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Abstract
Drylands are arid and semi-arid areas whose main feature is their low level of precipitation. They cover nearly half of Earth’s 
land surface and are distributed worldwide, constituting the planet’s largest biome. Dryland soils have low fertility, are greatly 
affected by climate variability, and are vulnerable to wind and water erosion. The phosphorus-rich soil dust traveling by 
aeolian processes from drylands is the main source of P for the global primary productivity in P-limited areas, a fact that 
highlights the importance of arid and semiarid areas in the global nutrient budget. This review discusses the development of 
dryland soils, the sources of P in drylands, the C, N, P, relation in dryland soils, the fractionation and bioavailability of P, and 
biotic and abiotic factors affecting the P in drylands. Finally, the dynamic of P in biological soil crusts and resource islands is 
discussed. Combined, they contribute to the surface organic matter pools, alter the soil fertility, and are determinant factors 
in P’s availability in dryland soils. We conclude the review by highlighting the gaps in knowledge that should be addressed 
in future research regarding biological and abiotic processes that determine the dynamics of P in drylands.

Keywords  Resource islands · Biological soil crust · Organic P · Inorganic P · Rock weathering · Mobilization · 
Mineralization · Phosphatases

Introduction

The term drylands refers to areas with dry climate condi-
tions characterized by low amounts of precipitation in the 
form of rainfall or snow (Monger et al. 2005; United Nations 
Environment Management Group 2011). Drylands cover 
about 41% of Earth’s ice-free land surface and are widely 
distributed in Africa, Asia, America, and Oceania, consider-
ably less common in Europe (Fig. 1; Schimel 2010; Osman 
2018) and constitute the largest biome on the planet. They 

harbor nearly 38% of the global human population, 74% of 
the global pastures, and 50% of the croplands. Despite hav-
ing a high biodiversity of specialized life forms, the drylands 
are among the most vulnerable to degradation and most 
disregarded ecosystems in the world (Monger et al. 2005; 
Safriel and Zafar 2005; Schimel 2010; Plaza et al. 2018).

Drylands are characterized by long dry periods inter-
rupted by high-intensity and short-duration rainfalls (Noy-
Meir 1973; Kalma and Franks 2003; Osman 2018). Erosion 
as a possible consequence of climate change could produce 
heterogeneous patterns of vegetation dominated by sparse 
vegetation growing in patches, which play a critical role in 
the distribution of below-ground resources such as organic 
matter and nutrients (Hartley et al. 2007; Hutchinson and 
Herrmann 2008; Osman 2018).

Phosphorus (P) is one of the main limiting nutrients that 
affects plant growth and establishment in terrestrial ecosys-
tems (Tunesi et al. 1999; Turner et al. 2002; Buckingham 
et al. 2010; Ahmad et al. 2017). The main sources of P in 
drylands are the deposition and redistribution of atmos-
pheric dust coming from the same drylands, the weathering 
of parent materials, and the deposition of plant litter (Bel-
nap 2011; Azadi and Baghernejad 2019; Lopez and Bacilio 
2020). P-rich dust from drylands stimulates global primary 
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productivity in P-depleted marine and terrestrial ecosystems 
(Barkley et al. 2019; Bigio et al. 2020). These findings high-
light the impact of P on productivity and raise new questions 
about how global ecosystems are connected to the P cycle. 
Consequently, understanding the fate of P in drylands could 
contribute to understanding the future fertility of terrestrial 
and oceanic ecosystems across the globe.

Belnap (2011) reviewed the biological P cycling in dry-
lands, suggesting that the redistribution of P due to gaps 
between bare soil and soil covered by vegetation is higher 
in drylands than in areas with a moderate or high supply of 
moisture and that the redistribution of P is a major determin-
ing factor in soil P levels. Moreover, the availability of P is 
lower in dry soils, as compared to more humid soils, due 
to alkaline pH values, abundant content of CaCO3, and the 
presence of compounds that bind P. While the amount of 
inorganic P is higher, organic matter, microbial mobiliza-
tion, and phosphatase activities are lower in drylands than 
in more humid areas.

Considering the studies carried out on both the biotic 
and abiotic P processes in arid soils since 2011, we believe 
that a review of the different elements defining the sources, 
importance, and dynamics of P in drylands is timely and that 
the knowledge gained from such a review may be important 
for the sustainable management of these soils. Thus, in this 
review, we discuss (i) the development and surfaces of dry-
land soils; (ii) dust deposition and weathering as the main 
sources of P in drylands, and the carbon (C)–nitrogen (N)–P 
relation in dryland soils; (iii) the fractionation and bio-
availability of P in dryland soils; (iv) the abiotic and biotic 

processes that affect P availability and dynamics in dryland 
soils, such as the effect of dry-wetting cycles, solubiliza-
tion of inorganic P, mineralization of organic P, phosphatase 
activities, and ATP and adenylate energy charge; and v) the 
P dynamics in biological soil crust (BSC) and resource 
islands (RI), because they are two natural microbial-floral 
entities dominating P functionality in dryland ecosystems 
(Bashan and de-Bashan 2010; Garcia et al. 2018; Wang et al. 
2019). Finally, we suggest the direction of future research 
regarding the biological and abiotic processes that determine 
the dynamics of P in drylands.

Development and surfaces of dryland soils

Soil formation in drylands is a complex process with a poly-
genic nature strongly influenced by environmental change. 
With few exceptions (i.e., the Atacama and Namib Deserts), 
dry soils likely originated from the major climatic events 
that occurred during the Quaternary, when fluctuations of 
arid and humid conditions were accompanied by active aeo-
lian dust deposition and carbonate accumulation, leading 
to intervals of relatively rapid soil formation (Chadwick 
and Davis 1990; Dixon 2009; Fookes et al. 2013; Fig. 2a). 
In addition to geogenic processes, the weathering of rocks 
and minerals determines the chemical profile of soils, while 
variable climate influences the rate and magnitude of soil 
formation, resulting in a great diversity of soil types (Warke 
2013, Fig. 2b–c). Rock weathering contributes to soil forma-
tion in drylands through processes such as fragmentation by 

Fig. 1   Distribution of drylands and their subtypes. Based on UNEP-
WCMC (2007). A spatial analysis approach to the global delinea-
tion of drylands areas of relevance to the CBD Programme of Work 
on Dry and Subhumid Lands. Dataset based on the spatial analy-

sis between WWF terrestrial ecoregions and aridity zones. United 
Nations Environment Programme-World Conservation Monitoring 
Centre (UNEP-WCMC)
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mechanical forces, thermal fluctuations, chemical degrada-
tion by salts, and the pioneering activity of microorganisms 
and plants (Dixon 2009; Dietze et al. 2012; Fookes et al. 
2013; Lopez and Bacilio 2020; Fig. 2c).

