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Abstract 

 

 

Soils exist at the interface of the critical zone, hosting many of the chemical reactions that 

regulate the Earthôs biogeochemical cycles. The formation of soils, or pedogenesis, is a key 

process in understanding soil functioning and is controlled by environmental drivers (climate, 

parent material, topography, and biota) over time. The Hawaiian Islands are considered a ñmodel 

systemò for ecological and pedological studies because they contain broad gradients in substrate 

age and climate while simultaneously having relatively consistent parent material and biotic 

components. Many pedological studies have utilized Hawaiói as a study system to see how soils 

evolve across climate and time, and have observed that soil properties, including soil nutrients, 

behave in response to a series of pedogenic thresholds and soil process domains. Pedogenic 

thresholds and soil process domains have been observed and quantified in Hawaiian soils along 

three different-aged climosequences (20, 150, and 4,100 ky). However, the age component in 

understanding how pedogenic thresholds and soil process domains occur over time is limited. A 

broadened chronosequence of climosequences would support a better understanding of the 

evolution of pedogenic thresholds in Hawaiian soils and could potentially allow for modeling 

pedogenic thresholds across climate and time. Modeling the development and evolution of 

pedogenic thresholds over time could have implications for understanding how soil nutrients 

accumulate and deplete in Hawaiian soils, which could support soil fertility spatial models. But 

this type of modeling assumes that the parent material component in Hawaiian soil formation is 

consistent, which it may not be. 

Through this dissertation, I sought to understand the connections between soil fertility, 

pedogenesis, and the adaptation of traditional Hawaiian agroecology by modeling the evolution 

of pedogenic thresholds and soil process domains of Hawaiian volcanic soils across a broadened 

chronosequence of climosequence and implementing this work into generating geospatial models 

for traditional Hawaiian rainfed agroecological systems. I then questioned the pedogenic 

consistency of Hawaióiôs parent material by examining the influence of parent material 

geochemistry on soil heterogeneity along a lithosequence.  

In Chapter 2, I sampled and analyzed hundreds of soils across the Hawaiian archipelago 

to construct a broadened chronosequence of five climosequences (5, 15, 120, 450, and 1,400 ky), 

which I then used to observe the evolution of pedogenic thresholds and soil process domains 
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across time. I was able to quantify a pedogenic threshold along each substrate climosequence 

that represents the exhaustion of primary mineral inputs and found that this threshold shifts to 

drier climates as soil substrates get older. I then modeled the occurrence of this pedogenic 

threshold with an empirical equation, which predicts the exhaustion of primary mineral inputs as 

a function of climate and substrate age.  

In Chapter 3, I used this empirical soil threshold equation to predict soil fertility and 

generate geospatial models for traditional Hawaiian rainfed agroecology. These models predicted 

the extent of Intensive Rainfed, Marginal Rainfed, and Agroforestry agriculture in ancient 

Hawaiói, which were ancient rainfed agroecological systems characterized by unique crops and 

cultivation methods. I also validated these empirically-constructed models with archaeological 

remnants and historical accounts, which suggested that my models were more accurate at 

predicting dryland rainfed agriculture but were less accurate at predicting agroforestry than 

previously constructed rainfed geospatial models. 

In Chapter 4, I looked at soil heterogeneity across a geochemical lithosequence of 

Hawaiian lava flows in order to address the consistency of Hawaióiôs parent material. Across the 

lithosequence, soil geochemical composition and nutrient concentrations were significantly 

different. Through correlation analysis, I also observed that soil geochemical concentrations 

were inherited from the parent material, suggesting that Hawaióiôs parent material is not 

consistent from a pedogenic perspective and needs to be taken into account in future studies. 
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Chapter 1  

Introduction 

 

1.1 Pedogenesis, Soil Fertility, and Pedogenic Thresholds 

 

Soil is the critical zone interface where the hydrosphere, atmosphere, biosphere, and 

lithosphere intersect and find equilibrium, serving as a host site for many of the chemical 

reactions that mediate the Earthôs biogeochemical cycles (Chorover et al., 2007; Lin, 2010; 

Banwart et al., 2019). The pedosphere, or soil sphere, is in a constant state of flux as 

environmental drivers contribute to weathering processes and soil formation over time (Lal et al., 

2018; Huggett, 2023; Huggett, 2024). The drivers of soil formation have been broadly 

categorized into the five soil-forming factors ï climate, time, parent material, relief, and biota 

(Jenny, 1941). Soil properties such as texture, mineralogy, exchange capacity, water retention, 

nutrient supply, carbon storage, and overall fertility are all related to the pedogenic state of a soil 

(Van Cleve and Powers, 1995; Targulian and Krasilnikov, 2007; Turner et al., 2013; Egli and 

Mirabella, 2021). Increases in rainfall and temperature (climate) can enhance the rate of mineral 

dissolution reactions (Riebe et al., 2004), vegetation and humans (biota) can disrupt the physical 

structure of a soil and regulate organic matter flux (Osher et al., 2003), slope (topography) 

affects erosional rates (Zhang et al., 2018), and primary mineralogy (parent material) determines 

secondary soil mineral composition (Wilson, 2004). Geologic time is a constant pedogenic driver 

and controls the cumulative impact of the other four soil-forming factors. The complexity and 

interconnectedness of pedogenic processes in determining the biogeochemical properties of a 

given soil cannot be understated, and attributing the variability of any given soil property to the 

effect of one single environmental factor has been one of the major challenges for pedology 

research. 

Soil fertility, which is the capacity for a soil to supply and retain nutrients and water for 

plants, is interconnected with pedogenic processes (Gardner, 1985; Schaetzl and Thompson, 

2015). Throughout pedogenesis, primary minerals from the parent material weather and release 

nutrients (Ca2+, K+, phosphate, etc.) into the soil solution, where they can be taken up by plants 

or retained at the colloidal surface of a soil particle (Anderson, 1988). Simultaneously, the 

dissolution of primary minerals catalyzes the neoformation of secondary clay minerals, which 
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are more reactive, have higher surface area, and develop surface charge that can aid in the 

retention of nutrients and water (Kome et al., 2019). But weathering processes can also 

negatively affect soil fertility, by contributing to nutrient leaching and acidity, inhibiting the 

supply and retention of nutrients (Hue, 2022). Hence, a fertility ñsweet spotò exists in soils that 

have been sufficiently weathered as to have accumulated ample nutrients from primary minerals 

and generated exchange capacity, but not so weathered as to have leached nutrients and 

increased acidity. Early chronosequence studies, such as the Walker and Syers (1976) study on 

phosphorus (P) forms across pedogenesis, demonstrated the accumulation and subsequent 

depletion of bio-available P over time. While this study specifically looked at P, it served as a 

basis for understanding nutrient dynamics in relation to pedogenesis. Several other 

chronosequence studies have observed similar behavior of soil nutrient availability across time, 

demonstrating nutrient accumulation in young soils and depletion in older soils (Crews et al., 

1995; Vitousek et al., 1997; Turner et al., 2013).  

The visualization and understanding of pedogenic fertility ñsweets spotsò are not strictly 

observable through chronosequence studies. Climosequences, or soil sequences that cross a 

gradient of climatic conditions, usually from wet to dry, have commonly been used to observe 

the effects of weathering on soils (Kämpf and Schwertmann, 1983; Egli et al., 2003; da Silva et 

al., 2016). Soils in drier, colder climates experience less weathering than soils in wetter, hotter 

climates ï thus, making climate a direct predictor for the amount of weathering that a soil 

experiences. Similar to the chronosequence studies, Vitousek et al. (2004) observed the 

accumulation then depletion of both bio-available P (Resin P) and base saturation across a 

Hawaiian climosequence of soils aged ~150 ky. This ñsweet spotò effect of soil nutrients across 

climate has also been demonstrated on different-aged soil substrates (Chadwick et al., 2003; 

Feng et al., 2016, Bateman et al., 2019). These studies suggest that soil fertility tends to be 

reduced in both extremely dry and extremely wet conditions, while mesic conditions are optimal.  

Toposequences (i.e., catenas), which are soil sequences that range across gradients in 

slope or topography, account for erosional processes and have also demonstrated variability in 

nutrient abundance, with soils receiving colluvial inputs often showing enhanced fertility 

(Vitousek et al., 2003; Dessalegn et al., 2014). Lithosequences, or soil sequences across different 

parent materials, have demonstrated heterogeneity in soil physical structure, mineralogy, and 

geochemical composition (Wilson et al., 2017; da Silva et al., 2022). While biosequences are 
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difficult to isolate, because they naturally covariate with climate, differences in vegetation cover 

and long-term anthropogenic impacts affect fertility through short-lived, but important, 

constituents such as soil organic carbon (Townsend et al., 1995; Osher et al., 2003; Bateman and 

Vitousek, 2018). ñSequenceò studies are effective designs for pedologists to understand how 

soils develop across the pedogenic timeline, but practical field sites that offer wide gradients in 

one soil forming factor while maintaining the stability of other factors are limited. 

The Hawaiian Islands have been a destination for many chronosequence and 

climosequence studies, due to the islandsô vast gradients in mean annual precipitation (~200 ï 

11,000 mm/yr), mean air temperature (~0 ï ~24oC), and geologic substrate age (<100 ï 

>5,000,000 years old) (Giambelluca et al., 2013; 2014; Sherrod et al., 2021). Simultaneously, it 

has been argued that Hawaióiôs parent material and biotic components are relatively consistent 

and that topography is stable along the gentle slopes of the constructional shield surfaces of 

Hawaióiôs shield volcanoes. The archipelago is also remotely isolated from continental systems 

and tectonics, creating as close to a vacuum state as one can find around the world. With these 

conditions, Hawaiói has been described as a ñmodel systemò for ecological and pedological 

studies, as well as human ecodynamics (Vitousek, 1995; Vitousek, 2004; Kirch, 2007). Across 

climosequences of Hawaiian soils, nutrient cycling, weathering rates, soil depth, secondary 

mineralogy, and fertility have all been shown to vary widely and predictably (Crews et al., 1995; 

Chadwick et al., 2003; Vitousek and Chadwick, 2013; Bateman et al., 2019). Similarly, 

chronosequences of Hawaiian soils have also demonstrated predictive heterogeneity of the same 

respective soil properties (Crews et al., 1995; Vitousek et al., 1997; Chadwick and Chorover, 

2001). Climate-time matrix studies have also been conducted, which have portrayed the 

interactive effect that climate and time have on soil formation (Vitousek et al., 2004; Porder et 

al., 2007; Porder and Chadwick, 2009; Chadwick et al., 2022). 

While soil properties behave predictably in response to climatic and temporal drivers, 

these relationships are not linear. Rather, soil properties tend to follow a series of pedogenic 

thresholds, where soil properties shift rapidly across a small window in climatic or temporal 

change, and soil process domains, where soil properties are quite stable across a wide window in 

climatic or temporal change (Chadwick and Chorover, 2001). The concept of ñsoil thresholdsò 

was outlined by Muhs (1984), who suggested that soil chemical properties can change rapidly 

across small climatic or temporal shifts despite minimal environmental change. This concept was 
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built upon by Chadwick and Chorover (2001), who outlined a series of ñpedogenic thresholdsò 

and ñsoil process domainsò that are governed by soil acidity. They suggested that a series of 

intrinsic buffer systems, such as pedogenic carbonate equilibria and primary mineral weathering, 

develop in the soil across pedogenesis and regulate soil acidity. Once a buffering system is 

exhausted, pH drops rapidly, and dramatic changes in soil geochemical properties and behaviors 

can follow, which is associated with pedogenic thresholds. 

Pedogenic threshold behavior has been observed in soil properties (e.g., pH, elemental 

concentrations, soil nutrients, etc.) across climosequences in both Hawaiói and New Zealand 

(Vitousek et al., 2004; Vitousek and Chadwick, 2013; Bateman et al., 2019; Hodges et al., 2024). 

In these studies, decreases in pH and an associated rapid depletion of mobile elements (e.g., Si, 

Ca, K, etc.) from soils were observed across small increments in climate forcing. Exchangeable 

nutrients (e.g., Ca2+, Mg2+, K+, and Resin P) responded similarly, with nutrient depletion 

occurring at similar climate thresholds. These studies suggested that soils within the process 

domain governed by primary mineral weathering, in which soil acidity is buffered by the 

dissolution reactions of primary minerals, tend to have higher soil fertility . Soils within this 

domain are continuously receiving nutrient inputs from primary mineral dissolution and 

simultaneously, these dissolution reactions buffer soil acidity, bolstering nutrient retention and 

reducing leaching. It has been demonstrated that the occurrence of pedogenic thresholds and 

process domains shift depending on the substrate age of a soil. Vitousek and Chadwick (2013) 

observed that on an older soil substrate from Kauaói (~4,100 ky), pedogenic thresholds and 

process domains were shifted to drier climate conditions in comparison to a younger substrate 

from Hawaiói Island (~150 ky), due to the accumulated imprint of weathering in the older 

substrate. Bateman et al. (2019) expanded on this study by adding a significantly younger 

climosequence (~20 ky) and observed once again that pedogenic thresholds shift with increased 

age to dryer climates. They also noted that extremely young or dry soils can be kinetically 

limited, in that they have limited colloidal-surface reactivity to supply or retain nutrients.  

The evolution of pedogenic thresholds and the development of soil process domains 

across time is not yet fully understood, especially in younger soils. An expanded chronosequence 

component of climosequences from Hawaiian soils would allow us to better understand the 

evolution of pedogenic thresholds over time and how soil fertility, governed by these thresholds, 

accumulates and depletes over the course of pedogenesis. Such research could have implications 
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related to modeling soil fertility across the Hawaiian Islands, at least for soils developing on 

intact shield surfaces, by predicting the climate and substrate age at which pedogenic thresholds 

occur and soils deplete in nutrients. 

