural
soil pH [49]. However, the soil pH at which the highest
activity of nitrous oxide reductase occurred was around pH
7.3. This occurred in soils amended with potassium hydroxide (KOH) [51]. This suggests the inhibition of denitriﬁcation at high pH, particularly up to pH 9 [50].
Furthermore, maximum denitriﬁcation of between 68%
and 85% occurred in a sandy and a loamy soil with pH 5.2
and 5.9, respectively [52]. The optimum pH for long-term
potential denitriﬁcation was between 6.6 and 8.3. Additionally, the short-term denitrifying enzyme activity
depended on the natural soil pH [49]. The eﬀect of soil pH
on denitriﬁcation is partly due to pH controls over the
denitrifying microbial populations. The population size of
the resident nitrate-reducing bacterial population increased dramatically when the pH of the acid soil was
increased [53].
2.2.6. Ammonia Volatilization. The volatilization of ammonia is a phenomenon that occurs naturally in all soils [54]
and has been attributed to the dissociation of NH4 + to NH3
and H+ shown in equation (1) [55]
NH4 + ⟷ NH3 + H+

(1)

The dissociation approaches equilibrium through the
acidiﬁcation of the medium. The rate of acidiﬁcation depends on the initial and ﬁnal concentrations of ammonium
as well as on the buﬀering capacity of the medium [55].
When solution pH increases above 7, H+ is consumed in the
reaction. Thus, the dissociation of ammonium to ammonia
in equation (1) will favour ammonia volatilization. In neutral
and acid soils, NH4 − containing fertilizers are less subject to
NH3 loss than urea and urea-containing fertilizers [54].
However, the degree will also depend on the speciﬁc fertilizer and its eﬀect on soil pH. In a study involving ammonia
volatilization from an alkaline salt-aﬀected soil cultivated
with rice, Li et al. [56] found that ammonia volatilization
increased rapidly with pH and peaked at pH 8.6. Ammonia
volatilization is strongly correlated with pH and calcium
carbonate, which suggested that the soil pH was a key factor
in ammonia volatilization because calcium carbonate increases soil pH which in turn controls the concentration of
ammonia and ammonium in soil solution [57].

3. Biogenic Regulation of Soil pH
Soil biological processes from living organisms and biochemical transformations of the remains of dead organisms
induce changes in soil pH. This can either occur through the
direct eﬀect of biochemical processes occurring in the living
organisms in the soil system, mostly through rhizosphere
processes or through the direct and indirect eﬀects of applied
organic residues, whether in unburnt, burnt, or charred
forms as well as their decomposition.
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3.1. Rhizosphere Processes. The rhizosphere is the volume of
soil in the neighbourhood of roots that is inﬂuenced by root
and microbial activities [58–60] Hiltner 1904 cited by [60]. It
is a longitudinal and radial gradient [61], ranging from 0 to
2.0 mm from the root mat [62, 63]. In this small soil volume,
roots take up water and nutrients, undergo root elongation
and expansion, release exudates, respire, and thus have
higher microbial activity [59, 63]. Through some of these
biological processes, plant roots have the ability to induce
pH changes in the rhizosphere either by releasing protons
(H+) or hydroxyl ions (OH− ) to maintain ion balance
[58, 64], depending on the nutritional status of the plants
[65]. Therefore, rhizosphere pH could increase or decrease
depending on the prevailing process and types of ions
released.
Plant root-induced soil pH change in the rhizosphere is
controlled by speciﬁc processes and factors such as (i) ion
uptake coupled with the release of inorganic ions that
maintain electroneutrality, (ii) the excretion of organic acid
anions, (iii) root exudation and respiration, (iv) redoxcoupled processes, (v) microbial production of acids after
the assimilation of released root carbon, and (vi) plant
genotype [58, 59]. Surprisingly, roots have a greater tendency to raise the pH of the rhizosphere rather than lower it
[65, 66]. The dominant mechanism responsible for pH
changes in the rhizosphere is plant uptake of nutrients in the
form of cations and anions [58, 59, 65], primarily due to
plant uptake of the two major forms of inorganic nitrogen
(NH4 + and NO3 − ), which is usually taken up in large
quantities [59]. Nitrogen is taken up by plants in three major
forms: ammonium (NH4 + ), nitrate (NO3 − ), and molecular
nitrogen (N2) [59], although amino acids can also be taken
up [58]. The uptake of each of the three forms of nitrogen
accompanies the release of corresponding ions to maintain
electroneutrality in the rhizosphere. When nitrate dominates in soil or when its uptake dominates, plants must
release bicarbonate (HCO3 − ) or hydroxyl ions (OH− ) to
maintain electrical neutrality across the soil-root interface
resulting in rhizosphere pH increase [58, 59, 64]. In contrast,
protons are released by plants in response to NH4 + uptake,
causing a decrease in rhizosphere pH [58, 62]. It has been
revealed that 15, 6, and 0%, respectively, of the NH4 − N from
the total N present in the soil is required to decrease rhizosphere pH decrease by 1.2 units, maintain it, or increase it
by 0.4 pH unit [62].
