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Abstract of the Dissertation

Climatic Controls on Critical Zone Nutrient
Biogeochemistry in Semiarid and
Mediterranean Ecosystems

by
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Drs. Stephen C. Hart & Asmeret Asefaw Berhe, Co-Chairs

Global climate models demonstrate that temperate ecosystems are likely to serve
as carbon (C) sinks in the coming decades, however any realized increase in C storage on
land will also require increases in the availabilities of plant essential nutrients such as
nitrogen (N) and phosphorus (P). Additionally, nutrient limitation to plant productivity
remains one of the most uncertain factors to global climate projections. Our
understanding of how nutrient biogeochemistry is altered under different climatic
conditions is unclear. Using a combination of field, laboratory, and advanced analytical
techniques, I show P biogeochemistry is intrinsically related to soil development in a
semiarid (White Mountains Elevational Transect) to Mediterranean (Southern Sierra
Nevada Critical Zone Observatory) climatic gradient. Specifically, P stock increases,
inorganic P transitions from calcium to iron and aluminum association, and organic P
proportionally decreases with increasing climate-driven weathering. With increasing
precipitation, soil and aboveground foliage became progressively more P-limited,
whereas the microbial biomass and fine roots are more N-limited and enzyme activity is
largely unaffected. Overall, the transition from a semiarid to Mediterranean climate
creates more chemically weathered soil that is able to retain P that may not be readily
bioavailable. These relatively more weathered soils appear to be relying on faster cycling
organic P species to support ecosystem development. Furthermore, using three-
dimensional resin capsule pots in a Mediterranean forest site, I characterized how nutrient
fluxes under more biological (PO,*, NH,*, NO5") or geochemical (Ca**, Mg?*, and Na*)
control are impacted by water year, seasonality, and depth to form hot spots (HS) or hot
moments (HM). A multi-year drought occurred during the study, causing geochemically
controlled nutrient fluxes to be transient over time and characterizing them as HM.
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Alternatively, biologically controlled outliers formed HS and HM. Macronutrient HS and
HM are found at higher concentrations relative to the surrounding soil matrix, and co-
occur in discrete spatial locations where belowground biomass can detect, proliferate, and
exploit these resources. Overall, water flux controls nutrient biogeochemical cycles in
these drylands. Therefore, nutrient HS and HM will likely play a disproportionate role in
supporting ecosystem development in these temperature drylands under a changing
climate.
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1 Introduction

All life on Earth is supported by the interactions of biological, geological, and
chemical processes that occur in the Critical Zone (CZ), or the area from groundwater
through vegetation (Brantly et al. 2007). Soils are an important component of the CZ as
they provide nutrients to microbes and vegetation, sequester carbon (C), and store water
(Binkley and Fisher 2012). Understanding nutrient limitation is imperative to better
predict how terrestrial ecosystems will respond to a changing climate. Nutrient
availability drives net ecosystem production and also promotes greater carbon use
efficiency. This results in more C stored in biomass and soil than is lost through
respiration (Ferndndez-Martinez et al. 2014). Even though nutrient limitation constrains
net primary production by up to 25%;, it remains one of the most uncertain factors to
global climate model projections (Hungate et al. 2003; Wieder et al. 2015). Nutrient
cycles may be disrupted by global climate change which has important implications for
ecosystem processes and C sequestration.

Dryland ecosystems comprise over 40% of the Earth’s land surface and are
particularly vulnerable to a changing climate (Reynolds et al. 2007; Schimel 2010).
Climate change in dryland ecosystems has been shown to disrupt ecosystem functions,
including soil weathering, organic matter turnover, and desorption and dissolution
reactions (Austin et al. 2004; Delgado-Baquerizo et al. 2013), which impacts soil C
storage, plant productivity, and species biodiversity (Maestre et al. 2012). Climate
models project dryland ecosystem temperatures will increase by 4 °C at the end of the
21t century (Solomon et al. 2007), which enhances potential evapotranspiration and will
likely lead to concurrent increases in drought (Dai 2012). Specifically, in California, the
occurrence of drought has increased in the past two decades compared to the last century
and anthropogenic warming increases the probability that future dry conditions will co-
occur with warm periods, making future droughts more probable (Diffenbaugh et al.
2015). As the amount of land area classified as drylands is expected to increase up to
23% by 2100 (Feng and Fu 2013; Huang et al. 2016), it is imperative that we gain a better
understanding of how nutrient biogeochemistry in arid and Mediterranean ecosystems is
altered by climate.

Primary production is commonly constrained by nitrogen (N) and phosphorus (P)
availability in ecosystems globally (Elser et al. 2007). However, some terrestrial
ecosystems are expected to shift from N limitation to P limitation due to high N input
from anthropogenic activities (Perring et al. 2008) or changes in climate and CO,
concentrations (Menge and Field, 2007; Matear et al. 2010). A recent meta-analysis
found global P limitation to be more widespread than previously considered (Hou et al.
2020). Phosphorus has been described as the ultimately limiting nutrient in terrestrial C
storage because P inputs are unlikely to meet nutrient demand (Walker and Syers 1976;
Yang and Post 2011).

Phosphorus biogeochemistry is intrinsically related to soil development as stock,
chemical speciation, and bioavailability are altered by pedogenesis and ecosystem
succession (Walker and Syers 1976; Crews et al. 1995; Turner et al. 2007). Our current



understanding of phosphorus biogeochemistry with pedogenesis is heavily based on
surficial soil chronosequence observations (e.g., McGroddy et al. 2008; Turner and
Laliberte 2015; Selmants and Hart 2010) rather than climate gradients. In addition, P
studies commonly use sequential fractionation techniques to assign P into operationally
defined pools, thereby not taking into account the differing bioavailability of the wide
range of organic and inorganic chemical species (Dick and Tabatabai 1978; Condron et
al. 2005; Darch et al. 2014). Recently, molecular-level spectroscopic techniques such as
x-ray absorption near edge structure (XANES) and *'P nuclear magnetic resonance
(NMR) have shown to be powerful tools for quantifying P chemical speciation in
environmental samples (Kizewski et al. 2011). In Chapter 2, I investigated how climate-
induced soil weathering is altered along elevational gradients in temperate water-limited
semiarid- and Mediterranean- type ecosystems. I then tested if the Walker and Syers
(1976) conceptual model applies to this climatic weathering gradient and the implications
for soil P concentration, stock, and chemical speciation within and among master soil
horizons.

