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ABSTRACT
Phosphorus (P) is an essential plant nutrient that is critical for productive ecosystems.
Phosphorus form, or “speciation,” is an important factor influencing nutrient availability, and the
amount of bioavailable or plant-accessible P in soils. As soil genesis and development occurs,
the availability of plant-accessible P and other nutrients changes: primary mineral P from the
parent material weathers, and P may become associated with secondary minerals or organic
matter. Phosphorus K-edge X-ray absorption near edge structure (XANES) spectroscopy was
used to investigate evolution of P speciation along two soil sequences: The marine terraces of the
“Ecological Staircase” in Mendocino County, CA, which form a soil chronosequence, and the
climosequence in Kohala, Hawaii. Previous research demonstrated a decrease in bioavailable P
across the “Ecological Staircase,” without identifying causes of this P limitation. We used
phosphorus XANES spectra to provide insight on the molecular speciation and retention
mechanisms of P in soil, and to distinguish between mineral P and adsorbed or organic P, which
have differing bioavailability. At the Ecological Staircase, XANES spectra indicated that P
speciation in an older terrace, characterized by the presence of a “Pygmy Forest”, was dominated
by Fe-Phytate P (an organic form of P) complex associated with oxide minerals in soils. It is
unclear if this chemical change in P speciation caused the nutrient limitation that led to the
Pygmy Forest; other factors, such as soil pH, and an iron-stained clay hardpan may also limit
plant development and nutrient availability to the trees in the Pygmy Forest. To further
understand P speciation and soil development, a P K-edge XANES study of 46 sites along the
well-characterized Kohala climosequence indicated, as previous studies have shown, that the arid
sites were rich in primary mineral P and the semi-arid and wet sites were dominated by P
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associated with Fe oxides, such as hematite. No sudden changes in the phosphorus species were
observed across the climosequence, but increased moisture appears to induce gradual changes in
soil P species. XANES spectroscopy provides insights into changes in P speciation throughout
soil development, and changes in P speciation may help to explain the variation of ecological
features across a landscape. This work explored the relationship between chemical factors (i.e., P
speciation) and other factors (e.g., physical barriers such as a hardpan, or climatic variations) on
the ecology of two well-characterized sites.
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BACKGROUND
Hans Jenny, an early soil scientist, discovered some of the key components that lead to
the formation of soils with different characteristics. At the time, this newfound knowledge was
promising because soil scientists worldwide had been struggling to agree on the actual
terminology of what soil is and how it forms. Jenny (1994) coined the term “soil” (s) as an
intricate system that is altered by inputs and outputs of various properties such as climate (cl’),
organisms (o’), topography or relief (r’), parent material (p), and time (t) in both a temporal and
spatial matter (Eq.1). He was able to incorporate mathematics into each of the soil forming
factors, which would allow the soil to be looked at in a new quantitative perspective.

Equation 1. 𝑠 = 𝑓(𝑐𝑙, 𝑜, 𝑟, 𝑝, 𝑡)

(from Jenny 1994)

Jenny understood early on that fluctuation to any one of the soil-forming factors had the
capability to alter an entire system, since they all impact the formation of soil. The Ecological
Staircase, located in Mendocino County, California became the staple of his work as each of its
terraces notably reflects the role of time as a dominant soil-forming factor, suggested by Eq. 2.

Equation 2. 𝑠 = 𝑓(𝑡𝑖𝑚𝑒)!",$,%,&...

(from Jenny 1994)

The terraces that make up the Ecological Staircase (Figure 1) represent a
“chronosequence” where soils share the same or consistent soil-forming factors as shown in
Equation 1, but time is the primary variable. While time is the main variable that changes across
these terraces, it is necessary to note that there is variation in vegetation across the terraces too.
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The Ecological Staircase provides a window to better comprehend soils that have developed with
little to no disturbance on a long-term basis, for anywhere from thousands of years to millions of
years (Walker et al., 2010), which is rarely preserved in nature. Generally, catastrophic
disturbances such as lava flows or wildfires create a fresh surface for new life to colonize.
However, the Ecological Staircase has gone undisturbed for approximately 500 k.a. The study of
soil chronosequences and climosequences (discussed later) are both valuable because they can be
used as natural experiments to test theoretical concepts in soil development.
Hans Jenny authored a reputable report (Jenny, 1973) that discussed the history of the
Jug Handle Creek Reserve site, including his interpretation of the lithology and pedology of the
Ecological Staircase. This early work helped shape his idea that soil genesis is indeed dependent
upon the impact of each soil-forming factor. This invited soil scientists such as Walker & Syers
(1976) to create a conceptual model that would detail the transformation of the chemical form of
phosphorus, and the amount of this nutrient available, in soils of New Zealand soil sequences
over time. In their model, young soils are characterized by being exceedingly rich in primary
mineral phosphorus, typically apatite. As young soils develop, the primary mineral phosphorus is
released into free exchangeable phosphorus, which is often adsorbed onto the surface of Al oxide
or Fe oxide minerals (plant available and labile phosphorus), secondary phosphates such as
aluminum (Al-) and iron (Fe-) phosphates, organic phosphorus, and occluded phosphorus
(phosphorus that has been physically coated by other solids, and is therefore not bioavailable).
Naturally, young soils will develop into mature soils that lack apatite and labile phosphorus,
leading to lower bioavailable phosphorus for plant growth. Over time, organic phosphorus may

3

become an important source of nutrition for the ecosystem (e.g., Helfenstein et al., 2018), even
as the total amount of phosphorus, and the labile phosphorus, declines over time in the system.
In addition to chronosequences, climosequences share homogenous soil-forming factors,
but in this case, climate (chiefly precipitation) heavily influences soil development, nutrient
cycling, and nutrient availability. The Kohala Mountain on the Big Island of Hawaii is a great
example of how a climosequence presents itself in nature, and many studies have been carried
out on soils across the climate gradient. Chadwick et al. (2003) analyzed volcanic soils of the
Kohala climosequence to see how yearly precipitation affects the rate of weathering, formation
of minerals, and nutrient availability. Peter Vitousek, an ecologist who focuses on nutrient
biogeochemistry, has dedicated part of his career to understanding soil phosphorus limitation,
mechanisms that lead to phosphorus limitation, and their implications. Vitousek et al., (2010),
refined and implemented the conceptual Walker & Syers model (1976), with hopes to further
explain the changes in total soil phosphorus as soil develops. In subsequent work, Vitousek et al.,
(2013), predicted that “biological uplift” is one of the mechanisms influencing the size and
availability of phosphorus pools in soils from the intermediate rainfall site on the Kohala
Mountain climosequence in Hawaii. Biological uplift occurs as deep-rooted plants draw up
nutrients such as phosphorus from the subsurface, and enrich surface soils (e.g., through plant
litterfall). Although this mechanism has been recognized in Hawaiʼi soils, it could also
potentially be a crucial component for analyzing the soils of the Pygmy Forest on the Ecological
Staircase chronosequence, as well.
A few studies have attempted to classify total soil phosphorus and the pools of
phosphorus across chronosequences by applying the Hedley P fractionation method (Crews et

