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GENERAL SUMMARY 

Climate change is having significant impacts on biogeochemical cycles, particularly in 

drylands. Besides that, the global increase in atmospheric nitrogen (N) deposition may 

destabilize vegetation primary production in terrestrial ecosystems, and phosphorous 

(P) may become the most limiting nutrient in many of these ecosystems. Hence, 

clarifying the effects of climate change on the dynamics and availability of P in the soil 

is essential to forecast its impacts on ecosystem functioning, especially in drylands. 

However, the effects of climate change and biocrusts on soil P pools in arid and semi-

arid ecosystems remain poorly understood. In addition, we do not have sufficient 

knowledge of the main factors that control soil P pools in coastal dunes ecosystems, 

which are among the most valued priority conservation areas worldwide and will 

probably suffer extreme events caused by climate change. Likewise, there are 

knowledge gaps regarding the interactions between increases in aridity, land-use 

intensification, and soil P dynamics in drylands. Finally, in the context of increases in 

aridity driven by climate change, it is essential to have a deeper understanding of how 

climate and other environmental factors drive P dynamics across terrestrial biomes at a 

global scale.   

 The main objective of this thesis is to evaluate how major global change drivers 

(climate change and land-use intensification) will affect the dynamics of the P cycle 

across terrestrial biomes, with a particular focus on dryland ecosystems. Specifically, we 

evaluated the role of biological soil crusts, aridity, and livestock grazing on P pools in 

drylands at different spatial scales: local, regional, and global. Also, I determined the 

main environmental drivers controlling pools of soil P availability in terrestrial biomes 

globally. 

Chapter 1 evaluates how simulated climate change and biocrusts affect P pools 

in the soil top layer. For this, we used two long-term experiments located in Central 

(Aranjuez) and Southeast (Sorbas) Spain. Our results highlight the important role of 

biocrusts in regulating major P pools in dryland soils, and in increasing the resistance of 

the P cycle to the impacts of simulated climate change. They also show the large impacts 

of warming on the P pools, with significant increases in major pools, which may be 
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related to both the decomposition of biocrusts tissues and the decrease in the activity 

of P solubilizing bacteria and fungi responsible for the transfer of mineral to organic P 

pools. 

Chapter 2 investigates the combined effects of biological and geochemical 

drivers on the labile, medium-labile, and recalcitrant P pools along dune ecosystems of 

the Atlantic coast of the Iberian Peninsula, encompassing a wide aridity gradient. Our 

results suggest a novel transfer mechanism mediated by microorganisms that transfer 

medium-lability P forms to the more labile P pool. At the same time, increases in 

bacterial richness associated with biofilms might be involved in the thickening of the 

medium-lability P pool in our climosequence. These bacterial-mediated transfers would 

confer resistance to labile P under a climate change scenario, and reveal the critical role 

of soil microorganisms as modulators of the P geochemical cycle. 

Chapter 3 evaluates the joined effects of aridity and livestock grazing pressure 

on soil P pools along global grazing pressure and climatic gradients using 98 rangelands 

from all continents except Antarctica. Our findings reveal that both climate change (i.e., 

increasing aridity) and land-use intensification (i.e., increases in livestock grazing 

pressure) have a synergistic effect on P availability, increasing concentrations of non-

occluded P, which promotes the decoupling of N:P cycles across global drylands.   

Chapter 4 provides a novel clustering approach to soil P availability across 

biomes worldwide. Also, the study evaluates the main environmental drivers that 

determine the spatial distribution and vulnerability to climate change of the soil P pools 

in terrestrial biomes globally. This study highlights that soil P pools will depend on the 

biotic factors, ultimately affected by the climate and the amount of soil organic matter, 

and on geochemical processes influenced by topographic relief. These results also 

suggest that the predicted increase in temperature caused by ongoing climate change 

will have a direct negative impact on the reserves of bioavailable P in the short term, 

limiting primary production in terrestrial ecosystems worldwide. 

Overall, the findings obtained in this doctoral thesis provide outstanding 

information about microscale and macroscale mechanisms that control soil P dynamics 

in terrestrial ecosystems, especially in drylands. Specifically, our results provide novel 
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insights about the increase of soil P availability caused by climate change and land-use 

intensification, promoting the imbalance between N and P on soils, which will negatively 

affect dryland ecosystem production. Likewise, they highlight the key role of biocrust 

and microbial communities control soil P pools in drylands. The information provided at 

a local and regional scale will be a precious source for the management and conservation 

strategies of drylands and mitigating the consequences of global change in ecosystem 

functions. Likewise, this deeper global-scale knowledge about the dynamics of the soil 

P cycle could be incorporated into Earth system models to understand better the effect 

of global change on the multifunctionality of ecosystems in the Anthropocene. 
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RESUMEN GENERAL 

El cambio climático está teniendo impactos significativos en los ciclos biogeoquímicos, 

particularmente en las zonas áridas1. Además, el aumento global en la deposición de 

nitrógeno (N) atmosférico puede desestabilizar la producción primaria de la vegetación 

en los ecosistemas terrestres, y el fósforo (P) puede convertirse en el nutriente más 

limitante en muchos de estos ecosistemas. Por tanto, es esencial evaluar los efectos del 

cambio climático en la dinámica y disponibilidad de P en el suelo y así pronosticar sus 

impactos en el funcionamiento de los ecosistemas, especialmente en las zonas áridas. 

Sin embargo, los efectos del cambio climático y la costra biológica del suelo en los pools 

de P del suelo en ecosistemas áridos y semiáridos siguen aún sin comprenderse. De igual 

modo, no tenemos un conocimiento suficiente de los principales factores que controlan 

los pools de P en los ecosistemas de dunas costeras, que se encuentran entre las áreas 

prioritarias de conservación más valoradas a nivel mundial, los cuales probablemente 

sufrirán algunos de los eventos extremos causados por el cambio climático. Asimismo, 

existen lagunas de conocimiento sobre las interacciones entre el aumento de la aridez, 

la intensificación del uso de la tierra y la dinámica del P del suelo en las zonas áridas. Por 

último, en un contexto de aumento de la aridez impulsado por el cambio climático, es 

esencial tener una comprensión más profunda sobre cómo el clima y otros factores 

ambientales controlan la dinámica de P en los biomas terrestres a escala global. 

El objetivo principal de esta tesis es evaluar cómo los principales impulsores del 

cambio global (cambio climático e intensificación del uso de la tierra) afectarán a la 

dinámica del ciclo del P en los biomas terrestres, con un enfoque particular en las zonas 

áridas. Específicamente, evaluamos el papel de la costra biológica del suelo, la aridez y 

el pastoreo del ganado en los pools de P en las zonas áridas a diferentes escalas 

espaciales: local, regional y global. Asimismo, determinamos los principales factores 

ambientales que controlan los pools de la disponibilidad de P en los biomas terrestres 

de todo el mundo. 

 
1 El término zonas áridas, traducido del inglés “dryland”, engloba ecosistemas hiperáridos, áridos, 
semiáridos y seco-subhúmedos. 
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El capítulo 1 evalúa cómo el cambio climático simulado y la costra biológica 

afectan a los pools de P de la capa superior del suelo. Para ello, utilizamos dos 

experimentos a largo plazo ubicados en el centro (Aranjuez) y sureste (Sorbas) de 

España. Nuestros resultados destacan el importante papel de la costra biológica en la 

regulación de los principales pools de P del suelo de las zonas áridas y en el aumento de 

la resistencia del ciclo del P a los impactos del cambio climático simulado. También 

muestran el gran impacto del calentamiento, con aumentos significativos en los 

principales pools de P, lo que puede estar relacionado tanto con la descomposición de 

los tejidos de las costras biológicas como con la disminución de la actividad de las 

bacterias y hongos solubilizadores de P, responsables de la transferencia de P mineral a 

orgánico. 

El capítulo 2 investiga los efectos conjuntos de los factores biológicos y 

geoquímicos que controlan los pools de P lábil, de labilidad media y recalcitrante en un 

amplio gradiente de aridez en los ecosistemas dunares de la costa atlántica de la 

Península Ibérica. Nuestros resultados sugieren un nuevo mecanismo de transferencia 

mediado por microorganismos que transfieren el P de labilidad media al pool de P más 

lábil. Al mismo tiempo, los aumentos en la riqueza bacteriana asociados a los biofilms 

podrían estar involucrados en el aumento de la reserva de P de labilidad media en la 

climosecuencia de estudio. Estas transferencias mediadas por bacterias confieren 

resistencia al fósforo lábil en un escenario de cambio climático y revelan el importante 

papel de los microorganismos del suelo como moduladores del ciclo geoquímico del P. 

El capítulo 3 evalúa los efectos de la aridez y la presión del pastoreo de ganado 

sobre los pools de P a lo largo de un gradiente climático utilizando 98 pastizales de todos 

los continentes excepto la Antártida. Nuestros hallazgos revelan que tanto el cambio 

climático (es decir, el aumento de la aridez) como la intensificación del uso de la tierra 

(es decir, aumentos en la presión del pastoreo de ganado) tienen un efecto sinérgico en 

la disponibilidad de P, provocando un aumento en las concentraciones de P no ocluido, 

lo que promueve el desacoplamiento de la ratio N:P en las zonas áridas. 

El capítulo 4 proporciona un nuevo enfoque de la agrupación de los pools de P 

en el suelo en los biomas terrestres de todo el mundo. Además, el estudio evalúa los 



RESUMEN GENERAL  

 

6 
 

principales factores ambientales que determinan la distribución espacial de los pools de 

P y su vulnerabilidad al cambio climático en los biomas terrestres a escala global. Este 

estudio destaca que los pools de P dependerán de los factores bióticos, afectados en 

última instancia por el clima y la cantidad de materia orgánica del suelo, así como de los 

procesos geoquímicos influenciados por el relieve topográfico. Estos resultados también 

sugieren que el aumento previsto de la temperatura causado por el cambio climático en 

curso tendrá un impacto negativo directo sobre el P biodisponible a corto plazo, lo que 

limitará la producción primaria en los ecosistemas terrestres a escala global. 

En general, los resultados obtenidos en esta tesis doctoral proporcionan 

información novedosa sobre los mecanismos a microescala y macroescala que controlan 

la dinámica del P del suelo en los ecosistemas terrestres, especialmente en las zonas 

áridas. Concretamente, nuestros resultados brindan información novedosa sobre el 

aumento de la disponibilidad de P en el suelo causado por el cambio climático y la 

intensificación del uso de la tierra, promoviendo así el desequilibrio entre el N y P del 

suelo, lo cual afectará negativamente a la producción primaria de las zonas áridas. 

Asimismo, destacan el papel clave de la costra biológica y las comunidades microbianas 

en el control de pools de P del suelo en estos ecosistemas. La información proporcionada 

a escala local y regional será una fuente valiosa para las estrategias de gestión y 

conservación de las zonas áridas y la mitigación de las consecuencias del cambio global 

en las funciones ecosistémicas. Asimismo, este conocimiento más profundo a escala 

global sobre la dinámica del ciclo del P del suelo podría incorporarse a los modelos del 

sistema terrestre para comprender mejor el efecto del cambio global sobre la 

multifuncionalidad de los ecosistemas en el Antropoceno.
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THEORETICAL BACKGROUND 

Drylands and climate change 

Drylands are areas characterized by a climatic water deficit in which evapotranspiration 

is greater than the entry of water through precipitation (Cherlet et al., 2018; Huang et 

al., 2016; Steven, 2017). These include deserts, savannas, and grasslands (Yao et al., 

2020). The classification of these ecosystems is carried out according to the scientific 

criteria defined by the Aridity Index (AI), which relates precipitation to the average 

potential evapotranspiration for a multiannual period with a threshold of 0.65 (Cherlet 

et al., 2018). Thus, hyperarid (AI < 0.05), arid (0.05 < IA < 0.2), semi-arid (0.2 < IA < 0.5) 

and dry-subhumid (0.5 < IA < 0.65) ecosystems can be distinguished (Middleton and 

Thomas, 1997). Drylands occupy approximately 41-45% of the earth's surface — 6.1 

billion hectares — (Cherlet et al., 2018; Prăvălie, 2016), representing the largest biome 

on the planet with a wide distribution in countries in Africa and Oceania (Figure 1). 

 

Figure 1. Distribution of drylands globally according to the Aridity Index (AI) classification: 

hyperarid, arid, semi-arid, and dry-subhumid based on UNEP-WCMC (2007). Extracted from 

Maestre et al. (2021).  

 The intensification of human activities such as the burning of fossil fuels and land-

use change from the middle of the 20th century has increased greenhouse gas emissions 



GENERAL INTRODUCTION 

 
 

10 
 

(CO2, CH4, N2O, O3), with multiple impacts on atmospheric dynamics (IPCC, 2021). More 

than 39 billion metric tonnes of CO2 were emitted into the atmosphere every year from 

2011 to 2020 (Friedlingstein et al., 2022), reaching the atmospheric concentration of 421 

ppm in May 2022 (Keeling, 2022; Tans, 2022). According to the climate projections of 

the different scenarios of greenhouse gases and aerosol emissions by the Sixth 

Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), both the 

modification of the precipitation regimes and the increase in the mean annual 

temperature (between 1.4º C and 5.8ºC depending on the scenario) are expected for 

the period 2081-2100 with respect to the reference period (1986-2005) (IPCC, 2021). 

Likewise, changes in weather conditions in the context of climate change show an 

increase in the occurrence, intensity and duration of extreme weather events — e.g., 

periods of extreme drought and heat waves — (Cook et al., 2014; Diffenbaugh et al., 

2017). Widespread increases in aridity are also forecasted for more than 50% of the land 

area occupied by drylands by the end of the 21st century (Huang et al., 2016), 

exacerbating the processes of land degradation and desertification (Asner et al., 2004; 

Cherlet et al., 2018; Prăvălie, 2016; Reynolds, 2007).  

Based on a socioeconomic perspective, drylands are home to more than a third 

of the world's population —approximately 2 billion people— (Middleton and Thomas, 

1997; Reynolds, 2007), who depend directly on a set of ecosystem services that provide 

them with welfare and livelihood (MEA, 2005). Arid sites are susceptible to aridity and 

climate change (Berdugo et al., 2020) despite the high spatial variability between regions 

(IPCC, 2022). Ninety percent of the population of these regions live in developing 

countries (MEA, 2005; Prăvălie, 2016). Likewise, half of the people living below the 

poverty line live in drylands, mainly in Africa, where it is expected that there will be a 

greater vulnerability as a consequence of a lower adaptive capacity and continued 

population growth (Peng et al., 2020). This inexorable increase in human pressure on 

ecosystem services could cause the alteration of ecosystem dynamics in drylands with 

severe consequences on a global scale. In conclusion, the socio-ecological importance 

of these regions reveals the need for research focusing on the effects of global change 

on ecosystem functions and services that could guide the establishment of policies to 
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prevent the collapse and improve the resilience of drylands through mitigation 

strategies (Peng et al., 2020). 

 The geological origin of most dryland soils is situated in the Quaternary (de-

Bashan et al., 2022). The climatic events suffered by these areas — i.e., repeated 

fluctuations between dry and wet periods, massive atmospheric deposition of dust and 

the accumulation of carbonates —  could have led to an acceleration in pedogenic soil 

processes over time (de-Bashan et al., 2022; Maestre et al., 2021). Drylands soils 

originated from gypsum, marl or limestone substrates (IUSS Working Group WRB, 2006) 

have low fertility due to both the water and organic matter limitation and the loss of 

surface horizons caused by erosive processes (Delgado-Baquerizo et al., 2013a; Osman, 

2018; Plaza et al., 2018). According to recent estimates, dryland soils store 

approximately 32% of organic carbon (C) (Plaza et al., 2018), contributing to the 

mitigation of anthropogenic CO2 emissions (Ma et al., 2016). Consequently, these 

ecosystems are essential to sustain life on Earth and play a key role in global 

biogeochemical cycles (Ahlström et al., 2015; Maestre et al., 2021; Tian et al., 2020).  

Global change and biogeochemical cycles 

Biogeochemical cycles constitute circuits for the exchange of chemical elements 

between the different planet reservoirs — atmosphere, hydrosphere, biosphere, and 

lithosphere. In terrestrial ecosystems, C, N and P are the main nutrients for 

photosynthetic organisms, and their stoichiometry largely affects ecosystem structure 

and function (Jiao et al., 2016; Schlesinger and Bernhardt, 2013a). In disturbed 

ecosystems, the high mobility of N between the biosphere-atmosphere usually 

determines a greater N limitation on soils (Gallardo et al., 2009). However, increases in 

anthropogenic reactive N due to industrial activity (~120 Tg N year-1), changes in land 

use (~60 Tg N year-1) and the burning of fossil fuels (~30 Tg N year-1) (Fowler et al., 2013) 

could imply a higher demand for P by photosynthetic organisms (Du et al., 2016; 

Peñuelas et al., 2013, 2012; Schlesinger and Bernhardt, 2013b). The decoupling of soil 

N:P ratios could act as an evolutionary engine in plant communities because of their 

effects on the DNA composition of photosynthetic organisms (Peñuelas et al., 2012), 

with broad ecosystem consequences. Future projections on the atmospheric N 
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deposition and the increase of the N:P ratio point to a rapid expansion from the northern 

hemisphere to the tropical regions (Lamarque et al., 2010). This stoichiometry 

imbalance of C:N:P ratio may significantly impact the structure, functionality and 

diversity of terrestrial ecosystems worldwide (Peñuelas et al., 2012, 2013, 2020b).  

Likewise, meteorological disturbances caused by climate change can also directly 

affect the biogeochemical balance due to the different degrees of control of biological 

and geochemical processes on soil nutrients (Delgado-Baquerizo et al., 2018a; Dijkstra 

et al., 2012; Finzi et al., 2011; Jiao et al., 2016). In a global study of 224 drylands 

worldwide, Delgado-Baquerizo et al. (2013) found that as aridity increased, the 

bioavailability of C and N decreased while the release of P was caused by the weathering 

of carbonate-rich rocks promoted an imbalance of C-N-P cycles. Moreover, Jiao et al. 

(2016) studied the effect of aridity and global warming on the C-N-P balance in a 3500 

km aridity gradient north of China. The results revealed a decrease in C and N 

concentrations and no effect on P availability as increasing aridity. These nutrient 

unbalances will likely affect the production and diversity of vegetation and the microbial 

diversity of dryland ecosystems (Delgado-Baquerizo et al., 2013a; Finzi et al., 2011; Luo 

et al., 2020; Querejeta et al., 2021). Drought increases expected by global warming could 

worsen the C-N-P decoupling (Jiao et al., 2016), which will negatively impact soil C 

storage and food production (Delgado-Baquerizo et al., 2013a).  

Despite the growing interest in understanding the global change impacts on soil 

P dynamics and availability, most studies carried out so far have focused on C and N 

responses to climate change (Bai et al., 2013; Reich et al., 2006; Sun et al., 2022; Zhang 

et al., 2015). However, a deeper knowledge of global change effects and human 

activities on the P availability in terrestrial ecosystems is necessary to evaluate the 

consequences on ecosystem multifunctionality (Reed et al., 2015).   
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The phosphorus cycle in terrestrial ecosystems 

Phosphorus is a key element in the biochemistry of all living organisms because it is part 

of  the genetic material (RNA and DNA), energetic molecules (ATP), and structural 

compounds (phospholipid membranes or bone) of organisms (Ruttenberg, 2003). 

Likewise, it is one of the most important macronutrients for photosynthetic organisms 

that constitute the base of ecosystem trophic networks (Ruttenberg, 2003; Schlesinger 

and Bernhardt, 2013b; Vitousek et al., 2010). Accordingly, P availability contributes to 

ecosystem productivity and influences key ecological functions and services, such as 

food security, food production, and soil fertility (Cordell et al., 2009; Peñuelas et al., 

2020b). 

 Given the geological origin of the P cycle, it is considered a non-renewable and 

limiting nutrient for the primary production of terrestrial ecosystems (Cordell et al., 

2009; Vance et al., 2003). Soil P inputs into ecosystems come mainly from parent rock 

weathering promoted by the dissolution of P-containing minerals such as apatite 

(Ca5(PO4)3) (Lajtha and Schlesinger, 1988; Schlesinger and Bernhardt, 2013b; Vitousek 

et al., 2010; Walker and Syers, 1976), and to a lesser extent from the atmospheric dust 

deposition enriched in P particles (Gu et al., 2019; Mahowald et al., 2008; Okin et al., 

2004). Bedrock weathering includes mechanical, chemical, thermal fragmentation and 

degradation processes, as well as the activity of plants and microorganisms (Dixon et al., 

2016; Lopez and Bacilio, 2020). The concentration of total soil P can range up to three 

orders of magnitude worldwide (He et al., 2021) and largely depends on the parent 

material type (Porder and Ramachandran, 2013). Atmospheric P inputs also contribute 

to the increase of soil total P. Mineral aerosols are the predominant source of 

atmospheric P (~80% of total atmospheric P) and contribute on average 700 ppm per 

year to the soil P, with a wide range of variability. Furthermore, other minor 

contributions to atmospheric P exist, such as biogenic particles (~12% of total 

atmospheric P), sea salt, volcanic aerosols and P-rich materials from fires (de-Bashan et 

al., 2022; Mahowald et al., 2008). 

Soil P is found in various inorganic and organic forms that determine its 

availability for primary production at different time scales (Cross and Schlesinger, 1995; 
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Hou et al., 2018a). Unlike C and N cycles, both characterized by rapid recycling between 

the biosphere and the atmosphere (Finzi et al., 2011), the chemical forms of P are mainly 

controlled by geochemical processes: precipitation/dissolution and sorption 

/desorption, which ultimately depend on soil physicochemical conditions (e.g., pH) 

(Cross and Schlesinger, 2001; Hou et al., 2018a; Vitousek et al., 2010). About 5% of the 

soil total P is found in labile forms immediately available for photosynthetic organisms 

in terrestrial ecosystems (Condron and Newman, 2011; Shen et al., 2011). Ecological 

studies have typically focused on the so-called "P Olsen"  for determining its 

bioavailability for plants (Cross and Schlesinger, 2001; Olsen et al., 1954). However, the 

future projection of anthropogenic and climatic impacts also requires the consideration 

of insoluble phosphate reserves —adsorbed by secondary minerals (such as 

sesquioxides), in bedrock minerals, or as part of the soil organic matter — (Weng et al., 

2012), which will determine P availability for the primary production in the medium- and 

long-term.  

The role of biocrusts and vascular plants in phosphorus availability 

Although soil geochemical processes strongly influence the soil P cycle,  microbiological 

processes such as P mineralization/immobilization or the activity of photosynthetic 

organisms also play a relevant role in P availability in terrestrial ecosystems (Cross and 

Schlesinger, 2001; de-Bashan et al., 2022; García-Velázquez et al., 2020). Both biocrusts 

and vascular plants improve the renewal and availability of soil nutrients, water 

retention, dust interception and litter accumulation in drylands (Allington and Valone, 

2014; Gao et al., 2022; Ochoa-Hueso et al., 2018) (Figure 2). 
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Figure 2. Schematic representation of the phosphorus (P) dynamics in drylands controlled by 

resource islands (RI) and biocrusts. Red and blue colors indicate lower and higher P 

concentration, respectively, compared to RI or biocrusts. OM (Organic Matter), CEC (Cation 

Exchange Capacity). Extracted from De-Bashan et al. (2022). 

Biocrust communities are the result of an intimate association between soil 

particles and different proportions of photoautotrophic (algae, lichens, bryophytes, and 

cyanobacteria) and heterotrophic (fungi, bacteria and archaea) organisms that live 

within or immediately above the first few millimetres of topsoil (Weber et al., 2022). 

These communities cover approximately 25% of the global surface of drylands 

(Rodriguez-Caballero et al., 2018) and have a relevant impact on nutrient cycles (e.g., 

fixation of C and N), water infiltration and surface runoff (Pointing and Belnap, 2012; 

Steven, 2017). The low soil humidity of dryland soils favors that nutrients concentrate in 

the upper topsoil, being more sensitive to the influence of the biocrusts  (Belnap et al., 

2003, 2001). Regarding soil P control by biocrusts, organisms can solubilize P bound to 

minerals through the secretion of organic acids (e.g., citric, malic, pyruvic acids, etc.) and 

chelating agents (e.g., siderochromes). The respiration processes of biocrust 
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communities also contribute to mobilizing P on soil, diminishing soil pH through the 

excretion of H+ (Belnap, 2011). Additionally, these organisms contribute to the 

stabilization of the soil surface through the excretion of amino acids and 

polysaccharides, which form aggregates together with soil particles avoiding erosion 

impacts and nutrient mobilization (Belnap et al., 2001; Weber et al., 2022, 2016). 

Biocrusts are susceptible to environmental and land-use intensification changes 

(Ferrenberg et al., 2015). A wide variety of studies show evidence of the impacts of 

global change drivers on biocrust communities with cascading effects on C and N cycles 

(Delgado-Baquerizo et al., 2014; Liu et al., 2017, 2016; Maestre et al., 2013; Reed et al., 

2016, 2012). Ladrón de Guevara et al. (2018) revealed a reduction in richness (~35%), 

diversity (~25%), and cover (~82%) of biocrusts due to simulated warming in a climate 

change experiment. Furthermore, biocrust coverage is expected to be reduced by 25% 

and 40% by the year 2070, according to the latest projections (Rodriguez-Caballero et 

al., 2018). The loss of biocrust coverage may favor the erosion of the soil layer surface 

and promote the emission and redistribution of ~700 Tg year-1 of dust particles through 

the "Atmospheric Dust Belt" (Rodriguez-Caballero et al., 2022), with significant impacts 

on the P reserves and availability globally. Therefore, understanding how the 

interactions between biocrusts and climate change affect soil P pools in drylands is 

essential to comprehend better its impacts on these ecosystems and their capacity to 

provide critical ecosystem services in a warmer world. 

Vascular plants have different strategies for soil P acquisition. Firstly, the 

rhizosphere can mobilize insoluble  P forms in the soil thanks to the extrusion of protons 

(Belnap, 2011). Some plant species have root systems with a high cation exchange 

capacity which promotes the mobilization of recalcitrant P associated with minerals 

(Belnap, 2011; de-Bashan et al., 2022). Secondly, mycorrhizal symbiosis is a highly 

efficient mechanism for P uptake by vascular plants (Richardson et al., 2009). These 

associations between roots and mycorrhizal fungi allow for greater soil nutrient 

exploitation thanks to an increase in the surface area and effective length of plant roots 

(Feng et al., 2003; Vance et al., 2003). Thirdly, the microbial and photosynthetic 

organisms may opt for high energy cost strategies to solubilize soil occluded P under a 

high P demand. The release of acid and alkaline phosphatase enzymes hydrolyze the 
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phosphomonoesters such as β-glycerophosphate and p-nitrophenyl phosphate, 

transforming it into bioavailable inorganic forms (Acosta-Martínez and Tabatabai, 2015; 

de-Bashan et al., 2022; Lambers et al., 2008). The mineralization capacity of these 

enzymes will largely depend on the lability of soil organic P forms (Feng et al., 2003). 

Lastly, vascular plants also contribute to soil organic P through litter decomposition 

(Belnap, 2011). Several studies have investigated the influence of biocrust communities 

and vascular plants on soil C and N under simulated climate change in drylands (Delgado-

Baquerizo et al., 2014; Liu et al., 2017, 2016; Maestre et al., 2013; Reed et al., 2016, 

2012). However, the role of both photosynthetic communities as modulators of the 

responses of the diverse P pools to climate change is practically unknown.  

Impacts of grazing on soil nutrients in dryland ecosystems 

Drylands are home to 78% of the world's rangelands, of which approximately 12% are 

protected areas (ILRI et al., 2021). Rangelands are regions where natural or semi-natural 

vegetation provides habitat and support for wild and domestic ungulate communities in 

arid and semi-arid ecosystems (Pratt and Gwynne, 1977). Livestock grazing constitutes 

one of the major land uses on drylands globally (Asner et al., 2004; Neely et al., 2009), 

being the main activity in two-thirds of these regions (Neely et al., 2009). These 

ecosystems are susceptible to degradation due to herbivore impacts on ecosystem 

functions and services (Eldridge et al., 2016), and between 10% and 20% of rangelands 

worldwide are degraded (MEA, 2005). 