The most widely known surfaces in drylands are pave-
ments, abiogenic and biological crusts, and vesicular hori-
zons (Dixon 2009). Pavements are surfaces composed of 
gravel or boulders overlying mantles of sand, silt, and clay-
sized materials of multifactorial origin, including climate-
driven weathering, sediment transport caused mainly by 

wind deflation, episodic flash floods, and dust deposition 
with airborne salts (Dixon 2009; Dietze et al. 2012; Fookes 
et al. 2013; Knight and Zerboni 2018). These stony sur-
faces represent niches for lithobionts (Warke 2013), which 
can form cryptogamic ground covers such as those, almost 
endemic, documented by Jung et al. (2019) in the Atacama 
Desert.

The abiogenic salt crusts are formed by the alternat-
ing dissolution and recrystallization of salts (i.e., gyp-
sum), resulting in a thin and hard layer on the soil surface 

Fig. 2   Pedogenesis of drylands with an emphasis on P distribution 
(a–c) and soil P transformations in humid (d) and arid ecosystems 
(e). During Quaternary, global climate changes and massive dust 
deposition of Ca–P produced ecosystems’ succession. With time, 
the regional climatic variability gave rise to different levels of arid-
ity (a). Low rainfall (Ppt) and high evapotranspiration (EvT) induce 
salt accumulation and eventually calcrete formation in subsurface 
horizons. The main P inputs in contemporary drylands come from 
rock/mineral weathering and active dust deposition while P losses 
occur mainly by wind and water erosion. Dust exportation is the main 
source of P for wetter ecosystems (b, c). The traditional model of 

Walker and Syers (1976) (d) illustrates changes in P-fractions through 
time during the pedogenesis of an ecosystem, and panel e describes 
the P-distribution in the same model adapted to drylands according 
to Selmants and Hart (2010), where residual-P plays an important 
role in the long-term process of adsorption/complexation and there-
fore in P-bioavailability. Panel d, adapted from Walker and Syers 
(1976); panel e, adapted from Selmants and Hart (2010); dust-dep, 
dust deposition; dust-exp, dust exportation of P-containing minerals; 
PCa input, primary minerals bearing calcium phosphates; Pp, rainfall; 
EvT, evapotranspiration
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(Gutiérrez 2005; Dixon 2009). Surface cracks are associ-
ated with strong changes in the temperature and volume of 
the crust, resulting in polygons with elevated edges (Dixon 
2009). The biological soil crusts are defined as complex 
communities of cyanobacteria, bacteria, algae, lichens, and 
mosses (Pointing and Belnap 2012; Williams et al. 2012) 
that significantly impact water infiltration, runoff, and nutri-
ent cycling (Pointing and Belnap 2012). The ecological 
importance of BSC for P dynamics will be further discussed 
in detail in this review.

Last, the upper horizons under the pavements or the crusts 
consist of vesicles isolated or interconnected within a matrix 
of fine-grained materials whose structure confers surface 
stability to soils and resistance to mechanical disturbance 
(Anderson et al. 2002; Dietze and Kleber 2012).

Sources of P and C–N–P relation in dryland 
soils

As presented earlier, the abundance and availability of P in 
drylands result from dust deposition and losses through wind 
or water, weathering, and biotic processes (Belnap 2011). 
Atmospheric sources of P include mineral aerosols, P-rich 
materials derived from fires, biogenic particles, sea salt aero-
sols, and volcanic aerosols (Okin et al. 2001), with mineral 
aerosols and biogenic particles contributing 80% and 12%, 
respectively, to the total atmospheric P (Okin et al. 2001; 
Mahowald et al. 2008).

Estimations of weathering rates and P stocks in dry soils 
are scarce and challenging because most mass balance 
approaches depend on inputs and losses due to erosion and 
dust deposition whose determination is difficult (Newman 
1995; Hartley et al. 2007; Plaza et al. 2018). The least weath-
ered soils, such as entisols and aridisols which dominate arid 
lands, show higher inputs (0.05 g P m−2 year−1) than the 
less common and intermediate weathered soils, mollisols, 
alfisols, and vertisols, whose inputs (0.01 g P m−2 year−1) 
are similar to those of humid soils such as spodsols (Wang 
et al. 2010; Soil Survey Staff 2014).

Although bioweathering is often underestimated in arid 
lands, low amounts of moisture support the activity of N 
fixers, chemolithotroph microorganisms, and plants, which 
play an important role in establishing the initial pools of 
nutrients for primary production and nutrient cycling (Jung 
et al. 2019; Lopez and Bacilio 2020), especially of the strong 
interlinked C–N–P dynamics (Delgado-Baquerizo et al. 
2013). Thus, the initial stages of ecosystem succession are 
characterized by the prevalence of geochemical processes, 
where P originates from the weathering of primary miner-
als, and C and N largely depend on the mineralization of soil 
organic matter through microbial activity (Walker and Syers 
1976; Delgado-Baquerizo et al. 2013). As the ecosystem 

develops, P is subjected to several processes, such as incor-
poration into the biomass, interaction with secondary min-
erals, leaching, erosion, and solubilization/precipitation, 
eventually coupling the P dynamics to the N and C cycles 
(Fig. 2b). However, intense weathering over long time scales 
in drylands may result in an increase in P, and as a result, the 
C, N, and P cycles eventually become decoupled (Ippolito 
et al. 2010; Delgado-Baquerizo et al. 2018; Fig. 2c).

Using geo-databases from around the world, Plaza et al. 
(2018) showed that, unlike C and N, total P content was 
higher in dryland soils than in soils of humid regions, with 
larger labile inorganic and apatite P content but lower 
organic P due to lower biological activity. Furthermore, 
the imbalance in the C, N, and P stoichiometry fluctuates 
along with aridity (Delgado-Baquerizo et al. 2013; Gong 
et al. 2017). Delgado-Baquerizo et al. (2013) analyzed 224 
dryland sites across all continents and found that, as aridity 
increased, biological processes became more limited, and 
the bioavailability of C and N decreased, while P was contin-
uously released through weathering processes. This C–N–P 
stoichiometric imbalance results in the accumulation of P 
and is sometimes related to the calcium carbonate content 
of arid soils. Another example was provided by Gong et al. 
(2017), who found that drought, especially in the upper soil 
horizon (0–20 cm), inhibited the uptake of nutrients by the 
plants in a desert community, impacting the N–P stoichio-
metric balance. A comprehensive study by Eldridge et al. 
(2020) showed that, in addition to the C, N, and P content in 
soils, soil functions and the C–N–P stoichiometric balance 
were affected by (i) climatic features: annual temperature, 
aridity index, and seasonal precipitation; (ii) soil properties: 
roughness of the soil surface, crust resistance, crust broken-
ness, surface integrity, deposited materials, soil aggregates, 
and pH; (iii) biocrust cover; and (iv) plant-related features 
such as vegetation cover, foliage, and litter incorporation.