4

al., 1995; Yang & Post, 2011; Izquierdo et al., 2013). For the most part, the results from these
studies aligned well with the Walker and Syers’ conceptual model: they revealed that total soil
phosphorus, as well as the amount of plant-available phosphorus, decreases with soil age. As
soils mature, primary mineral phosphorus is eventually depleted, and plant available phosphorus
decreases as organic species of phosphorus become the dominant form in the soils. However,
performing sequential extractions (such as the Hedley fractionation method) alone can be
disadvantageous and limiting with respect to details of phosphorus speciation (Giguet-Covex et
al., 2013; Helfenstein et al., 2018). Yang & Post (2011) recognized that their results from the
Hedley fractionation method deviate from the Walker and Syers model, because plant-available
phosphorus (labile and non-occluded) made up a larger proportion of total phosphorus in soils
that ranged from little to extensive amounts of weathering. In the past, chemical extractions have
been largely used to classify soil phosphorus species, but these techniques raise doubt in the
sense that they do not have the ability to specify or identify mineral species or retention
mechanisms associated with soil phosphorus (Giguet-Covex, 2013).
To better understand phosphorus speciation in soils, Kizewski et al., (2011) and
Helfenstein et al., (2018) highlighted the use of numerous advanced techniques that included
chemical extractions (i.e., Hedley fractionation) in addition to using P K-edge X-ray absorption
near edge structure (XANES) spectroscopy, isotopic methods, and a variety of other analytical
techniques. Kizewski et al., (2011) noted that soils are complex systems, meaning that the
number of phosphorus species present is strongly influenced by the heterogeneity of bonding
environments within the soil matrix. Similarly to Kizewski et al. (2011), Kruse et al., (2015)
pointed out that utilizing multiple advanced analysis techniques, such as 1D and 2D NMR
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(nuclear magnetic resonance) spectroscopy, IR (infrared) spectrometry, Raman spectroscopy,
high-resolution mass spectroscopy, Q-TOF MS/MS (quadrupole time-of-flight mass
spectrometry), NanoSIMS (nanoscale secondary ion mass spectrometry), or synchrotron-based
X-ray spectroscopy (XRF, XAS, XPS) is the most accurate way to identify inorganic and organic
phosphorus soil species. Each of these techniques has advantages and disadvantages over the
next method, but performing multiple spectroscopic and spectrometric techniques, jointly with
chemical extractions, will produce the most well-rounded results. XANES spectroscopy is a
relatively new technique and is still being refined and developed for application to the study of
soil phosphorus. Studying P speciation with XANES spectroscopy, therefore, provides a new
perspective on the behavior of this critical element.
For this study, we focused on investigating the phosphorus supply and speciation using P
K-edge XANES spectroscopy in (1) the Ecological Staircase chronosequence, which is known to
have phosphorus limitation in the older soils, leading to the development of a “pygmy forest,”
and (2) the Kohala Mountain climosequence, where rainfall influences soil genesis. This research
will expand upon prior knowledge of the phosphorus cycle, and how the behavior of this nutrient
changes in soils (young, old, wet, and dry).
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Figure 1. Diagram displaying the formation of a coastal chronosequence. The illustration shows
the correlation between global sea level rise events in comparison with the formation of five
marine cut terraces along the chronosequence. The terrace furthest inland is the oldest (500,000
years ago) and the highest uplifted. The tectonic events that occurred during this time frame
permitted preservation of each terrace from the cutting sea while depositing beach material (from
Schulz, 2018).
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CHAPTER I. THE ECOLOGICAL STAIRCASE
INTRODUCTION
Globally, phosphorus is a very important nutrient, crucial for the growth and
development of all living things from animals and plants, down to tiny microorganisms found in
soils and water. Phosphorus is one of the main elements that promotes resilient and productive
ecosystems, which is why phosphorus fertilizer is utilized so heavily in agriculture. Phosphorus
is often a limiting nutrient in soils (Yang & Post, 2011), and has been the subject of increasing
interest over time due to the fact that it is intertwined in sustainability issues including food
production and water pollution resulting from runoff from fertilizer use (Scholz et al., 2013).
Until recently, though, studies involving carbon and nitrogen have tended to overshadow those
of phosphorus (Vaccari, 2009). Recent interest has drawn more attention to the complex cycle of
phosphorus in terrestrial systems (Figure 2).
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Figure 2. Diagram displaying the phosphorus cycle and the pathways in which phosphorus is
utilized. Naturally phosphorus is found in rocks, but inputs from manure, fertilizer, and crop
residue act as additional sources of available phosphorus in a system. Phosphorus becomes
available for plant uptake when it is weathered from primary mineral phosphorus, mineralization
(when organic phosphorus is converted to inorganic phosphorus), and desorption (when
phosphorus is released from the surface of a soil particle). Phosphorus is lost from the system by
way of runoff, leaching, precipitation, adsorption (when phosphorus binds to a soil particle
surface), and immobilization (the process of soil microorganisms using available phosphorus and
transforming it into organic phosphorus) (from Hyland, 2005).
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Total soil phosphorus is generally defined by the concentration of both organic and
inorganic forms of phosphorus. Organic phosphorus (P which is part of the structure of organic
molecules) makes up approximately 30% to 65% of the total phosphorus in soils, while inorganic
phosphorus (chiefly P associated with minerals, or the inorganic ion phosphate) accounts for
35% to 70% of total phosphorus in soils (Harrison, 1987; Shen 2011). Although organic
phosphorus makes up much of the total available phosphorus, it is not readily available for plant
uptake (Robinson, 1986; Filippelli 2002). Certain soil conditions such as pH must be met for
prime phosphorus uptake in plants. Typically, soils with pH close to 6.5 - 7 are best for
phosphorus uptake (Figure 3) whereas soils with lower pH may cause nutrients to become
precipitated as relatively low-solubility metal phosphates, or strongly adsorbed to iron or
aluminum oxides, reducing P bioavailability (Figure 4). On the other hand, though relatively
poorly understood, soil microbes such as mycorrhizal fungi which are found in older or
retrogressive ecosystems, enable the utilization of some soil organic phosphorus for plant
nutrients (Turner et al., 2007; Peltzer 2010).
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Figure 3. Soil pH has a major influence on the availability and fixation of phosphorus in soils. At
lower pH, soil phosphorus may precipitate as iron or aluminum phosphates, or may adsorb to the
surfaces of iron or aluminum oxides. At higher soil pH, soil phosphorus is typically associated
with calcium phosphates. The optimal pH for soil phosphorus availability is ~6.5 - 7 (Western
Plant Health Association, 2010).
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Figure 4. A plot showing the impact between soil pH and phosphate sorption to iron oxides. As
the soil pH decreases, there is an increase in phosphate sorption to iron oxides. When the soil pH
increases there is an opposite effect on phosphate sorption (Havlin, 1999).
The plant communities across T3 have adapted to the harsh soil conditions and an
exceptionally tight nutrient cycle by establishing mechanisms that conserve necessary nutrients
(Yu et al., 1999). When plants struggle to obtain nutrients, such as the vegetation of the pygmy
forest, they build stronger structures that help to hold onto nutrients, compared to vegetation in a
nutrient-rich environment. This makes it less likely for decomposing plant litter to cycle its
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phosphorus back into the soil. Iron may also limit P availability in the pygmy forest soil by
precipitating as low-solubility iron phosphates. Organic phosphorus needs to be mineralized by