Livestock grazing impacts on ecosystems functions and services largely depend 

on the intensity of grazing pressure, herbivores types, the evolutionary history of grazing 

and local environmental conditions, which may vary from positive to neutral or negative 

(Eldridge et al., 2016; Vandandorj et al., 2017). Grazing affects nutrient uptake by 

photosynthetic organisms due to its dramatic effects on soil nutrient availability. For 

example, moderate grazing could positively contribute to C storage and N availability 

(Oñatibia et al., 2015), while land-use intensification could have negative impacts on the 

vegetation cover and biomass, and consequently on soil organic matter and soil 

nutrients (Jones, 2000; Vandandorj et al., 2017). Several studies have shown the 

disturbance effect on ecosystem multifunctionality (for example, on C and N fixation, 
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microbial communities, soil properties, plant cover, etc.) (Bai et al., 2012; He et al., 2020; 

Mallen-Cooper et al., 2018; Mohanbabu and Ritchie, 2022; Neely et al., 2009; Neff et al., 

2005; Sitters and Olde Venterink, 2021). Eldridge et al. (2016), in a meta-analysis about 

the influence of livestock grazing on Australian rangelands, showed that overgrazing 

negatively affected the soil C stock, nutrient cycling and water infiltration — reductions 

of 8%, 11% and 13%, respectively —. Livestock grazing could increase susceptibility to 

water and wind erosion due to the impacts on the compaction of soil particles and 

reductions of cover and diversity of biocrusts (Mallen-Cooper et al., 2018), promoting 

soil C and N losses (Neff et al., 2005). Moreover, grazing would increase the N and P 

availability due to the contributions through the faeces and urine of herbivores (Bai et 

al., 2012; Sitters and Olde Venterink, 2021). However, it could also stimulate higher P 

rock-weathering rates due to decreased plant cover and increased erosive processes 

(Delgado-Baquerizo et al., 2013a; He et al., 2020). The disturbing effect of overgrazing 

could also alter the C:N:P stoichiometry due to differential responses of nutrients to the 

impact of grazing (He et al., 2020), with significant consequences on ecosystem 

production. Although recent studies have shown the effects of livestock grazing on 

ecosystem multifunctionality (He et al., 2020; Sitters and Olde Venterink, 2021; 

Vandandorj et al., 2017), there is a widespread lack of knowledge on the direct effects 

of livestock grazing pressure and aridity on soil P pools in global drylands. 

Environmental drivers of phosphorus cycle at global scale 

At a global scale, the interrelations of many environmental factors — geological history, 

pedogenesis, climate, soil physicochemical properties, atmospheric dust deposition, and 

biological activity — determine the distribution and bioavailability of total soil P in 

terrestrial ecosystems. The pedogenetic model of Walker & Syers (1976) suggests that 

in the early stages of pedogenesis, primary production is limited mainly by N, as a 

consequence of the biological fixation of atmospheric compounds of this nutrient, while 

as soils age, available P depletion occurs due to the geochemical influence of weathering 

during ecosystem development (Vitousek et al., 2010). According to this theory, high 

temperatures and precipitation typically found in tropical regions favor higher rates of 

rock weathering, which, together with the soil age, cause the P depletion in these 
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ecosystems (Hedin et al., 2003; Vitousek, 2005). Thus, a latitudinal gradient of calcium-

bound P concentration is established from the tropics to the polar regions in both 

hemispheres. Although this model is widely accepted for tropical ecosystems, the low 

moisture and alkaline pH of carbonate-dominated soils in arid and semi-arid ecosystems 

may decrease the rate of change in P fractions during pedogenesis in these ecosystems 

(Selmants and Hart, 2010). In tropical regions, a large fraction of the P available to 

photosynthetic organisms comes from the turnover of organic P compounds, while in 

temperate areas, the decomposition of organic matter is relatively slow, contributing to 

the accumulation of organic P in soils (Condron et al., 2005; Turner and Engelbrecht, 

2011; Yang et al., 2013). In these P-limited ecosystems, the atmospheric input of this 

macronutrient is an essential source for primary ecosystem production (Okin et al., 

2008; Vitousek, 1984; Walker and Syers, 1976). For example, the latitudinal thermal 

gradient with a predominance of easterly winds in equatorial regions allows the 

maintenance of vegetation primary production of the Amazon forests thanks to the 

deposition of aerosols and mineral P particles from dust storms from the Sahara desert 

(Prospero et al., 2020). Likewise, topographic relief could also influence the rates of 

weathering and decomposition of organic matter in the pedogenesis process (Soethe et 

al., 2008; Vincent et al., 2014; Vitousek et al., 1988; Walker and Syers, 1976; Zhou et al., 

2016). In a meta-analysis, He et al. (2021) showed that the main predictors of total soil 

P were the soil organic carbon and parent material type, indicating that both 

geochemical and biological processes influence the dynamics of total soil P on a global 

scale.  

The predicted increase in aridity will affect the geochemical and biological 

processes that determine the dynamics of soil P on a global scale (Hou et al., 2018a). 

While the increase in temperature could promote a greater activity of soil 

microorganisms, the reduction in humidity will cause the slowdown of enzymatic activity 

and microbial activity, decreasing both the rate of litter decomposition and the 

accumulation of recalcitrant P on soils (Sardans et al., 2008, 2006). Likewise, the 

negative impact of aridity on the vegetation cover could cause the loss of P from the 

surface horizons caused by the intensification of wind erosion (Delgado-Baquerizo et al., 

2013a). Given the current scenario of global change, the incorporation of deeper 
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knowledge about the dynamics of the soil P cycle in terrestrial ecosystems in Earth 

system models is essential to predict the effect of climate change on the 

multifunctionality of ecosystems globally (Reed et al., 2015). 

 

OBJECTIVES AND HYPOTHESES OF THE THESIS 

The analysis of climate change impacts on soil P pools requires a combination of studies 

at multiple spatial scale (from local to global) and experimental approaches. Local 

experimental studies made it possible to elucidate specific mechanisms. In contrast, 

observational studies at a large geographical scale facilitate the identification of general 

patterns and the extrapolation to specific regions and biomes.  

This thesis aims to address current knowledge gaps about global change effects 

on soil P pools in drylands at different spatial scales (local, regional, and global), and also 

on other terrestrial biomes in the context of aridity intensification globally. In particular, 

we assess the effect of climate change (i.e., aridity increases and changes in temperature 

and precipitation regimes), biotic communities (e.g., biocrusts cover, microbial diversity) 

and abiotic drivers (e.g., pH and soil texture) on both labile and more stables P pools. 

We established several specific objectives presented in the following chapters, to 

achieve this purpose. 
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LOCAL SCALE 

In Chapter 1 — Biocrusts increase the resistance to warming-induced increases in 

topsoil P pools — we investigated the influence of biocrusts and climate change effects 

on soil P pools in two semiarid ecosystems of Spain. To meet this objective, we used soil 

samples and data from ongoing long-term experiments using an experimental design 

with three factors, each with two levels: biocrust cover (incipient biocrust communities 

with cover <20% vs well-developed communities with cover >50%), warming (control vs 

~2.5°C mean annual temperature) and rainfall reduction (control vs a ~30% rainfall 

reduction). We tested the general hypothesis that climate change and biocrusts will 

directly or indirectly affect to all major organic and mineral P pools because they are 

interconnected by microbial processes.  

 

Figure 3. Location of the study sites (Aranjuez and Sorbas) in Spain and view of a warming 

treatment plot (left), a rainfall reduction plot (middle) and a warming and rainfall reduction plot 

(right) in Aranjuez. Photos by Cristina Escolar and Felipe Gutiérrez. 
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REGIONAL SCALE 

In Chapter 2 — Climate and soil microorganisms drive soil phosphorus fractions in 

coastal dune systems — we evaluated the effects of geochemical and biological drivers 

on different soil P pools varying in their stability (i.e., labile P, medium-lability P, and 

recalcitrant P) along a climosequence. For this purpose, we used a sampling design of 24 

dune ecosystems distributed along 1500 km from northwest to southeast on the Atlantic 

coast of the Iberian Peninsula. In general, we hypothesized that labile and more stable 

P pools are controlled by both biological and geochemical drivers, which are ultimately 

dependent on climate since it determines both geochemical weathering and biological 

activity. 

 

Figure 4. Location of the study sites within the Iberian Peninsula and view of representative sites 

along the climosequence surveyed. The color pattern represents the aridity gradient used 

(quantified using the aridity index [precipitation/potential evapotranspiration]), which increases 

from blue to brown. 
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GLOBAL SCALE 

In Chapter 3 — Aridity and livestock grazing pressure effects on P availability in global 

drylands — we addressed the main environmental drivers and their importance in 

controlling soil P pools in drylands and also evaluated their direct and indirect effects on 

soil P availability at a global scale. Likewise, we determine the effect of livestock grazing 

and plant communities on soil P pools. We achieved this objective setting a gradient 

with four grazing pressure categories (i.e., ungrazed, low, medium, and high grazing 

areas) in 98 grasslands distributed in drylands worldwide. We tested the general 

hypothesis that aridity and land-use intensification could synergically affect to soil P 

availability in drylands since its multiple impacts on geochemical and biological 

processes, soil fertility and vegetation primary production. 

 

Figure 5. Geographical distribution of the studied drylands rangelands over the world. The color 

pattern represents the Aridity Index gradient (UNEP, 2007), which increases from hyperarid 

(brown) to dry-subhumid (green) ecosystems. Produced by Sergio Asensio.  
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In Chapter 4 — Global drivers of different pools of phosphorus availability — we 

proposed a novel approach to soil P availability based on the natural distribution of P 

fractions in co-occurrence networks at a global scale. Moreover, we assessed the main 

environmental drivers that determine the spatial distribution of soil P pools and their 

vulnerabilities to climate change across terrestrial biomes worldwide. To meet this 

objective, we conducted a global survey including 659 (semi-) natural ecosystems widely 

distributed on all continents. 

Figure 6. Geographical distribution of the study sites covering all biomes (arid, continental,polar, 

temperate and tropical ecosystems) worldwide. Produced by Sergio Asensio.
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Abstract 

Ongoing global warming and alterations in rainfall patterns driven by climate change are 

known to have large impacts on biogeochemical cycles, particularly on drylands. In 

addition, the global increase of atmospheric nitrogen (N) deposition can destabilize 

primary productivity in terrestrial ecosystems, and phosphorus (P) may become the 

most limiting nutrient in many terrestrial ecosystems. However, the impacts of climate 

change on soil P pools in drylands remain poorly understood. Furthermore, it is unknown 

whether biocrusts, a major biotic component of drylands worldwide, modulate such 

impacts. Here we used two long-term (8-10 yr) experiments located in central (Aranjuez) 

and SE (Sorbas) Spain to test how a ~2.5 °C warming, a ~30% rainfall reduction and 

biocrust cover affected topsoil (0-1 cm) P pools (non-occluded P, organic P, calcium-

bound P, occluded P, and total P). Warming significantly increased most P pools —except 

occluded P— in Aranjuez, whereas only augmented non-occluded P in Sorbas. The 

rainfall reduction treatment had no effect on the soil P pools at any experimental site. 

Biocrusts increased most soil P pools and conferred resistance to simulated warming for 

major P pools at both sites, and to rainfall reduction for non-occluded and occluded P in 

Aranjuez. Our findings provide novel insights on the responses of soil P pools to warming 

and rainfall reduction, and highlight the importance of biocrusts as modulators of these 

responses in dryland ecosystems. Our results suggest that the observed negative 

impacts of warming on dryland biocrust communities will decrease their capacity to 

buffer changes in topsoil P driven by climate change. 

Keywords: Biological soil crusts, climate change, dryland ecosystems, phosphorus deposition, 

phosphorus fractions. 
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INTRODUCTION 

Water and nitrogen (N) availability have been traditionally considered the main limiting 

resources for life in dryland ecosystems (Delgado-Baquerizo et al., 2013b; Robertson 

and Groffman, 2015; Sardans et al., 2008; Schlesinger et al., 1995), which cover 41% of 

terrestrial surface (Cherlet et al., 2018). Thus, it is not surprising to find that most 

research conducted so far on the impacts of ongoing climate change on dryland 

biogeochemistry have focused on the responses of C and N (Delgado-Baquerizo et al., 

2013a; Jiao et al., 2016; Nielsen and Ball, 2015). In recent years, however, there is a 

growing interest in understanding the role of P in drylands, particularly after studies 

suggesting that increases in aridity, a hallmark of climate change in drylands worldwide 

(Huang et al., 2015), imbalance the proportion of N and P in the soil (Delgado-Baquerizo 

et al., 2013a; Jiao et al., 2016). Despite so, the impacts of climate change drivers such as 

warming and altered rainfall patterns on the complex diversity of P forms in dryland soils 

remains largely unexplored (García-Velázquez et al., 2020) and has not, to the best of 

our knowledge, been assessed experimentally yet. This lack of knowledge limits our 

ability to incorporate changes in the availability of P and its impacts on processes such 

as productivity into models aiming to forecast ecosystem responses to climate change.  

The inputs of P into the soils come mainly from parent rock weathering (Lajtha 

and Schlesinger, 1988; Walker and Syers, 1976) and, to a lesser extent, from deposition 

of the P present in atmospheric dust (Okin et al., 2004). The latter is quite insoluble in 

the soil solution (Chen et al., 2006; Shafqat et al., 2016), but it could be an essential 

source of P in ecosystems limited by this macronutrient (Chadwick et al., 1999; Okin et 

al., 2004). Over 95% of soil total P is associated with primary or secondary minerals, 

constituted in organic forms or occluded by soil minerals and immediately unavailable 

for plants (Condron and Newman, 2011; Shen et al., 2011). Organic P has a key role in 

plant nutrition since it is transformed to inorganic P fractions through mineralization 

mediated by the release of phosphatase enzymes from microbes and plant roots 

(Condron et al., 2005; Turner and Engelbrecht, 2011). Both biological (i.e., 

mineralization/immobilization) and geochemical (i.e., precipitation/dissolution and 

sorption/desorption) processes contribute to P availability (Cross and Schlesinger, 2001; 
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Hou et al., 2018a; Vitousek et al., 2010), and are strongly dependent on precipitation 

and temperature (Belnap, 2011; Feng et al., 2016; Hou et al., 2018a). Increases in 

temperature have been shown to favor P sorption on secondary minerals and increase 

the occluded P (Hou et al., 2018a), and to reduce P availability due to the loss of soil 

moisture (Sardans et al., 2006; Sardans and Peñuelas, 2004). Moreover, low 

precipitation blocks microbial activity, ion diffusion and nutrient uptake by plants 

(Belnap, 2011; Sardans and Peñuelas, 2004). Drier conditions thus promote a slowdown 

in P release due to decreased litter decomposition rate and enzymatic activity, 

contributing to increases in soil humic compounds that keep P in less available forms 

(Sardans and Peñuelas, 2004). Finally, the synergistic effects of temperature and 

precipitation control the rates of solubilization and release of labile P bound to 

carbonates into the soil solution (Belnap, 2011). Thus, high temperatures and drier 

conditions, such as those expected for drylands under climate change (Greve et al., 

2014; Huang et al., 2015), would deter both the increases in concentrations of soil 

carbonic acid and the decrease of soil pH, reducing the dissolution rate of carbonates 

and the transition of P to soil solution-phase (Devau et al., 2010). However, we have no 

experimental evidence of temperature and precipitation effects on P availability in 

dryland soils. 

The low moisture content of dryland soils favors that P inputs (from rock 

weathering, dry deposition and decomposition of litter and organic matter) are not 

washed to deeper horizons, and thus concentrate in the topsoil (Verrecchia et al., 1995; 

White et al., 2004). This makes soil P fractions sensitive to the activity of organisms living 

on the soil surface, such as biocrusts (communities composed by lichens, mosses, 

bacteria, cyanobacteria, fungi, algae and liverworts that are a major biotic feature of 

drylands worldwide) (Weber et al., 2016). Biocrusts are known to influence soil P 

availability through secretion of organic acids, chelating agents, and the excretion of H+ 

during respiration, which solubilize mineral bound P increasing available P (Baumann et 

al., 2019, 2017; Belnap, 2011). Furthermore, the microtopography created by biocrust 

constituents like lichens could facilitate the capture of silt and clay particles from dust 

(Fick et al., 2020), increasing soil water and nutrient contents (Delgado-Baquerizo et al., 

2015; Eldridge et al., 2020), promoting higher rates of microbial activity (Delgado-
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Baquerizo et al., 2015) and avoiding P losses via lixiviation (Belnap, 2011; Belnap et al., 

2004). Different experiments have shown how warming and altered rainfall regimes 

such as those forecasted under climate change can dramatically decline the cover and 

abundance of lichen- and moss-dominated biocrusts (Ferrenberg et al., 2015; Ladrón de 

Guevara et al., 2018; Maestre et al., 2015b), with cascading effects on the C and N cycles 

driven by this decline (Delgado-Baquerizo et al., 2014; Liu et al., 2017, 2016; Maestre et 

al., 2013; Reed et al., 2012). However, there is no experimental evidence about whether 

dryland biocrusts can modulate all P soil fractions, which will determine its availability 

for plants at short-, medium- and long-term, in the topsoil under climate change.    

Understanding how the interactions between biocrusts and climate change 

affect soil P fractions in drylands is essential to better comprehend its impacts on these 

ecosystems and their capacity to provide essential ecosystem services in a warmer 

world. However, few studies so far have evaluated how simulated climate change affect 

soil P fractions in drylands, and these have been focused on a few P fractions (e.g., Olsen-

P, NaOH-EDTA), have evaluated the effects of warming in isolation from other climate 

change drivers and have been conducted on dry-subhumid shrublands and forests (e.g., 

Sardans et al., 2008, 2006; Sardans and Peñuelas, 2004; Zhang et al., 2014). Here we 

aimed to evaluate how warming (~2.5ºC increase), rainfall reduction (~30% reduction) 

and biocrust cover (<20% vs. >50%) affect soil P pools (non-occluded P, organic P, 

calcium-bound P, occluded P, and total P) on the top 1-cm of the soil and their resistance 

to climate change in two semiarid grasslands from central and southeastern Spain. We 

focus on the effects of warming and precipitation on soil depths which biocrust have the 

potential to alter. Still, we are aware that deeper depths have also the potential to be 

altered by these climatic variables. We tested the general hypothesis that climate 

change and biocrusts will directly or indirectly affect to all major organic and mineral P 

pools because they are interconnected by microbial processes (García-Velázquez et al., 

2020). More specifically, we hypothesized that: i) soils under biocrusts will have higher 

concentration of both labile and stable P pools (Baumann et al., 2019, 2017); ii) warming 

and, to a lesser extent, rainfall reduction will positively affect both more labile (i.e., non-

occluded P, organic P) and stable (i.e., calcium-bound P and occluded P) P pools of 

surface soil layer influenced by biocrusts (Hou et al., 2018a; Sardans and Peñuelas, 
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2004); and iii) well-developed biocrusts will increase the resistance (according the Orwin 

and Wardle index) (Orwin and Wardle, 2004) of all P pools to warming and, to a lesser 

extent, to rainfall reduction (Belnap, 2011; Delgado-Baquerizo et al., 2014).   

 

MATERIALS AND METHODS 

Study area 

This research was conducted in two sites located in central (Aranjuez, 40° 02’N 3° 32’W; 

590 m a.s.l.) and southeast (Sorbas, 37°05’N 2°04’W; 397 m a.s.l.) Spain (Figure S1). Both 

sites have a Mediterranean semiarid climate, with average annual temperature and 

rainfall of 15°C and 349 mm for Aranjuez and 17°C and 274 mm for Sorbas, respectively, 

with precipitation falling mainly in autumn/winter and spring (Maestre et al., 2013). 

They have soils derived from gypsum, classified as Gypsiric Leptosols (IUSS Working 

Group WRB, 2006), which have pH mean values of 7.0 and 7.5 in Aranjuez and Sorbas, 

respectively. Perennial plant cover is sparse (< 40% at both sites) and dominated by the 

grass Stipa tenacissima L. and the shrubs Retama sphaerocarpa L. Boiss, Gypsophila 

struthium L. and Helianthemum squamatum (L) Dum Cours. In both places, open areas 

between plants patches are composed of well-developed BSCs dominated by lichens 

such as Diploschistes diacapsis (Ach.) Lumbsch, Squamarina lentigera (Weber) Poelt and 

Fulgensia subbracteata (Nyl.) Poelt (see Maestre et al., 2013 for a species checklist).   

Experimental design and soil sampling 

At each site, we established a factorial experimental design with three factors, each with 

two levels: biocrust cover (incipient biocrust communities with cover <20% versus well-

developed communities with cover >50%) (Figure S2), warming (control versus 1.98 °C 

and 1.39° C mean annual temperature increase for each study period in Aranjuez and 

Sorbas, respectively) and rainfall reduction (control versus a ~30% rainfall reduction) 

(Figure S3). Ten and eight replicated plots (1.25 x 1.25 and 1.2 x 1.2 m size in Aranjuez 

and Sorbas, respectively) per combination of treatments were established in Aranjuez 

and Sorbas, respectively. These plots were randomly placed either on incipient biocrust 

cover (< 20% of biocrust cover); hereafter low cover plots) or biocrust-dominated (>50% 
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of biocrust cover; hereafter high cover plots) microsites resulting in a total of 80 and 64 

plots in Aranjuez and Sorbas, respectively. The plots were carefully chosen to be 

comparable, with no a priori reason to attribute the observed differences in visible 

biocrust cover.  

We simulated the average of predictions derived from six Atmosphere-Ocean 

General Circulation Models for the second half of the 21st century (2040-2070) in central 

and south-eastern Spain (De Castro et al., 2005). To achieve such degree of warming, we 

used open top chambers (OTCs) of hexagonal design with sloping sides of 40 cm x 50 cm 

x 32 cm. Both the design and installation of the open top-chambers were carried out in 

such a way that reduced undesirable experimental artifacts (Hollister and Webber, 

2000). Some studies have reported  the impact of the warming methodology on soil 

moisture (see Bokhorst et al., 2016; Klein et al., 2005; Reed et al., 2016). However, the 

values of soil moisture registered during the experiment (Moisture RR = 0.09 ± 0.06 m³ 

m-³ soil; 0.08 ± 0.05 m³ m-³ soil and Moisture WA+RR = 0.09 ± 0.06 m³ m-³ soil; 0.08 ± 0.05 

m³ m-³ soil in Aranjuez and Sorbas, respectively) reflect that OTCs had minor effects on 

our study. 

Although future rainfall forecasts for our study areas are uncertain, most models 

estimate significant reductions in the total amount of rainfall, particularly during spring 

and autumn (between 10% and 50%) (De Castro et al., 2005; Giorgi and Lionello, 2008; 

IPCC, 2021). Rainfall reduction was achieved using passive rainfall shelters (RS), which 

allowed to reduce ~33% and ~36% of rainfall in Aranjuez and Sorbas, respectively 

(Maestre et al., 2013). We continuously monitored the effects of treatments on soil 

temperature (0-2 cm depth) and soil moisture (0-5 cm depth) using automated sensors 

(HOBO Pro v2 Temp/RH and H8 Data Loggers, Onset Corporation, Bourne, USA and 

ECH2O humidity sensors, Decagon Devices Inc., Pullman, USA). Additional details of the 

experimental design can be found in Escolar et al. (2012) and Maestre et al. (2013).  

The experimental plots kept a minimum separation of 1 m to ensure sampling 

independent areas. The full experiments have been running continuously since 

November 2008 and May 2010 in Aranjuez and Sorbas, respectively. Since the beginning 

of the experiment, we carried out six samplings in Aranjuez (sampling years: 2009, 2011, 

2012, 2013, 2015 and 2017), and four samplings in Sorbas (sampling years: 2011, 2013, 
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2015 and 2017). At each sampling, composite soil samples (0-1cm depth) were obtained 

in five selected plots per combination of treatments. We chose this depth because it the 

first top cm of topsoil is considered as a “critical zone” in drylands (see Pointing and 

Belnap, 2012), where most exchanges of matter and energy between the atmosphere 

and the soil take place, and because it is a depth largely affected by biocrust activity 

(Belnap et al., 2003; Maestre et al., 2013; Weber et al., 2016). These five sampled plots 

were randomly selected in the first sampling years. However, and to minimize the 

disturbance impact of sampling on the same plots, alternated samples were selected in 

subsequent sampling years. Visible biocrusts were carefully removed from the soil 

before sieved (2 mm mesh). After sieving, soil samples were air dried for one month and 

kept in polyethylene bags until laboratory analyses.  

Assessing soil P fractions  

We quantified both labile and more stable P pools using the modified sequential 

extraction method of Tiessen & Moir (1993), which is based on the Hedley fractionation 

technique (Hedley et al., 1982). This extraction estimates different P fractions of 

decreasing bioavailability. Inorganic P (Pi), extracted with ion exchange resins (Resin Pi), 

represents the most bioavailable P fraction, which is absorbed on surfaces of soil 

crystalline compounds. Bicarbonate-extractable P is weakly absorbed by soil colloids and 

it is still available for plant uptake. Both Pi and organic P (Po) extracted with NaOH are 

strongly chemisorbed by soil Fe-Al components, and are not considered immediately 

plant-available P. Finally, the procedure ends with the extraction of the most stable 

forms of P, HCl-extractable Pi, which is typically associated to Ca in soils, and residual P, 

which represents the P pool from the primary mineral such as apatite (Hedley et al., 

1982; Tiessen et al., 1984).  

In short, 0.5 g of soil samples were placed in 50 mL polyethylene centrifuge 

tubes together with 30 mL of demineralized water and two 4 × 2 cm anion-exchange 

membranes (AMI-7001S, Membranes International Inc., New Jersey). After tubes were 

shaken, resins were removed and placed in a clean 50 mL tubes adding 0.7M NaCl to 

extract PO4
- (Guppy et al., 2000). Then, soil samples were sequentially extracted with 30 

mL aliquots of 0.5M NaHCO3 (adjusted to pH 8.5), 0.1M NaOH, 1M HCl, and 0.5M H2SO4 
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after a 550ºC soil combustion for 1 hour.  For each extraction, tubes were shaken for 16 

hours and then centrifuged at 900 g for 30 minutes (Guppy et al., 2000). The 

concentration of PO4
3--P in the supernatant was used to estimate Pi associated to each 

P fraction. Po fractions were estimated by subtracting Pi from the total P obtained after 

digesting the Po into Pi in the 0.5M NaHCO3, and 0.1M NaOH extracts. We used an 

alkaline digestion with 0.148M K2S2O8 and 3M NaOH for the NaHCO3 extract (NaHCO3-

Pt), and an acid digestion with (NH4)2S2O8 and 0.9M H2SO4 for the NaOH extract (NaOH-

Pt). Both digestions were made in the autoclave at 121 ℃ for 1 h and 1h 30 min, 

respectively (Tiessen and Moir, 2006). For the determination of residual P, soil samples 

were heated in a furnace at 550 ºC for 1h. Then, the burned soil residue was extracted 

with 5 mL of 0.5M H2SO4, shaken for 1h, filtered and the PO4
3- concentration measured 

in this extract (Chen et al., 2015). We used the Malachite Green Method (Fernández et 

al., 1985; modified from Hess and Derr, 1975) to estimate PO4
3--P concentration in the 

extracts. Malachite green was found to be the most sensitive basic dye for phosphate 

determination (Itaya and Ui, 1966). The pH of the extracts was adjusted to neutral pH to 

reach a correct color development of samples as necessary. The absorbance of samples 

was measured at 655 nm wavelength by triplicate in a microplate reader (Jupiter, Asys 

Hitech GmbH). 

The different P fractions were grouped according to the Walker & Syers (Walker 

and Syers, 1976) model. We defined calcium P (Ca-P) as the inorganic P extracted with 

HCl (1M), and occluded P as the residual P fraction derived from primary minerals such 

as apatite. We estimated non-occluded P (bioavailable P) as the sum of resin-Pi, NaHCO3-

Pi and NaOH-Pi, whereas organic P (Po) was the sum of NaHCO3-Po and NaOH-Po (Feng et 

al., 2016; Walker and Syers, 1976).  We will refer to these grouped functional fractions 

as “P pools” (Cross and Schlesinger, 1995; Hou et al., 2018b) to differentiate them from 

the “P fractions” originated by the original fractionation procedure. 
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Estimating the resistance of soil P pools to simulated climate change 

Resistance is defined as the degree to which a variable is changed due to a disturbance 

(Pimm, 1984). To assess whether biocrusts increase the resistance of soil P pools (non-

occluded P, organic P, Ca-P, occluded P, and total P) to simulated climate change, we 

calculated the Resistance Index (RI) of Orwin and Wardle (2004):  

𝑅𝐼(𝑡0) = 1 −
2|𝐷0|

(𝐶0 + |𝐷0|)
 

Where D0 is the difference of concentrations in a given P pool with respect to the control 

(C0) before starting the experimental treatments (i.e., warming and rainfall reduction) 

and at the end of the applied period of each treatment for each soil sample. To calculate 

the resistance index, we selected the samples of the warming and rainfall reduction 

treatments, both before (2008 and 2010 in Aranjuez and Sorbas, respectively) and at the 

end (2017 in both Aranjuez and Sorbas) of the treatment. Values for RI are in the range 

of -1 and +1, which indicate minimal and maximal resistance to disturbance of each 

treatment, respectively. 

Statistical analyses  

To test the effect of biocrust cover, warming (WA), rainfall reduction (RR) and their 

interactions on the soil concentrations of the different P pools (hypotheses i and ii), we 

first checked for normality and homogeneity of variances in our data, and used the log 

transformation (and the Tukey's Ladder of Powers transformation when the log 

transformation failed) to normalize them. Giving the singularity of the sampling protocol 

chosen to minimize plot disturbance, we applied repeated measurements ANOVA only 

in those plots sampled at least three times. The time variable corresponded to the first, 

second and third time a single plot was sampled. For repeated measurements ANOVA, 

we tested the sphericity assumption by using the Mauchly sphericity test. When the 

sphericity assumption was rejected (i.e., Mauchly's test, p <= 0.05), we applied the 

Greenhouse-Geisser sphericity correction. The degree to which all soil P pools changed 

due to a WA and RR treatments (resistance index) of biocrusts (hypothesis iii) were 

tested through permutational multivariate analysis of variances (PERMANOVA, replicate 

permutations = 999) (function Adonis from the Vegan package (Oksanen et al., 2012). 
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This method does not rely on the normality assumption of ANOVA and can handle 

experimental designs such as those used here. All analyses were conducted in R version 

4.1.1 (R Core Team, 2020).  