 

1.2 Traditional Hawaiian Rainfed Agroecology 

 

Modeling soil fertility with pedogenic threshold-delineated spatial boundaries can have 

many potential applications in Hawaiói (e.g., agricultural, ecological, soil mapping, etc.). Such 

natural soil behavior was especially important to traditional land management and cultivation 

practices. Ancient Hawaiians were unequipped with the conveniences of modern-day agriculture, 

lacking access to  heavy machinery, conventional fertilizers, or pumps for irrigation. Instead, 

Hawaiian cultivators relied on what the land had to offer and developed distinct agroecological 

systems that were adapted to the natural ecology of the landscape, in terms of the landôs soil 

fertility, water availability, and topography (Kirch, 1982; Kirch, 1994; Winter et al., 2020). For 

example, in some of Hawaióiôs most inherently fertile soils, Hawaiian cultivators developed 

highly intensive field systems that produced vast quantities of food and supported large 

populations (Kirch et al., 2004; Kirch et al., 2012; Ladefoged et a., 2018). Examples of these 

types of intensive field systems have been documented through archaeological remnants and 

historical accounts, such as the Leeward Kohala Field System (Hawaiói Island), Kona Field 

System (Hawaiói Island), and KaupǾ Field System (Maui) (Ladefoged and Graves, 2010; 

Lincoln, 2013; Baer et al., 2015). Likewise, less intensive systems (lower inputs and yields) were 

developed on less fertile soils, and relied mostly on tree crops that enhanced the biological 

components of soil fertility by improving nutrient uplift, carbon dynamics, and nutrient retention 

(Lincoln and Vitousek, 2017; Lincoln, 2020; Lincoln et al., 2023b). As a result, the pedogenic 

fertility of soils in ancient Hawaiói constrained agricultural form, determining the degree of 

intensification that these traditional Hawaiian agricultural systems could sustain (Vitousek et al., 

2004; Vitousek et al., 2010; Lincoln et al., 2014; Vitousek et al., 2014; Lincoln, 2020). 

It is therefore possible to implement this type of soil fertility modeling into geospatial 

models for traditional Hawaiian rainfed agroecology. Several previous studies have created 

geospatial models for traditional Hawaiian agroecology by predicting environmental thresholds 

that these agricultural systems would have likely been constrained to (e.g., minimum annual 

precipitation, minimum soil fertility, maximum slope, etc.) (Ladefoged et al., 2009; Kurashima et 
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al., 2019; Lincoln et al., 2023a). To predict thresholds of soil fertility for rainfed agroecological 

systems (i.e., dryland field systems, agroforestry, arboriculture), these studies generated 

equations to approximate the weathering potential as a result of rainfall, elevation, and substrate 

age, which they termed ñRainfall-Elevation Indexò equations (REI). These equations were 

generated by fitting environmental parameters (i.e., rainfall, elevation, etc.) to the known spatial 

extents of agricultural remnants (infrastructural remnants and tree crop cultigen survivors). 

Lincoln et al. (2023), for example, delineated spatial models for traditional Intensive Rainfed 

(Dryland), Marginal Rainfed (Dryland), Agroforestry, and Novel Forest agriculture by using this 

modeling approach. For more intensive agroecological systems (e.g., Intensive Rainfed 

agriculture), the soil fertility threshold was more constrained, while for more marginal systems 

(e.g., Agroforestry or Novel Forest agriculture), the soil fertility threshold was more lenient. 

However, these geospatial models were circular to some degree, in that the equations used to 

define soil fertility thresholds in these models were generated from the agricultural extents that 

they were meant to predict. Substituting an empirically-derived equation to predict soil fertility 

thresholds across the Hawaiian landscape could have the potential to more accurately represent 

the agricultural opportunities across the islands, improving model accuracy and providing a 

better understanding of the footprint of Hawaiian rainfed agroecology prior to Western 

colonization. 

 

1.3 Hawaióiôs Parent Material 

 

Are pedogenic thresholds, soil process domains, and soil fertility in Hawaiian substrates 

really a function between climate and substrate age? We understand that this function relies 

heavily on the parent material, biota, and topography components in soil formation being stable. 

While one can reliably control for biota and topography through selective sampling methods, 

much of this work has placed a heavy reliance on the assumption that Hawaióiôs parent material 

is reasonably consistent. However, Hawaióiôs volcanic parent material varies both geochemically 

and physically to some extent, and may have a significant impact on soil development and 

composition. 

Hawaióiôs parent material is created by volcanic eruptions as a result of a phenomenon 

that has been termed ñhot spotò volcanism. These eruptions are fed by magma generated at depth 

by melting of a mantle plume beneath the Pacific Plate. This volcanism has generated lava flows 
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and variable amounts of tephra across the landscape over the course of millions of years, 

constructing the Hawaiian Islands and their soil substrates as we know them today (Wilson, 

1963; Clague and Dalrymple, 1987). The general parent material is assumed to be a mixture of 

lava rock and bedded tephra, which can accumulate in various quantities. Fresh parent materials 

are still consistently erupted presently on Hawaiói Island, the youngest island geologically. Its 

most active volcanoes (Mauna Loa, Kǭlauea, and HualǕlai) which are constantly producing new 

parent materials in the form of lava flows and tephra. Patterns of Hawaiian volcanism and the 

production of eruptive materials have been consistent for millions of years (Duncan and 

Richards, 1991). Even on the geologically oldest major island of Kauaói, one can excavate soils 

and find evidence of basaltic lava flows and tephra deposits similar to what is found at Kǭlauea 

today. At least in comparison to the wide variety of continental parent materials, which can range 

from limestone to basalt and granite, Hawaióiôs parent material is chemically less variable.  

But to what degree is it homogeneous? Geologically, there are significant amounts of 

variation between rock types and eruptive forms. Igneous rock types from Hawaiian eruptions 

range from tholeiitic basalt to trachyte, representing a geochemical spectrum of elemental and 

mineralogical compositions (Spengler and Garcia, 1988; Sherrod et al., 2021). Concentrations of 

nutrient elements, such as Ca, K, and P, can range substantially between rock types. For 

example, CaO concentrations in Hawaiian rocks can range from ~1% to as high as ~15%, K2O 

can range from ~0.1% to ~5%, and P2O5 can range from ~0.1% to ~2.5% (Sherrod et al., 2007). 

As these rocks weather throughout pedogenesis, nutrient elements are likely released into the soil 

at concentrations comparable to what is in the parent rock, and that soil composition is inherited 

from the parent material composition (Anderson, 1988; da Silva et al., 2022). The various 

assemblages of primary minerals within these geochemically distinct rocks (olivine, pyroxene, 

plagioclase, ilmenite, etc.) also likely influence soil geochemical composition and weathering 

rates (Rai and Lindsey, 1975; Dessert et al., 2003), but the degree to which is unknown. 

The physical nature, or morphology, of eruptive materials from Hawaiian volcanoes may 

be an even more significant contributor to soil heterogeneity (Turner et al., 2018). Lava flows 

differ in surface area and texture, as observed through the geomorphological differences between 

rougher óaóǕ and smoother pǕhoehoe flows (Lockwood and Hazlett, 1995), but perhaps more 

relevant from a pedogenic perspective is the contribution from tephra materials (Mulliken et al., 

2024). Tephra materials, such as ash and cinder, have much higher reactive surface areas than 
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rocks, which can accelerate dissolution reactions (Lowe, 1986; Dahlgren et al., 1999). They also 

tend to have a significantly higher proportion of amorphous volcanic glass than lava flows, 

affecting mineral dissolution rates and secondary mineral formation (Hay and Jones, 1972). The 

distribution of ash, in particular, is highly unpredictable as it can travel far distances from its 

eruptive event and can accumulate in different amounts over time (Hodges and Boettinger, 

2023). Hawaiian parent materials, therefore, have variable proportions of rock and tephra, which 

can affect reactivity and weathering rates in soil formation. To what degree this will influence 

soil heterogeneity across pedogenesis in Hawaiian soils remains to be well understood. Further 

research into both the influence of geochemical variation and physical variation of Hawaiian 

parent materials on soil formation is required to evaluate the consistency of Hawaióiôs parent 

material is. Observing soil heterogeneity across a lithosequence of Hawaiian parent materials, 

while constraining other soil-forming factors, could provide valuable insight into our 

understanding of parent materialôs role in the pedogenesis of soils in Hawaiói. 

 

1.4 Dissertation Overview 

 

In this dissertation, I build off of previous work that has been done on pedogenic 

thresholds and geospatial models for traditional Hawaiian agroecology, and question the 

pedogenic consistency of Hawaióiôs parent material. 

For Chapter 2, I embarked on a statewide soil collection and data analysis mission to 

construct a broadened chronosequence of climosequences, to observe the evolution of pedogenic 

thresholds and soil process domains across the Hawaiian Islands. To the previously sampled 

climosequences of soils (20, 150, and 4,100 ky), I added 5 more climosequences from 

LaupǕhoehoe on Hawaiói Island (5 ky), Hana on Maui (15 ky), HǕmǕkua on Hawaiói Island (120 

ky), Kula on Maui (450 ky), and East Molokaói (1,400 ky) to create a chronosequence of eight 

soil substrates. On each substrate, I analyzed soil properties (pH, exchangeable cations, resin-

extractable phosphorus, total carbon and nitrogen, ŭ15N, ŭ13C, total elemental concentrations, and 

the percent remaining of elements from the parent material) across climate to identify pedogenic 

thresholds, which were then used to bound soil process domains. I observed that as soil 

substrates age, pedogenic thresholds and soil process domains shift to drier climates, due to the 

accumulated effects of weathering over time, and quantified the primary mineral exhaustion 

pedogenic threshold on every substrate, which was modeled with a logarithmic decay function. 



 9 

To complete this chapter, I recruited the help and expertise of Dr. Jesse Bloom Bateman (SUNY 

Cortland) from outside of my committee, whose dissertation work largely inspired this section. 

At the time of this dissertation, this chapter has been submitted for publication to Geoderma. 

For Chapter 3, I incorporated the empirical equation derived in Chapter 2 to generate 

geospatial models for traditional Hawaiian rainfed agroecology. This equation was used to 

predict a soil fertility threshold on the landscape as a function of climate and time, replacing 

what was originally a non-empirical soil fertility equation in previous modeling studies. The 

usage of this pedogenic threshold equation in favor of the previous non-empirical equation led to 

an expansion of potential land for Intensive Rainfed agriculture on older soil substrates and 

simultaneously reduced the coverage for Agroforestry agriculture, particularly on the islands of 

Oahu and Kauaói. I also compiled a dataset of archaeological validation points (Wetland, 

Rainfed, Agroforestry, and Native Forest) to assess the accuracy of our newly-constructed 

rainfed agroecological models and compared the accuracies to the most recent geospatial models 

from Lincoln et al. (2023). Based on validation points, archaeological remnants, and historical 

accounts, we concluded that our empirically-derived spatial models more accurately represented 

the extent dryland rainfed agriculture but were less accurate at representing the extent of 

agroforestry compared to previous spatial models. This chapter is currently in preparation for 

submission to Ecology and Society. 

For Chapter 4, I challenged the notion that Hawaióiôs parent material is consistent from a 

pedogenic perspective by looking at soil heterogeneity across a geochemical lithosequence of 

Hawaiian parent materials. To construct the lithosequence, I sampled soils and parent materials 

(rock samples) across eight different lava flow substrates in the leeward Kohala region of 

Hawaiói Island. This lithosequence was highly constrained, with soils being sampled at similar 

climates, substrate ages, slopes, and with similar vegetation covers and histories of land usage. 

Parent material compositions ranged geochemically (from basalt to benmoreite) and 

mineralogically (with varying abundances of volcanic glass, olivine, pyroxene, plagioclase, and 

ilmenite) and soil properties (pH, exchangeable cations, resin extracteable phosphorus, total 

elemental concentrations, and mineralogical fractions) were significantly different between lava 

flows. We also found strong positive correlations between rock concentrations and soil 

concentrations, suggesting that soil composition is influenced by parent material composition to 
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a high degree, even after >100 ky of soil formation. This chapter is currently in preparation for 

submission to CATENA. 

For Chapter 5, I conclude the dissertation by summarizing key outcomes from this work, 

provide some possible future research directions, and make some broader implications regarding 

lessons that we can learn from ancient Hawaióiôs sustainable and adaptive food systems. 
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CHAPTER 2 

A Chronosequence of Climosequences ï The Evolution of Pedogenic Thresholds 

in Hawaiian Volcanic Soils 

 

 

 

 

 

 

Abstract: 

The soil-forming factors of climate and time directly influence mineral weathering, 

nutrient flow, and soil pedogenesis. Soil properties do not respond linearly to climate and time, 

but rather, follow a series of pedogenic thresholds that delimit soil process domains defined by 

dominant chemical buffer systems. Here, we identified pedogenic thresholds in Hawaiian 

volcanic soils across gradients of water balance and soil substrate geologic age while controlling 

for other soil-forming factors (topography, biota, and parent material). We conducted extensive 

field sampling (n = 577) and analysis of soil properties, chiefly elemental analysis, pH, and 

exchangeable nutrients. With the use of previously published soil data (n=285), we created a 

chronosequence (5, 15, 20, 120, 150, 450, 1,400, 4,100 ky) of eight climosequences. We 

statistically determined pedogenic thresholds across each climosequence using four types of non-

linear breakpoint analyses. We quantified a pedogenic threshold delineating the exhaustion of 

primary minerals on all eight substrates and a pedogenic threshold indicating the mobilization of 

iron (Fe) on the three oldest soil substrates. Across the chronosequence, pedogenic thresholds 

shifted to drier climates (lower water balance values) as the soil substrate age increased, 

following a highly predictable (r2 = 0.94) logarithmic decay function, with rapid evolution 

occurring in young soils and the deacceleration of change occurring in older soils. The youngest 

substrate (5 ky), however, did not follow this logarithmic pattern, which we predict is due to 

surface area reactivity limitations. The pedogenesis of Hawaiian soils and the evolution of their 

pedogenic thresholds offer a well-behaved model system for broader implications regarding soils 

forming in more complex, continental settings.   
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2.1 Introduction  

 

Mineral weathering in soils is a natural part of the pedogenic process which converts a 

given parent material into a stable, secondary mineral backbone with dynamic properties that 

regulate biogeochemical fluxes through the Earthôs critical zone (Allen and Fanning, 1983; 

Chorover et al., 2007; Chadwick et al., 2022). The weathering of primary minerals is a major 

source for bioavailable plant nutrients (e.g., base cations, orthophosphate, other micronutrients), 

contributing to the overall fertility and productivity of a soil (Gorham et al., 1979; Chadwick et 

al., 1999; Vitousek, 2004). Primary mineral weathering occurs throughout pedogenesis and is 

regulated by environmental drivers over time, which have been broadly categorized into the five 

soil-forming factors ï climate, time, parent material, biota, and topography (Jenny, 1941; 

Jenny,1991). Isolating and individually observing the influence each soil-forming factors on soil 

formation and mineral weathering can reduce complexity and help us better understand the 

complex relationship between pedogenesis and nutrient supply. 