The extent of eﬀects of the processes and factors controlling rhizosphere pH change depends on plant species and
growth stages [65]. For instance, in a study on rhizosphere
acidiﬁcation interactions, Faget et al. [67] found diﬀerences
between rhizosphere acidiﬁcation in maize (Zea mays L.) and
beans (Phaseolus vulgaris L.). Maize initially acidiﬁed the
rhizosphere and gradually alkalized it over time while beans
showed opposite eﬀects. They found an interaction eﬀect of
the two plant species on the rhizosphere pH change whereby
the degree of acidiﬁcation or alkalization was weaker when
roots grew within the same neighbourhood than when the
roots were not growing near each other. However, the rhizosphere pH changes with time as a result of variable uptake
of nitrogen ions, plant species, and their growth stages of the
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plants [67]. This was revealed in an experiment on apple trees
(Malus pumila Miller), buckwheat (Fagopyrum esculentum
Moench), corn (Zea mays L.), cowpeas (Vigna unguiculata (L)
Walp.), kaﬃr lime (Citrus hystrix DC.), lettuce (Lactuca sativa
L.), pine trees (Pinus sp. L.), and wheat (Triticum aestivum L.),
where Metzger [66] found maximum concentrations of
HCO3 − in the rhizosphere during the blooming and fruiting
stages (Figure 2), which was 10–29% higher compared to the
bulk soil. The concentrations of HCO3 − in the rhizosphere of
the plants was in the order, lettuce � buckwheat > pine >
apple > kaﬃr > cowpeas > corn > wheat. These values were
much lower than those obtained in the rhizosphere of soybean
(Glycine max (L.) Merr.) [64]. Furthermore, Turpault et al.
[59] found that 93% of NO3-N was taken up by a Douglas ﬁr
(Pseudotsuga menziesii (Mirb.) Franco) stands during
April–September compared to 83% uptake during the October-March period. This likely increased rhizosphere pH and
implies that during periods of low nitrate uptake, soil pH
may decrease due to buﬀering or due to a response to the
uptake of NH4 − .
3.2. Raw and Combusted Organic Materials. When unburnt
organic materials or raw plant residues are applied to the
soil, the pH increases to a peak and decrease afterwards. For
instance, Forján et al. [68] found initial increases in soil pH
when they applied a mixture of sludge from a bleach plant,
urban solid waste and mine wastes, and a mixture of sludge
from a puriﬁcation plant, wood chips, and remnants from
agri-food industries to the soil. Furthermore, the addition of
young Kikuyu (Pennisetum clandestinum L.) shoots also
increased soil pH by up to one pH unit [69]. The major
causes of this pH change is due to the (i) release of excess
residue alkalinity attributed to the basic cations such as Ca,
K, Mg, and Na [70]; (ii) decarboxylation of organic anions
that occurs during C mineralisation, causing the consumption of protons and release of OH− [71, 72]; (iii)
ammoniﬁcation of the residue N; (iv) nitriﬁcation of mineralised residue N; and (v) association/dissociation of organic compounds [70]. These processes are determined by
the quantity applied and the prevailing soil and environmental conditions [70]. According to Xu et al. [70]; direct
chemical reactions and oxidation of the organic anions
during residue decomposition are the main mechanisms
involved in organic anion-induced soil pH increase. Additionally, organic anions and other negatively charged
chemical functional groups present in organic matter can
undergo association reactions with H+ ions [71, 73].