 

RESULTS 

Simulated climate change effects 

We found a high temporal variability for all P pools at both study sites, independent of 

climate change treatments and biocrust development (Figure 1). Soil concentrations of 

non-occluded P, Po, Ca-P, occluded P, and total P, were significantly higher in high 

biocrust cover plots at both study sites (Figure 1; see Table S1 for F- and p-values; Table 

S3 and S4 for means and standard errors of the different P pools/fractions 

concentrations, respectively).   

Warming significantly increased the concentration of non-occluded P, Po, Ca-P, 

and total P (Table S1; Figure 1A), the later through their effects on both NaHCO3 Pi and 

NaOH Po in Aranjuez (see Table S4 for F- and p-values and Table S5 for means and 

standard errors of the different P fractions concentrations). Occluded P was not 

significantly related to warming at this site. In contrast to Aranjuez, we only detected a 

significant warming effect on non-occluded P at Sorbas (Table S1, Figure 1B), which was 

driven by the increase of NaHCO3 extracted Pi in warmed plots (Table S4 for F- and p-

values; Table S5 for means and standard errors of the different P fractions 

concentrations). Overall, rainfall reduction did not have any significant effect on soil P 

pools, neither Aranjuez nor in Sorbas (Table S1 for F- and p-values; Table S3 for means 

and standard errors of the different P pools concentrations). 
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Figure 1. Concentrations (mean + standard error) of non-occluded P, organic P, calcium-bound 

P, occluded P, and total P for control and simulated climate change treatments: warming (WA), 

rainfall reduction (RR), and its interaction (WA+RR) in low (right column) and high (left column) 

biocrust cover plots in Aranjuez (A) and Sorbas (B), respectively.   
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Resistance of P pools to climate change 

The resistance of all major P pools (i.e., non-occluded P, Ca-P, occluded P, and total P) 

to warming was lower in low than in high biocrust cover plots in Aranjuez, whereas in 

Sorbas this response was only found for Ca-P and Total P (Table S2 for Pseudo F- and p-

values, Figure 2). The differences between low and high biocrust cover plots in non-

occluded and total P pools were driven by changes in the NaHCO3-Pi, NaHCO3-Pt 

fractions in Aranjuez, and in NaOH-Po and NaOH-Pt fractions in Sorbas (see Table S6 for 

Pseudo F- and p-values). We found a significantly higher resistance to rainfall reduction 

in soils under well-developed biocrusts for non-occluded and occluded P in Aranjuez 

(Table S2 for Pseudo F- and p-values, Figure 2). In Sorbas, we did not find any significant 

effect of biocrust cover on resistance to rainfall reduction for the major P pools. 

However, we found higher resistance in soils under well-developed biocrusts for the 

NaOH-Po fraction at this site (Table S6 for Pseudo F- and p-values).  
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Figure 2. Differences between high and low biocrust cover plots in the resistance to warming 

and rainfall reduction of different P pools in Aranjuez and Sorbas. To calculate the resistance 

index (RI), we selected the warming and rainfall reduction samples, both before (2008 and 2010 

in Aranjuez and Sorbas, respectively) and at the end (2017 in both Aranjuez and Sorbas) of the 

climate change treatments. Values for RI are in the range of -1 and +1, indicating minimal and 

maximal resistance to disturbance of each treatment, respectively. Differences between 

biocrust covers (p < 0.05, after PERMANOVA test) are indicated by different lowercase letters. 
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DISCUSSION 

Our climate change treatments affected all soil P pools, including organic, inorganic, and 

recalcitrant pools. Well-developed biocrusts are known to confer resistance to the 

effects of climate change on biotic and abiotic soil attributes (i.e., N and C cycle, soil 

respiration, abundance and activity of microbial communities, etc.) in drylands 

(Delgado-Baquerizo et al., 2016; Escolar et al., 2015), and play major roles in the 

transformation of inorganic to organic P pools in Central European forests (Baumann et 

al., 2017). Our results expand findings from previous studies and provide novel evidence 

showing the key role biocrusts play regulating responses of soil P pools to climate change 

in drylands. 

Biocrust impacts on soil P pools and their responses to simulated climate change 

The degree of biocrust development had a significant effect on soil P pools 

independently of simulated climate change treatments, supporting our first hypothesis 

(i.e., soils under biocrusts will have higher concentration of both labile and stable P 

pools). Former studies have reported the enrichment in total organic P under biocrusts 

compared with bare soil (Baumann et al., 2019, 2017; Belnap et al., 2003; Pointing and 

Belnap, 2012; Reynolds et al., 2001). Our findings expand these findings to include all P 

fractions. Biocrusts can contribute extra amounts of P to the soil through the addition 

of biocrust metabolites (e.g., phosphatidyglycerol, inositol phosphate, 

phosphatidylserine; (Dembitsky et al., 1991)) and dead biomass, and by favoring organic 

matter decomposition and microbial activity and consequently, all types of P-releasing 

processes (Belnap, 2011; Cross and Schlesinger, 2001; Shen et al., 2011). Even so, 

possible differences on the substrate properties, not apparently visible, that may affect 

the development of the biocrust cover could also contribute to the differences found. 

Our results partially support our third hypothesis (i.e., that well-developed 

biocrusts increase the resistance of P pools to warming), as biocrusts increased the 

resistance of some P pools to warming. Biocrusts did not confer more resistance to 

warming for organic P, something probably related with the reductions in biocrust cover 

and photosynthetic activity induced by this treatment (Ladrón de Guevara et al., 2018, 

2014; Figure S5). One would expect that the largest microbial abundance typically 
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observed under biocrusts (Castillo-Monroy et al., 2011; Delgado-Baquerizo et al., 2013b) 

could promote higher immobilization rates and consequently higher resistance of the 

organic P in these soils. However, the warming-induced reductions in biocrust cover 

observed in our experiments (Figure S5) may have reduced this effect. Biocrusts also 

conferred resistance to rainfall reduction in the mineral P pools in Aranjuez. Both 

microbial solubilization through organic acids and chemical weathering of primary 

minerals could be favored due to the retention of water inlets under a well-developed 

biocrust compared with an incipient biocrust.  In contrast, the frequent dew events at 

Sorbas favor less stressful conditions for biocrust constituents, which may minimize the 

impact of the simulated precipitation reduction treatment at this experimental site 

(Ladrón de Guevara et al., 2014; Uclés et al., 2015). 

Warming affects soil P pools  

Our study provides experimental evidence that soil warming may increase topsoil P 

pools concentrations in semiarid grasslands (hypothesis ii, i.e., warming and to a lesser 

extent, rainfall reduction will positively affect to both more labile and stable P pools). 

Although the mechanism explaining the observed changes in soil P pools is still poorly 

understood, the increase of soil total-P with warming observed may be related to the 

large decline in biocrust cover observed with warming in the high biocrust cover plots in 

Aranjuez (>80% reduction over the first eight years of the experiment, Ladrón de 

Guevara et al., 2018). Thus, P from dead lichen tissues is likely transferred to the topsoil 

and incorporated to occluded and non-occluded forms through biological and chemical 

transformations (García-Velázquez et al., 2020). Strong evidence of rapid lichen litter 

decomposition increased by warming in the same area of our study has been recently 

found (Berdugo et al., 2021). Taken together, these results suggest that the microbial 

community could transfer mid-term available P coming from lichen tissues to more 

labile ones through microbial P solubilization from occluded P contributing to the 

increase of P available for plants. Additionally, soil warming could increase the mineral 

weathering rate of apatite by microorganisms (White et al., 1999; White and Blum, 

1995), accelerating the kinetics of soil chemical reactions and contributing to new P 

inputs to the soil (Dixon et al., 2016). 
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Previous experiments conducted in drylands have reported that simulated 

warming has been found to reduce microbial diversity and biomass (DeAngelis et al., 

2015; Delgado-Baquerizo et al., 2014; Maestre et al., 2015b), the cover of biocrust-

forming lichens (Ladrón de Guevara et al., 2018), and higher UV degradation of plant 

and lichen litter (Almagro et al., 2015; Belnap, 2011; Berdugo et al., 2021; Castenholz 

and Garcia-Pichel, 2012). The death of biocrust-forming lichens (including the release of 

immobilized P by the microbes) and the subsequent decomposition of their tissues 

mediated by warming (Berdugo et al., 2021; Ladrón de Guevara et al., 2018) may explain 

the increase of labile P and organic P in the topsoil in our experiment. The parallel 

increase of mineral recalcitrant pools, such as Ca-P and occluded P with warming, is less 

obvious, but P solubilizing bacteria and fungi, which are responsible of the transfer of P 

from mineral to organic pools, may be less favored with the increase of available 

inorganic and organic P observed under warming (García-Velázquez et al., 2020). 

Rainfall reduction had no significant effects on P pools, in partial agreement with 

the low impacts of this treatment found by Sardans et al. (2006). Turner et al. (2003) 

suggested that microbes can transfer substantial amounts of P to the soil due to lysis of 

bacterial cells after rapid rewetting of dry soils promoted by the intermittent water 

inputs in drylands. We thought that our rainfall reduction treatment might reflect this 

microbial effect. However, our data did not support this mechanism, and the expected 

transfer of microbial immobilized P to non-occluded P triggered by reduced soil moisture 

(Luo et al., 2020) did not show up in our experiment.  Instead, our data support that soil 

microorganisms are highly resistant to drought in drylands (Delgado-Baquerizo et al., 

2014; Yuste et al., 2014).   

Interestingly, our warming treatment had minor effects in Sorbas. This 

remarkable difference respect to Aranjuez could be explained by the large influence that 

local atmospheric dust deposition, dew inputs and soil erosion have on the chemical 

composition of topsoil in dryland and biocrust-dominated ecosystems (Reynolds et al., 

2001; Wang et al., 2017). First, Mediterranean areas are significantly affected by the 

Saharan dust deposition (Okin et al., 2004; Rodriguez-Navarro et al., 2018). Particularly, 

the Southeast of Spain, where Sorbas is located, is the area of the Iberian Peninsula most 

affected by Saharan dust intrusions (Israelevich et al., 2012; Morales-Baquero and 
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Pérez-Martínez, 2016; Pey et al., 2013; Rodríguez et al., 2010; Russo et al., 2020). 

Morales-Baquero and Pérez-Martínez (2016) estimated that large amounts of dust 

particles (75 kg ha-1 yr-1) and P (0.07 kg ha-1 yr-1) from the Sahara Desert are deposited 

on Southeast Spain.  In support of this, we found that our 0-1 cm soils fit well with the 

typical gypsiferous soil profile in Aranjuez, but not so well in Sorbas, where the mineral 

composition was dominated by calcite and silicates, including illite, kaolinite and 

palygorskite which are the dominant mineral components of Saharan dust (Ehrmann et 

al., 2017; Formenti et al., 2014; Gelado-Caballero, 2015; Marsden et al., 2019) (Figure 

S4). The higher frequency of atmospheric dust deposition events on Sorbas than in 

Aranjuez could thus reduce and/or nullify the effects of the experimental treatments of 

warming and rainfall reduction. Biocrusts also capture of atmospheric dust containing P 

and clay particles (Belnap, 2011; Reynolds et al., 2001), contributing to the thickening of 

soil P reservoirs and subsequently to the fertility of this ecosystem (Belnap, 2011).  

Secondly, the water inlets via dewfall in Sorbas, which are a major water source for 

biocrust-forming organisms such as lichens (Chamizo et al., 2021; Ladrón de Guevara et 

al., 2014), are much more numerous in Sorbas than in Aranjuez due to its proximity to 

the sea (Ladrón de Guevara et al., 2014). Uclés et al. (2013) showed that dewfall 

condensation was observed 78% of the nights in a study site near Sorbas. Thus, the 

impact of the warming treatment could be lower, and the conditions less stressful for 

biocrusts in Sorbas than in Aranjuez, where microbes may keep the P mineral solubilizing 

activity during longer periods of time. Additionally, heavy rainfall events produced by 

extreme atmospheric phenomena are more frequent in coastland areas of southern and 

eastern Mediterranean than in inland areas of the Iberian Peninsula (Millán et al., 1995; 

Pastor et al., 2000; Riesco Martín et al., 2013). This may have eroded the soil surface in 

Sorbas, inducing higher variability in the different P pools evaluated between years.  
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CONCLUSIONS 

Our study is the first to experimentally assess the joint effects of major climate change 

drivers and biocrusts on major soil P pools in drylands. Our results highlight the 

important role of biocrusts in regulating major P pools in dryland soils, and in increasing 

the resistance of the P cycle to the impacts of simulated climate change. We also found 

large impacts of warming on the P fractions evaluated, with significant increases in 

major pools (such as non-occluded P, organic P, Ca-P, and total P, which may be related 

both the decomposition of BSC tissues (Berdugo et al., 2021; Ladrón de Guevara et al., 

2018) and the decrease in the activity of P solubilizing bacteria and fungi responsible for 

the transfer of mineral to organic P pools (García-Velázquez et al., 2020).  Given the 

observed negative impacts of warming and altered rainfall regimes on the diversity, 

abundance and composition of dryland biocrust communities (Ferrenberg et al., 2015; 

Guan et al., 2017; Ladrón de Guevara et al., 2018), their capacity to buffer changes in 

topsoil P pools driven by climate change will likely be significantly diminished in a 

warmer and more arid world. 
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SUPPLEMENTARY MATERIALS 

TABLES AND FIGURES 

Table S1. F-values (ANOVA) of the effects of biocrust cover (high vs. low cover plots), warming, 

rainfall reduction, time, and their interactions (:) on soil P pools: non-occluded P, organic P (Po), 

calcium P (Ca P), occluded P, and total P, for Aranjuez (a) and Sorbas (b).  Level of significance: 

*(p<0.05). **(p<0.01). ***(p<0.001). ns = non-significant.  

(a) 

 

(b) 

 

  

F-value Non-occluded P Po Ca P Occluded P Total P 

Biocrust cover 51.6*** 50.43*** 53.75*** 29.24*** 54.06*** 

Warming 10.06*** 5.25* 7.16** ns 5.7* 

Rainfall reduction ns ns ns ns ns 

F-value Non-occluded P Po Ca P Occluded P Total P 

Biocrust cover 11.47** 5.01* 6.82* 4.73* 12.35*** 

Warming 5.25* ns ns ns ns 

Rainfall reduction ns ns ns ns ns 
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Table S2. Pseudo F-values (permutational ANOVA) of the difference between the resistance 

index of high and low BSC soils to warming and rainfall reduction of soil P pools: non-occluded 

P, organic P (Po), calcium P (Ca P), occluded P, and total P for Aranjuez and Sorbas. Level of 

significance: *(p<0.05). **(p<0.01). ***(p<0.001). ns = non-significant.  

F-values ARANJUEZ SORBAS 

 Warming Rainfall 
reduction 

Warming Rainfall 
reduction 

Non-occluded P 6.08* 4.45* ns ns 

Organic P ns ns ns ns 

Calcium P 5.42* ns 13.76** ns 

Occluded P 5.42* 7.06* ns ns 

Total P 4.35* ns 11.58* ns 
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Table S3. Concentration (mean + SE, n = 5) of P pools (mg/kg): non-occluded, organic, calcium, 

occluded, and total P. Data are shown by biocrust cover (high vs. low) and for the climate change 

treatments: control, warming (WA), rainfall reduction (RR) and its interaction (WA+RR). Dates 

of sampling series were between 2008-2017 and 2011-2017 for Aranjuez (a) and Sorbas (b), 

respectively. Sampling dates are indicated at the top of each subsection of the table.  

 (a) 

 
 

 
 
 
 
 
 

ARANJUEZ 23/07/2008 

 Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

High cover 37.2 (2.55) 54.88 (3.61) 114.54 (7.9) 48.56 (2.22) 255.18 (13.93) 

Low cover 21.46 (2.86) 29.05 (2.44) 47.51 (6.98) 31.75 (1.96) 129.77 (13.38) 

30/11/2009 

High 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

43.14 (8.76) 

57.88 (8.25) 

39.37 (12.42) 

35.96 (10.49) 

65.19 (23.7) 

72.63 (9.31) 

53.27 (12.49) 

34.66 (1.52) 

118.31 (28.4) 

131.17 (18.29) 

79.83 (25.81) 

52.82 (6.86) 

44.21 (6.4) 

48.05 (3.57) 

36.11 (5.48) 

31.56 (1.46) 

270.84 (66.31) 

309.72 (37.83) 

208.58 (55.66) 

143.56 (8.75) 

Low 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

13.2 (1.64) 

28.15 (7.07) 

18.39 (4.72) 

25.27 (4.41) 

22.29 (2.21) 

30.5 (5.99) 

22.93 (7.54) 

30.85 (5.03) 

18.76 (3.03) 

71.51 (26.78) 

29.82 (10.46) 

48.61 (15.66) 

19.41 (1.67) 

30.56 (4.99) 

22.14 (2.95) 

26.06 (2.87) 

73.66 (6.75) 

160.71 (44.06) 

93.29 (25.3) 

130.78 (27.46) 
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 20/05/2011  

High 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

54.14 (15.65) 

25.06 (3.97) 

61.24 (13.86) 

42.03 (4.11) 

55.13 (9.74) 

52.65 (10.58) 

52.31 (12.91) 

54.0 (7.47) 

95.29 (22.04) 

78.65 (23.5) 

129.3 (22.6) 

99.56 (14.66) 

48.87 (5.3) 

41.76 (5.96) 

52.11 (5.7) 

46.42 (2.64) 

253.49 (49.44) 

198.12 (40.89) 

294.96 (5.39) 

242.01 (26.2) 

Low 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

17.66 (3.32) 

18.52 (5.15) 

24.27 (7.64) 

39.36 (12.18) 

25.62 (5.54) 

30.5 (4.19) 

27.79 (9.57) 

49.11 (2.71) 

25.61 (9.35) 

35.71 (14.68) 

52.6 (23.54) 

77.78 (21.34) 

34.52 (5.05) 

31.47 (3.96) 

37.18 (4.51) 

43.94 (2.5) 

103.4 (18.55) 

116.21 (26.45) 

141.84 (44.16) 

210.19 (37.81) 

07/05/2012 

High 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

33.95 (9.42) 

58.13 (12.3) 

29.28 (5.34) 

42.79 (5.65) 

38.03 (8.09) 

61.24 (9.88) 

41.46 (9.44) 

47.16 (3.88) 

74.9 (20.88) 

140.44 (23.51) 

84.26 (21.64) 

93.13 (17.02) 

36.03 (3.41) 

43.62 (4.66) 

37.24 (4.31) 

40.51 (2.76) 

182.91 (41.7) 

303.43 (48.47) 

192.33 (40.13) 

223.59 (27.66) 

Low 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

12.55 (2.54) 

25.72 (7.3) 

18.37 (5.23) 

18.94 (2.16) 

14.43 (3.2) 

33.03 (9.92) 

13.32 (4.34) 

15.06 (1.97)  

24.09 (6.78) 

64.47 (25.84) 

30.42 (3.98) 

38.89 (5.1) 

20.63 (1.96) 

32.22 (5.61) 

22.93 (1.7) 

24.9 (1.54) 

69.87 (13.93) 

153.03 (48.85) 

84.4 (8.41) 

97.79 (9.29) 
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01/07/2013 

High 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

34.65 (9.09) 

42. 27 (7.19) 

41.75 (5.68) 

39.04 (2.14) 

46.42 (9.71) 

48.0 (3.96) 

48.81 (4.65) 

44.14 (8.99) 

80.61 (19.41) 

85.06 (13.38) 

109.32 (12.64) 

85.98 (14.61) 

92.19 (10.79) 

96.84 (7.98) 

105.54 (5.09) 

102.48 (2.44) 

253.87 (43.23) 

272.17 (27.6) 

305.41 (24.71) 

271.64 (24.88) 

Low 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

14.64 (1.64) 

20.01 (4.2) 

19.52 (5.8) 

34.51 (11.03) 

32.57 (8.96) 

22.1 (1.87) 

24.25 (4.06) 

38.45 (4.26) 

17.82 (4.57) 

39.37 (9.55) 

42.33 (17.13) 

47.08 (17.78) 

58.78 (6.7) 

69.19 (6.22) 

75.37 (9.91) 

68.53 (8.22) 

123.82 (15.82) 

150.68 (20.06) 

161.47 (35.69) 

188.57 (37.82) 

 18/06/2015  

High 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

35.75 (10.17) 

57.51 (13.67) 

32.61 (8.35) 

38.24 (5.94) 

65.93 (8.93) 

79.21 (4.31) 

57.73 (11.84) 

58.2 (4.93) 

133. 54 (19.1) 

148.96 (23.51) 

111.67 (30.13) 

108.23 (19.08) 

60.59 (7.2) 

58.91 (7.77) 

52.61 (6.03) 

53.53 (4.06) 

295.8 (43.22) 

344.59 (45.51) 

254.62 (5.44) 

258.21 (30.03) 

Low 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

11.73 (2.34) 

26.65 (6.72) 

19.43 (3.54) 

21.26 (5.28) 

20.19 (2.17) 

40.56 (6.88) 

31.19 (6.24) 

32.08 (6.53) 

28.44 (4.6) 

93.03 (22.37) 

39.92 (9.63) 

47.55 (11.95) 

33.82 (2.07) 

48.07 (7.27) 

35.81 (2.5) 

39.59 (5.97) 

94.18 (10.88) 

208.31 (38.37) 

126.34 (20.55) 

140.48 (28.96) 
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(b) 

 
 

 

 

 

 

01/07/2017 

High 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

24.45 (5.94) 

30.36 (2.49) 

28.22 (5.06) 

40.91 (42.41) 

30.38 (10.28) 

37.78 (7.21) 

38.58 (8.61) 

42.72 (44.82) 

67.49 (27.18) 

89.1 (22.9) 

96.48 (20.27) 

92.54 (10.83) 

39.42 (7.05) 

41.78 (3.98) 

43.92 (5.21) 

43.36 (1.98) 

161.74 (49.6) 

199.02 (35.15) 

207.2 (38.06) 

223.13 (14.82) 

Low 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

13.71 (1.12) 

20.75 (2.96) 

20.36 (5.37) 

35.22 (6.72) 

12.03 (2.5) 

17.38 (5.58) 

22.72 (5.48) 

36.32 (11.42) 

25.69 (4.73) 

45.72 (10.51) 

55.97 (23.21) 

83.81 (25.0) 

29.54 (2.41) 

29.65 (3.38) 

36.27 (5.58) 

42.28 (5.86) 

80.98 (9.09) 

113.49 (19.1) 

133.78 (39.7) 

197.63 (48.36) 

SORBAS 07/05/2010 

 Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

High cover 27.12 (2.98) 27.7 (2.52) 115.16 (4.28) 54.09 (1.97) 224.06 (9.37) 

Low cover 17.04 (1.57) 17.43 (2.32) 86.04 (6.81) 47.61 (2.34) 167.38 (10.9) 
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14/06/2011 

High 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

32.34 (3.88) 

26.96 (5.33) 

26.67 (2.59) 

28.4 (3.83) 

29.64 (8.76) 

15.86 (1.52) 

27.18 (6.4) 

19.8 (3.37) 

153.78 (10.3) 

151.86 (7.55) 

144.42 (7.67) 

151.17 (9.22) 

74.46 (3.72) 

75.89 (3.2) 

79.49 (3.14) 

78.8 (5.11) 

287.52 (18.51) 

269.74 (16.46) 

278.21 (1.05) 

278.16 (19.77) 

Low 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

20.35 (3.21) 

17.24 (4.95) 

16.87 (2.47) 

38.32 (18.4) 

13.01 (2.83) 

12.12 (2.38) 

13.25 (1.41) 

25.88 (7.47) 

138.12 (9.07) 

94.66 (26.47) 

96.41 (23.38) 

145.8 (11.04) 

73.77 (4.34) 

60.09 (7.28) 

56.49 (8.65) 

74.59 (1.93) 

245.25 (18.71) 

182.71 (39.18) 

181.45 (31.42) 

284.59 (27.24) 

17/07/2013 

High 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

25.39 (2.34) 

25.88 (4.09) 

22.84 (2.61) 

32.73 (4.83) 

40.36 (2.83) 

45.93 (5.47) 

34.94 (4.95) 

42.42 (4.34) 

133.84 (9.38) 

137.56 (7.59) 

130.5 (7.13) 

135.71 (9.3) 

33.81 (4.3) 

36.69 (2.53) 

33.73 (0.92) 

36.68 (1.83) 

233.41 (16.16) 

246.06 (15.98) 

222.01 (9.95) 

247.54 (17.67) 

Low 
cover 

Non-
occluded P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

18.69 (2.11) 

25.42 (2.53) 

19.53 (2.68) 

23.01 (3.2) 

29.61 (5.05) 

40.04 (4.38) 

33.74 (6.15) 

46.83 (7.89) 

107.34 (18.8) 

134.59 (9.72) 

120.39 (10.15) 

132.56 (8.51) 

31.54 (1.5) 

34.88 (5.01) 

31.15 (2.11) 

33.82 (1.09) 

184.61 (26.38) 

231.0 (20.57) 

204.81 (17.3) 

236.23 (17.81) 
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22/07/2015 

High 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

35.71 (5.97) 

33.29 (5.54) 

36.84 (6.21) 

42.72 (5.92) 

43.01 (8.6) 

41.85 (4.01) 

37.12 (3.05) 

36.61 (3.34) 

137.38 (12.34) 

138.07 (10.37) 

127.94 (12.56) 

139.78 (10.82) 

52.05 (3.57) 

47.31 (3.0) 

45.21 (4.31) 

46.14 (3.08) 

268.15 (27.28) 

260.53 (21.53) 

247.11 (23.92) 

265.25 (18.88) 

Low 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

20.63 (4.26) 

28.79 (6.78) 

22.86 (2.91) 

46.61 (8.59) 

21.85 (4.29) 

25.37 (3.75) 

18.83 (3.45) 

42.23 (5.47) 

101.33 (16.36) 

103.45 (23.82) 

106.12 (17.68) 

131.26 (8.1) 

38.22 (3.35) 

41.58 (3.28) 

38.57 (5.03) 

47.64 (3.02) 

182.03 (25.91) 

199.19 (34.22) 

186.38 (23.73) 

264.95 (23.6) 

18/07/2017 

High 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

34.22 (5.48) 

29.16 (7.02) 

29.66 (6.7) 

28.81 (2.76) 

30.12 (3.85) 

31.24 (6.66) 

26.51 (8.04) 

29.58 (2.02) 

152.51 (14.58) 

154.56 (2.61) 

156.46 (5.04) 

168.89 (9.16) 

37.79 (2.87) 

38.6 (1.48) 

37.88 (1.95) 

39.9 (5.59) 

254.64 (20.37) 

253.56 (14.79) 

250.51 (4.35) 

267.17 (7.67) 

Low 
cover 

Non-occluded 
P 

Organic P Calcium P Occluded P Total P 

Control 

WA 

RR 

WA+RR 

21.41 (4.73) 

23.99 (4.73) 

17.94 (4.91) 

29.12 (3.42) 

23.65 (3.92) 

24.09 (5.1) 

31.74 (8.67) 

28.67 (2.07) 

148.99 (10.02) 

124.91 (14.25) 

138.52 (12.7) 

156.08 (8.78) 

36.79 (1.41) 

32.99 (2.53) 

36.78 (1.9) 

37.52 (1.86) 

230.83 (17.38) 

204.17 (20.69) 

224.99 (25.0) 

251.39 (14.41) 
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Table S4. F-values (ANOVA) of the effects of biocrust cover (high vs. low), warming (WA), rainfall reduction (RR), time and their interactions (:) on soil P 

fractions for Aranjuez (a) and Sorbas (b).  Level of significance: *(p<0.05). **(p<0.01). ***(p<0.001). ns = non-significant.  

(a) 

 

(b) 

 

 

F-value Resin Pi NaHCO3 Pi NaHCO3 Po NaHCO3 Pt NaOH Pi NaOH Po NaOH Pt HCl Pi Residual P Total P 

Cover 15.90*** 59.09*** 36.55*** 61.15*** 32.76*** 46.51*** 47.08*** 53.75*** 29.24*** 54.06*** 

WA ns 17.87*** ns 11.34** ns 6.3* 6.0* 7.16** ns 5.7* 

RR ns ns ns ns ns ns ns ns ns ns 

Cover:WA ns ns ns ns ns ns ns ns ns ns 

WA:RR ns ns ns ns ns ns ns ns ns ns 

F-value Resin Pi NaHCO3 Pi NaHCO3 Po NaHCO3 Pt NaOH Pi NaOH Po NaOH Pt HCl Pi Residual P Total P 

Cover 16.74*** ns ns 5.89* 9.04** ns 6.02* 6.82* 4.73* 12.35*** 

WA ns 9.32** ns 7.71** ns ns ns ns ns ns 

RR ns ns ns ns ns ns ns ns ns ns 

Cover:WA ns ns ns ns ns ns ns ns ns ns 

WA:RR ns 5.06* ns ns ns ns ns ns ns ns 
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Table S5. Concentration (mean + SE, n = 5) of all fractions P (mg/kg). Data differentiated by biocrust cover (high vs. low) and climate change simulated 

effects: control, warming (WA), rainfall reduction (RR) and its interaction (WA+RR). Dates of sampling series were between 2008-2017 and 2011-2017 for 

Aranjuez (a) and Sorbas (b), respectively. Sampling dates are indicated at the right top of each subsection of the table.  