soil microorganisms in order to be released into the bioavailable pool of soil phosphorus, and to
return phosphorus to soil solution for plant uptake. Inorganic soil phosphorus tends to be
associated with primary or secondary minerals, or can be adsorbed to mineral surfaces, as shown
in Figure 2. Inorganic phosphorus is the form that plants generally require for nutrient uptake, so
processes like weathering, dissolution, mineralization, and desorption are vital for maintaining or
expanding the amount of plant-available phosphorus in soils. Earlier studies (e.g., Newman,
1995) found that the rate of phosphorus input is a factor that will influence changes in vegetation
and is a key factor in determining if ecosystem productivity will be sustainable over a long
period of time.
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Figure 5. Extremely stunted vegetation growing in and next to pooled water with visible iron
(likely Fe3+, as indicated by the rust reddish color) at T3, in the pygmy forest (Photo: Nydra
Harvey-Costello).
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Figure 6. Clay hardpan causing water saturation and pooling across T3
(Photo: Nydra Harvey-Costello).
Physical limitations may also play a role in limiting phosphorus transport to surface soils.
As illustrated in Figure 5, iron can be observed in the pools of water located across T3,
supporting the existence of a near-surface iron-stained clay hardpan similar to Figure 6. At T3,
the oldest terrace of this study, an iron-stained clay hardpan exists at a depth of approximately
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25-30 cm. Impermeable iron-stained hardpans are likely to be the result of podzolization
(Coomes, 2013). This hardpan acts as a direct blockage or physical barrier that limits nutrients
which impede plant growth. During wet seasons water tends to over saturate the soils at T3 due
to the clay hardpan (Yu et al., 1999). The hardpan causes plant roots systems to become
extremely restricted at shallow depths, and it also causes water to pool aboveground since it
cannot properly infiltrate through the soil. During the winter season, drainage is restricted by the
hardpan, therefore it is a liability to plant growth (Westman and Whittaker, 1975). Anoxic
conditions caused by poorly drained soils are unfavorable for soil microorganisms to decompose
organic matter, which would be necessary for making phosphorus more readily available through
mineralization, as well.
Past studies (Jenny, 1958) tended to lack pertinent information regarding the rate at
which phosphorus is removed from soils and ecosystems, and rates of chemical evolution of
phosphorus (Walker & Syers, 1976). Walker and Syers developed a model that projected the
qualitative evolution of phosphorus availability throughout a long-term timescale of soil
development (Figure 7). Their model suggested that during soil genesis and development, soil
phosphorus speciation changes, and soil phosphorus may eventually become depleted. Primary
mineral phosphorus is the prominent form of phosphorus during the earliest stages of soil
formation, but with time primary mineral phosphorus is exhausted by weathering. In later stages
of soil development, primary mineral phosphorus is superseded by occluded and organic forms
of phosphorus, which are not readily available for plant uptake (Crews et al., 1995). The Walker
and Syers model is beneficial in that it predicts the effects of long term ecosystem progression
and retrogression in relation to phosphorus availability. Ecosystem progression or “succession”
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is indicated by an increase in biomass, nutrients (such as available phosphorus), and diverse
organisms (Warming 1895; Cowles 1899; Clements 1928, Whittaker et al. 1989; Peltzer 2010).
In contrast, ecosystem retrogression can be distinguished by a decline in soil phosphorus and
nitrogen (Walker & Syers 1976; Vitousek 2004; Wardle et al. 2004; Peltzer et al. 2010), a
resulting decline in ecosystem productivity and plant biomass, and the proliferation of species
that have adapted to nutrient-poor environments (Lambers & Poorter 1992; Grime 2001; Wardle
2002; Peltzer et al. 2010). A prolonged decrease in nutrient availability limits plant growth,
causing an overall decrease in plant biomass in retrogressive ecosystems (Brais et al. 1995;
Gower et al. 1996; Ryan et al. 1997; Magnani et al. 2000; Peltzer et al. 2010). Decreased
productivity and an increase in species adapted to nutrient-poor soils can be seen throughout
many soil chronosequences. These nutrient-poor ecosystems allow for deeper comprehension of
the effects of nutrient availability, phosphorus speciation, and soil development across
environments.
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Figure 7. The Walker & Syers (1976) model of phosphorus availability, which illustrates how
phosphorus changes with soil development. The x-axis represents time and the y-axis represents
the quantity of phosphorus in the ecosystem. Initially, the total amount of phosphorus and the
primary mineral phosphorus in the ecosystem decline, until primary mineral P is depleted, while
the labile phosphorus (plant available) temporarily increases before declining with soil age. At
the same time, the organic phosphorus, which is the least available for plant uptake, steadily
increases as the labile phosphorus becomes depleted. Organic phosphorus is the most dominant
form of phosphorus in mature soil systems (from Izquierdo et al., 2013).
Chronosequences, consisting of soils that share the same soil forming factors (climate,
organisms, relief, and parent material) with the exception of time, play an important role when
investigating the cycle of phosphorus and the effects it can have on ecosystem vegetation over a
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long period of time during soil development. Soil chronosequence studies offer a unique
perspective that can help to specify and identify mechanisms that drive phosphorus limitation.
Vitousek et al. (2010), recognized that global phosphorus limitation in terrestrial ecosystems can
be driven by individual or multiple factors, including: phosphorus depletion via leaching;
physical soil barriers (hard pans or impermeable layers); transactional limitation, insufficient
phosphorus content from parent material; phosphorus depletion by sequestration in phosphorus
“sinks” (such as relatively low solubility minerals); and anthropogenic influences such as
fertilizer addition or human-driven nutrient loss. In the past, studies have been carried out on
chronosequences in areas where large scale disturbances occurred (Table 1), resetting entire
ecosystems: Australia’s Cooloola sand dune sequence, Waitutu and Franz Josef sequences in
New Zealand, the Arjeplog lake island sequence in Sweden, Glacier Bay sequence in Alaska,
and the Hawaiian Islands sequence (Wardle et. al, 2004). The study of chronosequences and
climosequences is beneficial because these sequences record the impact of natural soil
pedogensis over long periods of time, ranging from hundreds of years to millions of years
(Courty et al., 2018).
The Franz Josef is an example of a 120 ky post-glacial chronosequence that was studied
to investigate the relationship between soil genesis and organic phosphorus using magnetic
resonance spectroscopy (NMR) (Turner et al., 2007). Trends showed that the soils making up the
youngest site (which experienced nitrogen limitation) of this chronosequence have accumulated
soil organic phosphorus, while a related effect occurred at the oldest site (phosphorus limitation);
these results were very similar to the results of the Hawaiian (4 mya) chronosequence (Crews et
al., 1995). Vitousek et al., (1997) also conducted research on the humid Hawaiian sequences, and
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showed the correlation between different stages (building, sustaining, and degrading) of the
ecosystems, and nitrogen limitation (in young soils) or phosphorus limitation (in old soils).
The Ecological Staircase, located in Mendocino County, California, is another
exceptional example of a soil chronosequence used to study soil formation and its effects on
phosphorus availability on a geologic time scale (Figure 8). This chronosequence has not
undergone any catastrophic “reset” events like the chronosequences discussed above, which is
rare in nature and worthwhile to examine.
Table 1. A list of chronosequences worldwide including their cause and duration (from Wardle et
al., 2004).
Chronosequence