In natural soil systems, water flux, which is governed by climate, is arguably the most 

influential environmental driver, with water being the primary reactant in mineral dissolution, 

hosts aqueous phase reacts such as protons (acidity), and contributes to the leaching of aqueous 

weathering products (May and Nordstrom, 1991; Chadwick et al., 2003; Dixon et al., 2016; 

Hunt, 2021). Generally, the wetter the climate, the higher the rate of mineral weathering and soil 

transformation (White, 1995; Maher, 2010), thus affecting the rate of nutrient release, nutrient 

retention, and the natural fertility of a soil (Kelly et al., 1998; Hedin et al., 2003; Porder and 

Chadwick, 2009; van Westen and Groot, 2018). Water flux through the soil drive the majority of 

soil mineral transformations that occur across the pedogenic timeline as the soil approaches 

thermodynamic equilibrium and accentuate the importance of colloidal surface retention in the 

mineral fraction (Stonestrom et al., 1998; Kome et al., 2019). Furthermore, wet and dry cycles 

are essential for promoting Ostwald ripening and secondary mineral crystallization, shaping the 

composition of the mineral fraction and the ability of the soil to retain the nutrients that are 

released (Sollins et al., 1988; Gérard et al., 2007; Thompson et al., 2011). Temperature, which is 

also a product of climate, also influences rates of mineral dissolution (Dessert et al., 2003) but, 

proportionally, has a less significant effect than water flux (Vitousek et al., 2021). 

Climosequences ï wide gradients of climatic conditions ï have been used in pedological 

studies for decades to isolate the effect of climate on soil genesis and mineral transformation 
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(Webb et al., 1986; Austin and Vitousek, 1998; Chadwick et al., 2003; Dessert et al., 2003; Egli 

et al., 2003; Rasmussen et al., 2010; Tsai et al., 2010). Similarly, chronosequences ï gradients of 

soil substrate age ï have been used to examine changes in soil properties over time and trace 

shifts in nutrient sources by serving as a proxy for cumulative weathering (Stevens and Walker, 

1970; Crews et al., 1995; Huggett, 1998; Chadwick et al., 1999; Walker et al., 2010; Rezende et 

al., 2022, Sauer, 2015; Zehetner et al., 2024). Through the usage of these study systems, 

researchers have observed repeated trends in soil properties in response to climate-driven 

weathering over time, such as the mass loss of labile elements from the soil column, secondary 

mineral formation, and shifts in carbon storage capacity, buffering capacity, soil acidity, and 

overall soil fertility.  

When examining soil pedogenesis across climate and time, weathering patterns and soil 

properties tend to follow a system of pedogenic thresholds and soil process domains (Chadwick 

and Chorover, 2001). Muhs (1984) first introduced the concept of intrinsic thresholds which 

mark fundamental shifts in soil properties across soil genesis and suggested that these thresholds 

are best observed by tracing soil properties across wide gradients in time and climate. Using 

Hawaiói as a model system, Chadwick and Chorover (2001) outlined a series of thresholds in soil 

properties that occur in response to rapid changes in pH associated with the exhaustion of 

different chemical buffering systems. They suggested that these buffer systems are sequential in 

nature and balance acidity in such a way as to create ñdomainsò of stability for soil properties in 

response to environmental weathering pressure that are separated by pedogenic thresholds. 

Chadwick et al. (2022) suggested that the chemical stability of a soil in each domain is restricted 

by a dominant limitation process (e.g., water limitation, oxygen limitation, kinetic limitation, 

etc.) that exists in response to the interactive effect of climate and time, as represented by 

precipitation and geologic age. 

Through the use of climosequence and chronosequence sampling, researchers have 

identified pedogenic thresholds and soil process domains across climate and time in Hawaiian 

soils (Chadwick et al., 2003; Vitousek and Chadwick, 2013; Lincoln et al., 2014; Bateman et al., 

2019) and in other soil systems (Dixon et al., 2016). To observe pedogenic thresholds, previous 

studies measured specific soil properties (e.g., pH and exchangeable base cations) and elemental 

concentrations (e.g., Si, Ca, Mg, Fe, etc.) and identified abrupt, non-linear shifts in their response 

patterns to shifts in climate. Using climosequence soil data from a relatively young (150 ky) and 
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an old (4,100 ky) soil substrate in Hawaiói, Vitousek and Chadwick (2013) quantified several 

pedogenic thresholds on each sequence and demonstrated that the occurrence of pedogenic 

thresholds changes with time. Bateman et al. (2019) added observations from a much younger 

(20 ky) climosequence and used statistical quantification to demonstrate that pedogenic 

thresholds shift to drier climates on a climosequence as the geologic age of the soil substrate 

increases, which they proposed is the result of cumulative weathering over time. 

Here, we build upon previous studies by using climosequences to quantitatively 

determine pedogenic thresholds across a broader chronosequence (eight substrates) of Hawaiian 

soils. We hypothesize that pedogenic thresholds will shift with the geologic age of the soil 

substrate in a predictable way and that this shift can be modeled by an empirical equation with 

sufficient temporal resolution in the data. 

 

2.2 Materials and Methods 

 

2.2.1 The Hawaiian Study System 

 

Perhaps nowhere else in the world can Jennyôs five soil-forming factors be showcased so 

extensively across such a small geographic setting than in Hawaiói (Jenny, 1941). Often praised 

as a model system for ecosystem studies (Vitousek, 1995; 2004), the archipelagoôs wide 

environmental gradients in climate, soil age, and topography, yet relatively consistent parent 

material and biological factors, amalgamate into the pedogenic conditions that produce a 

diversity of soils, with at least ten of the twelve soil orders existing across 17,000 km2 of land 

(Deenik and McClellan, 2007).  

Hawaióiôs volcanically-derived soils are most commonly formed from a parent material 

consisting of a mixture of tephra bedded on top of lava rock. The magma source for Hawaióiôs 

volcanic parent material has been acknowledged for its geochemical consistency throughout its 

millions of years of activity, allowing for elemental and isotopic comparability over time 

(Duncan and Richards, 1991). Although geochemical and physical variations in Hawaióiôs 

eruptive materials exist ï with rock types ranging from tholeiitic basalt to trachyte and textures 

ranging from fine ash to dense, blocky lava flows ï from a global context, these parent materials 

are relatively consistent, at least in comparison to the variation of continental geologies.  

The Hawaiian Islands contain wide, but highly organized, gradients in climate and 

substrate age. Mean annual precipitation (MAP) ranges from ~200-11,000 mm/yr and mean 
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annual temperature (MAT) ranges from ~0-24 . Soil ages range from <100 years old on the 

flanks of Kǭlauea and Mauna Loa volcanoes to >5 million years on parts of Kauaói and Nióihau 

islands, with relatively consistent temporal coverage in between. While gradients in both 

topography and biota exist across the islands, they can be largely controlled for through selective 

sampling and have less of a direct impact on chemical weathering and mineral transformation 

than climate and time (Porder et al., 2007b). 

 

2.2.2 Sites and Sampling 

 

Soils were sampled along climosequences as broadly and as evenly as logistically 

possible on five different-aged substrates (~5, 15, 120, 450, and 1,400 ky) from three Hawaiian 

Islands (Hawaiói, Maui, and Molokaói) and were selected to complement previously sampled 

climosequences (20, 150, and 4,100 ky; Chadwick et al., 2003; Vitousek et al., 2004; Palmer et 

al., 2009; Vitousek and Chadwick, 2013; Bateman et al., 2019) from two islands (Hawaiói and 

Kauaói). An emphasis was placed on sampling younger substrates to account for the higher rate 

of mass loss and more rapid mineralogical shifts that occur earlier in the pedogenic process. Soil 

sampling and lab protocols from these studies were followed to allow for an accurate 

incorporation of data. In total, our data from this study, combined with previous datasets, 

assembled a chronosequence of eight climosequences (Table 1). Substrate ages were estimated 

for regression purposes based on age ranges provided by Sherrod et al. (2021). 

General sample locations were remotely selected by referencing the Geologic Age Map 

of Hawaiói (Sherrod et al., 2021) to identify soil substrates of ideal age and the Rainfall Atlas of 

Hawaiói (Giambelluca et al., 2013) to identify broad gradients in MAP. Logistical and legal 

access to sample locations was assessed and appropriate permissions or permits were obtained by 

contacting landowners (private or government) and following their procedures. Sample locations 

were selected incrementally every 100 mm/yr of MAP across as broad of a gradient that the 

spatial limitations and logistical access of each lava flow would permit. Specific dig sites were 

selected in the field to represent intact, constructional shield surfaces, which were relatively flat 

points on the landscape (avoiding topographic highs and lows) that minimized localized 

erosional inputs or outputs. Three depth-integrated soil cores, spaced at least 25 meters apart, 

were collected near each site from 0-30 cm in depth after removing any visible humus or detritus 

associated with the O horizon. GPS coordinates were recorded at each sample point using the 
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Field Maps App on an iPad Pro, which was interfaced with ArcMap Online (ESRI; Redlands, 

CA). Spatial soil and climatic data were obtained from the USDA NRCS SSURGO (Soil Survey 

Staff, 2024) and the Hawaiói Rainfall and Evapotranspiration Atlasô (Giambelluca et al., 2013; 

2014), respectively. Environmental data was extracted to each point and used to calculate water 

balance (WB; MAP minus evapotranspiration [ET]), which was the independent variable for 

analysis in this study. We followed Bateman et al. (2019) in calculating WB as the difference 

between MAP and Priestly-Taylor Potential ET, which has been considered better suited for 

humid regions than the more widely applied Penman-Monteith model (Li et al., 2024). Soils 

sampled represented broad climatic ranges and diverse soil taxonomies (Table 2).  

 

2.2.3 Sample Preparation and Analysis 

 

Soils were transported to the Indigenous Cropping Systems Laboratory at the Komohana 

Extension and Research Center in Hilo, HI, USA, air-dried to room temperature, and sieved 

through a 2 mm mesh screen. Air-dried, sieved soils were used to measure pH in a 2:1 distilled-

deionized water:soil ratio. A subset of air-dried, sieved soils was oven-dried to 60°C (~48 hours) 

and then pulverized and sieved through a 500 µm screen. This subsample of pulverized, oven-

dried soil was used for all further soil analysis. 

Exchangeable base cations (Ca2+, Mg2+, Na+, and K+) were extracted using a 1M 

ammonium acetate solution and extract concentrations were measured using ICP-OES at the 

University of Hawaiói at Hilo Analytical Lab in Hilo, HI, USA. Extracted soils were rinsed with 

99% isopropyl alcohol to remove residual ammonium, then exchangeable ammonium was 

extracted with a 1M KCl solution. The concentration was then measured at the UH Hilo 

Analytical Lab using a Lachat Nutrient Analyzer. Cation exchange capacity (CEC) was 

calculated from the concentration of ammonium, assuming that negative exchange sites were 

saturated by ammonium during the 1M ammonium acetate extraction (Sumner and Miller, 2018). 

An unbuffered protocol was selected to be more representative of the field-state exchange 

capacity of the collected soils, a majority of which were highly acidic. Bio-available or ñresin-

extractableò P was measured by shaking soils in deionized water with anion-exchange resin 

beads for 18 hours, followed by elucidating phosphate from the exchange resin beads by shaking 

in 0.5M HCl for 1 hour. We then determined the phosphate concentration colorimetrically, using 

an Ammonium Vanadate:Molybdate reagent mixture on a spectrophotometer at ᾊ = 420 nm 



 24 

(Rejġek, 2006). A final subset of soils was sent to ALS Chemex in Reno, NV, USA for the 

determination of total elemental concentrations in oxide form and trace elements via lithium-

borate fusion and XRF. 

 

2.2.4 Percent Remaining Calculation 

 

Spatially explicit, whole-rock elemental oxide data was requested and received from the 

United States Geological Survey (USGS), which compiled geochemical and mineralogical data 

from previous petrological studies conducted in the Hawaiian islands. Whole rock elemental data 

from this dataset was selected and used to determine appropriate elemental concentrations in the 

parent materials of our substrates and used to calculate the ñpercent remainingò of elements in 

our soils. If multiple rock samples from this dataset were taken from a single flow that we 

sampled soils on, we calculated the average of the elemental concentrations from those samples 

to represent the unweathered parent material. We calculated the ñpercent remainingò of soil 

elements from the parent material by following the methodology of Brimhall et al. (1992), which 

compares an element of interest to an immobile indicator element, then takes the ratio in the rock 

vs. the ratio in the soil. By using an immobile indicator element, we accounted for any soil 

column dilations that occur as a result of secondary mineral hydration, mass loss, moisture 

content, or organic matter accumulation. The equation for the ñpercent remainingò calculation is 

as follows: 

(1)  ὖὙ  ȟ Ⱦ ȟ

ȟ  Ⱦ ȟ
ρzππ                                

 

where PRi is the percent remaining of our element of interest (i), Ci,s is the concentration of our 

element of interest in the soil, Cim,s is the concentration of the immobile indicator element in the 

soil, Ci,pm is the concentration of our element of interest in the parent material, and Cim,pm is the 

concentration of our immobile indicator element in the rock.  