(a) 

ARANJUEZ 

23/07/2008 High cover Low cover 

Resin Pi 2.08 (0.42) 1.68 (0.35) 

NaHCO3 Pi 27.35 (1.6) 15.55 (1.85) 

NaHCO3 Po 13.28 (0.88) 6.59 (0.91) 

NaHCO3 Pt 40.64 (2.14) 22.14 (2.37) 

NaOH Pi 7.76 (0.75) 4.23 (0.86) 

NaOH Po 41.6 (3.19) 22.45 (1.91) 

NaOH Pt 49.35 (3.69) 26.68 (2.63) 

HCl Pi 114.54 (7.9) 47.51 (6.98) 

Residual P 48.56 (2.22) 31.75 (1.96) 

Total P 255.18 (13.93) 129.77 (13.38) 
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30/11/2009 High cover    Low cover    

 Control WA RR WA+RR Control WA RR WA+RR 

Resin Pi 2.25 (0.25) 4.08 (2.02) 2.0 (0.78) 1.0 (0.14) 0.79 (0.1) 1.5 (0.28) 0.91 (0.07) 1.11 (0.12) 

NaHCO3 Pi 24.98 (3.24) 37.47 (4.42) 25.04 (7.19) 28.18 (9.44) 8.85 (1.04) 20.41 (5.64) 13.16 (3.93) 17.33 (3.08) 

NaHCO3 Po 20.51 (10.74) 18.34 (3.07) 12.91 (2.9) 11.87 (1.56) 6.72 (1.13) 7.45 (1.48) 8.79 (3.23) 6.76 (1.31) 

NaHCO3 Pt 45.49 (12.99) 55.81 (6.82) 37.94 (9.89) 28.61 (2.17) 15.57 (1.78) 27.85 (5.36) 21.95 (6.99) 24.09 (4.02) 

NaOH Pi 15.9 (5.67) 16.32 (3.12) 12.33 (4.84) 6.71 (0.94) 3.56 (0.69) 6.25 (1.27) 4.32 (0.76) 6.83 (1.32) 

NaOH Po 44.68 (14.36) 54.3 (6.96) 40.37 (10.08) 22.78 (1.85) 15.58 (2.38) 23.05 (6.19) 14.14 (4.75) 24.09 (4.23) 

NaOH Pt 60.58 (19.72) 70.62 (9.89) 52.7 (14.24) 29.49 (2.76) 19.13 (2.3) 29.3 (7.44) 18.46 (5.43) 30.92 (5.51) 

HCl Pi 118.31 (28.4) 131.17 (18.29) 79.83 (25.81) 52.82 (6.86) 18.76 (3.03) 71.51 (26.78) 29.82 (10.46) 48.61 (15.66) 

Residual P 44.21 (6.4) 48.05 (3.57) 36.11 (5.48) 31.56 (1.46) 19.41 (1.67) 30.56 (4.99) 22.14 (2.95) 26.06 (2.87) 

Total P 270.84 (66.31) 309.72 (37.83) 208.58 (55.66) 143.56 (8.75) 73.66 (6.75) 160.71 (44.06) 93.29 (25.3) 130.78 (27.46) 
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20/05/2011 High cover    Low cover    

  Control WA RR WA+RR Control WA RR WA+RR 

Resin Pi 7.4 (3.77) 1.09 (0.26) 11.02 (3.36) 1.46 (0.21) 1.31 (0.12) 1.31 (0.22) 1.15 (0.1) 1.3 (0.27) 

NaHCO3 Pi 31.63 (7.65) 18.26 (2.2) 33.26 (6.47) 28.98 (2.51) 11.37 (3.01) 13.0 (3.61) 17.02 (6.09) 28.34 (7.89) 

NaHCO3 Po 7.01 (2.35) 10.95 (3.57) 4.98 (1.65) 7.35 (1.79) 3.74 (0.89) 6.3 (0.61) 3.77 (1.32) 4.92 (1.28) 

NaHCO3 Pt 38.64 (7.11) 29.21 (5.62) 38.25 (7.01) 36.33 (3.84) 15.11 (3.59) 19.31 (3.78) 20.79 (7.18) 33.25 (8.57) 

NaOH Pi 15.16 (4.58) 5.71 (1.6) 16.95 (4.29) 11.6 (1.74) 4.97 (1.03) 4.2 (1.47) 6.1 (1.57) 9.73 (4.22) 

NaOH Po 48.12 (8.91) 41.7 (7.84) 47.33 (11.94) 46.66 (6.09) 21.88 (5.82) 24.2 (3.78) 24.02 (8.49) 44.19 (2.22) 

NaOH Pt 63.29 (13.17) 47.41 (7.89) 64.27 (16.17) 58.25 (7.17) 26.85 (5.32) 28.4 (4.76) 30.12 (9.97) 53.92 (6.18) 

HCl Pi 95.29 (22.04) 78.65 (23.5) 129.3 (22.6) 99.56 (14.66) 25.61 (9.35) 35.71 (14.68) 52.6 (23.54) 77.78 (21.34) 

Residual P 48.87 (5.3) 41.76 (5.96) 52.11 (5.7) 46.42 (2.64) 34.52 (5.05) 31.47 (3.96) 37.18 (4.51) 43.94 (2.5) 

Total P 253.49 (49.44) 198.12 (40.89) 294.96 (5.39) 242.01 (26.2) 103.4 (18.55) 116.21 (26.45) 141.84 (44.16) 210.19 (37.81) 
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07/05/2012 High cover    Low cover    

  Control WA RR WA+RR Control WA RR WA+RR 

Resin Pi 1.96 (0.56) 7.04 (2.89) 1.75 (0.37) 2.52 (0.62) 1.28 (0.37) 1.74 (0.75) 1.44 (0.51) 1.5 (0.33) 

NaHCO3 Pi 22.34 (5.22) 35.97 (5.23) 20.4 (3.47) 30.52 (3.82) 8.65 (1.68) 18.15 (4.86) 10.94 (1.54) 13.65 (1.68) 

NaHCO3 Po 7.39 (2.62) 14.31 (2.1) 10.68 (3.09) 9.95 (1.96) 0.8 (0.06) 8.99 (3.14) 0.81 (0.23) 1.22 (0.67) 

NaHCO3 Pt 29.73 (7.83) 50.28 (6.35) 31.09 (6.44) 40.47 (4.42) 7.63 (1.94) 24.72 (8.81) 11.11 (1.95) 14.86 (2.29) 

NaOH Pi 9.65 (3.78) 15.13 (4.4) 7.13 (1.88) 9.75 (1.78) 2.61 (0.71) 5.83 (1.72) 5.99 (3.83) 3.79 (0.53) 

NaOH Po 30.64 (5.57) 46.93 (8.02) 30.77 (6.43) 37.21 (3.67) 13.63 (2.25) 24.05 (7.05) 12.51 (4.49) 13.85 (1.86) 

NaOH Pt 40.29 (9.25) 62.05 (12.12) 37.9 (8.29) 46.96 (5.38) 16.25 (3.8) 29.88 (8.74) 18.5 (2.53) 17.64 (2.0) 

HCl Pi 74.9 (20.88) 140.44 (23.51) 84.26 (21.64) 93.13 (17.02) 24.09 (6.78) 64.47 (25.84) 30.42 (3.98) 38.89 (5.1) 

Residual P 36.03 (3.41) 43.62 (4.66) 37.24 (4.31) 40.51 (2.76) 20.63 (1.96) 32.22 (5.61) 22.93 (1.7) 24.9 (1.54) 

Total P 182.91 (41.7) 303.43 (48.47) 192.33 (40.13) 223.59 (27.66) 69.87 (13.93) 153.03 (48.85) 84.4 (8.41) 97.79 (9.29) 
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01/07/2013 High cover    Low cover    

  Control WA RR WA+RR Control WA RR WA+RR 

Resin Pi 1.36 (0.56) 0.92 (0.16) 3.62 (2.44) 0.83 (0.11) 1.19 (0.35) 0.63 (0.14) 1.11 (0.18) 1.26 (0.38) 

NaHCO3 Pi 26.39 (6.38) 32.09 (5.33) 29.39 (2.25) 29.63 (1.79) 9.15 (1.24) 15.04 (3.53) 14.0 (4.56) 25.55 (8.17) 

NaHCO3 Po 22.92 (7.87) 19.65 (5.73) 20.88 (4.96) 20.56 (5.19) 18.58 (6.54) 3.79 (1.71) 7.98 (2.24) 15.41 (3.32) 

NaHCO3 Pt 49.3 (7.88) 51.74 (4.55) 50.27 (5.26) 50.19 (6.03) 27.73 (6.66) 18.82 (2.32) 21.98 (4.93) 40.96 (5.95) 

NaOH Pi 6.9 (2.21) 9.25 (1.96) 8.73 (1.69) 8.57 (0.97) 4.3 (0.61) 4.35 (0.96) 4.4 (1.17) 7.7 (2.65) 

NaOH Po 23.5 (6.0) 28.35 (5.34) 27.93 (2.93) 23.58 (4.43) 13.99 (2.62) 18.32 (3.22) 16.27 (3.15) 23.04 (5.65) 

NaOH Pt 30.4 (8.07) 37.61 (7.06) 36.66 (4.41) 32.16 (4.41) 18.3 (2.69) 22.66 (3.68) 20.66 (4.26) 30.75 (7.96) 

HCl Pi 80.61 (19.41) 85.06 (13.38) 109.32 (12.64) 85.98 (14.61) 17.82 (4.57) 39.37 (9.55) 42.33 (17.13) 47.08 (17.78) 

Residual P 92.19 (10.79) 96.84 (7.98) 105.54 (5.09) 102.48 (2.44) 58.78 (6.7) 69.19 (6.22) 75.37 (9.91) 68.53 (8.22) 

Total P 253.87 (43.23) 272.17 (27.6) 305.41 (24.71) 271.64 (24.88) 123.82 (15.82) 150.68 (20.06) 161.47 (35.69) 188.57 (37.82) 
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18/06/2015 High cover    Low cover    

  Control WA RR WA+RR Control WA RR WA+RR 

Resin Pi 1.79 (0.47) 3.24 (1.61) 2.7 (1.42) 1.26 (0.51) 0.84 (0.14) 1.59 (0.9) 2.69 (1.73) 0.94 (0.11) 

NaHCO3 Pi 22.67 (5.55) 37.08 (6.91) 21.02 (4.36) 27.13 (3.1) 7.96 (1.44) 17.6 (3.56) 11.06 (3.3) 15.88 (4.17) 

NaHCO3 Po 16.13 (2.75) 20.58 (1.72) 14.57 (3.02) 15.94 (0.74) 5.57 (0.92) 10.1 (1.74) 8.15 (1.32) 7.88 (1.9) 

NaHCO3 Pt 38.8 (5.9) 57.66 (6.13) 35.59 (6.86) 43.08 (3.24) 13.53 (2.35) 27.7 (4.88) 19.21 (4.08) 23.75 (5.59) 

NaOH Pi 11.3 (4.43) 17.2 (5.78) 8.89 (3.07) 9.85 (2.37) 2.93 (1.16) 7.47 (3.24) 5.67 (1.08) 4.1 (4.45) 

NaOH Po 49.79 (8.14) 58.63 (4.82) 43.17 (9.11) 42.26 (4.79) 14.62 (1.51) 30.46 (5.22) 23.04 (5.53) 27.81 (24.2) 

NaOH Pt 61.09 (12.38) 75.83 (10.31) 52.05 (12.04) 52.11 (6.83) 17.55 (2.47) 37.92 (7.39) 28.71 (6.2) 31.91 (28.65) 

HCl Pi 133. 54 (19.1) 148.96 (23.51) 111.67 (30.13) 108.23 (19.08) 28.44 (4.6) 93.03 (22.37) 39.92 (9.63) 47.55 (11.95) 

Residual P 60.59 (7.2) 58.91 (7.77) 52.61 (6.03) 53.53 (4.06) 33.82 (2.07) 48.07 (7.27) 35.81 (2.5) 39.59 (5.97) 

Total P 295.8 (43.22) 344.59 (45.51) 254.62 (5.44) 258.21 (30.03) 94.18 (10.88) 208.31 (38.37) 126.34 (20.55) 140.48 (28.96) 
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01/07/2017 High cover    Low cover    

  Control WA RR WA+RR Control WA RR WA+RR 

Resin Pi 1.33 (0.46) 0.9 (0.12) 1.26 (0.11) 2.04 (0.66) 0.81 (0.17) 0.66 (0.15) 0.89 (0.26) 1.01 (0.25) 

NaHCO3 Pi 17.49 (3.51) 22.48 (1.69) 20.86 (3.17) 33.27 (4.52) 10.45 (0.8) 15.91 (1.63) 15.74 (4.27) 25.14 (3.8) 

NaHCO3 Po 8.19 (3.57) 10.4 (2.67) 11.31 (3.28) 14.23 (3.02) 2.64 (0.93) 5.22 (2.2) 5.48 (1.36) 9.14 (3.55) 

NaHCO3 Pt 25.68 (6.97) 32.88 (3.92) 32.17 (5.83) 47.5 (4.0) 13.09 (1.64) 21.13 (3.21) 19.67 (5.86) 34.29 (6.76) 

NaOH Pi 5.63 (2.14) 6.98 (0.91) 6.1 (1.83) 7.1 (0.34) 2.46 (0.26) 4.17 (1.55) 3.74 (1.11) 9.06 (2.82) 

NaOH Po 22.19 (6.77) 27.38 (4.65) 27.27 (5.47) 30.59 (1.5) 9.39 (1.73) 12.16 (3.48) 17.24 (4.6) 27.18 (7.95) 

NaOH Pt 27.82 (8.86) 34.36 (5.46) 33.36 (6.99) 37.69 (1.74) 11.86 (1.97) 16.33 (3.02) 20.98 (5.7) 36.24 (10.67) 

HCl Pi 67.49 (27.18) 89.1 (22.9) 96.48 (20.27) 92.54 (10.83) 25.69 (4.73) 45.72 (10.51) 55.97 (23.21) 83.81 (25. 

Residual P 39.42 (7.05) 41.78 (3.98) 43.92 (5.21) 43.36 (1.98) 29.54 (2.41) 29.65 (3.38) 36.27 (5.58) 42.28 (5.86) 

Total P 161.74 (49.6) 199.02 (35.15) 207.2 (38.06) 223.13 (14.82) 80.98 (9.09) 113.49 (19.1) 133.78 (39.7) 197.63 (48.36) 
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(b) 

SORBAS 

07/05/2010 High cover Low cover 

Resin Pi 5.29 (0.86) 2.49 (0.41) 

NaHCO3 Pi 14.68 (1.59) 11.82 (0.93) 

NaHCO3 Po 11.01 (1.41) 8.95 (1.7) 

NaHCO3 Pt 25.69 (2.65) 20.02 (2.25) 

NaOH Pi 7.14 (1.08) 2.73 (0.54) 

NaOH Po 16.69 (1.39) 8.49 (1.04) 

NaOH Pt 23.83 (2.25) 11.22 (1.5) 

HCl Pi 115.16 (4.28) 86.04 (6.81) 

Residual P 54.09 (1.97) 47.61 (2.34) 

Total P 224.06 (9.37) 167.38 (10.9) 
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14/06/2011 High cover    Low cover    

  Control WA RR WA+RR Control WA RR WA+RR 

Resin Pi 6.5 (1.6) 5.38 (2.61) 5.98 (1.49) 5.19 (1.76) 3.94 (1.15) 2.92 (2.01) 2.31 (0.54) 11.23 (9.82) 

NaHCO3 Pi 17.58 (1.88) 14.92 (1.96) 13.76 (0.49) 15.77 (2.0) 12.16 (1.47) 10.84 (1.88) 10.4 (1.28) 19.3 (6.56) 

NaHCO3 Po 11.81 (5.9) 3.8 (0.71) 13.85 (7.1) 8.39 (2.88) 4.5 (1.53) 5.79 (1.86) 6.1 (1.55) 15.07 (8.4) 

NaHCO3 Pt 26.69 (8.11) 17.88 (1.64) 27.61 (6.62) 24.16 (3.91) 16.66 (2.65) 15.21 (2.11) 14.92 (2.97) 34.38 (7.3) 

NaOH Pi 8.26 (1.2) 6.67 (1.23) 6.94 (1.05) 7.44 (1.14) 4.24 (1.17) 3.49 (1.21) 4.17 (1.05) 7.79 (2.34) 

NaOH Po 17.82 (3.13) 12.07 (2.03) 13.33 (0.85) 11.4 (2.34) 8.51 (1.79) 6.33 (2.31) 7.15 (1.23) 10.81 (2.4) 

NaOH Pt 26.09 (4.32) 18.73 (2.24) 20.27 (1.42) 18.84 (3.31) 12.75 (2.81) 9.82 (3.5) 11.31 (2.2) 18.6 (4.73) 

HCl Pi 153.78 (10.3) 151.86 (7.55) 144.42 (7.67) 151.17 (9.22) 138.12 (9.07) 94.66 (26.47) 96.41 (23.38) 145.8 (11.04) 

Residual P 74.46 (3.72) 75.89 (3.2) 79.49 (3.14) 78.8 (5.11) 73.77 (4.34) 60.09 (7.28) 56.49 (8.65) 74.59 (1.93) 

Total P 287.52 (18.51) 269.74 (16.46) 278.21 (1.05) 278.16 (19.77) 245.25 (18.71) 182.71 (39.18) 181.45 (31.42) 284.59 (27.24) 
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17/07/2013 High cover    Low cover    

  Control WA RR WA+RR Control WA RR WA+RR 

Resin Pi 4.42 (0.89) 4.5 (1.19) 3.63 (1.02) 6.42 (1.73) 1.44 (0.52) 2.6 (1.08) 1.23 (0.69) 1.91 (0.62) 

NaHCO3 Pi 14.23 (0.66) 14.23 (1.65) 12.84 (0.68) 16.51 (2.12) 12.89 (1.12) 15.72 (1.87) 13.05 (1.55) 14.89 (1.47) 

NaHCO3 Po 4.96 (0.77) 8.85 (1.04) 5.46 (1.27) 5.88 (1.66) 6.0 (1.05) 7.65 (1.69) 6.41 (1.51) 8.13 (3.26) 

NaHCO3 Pt 19.18 (1.02) 23.08 (1.73) 18.3 (1.52) 22.39 (1.59) 16.33 (1.82) 19.44 (3.49) 19.46 (2.26) 23.02 (4.41) 

NaOH Pi 6.75 (1.13) 7.15 (1.54) 6.37 (1.2) 9.8 (1.43) 4.36 (1.15) 7.11 (1.13) 5.25 (1.34) 6.21 (1.3) 

NaOH Po 35.41 (2.67) 37.08 (5.48) 29.48 (4.42) 36.54 (4.08) 23.61 (4.33) 32.38 (4.76) 27.33 (5.24) 38.7 (5.01) 

NaOH Pt 42.16 (3.78) 44.23 (6.98) 35.85 (4.78) 46.34 (5.24) 27.96 (5.36) 39.49 (5.56) 32.58 (5.71) 44.91 (5.95) 

HCl Pi 133.84 (9.38) 137.56 (7.59) 130.5 (7.13) 135.71 (9.3) 107.34 (18.8) 134.59 (9.72) 120.39 (10.15) 132.56 (8.51) 

Residual P 33.81 (4.3) 36.69 (2.53) 33.73 (0.92) 36.68 (1.83) 31.54 (1.5) 34.88 (5.01) 31.15 (2.11) 33.82 (1.09) 

Total P 233.41 (16.16) 246.06 (15.98) 222.01 (9.95) 247.54 (17.67) 184.61 (26.38) 231.0 (20.57) 204.81 (17.3) 236.23 (17.81) 
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22/07/2015 High cover    Low cover    

  Control WA RR WA+RR Control WA RR WA+RR 

Resin Pi 7.65 (1.05) 7.14 (2.24) 7.81 (1.78) 8.94 (3.1) 3.85 (0.51) 4.53 (1.69) 4.37 (0.66) 4.72 (0.86) 

NaHCO3 Pi 19.36 (3.04) 18.25 (2.81) 19.88 (3.19) 24.89 (4.32) 13.66 (3.01) 19.44 (4.03) 13.75 (3.75) 32.9 (6.01) 

NaHCO3 Po 7.89 (1.64) 9.38 (0.91) 5.19 (1.38) 5.64 (1.55) 2.61 (0.91) 2.53 (0.94) 5.01 (1.93) 11.03 (2.25) 

NaHCO3 Pt 27.25 (4.19) 27.62 (2.84) 25.07 (3.24) 30.53 (3.66) 16.28 (3.56) 21.97 (3.73) 18.76 (3.18) 41.14 (7.03) 

NaOH Pi 8.7 (2.04) 7.91 (1.54) 9.15 (1.71) 8.9 (1.16) 3.11 (1.26) 4.82 (2.01) 4.73 (1.02) 8.99 (2.38) 

NaOH Po 35.12 (7.29) 32.47 (3.75) 31.93 (3.04) 30.97 (2.27) 19.23 (4.08) 22.84 (3.92) 13.82 (2.93) 31.21 (5.12) 

NaOH Pt 43.82 (9.19) 40.38 (5.23) 41.07 (4.65) 39.87 (3.27) 22.35 (5.28) 27.66 (5.83) 18.56 (2.55) 40.19 (7.42) 

HCl Pi 137.38 (12.34) 138.07 (10.37) 127.94 (12.56) 139.78 (10.82) 101.33 (16.36) 103.45 (23.82) 106.12 (17.68) 131.26 (8.1) 

Residual P 52.05 (3.57) 47.31 (3.0) 45.21 (4.31) 46.14 (3.08) 38.22 (3.35) 41.58 (3.28) 38.57 (5.03) 47.64 (3.02) 

Total P 268.15 (27.28) 260.53 (21.53) 247.11 (23.92) 265.25 (18.88) 182.03 (25.91) 199.19 (34.22) 186.38 (23.73) 264.95 (23.6) 
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18/07/2017 High cover    Low cover    

  Control WA RR WA+RR Control WA RR WA+RR 

Resin Pi 8.2 (4.25) 3.12 (1.28) 3.35 (0.92) 2.46 (0.77) 1.68 (0.7) 1.32 (0.49) 1.29 (0.58) 1.58 (0.58) 

NaHCO3 Pi 16.83 (1.59) 16.16 (3.88) 14.49 (1.86) 17.23 (1.84) 13.8 (2.82) 15.47 (3.27) 10.79 (2.4) 18.69 (2.58) 

NaHCO3 Po 5.08 (2.08) 3.77 (2.63) 2.89 (1.3) 5.38 (1.13) 1.74 (1.0) 3.61 (1.29) 3.07 (0.99) 4.08 (1.32) 

NaHCO3 Pt 21.91 (2.67) 19.93 (3.87) 17.37 (1.35) 22.61 (1.82) 15.54 (2.69) 17.26 (3.18) 13.86 (3.0) 22.77 (2.84) 

NaOH Pi 9.19 (2.38) 9.88 (2.62) 11.83 (5.0) 9.12 (0.96) 5.93 (1.63) 7.19 (2.58) 5.87 (2.5) 8.85 (0.84) 

NaOH Po 25.04 (3.76) 27.47 (7.05) 23.62 (7.55) 24.2 (1.98) 21.91 (3.56) 20.49 (3.34) 28.67 (8.06) 24.59 (3.15) 

NaOH Pt 34.23 (3.06) 37.35 (9.61) 35.45 (7.72) 33.32 (2.32) 27.84 (5.1) 27.68 (4.74) 34.54 (10.1) 33.44 (3.22) 

HCl Pi 152.51 (14.58) 154.56 (2.61) 156.46 (5.04) 168.89 (9.16) 148.99 (10.02) 124.91 (14.25) 138.52 (12.7) 156.08 (8.78) 

Residual P 37.79 (2.87) 38.6 (1.48) 37.88 (1.95) 39.9 (5.59) 36.79 (1.41) 32.99 (2.53) 36.78 (1.9) 37.52 (1.86) 

Total P 254.64 (20.37) 253.56 (14.79) 250.51 (4.35) 267.17 (7.67) 230.83 (17.38) 204.17 (20.69) 224.99 (25.0) 251.39 (14.41) 
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Table S6. Pseudo F-values (non parametric ANOVA) of the resistance to warming and rainfall 

reduction of all P fractions, depending of the biocrust cover (high vs. low) for Aranjuez and 

Sorbas.  Level of significance: *(p<0.05). **(p<0.01). ***(p<0.001). ns = non-significant. 

F-values ARANJUEZ SORBAS 

 Warming Rainfall reduction Warming Rainfall reduction 

Resin Pi ns ns ns ns 

NaHCO3 Pi 6.16* ns ns ns 

NaHCO3 Po ns ns ns ns 

NaHCO3 Pt 7.16* ns ns ns 

NaOH Pi ns ns ns ns 

NaOH Po ns ns 6.81* 7.74* 

NaOH Pt ns ns 6.13* ns 

HCl Pi 5.42* ns 13.76** ns 

Residual P 5.42* 7.06* ns ns 

Total P 4.35* ns 11.58* ns 
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Figure S1. Location of the study sites (Aranjuez and Sorbas) in Spain.  

 

 

Figure S2. Photographs of low (a) and high (b) biocrust cover plots in Aranjuez. Photos by Cristina 

Escolar.  
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Figure S3. View of a warming treatment plot (a), a rainfall reduction plot (b) and a warming and 

rainfall reduction plot (c) in Aranjuez. Photos by Cristina Escolar and Felipe Gutiérrez.  
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Figure S4. Mid-infrared spectra of the 0-1cm depth soils for control treatment from Aranjuez 

and Sorbas. The spectrum from the Aranjuez soils was dominated by gypsum bands as expected 

in soils where the percentage of gypsum is usually well above 70 % (Sánchez et al., 2017). The 

mineral spectrum in the Sorbas soils was dominated by calcite and silicates, including illite and 

kaolinite, which denotes an allochthonous origin not compatible with the typical composition of 

gypsiferous soils (70-90% gypsum, Mota et al. 2011). More than 90 % of the Sorbas samples 

showed this profile, while less than 10 % showed a typical gypsum profile like that found in the 

Aranjuez soils. Illite and kaolinite are the dominant mineral components of Saharan dust 

(Formenti et al., 2014; Gelado-Caballero, 2015; Marsden et al., 2019). Palygorskite is used as a 

tracer of Saharan dust (Ehrmann et al., 2017). Note the palygorskite band (513 cm-1) may overlap 

with the quartz band, which is frequently described around 510 cm-1. Mineral bands were 

assigned following McKeown et al. (2002), Ashrit et al. (2018), Suárez and García-Romero (2006), 

Bruckman and Wriessnig (2013), Comstock et al. (2019), Tinti et al. (2015), and Russel (1977). 
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Figure S5. Changes in the biocrust cover in control and simulated warming treatment (WA) in 

high biocrust cover plots through time in Aranjuez and Sorbas, respectively. Data are means ± 

standard error (n = 10 and 8 in Aranjuez and Sorbas, respectively).   
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Abstract 

The importance of soil phosphorus (P) is likely to increase in coming decades due to the 

growing atmospheric nitrogen (N) deposition originated by industrial and agricultural 

activities. We currently lack a proper understanding of the main drivers of soil P pools in 

coastal dunes, which rank among the most valued priority conservation areas 

worldwide. Here we evaluated the joint effects of biotic (i.e., microbial abundance and 

richness, vegetation and cryptogams cover) and abiotic (i.e., pH and aridity) factors on 

labile, medium-lability and recalcitrant soil P pools across a wide aridity gradient in the 

Atlantic coast of the Iberian Peninsula. Climate determined the availability of medium-

lability, recalcitrant, and total P, but had a minor net effect on labile P, which was 

positively and significantly related to the presence of plants, mosses and lichens. 

Medium-lability P was significantly influenced by soil bacterial richness and abundance 

(positively and negatively, respectively). Our results suggest that microorganisms 

transfer P from medium-lability pool to more labile one. At the same time, increases in 

bacterial richness associated to biofilms might be involved in the thickening of the 

medium-lability P pool in our climosequence. These bacterial-mediated transfers would 

confer resistance to the labile P pool under future climate change and uncover an 

important role of soil microorganisms as modulators of the geochemical P cycle. 