The increase in soil pH after residue application also
depends on the type of residue (either from monocots or
dicots), which is related to the amount of alkalinity present,
residue quality (C/N ratio), the rate of residue application
and decomposition, the initial pH, and buﬀering capacity of
the soil [70, 71]. Diﬀerent residues have diﬀerent chemical
and biochemical compositions, which determine the processes responsible for soil pH change. This was detected in an
incubation experiment involving three soils and ﬁve different residue types where soil pH increased according to
lucerne > chickpea > medic > high-N wheat > low-N wheat [70].
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Figure 2: The compositions of bicarbonate as found in the rhizosphere and bulk soil of some plants grown in a greenhouse. Error
bars are ± one standard deviation (n � 2 to 34). Lettuce and pine
had only data one data point each and could not be presented with
error bars (data from [66]).

Furthermore, in a 59-day laboratory incubation [71] and ﬁeld
experiments [74], it was found that the magnitude of soil pH
increase following residue amendment was in the order
chickpea > canola > wheat [71, 74]. They observed that 40–62%
of soluble alkalinity in canola and chickpea residues were responsible for the pH increases. It is obvious from these, and
many other studies [69], that the residues of dicots, particularly
legumes, have high alkalinity and produce larger eﬀects on soil
pH change than monocots. The pH increase after residue addition often reaches a peak and declines thereafter as a result of
nitriﬁcation. Residues with low carbon-nitrogen (C/N) ratios are
often associated with sharp pH decline after a certain period and
the extent varies with soil type and soil buﬀering capacity
[70, 71, 74], whereas those with high C/N ratios produce smaller
pH increase, or none at all [70].
The initial pH and buﬀering capacity of soils receiving
plant residues have a profound role in the extent of pH
change after application. For instance, three soil types of
diﬀerent initial soil pH, namely, Wodjil sandy loam with
pH(CaCl2) 3.87, Bodallin sandy loam soil with pH 4.54, and
Lancelin sandy soil with pH 5.06, were incubated with
residues of chickpea, lucerne, medic, high-N wheat, and lowN wheat. Thereafter, the pH increased by about 3.3 units
with lucerne in the Wodjil soil (3.87), 1.6 with chickpea, 1.5
with medic, and 0.5 with high-N wheat, and no increase with
low-N wheat. The pH increased and peaked at 42 days of
incubation for Bodallin and Wodjil sandy loams followed by
a decline whereas, in the Lancelin sandy soil, the pH peaked
at day 14 before declining [70]. In another incubation study
[71], a Podzol with an initial pH of 4.5 and a Cambisol with
an initial pH of 6.2 were amended with residues of canola,
chickpea, and wheat. For all the residues, the pH increase in
the moderately acidic Cambisol was up to sixfold larger than

in the more acidic Podzol. This peaked at 14 days after
application and declined afterwards. However, in a ﬁeld
study on the same soils [74], the application of chickpea
residue increased soil pH by 1.3 units in both soils and
reached a maximum at 3 months, whereas canola residue
increased pH by 0.82 and 1.02 units in the Podzol and
Cambisol, respectively, and reached a maximum pH at 9
months.
Similar to unburnt organic materials, burnt or charred
plant residues contain a larger amount of alkalinity due to
the volatilization of organic constituents under thermal
conditions leading to the concentration of alkaline constituents. The actual alkalinity depends on the type of biomass involved, their origin, and burnt temperature. Burnt
and charred forms of organic materials include biochar and
ash. Biochar is a solid consistent product pyrolysis, while ash
is a loose powdery material obtained by combustion. The pH
of biochar produced at 500–600°C was 6.4–9.3 and showed a
strong relationship with the total alkalinity (i.e., organic and
inorganic alkalinities) [75]. The inorganic alkalinity increased with increasing pyrolysis temperature and with
increasing divalent cation contents [75] because the organic
constituents volatilize during pyrolysis. This alkalinity of
biochar neutralizes acidity and increases soil pH depending
on the amount of alkalinity and soil buﬀering capacity [76].
Biomass ash contains substantial alkalinity, which is often
expressed as percent calcium carbonate equivalence (%
CCE). It ranges from 17–95% [77, 78]. Similarly to biochar,
the combustion temperature has eﬀects on the alkalinity of
biomass aside the biomass type and source. Recently, Neina
et al. (submitted) found that ash from charcoal had higher
CCE, pH, and K contents than ﬁrewood ash. Depending on
the alkalify and buﬀering capacity of the soil receiving the
biomass ash, soil pH increase can be high or low. For instance, in two Ghanaian Acrisols, biomass ash applied at
2.5 g·kg− 1 soil increased soil pH by about 1 unit after 12
weeks of laboratory incubation [79]. This pH change is
mostly short-lived due to other biogeochemical processes.