Fractionation and bioavailability of P 
in dryland soils

The development of ecosystems largely determines the 
distribution and bioavailability of P in soils (Walker and 
Syers 1976, Fig. 2d). Thus, P resulting from weathering is 
subjected to incorporation into the biomass and interaction 
with other chemical constituents. Essentially, these transfor-
mations comprise four forms: inorganic P (mostly calcium-
bound P, P–Ca), non-occluded P, occluded P, and organic 
P (Po). According to the Walker and Syers model, the dis-
tribution of these P forms changes during long-term pedo-
genesis because, as soil develops, P–Ca declines, whereas 
the occluded P and non-occluded P peak and then decrease, 
while the Po increases with time and is controlled by the 
biological activity (Fig. 2d).
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Following the distribution of P forms proposed in the 
model of Walker and Syers, it is now generally recognized 
that the total P can be divided into the following fractions 
(or P pools): (i) labile or bioavailable, where P is free 
in the soil or weakly associated with surfaces; (ii) mod-
erately labile, where P is reversibly adsorbed or bound 
to the mineral surfaces; (iii) stable, where P is associ-
ated with Ca or inorganic P (Pi) occluded within sesqui-
oxides; and (iv) non-extractable P and stable organic P 
(Walker and Syers 1976; Buckingham et al. 2010; Hou 
et al. 2017; Baumann et al. 2018). This fractionation is 
based on sequential extraction with specific extractants 
solubilizing specific P fractions. It is important to point 
out that the distribution and the estimated reactivity of the 
P pools depend on the fractionation procedure (Condron 
and Newman 2011).

Selmants and Hart (2010) tested the model of Walker 
and Syers in semiarid ecosystems and found that the 
overall distribution of P formed along the chronose-
quences of volcanic substrates agreed with the distri-
bution of pools suggested by the model (Fig. 2d). Spe-
cifically, the total soil P and mineral P declined with 
soil development, the organic P increased at a low rate, 
and the non-occluded P peaked during early to mid-
term soil development. Nonetheless, in their study, the 
occluded P was highest in the youngest soils and then 
declined to an almost steady state instead of increas-
ing and then declining, as described in the traditional 
model. Selmants and Hart (2010) called this fraction 
residual P, with P bound to Al or Fe hydrous oxides. 
They also suggested that in some drylands, the organic 
P, the P–Ca, and the non-occluded inorganic P are still 
in the early stages of the Walker and Syers model and 
have not yet reached the stage where P–Ca is completely 
depleted (Fig. 2e).

Moreover, based on the conceptual framework proposed 
by the Walker and Syers model, Vitousek et al. (2010) iden-
tified six mechanisms of P limitation in terrestrial ecosys-
tems: (i) depletion driven: P losses due to the leaching and 
exhausting of P-rich minerals; (ii) soil barriers: physical 
layers preventing the roots from accessing P; (iii) transac-
tional: the release of P is slower than that of inputs; (iv) 
low P concentration in the parent materials; (v) sink driven: 
accumulation of P into inaccessible forms; and (vi) anthro-
pogenic, through the alteration of other nutrients, such as 
N. In more humid climates, P depletion is perhaps the most 
widely known mechanism of P limitation in soils. In con-
trast, the main mechanism in drylands is sink driven, where 
P is precipitated with Al, Fe, or minerals, or sorbed onto the 
soil’s particles, such as organic matter and clays (Bucking-
ham et al. 2010; Vitousek et al. 2010; Moradi et al. 2020). P 
bioavailability is regulated by the soil constituents through 
processes such as biological immobilization/mineralization, 

adsorption/desorption, and precipitation/dissolution (Hou 
et al. 2017).

As discussed earlier, generally the total P pool in the 
initial stages of soil development is dominated by primary 
minerals, such as apatite (Ca–P). Then, during soil devel-
opment, the apatite is weathered by physicochemical and 
biological factors, releasing inorganic P forms as second-
ary P fractions (secondary minerals P, Al–P, and Fe–P), 
which interact with the soil particles (Bruker and Spohn 
2019) and finally become occluded P over a large time 
scale (Fig. 2d). However, in dry soils originating from 
sedimentary rocks, the most unavailable forms of P are 
secondary apatite minerals, and P is weathered mostly from 
Fe/Al oxides. Therefore, P content is related to the bedrock 
and Fe and Al content, suggesting that Fe and Al also play 
an important role in P availability in dryland soils (Neff 
et al. 2006).

Aridity can also affect the P fractionation in drylands. 
Feng et al. (2016) conducted a study to understand the 
P fractionation in a large-scale climosequence in grass-
lands in northern China. The calcium phosphate content 
in the primary minerals was higher (being about 80% of 
the total P) in the more arid sites compared to the wetter 
sites, and the organic P, non-occluded inorganic P, and 
occluded P represented more than 50% of the total P in 
the wetter sites. These findings confirmed that pedogen-
esis depends on the volume of water leached through soils 
and that the model of Walker and Syers applies not only 
to chronosequences but also to climosequences (Feng 
et al. 2016).

Since P fractions are affected by multiple factors and 
because a major source of P is dust deposition, it is difficult 
to conclude that the bioavailable P will behave in the same 
manner across different dry soils. For example, Gu et al. 
(2019) found that Ca–P and P fixed with Al or Fe oxides 
contributed 20–45% and 55–82% respectively, of the total 
soil inorganic P in cool semi-arid regions in Arizona. How-
ever, in dust, the main fraction was Ca–P, whereas Al–P was 
negligible, and Fe–P accounted for only 10–20% of the dust 
inputs. Thus, although these results support the Walker and 
Syers model, where the Ca–P pool declines during pedo-
genesis due to weathering and acidification, they highlight 
the important contribution of aeolian dust, which impacts 
the bioavailable P fraction, increasing Ca–P and decreasing 
Fe–P and Al-P.