Keywords: biofilms, climosequence, coastal dunes, global change, medium-lability phosphorus, 

microbial transfer model, phosphorus pools. 
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INTRODUCTION 

Phosphorus (P) and nitrogen (N) are traditionally considered the most limiting nutrients 

in terrestrial ecosystems, but the global increase of atmospheric N deposition is 

expected to intensify P limitation (Peñuelas et al., 2013; Yue et al., 2016). As a result, a 

growing attention has been paid to understand the P cycle as a regulator of key 

ecological processes (Feng et al., 2016; Hou et al., 2018a; Turner et al., 2014) . However, 

the role of climate — including its indirect effect through biotic and abiotic drivers — on 

the availability of P remains largely unexplored and little understood. In the soil, P 

interacts with minerals, dead organic matter, microbes, and plants, and is regulated by 

climate, which makes particularly challenging to fully understand its cycle (Ruttenberg, 

2003). The dynamics and bioavailability of soil inorganic and organic P forms are 

predominantly controlled by geochemical but also by biological processes. Soil P is 

associated to mineral fractions that are mostly unavailable for organisms on the short 

term (Shafqat et al., 2016). Thus, depending on soil chemical conditions (e.g., pH), 

soluble phosphate can precipitate, forming insoluble minerals with Ca, Fe or Al, 

adsorbed by sesquioxides (Weng et al., 2012), or be incorporated into soil organic 

matter and other soil colloids (Lambers et al., 2008). Under biological control, the P is 

linked to plant production and to microbial immobilization and mineralization. Thus, 

vascular plants influence soil P directly (litterfall) and indirectly, since they are able to 

develop efficient P uptake mechanisms (e.g. mycorrhizal symbioses) (Belnap, 2011; 

Lajtha and Schlesinger, 1988). Cryptograms (mosses and lichens) along with soil 

microbes also have a key role in controlling soil P availability through secretion of organic 

acids, which solubilize bound P (Jones and Oburger, 2011), and respiration (excretion of 

H+), which diminishes soil pH and releases P bound to carbonate (Belnap, 2011).   

 Both geochemical and biological controls on soil P cycling are ultimately 

dependent on climate (Belnap, 2011; Hou et al., 2018a) since it determines both 

geochemical weathering and biological activity (Chadwick et al., 2007). For instance, 

increases in temperature have been shown to increase occluded P by favoring 

geochemical processes such as P sorption on secondary minerals (Hou et al., 2018a), and 

to reduce P availability due to the effect of drier conditions on biological activity (Belnap, 

2011). Precipitation can influence P losses through chemical weathering of primary 
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mineral P (Walker and Syers, 1976) followed by surface runoff (Sims et al., 1998). Also, 

increases in aridity have important effects on P biogeochemistry, by inducing nutrient 

unbalances and changes in P pools (Delgado-Baquerizo et al., 2013; Feng et al., 2016; 

Jiao et al., 2016), which are also affected by variations in soil organic matter (OM), 

microbial communities or pH (Hou et al., 2018c; Jones and Oburger, 2011; Shen et al., 

2011). For example, microbial abundance and activity are strongly affected by soil pH 

(Aciego Pietri and Brookes, 2008; Hou et al., 2018a; Maestre et al., 2015a), which at the 

same time drives organic P mineralization and solubilization of fixed P (Shen et al., 2011).  

Current climatic models forecast widespread aridity increases in terrestrial 

ecosystems worldwide (Huang et al., 2016). Climate change is also likely have major 

impacts on the P cycle (Belnap, 2011; Hou et al., 2018a), but we do not know how 

changes in aridity will influence the availability of different soil P fractions with different 

lability, particularly in coastal dune areas. Dunes rank among the most valued priority 

conservation areas worldwide because of their high biodiversity (Acosta et al., 2009; 

Lomba et al., 2008; Maltez-Mouro et al., 2010; Mikkonen and Moilanen, 2012). 

Moreover, they have a critical role in mitigating the impacts of extreme weather events 

(Bellard et al., 2012; Jentsch et al., 2011), such as hurricanes, which are likely to become 

more frequent in the future because of climate change (Diffenbaugh et al., 2017; Harley 

et al., 2006; Knutson et al., 2010). Understanding how climate change affects soil P pools 

in coastal dunes is essential to better understand its impacts on these key ecosystems. 

Doing so is also important to inform on potential conservation strategies, as primary 

production in dune areas is frequently limited by P (Kachi and Hirose, 1983), and 

vegetation plays a critical role stabilizing the dune substrate and protecting inland areas 

from extreme events (Silva et al., 2016). 

Herein, we studied a climosequence composed of 24 areas in the Atlantic-

Mediterranean coastline of the Iberian Peninsula to evaluate both the effects of 

geochemical and biological drivers on different soil P pools varying in their stability (i.e., 

labile, medium-lability, recalcitrant, and total P). We hypothesized that: i) increases in 

aridity will be directly linked to lower soil P pools (Belnap, 2011; Feng et al., 2016; Hou 

et al., 2018a), which, in turn, will be positively affected by increases in, organic matter 

content, microbial diversity and abundance and changes in soil pH (Hou et al., 2018c; 
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Jones and Oburger, 2011; Shen et al., 2011); and that ii) labile P fractions will be mainly 

affected by biological processes, while more stable P fractions will be mainly controlled 

by geochemical processes, which are strongly influenced by climate (Condron et al., 

2005; Cross and Schlesinger, 2001).  

 

MATERIALS AND METHODS 

Study area and climatic data 

We carried out this study in 24 coastal dune ecosystems located along a ~1500 km, 

northwest-to-southeast climosequence across the Iberian Peninsula (Table S1, Figure 

S1).  Their climate ranged from Mediterranean with oceanic influences to 

Mediterranean dry (Köppen-Geiger Classification; Kottek et al., 2006). Mean annual 

precipitation (MAP) and temperature (MAT), annual potential evapotranspiration (PET) 

and aridity index (UNEP, 1992) for each sampling site were extracted from WorldCLIM 

2.0 (Fick and Hijmans, 2017) and Global Aridity and PET (CGIAR-CSI) datasets (Trabucco 

and Zomer, 2018) respectively, using R version 3.5.1. (rgdal and raster packages; R Core 

Team, 2018, Vienna, Austria). Climate data was averaged for the reference period 1970-

2000. MAP and MAT ranged from 1441 mm/year and ~13.8ºC, respectively, in the north-

west, to 225 mm/year and ~18ºC, respectively, in the south-east. Aridity was 

determined based on the UNEP Aridity Index (AI), following the equation:  

𝐴𝑟𝑖𝑑𝑖𝑡𝑦 = 1 − (𝐴𝐼), 𝑤ℎ𝑒𝑟𝑒𝐴𝐼 =
𝑀𝐴𝑃

𝑃𝐸𝑇
   (1) 

Our climosequence covered a wide aridity gradient, as it ranged from -0.28 to 0.86 from 

north-west to south-east (see AI in Figure S1). Aridity was highly correlated with both 

MAP and MAT along the gradient surveyed (Figure S2). 

Soils were classified as Arenosols derived from aeolian sands (IUSS Working 

Group WRB, 2014). Stabilized dunes (i.e., the last stage of dune systems development, 

which allows colonization of perennial plant species) along the climosequence were well 

conserved and the sandy substrate fixed by scrubs, shrubs and arboreal vegetation. 

Dominant perennial plant species were mainly Ammophila arenaria (L) Link, Helichrysum 
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picardii (Boiss. & Reuter), Crucianella marítima (L.), among others (see Table S1 for a full 

list of species and climate characteristics of each plot).  

The features of the studied sites, which show large differences in climate and 

photosynthetic cover (from 20% to 100%) but share the same soil type, minimize the 

usual soil type-related confounding factors in observational studies carried out over 

large areas, which facilitates the study of the effects of climate. We identified three 

microsites with different prevalence along the climosequence: plant (areas under the 

canopy of vascular plants), cryptogams (areas under mosses and lichens) and bare soil 

(areas without any visible photosynthetic cover). For some of the analyses, the plots 

along the aridity gradient were divided in three groups based on the local heterogeneity 

of microsites. The first group ("Humid sites"), included those plots (n=9) which were 

located in the north part of the gradient (Figure S1), and was characterized by the 

absence of bare soil areas, so the entire plot surface was covered either by plants or 

cryptogams (mostly mosses). The second group ("Mesic sites") was defined by those 

plots where the three microsites were clearly identified and covered a significant part 

of the plot. These plots (n=4) were located in the mid part of the aridity gradient. Finally, 

the third group ("Dry sites") included those plots (n=11) having only plant and bare soil 

microsites, which were located in the southern and eastern part of the gradient. 

Field survey and soil samples processing 

We sampled our study sites in July 2016. For each site, we established a 30 × 30 m plot 

parallel to the coastline. We used the line-point intercept method for estimating both 

biotic cover and plant community composition in each plot (Brun and Box, 1963). In 

total, we sampled 4 transects of 25 m of length in each plot. Data of species was noted 

every 20 cm along each transect. As most of the sites had a patched vegetation cover 

intermixed with bare soil and cryptogamic patches, we carried out a stratified soil 

sampling in the three main microsites described above (plants, cryptogams and bare 

soil). For each microsite, we collected five, randomly located soil samples from the top 

10 cm of the soil profile using a 10 × 10 × 10 cm square sampler. We pooled soil samples 

of each microsite to make composite samples. Visible roots and stones were carefully 
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removed from all soil samples before sieving (2 mm mesh). Soil samples were collected 

in the dry season  

to reduce bias between aridity gradient sites as a result of seasonal changes in the soil 

variables studied (Delgado-Baquerizo et al., 2016), air dried in the lab for one month and 

stored in polyethylene bags until analyses. We also kept a set of field-moist subsamples 

at -20ºC for microbiological analysis. Soil pH was measured with a pH meter, in a 1:2.5 

(mass:volume, soil:water) suspension. Soil organic matter content was determined by 

loss on ignition at 450 °C for 4 h (Nelson and Sommers, 1996). 

Phosphorus fractionation 

We quantified both labile and more stable P fractions using a modified sequential 

extraction method by Tiessen & Moir, 1993, which is based on the Hedley fractionation 

technique (Hedley et al., 1982) (Figure S3). This method estimates different P fractions 

of decreasing bioavailability. Inorganic P (Pi) extracted with ion exchange resins (Resin 

Pi) represents the most bioavailable P pool, which is absorbed on surfaces of soil 

crystalline compounds. Bicarbonate-extractable P is weakly absorbed by soil colloids, 

and is still available for plant uptake. Both Pi and organic P (Po), extracted with NaOH, 

are strongly chemisorbed by Fe-Al components within the soil, and are considered 

medium term plant-available P. Finally, the procedure ends with the extraction of the 

most stable forms of P, HCl-extractable Pi, which is typically associated to Ca in soils, and 

residual P, which represents the pool from the primary mineral such as apatite (Hedley 

et al., 1982; Tiessen et al., 1984).  

In short, 0.5 g of soil samples were placed in 50 mL polyethylene centrifuge tubes 

together with 30 mL of demineralized water and two 4 × 2 cm anion-exchange 

membranes (AMI-7001S, Membranes International Inc., New Jersey). After tubes were 

shaken, resins were removed and placed in clean 50 mL tubes adding 0.7M NaCl to 

extract PO4
-. Then, soil samples were sequentially extracted with 30 mL aliquots of 0.5M 

NaHCO3 (adjusted to pH 8.5), 0.1M NaOH, 1M HCl, and 0.5M H2SO4 after 550 °C of soil 

combustion (Figure S3).  For each extraction, tubes were shaken for 16 hours and then 

centrifuged at 900 g for 30 minutes (Guppy et al., 2000). The concentration of PO4
3--P in 

the supernatant was used to estimate Pi associated to each P fraction. We estimated Po 
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fractions by subtracting Pi from the total P obtained after digesting the Po into Pi in the 

0.5M NaHCO3, and 0.1M NaOH extracts. We used an alkaline digestion with 0.148M 

K2S2O8 and 3M NaOH for the NaHCO3 extract (NaHCO3-Pt), and an acid digestion with 

(NH4)2S2O8 and 0.9M H2SO4 for the NaOH extract (NaOH-Pt). Both digestions were made 

in the autoclave at 121 ℃ for 1 h and 1h 30 min, respectively (Tiessen and Moir, 2006). 

For the determination of residual P, soil samples were heated in a furnace at 550 ºC for 

1h. Then, the burned soil residue was extracted with 5 mL of 0.5M H2SO4, shaken for 1h, 

filtered and the PO4
3- concentration measured in this extract (Chen et al., 2015). We 

used the Malachite Green Method (Fernández et al., 1985; modified from Hess and Derr, 

1975) to estimate PO4
3--P concentration in the extracts. Malachite green has been found 

to be the most sensitive basic dye for phosphate determination (Itaya and Ui, 1966; 

Rahutomo et al., 2019). The pH of the extracts was adjusted to neutral pH to reach a 

correct color development of samples as necessary. The absorbance of samples was 

measured at 655 nm wavelength by triplicate in a microplate reader (Jupiter, Asys Hitech 

GmbH).  

The different P fractions were grouped in categories according to temporary P 

availability. We estimated labile P (PL, i.e., short-term bioavailable P) pool as the sum of 

Resin Pi and NaHCO3 Pt, whereas medium-lability P (PML) pool was defined as the sum of 

NaOH Pt and HCl Pi. Recalcitrant P (PR) pool was the residual P fraction derived from 

primary minerals as apatite and long-term bioavailable P (Cross and Schlesinger, 1995; 

Hedley et al., 1982; Tiessen et al., 1984; Walker and Syers, 1976). Finally, Total P (PT) was 

calculated as the sum of all the extracted P fractions.  

Bacterial and fungal abundance 

Soil total metagenomic DNA was extracted from 0.5 g of frozen soil using the PowerSoil 

DNA isolation kit (MOBIO Laboratories, Inc. Carlsbad, CA, USA) following the 

manufacturer’s protocol, except for modifications in the lysis step [we used a tissue 

homogeniser (Precellys 24-dual, Bertin technologies, Montigny-le Bretonneux, France) 

at 4500 rpm for 45 s, twice]. The abundance of total soil fungi and bacteria was 

determined with real-time quantitative PCR (q-PCR) using 96-well plates on an ABI 7300 

Real-Time PCR (Applied Biosystems, Foster City, CA. USA). Total fungal 18S and bacterial 
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16S r-RNA genes abundances were quantified in duplicate and then pooled using primer 

pairs ITS1F/5.8s and Eub338/Eub518, respectively (Evans and Wallenstein, 2012; 

Maestre et al., 2015a). The reaction mixture contained 2 µl of DNA template (4 ng/µl), 

5 µl of PowerUpTM SYBR Green Master Mix (2x) (Applied Biosystems, Foster City, CA, 

USA), 0.3 µl of each primer (0.4 mM) and 0.4 µl of BSA (0.4 mg/ml) in a total volume of 

10 µl. 

Bacterial and fungal richness – high throughput sequencing and bioinformatics 

DNA extractions were frozen and delivered to the Next Generation Genome Sequencing 

Facility of the University of Western Sydney (Australia) for amplicon sequencing using 

Illumina Miseq platform. Richness of soil bacteria and fungi were derived from the 

amplicon sequencing on the bacterial 16S rRNA gene and fungal Internal transcribed 

spacer (ITS) sequence, respectively. Primer pair 341F/805R was used for bacterial 16S 

rDNA v3-v4 region (Herlemann et al., 2011); primer pair FITS7/ITS4 was used for fungal 

ITS sequence (Ihrmark et al., 2012).  Raw reads were quality-controlled and merged 

using USEARCH (Edgar, 2010), and merged reads with expected error lower than 0.5 

were filtered.  Error correction on amplicons were performed using UNOISE3 (Edgar, 

2016), with 100% identity for Operational Taxonomic Unit determination (i.e., zOTU). 

Bacterial and fungal richness were calculated from the zOTU table at a resampling depth 

of 14187 and 18924 reads per sample, respectively. 

Statistical analysis  

Regression analyses were carried out to test linear and polynomial relationships 

between aridity and the concentrations of the different P pools. The appropriate model 

selection was based on AIC values. Previously to calculate plot-level concentration of 

each P pool, we calculated the weighted average of the three microsites taking into 

account the area of the plot covered by each of them (Durán et al., 2018; Maestre et al., 

2012a). For each site (humid, mesic and dry), we performed linear mixed model with 

microsite as fixed factor and plot as random factor to explore the influence of microsite 

on the different P pools, as well as post-hoc tests, lsmeans package (Lenth, 2016), to 
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compare the different microsites in each type of plots. Data were transformed to 

logarithm when necessary to normalize their distribution.   

We used structural equation modelling (SEM; Grace, 2006) to evaluate the direct 

and indirect effects of aridity, microsite (bare soil/photosynthetic cover) and soil 

properties (pH, organic matter content, bacterial and fungal abundance and richness) 

on the concentration of the different P pools (see Figure S4 for our priori model). Based 

on the the chi-squared test (χ2; the model has a good fit when χ2/df is ≤ 2, and P is > 

0.05), the root-mean-square error of approximation (RMSEA; the model has a good fit 

when RMSEA is indistinguishable from zero, and P is > 0.05), as well as the Bollen-Stine 

bootstrap tests (Hooper et al., 2008; Schermelleh-Engel et al., 2003) we tested the 

overall goodness of fit of our SEM. After verifying the adequate fit of our model, we 

interpreted the path coefficients of the model and their associated P-values. A path 

coefficient is analogous to the partial correlation coefficient or regression weight, and 

describes the strength and sign of the relationships between two variables (Grace, 

2006). As our data were not always normally distributed we used bootstrap tests to 

assess whether the probability that a path coefficient differs from zero (Kline, 2011; 

Schermelleh-Engel et al., 2003). We calculated the standardized total effects of all 

drivers on the selected P fractions. The net influence that one variable had upon another 

was calculated by summing all direct and indirect pathways (effects) between two 

variables.  

Regression analyses and mixed-effect models, nlme package (Pinheiro et al., 

2019) were conducted with the software R, version 3.5.1. (R Core Team, 2018, Vienna, 

Austria). All SEM analyses were conducted using the software AMOS 24.0 (IBM SPSS, 

Chicago, IL, USA).  
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RESULTS 

Across the gradient, most of the total P (ca. 72%) was found in the medium-lability P 

pool (Table 1). The remaining total P was distributed in similar amounts between labile 

and recalcitrant P. The labile P pool comprised ca. 1/3 of resin-P and 2/3 of NaHCO3-P. 

The majority (ca. 80%) of the medium-lability P was composed by the HCl-Pi fraction, 

whereas similar amounts of organic and inorganic P were found in the less abundant 

NaOH fraction. 

Soil concentrations of medium-lability P (PML), recalcitrant P (PR), and total P (PT) 

were negatively related to aridity (F (PML)= 8.17; F (PT)= 8.7; F (PR)= 8.69, respectively; 

df= 22 and p<0.01 for all cases) (Figure 1B, 1C and 1D; see Table S2 and S3 for F-and p-

values of the relationships among climatic variables and all P pools/fractions, 

respectively). Conversely, labile P (PL) was not significantly related to aridity (Figure 1; 

see Figure S5 for regressions between MAT, MAP and all P pools). 

 

 

Figure 1. Relationship between aridity and labile, medium-lability, recalcitrant, and total P 

(mg/kg soil). Black circles, solid lines and asterisk represent each sampling point (n=24), the 

fitted linear regressions and significance of P < 0.05, respectively. 
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Table 1. Concentration (mean + SE) of fractions/pools P (mg/kg) along the climosequence studied. Weighted (taking into account the proportion of each 

microsite within the plot, N=25) and microsite-level values are presented. P fractions grouped by lability: PL (labile P), PML (medium-lability P), PR (recalcitrant 

P), and PT (total P). Average percentage for P fractions grouped by lability are in brackets.   

  

  

P fractions Weighted plot 
Microsites 

Humid sites (N = 9) Mesic sites (N = 4) Dry sites (N = 11) 

 Cryptogam Vegetation Bare soil Cryptogam Vegetation Bare soil Vegetation 

Resin P 4.6 (0.4) 4.4 (0.5) 5.4 (0.5) 4.6 (0.5) 2.4 (0.5) 3.6 (1.0) 3.9 (0.6) 6.2 (1.0) 

NaHCO3 Pi 8.5 (0.9) 9.6 (1.5) 11 (1.6) 5.1 (1.4) 5.4 (1.6) 5.1 (1.7) 8.1 (1.9) 8.0 (1.4) 

NaHCO3 Po 4.9 (0.5) 4.5 (1.2) 6.0 (2.2) 7.4 (1.5) 6.9 (1.2) 5.7 (1.5) 4.0 (0.7) 7.0 (1.5) 

NaHCO3 Pt 13.3 (0.9) 14.2 (1.7) 17.0 (2.1) 12.5 (0.7) 12.2 (1.4) 10.9 (0.9) 11.2 (1.3) 15.0 (2.1) 

NaOH Pi 6.1 (0.8) 6.1 (1.6) 6.8 (1.6) 9.4 (1.1) 7.8 (1.4) 9.0 (1.9) 3.6 (0.7) 5.6 (0.9) 

NaOH Po 5.9 (0.6) 7.0 (0.9) 6.4 (0.6) 9.7 (1.9) 9.0 (2.2) 7.6 (1.9) 3.8 (0.9) 4.8 (0.8) 

NaOH Pt 12.0 (1.2) 13. (2.3) 13.1 (2.1) 19.0 (1.4) 16.9 (1.9) 16.6 (1.4) 7.4 (1.1) 10.3 (1.2) 

HCl Pi 84.6 (8.8) 119.6 (10.0) 116.4 (9.7) 76.7 (9.4) 67.9 (6.8) 91.3 (16.3) 57.6 (12.9) 57.4 (12.6) 

Residual P 18.8 (1.8) 23.4 (3.8) 22.4 (3.0) 20.3 (4.4) 20.9 (3.5) 20.1 (3.8) 15.6 (1.3) 15.0 (1.3) 

P fractions grouped by lability 

PL(16%) 17.9 (1.2) 18.6 (2.2) 22.3 (2.3) 17.0 (1.0) 14.7 (1.8) 14.5 (1.4) 15.1 (14.6) 21.2 (2.9) 

PML (68%) 96.5 (9.0) 132.6 (9.6) 129.4 (9.4) 95.7 (8.9) 84.7 (4.9) 107.9 (15.9) 65.0 (1.6) 67.7 (12.5) 

PR (16%) 18.8 (1.8) 23.4 (3.8) 22.4 (3.0) 20.3 (4.4) 20.9 (3.5) 20.1 (3.8) 13.6 (12.9) 15.0(1.3) 

PT 133.2 (10.6) 174.6 (10.8) 174.2 (12.2) 133.1 (13.6) 120.3 (6.6) 142.45 (18.9) 93.6 (14.6) 103.5 (14.8) 
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Our SEM explained 73% of the variation in soil total P (Figure 2A). Soil total P was 

significantly and negatively influenced by aridity and bacterial abundance, but positively 

by pH, organic matter (OM) and bacterial richness. We did not find significant 

relationships among fungal abundance or richness and any variable included in our 

SEMs, so both were discarded from the SEMs analysis. We also found negative indirect 

effects of aridity (through reductions in bacterial richness), positive indirect effects of 

pH (through increases in bacterial richness), and negative indirect effects of OM 

(through increases in bacterial abundance) on soil total P. The standardized total effects 

(sum of direct and indirect effects) indicated that aridity and pH were the most 

important predictors of soil PT, with a negative and positive influence, respectively. In 

contrast to soil PT, our SEM only explained 37% of the soil PL variation (Figure 2B). Soil 

PL was positively and significantly related to soil OM, suggesting an important biologic 

origin of this pool. We did not find a significant direct effect of aridity on soil PL. The 

standardized total effects showed that the main drivers of soil PL were OM and pH, both 

with a positive influence. Our SEM was able to explain 68% of the variation in the PML 

(Figure 2C). Soil pH, OM and bacterial richness showed a positive direct effect on the 

mid-term available P, while bacterial abundance and aridity showed a negative direct 

influence. Our results also showed negative indirect effects of aridity (through 

reductions on bacterial richness), pH (through increases in bacterial richness), and OM 

(through its positive effect on bacterial abundance) on this P pool. The negative direct 

effect of microbial abundance on soil medium-lability P unveil a microbial transfer of 

medium-lability to labile P as shown in Figure 3. The most important predictors of PML 

were aridity and pH, with a negative and positive influence, respectively. Finally, our 

SEM was only able to explain 47 % of the variation in soil PR, and we only found a positive 

direct effect of aridity on this P pool (Figure 2D).  
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Figure 2. Effects of aridity, bacterial abundance (BA), bacterial richness (BR), organic matter 

(OM) and pH on total (a), labile (b), medium-lability (c) and recalcitrant (d) soil P pools. Right 

panels show the total (direct plus indirect) effects derived from the structural equation 

modelling. Numbers on arrows and width of lines are indicative of the effect size of the 

relationship. Continuous and dashed arrows indicate significant and not significant relationships, 

respectively. Positive and negative relationships are represented in red and blue lines, 

respectively. Significance levels are as follows: ., P < 0.10; *, P < 0.05; **, P < 0.01. 

 

Figure 3. Microbial transfer model between medium-lability P and labile P mediated by bacterial 

abundance and bacterial richness. Bacterial abundance would transfer P from medium-lability 

to more labile pool and bacterial richness would have opposed effects increasing mostly mineral 

P pool through adsorption of P. 

 



 Climate and soil microorganisms drive soil phosphorus fractions in coastal dune systems 

 

91 
 

In dry sites, the effect of microsite was significant for PL and PT, which were higher 

under the canopy of vascular plants than in bare ground soils (F = 6.31, p<0.05; F = 5.26, 

p<0.05, respectively; Figure 4A and 4D), suggesting that the short-term availability of P 

is biologically driven. The differences in PL were due to the higher amounts of resin P 

found under vegetation (F=10.45, p<0.01), whereas higher NaOH Pi concentration (F= 

8.57, p<0.05) at this microsite contributed to the higher Pt as compared with bare 

ground soils. In humid sites, we detected significant higher amounts of resin P under 

vascular plants than under cryptogams (mosses) (F= 12.68, p<0.001), reflecting the 

dominance of mineralization over immobilization by microorganisms under vascular 

plants (but not under mosses). We did not find significant differences among microsites 

in mesic sites for any P fraction (See Table 1 for means and standard errors of the 

different P pools/fractions concentrations).  

 

 

Figure 4. Differences between microsites (vascular vegetation and cryptogams and bare ground 

areas) in labile, medium-lability, recalcitrant, and total P in humid (n=9), mesic (n=4) and dry 

(n=11) sites. Differences between microsites (p < 0.05) are indicated by different lowercase 

letters.  
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DISCUSSION 

Our study provides new insights on soil homeostasis of the most available P pool along 

an aridity gradient, giving support to the hypothesis of the decoupling of N and P cycles 

with increasing aridity described by Delgado-Baquerizo et al. (2013). Further, it may also 

help to explain the more general balance of the N and P cycles predicted under global 

change scenarios (Peñuelas et al., 2013). Delgado-Baquerizo et al. (2013) suggested that 

a higher mechanical weathering rate may be behind the relative higher P availability 

compared to C and N observed under high aridity conditions in global drylands. Our 

results suggest an additional mechanism mediated by microorganisms (bacterial 

abundance) that would transfer P from medium-lability pool to more labile one (Figure 

3) contributing to the thickening of this bioavailable soil P pool. This mechanism would 

confer resistance to the P labile pool to changes in aridity, and may be a complementary 

mechanism explaining the relatively high P availability respect to N with increasing 

aridity (Delgado-Baquerizo et al., 2013a). More generally, this resistance of the labile P 

pool based on the multiple biological and geochemical interactions may determine P 

availability under scenarios of increasing N deposition.  

We hypothesized that all P pools should be influenced by aridity. However, 

significant negative slopes were only found between aridity and medium-lability P, 

recalcitrant P, and total P indicating lower weathering rates as aridity increases. Higher 

precipitation should enhance greater chemical weathering rates throughout its effects 

on both soil properties and biotic communities (Dixon et al., 2016; White and Blum, 

1995), resulting in the accumulation of the stable forms of P in the soil profile until 

leaching does not overcome weathering rates. Hou et al. (2018), using a global dataset 

of 96 published articles including a wide range of precipitation (31-6000 mm/yr), found 

that some P fractions (available P, primary mineral P and soil total P) were negatively 

affected by mean annual precipitation as an effect of the leaching of the weathered 

minerals with high precipitation (Hou et al., 2018a). In the precipitation range studied 

here (225-1441 mm/yr), leaching intensity of weathered minerals should be less 

relevant (Austin and Vitousek, 1998). Thus, the balance of P as a result of geochemical 

processes (i.e., weathering and/or dust deposition rates vs. leaching and/or erosion 
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rates) may be negative in more humid biomes (e.g. tropical systems), but positive in 

dryland ecosystems (Turner et al., 2018; Vitousek and Chadwick, 2013). Indeed, changes 

in P pools along a climosequence induced by the effect of precipitation on geochemical 

and physical processes were also found by Feng et al. (2016). These authors described 

that total P decreased with increasing aridity, but this tendency reverted in sites with 

aridity values > 0.8 due to P accumulation.  

Interestingly, we expected that climate controls on stable P were mirrored by 

labile P pool, but the lack of any significant relationship between labile P and aridity 

suggested, as indicated above, a high resistance for this pool, with important 

implications for the ongoing environmental global change. Thus, if available P stays 

stable with aridity, the unbalance in the C, N and P bioavailability will be driven by 

relative increases in C and N availability (Delgado-Baquerizo et al., 2013a; Menge et al., 

2012), which may exacerbate the P demand by organisms (Peñuelas et al., 2013; 

Vitousek et al., 2010). In any case, our results suggest that, because of the rapid turnover 

rate of labile P pool (Shafqat et al., 2016), available P would be more dependent on 

mechanisms such as P uptake by plant roots, the rapid sorption of P in occluded mineral 

forms, and microbially related processes (mineralization, immobilization and 

solubilization) than on long-term macroclimatic effects (Austin and Vitousek, 1998; 

Belnap, 2011; Castenholz and Garcia-Pichel, 2012; Verrecchia et al., 1995). Indeed, both 

the significance change of plant community cover and our explicit consideration of the 

different microsites present along the climosequence (i.e., plant- and cryptogam-

covered areas as well as bare soil areas without any visible photosynthetic cover) add 

support to the idea that inorganic anions, secreted by plant roots or derived from OM 

mineralization, could compete for adsorption sites of calcium carbonate minerals 

increasing the availability of P under vegetation and also highlight the contribution of 

litter to soil P content (Cross and Schlesinger, 2001; Shen et al., 2011). Thus, we could 

highlight the important role of the spatial distribution of the vegetation cover in both 

labile and total P.  