Nitrogen and P biogeochemistry are under dissimilar controls, therefore they may
respond in contrasting ways to increasing atmospheric CO, and global change (Vitousek
et al. 2008, 2010; Yuan and Chen 2015). Stoichiometry, or the relative quantities of
chemical elements, is a powerful tool to investigate how C, N, and P in living organisms
relates to the surrounding environment (Redfield 1958). Stochiometric ratios impact
ecological processes including biological N, fixation (Dynarski and Houlton 2018), litter
decomposition (Giisewell and Gessner 2009), soil enzyme production (Sinsabaugh et al.
2008), microbial immobilization (Manzoni et al. 2010), and ecosystem composition and
diversity (Roem and Berendse 2000; Giisewell et al. 2005). Therefore, stoichiometric
ratios can be an indicator of ecosystem function and serve as a proxy for limiting
nutrient(s) (Koerselman and Meuleman 1996; Giisewell et al. 2003). Previous studies
investigating ecosystem stoichiometry have focused on aboveground vegetation or
microbial biomass rather than measuring nutrient dynamics in multiple ecosystem
compartments. This may omit important feedbacks and interactions that can help
elucidate nutrient partitioning and competitive dynamics between above- and
belowground processes (but see Dijkstra et al. 2012; Delgado-Baquerizo et al. 2018).
Therefore, the objective of Chapter 3 was to use a space for time substitution approach
along elevational gradients to determine how climate and depth into the soil profile
impacts soil, microbial biomass, enzyme activity, fine root, and foliar C:N:P
stoichiometry in temperate drylands. Using the same semiarid and Mediterranean
elevational gradients as Chapter 2, it allowed me to evaluate a large climate gradient to
aid in our understanding of nutrient cycling and limitation in terrestrial ecosystems
(Sterner and Elser 2002).

It is well known that soil nutrient distribution is heterogeneous in space and time,
impacting competition between plant species (Hodge et al. 1999; Robinson et al. 1999;
Wang et al. 2018) and microorganisms (Kaye and Hart 1997; Schimel and Bennet 2004;
Hodge et al. 2000). Soil nutrient hot spots (HS), or patches with elevated biogeochemical
activity, have been recognized for a long time (Parkin 1987; Hill et al. 2000; McClain et
al. 2003; Vidon et al. 2010), whereas hot moments (HM; McClain et al. 2003; Vidon et
al. 2010), or areas with a high rate of biogeochemical activity occurring for a short period



of time, have received less attention. In addition, many investigations of HS-HM exam
the dynamics of only one or two nutrients (Bernhardt et al. 2017) over a relatively short
timeframe (Gibson 1986; Kleb and Wilson 1997; Johnson et al. 2014; Barcellos et al.
2018), and often use destructive sampling techniques when conducted in the field (i.e.,
Charley and West 1977; Kleb and Wilson 1997; Bruckner et al. 1999; Farley and Fitter
2001; Washburn and Arthur 2003; Harms and Grimm 2008; Mueller et al. 2008). This
makes repeated sampling of the same location impossible, and therefore an inability to
quantitatively differentiate HS from HM when they are at the same spatial scale.
Therefore, the overall objective of Chapter 4 was to investigate the long-term spatial and
temporal patterns in nutrient fluxes in a Mediterranean mixed-conifer forest using ion
exchange resin capsules to characterize the magnitude and spatial distribution of nutrient
fluxes (PO,*, NH,*, NO5, Na*, Ca?*, and Mg?>*). By sampling the soil solution at the same
spatial locations (horizontally and vertically) repeatedly over time, I operationally
separated the occurrence of nutrient HS from HM for nutrients primarily under biological
or geochemical controls. Because this study co-occurred during a multi-year drought, I
also elucidated how HS-HM formation may be altered in a changing climate. Hot spots
and HM may be formed via dissimilar mechanisms and they likely play different roles in
supporting short- versus long-term vegetation and microorganism nutrient acquisition;
therefore, separating this terminology is critical for the advancement of ecology.

The overall goal of my dissertation was to investigate climatic effects on nutrient
biogeochemistry in semiarid and Mediterranean ecosystems. Using climatic gradients of
temperature and precipitation moving from semiarid to Mediterranean sites, [ quantified
P stock and chemical speciation in Chapter 2 and then determined the relative
concentrations of C, N, and P in multiple ecosystem compartments in Chapter 3. In
Chapter 4, I used a site from the Mediterranean gradient as an exemplar to understand
how nutrient fluxes under biological or geochemical control are impacted by depth,
season, and water year (including over drought) to form HS or HM. Taken together, these
findings help broaden our understanding of how nutrient biogeochemical cycling in soil,
microbes, and vegetation are altered by climate, and increases our understanding of how
dryland ecosystems may respond to a changing climate.

1.1 References

Austin AT, Yahdjian L, Stark JM, et al. (2004) Water pulses and biogeochemical cycles
in arid and semiarid ecosystems. Oecologia 141:221-235.

Barcellos D, O’Connell C, Silver W, Meile C, Thompson A (2018) Hot spots and hot
moments of soil moisture explain fluctuations in iron and carbon cycling in a humid
topical forest soil. Soil Systems 2:1-22.

Bernhardt ES, Blaszczak JR, Ficken CD, Fork ML, Kaiser KE, Seybold EC (2017)
Control Points in Ecosystems: Moving Beyond the Hot Spot Hot Moment Concept.
Ecosystems 20:665-682.



Binkley D, Fisher R (2012) Ecology and Management of Forest Soils. John Wiley &
Sons, New Jersey.

Brantley SL, Goldhaber MB, Ragnarsdottir KV (2007) Crossing disciplines and scales to
understand the critical zone. Elements 3:307-314.

Bruckner A, Kandeler E, Kampichler C (1999) Plot-scale spatial patterns of soil water
content, pH, substrate-induced respiration and N mineralization in a temperate
coniferous forest. Geoderma 93:207-223.

Charley JL, West NE (1977) Micro-patterns of nitrogen mineralization activity in soils of
some shrub-dominated semi-desert ecosystems of Utah. Soil Biology and
Biochemistry 9:357-365.

Condron LM, Turner BL, Cade-Menun BJ (2005) Chemistry and dynamics of soil
organic phosphorus. In: Sims JT, Sharpley AN (eds) Phosphorus: Agriculture and the
Environment. American Society of Agronomy, Crop Science Society of America, Soil
Science Society of America, Inc., Madison, WI pp. 87-121.