4. Conclusions
The content of this paper highlights the role of soil pH as a
master soil variable that has a bidirectional relationship with
soil biogeochemical processes. Although not all biogeochemical processes were discussed in this paper, those
discussed have substantial inﬂuences on soil health, nutrient
availability, pollution, and potential hazards of pollutants as
well as their fate in the food chain. The mobility of unwholesome substances through the hydrological cycle cannot be overlooked here because of the intimate relationship
between soil and water. Thus, an understanding of this can
form a basis and a guide to decisions and choices of soil
management, remediation, rehabilitation, and the maintenance of soil quality. The observed soil pH-biogeochemistry
relationships provide insight for future applications for
increased yields for speciﬁc crops through nutrient recycling
and availability, which enhances crop growth. The transient
rhizosphere soil pH could also be used to enhance the
availability of certain nutrients in certain soil conditions
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[80]. More importantly, soil pH could be useful for soil
pollution control through the distribution and removal of
harmful substances from systems. For instance, the mineralization and degradation processes such as those of C and
N mineralisation and the degradation of pesticide occur
between pH 6.5 and 8, while the maximum degradation of
petroleum and PAHs occur between pH 7 and 9. These, as
well as pH maxima for various microbial enzymes, could be
utilized in many soil remediation strategies, particularly in
bioremediation. Ultimately, soil pH can broadly be applied
in two broad areas, i.e., nutrient cycling and plant nutrition
and soil remediation (bioremediation and physicochemical
remediation).

Conflicts of Interest
The author declares that there are no conﬂicts of interest
regarding the publication of this article.

References
[1] R. A. Dahlgren, “Biogeochemical processes in soils and
ecosystems: from landscape to molecular scale,” Journal of
Geochemical Exploration, vol. 88, no. 1–3, pp. 186–189, 2006.
[2] FAO, Revised World Soil Charter, Food and Agriculture
Organization, Rome, Italy, 2015.
[3] FAO and ITPS, Status of the World’s Soil Resources (SWSR)—
Main Report, Food and Agriculture Organization of the
United Nations and Intergovernmental Technical Panel on
Soils, Rome, Italy, 2015.
[4] A. Jones, H. Breuning-Madsen, M. Brossard et al., Soil Atlas of
Africa, European Commission, Publications Oﬃce of the
European Union, Brussels, Belgium, 2013.
[5] Millennium Ecosystem Assessment, Ecosystems and Human
Well-Being: Desertiﬁcation Synthesis, World Resources Institute, Washington, DC, USA, 2005.
[6] N. C. Brady and R. R. Weil, The Nature and Property of Soils,
Prentice Hall, Upper Saddle Hall, NJ, USA, 1999.
[7] B. Minasny, S. Y. Hong, A. E. Hartemink, Y. H. Kim, and
S. S. Kang, “Soil pH increase under paddy in South Korea
between 2000 and 2012,” Agriculture, Ecosystems & Environment, vol. 221, pp. 205–213, 2016.
[8] R. E. White, Principles and Practice of Soil Science: The Soil as a
Natural Resource, Blackwell Publishing, Oxford, UK, 2006.
[9] D. Kulikowska and E. Klimiuk, “The eﬀect of landﬁll age on
municipal leachate composition,” Bioresource Technology,
vol. 99, no. 13, pp. 5981–5985, 2008.
[10] U. Förstner, “Land contamination by metals—global scope and
magnitude of problem,” in Metal Speciation and Contamination
of Soil, H. E. Allen, C. P. Huang, G. W. Bailey, and A. R. Bowers,
Eds., pp. 1–33, CRC Press, Inc., Boca Raton, FL, USA, 1995.
[11] J. S. Rieuwerts, I. Thornton, M. E. Farago, and M. R. Ashmore,
“Factors inﬂuencing metal bioavailability in soils: preliminary
investigations for the development of a critical loads approach
for metals,” Chemical Speciation & Bioavailability, vol. 10,
no. 2, pp. 61–75, 1998.
[12] G. P. Gillman, “An analytical tool for understanding the
properties and behaviour of variable charge soils,” Soil Research, vol. 45, no. 2, pp. 83–90, 2007.