In summary, the distribution and bioavailability of P 
in drylands depend on geological history, pedogenesis, 
climatological and physicochemical factors in soil, and 
important contributions by dust deposition. However, 
dryland soils are dynamic and complex systems har-
boring a large group of biological components, such as 
microbes and plants, which also play a relevant role in P 
bioavailability.
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Abiotic and biotic factors affecting 
the dynamics of P in dryland soils

The biological activity in arid soils is limited by several 
factors, including soil moisture, pH, micro- and micronu-
trients availability, the presence of calcium and sodium, 
and osmotic effects (Brady and Weil 2002). Soil moisture 
is generally scarce, but this can change depending on the 
rainfall (Belnap 2011). Micronutrient deficiencies occur 
as soil pH increases; the availability of Fe, Zn, Mn, and 
Cu decreases over pH 7.0 because they form insoluble 
hydroxides, while that of B is particularly low at pH 9.0 
because the strength of the inner sphere complexes on the 
surfaces of Fe and Al oxides and silicate clays is strong 
(Brady and Weil 2020). The presence of free CaCO3 at pH 
8.4 can inhibit plant growth, decreasing rhizodeposition 
and the plant debris input to the soil. The increase in soil 
pH enhances the inorganic P adsorption to Ca, Fe and Al 
oxides, and silicates, decreasing the amount of P avail-
able to soil microorganisms, which favors the synthesis of 
phosphatases by microorganisms (Nannipieri et al. 2011). 
Also, the presence of Na negatively affects the soil struc-
ture in alkaline soils, and lastly, the osmotic effects limit 
both the biological activity and the plant activity (Brady 
and Weil 2002).

Effect of dry‑wetting cycles

According to Belnap (2011), the biological P cycle in dry 
soil is controlled by the intensity, timing, and amount of 
precipitation. Water associated with decreased temper-
ature, as occurs in winter, can decrease soil pH due to 
the increase in H2CO3, thus increasing the solubility of 
inorganic P. The timing of rainfall is important because 
if rainfall occurs during a warm period, it will stimulate 
microbial and plant activity (Belnap 2011). Although the 
amount of rainfall is also a parameter that controls the 
biological P cycle, a precipitation event rarely exceeds 
5 mm of rain; as such, only the surface soil organisms 
respond to the increase in soil moisture, not the vascular 
plants, which require a greater amount of precipitation 
depending on their rooting depth. Likewise, the length of 
time between two rainfall events and the rapid soil wet-
ting and drying processes are also important. P inputs to 
the soil surface occur during the dry period due to the 
high microbial mortality from desiccation and radiation 
damage, dust accumulation, and degradation of organic 
matter by UV (Jobbagy and Jackson 2001; Belnap 2011). 
The available P can move from the surface soil to lower 
layers but usually not more than 5 mm. In addition, soil 
surface materials are brought to the deeper soil layers by 

fauna, especially ants and termites, which are present in 
dry soils worldwide (Belnap 2011). Pulses of available P 
can occur in surface soil as the result of the drying–wet-
ting cycles. According to Kieft et al. (1987), 58% of the 
microbial biomass is killed upon rapid drying due to the 
high temperature that follows the wetting of soils by rain-
fall. According to Cosentino et al. (2006), fungi are less 
affected than bacteria by drying and rewetting, although 
Butterly et al. (2009) and Gordon et al. (2008) observed 
the opposite. To the best of our knowledge, the underlying 
mechanisms behind the release of P from the drying and 
rewetting of arid soils are poorly known. We speculate that 
the amount of released P from killed microbial cells is low 
in arid soils due to the low microbial biomass, as shown by 
the low ATP content of air-dried soils (see below). After 
rewetting soil, P can be released from P-rich microbial 
cells (usually bacteria having higher P concentrations than 
fungi) by active phosphatases (Bünemann et al. 2013). 
In addition to the mineralization of dead (killed by dry-
ing) microbial cells, the stimulation of microbial activ-
ity, mineralization of photodegraded organic matter, and 
mineralization of solutes released upon wetting are also 
biotic mechanisms responsible for the release of P (Bar-
nard et al. 2020). Typically, CO2 pulses occur during the 
first hours after rewetting because water connectivity is 
restored among the huge numbers of microsites (they are 
separated during the dry periods), facilitating the access 
of available nutrients to microbes (Barnard et al. 2020). 
Abiotic mechanisms can also release physically protected 
P after the drying and rewetting of soils because slak-
ing can disrupt macroaggregates (Bünemann et al. 2013). 
However, future research should address the mechanisms 
responsible for the release of P after drying and rewetting 
events of arid soils.

Microbial solubilization of inorganic P

Microorganisms solubilize P from less available inorganic 
forms, making it bioavailable for plants and other micro-
organisms (Magallon-Servin et  al. 2020). The role of 
P-solubilizing bacteria in drylands is complex and poorly 
understood, especially in desert soils (Ameen et al. 2019). 
The bacterial ability to solubilize P from sparingly soluble P 
sources in drylands is limited by C availability (Bruker et al. 
2020); therefore, the capacity of specific microorganisms to 
solubilize P will differ between the rhizosphere and the bulk 
soil. Currently, it is recognized that chelation (due to secre-
tion of siderophores) and/or acidification (through the ioni-
zation of organic acids or the release of H+ accompanying 
respiration or NH4

+ assimilation) is the main mechanisms of 
microbial P solubilization (Reyes et al. 2001; Hamdali et al., 
2008; Song et al. 2008). Some organic acids (e.g., oxalic, 
citric, tartaric, and lactic acid) can efficiently solubilize P 
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by dissolving the mineral phosphate directly as a result of 
the exchange of the anion PO4

3− by an acid anion or by the 
chelation of Ca, Fe, and Al ions associated with phosphate, 
lowering the pH (Khan et al. 2007; Belnap 2011). Bacterial 
genera, such as Bacillus, Pantoea, Pseudomonas, Burkholde-
ria, Asaia, Rahnella, Streptomyces, Serratia, and Micromon-
ospora (Perez et al. 2007; Hamdali et al. 2008; Song et al. 
2008; Sulbaran et al. 2009; Magallon-Servin et al. 2020), 
and fungal genera, such as Trichoderma, Aspergillus, Peni-
cillium, and Mortierella (Osorio and Habte 2014; Zuñiga-
Silgado et al. 2020), can solubilize phosphates through the 
production of organic acids. However, not all organic acids 
have the same solubilization effect on the different insoluble 
forms of P. The effectiveness of P solubilization by organic 
acids depends on their chelating and complexing abilities, 
which are affected by the type and position of the functional 
ligand (Kpomblekou-A and Tabatabai 1994). Since organic 
acids are weak acids, the P-solubilization process by micro-
organisms cannot be explained only by protonation (Sagoe 
et al. 1998); other factors, such as the reactivity of the P 
minerals, play a major role. This reactivity, or potential to 
be solubilized, depends on the amount of available Ca, Fe, 
Al, and accessory minerals (Kpomblekou-A and Tabatabai 
1994; 2003). Therefore, P solubilization by microorganisms 
is a complex process that involves many factors in the soil 
system.