Crews TE, Kitayama K, Fownes JH, et al. (1995) Changes in Soil Phosphorus Fractions
and Ecosystem Dynamics across a Long Chronosequence in Hawaii. Ecology
76:1407-1424.

Dai A (2012) Increasing drought under global warming in observations and models.
Nature Climate Change 3:52-58.

Darch T, Blackwell MSA, Hawkins JMB, et al. (2014) A Meta-Analysis of Organic and
Inorganic Phosphorus in Organic Fertilizers, Soils, and Water: Implications for Water
Quality. Critical Reviews in Environmental Science and Technology 44:2172-2202.

Delgado-Baquerizo M, Eldridge DJ, Maestre FT et al. (2018) Aridity Decouples C:N:P
Stoichiometry Across Multiple Trophic Levels in Terrestrial Ecosystems. Ecosystems
21:459-468.

Delgado-Baquerizo M, Maestre FT, Gallardo A, et al. (2013) Decoupling of soil nutrient
cycles as a function of aridity in global drylands. Nature 502:672-676.

Dick WA, Tabatabai MA (1978) Hydrolysis of organic and inorganic phosphorus
compounds added to soils. Geoderma 21:175-182.

Diffenbaugh NS, Swain DL, Touma D (2015) Anthropogenic warming has increased
drought risk in California. Proceedings of the National Academy of Sciences
112:3931-3936.



Dynarski KA, Houlton BZ (2018) Nutrient limitation of terrestrial free-living nitrogen
fixation. New Phytologist 217:1050-1061.

Elser JJ, Bracken MES, Cleland EE, et al. (2007) Global analysis of nitrogen and
phosphorus limitation of primary producers in freshwater, marine and terrestrial
ecosystems. Ecology Letters 10:1135-1142.

Farley RA, Fitter AH (2001) Temporal and spatial variation in soil resources in a
deciduous woodland. Journal of Ecology 87:688-96.

Feng S, Fu Q (2013) Expansion of global drylands under a warming climate.
Atmospheric Chemistry and Physics Discussions 13:14637-14665.

Fernandez-Martinez M, Vicca S, Janssens IA, et al. (2014) Nutrient availability as the
key regulator of global forest carbon balance. Nature Climate Change 4:471-476.

Gibson DJ (1986) Spatial and temporal heterogeneity in soil nutrient supply measured
using in situ ion-exchange resin bags. Plant and Soil 96:445-450.

Giisewell S, Bailey KM, Roem WIJ, Bedford BL (2005) Nutrient limitation and botanical
diversity in wetlands: can fertilisation raise species richness? Oikos 109:71-80.

Giisewell S, Koerselman W, Verhoeven JTA (2003) Biomass N:P ratios as indicators of
nutrient limitation for plant populations in wetlands. Ecological Applications 13:372-
384.

Harms TK, Grimm NB (2008) Hot spots and hot moments of carbon and nitrogen
dynamics in a semiarid riparian zone. Journal of Geophysical Research:
Biogeosciences 113:1-14.

Hill AR, Devito KJ, Campagnolo S, Sanmugadas K (2000) Sub-surface denitrification in
a forest riparian zone. Biogeochemistry 51:193-223.

Hodge A, Robinson D, Griffiths BS, Fitter AH (1999) Why plants bother: root
proliferation results in increased nitrogen capture from an organic patch when two
grasses compete. Plant, Cell & Environment 22:811-820.

Hodge A, Stewart J, Robinson D, Griffiths BS, Fitter AH (2000) Competition between
roots and soil micro-organisms for nutrients from nitrogen-rich patches of varying
complexity. Journal of Ecology 88:150-64.

Hou E, Luo Y, Kuang Y, et al. (2020) Global meta-analysis shows pervasive phosphorus
limitation of aboveground plant production in natural terrestrial ecosystems. Nature
Communications 11:1-9.



Huang J, Yu H, Guan X, Wang G, Guo R (2016) Accelerated dryland expansion under
climate change. Nature Climate Change 6:166-171.

Hungate BA, Dukes JS, Shaw R, et al. (2003) Nitrogen and climate change. Science
302:1512-1513.

Johnson DW, Woodward C, Meadows MW (2014) A Three-Dimensional View of
Nutrient Hotspots in a Sierra Nevada Forest Soil. Soil Science Society of America
Journal 78:225-236.

Kaye JP, Hart SC (1997) Competition for nitrogen between plants and soil
microorganisms. Trends in Ecology & Evolution 12:139-43.

Kizewski F, Liu YT, Morris A, Hesterberg D (2011) Spectroscopic Approaches for
Phosphorus Speciation in Soils and Other Environmental Systems. Journal of
Environmental Quality 40:751-766.

Kleb HR, Wilson SD (1997) Vegetation Effects on Soil Resource Heterogeneity in
Prairie And Forest. The American Naturalist 150:283-298.

Koerselman W, Meuleman AFM (1996) The Vegetation N:P Ratio: a New Tool to Detect
the Nature of Nutrient Limitation. The Journal of Applied Ecology 33:1441-1450.

Maestre FT, Quero JL, Gotelli NJ, et al. (2012) Plant species richness and ecosystem
multifunctionality in global drylands. Science 335: 214-218.

Manzoni S, Trofymow JA, Jackson RB, Porporato A (2010) Stoichiometric controls on
carbon, nitrogen, and phosphorus dynamics in decomposing litter. Ecological
Monographs 80:89-106.

Matear RJ, Wang YP, Lenton A (2010) Land and ocean nutrient and carbon cycle
interactions. Current Opinion in Environmental Sustainability 2:258-263

McClain ME, Boyer EW, Dent CL, et al. (2003) Biogeochemical Hot Spots and Hot
Moments at the Interface of Terrestrial and Aquatic Ecosystems. Ecosystems 6:301-
312.

McGroddy ME, Silver WL, de Oliveira RC, et al. (2008) Retention of phosphorus in
highly weathered soils under a lowland Amazonian forest ecosystem. Journal of
Geophysical Research Biogeosciences 113:1-11.

Menge DNL, Field CB (2007) Simulated global changes alter phosphorus demand in
annual grassland. Global Change Biology 13:2582-2591



Mueller EN, Wainwright J, Parsons AJ. (2008) Spatial variability of soil and nutrient

characteristics of semi-arid grasslands and shrublands, Jornada Basin, New Mexico.
Ecohydrology 1:3-12.