In turn, our results show that changes in soil pH affected medium-lability P, 

underlining the influence of pH on P availability (Shen et al., 2011). Alkaline soils, 
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characterized by a major content of calcium cations, promotes the precipitation of 

inorganic phosphorus as calcite or di-calcium phosphates (Belnap, 2011).   Therefore, 

the high content of calcium carbonates (CaCO3) from seashells on coastal soils could 

explain the highest concentrations of calcium phosphates (Cross and Schlesinger, 2001; 

Staunton and Leprince, 1996), which represents approximately 80% of medium-lability 

P in our dune climosequence.   

We found a strong association between bacteria and medium-lability P, with 

bacterial abundance and bacterial richness having opposed effects. While the capacity 

of bacteria to solubilize P from minerals is well known (Shrivastava et al., 2018) and may 

explain a bacterial abundance-mediated transfer from medium-lability P to labile P, the 

possibility that bacteria (and its richness) could increase this (mostly) mineral pool 

(adsorption of P in soil surfaces mediated by bacteria) is, to the best of our knowledge, 

largely unknown for terrestrial soils. However, microbial-mediated P adsorption has 

been described in marsh and wetland soils (e.g. Rejmánková and Komárková, 2000; 

Scinto and Reddy, 2003) and has been recognized as one of the most important 

mechanisms involved in the withdrawal of available P in sewage treatment plants (De-

Bashan and Bashan, 2004; Lu et al., 2014). The mechanism involves the adsorption of 

large amounts of P in the extracellular polymeric substances (EPS) secreted by biofilms. 

We believe that this mechanism may also explain the positive effects of bacteria richness 

on medium-lability P because: first, increasing evidence shows that biofilms are the 

predominant mode of life for soil microorganisms (Flemming and Wuertz, 2019; 

Gutiérrez Castorena et al., 2016; Kuzyakov and Blagodatskaya, 2015); second, soil 

biofilms are directly related with bacterial diversity (Wu et al., 2019); and finally, 

significant amounts of EPS are found in aerobic soils (Wang et al., 2019). Thus, beyond 

the well-known microbial control of the biological cycle of soil P, we suggest that the 

geochemical cycle may also be, at least partially, under biological control. 
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CONCLUSIONS 

Our findings provide novel insights on how biotic and abiotic factors affect different P 

pools in stabilized dune ecosystems. The results obtained emphasize the negative effect 

that climate change can have on the total reserves and on the less labile fractions of P 

in coastal dune soils. Likewise, they highlight the higher resistance of the most labile P 

fractions, which provides a better understanding of the imbalance of P availability 

regarding their N and C counterparts with increasing aridity. Interestingly, they also 

uncover a mechanism not described so far about bacterial-mediated P transfers 

between different P fractions, which directly attributes an important modulator role of 

soil microorganisms on the geochemical P cycle in terrestrial ecosystems.   
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SUPPLEMENTARY MATERIALS 

TABLES AND FIGURES 

Table S1. Location, climatic and species list of the sites studied.  

Site name Latitude Longitude MAP 
(mm/year) 

MAT 
(ºC) 

Aridity Perennial 
plant species 

Los Genoveses 36°44'31.30"N 2° 7'22.19"O 225 17.97 0.86 1, 13, 19, 20, 
24 

La Antilla 37°12'24.71"N 7°11'33.64"O 479 17.59 0.71 1, 6, 13, 22 

Asperillo 37° 4'28.26"N 6°41'25.30"O 499 17.39 0.69 10, 11, 16, 27, 
28  

Ancão 37° 1'59.29"N 8° 2'17.61"O 514 17.11 0.66 5, 7, 8, 17, 29, 
36  

Alvor 37° 7'25.50"N 8°35'57.15"O 500 16.72 0.65 1, 6, 13, 22 

Amoreira 37°20'59.87"N 8°50'35.56"O 515 16.28 0.62 1, 4, 5, 13, 17, 
22, 23, 32 

Furnas 37°43'0.32"N 8°47'9.33"O 541 16.16 0.6 1, 5, 13, 17, 32, 
34 

Santo André 38° 7'6.75"N 8°47'45.20"O 581 16.16 0.57 1, 6, 7, 17, 22, 
32, 36 

Cabo de 
Trafalgar 

36°11'10.64"N 6° 1'48.93"O 677 17.92 0.57 1, 13, 23, 25 

Tróia 38°25'34.73"N 8°49'37.13"O 629 16.22 0.54 5, 7, 9, 14, 17, 
21, 29, 32, 34, 
36 

Cresmina 38°43'44.17"N 9°28'12.58"O 654 15.78 0.48 1, 5, 6, 10, 13, 
17, 23, 24, 32 

Leirosa 40° 3'10.46"N 8°53'19.02"O 772 15.08 0.34 2, 10, 11, 13, 
17, 18, 23, 33 

Nemiña 43° 0'23.24"N 9°15'29.72"O 839 14.64 0.28 1, 13, 15, 17, 
30 

Dunas de São 
Jacinto 

40°43'46.48"N 8°43'13.23"O 949 14.75 0.16 1, 6, 11, 13, 17, 
18, 23, 33 

Furadouro 40°51'53.20"N 8°40'37.93"O 1029 14.75 0.09 1, 6, 11, 17, 31 

Baldaio 43°17'54.43"N 8°40'27.02"O 1008 14.40 0.08 1, 12, 13, 17, 
22, 30 

San Xurxo 43°31'22.60"N 8°18'24.51"O 974 14.26 0.08 1, 3, 13, 15, 17, 
22, 30 

Pantín 43°38'18.52"N 8° 6'46.16"O 994 14.20 0.04 1, 13, 17, 22, 
35 

Olveira 42°34'55.16"N 9° 2'49.60"O 1178 14.52 -0.02 1, 6, 13, 15, 17, 
18, 30 

Ortigueira 43°42'7.61"N 7°50'35.83"O 1033 14.02 -0.02 1, 15, 17, 22, 
26 

Covas 43°40'14.96"N 7°36'11.83"O 1068 13.90 -0.09 1, 15 

A Lanzada 42°27'17.65"N 8°52'45.55"O 1383 14.54 -0.2 1, 3, 6, 13, 17, 
22, 23, 30, 33 

Amorosa 41°40'4.78"N 8°49'27.26"O 1432 14.55 -0.27 1, 2, 3, 6, 10, 
13, 17, 23 

Neiva 41°36'0.23"N 8°48'21.22"O 1441 14.51 -0.28 1, 3, 6, 17, 22, 
23 
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Perennial plant species: 1. Ammophila arenaria (L.) Link 2. Anagallis monelli L. 3. Anthyllis 

vulneraria L. 4. Antirrhinum majus L. 5. Armeria arenaria (Pers.) Schult. 6. Artemisia crithmifolia 

L. 7. Carpobrotus acinaciformis (L) L. Bolus. 8. Chamaemelum nobile (L.) All. 9. Cistus sp L. 10. 

Cistus salvifolius L. 11. Corema album (L.) D. Don in Sweet. 12. Crithmum maritimum L. 13. 

Crucianella maritima L. 14.  Dianthus broteri Boiss. & Reuter. 15. Euphorbia paralias L. 16. 

Genista triacanthos Brot. 17. Helichrysum picardii Boiss. & Reuter in Boiss. 18. Iberis procumbens 

Lange. 19. Juniperus sabina L. 20. Launaea arborescens (Batt.) Murb. 21. Lavandula pedunculata 

(Mill.) Cav. 22. Malcolmia littorea (L.) R. Br. in W. T. Aiton. 23. Medicago marina L. 24. Ononis 

ramosissima Desf. 25. Otanthus maritimus (L.) Hoffmanns. & Link 26. Pinus pinaster Aiton. 27. 

Pinus pinea L. 28. Rosmarinus officinalis L. 29. Santolina impressa Hoffmanns. & Link. 30. Sedum 

album L.31. Sedum hirsutum All. 32. Sedum sediforme (Jacq) Pau. 33. Sedum sp L. 34. Seseli 

tortuosum L.35. Teucrium marum (L.) Moench. 36. Thymus carnosus Boiss. 

 

 

Table S2. F-values of the effects of mean annual precipitation (MAP), mean annual temperature 

(MAT) and aridity on soil P pools of different lability. Linear Mixed-Effects Models (n = 24, df = 

22). Level of significance: *(p<0.05). **(p<0.01). ns = non-significant. 

 

 
Table S3. F-values obtained from the linear mixed-effects models (n = 24, df = 22) of the effects 

of mean annual precipitation (MAP), mean annual temperature (MAT) and aridity on soil P 

fractions. Level of significance: * (p<0.05). ** (p<0.01). ns = non-significant. 

F-value Labile P Medium- Lability P Recalcitrant P Total P 

MAP ns 5.4* 7.13* 5.96* 

MAT ns 11.14** 5.09* 10.59** 

Aridity ns 8.17** 8.69** 8.7** 

F-values Resin 

Pi 

NaHCO3 

Pi 

NaHCO3 

Po 

NaHCO3 

Pt 

NaOH 

Pi 

NaOH 

Po 

NaOH 

Pt 

HCl Pi Residual 

P 

MAP ns ns ns ns 4.9* ns 7.67* ns 7.13* 

MAT ns ns ns ns ns 8.13** 5.96* 8.58** 5.09* 

Aridity ns ns ns ns ns 4.77* 7.67* 6.01* 8.69** 
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Figure S1. Location of the study sites within the Iberian Peninsula and view of representative 

humid, mesic and dry sites along the climosequence surveyed. The color pattern represents the 

aridity gradient (i.e., aridity index), which increases from green to dark orange. 

 

Figure S2. Heatmap of all variables included in our study. Red and blue colors represent positive 

and negative relationships, respectively. 
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Figure S3. Schematic view of the phosphorus fractionation method (modified from Tiessen & 

Moir, 1993). The green to red arrow shows decreasing lability.  

 

Figure S4. A priori structural equation model showing the direct and indirect effects of aridity, 

pH, organic matter (OM), microbial abundance and richness on total soil P. Red and blue colors 

represent the sign of the effect (positive and negative, respectively). Aridity could influence soil 

OM through its negative effect on primary production. At the same time, aridity is frequently 

related to high pH through the accumulation of calcium and magnesium carbonate in soils. 

Finally, aridity is likely to influence microbial abundance and richness by selecting species 

adapted to dry environments.  OM and pH may affect microbial abundance and richness, 

respectively, because OM determines carbon and nutrient availability for microbes, and pH 

regulates soil chemical and biochemical processes. Finally, the P pools, which are under 

biological and geochemical control, are likely to be affected by changes in all these variables. 
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Figure S5. Relationship between mean annual precipitation (MAP), mean annual temperature 

(MAT) and labile, medium-lability, recalcitrant, and total P. Black circles and solid lines represent 

each sampling point (n=24) and the fitted linear regressions, respectively. Level of significance: 

* (p<0.05). ** (p<0.01). 
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Abstract 

Imbalances between nitrogen (N) and phosphorus (N) in terrestrial ecosystems caused 

by increases in aridity destabilize primary production and ecosystem services and could 

be reinforced by livestock grazing, the major land use in drylands worldwide.  Despite 

its importance, our understanding of interactions between aridity and land-use 

intensification on soil P cycle is limited at the global scale. Herein, we studied a grazing 

pressure gradient (i.e., ungrazed, low-, medium-, high-grazing sites) in 98 rangelands at 

a global scale to evaluate the main environmental drivers controlling soil P pools (non-

occluded, organic, calcium-bound, occluded, and total P) and their direct and indirect 

effects on P availability for vegetation primary production. We also assessed the effects 

of grazing pressure and microsite (i.e., vegetation, biocrust and bare soil) on all P pools. 

Our results showed that the main predictors of calcium-bound P were calcium content 

and MAT, with MAT being negatively related to this P pool. The major drivers for soil 

total P were calcium content, soil organic matter and dust deposition at a global scale. 

We also found a positive direct effect of aridity in non-occluded P in global drylands, 

particularly in sites with high-grazing pressure. We found significant differences in non-

occluded P and total P between high-grazing pressure sites and low-grazing and 

ungrazed sites. Additionally, the results showed differences between microsites in all 

grazing-intensity categories for non-occluded P. Our findings provide novel insights 

about the synergic effects of aridity and land-use intensification on P availability, 

increasing concentrations of non-occluded P and enhancing the decoupling of N:P cycles 

in drylands worldwide. Furthermore, they demonstrated that soil P reserves come 

mainly from calcium content in soils, soil organic matter, and atmospheric dust 

deposition in drylands.  

Keywords: Arid and semiarid ecosystems, grazing intensity, land-use intensification, 

overgrazing, P fractions, rangeland.  
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INTRODUCTION 

Drylands occupy approximately 45% of the earth's surface (Prăvălie, 2016), supporting 

around 38% of the global human population (Reynolds, 2007) and 78% of rangelands 

worldwide (ILRI et al., 2021). Rangelands are ecosystems where natural and/or 

seminatural vegetation provides habitat and support for wild and domestic communities 

of ungulates on drylands (Pratt and Gwynne, 1977) which are the main source of protein 

for more than one billion people (Neely et al., 2009). It is well-known that increased 

aridity, a hallmark of climate change in drylands worldwide (Huang et al., 2015), has 

impacts on both nutrient cycles and their stoichiometry, causing an imbalance between 

nitrogen (N) and phosphorus (P) (Delgado-Baquerizo et al., 2013a; Jiao et al., 2016). 

These nutrient imbalances can destabilize primary production and ecosystem services 

and could potentially be reinforced by land-use intensification (i.e., livestock grazing) 

(Asner et al., 2004). For example, a global meta-analysis led by He et al. (2020) showed 

that livestock grazing increased the P pool compared to a decrease in the N pool in 

grassland soils. Vandandorj et al. (2017) studied the joint effect of aridity and land-use 

intensification on regulating and providing ecosystem services in Australian woodlands. 

They found that increasing aridity had higher suppressive effects on C and N than grazing 

but not over P availability. However, they showed that some herbivores (e.g. rabbits) 

could significantly affect P availability. Despite all studies mentioned above, the impacts 

of aridity and livestock grazing pressure on the availability of multiple soil P pools in 

drylands at a global scale are largely unknown. This lack of knowledge limits our ability 

to incorporate changes in the availability of P and its impacts on the vegetation primary 

production of drylands into Earth models aiming to forecast ecosystem responses in a 

warmer world. 

Soil P is found in a variety of chemical forms controlled by biological and 

geochemical processes that determine its availability to plants (Cross and Schlesinger, 

1995; Hou et al., 2018c). The release of phosphatase enzymes by bacteria, fungi and 

plant roots has a key role on plant productivity through the P mineralization of organic 

P to labile inorganic phosphates (Condron et al., 2005; Margalef et al., 2017; Turner and 

Engelbrecht, 2011). Vascular plants also influence soil P through litterfall decomposition 
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and mycorrhizal symbiosis (Belnap, 2011; Lajtha and Schlesinger, 1988). Moreover, 

biocrust communities, a major biotic component of drylands worldwide, play also key 

roles in soil P availability through the secretion of organic acids, which solubilize bound 

P (Jones and Oburger, 2011). In drylands, vascular plants and biological soil crust are 

typically spatial distributed in patches that enhance soil nutrient turnover and 

availability, water retention, dust interception, and litter accumulation (Ochoa-Hueso et 

al., 2018), contributing to increasing available P (Gao et al., 2022). Chemical soil 

conditions also influence the P availability in drylands. For example, depending on soil 

pH values, soluble phosphate can be absorbed by minerals rich in Ca, Fe and Al or be 

incorporated into soil organic matter (Lambers et al., 2008). Also, apatite weathering 

transforms the primary mineral into more bioavailable P deposits on a shorter time scale 

(Walker and Syers, 1976).  

Aridity and livestock grazing have multiple impacts on drylands (Maestre et al., 

2016) and are also determinants of land degradation and desertification in drylands 

(Asner et al., 2004; Mallen-Cooper et al., 2018; Vandandorj et al., 2017). Aridity 

influences the functioning of dryland ecosystems via multiple pathways. Firstly, 

increases in aridity could favor the absorption of P in secondary minerals and reduce 

both litter decomposition and enzymatic activity, promoting increases in occluded soil P 

forms (Hou et al., 2018a; Sardans and Peñuelas, 2004). Secondly, photosynthetic activity 

is negatively affected by increases in aridity (Berdugo et al., 2020), diminishing organic 

P compounds in soils derived from organic matter and litterfall decomposition (Almagro 

et al., 2015; Maphangwa et al., 2012). Lastly, atmospheric deposition via aerosols is an 

essential P input in drylands (Belnap, 2011; Porder and Ramachandran, 2013). Aeolian 

dust inputs are projected to intensify with increased aridity and land use intensification 

worldwide (Aciego et al., 2017; Arvin et al., 2017; Gu et al., 2019),  which could alter 

both soil fertility and vegetation primary production (Arvin et al., 2017; Reynolds et al., 

2001). Livestock  grazing is a major land use in drylands worldwide (Asner et al., 2004; 

Maestre et al., 2022b, 2012b) and exerts multiple impacts on vegetation, soil nutrients 

and ecosystem functions and services (Eldridge et al., 2016; Maestre et al., 2016; Neff 

et al., 2005; Vandandorj et al., 2017). Herbivores digest plant biomass rich in N and P 

compounds and release them through excrement (i.e., dungs and urine), playing an 
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essential role in soil nutrient availability and plant communities (Li et al., 2021; Sitters 

and Olde Venterink, 2021). Moreover, faeces increase soil organic matter, water 

infiltration and retention, and, consequently, available and total soil P (Belnap, 2011; 

Eldridge and Rath, 2002; Whitford, 2002). The N released through the dungs of 

herbivores is mainly found in organic compounds and thus has to be previously 

mineralized to be available for plants, while a greater fraction of these dungs contains 

inorganic P forms quickly assimilated by plants (He et al., 2020; McDowell and Stewart, 

2005; Pagliari and Laboski, 2012; Sitters and Olde Venterink, 2021). Furthermore, 

livestock grazing is related to fertile island formation due to the influence on soil nutrient 

distribution and could favor the available soil P in drylands ecosystems (Allington and 

Valone, 2014). 

Understanding the role of environmental drivers and grazing pressure effect on 

soil P cycle in drylands is essential to forecast and manage climate change impacts on 

services and functions in these ecosystems. Herein, we used a study conducted in 98 

dryland rangelands from all continents except Antarctica to evaluate: (1) the main 

environmental drivers (and their importance) of soil P pools (non-occluded, organic, 

calcium-bound, occluded, and total P) in global drylands; (2) the directs and indirect 

effects of latitude, aridity, vegetation, soil properties, P reserves, and dust deposition on 

short-term bioavailable P for primary production; and (3) the effects of grazing pressure 

and microsite (vascular plants, biocrusts, and bare ground areas) on P pools. We 

hypothesize that (a) the environmental drivers that primarily determine non-occluded P 

in the soil will be both soil calcium content and phosphatase activity (Condron et al., 

2005; Lu et al., 2022; Margalef et al., 2017; Turner and Engelbrecht, 2011), and in turn, 

this enzyme together with soil organic carbon (SOC hereafter) will mainly determine soil 

organic P (Belnap, 2011; Lajtha and Schlesinger, 1988). Calcium-bound P, due to its 

association with carbonates, will be controlled firmly by the soil calcium content and, to 

a lesser extent, by climate due to the influence on weathering processes (Dixon et al., 

2016; White et al., 1999; White and Blum, 1995), (b) increases in aridity and its positive 

relationship with atmospheric dust deposition will be directly related to a lower amount 

of available P (Aciego et al., 2017; Arvin et al., 2017; Gu et al., 2019), and (c) a higher 

grazing pressure will be related to a greater concentration of available inorganic P in the 
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soil (He et al., 2020; McDowell and Stewart, 2005; Pagliari and Laboski, 2012; Sitters and 

Olde Venterink, 2021).  

 

MATERIALS AND METHODS 

Study site 

We carried out this study in 98 rangelands located in 25 countries from six continents 

(Figure S1). The study sites covered a wide variety of biotic (e.g. vegetation type, species 

richness, total vegetation cover) and abiotic factors (e.g. soil type, surface inclination, 

climate), allowing the characterization of dryland rangelands worldwide. Mean annual 

precipitation (MAP) and temperature (MAT), annual potential evapotranspiration (PET) 

and aridity index (United Nations Environment Programme, 1992) for each sampling site 

were extracted from WorldCLIM 2.0 (Fick and Hijmans, 2017) and Global Aridity and PET 

(CGIAR-CSI) datasets (Trabucco and Zomer, 2018). MAP and MAT ranged from 26 

mm/year to 891 mm/year and -1.2 ºC to 29.2 ºC, respectively. The aridity (1-Aridity 

Index) ranged from 0.46 to 0.99. The sites surveyed encompass various vegetation types, 

including grasslands, shrublands, savannas, and open woodland with shrubs. In our 

study, the major dryland soil groups were represented, with 32 different World 

Reference Base (WRB) soil classes. 

Field survey and soil samples processing 

We sampled our study sites between January 2016 and September 2019 following a 

standardized protocol (Maestre et al., 2022a). At each location, we established a 45 m × 

45 m plot along a grazing pressure local gradient locating plots at different distances 

from an artificial watering point that provide a permanent water source for livestock. 

We obtained three categories of grazing pressure (low, medium, and high) inverse-

related to the watering point (i.e., lower grazing pressure as the distance to the water 

point increases). Whenever possible, we also established an additional site for ungrazed 

areas without any herbivore influence. In total, 43 ungrazed, 88 low grazing pressure, 

97 medium grazing pressure, and 98 high grazing pressure plots were surveyed. See 
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Maestre et al. (2022b) for a detailed description of how local grazing gradients were 

established and the multiple tests carried out to validate them. 

Plant and biocrust cover and were measured using the line-point intercept 

method (Brun and Box, 1963).  We sampled four transects of 45 m oriented downslope 

within each plot. Data of species were noted every 20 cm along each transect..  Also, we 

placed 25 quadrats (1.5 m × 1.5m) in each transect and estimated the cover of perennial 

vascular plants as the percentage of the quadrat covered (0-100). Soils were sampled 

using a stratified random procedure. At each plot, five 50 x 50 cm quadrats were 

randomly placed both under the canopy of the dominant perennial vegetation and in 

open areas devoid of perennial vascular plants. Some sites had a patched vegetation 

cover intermixed with bare soil and biocrust patches; therefore, we carried out a 

stratified soil sampling in the three main microsites (vegetation, biocrust and bare soil). 

We collected five randomly stratified soil samples from the top 7.5 cm of the soil profile 

using 145 cm3 soil cores and made a composite sample for each quadrat. Visible roots 

and stones were carefully removed from all soil samples before sieving (2-mm mesh), 

air-dried in the laboratory for one month and stored in polyethylene bags until 

physicochemical analyses. We also kept a set of field-moist subsamples at −20°C for 

microbiological analysis. Vegetation surveys and soil samples were collected after the 

main vegetation growth period and in the peak of the dry season, respectively, to reduce 

potential impacts of seasonal variability within and across sites (Maestre et al., 2012a). 

Soil pH was measured with a pH meter in a 1:1 (mass: volume, soil: water) suspension 

and ranged from 3.73 to 9.93. Phosphatase activity was measured by the determination 

of the amount of p-nitrophenol (PNF) released from 0.5 g soil after incubation at 37 ºC 

for one h with the substrate p-nitrophenyl phosphate in MUB buffer (pH 6.5). Soil 

organic matter content was determined by loss on ignition at 450°C for 4 hr (Nelson and 

Sommers, 1996). Data of the Normalized Difference Vegetation Index (NDVI) were 

obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard 

NASA’s Terra satellites (http://neo.sci.gsfc.nasa.gov/). NDVI index is usually considered 

a proxy for net plant primary productivity (photosynthetic activity) and provides a global 

measure of the “greenness” of vegetation across Earth’s landscapes (Pettorelli et al., 

2005). Atmospheric dust deposition (PM 20 µM), parent material and soil types (WRB 

http://neo.sci.gsfc.nasa.gov/
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group) were extracted based on the geographical coordinates of the measurement sites 

from Kok et al. (2021), Hartmann and Moosdorf (2012) and Hengl et al. (2017), 

respectively.   

Assessing soil P fractions  

We used the sequential extraction method of Tiessen & Moir (1993) based on the 

previous Hedley fractionation technique (Hedley et al., 1982) to determine inorganic 

and organic P fractions of both labile and more stables P forms. Inorganic P (Pi), 

extracted with ion exchange resins (Resin Pi), represents the most bioavailable P 

fraction, which is absorbed on surfaces of soil crystalline compounds. Both bicarbonate-

extractable inorganic and organic P are short-term available for plant uptake and are 

weakly absorbed by soil colloids. P forms extracted with NaOH are strongly chemisorbed 

by soil Fe-Al components and are considered medium-term plant-available P. Finally, the 

procedure ends with the extraction of the most stable forms of P, HCl-extractable Pi, 

which come from the primary mineral (mainly apatite) and typically associated with 

carbonates, and residual P, the most recalcitrant soil P pool derived from secondary 

minerals (Hedley et al., 1982; Tiessen et al., 1984). Details of the fractionation procedure 

can be found in García-Velázquez et al. (2020). 

The different P fractions were grouped according to the Walker & Syers (Walker 

and Syers, 1976) model. We will refer to these grouped functional fractions as “P pools” 

(Cross and Schlesinger, 1995; Hou et al., 2018b). We estimated non-occluded P 

(bioavailable P) as the sum of resin-Pi, NaHCO3-Pi and NaOH-Pi, whereas organic P  was 

the sum of NaHCO3-Po and NaOH-Po (Feng et al., 2016; Walker and Syers, 1976). We 

defined calcium-bound P as the inorganic P extracted with HCl (1M), and occluded P as 

the residual P fraction derived from secondary minerals. 

Statistical analyses 

Previously to calculate the plot-level concentration of each P pool we calculated the 

weighted average of the three microsites taking into account the area of the plot 

covered by each of them (Durán et al., 2018; Maestre et al., 2012a). To evaluate the 

effects of biotic and abiotic factors on all P pools (non-occluded, organic, calcium-bound, 
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occluded, and total P), we first assessed the relative importance of environmental 

drivers, including climate (MAP, MAT, and aridity), vegetation (NDVI), edaphic (pH, sand 

content, SOC, bulk density, EC, Ca content and phosphatase activity) and geologic 

variables (parent material, soil type and atmospheric dust deposition) in predicting all P 

pools in drylands at a global scale using the machine learning technique “random 

forests” (RF, Breiman, 2001). The mean decrease in accuracy (%IncMSE) was used to 

indicate the relative importance of each variable for predicting the concentration of soil 

P pools of different availability.  We considered that we were able to identify the 

environmental driver for a given P dimension when the Random Forest model explained 

>30% of explained variation, which is considered to be a high level of variation explained 

in the context of large-scale studies (Delgado-Baquerizo et al., 2018b). We also identified 

the significant relationships between all P pools and environmental proxies using 

Spearman correlations (P < 0.05) (“stats” package) (R Core Team, 2017). Spearman rank 

correlations measure the direction and strength of association between two ranked 

variables and do not require normality of data or homogeneity of variances.  Lastly, to 

achieve a system-level understanding of the major predictors of non-occluded P in 

drylands, we used structural equation modelling (SEM; Grace, 2006) to evaluate the 

direct and indirect effects of aridity, latitude, NDVI, soil properties (SOC, pH, 

phosphatase activity and sand content), dust deposition and P pools (i.e., calcium-bound 

and organic P). All response variables were log-transformed when necessary to 

normalize data distribution prior to analyses to meet the assumptions of the tests used. 

We first established an a priori model based on our knowledge (Figure S2). Based on the 

chi-squared test (χ2; the model has a good fit when χ2/df is ≤2, and p is >0.05), the root-

mean-square error of approximation (RMSEA; the model has a good fit when RMSEA is 

indistinguishable from zero, and p is >0.05), as well as the Bollen–Stine bootstrap tests 

(Hooper et al., 2008; Schermelleh-Engel et al., 2003) we tested the overall goodness of 

fit of our SEM. Then, we interpreted the path coefficients of the model and their 

associated p-values. A path coefficient is analogous to the partial correlation coefficient 

or regression weight and describes the strength and sign of the relationships between 

two variables (Grace, 2006). As our data were not always normally distributed, we used 

bootstrap tests to assess whether the probability that a path coefficient differs from 
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zero (Kline, 2011; Schermelleh-Engel et al., 2003). All SEM analyses were performed 

using the R package “lavaan” version 0.6– 7 (Rosseel, 2012). 