Most studies have evaluated P solubilization in cropped 
arable soils using different types of P fertilizers, but this 
approach does not provide a mechanistic understanding of 
the relative microbial processes. Few studies have focused 
on the microbial solubilization of inorganic P pools and the 
effect of factors such as the availability of C, N, and water. 
Brucker et al. (2020) examined the microbial P solubiliza-
tion of apatite and weathered rock (saprolites) in different 
soils (ranging from the Mediterranean to arid) from the 
Coastal Cordillera of Chile, finding that the concentrations 
of C and N, regardless of the soluble P concentration, play 
an indirect role in P solubilization through effects on soil 
microbial activity. These results suggest that P availability 
is not particularly important for microbial P solubilization. 
In soils from arid regions in Jordan, Ameen et al. (2019) 
observed that, although certain arid soils contained micro-
biota that could solubilize P, the process was controlled by 
water availability. Considering that drying–wetting cycles 
affect the concentration of P in drylands, their effect on P 
solubilizers should be further investigated.

Organic P and phosphatase activities

According to Nedeau et al. (2007) and Turner et al. (2003a), 
87% of organic P is hydrolysable in arid soils. However, in 
these soils, more than 50% of the soil is inorganic P, whereas, 
in mesic soil, organic P can prevail over inorganic P (Belnap 

2011). Water-soluble P represents 5% of the organic P and 
is mainly present as nucleic acid and phospholipids released 
by lysed cells and can be easily used by the active microbial 
cells in soil (Turner et al. 2003b). Other pulses of dissolved 
organic P can occur independently from the cells because 
drying–wetting cycles can cause the detachment of organic 
P from the organic matter coating the soil particles (Black-
well et al. 2009). The presence of available P can stimulate 
microbial P immobilization, but this process is minimal in 
dry soil; for example, it accounted for 3% of the total P in the 
Chihuahuan Desert (Lajtha and Schlesinger 1988), whereas 
it accounted for 36–55% of the total P in peatlands (Wal-
bridge 1991). This difference is likely due to the fact that 
dry conditions affect microbial activity, microbial biomass, 
and the diffusion of the substrates and extracellular enzymes 
needed to catalyze the extracellular hydrolysis of polymers, 
including those containing organic P. Moreover, the miner-
alization of organic P is very low in dry soils, as shown by 
the low phosphatase activity (Margalef et al. 2017). Gener-
ally, both acid and alkaline phosphatase activities decrease 
after the drying of soil (Nannipieri et al. 2011), while they 
increase from bulk soil to rhizosphere soil (Taradfar and 
Jungk 1987).

The most studied phosphatase activities in soil are 
acid and alkaline phosphatases, which are phosphomo-
noesterases hydrolyzing phosphomonoesters such as 
β-glycerophosphate, phenylphosphate, β-naphthyl phos-
phate, and p-nitrophenyl phosphate (Acosta-Martinez and 
Tabatabai 2011; Nannipieri et al. 2011). The correct bio-
chemical names are acid and alkaline phosphomonoesetrase, 
but in soil enzymology they are termed acid and alkaline 
phosphatase. Here, we will use the latter terms to reflect 
what was reported in the cited references.

In acid soils, acid phosphatase activities surpass alkaline 
phosphatase activities, while the opposite is true for alkaline 
soils (Acosta-Martinez and Tabatabai 2011; Nannipieri et al. 
2011). The phosphodiesterase activity can give insights into 
the degradation of nucleic acids and phospholipids because 
it hydrolyzes one of the two phosphoesters of the molecule 
and can precede the activity of the phosphomonoesterases, 
which release inorganic P (Nannipieri et al. 2011).

The available P in arid surface soil is controlled by micro-
organisms in the biological soil biocrusts, which have the 
capacity to solubilize inorganic P and can also synthesize 
and release extracellular phosphatases (Belnap 2011). These 
enzyme activities are increased by Ca and decreased by Mg 
in cyanobacteria (Belnap 2011). The presence of extracel-
lular polysaccharides from cyanobacteria preserves the 
extracellular phosphatase activities against proteolysis (de 
Caire et al. 2000). This is particularly important because it 
suggests that extracellular phosphatases can be stabilized 
and protected against proteolysis even if the organic content 
of the soil is low. This extracellular and stabilized enzyme 
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activity is independent of the extant microbial activity and 
can thus be active even under conditions hostile to micro-
bial activity (Nannipieri et al. 2018). Unfortunately, current 
enzyme assays do not distinguish the activity associated with 
these extracellular and stabilized enzymes from that due to 
microbial activity, which includes the activity of free extra-
cellular enzymes, enzymes attached to the outer surfaces of 
viable cells with the active site extended into the extracel-
lular environment, and intracellular enzymes (Nannipieri 
et al. 2018). Future research should determine the origin 
of the measured phosphatase activities—likely the alkaline 
phosphatase activity prevalent in dry soil—by using molec-
ular techniques measuring alkaline–phosphatase-encoding 
genes (Wei et al. 2019). The alkaline pH of arid soils, due to 
the presence of carbonate, is also responsible for the higher 
phenol oxide activities compared to those in mesic soils, 
whereas the opposite is true for glycosidase activities (Gar-
cia et al. 2017). Indeed, the optimal pH values of phenol 
oxidases are alkaline, while those of glycosidases range from 
4 to 6.