Parkin TB (1987) Soil Microsites as a Source of Denitrification Variability. Soil Science
Society of America Journal 51:1194-1199.

Perring MP, Hedin LO, Levin SA, et al. (2008) Increased plant growth from nitrogen
addition should conserve phosphorus in terrestrial ecosystems. Proceedings of the
National Academy of Sciences 105:1971-1976.

Redfield A (1958) The biological control of chemical factors in the environment.
American Scientist 46:205-221

Roem WJ, Berendse F (2000) Soil acidity and nutrient supply ratio as possible factors
determining changes in plant species diversity in grassland and heathland
communities. Biological Conservation 92:151-161.

Reynolds JF, Smith DMS, Lambin EF, et al. (2007) Global desertification: building a
science for dryland development. Science 316:847-851.

Robinson D, Hodge A, Griffiths BS, Fitter AH (1999) Plant root proliferation in nitrogen
rich patches confers competitive advantage. Proceedings of the Royal Society of
London Series B: Biological Sciences 266:431-435.

Selmants PC, Hart SC (2010) Phosphorus and soil development: Does the Walker and
Syers model apply to semiarid ecosystems? Ecology 91:474-484.

Schimel DS (2010) Drylands in the Earth System. Science 327:418-419.

Schimel JP, Bennett J. (2004) Nitrogen mineralization: challenges of a changing
paradigm. Ecology 85:591-602.

Sinsabaugh RL, Lauber CL, Weintraub MN, et al. (2008) Stoichiometry of soil enzyme
activity at global scale. Ecology Letters 11:1252-1264.

Solomon S, Manning M, Marquis M, Qin D (2007) Climate change 2007-the physical
science basis: Working group I contribution to the fourth assessment report of the
IPCC. Cambridge University Press, United Kingdom and New York.

Sterner RW Elser JJ (2002) Ecological Stoichiometry: The Biology of Elements from
Molecules to the Biosphere. Princeton University Press, New Jersey.

Turner BL, Condron LM, Richardson SJ, et al. (2007) Soil organic phosphorus
transformations during pedogenesis. Ecosystems 10:1166-1181.



Turner B, Laliberte E (2015) Soil development and nutrient availability along a 2 million-
year costal dune chronosequence under species-rich Mediterranean shrubland in
southwestern Australia. Ecosystems 18:287-309.

Vidon P, Allan C, Burns D, et al. (2010) Hot spots and hot moments in riparian zones:
potential for improved water quality management. Journal of the American Water
Resources Association 46:278-298.

Vitousek PM, Aber JD, Howarth RW, et al. (2008) Human alteration of the global
nitrogen cycle: sources and consequences. Ecological Applications 7:737-750.

Vitousek PM, Porder S, Houlton BZ, Chadwick OA (2010) Terrestrial phosphorus
limitation: mechanisms, implications, and nitrogen—phosphorus interactions.
Ecological Applications 20:5-15.

Walker TW, Syers JK (1976) The fate of phosphorus during pedogenesis.
Geoderma 15:1-19.

Wang P, Shu M, Mou P, Weiner J (2018) Fine root responses to temporal nutrient
heterogeneity and competition in seedlings of two tree species with different rooting
strategies. Ecology and Evolution 8:3367-3375.

Washburn CS, Arthur MA (2003) Spatial variability in soil nutrient availability in an oak-
pine forest: potential effects of tree species. Canadian Journal of Forest Research
33:2321-30.

Wieder WR, Cleveland CC, Smith WK, Todd-Brown K (2015) Future productivity and
carbon storage limited by terrestrial nutrient availability. Nature Geoscience 8:441-
444,

Yang X, Post WM (2011) Phosphorus transformations as a function of pedogenesis: A
synthesis of soil phosphorus data using Hedley fractionation method. Biogeosciences
8:2907-2916.

Yuan ZY, Chen HYH (2015) Decoupling of nitrogen and phosphorus in terrestrial plants
associated with global changes. Nature Publishing Group 5:465-469.



2 Soil Phosphorus Stock and Speciation with Regolith
Development: Does the Walker and Syers Model Apply to
Dryland Climatic Gradients?

2.1 Abstract

Global environmental change models state that temperate ecosystems will serve
as a carbon (C) sink, however any realized increase in C storage will also require
increases in the availabilities of key nutrients. Phosphorus (P) has been described as the
ultimately limiting nutrient to terrestrial ecosystem productivity because new inputs may
not be able to meet nutrient demands. The conceptual model of Walker and Syers (W&S)
describes the evolution of soil P with ecosystem development, where primary mineral
(i.e., Ca-bound) P is increasingly incorporated into bioavailable, organic, and occluded
pools. During late stages of pedogenesis, total P declines and the remaining P is tightly
cycled between the vegetation and soil principally through the organic, and to a lesser
degree the occluded pools. The W&S model is widely supported along soil
chronosequences. Our understanding of P transformations in soil, especially with
ecosystem development and global climate change, is complicated due to the complexity
of P species within each of the W&S pools and their range in bioavailability. We used a
space-for-time substitution approach along Mediterranean and semiarid elevational
gradients to study how soil P biogeochemistry is altered by changes in climate. Although
weathering intensity increases with changes in climate from semiarid to Mediterranean
sites, the total P stock also increased and therefore inconsistent with the W&S model.
Alternatively, chemical speciation as identified by X-ray absorption near edge structure
(XANEYS) spectroscopy of bulk soil identified inorganic P (Pi) transitions from
proportionally more Ca-Pi to more Al- and Fe-Pi with increases in weathering,
supporting the W&S model. 3'P nuclear magnetic resonance spectroscopy (NMR)
indicated the relative percent of extractable organic P (Po) monoesters and diesters
decreased with weathering. Ultimately, changes in temperature and precipitation, along
with a transition in dominate vegetation species (pinyon pine and shrubland at the
semiarid sites to mixed conifer forests at the Mediterranean ecosystem), creates more
chemically weathered soil that is able to retain P at a greater rate than what is lost from
leaching. These relatively more weathered sites may be relying on faster cycling organic
species rather than primary mineral, precipitated secondary minerals, and sorbed species
to support ecosystem development.
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2.2 Introduction