Previous work has found that Niobium (Nb) is the most immobile element in Hawaiian 

soils (Kurtz et al., 2000) and it has often been selected as the immobile indicator element for 

percent remaining calculations. However, Nb concentrations vary significantly between rock 

samples from lava flow to lava flow (5-200 ppm), even for rocks taken from the same volcanic 

series. We opted to use Titanium (Ti) as an immobile reference element, which is also highly 

conserved but has much less geochemical variation from lava flow to lava flow, particularly 
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from lava flows of the same eruptive event (~1.8-4.2% TiO2). Utilizing Ti as the immobile 

benchmark in place of Nb minimized any errors arising from our use of USGS whole rock data, 

where we applied a single rock sample (or, in some cases, the average of several rock samples) 

to represent an entire lava flow eruptive event. Table S1 provides whole rock data from the 

previously mentioned USGS dataset that was used to calculate the percent remaining of elements 

in our soils. 

Parent material consistency was assessed by calculating the Ti:Nb ratio in soils across 

each climosequence (Fig. S1). The ratio of Ti/Nb, both highly immobile elements, should reflect 

the ratio in the parent material despite other element fluxes throughout pedogenesis (Bullen and 

Chadwick, 2016). Therefore, this ratio should remain stable across a climosequence if the parent 

material is consistent. The degree of parent material consistency along each flow sequence 

permits one to confidently attribute any shifts in soil properties to the effects of climate and time 

rather than parent material, which we are aiming to hold stable. 

 

2.2.5 Predicting Pedogenic Thresholds and Soil Process Domains 

 

2.2.5.1 Identifying Breakpoints 

 

To identify the existence of pedogenic thresholds along our climate gradients, we 

estimated breakpoints in soil properties using the ñchngptò and ñstrucchangeò packages (Fong et 

al., 2017; Zeileis et al., 2002) in RStudio (R Core Team, 2021) to statistically determine the WB 

values at which each soil property abruptly changed in response to shifts in climate forcing for 

each substrate in the chronosequence. Four breakpoint methods were applied to fit unique data 

shapes: hinge, upper hinge, segmented, and structural breaks methods. As with the statistical 

approach from Bateman et al. (2019), statistical methods were used to quantify breakpoints in an 

unbiased fashion, enable reproducibility of results, and prevent false positives in breakpoint 

estimates that might have occurred as a result of using visual assessment. Determined 

breakpoints with the lowest standard error were selected for each soil property to represent the 

breakpoint, with the assumption that this suggests a more accurate breakpoint. Breakpoints were 

referenced back to the initial plots to contextualize the accuracy of the statistical quantification 

methods. We followed this process in determining all breakpoints, which were then used in the 

calculation of pedogenic thresholds. For soil properties for which no breakpoints were identified, 

either due to the trend being linear or there being no trend at all, we assessed the trend with linear 
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regression and the r2 value was determined. The number of breakpoints, the trend, the r2 value, 

and the WB breakpoint estimates from the hinge, upper hinge, segmented, and structural breaks 

methods with their respective errors and estimate windows are provided in Table S2. In the 

Appendix of this dissertation, we provide a description of these packages (ñchngpntò and 

ñstrucchangeò), their selection and utilization for our breakpoint analysis, as well as an example 

demonstrating how some breakpoint determination methods are better suited for certain data 

trends. 

 

2.2.5.2 Analyzing Pedogenic Thresholds and Soil Process Domains 

 

Studies that have identified pedogenic thresholds along climosequences from three 

different-aged substrates (Chadwick and Chorover, 2001; Vitousek and Chadwick, 2013; 

Bateman et al.; 2019) delineated five soil process domains, which were described as: 1) a 

kinetically-limited domain with low base cation inputs and low reactivity, 2) a water-limited 

domain buffered by pedogenic carbonates, 3) a fertile domain buffered by primary mineral 

weathering and supported by biological uplift of nutrients, 4) a leached, infertile domain buffered 

by Aluminum (Al) hydrolysis and indicated by Fe enrichment, and 5) a highly leached, infertile 

domain governed by highly acidic or anaerobic conditions which promote Fe-oxide solubility 

(Fig. 1).  

Following the pedogenic threshold analyses of Vitousek and Chadwick (2013) and 

Bateman et al. (2019), we first attempted to identify the location of specific pedogenic thresholds 

by analyzing the breakpoints of various soil properties which, based on theory and these previous 

studies, are expected to indicate specific pedogenic thresholds. We quantified pedogenic 

thresholds by calculating the mean of all indicator parameter breakpoints. For instance, to 

calculate the pedogenic threshold between the Al-hydrolysis buffered domain (green) and the Fe 

mobilization domain (blue) on our sequences, which we termed the Mobile Fe Threshold, we 

averaged quantified breakpoints for Total Fe (%), Fe remaining from the parent material (%), 

and the ratio of Al/Fe.  

Table 3 summarizes all of the ñindicatorò soil properties for each respective pedogenic 

threshold, which were assessed for breakpoints and used in the threshold calculation. The 

Appendix of this dissertation provides an explanation for the usage of these specific ñindicatorò 

soil properties in identifying each pedogenic thresholds.  
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2.2.6 Analyzing the Evolution of the Fertility Threshold  

 

The soil process domain buffered by primary mineral weathering (yellow) is delineated at 

its upper climatic boundary by a threshold where the exhaustion of primary mineral inputs occurs 

and also marks the transition into a soil process domain buffered by Al hydrolysis (green) (Fig. 

1). We refer to this pedogenic threshold as the Fertility Threshold because previous works have 

found that at this pedogenic stage where primary mineral inputs exhaust, soils are highly acidic 

and leached of nutrients. To examine the evolution of the Fertility Threshold over time (i.e., 

across the chronosequence), we fit several non-linear models to the occurrence this thresholds 

WB values from each substrates (n=8) against the geologic age of the soil substrate to generate 

an empirical equation, selecting the function with the highest r2 value. 

 

2.3 Results 

 

2.3.1 Breakpoint Analysis 

 

Soils representing climosequences for five soil substrates were collected and analyzed 

(n=577). We statistically quantified breakpoints for indicator soil properties along gradients in 

WB (mm/yr) for each of the substrates within our chronosequence (Table 4). Although, for any 

given climosequence, noise and variation were apparent in the data, breakpoints were statistically 

identifiable and demonstrated alignment across multiple soil parameters, confirming our visual 

assessment of the data (Fig. 2).  

Si is a relatively mobile element in soil systems and the leaching of Si is commonly 

associated with the weathering primary minerals. As WB increased across each climosequence, 

Si demonstrated depletion, with Si approaching 100% remaining from the parent material in the 

driest soils of each sequence and then depleting to a threshold and stabilizing at percentages 

between ~10-30% (Fig. 2A). Except for the youngest LaupǕhoehoe substrate, quantified 

breakpoints for Si sequentially shifted to drier WB values as the age of the substrate increased. 

Ca, Mg, and K behaved similarly to Si, demonstrating mass loss with increased WB up until a 

threshold and quantified breakpoints from each substrate were nearly identical to Si. Figures 

representing the breakpoint analyses from the percent remaining of these three elements, as well 

as for exchangeable nutrients (i.e., exchangeable Mg2+, exchangeable K+, Resin P) are provided 

in Fig S2-6. Breakpoints determined from total elemental indicator soil properties generally had 
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less noise than exchangeable pool soil properties and were far more consistent in having their 

breakpoints align with one another.  

Fe is highly conserved during primary mineral weathering and often demonstrates 

enrichment, but can mobilize at an anoxic threshold where climate forcing is extreme. Total Fe 

was either highly stable or highly variable depending on the age of the substrate (Fig. 2B). On 

the youngest three climosequences (LaupǕhoehoe, Hana, and HǕmǕkua), Fe values were linear 

and no breakpoints were determined. However, Fe did enrich gradually across the HǕmǕkua 

gradient as weathering intensity increased. On the two oldest substrates (Kula and Molokaói), Fe 

values showed signs of both Fe enrichment and mobilization, with two breakpoints being 

quantified along both of these sequences. In both cases, the drier breakpoint marked Fe 

enrichment while the wetter breakpoint marked Fe mobilization, with Fe values dropping 

significantly after the second determined breakpoint. We also observed that Fe breakpoints from 

the oldest Molokaói substrate were shifted to drier WB values than the younger Kula substrate, 

which was the same trend observed in the sequential shift of breakpoints from Fertility Threshold 

indicator soil properties. Fe mobilization breakpoints were reaffirmed by the other ñmobile Feò 

threshold indicator soil properties (Fe remaining and Al/Fe) in Fig. S7 and S8. 

We also performed a breakpoint analysis for the ratios of exchangeable Mg2+ / total Mg, 

and exchangeable K+ / total K to investigate the potential existence of the kinetically-limited or 

surface area-limited pedogenic threshold on our substrates. However, no relevant breakpoints 

were determined for any of our substrates (Fig. S9 and S10). Finally, we performed a simple HCl 

fizz test on the driest soils from each substrate to look for the presence of pedogenic carbonates 

that could indicate the pedogenic carbonate domain, but no fizzing was observed. On data from  

the three previously sampled climosequences (20, 150, and 4,100 ky), we re-ran our breakpoint 

analysis and amalgamated those breakpoints into our data (Table 4) to complete the 

chronosequence. We quantified nearly identical breakpoints to the breakpoints estimated by 

previous studies (Vitousek and Chadwick, 2013; Bateman et al., 2019). 

 

2.3.2 Pedogenic Threshold Determination and Soil Process Domains 

 

After performing the breakpoint analysis for all soil properties (including those from 

previously collected climosequences), we synthesized breakpoints and calculated pedogenic 

thresholds for every substrate in the chronosequence. Of the four pedogenic thresholds that we 
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investigated, we were able to find evidence for and estimate Fertility Thresholds on all eight 

substrates and Mobile Fe Thresholds on the oldest three substrates from Kula, Molokaói, and 

Kauaói (Table 5). Contrary to our expectations, our breakpoint analyses did not support the 

existence of the pedogenic thresholds delineating the kinetically/surface area-limited domain or 

the pedogenic carbonate domain. Due to the inconsistency of breakpoint estimates between soil 

properties representing the exchangeable pool (i.e., exchangeable base cations, base saturation, 

and Resin P), particularly on the younger substrates, we also calculated the Fertility Threshold 

using exclusively total elemental breakpoints (shown in parentheses in Table 5), which shifted 

the pedogenic threshold estimates for the HǕmǕkua and Kula substrates to significantly drier WB 

values. 

The highest WB value for the Fertility Threshold was found on the second youngest Hana 

sequence while the lowest was found on the oldest Kauaói sequence. Now with a chronosequence 

of eight soils, we observed that generally, the Fertility Threshold shifted to increasingly drier 

WB values over time. However, the threshold calculated on the youngest LaupǕhoehoe was an 

outlier from this trend, as we would have expected the threshold to exist at a higher WB value 

due to the soil substrate being so young (5 ky). The occurrence of these thresholds suggests 

varying degrees of capacity for these soils to buffer acidity and that the domain of primary 

mineral weathering is dependent on cumulative weathering over time, but also that very young 

substrates may not follow this pattern. We only observed the Mobile Fe Threshold on the three 

oldest soil substrates (450, 1,400, and 4,100 ky). As with the Fertility Threshold, this second 

threshold shifted to drier WB values over time. The Mobile Fe threshold from the Kula substrate 

was calculated at a substantially wetter WB value and suggests that more climate forcing and 

higher water saturation is necessary for promoting the reduction and solubilization of Fe oxide 

minerals on this younger substrate in order to reach a comparable weathering state to the oldest 

two substrates. 

From these threshold estimates, we delineated the boundaries between the three 

previously observed major soil process domains: 1) Primary mineral weathering-buffered and 

biological uplift domain with elevated fertility, 2) Al hydrolysis-buffered and Fe enrichment 

domain with low fertility, and 3) Fe mobilization domain with highly depleted and leached 

nutrients (Fig. 3). The primary mineral weathering domain is more prominent in younger soils 

and its existence shifts to increasingly drier WB values as the substrate age increased due to 
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accumulated influence of climate-driven weathering over time. While this pattern is clear across 

the majority of the climosequences, the youngest LaupǕhoehoe gradient did not follow this trend 

and exhibited an inhibited capacity to buffer acidity, by entering the acidic, Fe enrichment 

domain at a much drier WB than anticipated (213 mm/yr). Conversely, the Fe mobilization 

domain became more prominent as the age of the soil substrate increased. 

 

2.3.3 Modeling Pedogenic Threshold Evolution 

 

Using Fertility Thresholds calculated from just elemental indicator breakpoints, but 

omitting the LaupǕhoehoe substrate outlier, the occurrence of the Fertility Threshold shifted to 

lower WB values with increased substrate age following a decay pattern (Fig. 4). A logarithmic 

function was selected in favor of an exponential or power function because it had the highest R2 

value (0.9452). The empirical equation that this model produced is as follows: 

 

(2)  ὝὬὶὩίὬέὰὨ ςσσȢψz ÌÎὃ σπωτ 

 

where ñThresholdò is the Priestly WB value (mm/yr) that the Fertility Threshold occurs at and 

ñGAò is the geologic age of the soil substrate in years. The trend follows a logarithmic decay 

pattern and allows for predicting the WB at which a Hawaiian soilôs Fertility Threshold occurs if 

the geologic age of the soil substrate is known and other soil forming factors are held stable. 