ATP and adenylate energy charge

Adenosine 5’-triphosphate (ATP) is an important organic 
P compound in the cell, and its content has been used to 
determine the microbial biomass of soil because it is quite 
constant, ranging from 10 to 11 μmol ATP g−1 biomass (Qiu 
et al. 2019). Air-drying markedly reduces the ATP content 
of the soil, but it increases upon the rewetting of the dry soil; 
for example, the ATP contents of oven-dried fresh organic 
soil, air-dried organic soil, and air-dried and rewetted organic 
soil (4.3% C) were 7.82, 2.11, and 4.40 nmol g−1, respec-
tively, and 1.43, 0.10, and 0.99 nmol g−1 in oven-dried fresh 
sandy soil, air-dried sandy soil, and air-dried and rewetted 
sandy soil (1.8% C) (Brookes et al. 1983). The concentra-
tions of the three adenylate nucleotides are used to deter-
mine the adenylate energy charge (AEC), which provides a 
measure of the metabolic energy stored in the cells, accord-
ing to the following equation: AEC = [ATP] + [1/2 ADP]/
[ATP] + [ADP] + [AMP (adenosine monophosphate)]. It can 
vary from 1.0 (all ATP) to 0 (all AMP), but the important 
values are (i) the highest ones (0.8–0.85), which are indica-
tive of actively growing cells; (ii) the intermediate ones 
(0.5–0.75), which suggest cells under the stationary phase; 
and (iii) the low ones (less than 0.5), which are indicative of 
dead or dying cells (Nannipieri et al. 1990). The high AEC 
values of temperate soils are indicative of microbial cells 
that are metabolically active and can thus respond to nutrient 
additions and seem to contradict the assumption that most 
soil microorganisms are inactive (Brookes et al. 1987; Nan-
nipieri et al. 1990). However, the AEC of a clay loam sub-
jected to the Mediterranean climate with hot, dry summers, 
and with a low organic-matter content (1.3%) was 0.65, 

whereas that of the organic clay soil with a high organic mat-
ter content (24.1%) was 0.8 when nucleotides were extracted 
with an acidic extracting solution inhibiting enzyme reac-
tions involving ATP, ADP, and AMP, with both soils used 
at 50% of their water-holding capacity (Ciardi et al. 1990). 
The rate of desiccation had a greater effect than the abso-
lute value of the water potential on the decrease in the AEC 
values of the surface soils sampled from the Mediterranean 
climate area (Rosacker and Kieft 1990). Although the AEC 
value can indicate the energy state of soil microorganisms, 
it has been scarcely studied, and it would be interesting to 
examine the AEC data of desert soils subjected to wetting.

Dynamic of P in biological soil crusts

BSCs significantly affect major environmental processes, 
such as soil stability and erosion, atmospheric nitrogen fixa-
tion, nutrient uptake by plants, soil–plant–water relations, 
water infiltration, seedling germination, and plant growth, 
due to their strategic location at the soil–air interface of the 
desert (Bashan and de-Bashan 2010). Therefore, they con-
tribute to surface organic matter pools, alter soil fertility 
through C and N fixation, and are a determining factor in the 
availability of P in dryland soils (Belnap 2011). According 
to Williams et al. (2012), the mechanisms of BSC formation 
are (i) stabilization and precipitation of authigenic miner-
als, (ii) drying–wetting along with expansion–contraction, 
(iii) capture of deposited dust, (iv) microscale mass waste 
produced by weakened aggregates, and (v) vesicular horizon 
formation.

Little is known about P pools in BSC in drylands, as com-
pared to BSC in temperate regions. In a gradient of soils 
(arid, semi-arid, Mediterranean, humid) in Chile, Baumann 
et al. (2018) found that labile P was higher in BSC from 
semi-arid and Mediterranean soils than in BSC from humid 
soils. For all sites, the main P pools were stable and non-
extractable, with Ca–P species dominating in arid, semi-
arid, and Mediterranean areas, and Al–P more common in 
humid areas.

The microbial components of crusts, particularly the 
cyanobacterial filaments, secrete polysaccharides that bind 
soil particles and form microaggregates, which are harder 
to move by the wind, compared to single grains (Crain et al. 
2018, Fig. 3). Thus, well-developed crusts can efficiently 
capture P from dust and prevent its loss, allowing plants to 
have a higher P uptake compared to the adjacent interspaces 
(Belnap 2011). They may also counteract RI formation by 
preventing the redistribution of the soil and seeds. When 
present, plants are worse competitors for P uptake than 
microorganisms of the biocrust soil (Housman et al. 2007).

As has been shown earlier, in drylands, most of the 
bound P is in an inorganic form that must be dissolved to 
be available for plant growth. Soil crust microorganisms 
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have the capacity to solubilize P in the following ways: (i) 
they can excrete H+ during respiration, which decreases the 
soil pH and releases recalcitrant carbonate-bond P; (ii) they 
can secrete metal chelators, such as siderochromes, which 
increase the P availability by maintaining the metals in the 
solution and preventing the formation of P-bound complexes 
(Belnap 2011); and (iii) some have bioweathering capacity 
by secreting weak organic acids (e.g., citric, malic, pyruvic, 
lactic, formic, and fumaric acids) that solubilize P from sur-
face rock or dust deposits (Belnap 2011; Crain et al., 2018).

The effect of BSCs on soil physicochemical properties 
may depend on the species composition. Crusts dominated 
by the lichen Diploschistes diacapsis and by Lecidella 
spp. had higher concentrations of P, N, and Cu and a 
lower pH than bare and semi-arid soil in Jalisco, Mexico 

(Concostrina-Zubiri et al. 2013); however, the microsites 
in crusts dominated by the lichen Acarospora socialis 
had lower P and higher Fe concentrations than bare soil. 
According to Bowker et al. (2006), the negative correlation 
between P content and lichen-moss crust communities could 
be explained by uptake and conversion of P to unavailable 
organic forms. The acidification of the soil in D. diacapsis 
crusts may be due to the secretion of organic acids by lichen. 
BSC dominated by lichens also has the capacity to extend 
vertically into the uppermost soil layer (Maier et al. 2014).

As presented earlier, the availability of P in drylands 
is mostly due to bioweathering and the solubilization of 
inorganic P and to a lesser extent to the organic-matter 
decomposition by enzyme activity. BSC organisms have 
phosphatases in their cell walls and mucilaginous sheaths 

Fig. 3   Schematic representation of the complex P dynamic in arid 
soils as affected by resource islands (RI) and biological soil crusts 
(BSC). In RI, rhizosphere acidification, CEC of the root system, 
and mycorrhizal associations allow increase P concentration under 
the canopy of nurse trees. In RI and BSC, beneficial microorgan-
isms such as N2 fixers, P solubilizers, siderochrome releasers, and 

the release of phosphatases by cyanobacteria and lichens contribute 
to stimulating P cycling. RI, resource island; P, phosphorus; OM, 
organic matter; CEC, cation exchange capacity. Red ˂: lower concen-
tration in comparison with RI or BSC. Blue ˃: higher concentration or 
activity in comparison with interspaces areas
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that are released to the surroundings (Crain et al. 2018). It 
is reasonable to hypothesize that these sheaths may pro-
tect the phosphatases against proteolysis, thus allowing the 
phosphatases to hydrolyze organic P in the extracellular 
soil environment. A particular feature of cyanobacteria 
and sometimes of green algae is the presence of multicel-
lular hairs, which are phosphatase coated and can extend 
beyond the colony to look for organic P to be hydrolyzed 
(Whitton et al. 2005).