Phosphorus (P) availability often limits terrestrial ecosystem productivity (Elser
2007; Vitousek et al. 2010) by controlling carbon (C) and nitrogen (N) mineralization
rates (Munevar and Wollum 1977), nitrogen fixation (Griffith 1978;Cole and Heil 1981),
and driving ecosystem retrogression (Peltzer et al. 2010). Phosphorus is an essential
element to all life on Earth due to its involvement with energy transport (ATP), cell wall
structural support (phospholipids), and genetic material (DNA and RNA; Smil 2000). A
recent meta-analysis found global P limitation to be more widespread than previously
considered (Hou et al. 2020). Phosphorus has been described as the ultimately limiting
nutrient in terrestrial C storage because new inputs are likely insufficient to meet nutrient
demand in a changing climate (Walker and Syers 1976; Yang and Post 2011; Wieder et
al. 2015). Global climate models show the amount of C sequestered as net primary
production in a changing climate is limited by key nutrients (N and P), but nutrient
limitation is one of the most uncertain factors to model projections (Goll et al. 2012;
Wieder et al. 2015).

Phosphorus biogeochemistry is intrinsically related to soil development, as stock,
chemical speciation, and bioavailability are altered by pedogenesis and ecosystem
succession (e.g., Walker and Syers 1976; Crews et al. 1995; Turner et al. 2007). Walker
and Syers (W&S; 1976) developed a conceptual model describing the evolution of P
transformation with pedogenesis and ecosystem development based on four New Zealand
soil chronosequences. The W&S model has been validated for a wide range of
chronosequences, or substrate age gradients, especially for surficial soils developed from
parent materials with relatively high P concentrations. Previous studies that support the
W&S conceptual model include sedimentary tropical forests (McGroddy et al. 2008),
Mediterranean coastal dune shrublands (Turner and Laliberte 2015), volcanic arid
woodlands (Selmants and Hart 2010), metamorphic temperate rain-forests (Richardson et
al. 2004), tropical forests formed on volcanic ash (Schlesinger et al. 1998), subtropical
coastal dunes (Chen et al. 2015), humid montane forest on basalt (Crews et al. 1995), and
Mediterranean forests on marine sedimentary soils (Izquierdo et al. 2013). Therefore, the
W&S model provides a framework to understand how P biogeochemistry is altered by
soil development and weathering intensity.

In the early stages of soil development, apatite minerals in the parent material are
converted into labile (i.e., plant available) P forms via weathering and acidification.
Labile P is increasingly incorporated into live plant, soil organic matter, sorbed or
precipitated with secondary compounds (Ca, Fe, or Al), and occluded (within the mineral
matrix, associated with distinct mineral phases) P pools over time (Walker and Syers,
1976). The total ecosystem P stock decreases with time due to its loss from the soil
system by leaching and surface erosion (e.g., Lajtha and Schlesinger 1988; Hedin et al.
2003). In the late stages of ecosystem development, the system is thought to experience
limitation where P remaining in the soil is held in forms inaccessible to plants including
stable organic species and crystalline Al and Fe oxyhydroxides (Cross and Schlesinger
2001). Therefore, highly weathered soils are thought to be reliant on the internal
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recycling of organic P (Po; e.g., Wardle et al. 2004) and exogeneous dust fluxes (e.g., Gu
etal. 2019).

Although previous research has focused on validating the W&S conceptual model
on soils forming over time, the rate of soil development and P cycling are controlled by
other state factors as well (climate, organisms, relief, and parent material; Jenny 1941;
Deiss et al. 2018; Letkeman et al. 1996; Wilson 2019). In particular, the W&S model can
be tested along climate gradients because pedogenesis is principally driven by the volume
of water leached through the soil regardless if this occurs from increased soil age or from
changes in climate (Walker and Syers 1976). Although there have been many studies
conducted on chronosequences, P biogeochemistry along climatic gradients has only
recently received increased attention (e.g., Emadi et al. 2012; Ippolito et al. 2010; Zhou et
al. 2016; Feng et al. 2016; Helfenstein et al. 2018; Mou et al. 2020). A recent meta-
analysis on soil age gradients even found total and available P is controlled more by
climate, vegetation, and parent material rather than the age of the soil (Delgado-
Baquerizo et al. 2020).

Previous P biogeochemistry studies across climate gradients have found changes
to stock, concentration, and composition. Along an elevational gradient, total P stock was
greater in subalpine elevations where temperature is colder and mean annual precipitation
(MAP) is high, but surficial soil P concentration had a quadratic relationship with
elevation (Zhou et al. 2016). Similarly, total P concentration has been found to have a
parabolic relationship with aridity (Feng et al. 2016) and altitude (He et al. 2016), but
warming alone can cause total P concentration to decrease in the top 30 cm of soil
(Sardans et al. 2006). The Pi pool is higher in arid locations and decreases with increased
precipitation (Emadi et al. 2012). In contrast, the Po pool is greater in colder and wetter
sites (Mou et al. 2020). Within the Po pool, diesters have been found to increase with
precipitation, causing the monoester:diester ratio to increase with MAP in topsoil
(Sumann et al. 1998; Mage and Porder 2012; Feng et al. 2016). Increasing MAP has also
resulted in a decrease of Ca-P and increase in occluded forms in the central Great Plains,
USA (dry ecosystem; Ippolito et al. 2010), on a sequence of moisture regimes in northern
Iran (Emadi et al. 2012), and on a Hawaiian precipitation gradient (Helfenstein et al.
2018). Increasing humidity in arid and semiarid grassland topsoils caused Ca-P to decline
and occluded P to increase (Feng et al. 2016). Overall, increases in elevation,
precipitation, or humidity have been found to influence P amount and chemical
speciation, where Ca-P transitions to organic and occluded Fe- and Al-P.

Soil P is found in a wide range of organic and inorganic (Pi) species that vary in
their bioavailability, or the rate at which they can supply orthophosphate to the soil
solution, based on molecular composition and interactions with soil constituents (Dick
and Tabatabai 1978; Condron et al. 2005; Darch et al. 2014). Within Po species, diesters
have a lower charge density (phosphate is bound to C by two ester linkages) making them
less able to interact compared to monoesters (one covalent bond to C; McDowell and
Stewart 2006). This allows monoesters, particularly phytate, to be protected by sorption
to soil organic matter, clays, sesquioxides, or cations in the soil solution; diesters are
more prone to microbial or enzymatic attack, and are therefore considered relatively more
bioavailable (Anderson 1980; Tate 1984; Stewart and Tiessen 1987). The W&S model
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provides insight into how P pools change with pedogensis, however the contribution of
Po as a source of bioavailable P is less understood because all species are grouped
together.