[13] H. B. Bradl, “Adsorption of heavy metal ions on soils and soils
constituents,” Journal of Colloid and Interface Science,
vol. 277, no. 1, pp. 1–18, 2004.

7
[14] A. Kabata-Pendias, Trace Elements in Soils and Plants, CRC
Press, Boca Raton, FL, USA, 2011.
[15] Z. Rengel, “Genotypic diﬀerences in micronutrient use eﬃciency in crops,” Communications in Soil Science and Plant
Analysis, vol. 32, no. 7-8, pp. 1163–1186, 2001.
[16] H. Cui, Y. Fan, G. Fang, H. Zhang, B. Su, and J. Zhou,
“Leachability, availability and bioaccessibility of Cu and Cd in
a contaminated soil treated with apatite, lime and charcoal: a
ﬁve-year ﬁeld experiment,” Ecotoxicology and Environmental
Safety, vol. 134, pp. 148–155, 2016.
[17] J. A. Baldock, “Composition and cycling of organic carbon in
soil,” in Nutrient Cycling in Terrestrial Ecosystems, P. Marschner
and Z. Rengel, Eds., pp. 1–35, Springer-Verlag, Berlin, Germany, 2007.
[18] F. Vogel, J. Harf, A. Hug, and P. R. von Rohr, “The mean
oxidation number of carbon (MOC)-a useful concept for
describing oxidation processes,” Water Research, vol. 34,
no. 10, pp. 2689–2702, 2000.
[19] S. Andersson, S. I. Nilsson, and P. Saetre, “Leaching of dissolved organic carbon (DOC) and dissolved organic nitrogen
(DON) in mor humus as aﬀected by temperature and pH,”
Soil Biology and Biochemistry, vol. 32, no. 1, pp. 1–10, 2000.
[20] D. Curtin, C. A. Campbell, and A. Jalil, “Eﬀects of acidity on
mineralization: pH-dependence of organic matter mineralization in weakly acidic soils,” Soil Biology and Biochemistry,
vol. 30, no. 1, pp. 57–64, 1998.
[21] C. D. Evans, T. G. Jones, A. Burden et al., “Acidity controls on
dissolved organic carbon mobility in organic soils,” Global
Change Biology, vol. 18, no. 11, pp. 3317–3331, 2012.
[22] T. Oulehle, S. Shi, W. Zhang, Y. Wu, M. Yang, and P. Wang,
“Environmental factors and dissolved organic carbon content
in a Jinchuan peatland,” Acta Ecologica Sinica, vol. 36, no. 3,
pp. 160–165, 2016.
[23] D. Curtin, M. E. Peterson, and C. R. Anderson, “pH-dependence of organic matter solubility: base type eﬀects on
dissolved organic C, N, P, and S in soils with contrasting
mineralogy,” Geoderma, vol. 271, pp. 161–172, 2016.
[24] S. Andersson and S. I. Nilsson, “Inﬂuence of pH and temperature on microbial activity, substrate availability of soilsolution bacteria and leaching of dissolved organic carbon in a
mor humus,” Soil Biology and Biochemistry, vol. 33, no. 9,
pp. 1181–1191, 2001.
[25] T.-H. Anderson, “Microbial eco-physiological indicators to
asses soil quality,” Agriculture, Ecosystems & Environment,
vol. 98, no. 1–3, pp. 285–293, 2003.
[26] J. C. A. Pietri and P. C. Brookes, “Nitrogen mineralisation
along a pH gradient of a silty loam UK soil,” Soil Biology &
Biochemistry, vol. 40, no. 3, pp. 797–802, 2008.
[27] T.-H. Anderson and K. H. Domsch, “Carbon link between
microbial biomass and soil organic matter,” in Perspectives in
Microbial Ecology, F. Megusar and M. Gantar, Eds.,
pp. 467–471, Mladinska Knjiga, Ljubljana, Slovenia, 1986.
[28] E. V. Blagodatskaya and T.-H. Anderson, “Interactive eﬀects of
pH and substrate quality on the fungal-to-bacterial ratio and
qCO2 of microbial communities in forest soils,” Soil Biology and
Biochemistry, vol. 30, no. 10-11, pp. 1269–1274, 1998.