The alkaline phosphatase activity seems to be related to 
the type of biocrust, being higher in cyanobacterial-domi-
nated crusts than in lichen-dominated crusts (Miralles et al. 
2012). Moreover, in lichen-dominated crusts, the species 
seems to further influence the type of enzyme activity. In a 
multi-soil study in semi-arid regions in Spain, crusts grow-
ing in gypsiferous soils showed phosphatase activity nega-
tively related to the abundance of D. diacapsis and positively 
related to that of the lichen Squamarina lentigera, while the 
ß-glucosidase and urease activities were less responsive to 
the crust community (Bowker et al. 2011). In the soils of 
Jalisco, Mexico, D. diacapsis reduced phosphatase activity 
(Concostrina-Zubiri et al. 2013). Conversely, in calcareous 
soils, phosphatase activity, urease activity, and soil respira-
tion were unaffected by the abundance of mosses and lichens 
(Bowker et al. 2011).

Conditions such as mechanical disturbances and 
increased aridity can also affect the P distribution inside 
the BSC. In the biocrust-dominated soils in the Chihuahuan 
Desert in North America, the concentrations of available P 
were higher in areas with disturbances and lower in intact 
soil crusts (Crain et al. 2018). A possible explanation for 
this is that in intact crusts, cyanobacteria and other organ-
isms may be incorporating P into biomass or helping in the 
creation of biotic P pools, thereby avoiding P accumulation 
in comparison to the disturbed areas. Thus, the higher P 
concentration in disturbed areas compared to biocrusts may 
be explained by the lack of microbial activity in the former. 
In the dryland agricultural landscape of northwest Victoria, 
Australia, a statistical model identified relationships between 
crust abundance and available P, soil C, and perennial grass, 
showing that disturbances from grazing and camping are the 
main cause of a loss of BSC coverage, whereas proximity to 
the windward edge, litter cover, and tree cover were second-
ary to crust abundance (Read et al. 2008). A multifunctional 
analysis of biocrust done in North America, Europe, and 
Australia indicated that phosphatase activity as well as the 
available P, soil organic carbon, total N, and ß-glucosidase 
activity increased with aridity (Delgado-Baquerizo et al. 
2016).

In conclusion, the effect of biocrusts is important in envi-
ronments with increased aridity because of the low micro-
bial activity and nutrient availability of arid soils. Increases 
in enzyme activities by BSC are important to improve the 

function of arid soils, but the origin of the increased activi-
ties should be investigated by comparing enzyme activities 
and the relative enzyme-encoding genes.

Effects of plants on P dynamics in dryland soils: The 
resource island phenomenon

Like microorganisms, plants play a major role in the release of 
P into the soil. Plants in drylands access the mineral P from the 
deep soil, translocate it from the roots to the shoots, and then 
deposit P as organic P in the surface soil. Thus, P transforma-
tion and distribution are controlled by the vegetation during 
soil genesis and ecosystem succession, but this is dependent on 
how deeply the roots can penetrate the soil to uplift inorganic 
P and transform it into organic P (Gao et al. 2019).

The most common natural vegetation pattern in drylands 
is a RI, a complex habitat buildup where many plants modify 
adverse environmental growth conditions by changing their 
surroundings, causing changes in the microclimate and soil 
properties (Bashan and de-Bashan 2010). The RIs associated 
with perennial trees or shrubs influence the concentrations 
of soil nutrients through physical and biotic mechanisms 
(Mudrak et al. 2014), and this increases the spatial hetero-
geneity of the soil nutrients. Indeed, plants maintain a tight 
internal cycle, absorbing nutrients underneath their canopy 
(Salazar et al. 2019) and accumulating resources from the 
adjacent open spaces via their roots and through the physi-
cal redistribution of litter on the soil surface to prevent the 
loss of deposits due to wind (Kondo et al. 2012). Shade 
and organic matter contribute to the process of the stabi-
lization of fine-textured soils, which will, in turn, become 
microhabitats for entire communities of organisms (Bashan 
and de-Bashan 2010), facilitating the establishment of other 
plants under their canopy and accelerating microbial activity 
(Fig. 3). Thus, vegetation patches concentrate the biogeo-
chemical cycles of P, C, N, and K in the RI, whereas the 
adjacent inter-shrub spaces (henceforth called interspaces) 
show very low biotic activities (Kondo et al. 2012) (Fig. 3).

Dryland plants use several mechanisms to increase P lev-
els in the associated RI under their canopies. First, the most 
common way for plants to access bound P is the acidification 
of the rhizosphere through proton extrusion (Belnap 2011), 
mainly carried out by the electrogenic proton pumps local-
ized in the plasma membrane. Such proton effluxes may act 
as a driving force for the energy-dependent transmembrane 
uptake of essential substances, such as amino acids, sugars, 
and various ions (Bashan and Levanony 1989). It is well 
established that a P deficiency in soils affects the proton 
efflux (Carrillo et al. 2002), leading to enhanced acidifi-
cation, which may have two effects: mobilization of solid 
phosphate, which supplies part of the plant’s needs, and 
enhancement of root growth because cells grow faster in acid 
pH (Carrillo et al. 2002). Second, plants in drylands with 
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a higher cation exchange capacity (CEC) can access more 
recalcitrant P sources (Belnap 2011); legume trees seem to 
be efficient in obtaining P from insoluble sources such as 
Ca–P compounds due to their root system with a high CEC, 
which lowers the calcium activity in the soil, facilitating 
the release of P (Geesing et al. 2000). Third, plants with a 
mycorrhizal association can increase phosphatase activity 
under their canopies, but such activity depends on the type 
of mycorrhiza because ectomycorrhiza can produce phos-
phatases (Lambers et al. 2008), while the role of arbuscular 
mycorrhiza fungi (AMF) in the mineralization of organic P 
is unclear (Joner et al. 2000). A visualization of the mecha-
nisms is presented in Fig. 3.