Recently, molecular-level spectroscopic techniques have shown to be powerful
tools for quantifying P speciation in environmental samples (Kizewski et al. 2011). X-ray
absorption near edge structure (XANES) is element specific and the experiment can be
conducted on the intact soil sample (e.g., Beauchemin et al. 2003; Sato et al. 2005; Kruse
and Leinweber 2008; Prietzel et al. 2010, 2013, 2016; Kizewski et al. 2011; Giguet-
Covex et al. 2013; Eriksson et al. 2016; Werner et al. 2017; Hesterberg et al. 2017; Stahr
etal. 2017; Gu et al. 2019). This technique provides information on the molecular
environment of the main species present and can distinguish P bound by metal oxides or
hydroxides (Prietzel et al. 2013). Quantification of species present in XANES spectra is
done through linear combination fitting, which limits the number of possible species that
can be identified to 3 or 4. Identifying and quantifying Pi speciation is preferable with
XANES than other methods currently available (Kruse et al. 2015). Previous studies have
noted that differentiating reference compound spectra in XANES can be challenging,
particularly among Po species (Kruse and Leinweber 2008; Hurtarte et al. 2020), in these
complex matrices.

A complementary technique to overcome limitations with XANES Po
characterization is solution-state *'P NMR (Liu et al. 2013; Kruse et al. 2015), which is
performed on alkaline soil extracts. The distinct resonances produced by Po functional
groups provide greater identification and quantification of subtle components of organic
species compared to XANES. Nuclear magnetic resonance (*'P NMR) detects P species
in liquid extracts by identifying chemical forms of the nuclei in the sample and can
differentiate the number of ester linkages or species with a direct C-P bond (Doolette et
al. 2011). Therefore, *'P NMR has been extensively used to identify and quantify
extractable monoesters, diesters, phosphonates, pyrophosphate, polyphosphate, and
orthophosphate (e.g. Turrion et al. 2001; Turner et al. 2003; McDowell et al. 2007; Cade-
Menun 2015).

In order to adequately forecast the response of terrestrial ecosystems to global
change, it is imperative that we obtain a more comprehensive understanding of how P
biogeochemistry is altered with changes in climate using molecular characterization
techniques and in locations that are understudied (low P-containing parent material and
drylands). Our current understanding of P biogeochemistry with pedogenesis is heavily
based on soil chronosequence studies that commonly use sequential fractionation
techniques to assign P into operationally defined pools. The most commonly used Hedley
fractionation technique, and subsequent modifications, cannot differentiate between Fe
and Al bound P as they are extracted within the same step (Hedley et al. 1982; Tiessen
and Moir 1993). Additionally, fractionation techniques do not correspond to chemical
specificity which may lead to erroneous conclusions about the actual chemical speciation
within an extract (Kar et al. 2011). This can lead to overestimation of Ca-P and
underestimation of Fe- and Al-P (Hunger et al. 2005; Helfenstein et al. 2018; Gu et al.
2020), ultimately hindering the ability to accurately quantify and model how these
important forms of P are transformed along environmental gradients.
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Critical knowledge gaps remain on how P dynamics are regulated by climate,
particularly in low P containing parent material. Additionally, only a small number of
studies have examined P content within drylands (e.g., Lajtha and Schlesinger 1988;
Sumann et al. 1998; Selmants and Hart 2010; Mage and Porder 2012; Feng et al. 2016)
even though drylands are the largest biome and encompass ~45% percent of terrestrial
ecosystems types (Schimel 2010). Therefore, the overall objective of this study was to
evaluate how soil weathering is altered along elevational gradients in temperate water-
limited ecosystems (semiarid- and Mediterranean- type climates) and the implications for
P concentration, stock, and chemical speciation within and among master soil horizons.
We hypothesized that: (H1) chemical weathering will increase as temperature and
precipitation becoming overall less limiting to ecosystem development when
transitioning from semiarid to Mediterranean locations. This will cause (H2) P
concentration and stock to decrease and a shift from proportionally more Ca bound P to
Fe, Al, and organic species (decrease in Pi:Po), similar to the W&S model. Within the Po
pool, we anticipate (H3) monoesters will preferentially accumulate relative to diesters
(increase in monoester:diester) due to preferential sorption to soil constituents.

2.3 Methods

2.3.1 Study Sites

Two complimentary elevational gradients within California were selected for this
study. The White Mountain Elevational Transect (WM) is along the west side of the
White-Inyo Range and is a semiarid climate. The Southern Sierra Critical Zone
Observatory (CZO; Table 2-1) traverses the west side of the Sierra Nevada and
experiences a Mediterranean-type climate. The White-Inyo Range is located east of the
Sierra Nevada and is within the rain shadow. Elevational gradients (i.e., bioclimatic
sequences) allow research on soils forming under different climates because temperature
and precipitation vary with elevation. Bioclimatic sequences have also been used as space
for time substitutions to research climate change effects as different elevations may
represent future climatic conditions (Tate 1992; Egli et al. 2003; Hart 2006). In the
current study, the space-for-time substitution allows investigation on how pedogenesis is
altered under different mean annual air temperatures (MAT) and MAP to influence P
distribution. Previous relevant studies conducted in the CZO and WM have established a
link between bedrock mineralogy and vegetation (Hahm et al. 2014) along with climate
and soil physio-chemical conditions (Frisbie 2014; Jenny et al. 1949; Dahlgren et al.
1997; Dixon et al. 2009; Moreland 2020) setting a perfect stage for climate change
research on P dynamics in these natural laboratories.

Both elevational gradients are formed from granitic parent material of similar age.
The CZO formed 104 to 115 Ma (Bateman and Busacca 1982; Lockwood and Bateman
1976; Bateman and Wones 1972), with the exception of SH (highest elevation site) that
was glaciated during the last glacial maximum (Clark and Gillespie 1997). The WM
began forming ~163 Ma with an intrusion forming ~70 million years later (Ernst and
Rumble 2003; Ferre et al. 2012).
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2.3.2 Climate Parameters

Climate data was obtained from PRISM for calendar years 1981 through 2018
based on the latitude and longitude of each site, with a resolution of ~4 km (Daly et al.
2000). Monthly total precipitation (mm) and mean air temperature (C) was downloaded
and aggregated to determine mean annual precipitation (MAP) and mean annual air
temperature (MAT) over this period (PRISM Climate Group, Oregon State University,
http://prism.oregonstate.edu, created 4 Feb 2004; accessed May 2020).