Cause

Duration (yrs)

Cooloola (Sand Dunes), Australia

aeolian sand
deposition

> 600,000

Arjeplog (Islands), Sweden

wildfires

6,000

Glacier Bay (Surfaces), Alaska

glacial retreat

14,000

Ecological Staircase (Surfaces),
Mendocino County, CA

geologic uplift and
retreating sea

500,000

Hawaii (Surfaces)

volcanic lava flow

4,100,000

Franz Josef (Surfaces), New
Zealand

glacial retreat

> 22,000

Waitutu (Terraces), New Zealand

uplift of marine
sediments

600,000
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Figure 8. Cross sectional view of the Ecological Staircase in Mendocino County, California. The
present research focused on terraces 1 (T1), 2 (T2), and 3 (T3). Beginning at T1, each terrace
increases in age by ~100,000 years, with T3 being the oldest. The numbered black circles
represent the species of plants present across each terrace. The leaf C:P ratio (phosphorus in
plant tissue) across the Ecological Staircase increases with the terrace age (T1: 323, T2: 353, and
T3: 522). Total P changes across the terraces as well (Total phosphorus at T1: 194𝑔/𝑚( , T2:

133𝑔/𝑚( , and T3: 128𝑔/𝑚( ). (Adapted from Schulz, 2018).
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The Ecological Staircase consists of five marine cut terraces (this study focuses on
terrace 1 or “T1” to terrace 3 or “T3”) that each share the same parent material, modern day
climate, and plant species. As previously mentioned, this chronosequence is unique because it
has not been disturbed since the beginning of the pedogenic process. Time is the primary soil
forming factor that has varied at this site, and the time of formation is preserved at each of the
terraces. Each terrace is approximately 100,000 years apart in age, so by moving across the
landscape from Terrace 1 (T1) to Terrace 3 (T3) one travels through approximately 200,000
years of time in soil development (T1: ~100k ka, T2: ~200 ka, T3: ~300 ka) (Yu et al., 2003). It
is expected that each terrace along the Ecological Staircase should have similar chemical and
physical characteristics, based on the soil forming factors. However, T3 favors a different
biological community than T1 and T2. The soil at T3 is extremely acidic (3.6 to 4.8 pH), and
phosphorus in plants is lower in concentration than at T1 and T2, suggesting that the soil at T3 is
less fertile with respect to phosphorus. One dominant ecosystem at T3 is a pygmy forest, an
ecosystem that suffers from long term lack of nutrients, and where mature trees (> 100 years old)
are remarkably stunted (~3 m tall and < 5 cm in diameter) as a result of weathered and nutrient
poor soils (Westman & Whittaker; 1975; Yu et al., 1999; Izquierdo, 2013). This pygmy
phenotype represents a survival tactic of plants that reside in low nutrient environments (Courty,
2018). Given the apparent low concentrations of phosphorus in plant tissue in the pygmy forest,
it is of interest to analyze the different forms of phosphorus (primary mineral, labile, organic, and
occluded phosphorus) to interpret the availability of soil nutrients to plants across the Ecological
Staircase.
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There has not yet been any investigation of the specific chemical species of phosphorus
using modern spectroscopic analysis techniques such X-ray absorption spectroscopy (XAS) at
the Ecological Staircase along terraces 1, 2, and 3. One objective of this research was to use XAS
to understand the chemical evolution of phosphorus species over time in P-rich (younger) and Plimited (older) environments of the Ecological Staircase. In order to understand phosphorus
availability, sequestration, and transformations in various ecosystems, it is essential to consider
the chemical species of phosphorus (Ingall et al., 2010). In this chapter, my hypothesis is that the
phosphorus supply and speciation in soils from Terrace 1 and Terrace 2 will be similar to each
other, and different from the phosphorus supply and phosphorus species found in soils from
Terrace 3. This information will allow a deeper understanding of mechanisms that drive nutrient
availability in phosphorus-rich and phosphorus-poor environments, such as those found along the
Ecological Staircase chronosequence. In turn, a greater understanding of phosphorus cycling and
nutrient dynamics may be helpful in managing our finite phosphorus resources in the future.
MATERIALS & METHODS
Site Description
The Pygmy Forest Ecological Staircase (39.3778°N, 123.8136°W, Mendocino County,
California) is located within the Jug Handle State Natural Reserve. The Ecological Staircase
traces Jug Handle Creek along the Northern California coast. The staircase is approximately 3.5
miles long and half a mile wide, extending from the west (seashore) inland to the oldest terrace
(Jenny, 1973), sitting approximately 650 feet above the current sea level (Figure 8). The terraces
of the Ecological Staircase were cut and exposed beginning during the Pleistocene as a result of
geologic uplift and a retreating sea (Jenny, 1973). The sea deposited sediment as it retreated,
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creating a chronosequence along the terraces, which is present today. Each terrace of the
Ecological Staircase delineates a gradation of weathering ranging across approximately 100,000
years (Courty, 2018; Jenny, 1973). The youngest terrace, deposited approximately 100 kya (100
thousand years before present) begins near the seashore, and the oldest terrace, was deposited
500 kya and is cut at the highest elevation point (Figure 8). According to Jenny (1973), the
country rock at this site is predominantly Greywacke sandstone overlain by 20 - 30 feet of beach
material, which is in turn overlain by sand dunes. Specific vegetation is supported along each
terrace (Table 2). In particular, the young soils at T1 support grasslands, while more mature soils
at T2 support Redwood-Douglas fir and Bishop Pine forests, and the weathered soils at T3 host a
pygmy forest. Pygmy forest is typically found on sites with exceptionally infertile soils, which
suggests that the ecosystem may be reaching final succession (Yu, 1999). The pygmy forest
growing on infertile soil is found on T3, as shown in Figure 9.
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Table 2. Plant species reported across the Ecological Staircase by terrace.
Plant Species