 

2.4 Discussion 

 

2.4.1 Fertility Accumulation and the Rate of Weathering 

 

Across our chronosequence, pedogenic thresholds and soil process domains shifted to 

drier WB values on geologically older substrates in a highly predictable fashion, following a 

logarithmic decay pattern. This would suggest that, in general, a younger soil substrate (<150 ky) 

requires significantly more climate-driven water flux than an older soil substrate (>150 ky) to 

reach an equivalent pedogenic threshold. Soils existing within the primary mineral weathering-

buffered domain were characterized by lower rates of mass lass, high concentrations of 

exchangeable nutrients, and higher pH (>6). But as WB increased (i.e., weathering intensity 

increased) and approached the Fertility Threshold along each sequence, we observed the gradual 

mass loss of more mobile, poorly-conserved elements (Ca, Mg, K, and Si) and nutrients (base 

cations and Resin P) from the upper soil column. This mass loss is associated with a steady 
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decline in pH, which catalyzes primary mineral dissolution reactions and releases mobile 

elements into the aqueous phase. Once the pool of thermodynamically unstable primary minerals 

is solubilized and aqueous products have precipitated into more stable, secondary soil minerals, 

we then observe pedogenic inertia with limited mineral reactivity in which pH is low, base 

cations are replaced by acid cations (H+ and Al3+), and total elemental concentrations of silica 

and bases are depleted (<50% of original parent material) but soil conditions are relatively stable. 

This is the characterization of the ñlow fertility, Fe enrichment" domain occupied by soils after 

the Fertility Threshold, which is generally associated with wetter and/or older soils.  

 While the Fertility Threshold that we describe specifically delineates the WB at which a 

soil shifts from a domain buffered by primary mineral weathering to a domain buffered by Al 

hydrolysis, this boundary also has implications related to the depletion of naturally accumulated 

pedogenic soil fertility. As previously described (Chadwick and Chorover, 2001; Vitousek and 

Chadwick, 2013; Bateman et al., 2019; Chadwick et al., 2022), soils within this primary mineral 

weathering-buffered domain are consistently receiving inputs of available nutrients from mineral 

dissolution and simultaneously, leaching pressure is reduced due to the stability of the buffer 

system. Within this soil process domain, inputs and retention of nutrients outweigh losses 

through leaching, but once primary minerals are overwhelmed at the Fertility Threshold, a 

transition occurs in which losses of nutrient begin to outweigh inputs. Due to this connection, the 

Fertility Threshold marks the upper climatic boundary for elevated soil fertility (i.e., nutrient 

availability) on a given lava flow substrate. In soils wetter than this threshold, losses of soil 

nutrients through leaching outweigh the supply, thus rendering soils infertile. 

 The Fertility Threshold boundary has potential implications for spatially modeling soil 

fertility, at least on landscapes where shield surfaces are still intact and the soils have been 

largely unaltered. Intensive rainfed agroecological systems in ancient Hawaiói were generally 

cultivated on the shield surfaces of younger Hawaiian islands (Hawaiói and Maui) where there 

was a higher overlap between sufficient rainfall to support cultivation and high nutrient supply to 

crops (Vitousek et al., 2004; Ladefoged et al., 2018; Lincoln et al. 2018). Vitousek and 

Chadwick (2013) acknowledged that the placement of these systems on the landscape overlapped 

very closely with soils existing within the primary mineral weathering and biological uplift 

domain and that the upper rainfall boundary of these systems aligned with the presence of a 

pedogenic threshold. Vitousek et al. (2004) suggest that these pedogenic ñsweet spotsò, where 
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soil fertility is elevated as a result of optimal climatic and temporal drivers, likely contributed to 

the placement and agricultural success of the many dryland agroecological systems that were 

cultivated across the Hawaiian Islands prior to Western disruption.  

 Previous archaeological modeling studies of Hawaiian agroecological systems have 

attempted to predict the upper boundary of these dryland systems, where fertility is too depleted 

to conduct intensive dryland agriculture, by estimating the Fertility Threshold with a non-

empirical equation using the mean annual precipitation, elevation, and geologic age of the soil 

substrate (Ladefoged et al., 2009; Kurashima et al., 2019; Lincoln et al., 2023). Our empirical 

equation (Eq. 2) that predicts the occurrence of the Fertility Threshold across time and climate 

can be utilized to model the potential extent of these dryland rainfed systems with data-backed 

prediction, possibly improving the accuracy of these spatial models and contributing to our 

understanding of the footprint that these ancient agricultural systems placed on the land. Other 

factors, such as topographically-driven erosion (regressive pedogenesis), can divert soil 

pedogenesis away from the two-dimensional logarithmic decay pedogenic timeline presented in 

Fig. 4, adding another layer of complexity to modeling those soils (Vitousek et al., 2003; Porder 

et al., 2007a; Berhe et al., 2018). Therefore, it should be restated that the arrangement and 

modeling of these soil process domains and pedogenic thresholds reflects soil behavior solely 

from intact shield surfaces.  

 While our empirical equation specifically relates the climatic occurrence of the Fertility 

Threshold to a substrateôs geologic age, the logarithmic decay pattern also demonstrates the rate 

of weathering and soil pedogenesis. Rapid weathering occurs during the early stages of 

pedogenesis as more reactive mineral phases are more readily solubilized (White et al., 1996; 

Hodson and Langan, 1999). As the soil becomes dominated by more thermodynamically stable 

secondary clay minerals (halloysite, gibbsite, hematite, etc.) over time, the rate of weathering 

gradually decreases as the mineral fraction becomes progressively less reactive (Rai and 

Lindsey, 1975). This is reflected by the occurrence of the Fertility Threshold across our 

chronosequence, which shifted more rapidly in younger soils (<150 ky) and more slowly in older 

soil (>150 ky). A similar exponential decay pattern was presented by Chadwick and Chorover 

(2001) when looking at the capacity of soils to neutralize acidity across a chronosequence of six 

soil substrates. They suggested that the high initial rate of weathering in young soils is, again, 

due to the presence of more readily soluble primary phases such as volcanic glass and olivine 
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and that this rate approaches a pedogenic inertia as secondary phases begin to dominate the soil 

(Vitousek et al., 1997). Other chronosequence studies on soil weathering rates and elemental 

flux, but from different parent materials, have observed similar logarithmic decay patterns with 

rapid mineral dissolution and elemental loss during early soil development stages and stagnated 

rates in older soils (Egli et al., 2001; Zehetner et al., 2024).  

 

2.4.2 Parent Material Conundrum 

 

 For the purposes of this study, we relied heavily on the assumption that the parent 

material component in the formation of Hawaiian soils is consistent and, therefore, that we can 

constrain the behavior of soil properties to climate and time. However, the reliability of this 

assumption is entirely dependent on comparison. As previously mentioned, comparing the 

consistency of Hawaiian volcanic parent materials to that of highly variable continental parent 

materials supports the argument that Hawaiian parent materials are near homogenous (Duncan 

and Richards, 1991). However, we observed that parent material variation may be a much more 

significant factor than originally anticipated, particularly for younger soils. Geochemically, it is 

well understood that Hawaiian igneous materials range from tholeiitic basalts to trachyte 

depending on the stage of volcanism, demonstrating significant elemental and petrological shifts 

in the composition of erupted materials across the islands (Macdonald and Katsura, 1964; 

Spengler and Garcia, 1988; Walker, 1994). Different mineral phases and their abundances affect 

both the rate of primary mineral dissolution and the concentrations of elements being released 

from the rock, potentially shifting threshold loci (Rai and Lindsey, 1975; Gislason et al., 2003; 

Vitousek et al., 2016).  

 Perhaps more significant is the physical heterogeneity between eruptive forms, ranging 

from tephra such as fine ash to rock materials such as dense, smooth pǕhoehoe flows. Simply, 

the initial surface area differences between these physically distinct parent materials create a 

contrast between the reactivity and initial rate of weathering that young soils will experience 

(Turner et al., 2018). Volcanic ash, which is the defining characteristic in the creation of 

Hawaióiôs volcanic soils (i.e., Andisols), is especially unpredictable. Ash can travel long 

distances away from its eruptive vent and deposit in varying amounts across the geoscape 

(Hodges and Boettinger, 2023). For older soils, the amount of ash, its source, and how old the 

ash is that the soils are forming from is nearly impossible to trace because it develops into soil so 
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rapidly. The rate of weathering and nutrient release in young soils (<15 ky), which are limited 

kinetically and highly dependent on surface reactivity, is therefore highly dependent on the 

amount of tephra that the soils are forming from. Hence, it can become very difficult to solely 

attribute soil differences between geologically young substrates to climate and time, as parent 

material differences are much more apparent during the early stages of pedogenesis. Finally, 

assigning a single geologic age to these soil substrates, which are more than likely a mixture of 

older rock and younger tephra, is also a potential source of error. Age ranges provided by the 

USGS in their geologic mapping of lava flows are also quite wide (e.g. 5-13, 13-50, 65-300 ky; 

Sherrod et al., 2021) which creates another issue in situations when we were unable to sample on 

a contiguous lava flow for the entire sequence or if ash is more heavily distributed on one section 

of a transect than another.  

 From the Ti:Nb ratios in our soil sequences, we observed high parent material variation 

in soils forming from the older substrates, especially in the Molokaói soils. The oldest soils have 

likely accumulated larger amounts of ash from younger eruptions compared to young soil 

substrates and have also received more atmospherically-derived dust deposition over time 

(Porder et al., 2007b). Both of these factors, as well as sampling from non-contiguous lava flows, 

are the most likely sources for parent material variations. In all likelihood, heterogeneity in the 

parent material component played a role in much of the heterogeneity we observed in the soil 

properties across our gradients, but the degree to which is highly uncertain. This does not 

invalidate our work or suggest that parent material differences are blurring trends observed 

across time and climate, but it should be considered in further studies. 

 

2.4.3 Exchangeable vs. Pool in Characterizing Pedogenic Thresholds 

 

Exchangeable pool elements (Ca2+, Mg2+, K+, Na+, Resin P) may not be the most 

appropriate soil indicator properties for examining pedogenic thresholds. On all of our soil 

substrates except for Molokaói, the breakpoints that we determined for exchangeable Ca2+, Mg2+, 

K+, and Resin P varied extensively amongst one another and did not support the consistency of 

breakpoints found in the total elemental pool. On the Hana sequence for example, we identified a 

breakpoint at -964±1149 mm/yr of WB for exchangeable K+ while the breakpoint for 

exchangeable Mg2+ was vastly different at 1094±900 mm/yr (Table 4). While the exchangeable 

Mg2+ breakpoint supports the breakpoints found for Si, Ca, Mg, and K remaining from the parent 
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material in these Hana soils, there is no consistency in the exchangeable pool to confidently 

support threshold behavior. This type of inconsistency was rampant for exchangeable pool 

properties across the climosequences of our youngest substrates.  

Bateman et al. (2019) also observed similar variation between exchangeable pool 

breakpoints on their Mauna Kea flow, where for example, they determined an exhaustion 

breakpoint for exchangeable Ca2+ at 760±470 mm/yr of WB but were unable to find the same 

breakpoint for either exchangeable Mg2+or K+. Because of the inconsistency and the fact that 

exchangeable soil property breakpoints simply do not tend to corroborate one another, they do 

not serve to determine pedogenic thresholds effectively. On the other hand, breakpoints 

determined from total elemental indicator soil properties (e.g., Si, Ca, and Mg remaining from 

the parent material) were highly consistent and typically validated one another. As a result, we 

suggest that pedogenic thresholds are best calculated by using exclusively total elemental soil 

property breakpoints. 

The biota factor in soil formation may be a significant source of error for these 

exchangeable pool soil properties across our chronosequence. Exchangeable cations and Resin P 

on the HǕwǭ climosequence (Chadwick et al., 2003; Vitousek and Chadwick, 2013) were highly 

consistent and aligned very strongly with breakpoints from total elemental soil properties. The 

consistency of these exchangeable pool property breakpoints not only supported the 

determination of the Fertility Threshold but it also demonstrated just how constrained the HǕwǭ 

climosequence is, perhaps achieving an unrealistic standard for how exchangeable pool nutrients 

might behave on other less-constrained substrates. All soils taken from this sequence were 

sampled under pasture, mostly dominated by kikuyu grass, which consequently may have created 

a much more uniform biotic factor affecting the pedogenic nutrient availability of these soils. For 

young soils in particular, much of the total exchange capacity is dominated by contributions from 

organic matter (Krull et al., 2004; Soares and Alleoni, 2008). Because of this, exchangeable pool 

nutrient availability is highly dependent on the quality and composition of organic matter 

contributions. But across some of our climosequences, which span pasture, native forest, 

invasive forest, and dry shrubland, the soils are receiving a broad range of organic matter inputs, 

thus affecting the cycling of soil organic carbon and indirectly influencing exchangeable pool 

concentrations of base cations and P (Townsend et al., 1995; Osher, 2003; Sanderman and 

Kramer, 2013). 
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Although we attempted to stabilize the biotic component as much as possible through 

selective sampling, its imprint was demonstrated by the inconsistency of exchangeable base 

cations and Resin P. Even amongst soils of the same geologic age, rainfall, and parent material, 

short-term invasions of novel plants have demonstrated significant impacts and nutrient 

availability and cycling in Hawaiian soils (Bateman and Vitousek, 2018). Exchangeable nutrients 

have much shorter residence times through the soil than nutrients within the mineral phase and 

may not fully reflect the geologic time scale that pedogenesis functions on. Total elemental 

concentrations, which are proportionally more concentrated within the mineral fraction, are 

much less dependent on the type of organic matter contributions and are more reflective of the 

pedogenic timeline. This, again, supports our argument for the usage of breakpoints from total 

elemental soil properties in determining pedogenic threshold. 

  

2.4.4 Surface Area Limitation in Young Soils (<15 ky) 

 

 We opted to omit the youngest LaupǕhoehoe substrate from the modeling of threshold 

occurrence and generation of the empirical equation because weathering processes in extremely 

young soils in Hawaiói (<15 ky) have been shown to deviate from the logarithmic decay 

pedogenesis pattern typically observed in older soils. This deviation is demonstrated by the 

occurrence of the Fertility Threshold on the LaupǕhoehoe flow being estimated at ~213 mm/yr of 

WB, a much lower WB than the next oldest soil substate (15 ky) where the threshold was 

estimated at ~940 mm/yr. 