One of the most well-known nurse plant–seedling associa-
tions occurs between leguminous trees and shrubs and desert 
succulents (Bashan and de-Bashan 2010). It has been reported 
that leguminous trees such as the mesquite tree (Prosopis spp.) 
can modify the spatial arrangement of shrubs and herbaceous 
plant species and the chemical conditions of the soil, thereby 
generating local vegetative heterogeneity (Rossi and Villagra 
2003). Higher concentrations of P, organic matter, and N in 
the soils under the canopy of mesquite than those in open 
adjacent areas have been reported in several dryland areas in 
North, Central, and South America. Such is the case of Pros-
opis flexuosa in the Monte Desert, Argentina, and Prosopis 
articulata in the Mexican Sonoran Desert (Bashan et al. 2000; 
Rossi and Villagra 2003). In a study on Prosopis pallida in a 
dryland forest in Northern Peru, concentrations of P, N, and 
C were positively affected by tree size, and the relationships 
between the nutrient concentrations in the leaf and soil were 
significant for P and Mn, suggesting that the RI effect was due 
to the quantitative increase in the amount of leaf litter (Salazar 
et al. 2019). Under the canopy of Prosopis glandulosa in South 
Texas, the P and N concentrations in both soil and leaves were 
significantly correlated with the trunk diameter. The pumping 
of nutrients from deeper levels of the soil probably explains the 
increase in soil P under the large canopy related to the larger 
trunk diameter (Geesing et al. 2000). In a 13-year silvo-pasto-
ral system in Brazil with a planted Prosopis juliflora and two 
trees preserved from the native thorn forest (Ziziphus joazeiro 
and Spondias tuberosa), analysis of the organic and inorganic 
P fractions indicated that P. juliflora and Z. joazeiro enriched 
the soil under their canopy with P, whereas S. tuberosa had no 
positive effect on the P content (Tiessen et al. 2003). A similar 
pattern has been found with other legume trees. Studies of 
Caragana microphylla in Mongolian grassland showed higher 
available P inside the mound formed under the canopy of the 
RI, than below and outside the mound (Kondo et al. 2012). 
The differences in the available P pools, soil electrical con-
ductivity, inorganic N pool, and total C and N pools between 
the mound and the outside were significantly and positively 
related to canopy size. The higher P, N, and C contents beneath 
the canopy with increased tree size were probably due to the 

increased primary production or litter supply per unit of soil 
area (Kondo et al. 2012). Similarly, the contents of available 
P, total N, organic matter, and moisture were generally higher 
under the canopies of C. microphylla and the non-legume Salix 
gardejerii than in open spaces. However, the enrichment ratios 
of the total and available P, N, and organic matter were sig-
nificantly higher under C. microphylla than under S. gardejerii 
(Zhao et al. 2007).

Plant species seems to play a key role in the fractionation 
of P under the canopy. For example, the RI under piñon 
pine (Pinus edulis) and one-seed juniper (Juniperus mono-
sperma) in Northern Arizona showed no effect on the pools 
of recalcitrant bound Ca–P, but a strong effect on the distri-
bution of the labile inorganic P (Pi) and intermediate P pools 
(organic P [Po] and NaOH Pi) (Selmants and Hart 2010). 
The concentrations of Pi under piñon pine were higher than 
those under one-seed juniper and in the interspaces, prob-
ably due to enhanced phosphatase activity, as piñon pine 
was associated with ectomycorrhiza, while juniper was 
associated with AMF. The spatial pattern of P fractions in 
the RI of two native shrubs, Guiera senegalensis and the 
legume Piliostigma reticulatum, in Senegal showed that 
the P. reticulatum soil was dominated by the intermediate 
available NaOH–Po fraction, whereas G. senegalensis had 
a higher concentration of labile P, particularly organic P 
(bicarb–Po) (Dossa et al. 2010). In general, regardless of the 
shrub, the amount of bicarb–Po fraction under the canopy 
was significantly higher than that in the soils outside the 
canopy. Bicarb–Po is recognized as an organic P fraction 
easily accessible to microbes and positively correlated with 
phosphatase activity, which controls the Po mineralization 
in soils (Dossa et al. 2010). Therefore, a higher level of this 
fraction under the shrub canopy reflects the ability of these 
plants to cycle and maintain biologically active P.

As might be expected, a gradient of fertility seems to 
form from the core of the patch to the exterior due to micro-
climates created by the canopy (Segoli et al. 2012a, Fig. 3). 
In the RI under the shrub Sarcopoterium spinosum in the 
northern Negev Desert of Israel, the contents of soil nutri-
ents (P, organic matter, K, nitrate, and ammonium) and the 
temperature regimes were higher at the core of the shrub 
patch than outside the patch (Segoli et al. 2012b). The patch 
type had a significant effect on the P content. The interspace 
had significantly lower levels of P than the periphery, which, 
in turn, had lower levels than the core.

Conclusions and future perspectives

This review discussed not only the state of the art regard-
ing P cycling in drylands but also the knowledge gaps that 
need to be filled by future research. The effects of plants or 
microbial residues with different C:P ratios on the P pools 
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in dry soils should be investigated both in BSCs and RIs 
because they can markedly affect P cycling in soils (Erinle 
et al. 2020). Molecular studies are also needed, not only to 
increase the knowledge about microbial diversity, but also 
to investigate the distribution of microorganisms bearing 
phosphatase-encoding genes, to understand the origin of 
the phosphatase activities of soil (Wei et al. 2019). Ade-
nylate energy charge can represent the energetic status of 
the soil microbiome, and it may be interesting to compare 
the AEC values of soils under RIs or BSCs with the values 
of the respective bare soils when rainfall events occur fol-
lowed by rapid drying. This could verify the hypothesis that 
AEC values are high only under optimal conditions, such as 
temperate and usually wet soils, as well as provide insights 
into the microbial metabolism of soils under RIs or BSCs 
and bare soils. In this context, metagenome studies should 
be combined with metatranscriptomic studies, which, to the 
best of our knowledge, have never been conducted in arid 
soil in the context of P dynamics. This review underlined 
the fact that there are also knowledge gaps concerning the 
abiotic processes; for example, weathering rates with P 
release in dry soils need to be monitored under field condi-
tions, although this is challenging due to the inputs from 
erosion and dust deposition (Newman, 1995; Hartley et al. 
2007). Soil-surface-reactive particles can affect the amount 
of available P in temperate soils, but their effects in dry soils 
are unknown. Improved knowledge of P dynamics may be 
important for the sustainable management of these soils, 
which cover about 41% of Earth’s ice-free land surface and 
are among the most threatened and disregarded ecosystems 
in the world (Monger et al. 2005; Safriel and Zafar 2005; 
Schimel 2010; Plaza et al. 2018).
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