Terrace 1

Beach Pine
(Pinus contorta)

✕

Bishop Pine
(Pinus muricata)

✕

Terrace 2

✕

Bolander Pine
(Pinus contorta)
Coastal Scrub
(Grassland)

Terrace 3

❖
❖

✕

Douglas fir
(Pseudotsuga
menziesii)

✕

✕

Grand fir
(Abies grandis)

✕

✕

Mendocino
Cypress
(Cupressus
pygmaea)

❖

Coastal Redwood
(Sequoia
sempervirens)
Sitka Spruce
(Picea sitchensis)

✕

✕

✕

✕ = plant species present across each terrace
❖ = plant species that make up the pygmy forest at T3.

25

Figure 9. View upon entering Terrace 3 of the Ecological Staircase, which hosts the pygmy
forest. The plants in the center are characteristic of pygmy forests as they are dwarfed by the
larger plants located at the perimeter (Photo: Nydra Harvey-Costello).
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Soil Sampling
Soil samples were collected at the Ecological Staircase by staff from Lawrence Berkeley
National Laboratory (LBNL). Samples were gathered from T1-T3, using a 2 inch (5 cm)
diamond corer. Numerous samples were collected from each terrace: eight samples from T1, six
samples from T2, and seven samples from T3. At T1 and T2, samples were collected from a
depth of approximately 0 - 18 cm and 0 - 5 cm. A clay hardpan, cementation of soil particles and
organic material, underlies T3 from ~25 - 30 cm, so soil samples were collected as far as the
corer could penetrate. Samples were collected at depths ranging from approximately 0 - 25 ± 5
cm at T3. The soil samples at T3 were visually inspected and divided into separate horizons.
Soil Characteristics
Soils along the T1 - T3 of the Ecological Staircase are part of the Cleone (coarse-loamy,
mixed, active, isomesic Typic Hapludults), Heeser (coarse-loamy, mixed, isomesic Ustic
Humitropepts), Blacklock (sandy, mixed, ortstein and shallow Typic Duraquods), and Aborigine
soil series (clayey, mixed, isomesic Typic Albaquuts) as determined by Google Earth SoilWeb
overlay (University of California, Davis Soil Resource Laboratory, 2008). Soil pH measurements
were carried out by LBNL, using 2.5 grams of each bulk soil sample in addition to a mixture of
0.01 M CaCl2 and deionized water. These measurements determined the acidity or alkalinity of
each soil sample. Ferrous iron in pooled water along T3 was visible, which demonstrated the
availability of iron in the soil and supports the presence of a near surface iron-stained clay
hardpan (Figure 6). Additional soil characteristics can be found in Jenny, (1973), Yu et al.,
(1999), and Yu et al. (2003).
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X-ray Absorption Spectroscopy (XAS) Data Collection and Processing
Bulk soil samples were processed using X-ray absorption near-edge spectroscopy
(XANES). XANES is a nondestructive technique and is specific to any element of choice based
on the choice of X-ray energy. The bonding environment of the element of interest (i.e.,
phosphorus) can be distinguished based on its spectral features (Beauchemin, 2003). The “preedge,” “edge,” primary peak, and “post-edge” features of XANES spectra allow bonding
environments to be characterized. This technique uses X-ray photons to measure the
transformation of core electrons from a 1s shell to its excited state (Yano, 2009), providing
information regarding oxidation states, structure, and distinction between various chemical
species (Kizewski et al., 2011; Kruse et al., 2015; and Massey et al., 2017).
Data were collected for soil samples of the Ecological Staircase at the Stanford
Synchrotron Radiation Lightsource (SSRL beamline 14-3). Each sample was scanned to allow
the identification of phosphorus species present in the soil sample. Twenty-one bulk soil samples
were processed using P K-edge XANES spectroscopy (XANES) at the Stanford Synchrotron
Radiation Lightsource (SSRL beamline 14-3). Numerous scans of each dry soil sample (3 to 15
scans) and standard references (2 scans) were averaged to create final spectra for analysis.
SIXPack (Sam’s Interface for XAS Package), software that enables users to import, analyze, and
manipulate raw XAS data, was used to calibrate and average multiple data scans and to carry out
background subtraction (Webb, 2005). Normalization to the phosphorus K-edge in SIXPack is
necessary for data analysis via the ATHENA software package. ATHENA allows for
interpretation and analysis of the spectra using linear combination fitting (LCF) (Ravel &
Newville, 2005). LCF, a feature included in ATHENA software, is typically used when fitting
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XANES spectra with a set of known “standard” spectra representing particular species of
phosphorus (Kruse et al., 2015). LCF estimates the contribution of each standard to the unknown
spectra of interest (Ravel, 2004; Giguet-Covex, 2013). In this work, the fit range for the
normalized XANES spectra was between -10 eV to 35 eV, the pre-edge parameters were
normalized over a range of -23 eV to - 5 eV, and the post-edge normalization range was from 30
eV to 66 eV.
Two categories of standards, organo-mineral and mineral, were used to identify
phosphorus species in samples from the Ecological Staircase using P K-edge XANES LCF.
Examples of spectra from both of these categories are shown in Figure 10. Standards are
necessary to interpret XANES spectra obtained from natural soil samples that contain unknown
phosphorus species (Giguet-Covex, 2013). For both studies, the following standards were
selected: Al-humic P complex (provided by Charline Giguet-Covex), Hematite-bound P
(collected at the Advanced Light Source or ALS), Fe-phytate (collected at ALS), and Apatite
(collected at SSRL).
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Figure 10. K-edge XANES spectra of mineral, organo-mineral, and organic standards.
Two categories of organic standards are distinguished: organic compounds of commercial
origin and the natural standards, which represent mixtures of organic compounds for
different types of terrestrial and lacustrine organic phosphorus (from Giguet-Covex et al.,
2013).
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T-test and One-way ANOVA test
A simple T-test was used to compare the differences in iron between T1-T3 of the
Ecological Staircase. A one-way ANOVA test was used to test differences in aluminum-associated
phosphorus across terraces, and by depth. These data also passed statistical tests for normality and
homogeneity of variance.
RESULTS
Soil pH
Trends show that the pH of the soils across the Ecological Staircase consistently
decreases the more that the soil has developed (Figure 11). Soils collected for near surface
samples show that pH decreases from T1 to T3. For instance, at T1, pH is approximately 6.5
while T3 has a pH of approximately 3.5. Soils are the most acidic at T3 and the pH increases
with depth to approximately pH 4.5.
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Figure 11. Soil pH along each terrace of the Ecological Staircase with respect to depth. (i.e. T1
represents terrace 1 and 0-18 represents depth in centimeters) The pH was measured twice in a
mixture of deionized water with H2O and CaCl2 , however CaCl2 is more representative of what
plants experience in soil. Trends show that the pH decreases from the youngest terrace (T1) to
the oldest terrace (T3).
P K-edge XANES
Bulk soils along the Ecological Staircase were analyzed using P K-edge X-ray absorption
near edge structure (XANES) spectroscopy for T1-T3 (Figures 12-16). The primary K-edge peak
region for the standards used in this study exist from a range of 2152 eV to 2152.8 eV. Each
standard used in this study produces unique spectra or a “fingerprint”. The spectra generated
from the standards make it possible to distinguish between various phosphorus species in each
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bulk soil sample. The Al-humic complex can easily be identified by its relatively featureless
spectrum, sharp primary peak, and broad post-edge peak (which resembles that of organic P
species, e.g., those depicted in Figure 10). P on hematite and Fe-phytate have a clear pre-edge
“bump” feature. Although this pre-edge bump can be more or less pronounced given the soil
sample, this feature is indicative of P associated with iron, or P adsorbed to iron oxides. Further,
samples with P on hematite also have a post-edge shoulder and two post-edge peaks from 2160
eV to 2180 eV that are distinct to this specific mineral. At T1, XANES spectra indicate 57% Alhumic P and 43% Hematite from a depth of 0-18 cm. At T2, XANES spectra indicate 73% Alhumic P and 27% Fe-phytate from a depth of 0-5 cm. Bulk soil samples were also analyzed from
the surface (shallow) and the subsurface at T3. T3 XANES spectra indicate that the shallow
surface horizon, 0-6 cm is composed of 51% Al-humic P and 49% Fe-phytate. In the T3
subsurface soils from 5-30 cm, XANES spectra indicate 61% Al-humic P and 39% Fe-phytate.
The percent weight composition (Figure 16) was plotted across each terrace to determine
if there may be any significant differences in aluminum and iron. A significant difference was
detected in the iron between terrace 2 and terrace 3 (p=0.014). Our results for the one-way
ANOVA test suggests that there was no marginally significant difference in aluminum between
each terrace (p=0.10) with no significant difference by depth (p=0.70).
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Figure 12. P K-edge X-ray absorption (XANES) spectra and linear combination fit for bulk soils
at T1 of the Ecological Staircase. The data are shown as a red line and the best fit is represented
by a dashed black line. The blue (Al-associated) and yellow (Hematite) spectra are standards used
to make the overall fit.
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Figure 13. P K-edge X-ray absorption (XANES) spectra and linear combination fit for bulk shallow
soils at T2 of the Ecological Staircase. The data are shown as a red line and the best fit is
represented by a dashed black line. The blue (Al-associated) and green (Fe-phytate) spectra are
standards used to make the overall fit.
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Figure 14. P K-edge X-ray absorption (XANES) spectra and linear combination fit for bulk near
surface soils at T3 of the Ecological Staircase. The data are shown as a red line and the best fit is
represented by a dashed black line. The blue (Al-associated) and green (Fe-phytate) spectra are
standards used to make the overall fit.
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Figure 15. P K-edge X-ray absorption (XANES) spectra and linear combination fit for bulk
subsurface soils at T3 of the Ecological Staircase. The data are shown as a red line and the best fit
is represented by a dashed black line. The blue (Al-associated) and green (Fe-phytate) spectra are
standards used to make the overall fit.
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Figure 16. Percent weight composition of standards (Al-humic P, Fe-phytate P, and P on hematite)
from soils of the ecological staircase in Terraces 1-3. The data are shown with standard error bars.
Significant differences in Fe between Terrace 2 and 3 were found (p=0.014), however no
significant differences in Al were detected across terraces (p=0.10).
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DISCUSSION
According to Izquierdo (2013), the total soil phosphorus begins to stabilize in the
Ecological Staircase after T1. This implies that there may be other mechanisms beyond the total
supply of soil phosphorus across the Ecological Staircase limiting the availability of phosphorus
which drives the pygmy forest at T3. XANES was utilized to shed light on this issue by gaining
a molecular perspective of how phosphorus evolves in the soil across the terraces. We expected
the plant available phosphorus supply (labile and non-occluded) to decrease as the age of the
terraces increases. Specifically, we hypothesized that T1 and T2 would have comparable reserves
of available phosphorus and species as opposed to T3. However, the data do not support the
hypothesis as they indicate that T2 and T3 are distinct from T1 with respect to the supply and the
chemical species of phosphorus. XANES results revealed that while all terraces contained
significant amounts of a complex of phosphorus, Al-oxide and humic acid, T1 contained
hematite-associated phosphorus while T2 and T3 contained Fe-phytate. The Al-humic P
complex, a form of plant-available P, can be accounted for at each terrace due to the process of
pedogenesis and the amalgamation of organic material and free aluminum ions, which makes
phosphorus available for uptake (Gerke, 2010). Based on the exceptionally weathered older soils
at T3, Yu et al., (1999) predicted that much of the aluminum that would be present has been
leached and bound to organic material. The XANES results confirm these predictions and show
for the first time that older soils contain more organic species of phosphorus (Fe-phytate)
compared to younger soils, which helps explain phosphorus limitation in the Pygmy Forest
Ecological Staircase.
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Iron phytate, an organic form of phosphorus, significantly increased from T2 to T3. This
provides further evidence that as soils age phosphorus becomes more limited and bound up in
organic form. To explain the abundance of iron-phytate concentration in the surface soils