Effective energy and mass transfer (EEMT) is an integrative climate value that
represents the input of mass and energy into the system that regulates pedogenesis
(Rasmussen et al. 2005; Rasmussen and Tabor 2007). This variable is particularly
valuable because it integrates energy and mass from components that correlate along
elevational gradients, including temperature, precipitation, and vegetation. Mass and
energy from solar radiation, carbon input from primary production, and actual water flux
derived from precipitation, evapotranspiration, and surface runoff, are all incorporated
into a single value for EEMT (Rasmussen and Tabor 2007). Effective energy mass
transfer was calculated with the following equation:

MAT — 21.5\> /MAP — 4412\
EEMT (M] m~2y~1) = 1000 x 347,134exp{—0.5 ( ) ( )

—-10.1 1704
2.3.3 Field Collection

The locations of four soil pits at each site were determined to be representative of
the major topographic features of the landscape, and therefore were not selected
randomly. Samples were collected based on master and subordinate genetic horizons. To
capture the entire regolith, additional geoprobe samples were collected at both SPR and
PR (CZO). Geoprobe samples were collected using a hydraulic coring device to collect
soil samples until refusal (model DT22; outside diameter 5.72 cm). The five deepest
geoprobe samples collected by Tian (2018) were chosen and added to soil pits for the
current study.

Between three to five rock outcrops were sampled from all sites except SH to use
as a proxy for parent material chemical composition. The SH site was excluded from this
because no outcrops are located near the site and also because this site was glaciated
(Clark and Gillespie 1997). The elemental composition of the outcrops sampled from site
GRS at the WM was significantly different from the other sites along this gradient,
including P concentration, as assessed by analysis of variance (ANOVA) of individual
elements and principle components analysis (PCA) of all elements (Figure 2-S1).
Comparison of outcrop values to soil C, horizons was used to determine if this difference
was observed in the soil or if it is an artifact of outcrop chemistry. Site GRS C, soil
horizons had similar elemental composition to the soil of other sites in the gradient and
therefore these outcrops were considered outliers and not representative of the WM
parent material composition. Consequently, outcrop chemical composition from GRS was
removed prior to averaging parent material elemental concentrations at the gradient level.
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Soil bulk density measurements were collected by volumetric cores at the SSCZO
(Dane et al. 2002) and obtained by the plaster cast method from a previous study at the
WMC (Frisbie 2014). Bulk density was determined after removal of coarse fragments
(> 2 mm fraction) and visible roots. Samples were oven dried at 105 °C and reported as
the weight of the fine fraction (<2 mm) divided by the volume of the fine fraction. The
volume percent of gravel in soil pits was estimated by dividing the weight of the coarse
fraction by 2.65 Mg m~, dividing by the total volume of >2 mm plus <2 mm material,
and multiplying by 100. Geoprobe bulk density and gravel percent was obtained by Tian
(2018).

2.3.4 Laboratory Analyses

Soil samples were air dried and sieved to separate the <2 mm from the >2 mm
gravel fraction and visible roots were removed. Soil pH was measured in a 1:2
suspension:solution slurry in deionized water and 0.01M CaCl, (Accumet Basic, Model
AB15, Fisher Scientific with an Ag/AgCl electrode; Sparks et al. 1996). Elemental results
are reported on an oven-dry basis using gravimetric water content (oven dried at 105 °C
until constant mass). Textural Class was determined using the hydrometer method (Gee
and Bauder 1986).

Lithium metaborate fusion was used to identify total elemental concentrations (P,
Ca, Na, K, Fe, Al, Mg, Si) for soil samples and rock outcrops (Robertson et al. 1999).
Concentration was determined by inductively-coupled plasma optical-emission
spectrometry (ICP-OES; Perkin-Elmer Optima 5300 DV; Environmental Analytical
Laboratory at the University of California, Merced).

Organic C and total N were measured on ground samples (CZO were ball milled
for 3.5 minutes and WM samples were crushed using an agate mortar and pestle). Carbon
and N were obtained for the CZO sites from Moreland (2020). Carbonates from WM
sites were removed by hydrochloric acid fumigation prior to measurements (Harris et al.,
2001). No free carbonates were present at the CZO sites based on no effervescence after
addition of 1 M HCI to soil samples. Organic C and total N were measured on an
elemental analyzer (Costech Analytical ECS 4010 Elemental Analyzer, Costech
Analytical Technologies, Inc., Valencia, CA; Stable Isotope Laboratory at the University
of California, Merced).

2.3.5 Chemical Index of Weathering

The chemical index of weathering (CIW; Harnois 1988) was used to determine
the degree of soil chemical weathering at the sampling locations. Weathering indices
reflect the transformation of primary mineral feldspars into secondary clay minerals
(Nesbitt and Young 1982) as Ca and Na are leached while Al accumulates. Total element
concentrations from the lithium metaborate fusion were converted into the molecular
proportion of the oxide form. Calcium oxide was corrected for carbonate and apatite
content by using the mole value of Na,O when CaO was greater than Na,O, as
recommended for the chemical index of alteration (Nesbitt and Young 1982; McLennan
1993). The chemical index of alteration, another commonly used weathering index, was
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not used because parent material at the WM contained a significantly higher
concentration of K compared to the CZO. There were no significant differences between
Al, Ca, or Na between gradients as assessed by a one-way ANOVA (data not shown).
Mineral soil sample CIW versus CIA is reported in Figure 2-S3.