Finally, to test the effect of the grazing pressure in all P pools, we carried out 

permutation tests (Tukey test, replicate permutations =999) using the R package “coin” 

(Hothorn et al., 2006) (function independence_test). The effects of the microsites on soil 

P pools at different grazing intensities were tested through permutational multivariate 

analysis of variances (PERMANOVA, replicate permutations = 999) (function Adonis from 

the Vegan package (Oksanen et al., 2012). Both methods do not rely on the normality 

assumption of ANOVA and can handle experimental designs such as those used here. 

The response variables were standardized before analyses using the Z-score to interpret 

parameter estimates on a comparable scale. All analyses were conducted in R version 

4.1.1 (R Core Team, 2020). 

 

RESULTS 

Half of the total P (c. 49.5%) was found in calcium-bound P at our sites. The remaining 

total P was distributed in ca. 21% of non-occluded P and in similar amounts between 

organic and occluded P (15% and 13% of total P, respectively). The non-occluded P pool 

comprised c. 29% of resin-P, 27% of NaHCO3–Pi and 44% NaOH-Pi. Total P ranged from 

14.6 to 787 mg P kg soil-1 and its average concentration was 239.5±155 mg P kg soil-1. 

Main environmental drivers of P pools across drylands worldwide 

We investigated the response patterns of environmental drivers to the concentration of 

different P pools (i.e., non-occluded, organic, calcium-bound, occluded, and total P) 

across the global drylands surveyed. The random forest model revealed that 

phosphatase activity and soil calcium content were the most important drivers of non-

occluded P (28 and 26% IncMSE, respectively) (Figure 1A). Spearman correlation 

analyses showed that labile P was mainly significantly and positively correlated with 

both predictors (Figure S3). The main predictors for organic P were latitude (31% 

IncMSE), phosphatase activity (30% IncMSE) and SOC (30% IncMSE) (Figure 1B).  

Concentrations of organic P were positively correlated with these environmental 
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drivers. For calcium-bound P, the calcium content was the most important predictor 

(48% IncMSE), and to a lesser extent, but non-negligible, MAT and latitude (32% and 

29% IncMSE, respectively) (Figure 1C). We found positive correlations between calcium-

bound P and calcium content and latitude, and negative correlations with MAT. 

Moreover, random forest analysis revealed that occluded P was mainly affected by sand 

content, followed by calcium content and SOC with a similar contribution (30 % and 28 

% IncMSE) (Figure 1D). Concentrations of occluded P were positively correlated with 

calcium content and SOC and negatively correlated with sand. Lastly, we also found that 

the most important factors that affected soil total P in drylands were calcium content, 

SOC, and dust deposition (44, 30 and 27 % IncMSE, respectively) (Figure 1E). Spearman 

correlation analyses showed that soil total P was significantly and positively correlated 

with calcium content and SOC. We did not find significant relationships between total P 

and dust deposition.  
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Figure 1. Random forest mean predictor importance (% of increase of mean square error- 

IncMSE) of variables studied as drivers of the different P pools (i.e., non-occluded, organic, 

calcium-bound, occluded, and total P). This accuracy importance measure was computed for 

each tree and averaged over the forest (999 trees). Different colors indicate the predictor 

category (blue: climate, green: vegetation, red: edaphic, orange: spatial and yellow: geologic 

drivers). Statistically nonsignificant correlations (P > 0.05) are shown in grey. MAT: Mean Annual 

Temperature; MAP: Mean Annual Precipitation; SOC: Soil Organic Carbon; EC: Electric 

Conductivity; Phos: Phosphatase activity; Ca: Calcium concentration; NDVI: Normalized 

Difference Vegetation Index 
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Direct and indirect effects on soil P pools in drylands and the effect of grazing pressure at 

a global scale 

Our SEM explained 69% of the variation in soil non-occluded P (Figure 2A) across global 

drylands. Non-occluded P was significantly and negatively influenced by pH and dust 

deposition, but positively by aridity, latitude, organic and calcium-bound P, and soil 

properties (i.e., SOC, phosphatase activity, and sand content). We also found negative 

indirect effects of aridity through reductions in SOC, phosphatase activity, and sand 

content, and via increases in dust deposition, which was also negatively correlated with 

these soil properties. Latitude had positive indirect effects through the positive effects 

on SOC, phosphatase activity and sand content on soil non-occluded P. Also, latitude 

influenced negatively on soil non-occluded P through the negative influence on calcium-

bound P. SOC had positive effects increasing both calcium-bound and organic P, but the 

decreases of organic P promoted by a negative effect of sand content affected 

negatively on soil non-occluded P. Interestingly, our SEM explained 74% of the non-

occluded P variation in high grazing pressure sites (Figure 2B). We found a positive direct 

effect of aridity on non-occluded P and we did not find any direct effect of latitude on 

this P pool. For sites with medium grazing pressure, our SEM explained 75% of the non-

occluded P variation (Figure 2C). As for sites with high grazing pressure, we did not find 

direct effects of latitude or aridity, but neither dust deposition on non-occluded P. 

Moreover, we did not find any direct effect of aridity on NDVI. Both aridity and dust 

deposition had only negative indirect effects through negative influence on soil sand 

content. Finally, our SEM explained 67% of the variation on non-occluded P in low 

grazing pressure sites (Figure 2D). Neither aridity nor latitude had direct effects on non-

occluded P, but aridity had negative indirect effects through the negative influence of 

dust deposition on some soil properties such as SOC and phosphatase activity.  
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Figure 2. Effects of aridity, latitude, dust deposition, vegetation primary production (NDVI), soil 

properties [soil organic carbon (SOC), pH, phosphatase activity (Phos) and sand content (Sand)] 

and P pools [calcium-bound P (PCa) and organic P (Po)] on non-occluded P in all plots (A) and 
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differentiated by grazing pressure: high (B), medium (C) and low (D). Numbers on arrows and 

width of lines are indicative of the effect size of the relationship. Arrows indicate significant 

relationships. Positive, negative, and mixed relationships are represented in blue, red, and black 

lines, respectively. Significance levels are as follows: .p < 0.10; *p < 0.05; **p < 0.01; ***p < 

0.001. 

Effect of grazing pressure and microsites on soil P availability 

We found significant differences between high and low grazing and ungrazed plots for 

both non-occluded and calcium-bound P (Figures 3A, 3C and 3E, respectively). 

Conversely, we did not find any differences between any grazing pressure levels for 

organic and occluded P (Figures 3B and 3D, respectively). The effect of the microsite was 

significant in high, medium, and low grazing pressure plots for non-occluded P, which 

were higher under the canopy of vascular plants than on bare ground areas (Figure 4A). 

Also, in high grazing pressure plots, we found differences with soils under biological soil 

crust. We detected differences in high and medium grazing pressure plots for organic P 

between bare ground areas and soils under vascular plants (Figure 4B). This 

differentiation between the concentrations of the more labile P pools reflects the 

dominance of mineralization processes by microorganisms under vascular plants. It 

reflects the biological origin of both organic and non-occluded P. We did not find 

significant differences among microsites in more stable P pools (i.e., calcium-bound and 

occluded P) for any grazing pressure level (Figures 4C and 4D, respectively). 



CHAPTER 3 

 

118 
 

 

Figure 3. Differences in P pools concentrations: non-occluded (A), organic (B), calcium-bound 

(C), occluded (D), and total P (E) at different grazing pressure: high (n = 97), medium (n = 94), 

low (n = 85), and ungrazed (n = 42). Differences between grazing levels (p < 0.05) are indicated 

by different lowercase letters.  
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Figure 4. Differences between microsites (vascular vegetation, biological soil crust, and bare 

ground areas) in non-occluded (A), organic (B), calcium-bound (C), occluded (D) and total (E) P 

at different grazing pressure: high, medium, low, and ungrazed. Differences between microsites 

(p < 0.05) are indicated by different lowercase letters.  
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DISCUSSION 

Our study provides novel insights into the main drivers that control the short-term 

available P for primary production and highlights the impacts of key proxies of ongoing 

climate change and land-use intensification on the P cycle across global drylands. Our 

results indicate that soil total P is largely related to soil Ca content (mainly in 

carbonates), the organic matter mineralization and the atmospheric dust deposition in 

drylands (Figure 3E). Moreover, we revealed that, as expected, the most available P pool 

on soil is influenced by biological and geochemical mechanisms. The biological 

mechanism would act through the release of phosphatase enzymes by soil microbes and 

plant roots, allowing the mineralization of organic matter to inorganic labile P. In a 

recent country-scale study, Lu et al. (2022) revealed the importance of factors such as 

acid phosphatase and microbial biomass carbon, on soil P availability in natural- and 

agro-ecosystems. On the other side, geochemical mechanisms such as the solubilisation 

of primary minerals could increase P availability in drylands. Thus, organic and calcium-

bound P are the main source of available P on soils in these ecosystems. Parent material 

type was also an important predictor for non-occluded P in our drylands global dataset. 

The apatite concentration of the bedrock will mainly determine soil total P and, 

ultimately, its availability (Mage and Porder, 2013; Wilson et al., 2022). However, the 

soil Ca content and the dust mobilization will influence driving P dynamics in drylands 

(Porder and Ramachandran, 2013).  

Aridity positively affected non-occluded P in drylands ecosystems worldwide. In 

addition, this effect could also be seen in sites with high livestock grazing pressure 

highlighting the synergic impact of aridity and land use on the P availability in dryland 

soils and supporting the decoupling of C, N and P in drylands reported by Delgado-

Baquerizo et al. (2013). Grazing pressure positively influenced soil total P, mainly 

through available P stocks in drylands. Herbivores ingest plant material rich in organic 

compounds, including P, and through the release of digestive enzymes, they could be 

able to mineralize a significant fraction of these compounds (Harrison and Bardgett, 

2008). The majority of fresh dung compounds are found in inorganic bicarbonate 

extracted P forms (McDowell and Stewart, 2005), which could increase P availability in 
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drylands in the short term. However, the N in dungs is mainly in organic compounds that 

need to be mineralized before plants can use it (He et al., 2020; McDowell and Stewart, 

2005; Pagliari and Laboski, 2012; Sitters and Olde Venterink, 2021). He et al, 2021, based 

on a meta-analysis of 129 articles, showed the differential impact of grazing on N and P 

cycles at a global scale. They found that grazing decreased the soil N by 10.0% but 

promoted the increase of the soil P by 3.6%, indicating the decoupled of these nutrients 

in grasslands ecosystems caused by land-use intensification. 

Contrary to what was expected according to the pedogenetic theory of Walker 

& Syers (1976), we found a negative effect of latitude on calcium-bound P (Figure 2A). 

Our latitudinal aridity gradient starts from hyper-arid zones in the great deserts (latitude 

20-30º) towards higher latitudes where semi-arid and dry-subhumid ecosystems are 

located. Thus, drier conditions in hyperarid ecosystems could slow down the rate of 

weathering of the parent rock and favor the accumulation of P from the primary due to 

the decrease in leaching losses (Gu et al., 2019; Hou et al., 2018a). As latitude increases, 

there are greatest precipitation inputs and vegetation development and a decrease in 

soil pH in drylands ecosystems. Consequently, higher rates of weathering and 

solubilisation of the mineral P would be expected in high latitudes. Hence, our results 

suggest that, unlike humid sites, dryland ecosystems may decrease the rate of change 

of the primary mineral during pedogenesis (Selmants and Hart, 2010). 

Interestingly, atmospheric dust deposition negatively influenced P availability in 

our study. Dust particles settled on the surface are primarily rich in stable P forms 

(mainly associated with primary minerals). However, they may also contain organic P 

from microorganisms or organic particles like pollen (Gu et al., 2019; Shafqat et al., 

2016). But the negative relationship may reflect that the most arid areas with less 

available P are more exposed to high atmospheric P deposition. Indeed, the areas 

adjacent to the dust emission source have a high rate of atmospheric dust deposition 

(Mahowald et al., 2008; Okin et al., 2004), and usually, this aeolian input of P into the 

ecosystem can be greater than the losses due to wind erosion or leaching in arid 

ecosystems (Wang et al., 2021). Gu et al., 2019 showed that transformations in P forms 

during long-term semiarid ecosystem development, where the weathering rate is low 
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due to dry conditions, were mainly due to a strong influence of atmospheric dust 

deposition inputs. Thus, increased dust deposition in arid ecosystems is expected as 

aridity increases (Gu et al., 2019), which may destabilize the functioning of these 

ecosystems.  

 

CONCLUSIONS 

Our findings highlight that increases in grazing pressure could contribute to a positive 

effect of aridity on short-term available P, and indicate that this effect could disrupt 

primary production by increasing nutrient unbalance. They also emphasize the critical 

role of atmospheric dust deposition as a driver of soil P concentration in arid 

ecosystems. Taken together, our findings reveal that climate change (i.e., increasing 

aridity) and land-use intensification (increases in grazing pressure) could synergistically 

promote the decoupling of N:P cycles across global drylands. This knowledge should be 

included in Earth Systems Models used to forecast and manage the impacts of global 

change drivers on the P cycle in the Anthropocene across global drylands, the largest set 

of biomes on Earth. 
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SUPPLEMENTARY MATERIALS 

 

 

Figure S1. Geographical distribution of the studied drylands. The color pattern represents the 

Aridity Index gradient (UNEP, 2007), which increases from hyperarid (brown) to dry-subhumid 

(green) ecosystems. Produced by Sergio Asensio.  

 

 

 

Figure S2. A priori structural equation model showing the direct and indirect effects of aridity, 

latitude, dust deposition, vegetation (NDVI), soil properties (SOC, pH, phosphatase activity and 

sand content) and P pools (calcium-bound and organic P) on non-occluded P.  
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Figure S3. Spearman correlation analyses aiming to identify the association between spatial, 

climate, vegetation, edaphic and geologic variables and soil P pools (i.e., non-occluded, organic, 

calcium-bound, occluded, and total P). Statistically nonsignificant correlations (P > 0.05) are 

shown in white. MAT: Mean Annual Temperature; MAP: Mean Annual Precipitation; SOC: Soil 

Organic Carbon; EC: Electric Conductivity; Phos: Phosphatase activity; Ca: Calcium 

concentration; NDVI: Normalized Difference Vegetation Index. 
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Abstract 

Phosphorus (P) availability controls key ecosystem services and is highly vulnerable to 

climate change and land-use intensification processes. Also, P is one of the most 

important limiting nutrients for the vegetation primary production and growth across 

terrestrial ecosystems. Although recent studies have investigated the drivers of total P 

and aimed to map its global distribution, there are still fundamental gaps of knowledge 

and uncertainties associated with its bioavailability at different time scales across 

biomes worldwide. Furthermore, some recent studies have criticized the distinction of 

P fractions due to their association with elements such as Ca, Fe or Al. Here, we put 

together a global survey including 659 surface soil samples from 39 countries to 

investigate a novel clustering approach to the distribution of classical P fractions in a co-

occurrence network based on time-scale availability (short-, medium-, long-term). Also, 

we assessed the main environmental drivers (spatial, climate, biotic, soil and geological 

properties) that determine the spatial distribution of soil P pools (i.e., labile P, medium-

lability P, and recalcitrant P) and their vulnerabilities to climate change across terrestrial 

biomes. We found high heterogeneity in the concentrations of all pools of P availability 

across biomes worldwide, where lower P concentrations were mainly found in tropical 

ecosystems.  The results also showed that the major predictors for labile P were soil 

organic carbon, fine texture and mean annual temperature. The main drivers for 

medium-lability and recalcitrant P were slope, elevation, and latitude. This research 

highlights that the different pools of soil P availability will depend both on the biotic 

factors, ultimately affected by the climate and the amount of soil organic matter (mainly 

labile P), as well as on geochemical processes influenced by topographic relief (medium-

lability and recalcitrant P).  Likewise, these results suggest that the predicted increase in 

temperature caused by ongoing climate change may have a direct negative impact on 

the reserves of P available to plants in the short term, limiting primary production across 

terrestrial ecosystems worldwide. 

Keywords: P fractions, co-occurrence network, global scale, environmental drivers, biomes 

worldwide.  
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INTRODUCTION 

Phosphorus (P) availability controls key ecosystem services such as food production, 

nutrient cycling and waste decomposition (Cordell et al., 2009; Peñuelas et al., 2020a). 

Unlike other soil elements such as carbon (C) and nitrogen (N) — which come from 

atmosphere fixation —, P is available in soils from the weathering of the bedrock (Cordell 

et al., 2009; Lajtha and Schlesinger, 1988; Walker and Syers, 1976) and, to a lesser 

extent, from atmospheric dust deposition (Gu et al., 2019; Okin et al., 2004). Because of 

this, soil P is known to get depleted from soils as the ecosystem develops from century 

to millennia, while C and N get accumulated. As such, ancient soils from the tropics are 

well-known to be P depleted compared with relatively younger soils from higher 

latitudes in the Northern Hemisphere. The fact that soil P comes from non-renewable 

sources driven by local processes makes P one of the most important limiting nutrients 

for the vegetation primary production and growth of terrestrial ecosystems (Cross and 

Schlesinger, 1995; Hou et al., 2018a).  Also, soil P availability is highly vulnerable to 

climate change and land-use intensification processes (Delgado-Baquerizo et al., 2013a; 

Jiao et al., 2016; Peñuelas et al., 2013). Given the fundamental importance of the P cycle, 

multiple recent studies have investigated the drivers of total P and aimed to maps its 

global distribution (He et al., 2021; Hou et al., 2021). Yet, there are still fundamental 

gaps of knowledge and uncertainties associated with this critical soil element and its 

bioavailability at different time scales at a global scale.  

The major uncertainties associated with the P cycle are associated with its 

inherent complexity. Unlike other elements such as N and C, soil P can be found in many 

forms, often referred to as fractions. These fractions are often artificially grouped by 

their association with other elements (e.g. Ca); however, most recent studies largely 

criticize this approach (Barrow et al., 2021; Gu et al., 2020; Gu and Margenot, 2021; 

Lambers, 2022). Barrow et al. (2021) raised a geochemical discussion in which they reject 

the “phosphate particle hypothesis” of the classical extractions of Fe, Al and Ca and 

instead propose the "phosphate adsorption-penetration hypothesis" according to which 

phosphate is adsorbed on the surfaces of minerals and diffuses from the surface to the 

innermost parts, which prevents the formation of new minerals of P. For example, soil 
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P forms of humid or tropical forests are mostly associated with iron and aluminum 

hydroxides and sesquioxides, while in arid ecosystems — typically alkaline soils —, P is 

mainly bound to calcium (Lajtha and Schlesinger, 1988; Turner and Laliberté, 2015). 

Thus, given the heterogeneity of P chemical forms and the wide range of climatic, 

edaphic and biotic properties between biomes around the world, a new reorganization 

of the P pools based on the Hedley method is needed to establish global P patterns. 

Consequently, the global distribution and environmental drivers of the different pools 

of phosphorus availability in biomes worldwide remain poorly understood.  

Soil P pools ultimately depend on the total P reserves, which are strongly 

influenced by multiple environmental attributes, including climate, geospatial 

(topographical relief and latitude), edaphic, vegetation and geological properties, such 

as soil parent material (Delgado-Baquerizo et al., 2020; He et al., 2021; Hou et al., 2021). 

Climate controls geochemical and biological processes that determine P availability on 

soils (Belnap, 2011; Hou et al., 2018a). At a global scale, high evapotranspiration 

determined weathered soils in tropical regions by favoring geochemical processes, 

causing a depletion of primary mineral and soil P availability (Turner and Engelbrecht, 

2011; Vitousek et al., 2010) together with an increase in occluded forms (Hou et al., 

2018c). In these P-limited ecosystems, a large fraction of the available P for 

photosynthetic organisms comes from the turnover of organic P compounds from 

organic matter (Condron et al., 2005; Turner and Engelbrecht, 2011). He et al. (2021) 

suggested that the soil organic carbon and the parent material are the most relative 

important drivers of soil total P worldwide. Phosphorus content of parent material could 

directly control the soil P at the onset of soil formation (Porder and Ramachandran, 

2013)  and influence its availability through the texture of soil particles (He et al., 2021; 

Turner et al., 2018). Topographic relief can also affect the bioavailability of P in the soil 

(Vitousek et al., 1988; Walker and Syers, 1976). On the one hand, with the increase in 

altitude, the temperature drop will affect the decomposition rate of organic P (Zhou et 

al., 2016). On the other hand, areas with a lower slope are usually in a more advanced 

stage of pedogenesis due to the higher vegetation development and the greater 

intensity of weathering processes influenced by higher temperatures (Walker and Syers, 

1976; Zhou et al., 2016).  
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Here, we put together a global survey including 659 surface soil samples from 39 

countries to investigate a novel clustering approach of the distribution of classical P 

fractions in a co-occurrence network based on their time scale availability. Also, we 

assessed the main drivers that determine the spatial distribution of the soil P pools (i.e., 

labile P, medium-lability P, and recalcitrant P) and their vulnerabilities to climate change 

across terrestrial biomes worldwide. Given the uncertainties associated with its 

bioavailability at different time scales, deeper knowledge about the global-scale 

predictors that determine the pools of P availability for primary production in terrestrial 

ecosystems worldwide is required. This novel large-scale knowledge is essential to 

understanding soil P cycle and bioavailability and incorporating it into Earth system 

models to improve climate change predictions on P dynamics in the Anthropocene.   

 

MATERIALS AND METHODS 

Global dataset  

We compiled a global database of 659 (semi-) natural terrestrial ecosystems based on 

our previous global surveys (Delgado-Baquerizo et al., 2019; Maestre et al., 2022b, 

2012a). Sites were located in 39 countries from all continents, including Antarctica 

(Figure S1). The areas surveyed encompass all terrestrial biomes, including polar, 

continental, temperate, and arid ecosystems with a wide variety of biotic (i.e., 

vegetation type, species richness, total vegetation cover) and a wide range of the abiotic 

conditions (i.e., climate, soil order, and lithology) that can be found across terrestrial 

ecosystems. A composite soil sample (top ~10 cm depth) was collected at each site 

under the most common vegetation according to a standardized sampling protocol 

(Maestre et al., 2012a). Visible roots and stones were removed from all soil samples 

before sieving (2-mm mesh). Soil samples were air-dried and stored in polyethylene bags 

until analyses.  Mean annual precipitation (MAP) and temperature (MAT) ranged from 

4 mm/year to 2161 mm/year and -6.7 ºC to 29.2 ºC, respectively. In our study, the major 

soil lithology groups were represented, with 12 different bedrocks distributed in 

sedimentary, volcanic, plutonic and metamorphic rocks.  
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Assessing soil P fractions 

We used the sequential extraction method of Tiessen & Moir (2006), which is based on 

the previous Hedley fractionation technique (Hedley et al., 1982), to determine 

inorganic and organic P fractions of both labile and more stables P forms. Both 

bicarbonate-extractable inorganic and organic P are short-term available for plant 

uptake and are weakly absorbed by soil colloids and on surfaces of soil crystalline 

compounds. P forms extracted with NaOH are strongly chemisorbed by soil Fe-Al 

components and are considered medium-term plant-available P. Finally, the procedure 

ends with the extraction of the most stable forms of P, HCl-extractable Pi, coming from 

the primary mineral (mainly apatite) and typically associated with carbonates, and 

residual P, the most recalcitrant soil P pool derived from secondary minerals and 

recalcitrant organic matter (Hedley et al., 1982; Tiessen et al., 1984). Details of the 

fractionation procedure can be found in García-Velázquez et al. (2020).  

Co-occurrence network and soil P pools 

We clustered P fractions originated by the classical fractionation procedure to give a 

functional meaning (Figure 1) under a novel framework based on the natural distribution 

of the soil P fractions. This original approach will allow us to overcome the criticisms and 

unresolved questions about the classifications used in the studies of P fractions to date 

and elucidate P drivers and spatial distribution patterns, given the high chemical and 

edaphic soil heterogeneity in terrestrial biomes on a global scale. We used correlation 

network analyses to evaluate whether all P fractions within a particular ecological 

cluster were found to co-occur more often than expected by chance (Delgado-Baquerizo 

et al., 2018b). We first calculated pairwise Spearman’s rank correlations (ρ) between all 

P fractions to build the co-occurrence network. We considered a co-occurrence to be 

robust if the Spearman’s correlation coefficient (ρ) was r > 0.3; P < 0.001. The network 

we recovered included six nodes with six edges. This network was visualized with the 

interactive platform Gephi (Bastian et al., 2009). We conducted these analyses using the 

Igraph package (v1.0.1) and custom R functions: 

https://github.com/amoliverio/rnetworks. We will refer to these grouped functional 

fractions as “P pools”. Finally, we defined labile P as the inorganic bicarbonate-

https://github.com/amoliverio/rnetworks
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extractable P (Pi and Po) and NaOH-extractable Po. We estimated medium-lability P as 

the sum of NaOH- and HCl- extractable inorganic P, whereas recalcitrant P was the 

residual P.  

 

Figure 1.  Network diagram with nodes (P fractions) colored by each of the three major 

ecological clusters that were identified (labile P, medium-lability P, and recalcitrant P pools), 

highlighting that the P fractions within each ecological cluster tend to co-occur more than 

expected by chance. 

Environmental predictors of soil P pools 

To predict the soil P pools across the globe, we considered multiple environmental 

drivers, including climate [MAP, MAT, and potential evapotranspiration (PET)], 

vegetation [Normalized Difference Vegetation Index (NDVI)], edaphic [pH, fine texture, 

soil organic carbon (SOC), bulk density, electric conductivity (EC)] and geologic variables 

[parent material, soil type and atmospheric dust deposition]. MAP, MAT and PET for 

each sampling site were extracted from WorldCLIM 2.0 (Fick and Hijmans, 2017) and 

CGIAR-CSI (Trabucco and Zomer, 2018) datasets, respectively. The NDVI was our proxy 

for net vegetation primary production, and was obtained from the Moderate Resolution 

Imaging Spectroradiometer (MODIS) aboard NASA’s Terra satellites 

(http://neo.sci.gsfc.nasa.gov/). This index provides a global measure of the “greenness” 

of vegetation across Earth’s landscapes for a given composite period (Pettorelli et al., 

2005), acting as a proxy of photosynthetic activity and large-scale vegetation distribution 

in our global survey. We measured pH, fine texture (% of fractions: clay+silt) and SOC 

for each dried soil sample. Soil pH was measured using a pH meter in 1:2.5 suspensions 

of dry soil mass to deionized water volume. The texture was determined on a composite 

sample for each soil described in Kettler et al. (2001). The concentration of organic C 

was calculated after oxidation with potassium dichromate and sulphuric acid (Anderson 
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and Ingram, 1993). Bulk density and EC were measured at each plot following the 

standardized methods described in Arshad et al. (1997). The results obtained for these 

properties are summarised: pH ranged from 3.65 to 9.85, texture (% fractions of clay + 

silt) from 0.49 to 82.28 and soil organic C from 0.45 to 465.19 g C kg soil-1. Dust 

atmospheric deposition (PM 20 µM), lithology and soil type (WRB group) (IUSS Working 

Group WRB, 2006) were extracted based on the geographical coordinates of the 

measurement sites from Kok et al. (2021), Hartmann and Moosdorf (2012) and Hengl et 

al. (2017) respectively.   

 We assessed the relative importance of environmental predictors (climate, 

spatial, edaphic, vegetation and geologic variables mentioned above) for soil P pools 

(i.e., labile P, medium-lability P, and recalcitrant P)  at a global scale using the machine 

learning technique “random forests” (Breiman, 2001) (999 permutations). The mean 

decrease in accuracy (% IncMSE) was used to indicate the relative importance of each 

variable for predicting the concentration of soil P pools of different availability. We 

considered that we could identify the environmental driver for a given P dimension 

when the Random Forest model explained >30% of explained variation, which is 

regarded as a high level of variation explained in the context of large-scale studies 

(Delgado-Baquerizo et al., 2018b). We also identified the significant relationships 

between all P pools and environmental proxies using Spearman correlations (P < 0.05) 

(“stats” package) (R Core Team, 2017). Spearman rank correlations measure the 

direction and strength of association between two ranked variables and do not require 

normality of data or homogeneity of variances.  
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RESULTS AND DISCUSSION 

Labile, medium-labile and recalcitrant P in different biomes globally 

Our study reveals that concentrations of the different P pools widely vary among biomes 

across the world (Figure 2). The average concentration of labile P was 100.1 mg P kg soil-

1, ranging from 0.003 mg P kg soil-1 in temperate forests from sedimentary substrate in 

Australia to 4097.4 mg P kg soil-1 in a polar ecosystem situated in Antarctica. The average 

concentration of medium-lability P was 235.2 mg P kg soil-1, ranging from 2.1 mg P kg 

soil -1 in a tropical grassland to 2015.3 mg P kg soil-1 in a temperate forest in Spain. Lastly, 

the average concentration of recalcitrant P was 55.8 mg P kg soil-1, which varied from 

0.15 mg P kg soil-1 in a tropical forest to 235.7 mg P kg soil-1 in an Indian arid ecosystem. 

Moreover, labile soil P also had great variability within continental, temperate and arid 

biomes (Figure 2A). Given the wide range of climatic conditions, soil properties (e.g., pH, 

SOC), as well as the different types of bedrocks that encompass these biomes, we 

expected that the variability in P concentrations within these ecosystems would be 

greater than in those with lower environmental heterogeneity (e.g. polar ecosystems). 