compared to the subsurface soils, the concept of biological uplift may be considered. Biological
uplift or “nutrient uplift” is the idea that if plant uptake is greater than leaching in a system, then
heavier elements (Ca, Mg, K, and P) will be more concentrated at shallow depths (Jobbagy,
2004). Our results also show that at T3, the iron-phytate concentration is 49% from 0 - 6 cm and
39% from 5 - 22 cm, which would agree with the notion of biological uplift. This provides more
evidence in support of Walker and Syers model where we would expect that as soils age, organic
forms of phosphorus are abundant in the surface soils.
Equally important, fluctuations in pH have a strong ability to either influence or interfere
with the availability of nutrients and the fertility of soils (Figure 3). For optimal nutrient
availability and soil fertility, the soil pH should be between approximately 6 and 7.5. Soils across
the terraces of the Ecological Staircase become more acidic with age making T3 the most acidic,
and thus the most infertile. In acidic environments such as T2 and especially T3, phosphorus
becomes increasingly adsorbed to iron (Figure 4) and aluminum compounds, or precipitated as
secondary minerals, within the soil. The concentration of iron phytate increases from T2 to T3
(27% to 49%), which demonstrates that plant available phosphorus is decreasing. As soil pH
decreases, phosphorus becomes less available for plant uptake and organic forms of phosphorus
become dominant across T2 and T3. Low pH at these terraces causes phosphorus to be strongly
bound to iron (iron phytate) and aluminum compounds (Al-humic complex), which can lead to
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phosphorus deficiency in the system because of the amount of time it takes for the nutrient to be
released back into the system.
Limitations
This research was carried out using a total of 21 soil samples with a lack of deep soil
samples (deeper than 5 cm) collected at T2. Samples collected at T1 (0 - 18 cm) and T3 (0 - 22
cm) make it possible to identify trends in phosphorus speciation at depth. Having deep soil
samples for T2 would allow for a better comparison of these trends, if any trends exist. Being
able to analyze the evolution of phosphorus species at depth in T2 and T3 could offer a new
outlook on why the vegetation has a different response at T3. The use of micro-XANES on thin
sections could be beneficial to offer a higher resolution of the phosphorus species in soil samples
as opposed to bulk XANES, which only determines the bulk soil components. Micro-XANES is
performed on an image or “map” that allows the identification of species of phosphorus in
specific locations. In conformity with Hesterberg et al., (2017), the use of micro-XANES
supports pinpointing minor and diverse species of phosphorus in soils that have likely gone
overlooked with the bulk XANES analysis. Using multiple methods of spectroscopy, such as
bulk XANES and micro-XANES, in addition to results from various soil characteristics and
chemical analyses, may prove to be more advantageous because phosphorus species in complex
matrices (soil) become distinguishable with higher specificity and certainty.
CONCLUSION
This research is the first study to incorporate both chemical extractions and synchrotronbased analysis (XANES) to study soils of the Ecological Staircase. Our hypothesis was that T1
and T2 would have very comparable supplies of total phosphorus, and chemical species. The
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XANES analysis produced visal spectra accurately showing how phosphorus has evolved across
each terrace over the course of ~100,000-year increments, but P speciation results do not agree
with our hypothesis. In summary, the data shows that organic forms of phosphorus (Fe-phytate)
increase from T2 to T3, and that T2 and T3 are distinct from T1 which do not contain Fe-phytate.
The transition to a pygmy forest at T3 from T2 may be contingent upon the increase of organic
forms of phosphorus. When iron mineral phases (Fe-phytate) exist in acidic soils it is an
indicator of phosphorus immobilization and sequestration that essentially takes away from the
supply of available phosphorus for plant use (Wang et al, 2018), which is occurring in the soils at
T2 and T3. The role of phosphorus in terrestrial ecosystems ensures productivity and resilience
amongst plant communities but is of great value to acknowledge other factors and mechanisms
that control the availability of phosphorus in soil like a clay hardpan, biological uplift, and soil
pH. Understanding how these components interact over time in long term ecosystems such as the
Ecological Staircase can ultimately facilitate a deeper understanding of soil phosphorus
availability in young and old soils worldwide expanding our knowledge of phosphorus cycling
and maximizing nutrient dynamics and availability.
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CHAPTER II. KOHALA, HI CLIMOSEQUENCE
INTRODUCTION
Amongst all of the soil forming factors, climate stands to have the most powerful effect
on how many soils and landscapes develop worldwide. For example, the highly weathered soils
of the tropics are formed as a result of frequent, strong tropical rains. When considering soil
formation, one must take into consideration the impact of climate on soils. Temperature and
moisture are the two components that make it possible to quantitatively describe climate as it
relates to pedogenesis (Jenny, 1994). The rate of weathering in soils is impacted by both
temperature and moisture, and both of these factors may govern the presence of organisms across
a landscape. Moisture, in this context, is expressed as the annual precipitation that an area
receives. Based on the amount of precipitation, climate can be categorized into domains such as
“arid” and “humid” (Jenny, 1994). Arid climates do not receive as much precipitation as a humid
site would, and soils in arid climates weather more slowly. Rainfall is capable of increasing the
rate of weathering and influencing the diversity of organisms, thus causing fluctuations in the
availability of nutrients. All soils have a certain water holding capacity, but when rainfall
surpasses that maximum capacity, precipitation percolates into the groundwater system or
becomes excess runoff to other bodies of water (Chadwick et al., 2003). Nutrients, in turn, can be
leached from the soil as water percolates through, or can be transported overland in runoff, often
adsorbed to small soil particles that become entrained in the water.
Soils of the Hawaiian Islands have exceptional characteristics that make studying them
valuable for soil scientists. The islands themselves represent a soil chronosequence (Figure 17),
which for the most part is very well naturally preserved and formed consecutively over a long
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period of time, similar to the formation of the Ecological Staircase. Crews et al. (1995) highlights
the significance and relevance of the Walker & Syers (1976) model using the six Hawaiian
Islands to reveal phosphorus cycling and transformation over the course of 300 yr - 4.1 my. His
findings agree with the Walker and Syers model, as they found that over time, primary mineral
phosphorus and plant available phosphorus diminished significantly, and that organic and
occluded phosphorus became the dominant form of phosphorus. The island of Hawaii, being the
youngest of the islands, was found to be generally rich in both primary mineral phosphorus and
plant available phosphorus, while soil on Kauai had a greater amount of occluded and organic
forms of phosphorus. However, this study found that the total quantity of phosphorus at the
intermediate site, Kohala Mountain, increased, while the Walker and Syers model of phosphorus
speciation indicates that it should decrease. Further research investigated the reason for total soil
phosphorus reaching its greatest quantity in intermediate aged soils.
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Figure 17. Map of the six islands that make up the Hawaiian archipelago, with their approximate
soil ages and locations. The youngest soils are found on the most recently formed island of
Hawaii, while the oldest soils are found on the older island of Kauai (from Crews et al., 1995).
The leeward side of the Kohala climosequence, the site of interest where samples were
collected for the present study, has relatively consistent soil forming factors with the exception
of climate and vegetation. The parent material is composed of the 150 ky basaltic Hawi lava
flow, and the rainfall gradient along the climosequence ranges from 280 - 3100 mm/yr
(Chadwick et al., 2013; von Sperber et al., 2017). The vegetation expectantly varies due to the
change in rainfall across the climosequence, which increases with elevation (Giambelluca &
Schroeder 1998; Porder & Chadwick 2009). With hopes to explain the behavior of total
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phosphorus at Kohala Mountain, Porder and Chadwick (2009) investigated the way that rainfall
impacts vegetation, nutrient cycling, and soil development, and found out that the increase in
phosphorus may be due to the process of biological uplift. Further, Helfenstein et al., (2018)
reported an increase of the total amount of soil phosphorus at the intermediate rainfall site at
Kohala Mountain, and studied phosphorus speciation with numerous analytical techniques,
including P K-edge XANES spectroscopy. However, their work only studied 4-6 sites across the
entire climate gradient, so these findings are somewhat limited, and trends regarding the changes
in P speciation require further study in order to understand P dynamics along the climosequence.
The aim of this research was to obtain a high-resolution view of the way phosphorus
speciation changes across the Kohala Mountain climosequence, using P K-edge X-ray absorption
spectroscopy and 46 soil samples collected across the climate gradient. Furthermore, this study
expands on the work of Helfenstein et al. (2018), examining whether there are linear or nonlinear
changes occurring in soils with changes in rainfall across the Kohala climosequence. This
research also investigates the way that rainfall affects the availability and chemical forms of
phosphorus across the climosequence in dry and wet environments. Previous studies found that
low rainfall environments (arid sites) have soils with greater primary mineral phosphorus and
plant available phosphorus, whereas high rainfall sites (subhumid to humid) will have less
mineral phosphorus, and more organic phosphorus. It was hypothesized that the same trends
would be observed in this work, but it was unclear whether the trends would be linear.
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MATERIALS & METHODS
Site Description
The Kohala climosequence (“Kohala” in Figure 17) is located on the northwest tip of the
island of Hawaii (20.0859°N, 155.7171°W), and lies along a climate gradient that scientists have
used to study trends in nutrient cycling during soil development. The parent material at this site
consists of volcanic basalt of the Hawi formation, a single lava flow which is approximately
150,000 years old (Chadwick et al., 2003). The soil samples from this site were collected on the
leeward side of Kohala Mountain along a 14-kilometer east-west transect, which is exposed to a
variable amount of wind and rainfall (von Sperber et al., 2017). Helfenstein et al., (2018)
discussed trends in vegetation across the climosequence, explaining that arid sites have limited
plant cover, with soils losing nutrients due to wind erosion; plant cover increases at intermediate
and humid sites, but heavy rainfall leads to severe leaching of nutrients, shown in Figure 18.
(Helfenstein et al., 2018). The annual rainfall patterns (Figure 19) across the climosequence
decrease going from the east to the west end of the transect, along with the elevation. The annual
precipitation recorded along the transect ranges from 3238 mm at the highest elevation and 295
mm at the lowest point of elevation (Helfenstein et al., 2018).
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Figure 18. A conceptual diagram based on the Kohala climosequence, showing how weathering
rates and soil processes are affected by rainfall (climate) along the east-west transect. Rainfall is
capable of increasing the rate of weathering and leaching, which will influence the diversity of
organisms and the availability of nutrients across the climosequence. (Figure adapted from
Helfenstein et al., 2018).
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Figure 19. An aerial view of the Kohala Mountain climosequence. The white contour lines
represent annual rainfall in millimeters, and the black topographic lines are 100-meter contour
lines. The Pololu lava flow is illustrated in light gray and the Hawi lava flow in dark gray. Each
letter symbolizes a soil collection site from a previous study (Bullen & Chadwick, 2016).
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Soil Sampling and Soil Characteristics
The Kohala soil samples that were used in this study were collected, described, and
provided by Dr. Christian von Sperber in an earlier study (von Sperber et al., 2017) that
concentrated on the availability and the cycling of nitrogen:

Soil samples were collected in July 2014 and July 2015, at the same sites each
time, in pasture grass-dominated locations every 300 - 500 m along the transect (an
overall distance of ~17 km). Soils are volcanically derived Andisols, ranging from Typic
Haplotorrands in the driest sites to Typic Fulvudands in the wettest sites (Chadwick et al.
2003). In all, 46 locations were sampled. At each location, a soil column was excavated
to a depth of 30 cm, and an integrated sample from 0 to 30 cm was obtained and
homogenized (removing rocks and roots in the process) following the procedures of
Vitousek et al. (2004) and Vitousek and Chadwick (2013). The 30 cm depth was entirely
within the A horizon in the wettest sites, but included the upper B horizon in the drier
sites (Chadwick et al. 2003). (von Sperber et al., 2017, p. 1119)

Overall, soils of the Kohala Mountain are classified as Andisols (volcanic ash), but at dry
sites the soils are described as Typic Haplotorrands and the wet sites as Typic Fulvudands (von
Sperber et al., 2017; Chadwick et al., 2003). Arid/dry (< 300 mm/yr), sub-humid, and humid (>
3,200 mm/yr) are the three soil process domains that have been reported along the Kohala
climosequence, based on the amount of annual rainfall.
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X-ray Absorption Spectroscopy (XAS) and Data Processing
Similar to the Ecological Staircase (Chapter 1), data for the Kohala Mountain
climosequence were collected using XANES at SSRL beamline 14-3. Earlier studies utilizing
XAS have used similar sample preparation techniques (Massey, 2019; Helfenstein et al., 2018).
In short, the soil was ground into a very fine powder using an agate mortar and pestle and
applied delicately onto metal sample holders backed with phosphorus-free carbon tape. A total of
46 soil samples were scanned (3 - 20 scans) at the beamline. Further detail regarding data
calibration and normalization via SIXPack and ATHENA are provided in Chapter 1 (Methods:
X-ray Absorption Spectroscopy (XAS) Data Collection and Processing).
Statistical Analyses - Linear Regression
Linear regression was used to determine if the various species of phosphorus were
significantly related to rainfall (Figure 20). These data passed the normality and homogeneity of
variance held true for these data, so the data required no transformation (e.g., logarithmic
transformation).
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Figure 20. Linear relationships are shown between the mean annual rainfall in millimeters and
the three species of phosphorus (apatite P, hematite P, and Al-humic P complex, %) identified
across the Kohala climosequence. As precipitation increases apatite P decreases, hematite P
decreases, and Al-humic P complex increases. The shaded areas on the plots show standard error
of the regression. Across the same precipitation gradient total P increases as rainfall decreases.
RESULTS
The Kohala climosequence has a variety of climate transitions, and spans climates that
range from dry to humid (Bullen & Chadwick 2016). A series of 46 bulk soil samples were
subjected to spectroscopic analyses to determine the dominant phosphorus species present along
the climosequence. XANES spectra indicated that primary mineral apatite and Al-associated P
(represented by a spectrum from an Al oxide-humic P complex) are the dominant forms of
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phosphorus in soils collected from arid climates (an example of a spectrum and fit from a dry site
is shown in Figure 21) while phosphorus on hematite (Fe-associated P) and Al-associated P are
representative of soils collected from sites with humid climates (an example of a spectrum and fit
from a humid site is shown in Figure 22). Linear regression analysis demonstrated that apatite
significantly decreases as rainfall increases (P<0.001, r2=0.31), hematite significantly decreases
as rainfall increases (P<0.001, r2=0.18), and Al-humic complex (a comparatively featureless
XANES spectrum, in this case representing some combination of P bound to Al oxides, and
organic P) significantly increases as rainfall increases (P<0.001, r2=0.42).
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Figure 21. Phosphorus K-edge X-ray absorption near edge structure (XANES) spectra and linear
combination fits used to identify the percent composition of Al-associated P (blue) and Apatite
(purple) at dry sites at the Kohala climosequence. The spectrum (top) is from a sample collected
at site 42. The data are shown as a red line, and the linear combination fit is a dashed black line.
The blue and purple curves are standard spectra used to best fit the data. The P on hematite
spectrum (yellow line) is shown for comparison purposes and was not included in the fit.
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Figure 22. Phosphorus K-edge X-ray absorption near edge structure (XANES) spectra and linear
combination fits used to identify the percent composition of Al-associated P (blue) and Hematite
(yellow) at wet sites at the Kohala climosequence. The spectrum (top) is from a sample collected
at site 19. The data are shown as a red line, and the linear combination fit is a dashed black line.
The blue and yellow curves are standard spectra used to best fit the data. The apatite P spectrum
(purple line) is shown for comparison purposes and was not included in the fit.
DISCUSSION
A total of 46 soil samples were collected from across the Kohala climosequence and
analyzed in order to expand on previous studies of phosphorus speciation carried out by
Helfenstein et al., (2018). In accordance with that previous work, it was anticipated that soils
collected in arid climates with little precipitation would have a higher content of primary mineral
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phosphorus and plant available phosphorus, compared to sites that have sub-humid and humid
climates. Sub-humid and humid climates typically receive a higher amount of precipitation, and
therefore these soils were expected to have little to no primary mineral phosphorus, and perhaps
some occluded forms of phosphorus. Occluded phosphorus was not “visible” using the XANES
technique, since XANES examines only the electronic structure of the atoms of interest and
cannot detect longer-range structure (such as coatings on top of phosphorus). Similar to a
previous study by Helfenstein et al., (2018), the bulk XANES spectra confirmed that primary
mineral apatite is the dominant species of phosphorus in soils collected from arid climates along
the climosequence while phosphorus on hematite and Al-humic-complex are identified in soil
samples collected at sites classified with humid climate. Additionally, several trends were
detected in phosphorus speciation across the climosequence.
Soil phosphorus species appeared to undergo approximately linear changes across the
climosequence. The large presence of apatite in soils from arid climates is due to a combination
of rainfall and the parent material. Through the process of weathering, parent material
disintegrates and then begins to form into mature soils over time (Jenny, 1994). Naturally, the
parent material is a source of total soil phosphorus and nutrients for the soils of the Kohala
climosequence which are produced from apatite-enriched Hawi lava (Spengler & Garcia 1988).
Since there is little rainfall on the dry end of the gradient, the primary mineral apatite remains in
that form instead of dissolving or re-precipitating into secondary minerals. Dissolution of apatite
P, followed by phosphorus adsorption or re-precipitation as secondary minerals, occurs with an
increase in rainfall and weathering of soil materials. The presence of apatite completely
diminishes at sites where the precipitation exceeds approximately 850 mm/year. In this
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environment Al-associated P, organic phosphorus (represented by the Al-humic P complex
spectrum), and phosphorus on hematite become the dominant forms of phosphorus. However,
our results show that phosphorus on hematite decreases with rainfall (Figure 20). This may
represent a greater amount of phosphorus in organic forms or adsorbed onto Al oxides. However,
it may also represent a change in phosphorus form that causes the XANES spectral features
characteristic of Fe-associated phosphorus to diminish (Prietzel & Klysubun, 2018). Helfenstein
et al., (2018) noted that humid areas with high rainfall typically have a higher capacity for
phosphorus sorption, which may explain the decrease in phosphorus on hematite in soils as the
rainfall continues to increase. Increasing precipitation also leads to increased leaching intensity
and a greater prevalence of organic materials (Chadwick et al., 2003). In highly-weathered soils,
Al-oxides are some of the most recalcitrant phosphorus adsorbents, so phosphorus may end up
adsorbed to these minerals with increased weathering. Since phosphorus bonds directly with
metal cations such as Al-oxide, the Al-humic P complex was used for the best fit (Kleber et al.,
2007; Helfenstein et al., 2018). However, P K-edge XANES is not able to properly indicate the
Al-humic P complex spectrum. The Al oxide-bound inorganic phosphorus, Al-oxide-bound
organic phosphorus, and organic phosphorus spectra appear to be closely related and share nearly
indistinguishable features (Giguet-Covex et al., 2013; Helfenstein et al., 2018). Additionally, this
research showed that there appear to be no sudden changes in phosphorus species across the
climosequence. The fitting results appear to change in a roughly linear fashion, with no notable
discontinuities.
The climate is the propelling mechanism which causes phosphorus speciation to vary
significantly along the Kohala climosequence. In this study, temperature along the transect
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changes very minimally (16 - 23°C) as opposed to the annual precipitation, which ranges from
295 mm - 3238 mm, making precipitation the primary factor driving biological responses
(Chadwick et al., 2003; Vitousek & Chadwick 2013; von Sperber et al., 2017) and availability of
nutrients. Naturally, when precipitation increases across the climosequence the vegetation
increases too. At sites with low rainfall there is little ground cover available, which leads to an
increased rate of erosion. Plants that uptake phosphorus across dry sites are likely removed by
processes such as water or wind erosion of the surface soils (Chadwick et al., 2007). At sites with
high rainfall there is full vegetation across the landscape, but a higher rate of leaching opposed to
erosion. As ground cover and vegetation increase with precipitation, the input of organic material
increases since there is more plant tissues and residue available. However, at sites with high
rainfall, the intensity of leaching increases, which leads to a loss of nutrients and changing
species of phosphorus. Since vegetation largely depends on the amount of rainfall received,
climate is the dominant force that drives the availability of nutrients and the species of
phosphorus present across the climosequence.
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CONCLUSION
This research elaborates on the previous work done by Helfenstein et al., (2018) by using
XANES spectroscopy to analyze 46 soil samples (rather than the previous study’s four spectra),
giving a more in-depth perspective regarding the transformation of phosphorus in dry and wet
climate zones. The study investigated how rainfall influenced phosphorus transformations and
nutrient availability in each specific climate zone. Apatite and phosphorus on hematite decreased
with increasing rainfall while the Al-humic P complex (representing organic P and Al-associated
P) increased. The observed trends were relatively smooth, indicating no significant pedogenic
thresholds.
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SUPPLEMENTARY MATERIALS
Additional figures and R code will be presented in this section. These figures will demonstrate
that the Ecological Staircase and Kohala data has passed the test for normality and homogeneity
of variance.
Total Phosphorus and Phosphorus in Plant Tissue - Ecological Staircase