[29] D. Neina, A. Buerkert, and R. G. Joergensen, “Microbial
response to the restoration of a Technosol amended with local
organic materials,” Soil and Tillage Research, vol. 163,
pp. 214–223, 2016.
[30] D. Neina, A. Buerkert, and R. G. Joergensen, “Eﬀects of land
use on microbial indices in tantalite mine soils, Western
Rwanda,” Land Degradation & Development, vol. 28, no. 1,
pp. 181–188, 2017.

8
[31] J. C. A. Pietri and P. C. Brookes, “Relationships between soil
pH and microbial properties in a UK arable soil,” Soil Biology
& Biochemistry, vol. 40, no. 7, pp. 1856–1861, 2008.
[32] N. Fierer and R. B. Jackson, “The diversity and biogeography
of soil bacterial communities,” Proceedings of the National
Academy of Sciences, vol. 103, no. 3, pp. 626–631, 2006.
[33] B. L. Turner, “Variation in pH optima of hydrolytic enzyme
activities in tropical rain forest soils,” Applied and Environmental Microbiology, vol. 76, no. 19, pp. 6485–6493, 2010.
[34] R. M. Pawar, “The eﬀect of soil pH on bioremediation of
polycyclic aromatic hydrocarbons (PAHS),” Bioremediation
& Biodegradation, vol. 6, no. 3, pp. 1–14, 2015.
[35] R. L. Sinsabaugh, C. L. Lauber, M. N. Weintraub et al.,
“Stoichiometry of soil enzyme activity at global scale,” Ecology
Letters, vol. 11, no. 11, pp. 1252–1264, 2008.
[36] S. L. Keeler, R. L. Sinsabaugh, C. Crenshaw et al., “Pulse
dynamics and microbial processes in aridland ecosystems,”
Journal of Ecology, vol. 96, no. 3, pp. 413–420, 2008.
[37] B. K. Stursova and A. Walker, “Microbial degradation of
organophosphorus compounds,” FEMS Microbiology Reviews, vol. 30, no. 3, pp. 428–471, 2006.
[38] R. L. Sinsabaugh, M. M. Carreiro, and S. Alvarez, “Enzyme
and microbial dynamics during litter decomposition,” in
Enzymes in the Environment: Activity, Ecology, and Applications, R. G. Burns and R. P. Dick, Eds., pp. 249–266, CRC
Press, Inc., Oxford, UK, 2002.
[39] V. J. Allison, L. M. Condron, D. A. Peltzer, S. J. Richardson,
and B. L. Turner, “Changes in enzyme activities and soil
microbial community composition along carbon and nutrient
gradients at the Franz Josef chronosequence, New Zealand,”
Soil Biology and Biochemistry, vol. 39, no. 7, pp. 1770–1781,
2007.
[40] S. Dass, M. Muneer, and K. R. Gopidas, “Photocatalytic
degradation of wastewater pollutants. Titanium-dioxidemediated oxidation of polynuclear aromatic hydrocarbons,”
Journal of Photochemistry and Photobiology A: Chemistry,
vol. 77, no. 1, pp. 83–88, 1994.
[41] S. Houot, E. Topp, A. Yassir, and G. Soulas, “Dependence of
accelerated degradation of atrazine on soil pH in French and
Canadian soils,” Soil Biology and Biochemistry, vol. 32, no. 5,
pp. 615–625, 2000.
[42] B. K. Singh, A. Walker, J. A. W. Morgan, and D. J. Wright,
“Role of soil pH in the development of enhanced biodegradation of Fenamiphos,” Applied and Environmental
Microbiology, vol. 69, no. 12, pp. 7035–7043, 2003.
[43] M. Vidali, “Bioremediation. An overview,” Pure and Applied
Chemistry, vol. 73, no. 7, pp. 1163–1172, 2001.
[44] J. Xu, “Bioremediation of crude oil contaminated soil by
petroleum-degrading active bacteria,” in Introduction to
Enhanced Oil Recovery (EOR) Processes and Bioremediation of
Oil-Contaminated Sites, L. Romero-Zerón, Ed., pp. 207–244,
InTech, Rijeka, Croatia, 2012.
[45] M. I. Khalil, M. B. Hossain, and U. Schmidhalter, “Carbon and
nitrogen mineralization in diﬀerent upland soils of the subtropics treated with organic materials,” Soil Biology and
Biochemistry, vol. 37, no. 8, pp. 1507–1518, 2005.
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