The highest concentrations for medium-lability P and recalcitrant P were found in polar 

biomes, followed by temperate and continental biomes and finally tropical and arid 

biomes, where the lowest concentrations in all pools of P were found (Figures 2B and 

2C, respectively). Our results reflect the ascending P gradient from regions near to 

equator to polar in both hemispheres according to the latitudinal global P distribution 

reported by He et al. (2021) in biomes worldwide.  Both the warmer and wetter climate 

and the aged soils of tropical regions cause the depletion of the P available for primary 

production, including organic P forms and primary P minerals (Turner and Engelbrecht, 

2011; Vitousek et al., 2010).  Thus, according to the Walker & Syers theory, this P-

limitation results from chemical and physical weathering during long-term ecosystem 

development (Walker and Syers, 1976).  
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Figure 3. Labile (A), medium-lability P (B), recalcitrant (C), and total (D) P concentrations (mg P 

kg soil-1) across terrestrial biomes (arid, continental, polar, temperate, and tropical ecosystems). 

Black stars in panel A indicate concentrations of labile P outside the representation range 

(Continental: 929.6 mg P kg soil-1; Polar: 2490.3 mg P kg soil-1 and Temperate: 1365 mg P kg soil-

1).   

Soil P pools ultimately depend on the soil total P reserves. The average soil total 

P for our study sites was 391.2 mg P kg soil-1 — ranging from 10.6 mg P kg soil-1 to 4097.4 

mg P kg soil-1 (n = 659 sites)— (Figure 2D). The greater representation of arid and semi-

arid ecosystems (n=356) included in our database concerning the total biomes probably 

determined a narrower range of soil total P concentrations compared with reported 

data by He et al. (2021), of up to 9630 mg P kg-1 in soils across the globe. Conversely, 

our study reflected higher estimates than those reported by other global studies as 

those reported by Hou et al. (2018b) and Li et al. (2014). Their maximum concentrations 

of soil P reached 2157 and 2744 mg P kg soil -1, respectively. Arid, temperate, and polar 

biomes had a similar distribution of labile (20-30%), medium lability (55-70%), and 

recalcitrant P (10-15%) relative to total soil P (Figure S2). However, in tropical 

ecosystems, labile P accounted approximately for 36% of total P, medium-lability P 

averaged 41%, and occluded P around 22%. Also, continental ecosystems had soil total 

P distributed in 41% both in labile P and medium-lability P pools, while 17% was 

constituted by recalcitrant P. Higher evapotranspiration typical of tropical regions could 
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promote both increases in weathering processes and, consequently, a higher 

transformation rate of medium-term available P into recalcitrant P forms (Hou et al., 

2018c; Turner and Engelbrecht, 2011; Vitousek et al., 2010). Furthermore, the higher 

concentration of labile P in these regions could reflect a high cycled rate from organic 

forms to P immediately available by plants through mineralization. 

Global environmental drivers of labile, medium-lability and recalcitrant P 

We investigated the response patterns of environmental drivers to the concentration of 

the different pools of P availability (i.e., labile P, medium-lability P, and recalcitrant P) 

across terrestrial biomes (Figure 3).  

 

Figure 5. Random forest mean predictor importance (% of increase of mean square error- 

IncMSE) of variables studied as drivers of the different P pools: labile (A), medium-lability (B), 

recalcitrant (C), and total P. This accuracy importance measure was computed for each tree and 

averaged over the forest (999 trees). Different crs indicate the predictor category (blue: climate, 

green: vegetation, red: edaphic, orange: geospatial and yellow: geologic drivers). Statistically 

nonsignificant correlations (P > 0.05) are shown in grey. MAT (Mean Annual Temperature), MAP 

(Mean Annual Precipitation), SOC (Soil Organic Carbon), NDVI (Normalized Difference 

Vegetation Index), and EC (Electric Conductivity).   
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The random forest model indicated that the most important predictor for labile 

P was SOC (35% IncMSE), emphasizing the biological influence on this P pool. Likewise, 

fine texture and MAT weakly influenced labile P (25% and 20% IncMSE, respectively) 

(Figure 3A). Although the remaining predictors showed significant influences on labile P 

— except EC, elevation, dust deposition, and soil order —, their relative importance on 

labile P was negligible. Spearman correlation analyses showed that labile P was mainly 

significantly and positively correlated with fine texture and SOC (Figure S3).  

Furthermore, we found that labile P was negatively correlated with MAT.  Both edaphic 

properties and climate influence biological processes (e.g., microbial mineralization) 

that ultimately are responsible for soil P availability. The positive relationship of fine 

texture with labile P may explain that sesquioxides with a positive net charge may 

weakly retain available P. This indirectly reflects the quality of the soil so that sandier 

soils, such as soils in tropical ecosystems, will have a lower proportion of P. High 

temperatures could decrease both microbial immobilization and mineralization (Belnap, 

2011) and promote the precipitation and sorption of soluble phosphates in occluded 

secondary P minerals (Hou et al., 2018a). Moreover, drier conditions could promote a 

slowdown in P release due to decreased litter decomposition rate and enzymatic 

activity, thus reducing organic and inorganic available P inputs to the soil (Sardans and 

Peñuelas, 2004). Therefore, if labile decreases with rising temperatures may exacerbate 

the P demand by organisms in an increasingly arid world (Peñuelas et al., 2013; Vitousek 

et al., 2010).  

The most important predictors for medium-lability P were slope and elevation 

(40% and 34% IncMSE, respectively) (Figure 3B), and, to a lesser extent, latitude (29% 

IncMSE). We also found a weaker influence of the rest of the environmental predictors 

and a non-significant effect of EC on medium-lability P. Concentrations of medium-

lability P was positively correlated with slope and elevation and to a lesser extent with 

latitude. Interestingly, random forest analyses showed that also geospatial attributes 

were the most important drivers (53% elevation, 39% slope, and 39% latitude of IncMSE) 

for recalcitrant P (Figure 3C). Additionally, this P pool was influenced by fine texture, 

SOC, and MAP (34%, 34% and 33% of IncMSE, respectively). In general, recalcitrant P 

was weakly correlated with all variables. We found positive correlations between 
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recalcitrant P and slope, fine texture, SOC, and MAP and negative correlations with 

elevation. In regions of high topographic relief, the impact of erosive processes, such as 

runoff, could favor the loss of organic surface horizons that contain the largest fraction 

of short-term available P available (Khan et al., 2013; Walker and Syers, 1976), being the 

most stable forms of P (medium lability and recalcitrant P) more resistant to 

solubilization. Furthermore, at lower altitudes, labile soil P is mainly assimilated and 

stored in the plant biomass (Zhou et al., 2016), which could increase the demand for 

available P and, therefore, solubilization processes by plant roots of the forms of 

medium-term available P. Lastly, the random forest model indicated that the most 

important predictors for total P were SOC, slope, latitude, and fine texture (36%, 35%, 

32% and 31% IncMSE, respectively). Likewise, MAT influenced soil total P (29% IncMSE) 

(Figure 3D). Spearman correlation analyses showed that soil total P was significantly and 

positively correlated with SOC, slope, latitude, and fine texture.  Furthermore, we found 

that soil total P was negatively correlated with MAT.   Our results partially coincide with 

those reported by He et al. (2021), in which the main predictors of P are SOC, parent 

material and, to a lesser extent but non-negligible, texture and MAT. 

Nevertheless, the parent material was also one of the significant predictors for 

medium-lability P (Figure 3B). The highest concentrations of this P pool were found in 

rocks of volcanic origin (mainly acid rocks) (Fig S4B). Conversely, this geological predictor 

was hardly significant for labile P and recalcitrant P (Figs 3A and 3C, respectively). Thus, 

we emphasize the direct influence of the parent rock on P bioavailability in the medium 

term across the globe and its importance for primary production, adding to the soil total-

P study previously shown by He et al. (2021).  
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CONCLUSIONS 

Our research provides a novel clustering approach to soil P availability across biomes 

worldwide which may be applied to future studies of the P cycle on a global scale to 

overcome recent criticisms about artificial grouped P pools. This research highlights that 

the soil P pools will depend on the biotic factors, ultimately affected by the climate and 

the amount of soil organic matter as well as on geochemical processes influenced by 

topographic relief.  Additionally, the findings suggest that the predicted increase in 

temperature caused by ongoing climate change will negatively impact the reserves of P 

available to plants in the short term, limiting primary production in terrestrial 

ecosystems worldwide. This relevant knowledge allows a better understanding of P 

availability at different time-scale, which will allow predicting future consequences of 

global change in the primary production of terrestrial biomes worldwide. 

.  



CHAPTER 4 

   

140 
 

SUPPLEMENTARY MATERIALS 

 

Figure S1. Geographical distribution of the study sites covering all biomes (arid, continental, 

polar, temperate, and tropical ecosystems) over the world. Produced by Sergio Asensio.  

 

Figure S2. Relative percentage of each P pool (labile, medium-lability, and recalcitrant P) with 

respect to the soil total P for all biomes (arid, continental, polar, temperate, and tropical).   
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Figure S3. Spearman correlation analyses identify the most important ecosystem properties for 

the labile P, medium-lability P, and recalcitrant P (n = 659). Statistically nonsignificant 

correlations (P > 0.05) are shown in white. MAT (Mean Annual Temperature), MAP (Mean 

Annual Precipitation), SOC (Soil Organic Carbon), NDVI (Normalized Difference Vegetation 

Index), EC (Electric Conductivity).   
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Figure S4. Labile (A), medium-lability P (B), and recalcitrant (C) P concentrations (mg P kg soil-1) 

represented by parent material types (VI = Intermediate volcanic rocks, VB = Basic volcanic rocks, 

VA = Acid volcanic rocks, SU = Unconsolidated sediments, SS = Siliciclastic sedimentary rocks, SM 

= Mixed sedimentary rocks, SC = Carbonate sedimentary rocks, PY = Pyroclastics, PI = 

Intermediate plutonic rocks, PA = Acid plutonic rocks, MT = Metamorphics, EV = Evaporites. 

Black stars in panel A indicate concentrations of labile P outside the representation range (VI: 

2490.3 mg P kg soil-1 and VA: 1365 mg P kg soil-1).
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The findings obtained in this doctoral thesis provide novel information both about the 

mechanisms (biocrust cover effects, bacterial-mediated transfer mechanism) that 

influence soil P pools in dryland ecosystems at local and regional spatial scales and about 

the main predictors (land-use intensification, aridity increases, topographic relief 

influence) that control dynamics of the soil P cycle across terrestrial biomes worldwide. 

The information provided at the local and regional scale will be a precious source for the 

management and conservation strategies of drylands and mitigating the consequences 

of global change in ecosystem functions. Likewise, the global-scale knowledge about the 

dynamics of the soil P cycle provided by this PhD thesis could be incorporated into Earth 

system models to better understand and forecast the effects of major global change 

drivers on soil P cycling across terrestrial ecosystems. 

Chapter 1 assesses the effects of biocrusts and climate change on soil P pools in 

two ongoing long-term experiments located in Central and South-eastern Spain. Our 

findings provide novel insights into the responses of soil P pools to warming and rainfall 

reduction, and highlight the importance of biocrusts as modulators of these responses 

in dryland ecosystems. The degree of biocrust development had a significant effect on 

the concentrations of all soil P pools, which supplements the findings reported by 

previous studies which shown an enrichment in total organic P in soils under well-

developed biocrusts (Baumann et al., 2019, 2017; Belnap et al., 2003; Pointing and 

Belnap, 2012). Biocrusts can contribute extra amounts of P to the soil by adding 

metabolites (Dembitsky et al., 1991) and dead biomass, favoring organic matter 

decomposition and microbial activity (Belnap, 2011; Berdugo et al., 2021; Cross and 

Schlesinger, 2001; Shen et al., 2011). Furthermore, well-developed biocrusts 

communities confer warming resistance to warming for most soil P pools, except for 

organic P. The reduction of biocrusts cover and photosynthetic activity caused by 

warming-simulated impacts (Ladrón de Guevara et al., 2018, 2014) could negatively 

affect these microbial processes.  

Besides that, the effect of warming on all P pools could be related to both a 

reduction in biocrust cover (Ladrón de Guevara et al., 2018), microbial diversity, and 

biomass (DeAngelis et al., 2015; Delgado-Baquerizo et al., 2014; Maestre et al., 2015b), 
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and an acceleration of the litter UV decomposition rates (Almagro et al., 2015; Belnap, 

2011; Berdugo et al., 2021; Castenholz and Garcia-Pichel, 2012). As described in Chapter 

2, microbial solubilization could transfer stable P compounds from dead lichens to soil 

labile P forms, contributing to the increase of bioavailable soil P for primary production 

(García-Velázquez et al., 2020) (Figure 7). Thus, our results suggest that the observed 

negative impacts of warming on dryland biocrust communities will decrease their 

capacity to buffer changes in topsoil P driven by climate change (García‐Velázquez et al., 

2022). Moreover, we discovered the resilience capacity of soil microorganisms to 

changes in precipitation regimens in dryland ecosystems. It is necessary to point out that 

our results only showed the effects of warming in the experiment located in Aranjuez. 

The lack of climate change effects in the experiment in Sorbas could be due to different 

microclimatic phenomena that affect this area. Firstly, the Mediterranean areas, where 

Sorbas is located, are significantly affected by intrusions of dust from the Sahara desert 

(Israelevich et al., 2012; Morales-Baquero and Pérez-Martínez, 2016; Okin et al., 2004; 

Pey et al., 2013). Secondly, given the proximity to the sea of Sorbas, the water inputs by 

dew represent a critical water source for biocrust-forming organisms (Chamizo et al., 

2021; Ladrón de Guevara et al., 2014). So, the impact of the warming treatment could 

be lower, and the conditions less stressful for biocrusts in Sorbas, where microbes may 

keep the P mineral solubilizing activity for extended periods. Finally, the greater 

frequency of episodes of intense rain produced by extreme atmospheric phenomena in 

the coastal areas of the south-eastern Mediterranean Sea may lead to the erosion of the 

soil surface. Hence, the frequency of these meteorological phenomena in Sorbas could 

reduce or nullify the effects of the experimental climate change simulation treatments. 

Thus, particular microsites (e.g. well-developed biocrusts) and microclimatic conditions 

could influence the response of the P cycle to global change, which is not readily 

observable at a larger geographical scale. 
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Figure 7. Graphical representation of how biocrusts increase the resistance to warming-induced 

increases in topsoil P pools, based on results presented in Chapter 1. Created in Biorender.com 

To uncover widespread patterns and mechanisms of P dynamics, we conducted 

observational studies across regional and global aridity gradients in Chapters 2 and 3. 

Both studies revealed essential knowledge about aridity impacts on soil P pools along 

aridity gradients. The research at the regional scale (Chapter 2) shows the combined 

effects of biotic and abiotic factors on soil P pools across a wide aridity gradient on the 

Atlantic coast of the Iberian Peninsula. The results suggested a novel mechanism of 

microorganisms-mediated transfer P from a medium-lability pool to the more labile one 

mentioned above. Unlike, bacterial richness could increase this medium-lability P pool 

through the adsorption of large amounts of P in the extracellular polymeric substances 

(EPS) secreted by biofilms (Rejmánková and Komárková, 2000; Scinto and Reddy, 2003). 

This mechanism may also explain the positive effects of bacteria richness on medium-

lability P since (i) biofilms are the primary mode of life of soil microorganisms, (ii) are 

directly related to bacterial diversity, and (iii) there are significant amounts of EPS in 

aerobic soils (Flemming and Wuertz, 2019; Gutiérrez Castorena et al., 2016; Kuzyakov 

and Blagodatskaya, 2015; Wang et al., 2019; Wu et al., 2019). These bacterial-mediated 
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transfers would confer resistance to the labile P pool under future climate change and 

uncover a crucial role of soil microorganisms as modulators of the geochemical P cycle. 

The physicochemical homogeneity of the dune soils along the aridity gradient favored 

discovering these microbial-related mechanisms at a regional scale. However, on a 

larger scale, differences in the mineralogical and chemical composition of the substrates 

may mask these microscale processes. 

Aridity negatively affected both stable P pools, medium-lability, and recalcitrant 

P. We expected that the labile P pool also mirrored climate controls. However, the lack 

of any significant relationship between labile P and aridity suggested a high resistance 

for this pool, with important implications for the ongoing global environmental change. 

According to this finding, in Chapter 3, we found a direct positive effect of aridity on 

non-occluded P and a negative relationship of temperature with calcium-bound P in 

drylands on a global scale. Once again, the increase in drier conditions could favor the 

solubilization of the primary mineral by microbial communities and thus increase the 

concentration of available soil P. Hence, if available P stays stable at regional or increases 

at a global scale with aridity, the unbalance in the C, N and P bioavailability will be driven 

by relative increases in C and N availability (Delgado-Baquerizo et al., 2013a; Menge et 

al., 2012), which may exacerbate the P demand by organisms (Peñuelas et al., 2013; 

Vitousek et al., 2010). Our results suggest that, because of the rapid turnover rate of the 

labile P pool (Shafqat et al., 2016), available P would be more dependent on mechanisms 

such as P uptake by plant roots, the rapid sorption of P in occluded mineral forms and 

microbially related processes (mineralization, immobilization, and solubilization) than 

on long-term macroclimatic effects (Austin and Vitousek, 1998; Belnap, 2011; 

Castenholz and Garcia-Pichel, 2012; Verrecchia et al., 1995) in regional and global scales. 

Indeed, both the significant change of plant community cover and our explicit 

consideration of the different microsites (i.e., vegetation, biocrusts, and bare soil) 

support the idea that inorganic anions, secreted by plant roots or derived from OM 

mineralization, could compete for adsorption sites of calcium carbonate minerals 

increasing the availability of P under vegetation; they also highlight the contribution of 

litter to soil P content (Cross and Schlesinger, 2001; Shen et al., 2011). Thus, our results 
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highlight the critical role of the spatial distribution of the vegetation cover as a driver of 

available P within dryland ecosystems.  

Chapter 3 evaluates the effects of environmental drivers and the impacts of 

grazing pressure on soil P pools and their availability in drylands worldwide. Besides the 

impacts of aridity on non-occluded P, we observed a synergistic effect of both aridity 

and grazing pressure on P availability, not shown so far, that promotes the N:P 

imbalance on dryland soils. The negative effect of temperature on calcium-bound P, 

probably due to increased bedrock solubilization by microorganisms (Chapter 2) and 

consequently the increase of labile P, partially sustain the abovementioned. In addition, 

we found a positive influence of high grazing pressure on soil total P, mainly through 

available P stocks in drylands. Herbivores ingest plant material rich in organic 

compounds, including P, and through the release of digestive enzymes, they could be 

able to mineralize a significant fraction of these compounds (Harrison and Bardgett, 

2008). Most fresh dung compounds are found in inorganic bicarbonate extracted P 

forms (McDowell and Stewart, 2005), which could increase P availability in drylands in 

the short term.  

Interestingly, our results revealed a negative effect of latitude on calcium-bound 

P, contrary to what was expected according to the pedogenetic theory of Walker & Syers 

(1976). Our latitudinal aridity gradient starts from hyper-arid zones in the great deserts 

(latitude 20-30º) towards higher latitudes where semiarid and dry-subhumid 

ecosystems are located. Thus, drier conditions in hyperarid ecosystems could slow down 

the rate of weathering of the parent rock and favor the accumulation of P from the 

primary due to the decrease in leaching losses (Gu et al., 2019; Hou et al., 2018a). As 

latitude increases, there are significant precipitation inputs, a more remarkable 

vegetation development, and a decrease in soil pH and consequently higher weathering 

rates and solubilization in drylands. Hence, our results suggest that, unlike humid sites 

(included in Chapter 4), dryland ecosystems may decrease the primary mineral's change 

rate during pedogenesis (Selmants and Hart, 2010). Beyond that, atmospheric dust 

deposition negatively influenced P availability in our study. This negative relationship 

may reflect that the most arid areas with less available P are more exposed to high 
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atmospheric P deposition. Indeed, the areas adjacent to the dust emission source have 

a high rate of atmospheric dust deposition (Mahowald et al., 2008; Okin et al., 2004), 

and usually, this aeolian input of P into the ecosystem can be greater than the losses 

due to wind erosion or leaching in arid ecosystems (Wang et al., 2021). According to 

that, our results showed that one of the most important predictors for soil total P was 

the atmospheric dust deposition in global drylands. Thus, increased dust deposition in 

arid ecosystems is expected as aridity increases (Gu et al., 2019), which may destabilize 

drylands' vegetation primary production and ecosystem functions worldwide. As we 

show in Chapter 1, P-rich dust storms can influence microscale phenomena and soil P 

dynamics in dryland ecosystems on a global scale. The increase in geochemical processes 

observed on a global scale suggests that hallmarks of global change (i.e., increased 

aridity and atmospheric dust deposition) may result in more significant amounts of soil 

inorganic P forms in drylands. 

One of the main uncertainties associated with the P cycle is the inherent 

complexity of soil P fractions. Recently, debate and criticism have been opened 

regarding the artificial grouping that has been done so far of the soil P pools according 

to their association with elements such as Al, Fe or Ca. Chapter 4 uncovers a novel 

clustering approach of soil P availability based on the distribution of soil P pools in 

biomes worldwide to overcome recent criticisms about artificial grouped P pools. 

Moreover, in the context of aridity intensification, this study evaluates the main 

environmental drivers that determine the spatial distribution of the pools of P 

availability and its vulnerabilities to climate change in all terrestrial biomes worldwide. 

This research highlights that soil P availability will depend on the biotic factors, 

ultimately affected by the climate and the amount of soil organic matter (mainly labile 

P), and on geological drivers, such as topographic relief (medium-lability and recalcitrant 

P) globally.   

Soil labile P depends mainly on biotic factors ultimately influenced by climate and 

soil organic matter. High temperatures could decrease microbial immobilization and 

mineralization (Belnap, 2011) and promote the precipitation and sorption of soluble 

phosphates in occluded secondary P minerals (Hou et al., 2018a). Moreover, drier 
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conditions could promote a slowdown in P release due to decreased litter 

decomposition rate and enzymatic activity, thus decreasing organic and inorganic 

available P inputs to the soil (Sardans and Peñuelas, 2004). Thus, decreases in labile 

pools with rising temperatures may exacerbate the P demand by organisms in an 

increasingly arid world (Peñuelas et al., 2013; Vitousek et al., 2010). In contrast, soil P 

has a less direct dependence on biological processes as P occlusion increases in soils. 

Thus, the stable P pools (i.e., medium-lability and recalcitrant P) will be mainly 

influenced by geochemical processes related to topographic relief. The impact of erosive 

processes could favor the loss of organic surface horizons rich in available P, while more 

stable P forms could keep resistance to solubilization in regions of high topographic 

relief (Khan et al., 2013; Walker and Syers, 1976). However, at lower altitudes, labile P 

is mainly assimilated and stored in the plant biomass (Zhou et al., 2016), which could 

increase the demand for available P and, therefore, solubilization processes by plant 

roots of the forms of medium-term available P. 

Our results showed highly variable P concentrations in continental and 

temperate ecosystems given the wide range of climatic conditions, soil properties, and 

the different bedrocks that encompass these biomes. Even so, they reflected the 

ascending P gradient from regions near to equator to polar ecosystems in both 

hemispheres according to the latitudinal global total soil P distribution reported by He 

et al. (2021) in biomes worldwide. Both the warmer and wetter climate and the aged 

soils of tropical regions cause the depletion of the P available for primary production, 

including organic P forms and primary P minerals (Turner and Engelbrecht, 2011; 

Vitousek et al., 2010). Thus, according to the Walker & Syers theory, this P-limitation 

results from chemical and physical weathering during long-term ecosystem 

development (Walker and Syers, 1976). Overall, the results suggest that the projected 

increase in temperature caused by ongoing climate change could have a direct negative 

impact on available P stocks, leading to increased demand for P by organisms, thus 

limiting primary production in terrestrial ecosystems around the world. 
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GENERAL CONCLUSIONS 

• Biocrust communities play an essential role in regulating major P pools in 

drylands and increase the resistance of the P cycle to the impacts of simulated 

climate change. This buffer capacity of biocrusts to changes in topsoil P pools 

driven by warming will likely be significantly diminished in a warmer and more 

arid world due to the observed negative impacts of warming on biocrust 

communities.  

• Warming caused significant increases in major P pools (such as non-occluded P, 

organic P, calcium-bound P, and total P), which may be related to both the 

decomposition of biocrust tissues and the decrease in the activity of P 

solubilizing bacteria and fungi responsible for the transfer of mineral to organic 

P pools. Rainfall reduction had no effect on soil P pools, probably due to the 

resilience of microorganisms to drought in dryland ecosystems. 

• Local microclimatic phenomena such as atmospheric dust storms, dew events or 

heavy precipitation events significantly influence soil P pools in drylands at a 

local scale. 

• Aridity will negatively impact the most stable P pools in coastal dune systems. 

However, the most labile P pool has a higher resistance to aridity increases in 

these ecosystems. These findings support the imbalance of P availability 

regarding their N and C counterparts with increasing aridity in drylands 

ecosystems.  

• Soil microorganisms modulate the geochemical P cycle in terrestrial ecosystems. 

Bacterial abundance would transfer P from medium-lability to more labile pool, 

and bacterial richness would have opposing effects increasing mainly mineral P 

pool through adsorption of P.  

• The synergistic effect of aridity and land-use intensification (i.e., increases in 

grazing pressure) on soil P availability could further reinforce the decoupling of 

N:P cycles and disrupt primary production in dryland ecosystems worldwide. 

• Biotic and abiotic properties such as pH, texture, organic carbon content, 

microorganisms, and phosphatase activity control soil P dynamics in drylands 

from local to global scales. Moreover, the spatial distribution of the vegetation 
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communities has a critical influence on within-site soil P pools, specifically on 

available P.  

• In terrestrial biomes worldwide, soil P pools will depend on the biotic factors, 

ultimately affected by the climate and the amount of soil organic matter, as well 

as on geochemical processes influenced by topographic relief.   

• Unlike drylands, the predicted increase in temperature caused by climate change 

will negatively impact the short-term available P, which could exacerbate P 

demand by organisms in terrestrial biomes in a rising atmospheric N deposition 

scenario by anthropogenic activities. 
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CONCLUSIONES GENERALES 

• Las comunidades de costra biológica juegan un papel clave en la regulación de 

los principales pools de P en las zonas áridas y aumentan la resistencia del ciclo 

del P a los impactos del cambio climático simulado. Esta capacidad 

amortiguadora de la costra biológica probablemente disminuirá 

significativamente en un mundo cada vez más cálido y árido debido a los 

impactos negativos observados del calentamiento en estas comunidades. 

• El calentamiento aumenta significativamente los principales pools de P (como el 

P no ocluido, el P orgánico, el P unido al calcio y el P total), lo que puede estar 

relacionado tanto con la descomposición de los tejidos de la costra biológica 

como con la disminución de la actividad de las bacterias y hongos solubilizadores 

de P y responsables de la transferencia del P desde el pool mineral al orgánico. 

La reducción de las precipitaciones no tiene efecto sobre ningún pool de P, 

probablemente debido a la resiliencia a la sequía de los microorganismos de 

ecosistemas áridos y semiáridos. 

• Los fenómenos microclimáticos locales, como las tormentas de polvo 

atmosférico, los eventos de rocío o los episodios de lluvias torrenciales, influyen 

significativamente en los pools de P del suelo en los ecosistemas semiáridos a 

escala local. 

• El aumento de la aridez tendrá un impacto negativo en los pools de P más 

estables en los sistemas de dunas costeras. Sin embargo, el pool de P más lábil 

tiene una mayor resistencia ante el aumento de la aridez, lo que respalda el 

desequilibrio de la disponibilidad de P con respecto a sus contrapartes de N y C 

con el aumento de la aridez en las zonas áridas. 

• Los microorganismos del suelo modulan el ciclo geoquímico del P en los 

ecosistemas terrestres. La abundancia bacteriana transferiría P de labilidad 

media a un pool de P más lábil, y la riqueza bacteriana tendría un efecto opuesto 

aumentando principalmente el pool de P mineral a través de la adsorción de P. 

• El efecto sinérgico de la aridez y la intensificación del uso de la tierra (es decir, 

aumento de la presión de pastoreo) sobre la disponibilidad de P en el suelo 
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podría reforzar aún más el desacoplamiento de los ciclos N:P y alterar la 

producción primaria en las zonas áridas de todo el mundo. 

• Las propiedades bióticas y abióticas como el pH, la textura, el contenido de 

carbono orgánico en el suelo, los microorganismos y la actividad de la fosfatasa 

controlan la dinámica del P del suelo en las zonas áridas desde escalas locales 

hasta globales. Además, la distribución espacial de las comunidades de 

vegetación tiene una influencia clave en los pools de P del suelo dentro del 

micrositio, específicamente en el P disponible. 

• En los biomas terrestres a nivel global, los pools de P dependerán de los factores 

bióticos, afectados en última instancia por el clima y la cantidad de materia 

orgánica del suelo, así como de los procesos geoquímicos influidos por el relieve 

topográfico. 

• A diferencia de las zonas áridas, en el conjunto de biomas terrestres globales, el 

aumento previsto de la temperatura causado por el cambio climático tendrá un 

impacto negativo en el P disponible a corto plazo, lo que podría exacerbar la 

demanda de P por parte de los organismos en un escenario de aumento de la 

deposición de N atmosférico por las actividades antrópicas. 
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