R code
#### Ecological Staircase
#### 2020-04-19
#### Code written by Patty Oikawa and Nydra Harvey
#### Preliminaries
# Clear workspace
rm(list = ls())
# Load required packages
my.packages <- c("lme4", "tidyverse", "cowplot")
lapply(my.packages, require, character = TRUE)
esdata <- read.csv('ESdata_NHC_for_R.csv')
str(esdata)
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#install.packages("lme4")
#library(lme4)
########################################################################
#### Simple T test to compare differences in Al and Fe across terraces
# Model with only Al
esTTestFe <- t.test(Fe ~ Terrace, data = esdata)
summary(esTTestFe)
names(esTTestFe)
esTTestFe$statistic
esTTestFe$p.value
#this test found a marginally sig diff in Fe between terrace 2 and 3 (p=0.0532)
########################################################################
#### One-way ANOVA Al Fe He vs. terrace
esdata$Terrace<-factor(esdata$Terrace)
esdata$Depth<-factor(esdata$Depth)
esANOVA <- aov(Al ~ Terrace+Depth, data=esdata)
plot(esANOVA)#check variance and distr
hist(esdata$Al)#check for normal dist
summary(esANOVA)
#Terrace effect marginally sig (p=0.155)
#Depth effect not sig (p=0.307)
boxplot(Al~Terrace, data=esdata)
######### LOAD IN DIFFERENT FILE called esdata_b where deep soil samples from terrace
3 were removed####
#ie samples that did not include upper layer (0-5cm)
esdata_b <- read.csv('ESdata_NHC_for_R_b.csv')
str(esdata_b)
#install.packages("lme4")
#library(lme4)
########################################################################
#### Simple T test to compare differences in Al and Fe across terraces
# Model with only Al
esTTestFe_b <- t.test(Fe ~ Terrace, data = esdata_b)
summary(esTTestFe_b)
names(esTTestFe_b)
esTTestFe_b$statistic
esTTestFe_b$p.value
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#this test found a marginally sig diff in Fe between terrace 2 and 3 (p=0.0135)
########################################################################
#### One-way ANOVA Al Fe He vs. terrace
esdata_b$Terrace<-factor(esdata_b$Terrace)
esdata_b$Depth<-factor(esdata_b$Depth)
esANOVA_b <- aov(Al ~ Terrace+Depth, data=esdata_b)
plot(esANOVA_b)#check variance and distr
hist(esdata_b$Al)#check for normal dist
summary(esANOVA_b)
#Terrace effect marginally sig (p=0.101)
#Depth effect not sig (p=0.700)
boxplot(Al~Terrace, data=esdata_b)
#pairwise comparison
TukeyHSD(esANOVA_b)
#Tukey multiple comparisons of means
#95% family-wise confidence level
#Fit: aov(formula = Al ~ Terrace + Depth, data = esdata_b)
#$Terrace
#diff
lwr upr p adj
#2-1 16.027025 -5.629075 37.68312 0.1694553
#3-1 -2.420389 -23.173751 18.33297 0.9519922
#3-2 -18.447414 -40.756607 3.86178 0.1151185
#only marginally sig result is that terrace 2 and 3 are slightly diff (p=0.115)
#$Depth
#diff
lwr upr p adj
#2-1 -0.9138845 -20.96354 19.13577 0.9924936
#4-1 1.4622151 -21.39791 24.32234 0.9852786
#4-2 2.3760996 -20.48402 25.23622 0.9616519
#ggplot
## Summarize data for plotting
plotData <- esdata_b %>%
dplyr::select(Terrace, Al, Fe, He) %>%
pivot_longer(c(Al, Fe, He), names_to = "metal", values_to = "concentration") %>%
group_by(Terrace, metal) %>%
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summarise(meanConc = mean(concentration),
seConc = sd(concentration)/sqrt(length(concentration)))
dodge <- position_dodge(width = 0.9)
terracePlot <- ggplot(data = plotData, aes(x = Terrace, y = meanConc, group = metal)) +
geom_bar(aes(fill = metal), stat = "identity", position = dodge) +
geom_errorbar(aes(ymin = meanConc - seConc, ymax = meanConc + seConc), position =
dodge, width = 0.2) +
scale_y_continuous("Percent Weight Composition (%)") +
theme_bw() +
theme(axis.line = element_line(colour = "black"),
panel.grid.major = element_blank(),
panel.grid.minor = element_blank(),
panel.border = element_rect(colour = "black"),
panel.background = element_blank())
terracePlot
ggsave(terracePlot, file = "bar_graph_Al_Fe_He.jpg")
####Kohala Data#############
# Clear workspace
rm(list = ls())
kodata <- read.csv('Kohala_data_R_v2.csv') #load data with rainfall
str(kodata)
#run if loads in numerical data as factor (often happens when there is NAN in first cell)
kodata$Hematite_P<-as.numeric(levels(kodata$Hematite_P))[kodata$Hematite_P]
str(kodata)
summary(kodata)
#change NaNs to NA
kodata$Apatite_P[is.nan(kodata$Apatite_P)]<-NA
kodata$Hematite_P[is.nan(kodata$Hematite_P)]<-NA
# run linear regression Rainfall vs Apatite
lmMod_Apatite <- lm(Apatite_P ~ Nrain, data = kodata)
plot(lmMod_Apatite)
summary(lmMod_Apatite)
# run linear regression Rainfall vs Hematite
lmMod_Hematite <- lm(Hematite_P ~ Nrain, data = kodata)
plot(lmMod_Hematite)
summary(lmMod_Hematite)
# run linear regression Rainfall vs Al humic P
lmMod_Al_humic <- lm(Al_humic_P ~ Nrain, data = kodata)
plot(lmMod_Al_humic)
summary(lmMod_Al_humic)
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#### Plot data
kodataLong <- kodata %>%
dplyr::select(-starts_with("X")) %>%
pivot_longer(Al_humic_P:Hematite_P, names_to = "compounds", values_to = "percent_conc")
koPlot1 <- ggplot(kodataLong[kodataLong$compounds=="Apatite_P",], aes(x = Nrain, y =
percent_conc)) +
geom_point(color = "black") +
geom_smooth(method = "lm") +
#facet_wrap(~compounds, scales = "free_x") +
scale_y_continuous("Apatite P (%)", limits = c(-10, 90), breaks = seq(0,90,by=10), labels =
seq(0,90,by=10)) +
scale_x_continuous("Rainfall (mm)", limits = c(250, 1000), breaks = seq(250,1000,by=300),
labels = seq(250,1000,by=300)) + theme_bw() +
theme(axis.line = element_line(colour = "black"),
panel.grid.major = element_blank(),
panel.grid.minor = element_blank(),
panel.border = element_rect(colour = "black"),
panel.background = element_blank())
koPlot1
koPlot2 <- ggplot(kodataLong[kodataLong$compounds=="Hematite_P",], aes(x = Nrain, y =
percent_conc)) +
geom_point(color = "black") +
geom_smooth(method = "lm") +
#facet_wrap(~compounds, scales = "free_x") +
scale_y_continuous("Hematite P (%)", limits = c(-10, 90), breaks = seq(0,90,by=10), labels =
seq(0,90,by=10)) +
scale_x_continuous("Rainfall (mm)", limits = c(250, 3000), breaks = seq(250,3000,by=750),
labels = seq(250,3000,by=750)) + theme_bw() +
theme(axis.line = element_line(colour = "black"),
panel.grid.major = element_blank(),
panel.grid.minor = element_blank(),
panel.border = element_rect(colour = "black"),
panel.background = element_blank())
koPlot2
koPlot3 <- ggplot(kodataLong[kodataLong$compounds=="Al_humic_P",], aes(x = Nrain, y =
percent_conc)) +
geom_point(color = "black") +
geom_smooth(method = "lm") +
#facet_wrap(~compounds, scales = "free_x") +
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scale_y_continuous("Al humic P (%)", limits = c(-10, 90), breaks = seq(0,90,by=10), labels =
seq(0,90,by=10)) +
scale_x_continuous("Rainfall (mm)", limits = c(250, 3000), breaks = seq(250,3000,by=750),
labels = seq(250,3000,by=750)) + theme_bw() +
theme(axis.line = element_line(colour = "black"),
panel.grid.major = element_blank(),
panel.grid.minor = element_blank(),
panel.border = element_rect(colour = "black"),
panel.background = element_blank())
koPlot3
koPlot <- plot_grid(koPlot1, koPlot2, koPlot3,
ncol = 3)
koPlot
ggsave(koPlot, file = "",
width = 15, height = 5, units = "cm")
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Plots for Normality and Homogeneity of Variance Assumptions
Ecological Staircase Data
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Kohala Data
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