CIW =
(Al,05 + CaO + NaZO)]

X 100

A single value for each master horizon elemental concentration, pH, and CIW
within a soil pit was calculated by weighting subordinate horizon values by bulk density,
thickness, and removing gravel (>2 mm) content. Geoprobe samples were included in
elemental concentration and CIW calculations. Due to the uncertainty with horizon
designation in geoprobe samples, only Cr horizon material was used. The contribution of
geoprobe samples was determined by weighting elemental concentrations by gravel
corrected bulk density and thickness in each geoprobe sample (n = 10). Horizon thickness
was determined by the lower boundary of each pit to the bottom of the individual
geoprobe sample. Then a weighted average of all five geoprobe samples was determined
for each pit. All soil pits were excavated to C, material at PR, however only two pits at
SPR were able to reach this material. In one SPR pit, C material was reached and the
other extended to the bottom of the B horizon. The lower boundary of this B horizon is
past the average B to C transition depth of the other pits. We assumed the boundary of Cr
horizons began after each of these. Standard error (8) was propagated for soil C horizons
(0c) at SPR and PR sites when including both soil and geoprobe samples using the
following:

O¢c = \[(asoil)z + (Sgeoprobe)z

2.3.6 Phosphorus Stock

Phosphorus stock was calculated using fusion P concentrations, bulk density,
horizon thickness, and gravel content. Stock from subordinate horizons, including
geoprobe C, material at PR and SPR, were summed to obtain a single value per master
horizon at each pit.

9
Psoil (@)

Stock (%) = X bulk density (—‘Z) X depth(m) X (1

k __rock fraction (%))
m

PPM(k%,) 100

Stock values were normalized by parent material P concentration (Ppy; g kg') to
account for the higher concentration of parent material at the WM sites. Globally, granite
rocks have a mean P concentration of 0.57 g kg'! and granodiorite is 0.81 g kg'! (Porder
and Ramachandran 2013). Granite parent material P concentrations were determined by
lithium metaborate fusion for the CZO and WM and found a mean and standard error of
0.74£0.05 and 1.5 £0.05 g kg'!, respectively.
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2.3.7 Phosphorus Speciation

X-ray absorption near edge structure (XANES) and nuclear magnetic resonance
(NMR) spectroscopy were used to quantify P chemical speciation. At least three field
replicate A horizons were run for XANES and NMR at each site. One depth profile per
site was collected for NMR, and most sites had at least one subsurface horizon run for
XANES. Data were collected on the uppermost subordinate horizon when multiple
subordinate horizons were present.

2.3.7.1 XANES

Bulk XANES spectra were collected at beamline 14-3 at the Stanford Synchrotron
Radiation Lightsource (SSRL, Stanford, CA) and at the soft X-ray microcharacterization
beamline (SXRMB) at the Canadian Light Source (CLS, Saskatoon, Canada). Sample
and reference compound material were transferred to carbon tape and were in a He gas
environment or a vacuum at room temperature during collection (due to different
beamline configurations). X-ray absorption near edge structure was collected for 37 soil
samples. A reference compound library (n = 35) was compiled using compounds that
were either purchased from a manufacturer (reagent grade or better), or synthesized in the
laboratory. Methods for synthesized compounds are described in the Supplementary
Information (SI). A total of 35 organic and inorganic reference compounds were used to
build a library for identifying P chemical species that are commonly found in soil (Table
2-S2). Comparisons between reference compounds are discussed in the SI.

Spectra were imported to Sam’s Interface XAS Package (SIXPACK; Web 2005)
for averaging and then into the ATHENA software package (Demeter 0.9.20; Ravel and
Newville 2005) for calibration, baseline correction, normalization, and linear
combination fitting. Energy was calibrated at the P K-edge with sodium phosphate
(NaH,PO,) at 2152.6 eV, or tetraphenylphosphonium bromide (PPh,Br) with the first
peak at 2146.96 eV. Baseline correction and edge-step normalization parameters were
varied for individual samples and reference compounds to reduce error (Werner and
Prietzel 2015). Linear combination fitting (LCF) was used to determine the main species
present within the unknown samples. The fits were conducted with up to four reference
compounds and the sum was not forced to unity. The final fit was chosen based on that
which had the lowest R-factor and number of reference compounds, and only best fits
within 2.5% of 100% were accepted. The R-factor of all sample LCF were <0.05
indicating a good quality of fit (Kelly et al. 2008). Previous research investigating
uncertainty of LCF accuracy of phase determination have found an overall error
estimated to be between 1~15% (Beauchemin et al. 2003; Ajiboye et al. 2007; Werner
and Prietzel 2015); therefore, reference compounds that fit below 5% were removed and
the remaining compounds were refit as recommended by Werner and Prietzel (2015). The
relative error of LCF has been found to be less when the proportion of Ca-P in the
mixture increased (Ajiboye et al. 2007). Mean and standard error of field replicates are
reported, which reflects the larger variability among samples within a site than error from
precision of the LCF and likely from the uncertainty of accurate phase identification
(Ajiboye et al. 2007).



18

Previous studies have noted that differentiating reference compound spectra can
be challenging, particularly among Po species (Kruse and Leinweber 2008; Hurtarte et al.
2020), in these complex matrices. However, lack of inclusion of multiple Pi and Po
compounds of a given metal within the reference compound library can result in
erroneous fits and underestimation of the contributions from metal and Po species
(Prietzel and Klysubun 2018). Recent studies using P K-edge XANES are more
commonly using larger reference compound libraries (e.g. Giguet-Covex et al. 2013;
Hashimoto et al. 2014; Hashimoto and Watanabe 2014; Prietzel et al. 2016; Werner et al.
2017; Hesterberg et al. 2017; Schmieder et al. 2018; O’Day et al. 2020) because it is
critical for the reference compounds used in LCF to contain representative species found
within the environmental sample. Hence, the current study collected a large reference
library of Pi and Po species associated with Ca, Al, Fe, and Na and then individual
reference compounds were classified into groups based on the associated metal prior to
statistical analyses (Table 2-S2).

2.3.7.23P NMR

Solution state 3'P NMR was conducted on 39 soil samples to characterize
chemical speciation, particularly for Po compounds that are found in low concentrations.
Three grams of finely ground <2 mm soil samples were extracted for four hours at
ambient temperature with 30 mL of 0.25 M NaOH and 0.05 M EDTA (Turner et al.,
2008; Cade-Menun and Liu 2014). Following this, samples were centrifuged at 10,000 g
for 30 minutes and the supernatant was filtered through a 0.45 pm nylon membrane using
a syringe. A 5 mL aliquot was removed from the filtered extract and frozen for elemental
determination (P and others) using an ICP-OES. The remaining extract was frozen with
liquid N2 and lyophilized. Just prior to the NMR experiment, 1.08 mL of a 1.0 M NaOH
and 0.05 M EDTA solution plus 0.12 mL of deuterium oxide (D>O) were added to the
lyophilized powders and thoroughly mixed by vortex until all solids dissolved. Finally,
samples were centrifuged with 0.22 um nylon spin filter