 Lincoln et al. (2014) examined soil fertility and elemental shifts across a series of 

extremely young soils (0.5 to 12.5 ky) in the Kona region of Hawaiói Island to see if they 

followed the same pedogenic patterns in response to climate and time. While older soils (>15 ky) 

tend to follow a declining pattern of available nutrients, pH, and mass loss with age, they found 

the opposite pattern across their young chronosequence. In their study, the youngest soils (<4 ky) 

were depleted in exchangeable cations and P while also being much more acidic than older soils 

(>4 ky). While the climate gradient in this study was significantly smaller (~750-1750 mm/yr of 

MAP) than in this paper, patterns with substrate age suggest that during the very initial stages of 

weathering (<15 ky), soils accumulate in fertility and become more buffered. This is especially 

true for P, which has been shown to accumulate in its bioavailable form during the very early 

stages of pedogenesis up until an inflexion point after which non-occluded P decreases across 
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further weathering pressure (Walker and Syers, 1976; Turner and Condron, 2013). Across the 

short climate windows within the Kona region study, they were also able to observe thresholds in 

fertility parameters (exchangeable base cations, resin P, etc.) that occurred at lower rainfalls than 

those found on older climosequences, similar to the lower threshold observed on our 

LaupǕhoehoe flow. They argue that the youngest soils in Hawaiói are kinetically limited, in that 

they have limited reactive mineral surfaces that can release nutrients and buffer acidity during 

primary mineral dissolution while simultaneously having poor retention (Reeves and Rothman, 

2014).  

 Several other chronosequence-based soil development studies conducted in Hawaiói have 

observed a similar accumulation of bio-available P and increase of exchangeable Ca2+ and Mg2+ 

in young soils as they aged (Crews et al., 1995, Vitousek et al., 1997), supporting that the upper 

30 cm of extremely young soils (<5 ky), at least the fines fraction of material (i.e., <2 mm), are 

high in OM, acidic (pH<6), and low in available nutrients but accumulate fertility and buffering 

capacity as they age. From the observations in this study and those reported in the previously 

mentioned studies, an apex in fertility likely exists between soils geologically aged from 12.5 ky 

to 20 ky in which this switch from surface area limitation to supply limitation occurs, but of 

course this switch is also dependent on climate. Therefore, the pattern of Fertility Threshold 

occurrence would likely be better described by a sharp incline (between 0 to 12.5 or 20 ky) 

followed by the logarithmic decay that is observed in older soils (Fig. 4). A better pedogenic 

understanding of soil development in young soils (<15 ky) and the degree to which parent 

material can explain their variability is necessary to fully understand threshold evolution and 

fertility accumulation across time. 

 The most perplexing issue in understanding the behavior of these young soils is their 

threshold occurrence, which occurred at significantly lower WB values (climates) than expected. 

While examining the percent remaining of mobile elements (Si, Ca, Mg, and K) on the youngest 

LaupǕhoehoe climosequence, percentages dropped from ~80% remaining to ~20% remaining 

across an extremely small climate window (-300 to 200 mm/yr of WB). This rate of loss was not 

observed on any of the older substrates, which all demonstrated a much more gradual decline in 

mobile elements. For example, on the older HǕmǕkua substrate, we saw that Si declined from 

80% remaining from the parent material to 20% across a much wider climate window, from ~-

1000 to ~200 mm/yr of WB (Fig. 2a). The disparity between the rate of mass loss in the youngest 
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substrate and the older substrates is likely associated with a limited capacity for the youngest 

soils to buffer acidity.  

 Extremely young soils are disproportionally lower in volume of the fines fraction, being 

mostly composed of rock, and are disproportionately higher in OM within this fines fraction. 

With reduced fine mineral grains throughout upper soil column, there are limited primary 

mineral surfaces for water and acidity to react with. As a result of the limited reactivity, primary 

mineral dissolution is inhibited and therefore, does not consume protons as effectively. Without 

this primary mineral dissolution buffer system in place, acidity accumulates and the limited fines 

that do exist within the soil volume effectively experience a higher proportion of acidity, water 

flux, and leaching pressure. The leaching potential caused by accumulated acidity is also likely 

exacerbated by the higher proportion of organic matter in these younger soils, which further 

contributes acidity to the fines fraction. But this is overcome as the soil ages, with reactive 

surface area increasing as rocks are weathered down which contributes higher rates of primary 

mineral inputs and more of a capacity to buffer acidity. In summary, the limited pore space, 

inhibited reactivity of primary minerals, and high organic matter are all factors contributing to 

the high rates of mass loss observed in our youngest substrate and can explain the dramatic 

pedogenic threshold outlier.  

 

2.5 Conclusion 

 

 Mineral weathering and the capacity of a soil to buffer acidity are cumulative processes 

that are interconnected with climate-driven water flux throughout pedogenesis and contribute to 

nutrient supply and retention. Older soils, which have endured weathering for more prolonged 

periods of time, are generally more leached than younger soils at comparatively similar climates 

and can exist in soil process domains governed by completely different buffer systems. In this 

study, we found a clear trend between the geologic age of the soil and the WB that pedogenic 

thresholds occur at. Along our chronosequence, we observed that as substrate aged increased, 

pedogenic thresholds shift to increasingly drier WB values. This trend is the result of weathering 

being a two-fold product of water flux and geologic age when other forming factors are 

constrained. Higher water flux is required for a younger soil to reach an equivalent pedogenic 

threshold for an older soil. The Fertility Threshold, which demarcates the exhaustion of 

weatherable primary, shifted to drier WB values across the chronosequence following a 
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logarithmic decay pattern. From modeling this pattern, we created an empirical equation that 

predicts threshold occurrence as a function of the geologic age of soil substrates on Hawaiian 

shield surfaces. However, results from our chrono-climosequence matrix also suggest that young 

soils (<15 ky) do not follow this decay pattern and conversely, accumulate in fertility with time. 

Further research into the behavior of youthful soils, their formation as a product of parent 

material, and the identification of this apex in which soils in a chronosequence shift from nutrient 

accumulation to depletion. 

 The empirical equation that we derived (Eq. 2) has applications for other fields, such as 

modeling the natural fertility of shield surface Hawaiians soils as it pertains to predicting the 

extent of and mapping traditional Hawaiian rainfed agroecology. This equation could be used to 

model the extent ancient intensive dryland field systems, which were rainfed systems there were 

constrained by limitations to pedogenic soil fertility, and have been shown to align well with the 

Fertility Threshold on the landscape. Our threshold occurrence equation has the potential to 

enhance the accuracy of these agricultural spatial models because it is backed by empirical 

prediction. It is our hope that the generation of this equation can help contribute to our 

understanding of the footprint that these ancient agroecological systems occupied on the 

Hawaiian landscape and the connection between pedogenesis and indigenous agricultural 

productivity.  
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Tables 

Table 2.1 

Summary of soil substrate geologies and geologic ages for our chronosequence. Geologic age 

ranges were acquired from Sherrod et al. (2021). The asterisk*  indicates substrates from previous 

studies (Vitousek and Chadwick, 2013; Bateman et al., 2019). 

Substrate Volcano Volcanics Geologic Age 

(ky) 

Assigned Age 

(ky) 

LaupǕhoehoe Mauna Kea LaupǕhoehoe 4-7 5 

Hana HaleakalǕ Hana 13 - 50 15 

Mauna Kea* Mauna Kea LaupǕhoehoe 13 - 65 20 

HǕmǕkua Mauna Kea HǕmǕkua 65 - 300 120 

HǕwǭ* Kohala HǕwǭ 120 - 250 150 

Kula HaleakalǕ Kula 150 - 930 450 

Molokaói West, East Molokaói West, East Molokaói 1,300 - 1,800 1,400 

Kauaói* Kauaói NǕpali 3,800-5,500 4,100 
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Table 2.2 

Summary of soil substrate climatic data and soil taxonomies for our chronosequence. Soil 

taxonomic data was acquired from the NRCS Web Soil Survey (WSS). The asterisk*  indicates 

substrates from previous studies (Vitousek and Chadwick, 2013; Bateman et al., 2019).  

Substrate n Water 

balance 

(mm/yr)  

Mean 

annual 

temperature 

(°C) 

Taxonomy 

(dry)  

Taxonomy 

(mesic) 

Taxonomy 

(wet) 

LaupǕhoehoe 114 -1000 ~ 2800 7.5 ~18 Humic 

Ustrivitrands 

Typic 

Hapludands 

Typic 

Hydrudands 

Hana 100 -1250 ~ 3100 20.5 ~ 23 Pachic 

Haplustolls 

Typic 

Hydrudands 

Typic 

Hydrudands 

Mauna Kea* 97 -1300 ~ 3800 5.5 ~14 Xeric 

Vitricyands 

Histic 

Epiaquands 

Terric 

Haplohemist 

HǕmǕkua 131 -1300 ~ 2500 13 ~ 23 Vitric 

Haplistands 

Humic 

Haplustands 

Acrudoxic 

Hydrudands 

HǕwǭ* 151 -1500 ~ 1700 16.5 ~ 23.5 Sodic 

Haplocambids 

Humic 

Haplustands 

Acrudoxic 

Hydrudands 

Kula 120 -1250 ~ 3900 11 ~ 23.5 Torroxic 

Haplustolls 

Typic 

Haplustands 

Acrudoxic 

Hydrudands 

Molokaói 114 -1500 ~ 3000 16 ~ 23 Typic 

Eutrustox 

Ustic 

Palehumults 

Humic 

Epiquepts 

Kauaói* 28 -1100 ~ 2400 15 ~ 21.5  Rhodic 

Eutrustox 

Inceptic 

Haplustox 

Terric 

Haplusaprists 

  



 50 

Table 2.3 

Summary of pedogenic thresholds and their respective indicator soil properties that were used 

calculate them.  

Pedogenic Threshold Indicator Soil Properties 

Mobile Fe Total Fe, Fe Remaining, Al/Fe 

Fertility pH, Exchangeable Ca2+ / Mg2+ / K+ / Na+, 

Base Saturation, Resin P, Si Remaining, 

Ca Remaining, Mg Remaining, K 

Remaining  

Kinetic Limitation Exchangeable Ca2+ / Total Ca, 

Exchangeable Mg2+ / Total Mg, 

Exchangeable K+ / Total K 

Carbonate Dissolution No indicator soil properties 
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Table 2.4 

Results from the breakpoint analyses for all indicator soil properties on each climosequence. All 

breakpoints are presented as the Priestly water balance (Mean annual precipitation - Priestly 

evapotranspiration) in mm/yr at which we statistically quantified a relevant breakpoint. The 

asterisk*  indicates substrates from previous studies (Vitousek and Chadwick, 2013; Bateman et 

al., 2019).  

Substrate pH Base 

Sat. 
Exchangeable 

 
% Remaining 

 
Total 

Ca2+ Mg2+ K + P  Si Ca Mg K Fe  Fe Al/Fe 

LaupǕhoehoe  401 401 - - - -  327 229 206 90 -  - - 

Hana  427 - - 1094 -964 -964  1094 481 1250 936 -  - - 

Mauna Kea*  1087 666 909 - - -  740 909 740 666 -  - - 

HǕmǕkua 1179 652 850 1006 280 -3  84 320 84 84 -  - - 

HǕwǭ* 574 304 486 295 333 313  378 378 313 705 -  - - 

Kula 1068 - - 1205 591 833  -3 -10 -10 -10 2334  2500 2500 

Molokaói -411 -552 - -411 -411 -  -317 -317 -76 -164 2478  843 843 

Kauaói* -227 -434 -468 -468 -434 -529  - -434 -337 -434 -  699 499 
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Table 2.5 

Calculated pedogenic thresholds for both the Fertility and Mobile Fe Thresholds. In parentheses 

are ñfertilityò thresholds that were calculated exclusively with total elemental indicator soil 

property breakpoints. The asterisk*  indicates substrates from previous studies (Vitousek and 

Chadwick, 2013; Bateman et al., 2019).  

 

Substrate 
Geo Age 

(ky) 

Fertility 

Threshold 

(mm/yr)  

Mobile Fe 

Threshold 

(mm/yr)  

LaupǕhoehoe 5 275.67 (213) - 

Hana 15  880.33 (940.25) - 

Mauna Kea* 20 816.71 (763.75) - 

HǕmǕkua 120 389 (143) - 

HǕwǭ* 150 417.07 (443.5) - 

Kula 450 395.14 (-8.25) 2334 

Molokaói 1,400 -321.14 (-218.5) 843 

Kauaói* 4,100 -407.37 (-401.67) 599 
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Figures 

 
Figure 2.1  

Five soil process domains conceptualized by Chadwick and Chorover (2001) and delineated by 

Vitousek and Chadwick (2013). This figure was re-adapted in the style presented by Chadwick 

et. al (2022) but using the older iteration of soil process domains. 
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Figure 2.2 

Distribution of quantified breakpoints across climosequences from each of our five soil 

substrates (LaupǕhoehoe, Hana, HǕmǕkua, Kula, and Molokaói). A. Si Remaining from the 

Parent Material (%). B. Total Fe (%). 
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Figure 2.3  

The distribution of soil process domains and pedogenic thresholds across our chronosequence of 

eight substrates. The 20, 150, and 4,100 ky substrates were sampled and analyzed by previous 

studies (Vitousek and Chadwick, 2013; Bateman et al., 2019). 
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Figure 2.4 

The occurrence of the Fertility Threshold across our chronosequence of eight substrates. A 

logarithmic function was used for the trendline. The LaupǕhoehoe (5 ky) threshold was omitted 

from the trendline function used to generate the empirical equation. 
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Appendix 

 

Table S2.1 

Summary of whole rock geochemical data for selected samples provided by the United States Geological Survey (USGS) and 

metadata for each of the rock samples. The ñSubstrateò and ñGeo Age (ky)ò columns show which of our soil substrates that each rock 

sample was used for and the geologic age of the substrate. The ñSoil Range (mm/yr)ò column describes the water balance range of soil 

samples from each substrate that were paired with the respective geochemical data from that row and used in calculating the percent 

remaining of elements.  

 

ID Substrate Geo Age 

(ky) 

Soil Range 

(mm/yr)  

SiO2 TiO 2 Al 2O3 Fe2O3 FeO MgO CaO Na2O K 2O P2O5 

1 LaupǕhoehoe 5 -1000 to -800 51.4 2.56 17.2 11 - 3.74 6.66 4.78 2.04 0.89 

2 LaupǕhoehoe 5 -800 to 200 50.62 2.66 17 11.48 - 3.94 6.83 4.71 1.96 0.95 

3 LaupǕhoehoe 5 200 to 2800 49.4 2.87 16.9 12 - 3.29 7.09 4.62 1.82 0.85 

4 Hana 15 -1250 to -300 45.27 3.59 16.57 - 12.21 5.03 8.81 4.78 1.84 0.76 

5 Hana 15 100 to 1900 44.35 3.52 15.82 - 14.16 6.02 10.21 3.48 1.25 0.56 

6 Hana 15 1900 to 3100 45.15 3.44 15.23 9.32 4.85 6.23 9.54 3.83 1.29 0.56 

7 HǕmǕkua 120 -1300 to -1100 48.16 2.75 13.4 12.84 - 8.61 11.61 2.14 0.63 0.34 

8 HǕmǕkua 120  -900 to 100 47 3.19 13.7 13.78 - 7.63 11.18 2.36 0.68 0.39 

9 HǕmǕkua 120 300 to 1000 47.32 2.34 13.15 12.35 - 10.62 9.74 2.49 0.89 0.4 

10 HǕmǕkua 120 600 to 2500 45.93 3.13 12.93 13.96 - 10.19 10.66 2.08 0.45 0.33 

11 Kula 450 -1250 to -800 46.48 3.8 16.4 5.03 9.89 4.76 8.09 4.22 1.38 0.66 

12 Kula 450 -300 to 3600 47.36 4.08 16.43 4.84 7.8 4.27 7.96 4.23 1.40 0.66 

13 Kula 450 -500 to 0 40.51 4.15 13.8 5.73 10.3 6.32 12.02 3.53 1.5 0.56 

14 Kula 450 1400 to 3900 44.46 4.08 13.97 6.14 8.95 5.41 10.28 3.07 1.17 0.72 

15 Molokaói 1,400 -1500 to -1350 50.9 2.86 14.34 - 12.49 6.27 9.77 2.81 0.33 - 

16 Molokaói 1,400 -1350 to -1000 53.22 1.81 17.72 2.58 6.14 2.79 5.39 6 2.28 1.08 

17 Molokaói 1,400 -1000 to -900 48.3 3.76 15.87 5.83 12.25 4.214 7.5 3.74 1.11 0.76 

18 Molokaói 1,400 -1200 to -300 48.61 2.53 17.04 1.07 9.37 3.54 6.81 5.58 1.98 1.8 

19 Molokaói 1,400 -1000 to 1200 47.95 3.21 14.23 3.29 9.53 7.35 8.74 3.21 1.01 0.66 

20 Molokaói 1,400 1000 to 3000 48.1 3.05 16.8 3.09 8.29 4.24 7.3 4.2 1.52 1.2 
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Table S2.2 

Quantified breakpoints for our four different breakpoint determination methods (hinge, upper hinge, segmented, and structural 

breaks). Breakpoints are presented as the WB value (mm/yr) at which a non-linearity was statistically estimated. In parentheses is the 

associated standard error for each breakpoint. Bolded breakpoints were selected to calculate the Fertility Threshold. ñBreaksò refers to 

the number of breakpoints that were estimated for a given soil property. ñr2ò was calculated for soil property trends that had no 

breakpoints. ñWindowò refers to the WB range (mm/yr) that we inputted in order to search for a breakpoint. ñHingeò refers to the 

hinge method, ñU. Hingeò refers to the upper hinge method, and ñSeg.ò refers to the segmented method for analysis.  

Substrate Property Breaks r 2 

Breakpoint 1  Breakpoint 2  Structural Breaks 

Window Hinge U. 

Hinge 

Seg.  Window Hinge U. 

Hinge 

Seg.  1 2 3 4 

L
a
u
p
Ǖ
h
o
e
h
o
e
 
(
5
k
y
)

 

pH 2  -1000 to 300 -129.6 

(303) 

- -129.6 

(271) 

 -300 to 3000 - 400.7 

(114) 

579.9 

(213) 

 193 2193   

Exch. Ca N/A                

Exch. K 0 0.0673               

Exch. Mg 0 0.0453           193 401   

Exch. Na 0 0.5228               

Base Sat. 1  -1000 to 3000 - 400.7 

(405) 

579.9 

(473) 

      401    

Resin P 0 0.0018           193 401   

Fe 0 0.266           1022 1683   

Si Rem. 2  -1000 to 300 -522.9 

(179) 

- -833 

(271) 

 -300 to 3000 - 326.8 

(243) 

229 

(243) 

 90    

Fe Rem. 0 0.2183               

Ca Rem. 2  -1000 to 300 -285.8 

(179) 

- -129.6 

(271) 

 -300 to 3000 - 229.3 

(478) 

229.3 

(319) 

 1    

Mg Rem. 2  -1000 to 300 -285.8 

(179) 

- -129.6 

(192) 

 -300 to 3000 - 205.7 

(444) 

205.7 

(342) 

 -35    

K Rem. 2  -1000 to 300 -129.6 

(134) 

- -285.8 

(192) 

 -300 to 3000 - 90.4 

(625) 

90.4 

(588) 

     

Al/Fe 1  -1000 to 300 -35.1 

(106) 

- -35.1 

(132) 

      1022 1683   

Exch./Total Ca N/A                

Exch./Total Mg 1  -1000 to 3000 - 229 

(342) 

229 

(645) 

      193 401   

Exch./Total K 1  -1000 to 3000 - 229 

(910) 

333 

(501) 

      401 1683   
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Table S2.2 cont. 

Substrate Property Breaks r 2 

Breakpoint 1  Breakpoint 2  Structural Breaks 

Window Hinge U. 

Hinge 

Seg.  Window Hinge U. 

Hinge 

Seg.  1 2 3 4 

H
a

n
a
 (

1
5

k
y
) 

pH 1  -1300 to 2000 - -322.8 

(298) 

427.1 

(85) 

      600 1950   

Exch. Ca N/A                

Exch. K 1  -1300 to 2000 - -963.7 

(586) 

-963.7 

(626) 

      -964    

Exch. Mg 1  -1300 to 2000  1093.7 

(459) 

1351.5 

(702) 

      1561    

Exch. Na 0 0.0001               

Base Sat. 0 0.3947               

Resin P 1  -1300 to 1300 - -964 

(460) 

-964 

(586) 

      -1094    

Fe 0 0.0445           481    

Si Rem. 2  -1300 to 1300 147   

(460) 

- 147 

(549) 

 0 to 2000 - 1093.7 

(277) 

267.3 

(429) 

 1898    

Fe Rem. 1  -1300 to 2000 - 1950 

(90) 

267.3 

(638) 

      1898    

Ca Rem. 1  -1300 to 2000 - 480.6 

(211) 

480.6 

(446) 

      -900 -322 1898  

Mg Rem. 1  -1300 to 2000 - 1250 

(352) 

1351.5 

(756) 

      1898    

K Rem. 1  -1300 to 2000 - 936.3 

(171) 

1202.1 

(817) 

      -1094 267 1898  

Al/Fe 1  -1300 to 2000 - 427.1 

(383) 

600 

(268) 

      785    

Exch./Total Ca N/A                

Exch./Total Mg 0 0.0062               

Exch./Total K 0 0.0414               
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Table S2.2 cont. 

Substrate Property Breaks r 2 

Breakpoint 1  Breakpoint 2  Structural Breaks 

Window Hinge U. 

Hinge 

Seg.  Window Hinge U. 

Hinge 

Seg.  1 2 3 4 

M
a

u
n

a
 K

e
a

 (
2

0
 k

y
) 

pH 1  -1300 to 4000 - 1086.6 

(356) 

909.2 

(716) 

      445    

Exch. Ca 1  -500 to 4000 - 909.2 

(387) 

-370.3 

(384) 

      -432 445   

Exch. K 0 0.0081           -432    

Exch. Mg 0 0.0079           -103    

Exch. Na 0 0.0273               

Base Sat. 1  -500 to 4000 - 665.9 

(339) 

-318.5 

(33) 

      -432 445   

Resin P 0 0.0108               

Fe 1 0.0445 -1300 to 4000 159.5 

(272) 

- -117.3 

(600) 

      -251    

Si Rem. 1  -1300 to 1300 - 740.4 

(126) 

591 

(104) 

      -251 445   

Fe Rem. 1  -1300 to 4000 9       

(291) 

- -172 

(985) 

          

Ca Rem. 1  -1300 to 4000 - 740.4 

(88) 

909.2 

(81) 

      -370 445   

Mg Rem. 1  -1300 to 4000 - 740.4 

(100) 

517.7 

(243) 

      -720 445   

K Rem. 1  -1300 to 4000 - 665.9 

(149) 

517.7 

(253) 

      -432 417   

Al/Fe 2  -1300 to 4000 -463  

(129) 

- -463 

(878) 

 -500 to 4000 - 2239 

(323) 

2239 

(597) 

 445 1295   

Exch./Total Ca 0 0.0043           503    

Exch./Total Mg 0 0.1367               

Exch./Total K 0 0.3126               
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Table S2.2 cont. 

Substrate Property Breaks r 2 

Breakpoint 1  Breakpoint 2  Structural Breaks 

Window Hinge U. 

Hinge 

Seg.  Window Hinge U. 

Hinge 

Seg.  1 2 3 4 

H
Ǖ
m
Ǖ
k
u

a
 (

1
2
0

 k
y
) 

pH 2  -1300 to 1200 -165.9 

(254) 

- 961.9 

(483) 

 700 to 2800 - 1179.3 

(105) 

1179.3 

(357) 

 1006    

Exch. Ca 2  -1300 to 1200 -715.8 

(142) 

- -715.8 

(517) 

 -1300 to 2800 - 651.9 

(144) 

849.5 

(87) 

 1026    

Exch. K 2  -1300 to 1200 -715.8 

(180) 

- -997.5 

(555) 

 -1000 to 2800 - 279.5 

(175) 

279.5 

(279) 

 280    

Exch. Mg 2  -1300 to 1200 -536.7 

(212) 

- -997.5 

(555) 

 -1000 to 2800 - 1005.9 

(68) 

874.4 

(101) 

 -166 652   

Exch. Na 0 0.0002           83 686   

Base Sat. 1  -1000 to 2800 - 2526.2 

(720) 

651.9 

(180) 

      874 1340 2008  

Resin P 2  -1300 to 1200 -715.8 

(150) 

- -998 

(555) 

 -1000 to 2800 - -3.1 

(219) 

-3.1 

(219) 

 -537    

Fe 1  -1300 to 2800 - 2426.2 

(423) 

-997.5 

(873) 

      -537 1179   

Si Rem. 2  -1300 to 1200 848.3 

(118) 

- 280 

(555) 

 -1000 to 2800 - 280 

(299) 

83.5 

(213) 

 -537    

Fe Rem. 2  -1300 to 1200 -291.1 

(204) 

- -715.8 

(517) 

 -1000 to 2800 - 542.6 

(141) 

961.1 

(172) 

 -537 280 850 1716 

Ca Rem. 2  -1300 to 1200 -715.8 

(150) 

- -848.3 

(555) 

 -1000 to 2800 - 320.3 

(246) 

279.5 

(327) 

 -537    

Mg Rem. 1  -1300 to 2800 - 83.5 

(213) 

-3.1 

(241) 

      3    

K Rem. 2  -1300 to 1200 -715.8 

(150) 

- -997.5 

(555) 

 -1000 to 2800 - 83.5 

(109) 

280 

(201) 

 -537 424   

Al/Fe 1  -1000 to 2800 1179.3 

(206) 

- 1179.3 

(142) 

      -537 1340   

Exch./Total Ca N/A                

Exch./Total Mg 2  -1300 to 1200 -291  

(375) 

- 279 

(151) 

 0 to 2800 - 784   

(72) 

784 

(129) 

 -411 652   

Exch./Total K 1  1300 to 2800 - 784   

(72) 

784 

(129) 

      -166    
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Table S2.2 cont. 

Substrate Property Breaks r 2 

Breakpoint 1  Breakpoint 2  Structural Breaks 

Window Hinge U. 

Hinge 

Seg.  Window Hinge U. 

Hinge 

Seg.  1 2 3 4 

H
Ǖ
w
ǭ 
(1

5
0

 k
y
) 

pH 2  -1700 to 700 -571.6 

(83) 

- 598.8 

(188) 

 0 to 1700 - 574.2 

(208) 

561.6 

(277) 

 -684 427   

Exch. Ca 2  -1700 to 700 108.6  

(50) 

- -354.9 

(48) 

 0 to 1700 - 485.9 

(69) 

304 

(86) 

 -664 171   

Exch. K 2  -1700 to 700 -194.2 

(38) 

- -242.4 

(79) 

 0 to 1700 - 333.4 

(40) 

333.4 

(46) 

 -664 250   

Exch. Mg 2  -1700 to 700 -242.4 

(79) 

- -470.2 

(182) 

 0 to 1700 - 333.4 

(332) 

295.2 

(68) 

 -664 171   

Exch. Na 0            -784    

Base Sat. 2  -1700 to 700 -252.3 

(41) 

- -346.8 

(62) 

 0 to 1700 - 450.5 

(74) 

304 

(68) 

 -664 171   

Resin P 2  -1700 to 700 -346.8 

(86) 

- 211.3 

(40) 

 0 to 1700 - 313.3 

(66) 

313.3 

(60) 

 -664 -248   

Fe 1  -1700 to 700 211.3  

(40) 

- 32 

(38) 

      81 695   

Si Rem. 2  -1700 to 700 51.4    

(70) 

- -296.8 

(77) 

 0 to 1700 - 377.5 

(38) 

313 

(54) 

 -667 188   

Fe Rem. N/A                

Ca Rem. 2  -1700 to 700 -51.4   

(35) 

- -242.4 

(73) 

 0 to 1700 - 377.5 

(50) 

313 

(54) 

 -536 95   

Mg Rem. 2  -1700 to 700 -242.4 

(83) 

- 75.4 

(92) 

 0 to 1700 - 442   

(64) 

313.3 

(54) 

 188    

K Rem. 2  -1700 to 700 32       

(67) 

- -346.8 

(65) 

 0 to 1700 - 705.2 

(98) 

499.5 

(128) 

 -667 250   

Al/Fe 2  -1700 to 700 - 126.8  

(30) 

70.9 

(37) 

 0 to 1700 485.9 

(68) 

- 574.2 

(187) 

 -194 695   

Exch./Total Ca 2  -1700 to 700 -108.6 

(50) 

- -354.9 

(48) 

 0 to 1700 - 485.9 

(69) 

304 

(86) 

 -664 171   

Exch./Total Mg 2  -1700 to 700 106.8  

(40) 

- -252.3 

(65) 

 0 to 1700 - 299.9 

(366) 

284.7 

(202) 

 -69    

Exch./Total K 1  -1700 to 1700 - 529.6 

(67) 

534.2 

(470) 

      171    
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Table S2.2 cont. 

Substrate Property Breaks r 2 

Breakpoint 1  Breakpoint 2  Structural Breaks 

Window Hinge U. 

Hinge 

Seg.  Window Hinge U. 

Hinge 

Seg.  1 2 3 4 

K
u

la
 (

4
5

0
 k

y
) 

pH 2  -1300 to 1200 586   

(151) 

- 371 

(202) 

 500 to 4000 - 1068 

(114) 

1068 

(476) 

 -3 1205   

Exch. Ca N/A                

Exch. K 1  -1300 to 4000 - 590.7 

(331) 

590.7 

(406) 

      -294    

Exch. Mg 1  -1300 to 4000 - 1205.3 

(140) 

1205.3 

(217) 

      335    

Exch. Na 1  -1300 to 4000 - -894 

(831) 

-894 

(875) 

      -332 1597   

Base Sat. 0 0.239           275 1296   

Resin P 1  -1300 to 4000 - 832.6 

(415) 

1068 

(677) 

      586    

Fe 2  -1300 to 1200 -239.2 

(75) 

- -278.9 

(348) 

 500 to 4000 - 3640.1 

(169) 

3908.2 

(590) 

 -3 2500   

Si Rem. 1  -1300 to 4000 - 371 

(120) 

371 

(141) 

      -3    

Fe Rem. 1  500 to 4000 2333.9 

(536) 

- 3908.2 

(402) 

      2691    

Ca Rem. 1  -500 to 4000 - 586 

(215) 

586 

(282) 

      -332 -10 591  

Mg Rem. 1  -500 to 4000 - 746.2 

(275) 

590.7 

(275) 

      -294 -10 591  

K Rem. 1  -500 to 4000 - 586 

(202) 

746.2 

(855) 

      -10    

Al/Fe 1  -1300 to 4000 2339.9 

(556) 

- 2500 

(478) 

      2691    

Exch./Total Ca N/A                

Exch./Total Mg 1  -1300 to 4000 - 1068 

(331) 

1296 

(379) 

      -10    

Exch./Total K 1  -1300 to 4000 - 746.2 

(318) 

1068 

(687) 

      -279 2500   
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Table S2.2 cont. 

Substrate Property Breaks r 2 

Breakpoint 1  Breakpoint 2  Structural Breaks 

Window Hinge U. 

Hinge 

Seg.  Window Hinge U. 

Hinge 

Seg.  1 2 3 4 

M
o

lo
k
a

i 
(1

,4
0

0
 k

y
) 

pH 2  -1400 to 1000 - -411.4 

(110) 

-411.4 

(277) 

 -500 to 3000 959.1 

(821) 

- 843 

(821) 

 -664    

Exch. Ca N/A                

Exch. K 1  -1400 to 1000 - -411.4 

(784) 

-411 

(488) 

      -552    

Exch. Mg 1  -1400 to 1000 - -411.4 

(915) 

-411.4 

(584) 

      -552 1109   

Exch. Na 0            843    

Base Sat. 1  -1400 to 3000 - -551.9 

(330) 

-551.9 

(662) 

      -841    

Resin P 0 0.0654               

Fe 2  -1400 to 1000 -841.4 

(198) 

- 843 

(419) 

 -500 to 3000     -664 -164 843  

Si Rem. 1  -1000 to 1000 - 75.6 

(186) 

161.3 

(482) 

      -943 -317   

Fe Rem. 1  1500 to 3000 - 2477.9 

(308) 

2477.9 

(187) 

      -735    

Ca Rem. 1  -700 to 3000 - -316.6 

(164) 

-316.6 

(508) 

      -552    

Mg Rem. 1  -1000 to 1000 - -75.6 

(340) 

412.2 

(482) 

          

K Rem. 1  -1400 to 3000 - -164.3 

(210) 

-75.6 

(430) 

      -552    

Al/Fe 2  -1400 to 1000 - 161.3 

(207) 

648.1 

(419) 

 -500 to 3000 412.2 

(257) 

- -316.6 

(821) 

 -411 843   

Exch./Total Ca N/A                

Exch./Total Mg 1  -1400 to 3000 - -75.6 

(221) 

-164.3 

(210) 

      -552 1109   

Exch./Total K 0 0.1928               
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Table S2.2 cont. 

Substrate Property Breaks r 2 

Breakpoint 1  Breakpoint 2  Structural Breaks 

Window Hinge U. 

Hinge 

Seg.  Window Hinge U. 

Hinge 

Seg.  1 2 3 4 

K
a

u
a

i 
(4

,1
0

0
 k

y
) 

pH 1  -1100 to 2500 - 159.7 

(632) 

159.7 

(857) 

      -227    

Exch. Ca 1  -1100 to 2500 - -468 

(107) 

-468 

(802) 

      -420    

Exch. K 1  -1100 to 2500 - -433.7 

(292) 

-433.7 

(780) 

      -732    

Exch. Mg 1  -1100 to 2500 - -468 

(197) 

-468 

(816) 

      -611    

Exch. Na 0 0.448           -269    

Base Sat. 1  -1100 to 2500 - -433.7 

(129) 

-468 

(803) 

      -785    

Resin P 1  -1100 to 2500 -  -528.7 

(780) 

      -611    

Fe 1  -1500 to 2000 699.4 

(420) 

- 159.7 

(428) 

      23    

Si Rem. 1  -1100 to 2500 - 498.7 

(247) 

498.7 

(857) 

          

Fe Rem. N/A                

Ca Rem. 1  -1100 to 2500 - -433.7 

(452) 

-468 

(857) 

      -421    

Mg Rem. 1  -1100 to 2500 - 699.4 

(236) 

498.7 

(857) 

      -468 -337 65  

K Rem. 1  -1100 to 2500 - 159.7 

(204) 

319 

(750) 

      -785 -434 -65  

Al/Fe 1  -1100 to 2500 985.8 

(560) 

- 985.8 

(726) 

      499    

Exch./Total Ca 1  -1100 to 2500 - -420.6 

(371) 

-433.7 

(751) 

      -611    

Exch./Total Mg 1  -1100 to 2500 - 433.7 

(452) 

-468 

(816) 

      -732    

Exch./Total K 1  -1100 to 2500 - -948.2 

(560) 

985.8 

(539) 
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Figure S2.1 

Ti:Nb ratio in soils across our chronosequence of five substrates. Breakpoints are represented by 

dashed lines and were quantified with structural breaks. A. LaupǕhoehoe, B. Hana, C. HǕmǕkua, 

D. Kula, E. Molokaói.  
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Figure S2.2 

Exchangeable Mg2+ (cmol+/kg) in soils from our chronosequence of five substrates. Breakpoints 

represented by dashed vertical lines were quantified with the ñchngptò package. A. 

LaupǕhoehoe, B. Hana, C. HǕmǕkua, D. Kula, E. Molokaói. 
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Figure S2.3 

Resin P (mg/kg) in soils from our chronosequence of five substrates. Breakpoints represented by 

dashed vertical lines were quantified with the ñchngptò package. A. LaupǕhoehoe, B. Hana, C. 

HǕmǕkua, D. Kula, E. Molokaói. 
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Figure S2.4 

Ca remaining from the parent material (%) in soils from our chronosequence of five substrates. 

Breakpoints represented by dashed vertical lines were quantified with the ñchngptò package 

except for the Kula substrate which was calculated with the ñstrucchangeò package. A. 

LaupǕhoehoe, B. Hana, C. HǕmǕkua, D. Kula, E. Molokaói. 
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Figure S2.5 

Mg remaining from the parent material (%) in soils from our chronosequence of five substrates. 

Breakpoints represented by dashed vertical lines were quantified with the ñchngptò package 

except for the Kula substrate which was calculated with the ñstrucchangeò package. A. 

LaupǕhoehoe, B. Hana, C. HǕmǕkua, D. Kula, E. Molokaói. 
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Figure S2.6 

K remaining from the parent material (%) in soils from our chronosequence of five substrates. 

Breakpoints represented by dashed vertical lines were quantified with the ñchngptò package 

except for the Kula substrate which was calculated with the ñstrucchangeò package. A. 

LaupǕhoehoe, B. Hana, C. HǕmǕkua, D. Kula, E. Molokaói. 
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Figure S2.7 

Fe remaining from the parent material (%) in soils from our chronosequence of five substrates. 

Breakpoints represented by dashed vertical lines were quantified with the ñchngptò package. A. 

LaupǕhoehoe, B. Hana, C. HǕmǕkua, D. Kula, E. Molokaói. 
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Figure S2.8 

The ratio of Al/Fe in soils from our chronosequence of five substrates. Breakpoints represented 

by dashed vertical lines were quantified with the ñchngptò package. A. LaupǕhoehoe, B. Hana, 

C. HǕmǕkua, D. Kula, E. Molokaói. 
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Figure S2.9 

The ratio of exchangeable Mg2+ / total Mg in soils from our chronosequence of five substrates. 

Breakpoints represented by dashed vertical lines were quantified with the ñchngptò package. A. 

LaupǕhoehoe, B. Hana, C. HǕmǕkua, D. Kula, E. Molokaói. 
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Figure S2.10 

The ratio of exchangeable K+ / total K in soils from our chronosequence of five substrates. 

Breakpoints represented by dashed vertical lines were quantified with the ñchngptò package. A. 

LaupǕhoehoe, B. Hana, C. HǕmǕkua, D. Kula, E. Molokaói. 
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Chapter 3: 

Adapting to the Soil ï The Alignment of Traditional Hawaiian Rainfed 

Agroecology with Soil Pedogenic Thresholds 

 

 

 

 

 

 

 

 

 

Abstract:  

In ancient Hawaiian society, rainfed agroecological systems persisted across a spectrum 

of diverse landscapes around the archipelago and varied in their degree of intensification in 

response to soils having adequate levels of moisture and nutrients. Previous studies have 

constructed geospatial models that predict the extent of these ancient rainfed system by using a 

conceptual model for soil fertility. Here, we adapted previous geospatial models for Intensive 

Rainfed, Marginal Rainfed, and Agroforestry agriculture by replacing the original conceptual 

model with an empirical pedogenic soil fertility equation and evaluated the outcomes. Our 

geospatial models expanded coverage for both Intensive and Marginal Rainfed agriculture across 

the islands, particularly on older soil substrates, and reduced coverage of Agroforestry. The 

accuracy of these models is supported by archaeological validation points, overlap with remnant 

agricultural infrastructure, and historical accounts of agricultural production. Our revised model 

encompasses two agroecological forms previously suggested to be discrete forms, lending 

credence to the concept that ancient rainfed agroecological systems likely existed on a spectrum 

of intensification and mixed-methods systems of cultivation, and suggesting that hard spatial 

boundaries between agroecological systems may not accurately reflect the complexity of these 

ancient systems.  
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3.1 Introduction  

 

Upon first arrival to the Hawaiian Islands, Polynesian settlers were presented with an 

environmentally and ecologically diverse landscape rich with opportunities for agricultural 

development. The diversity of Hawaióiôs environment, best demonstrated by the archipelagoôs 

vast gradients in precipitation, temperature, topography, and soil types, was harnessed by Native 

Hawaiians who implemented and cultivated equally diverse agroecological systems that persisted 

for centuries prior to Western contact in the late 18th century (Handy et al., 1972; Kirch, 1982; 

Lincoln et al., 2018). In early studies on the agriculture of Pacific Island societies, Pacific 

agriculture was classified into two broad categories ï wetland and dryland (rainfed) systems ï 

with wetland systems referring to loói kalo, which were stream or seepage-fed flooded pondfield 

systems designed for the production of kalo (taro; Colocasia esculenta), and dryland systems 

referring to an array of rainfall-dependent systems such as intensive field systems, agroforestry, 

arboriculture, colluvial slope agriculture, and shifting (swidden) cultivations (Kirch, 1994; Kirch 

et al., 2007; Ladefoged and Graves, 2008; Ladefoged et al., 2009, Lincoln and Vitousek, 2017, 

Lincoln et al., 2018). Hawaiian cultivators, or mahióai, were highly conscientious of the landôs 

nuances, conforming each agroecological system to the landôs natural ecology and soil fertility in 

order to maximize efficiency and sustainability (Winter et al., 2020). Kalo was the preferred 

staple crop of Native Hawaiians and early Hawaiian populations quickly established wetland 

production systems along the bottoms of river valleys, but population growth forced agricultural 

expansion away from river valleys and onto the upland volcanic shield surfaces (Kirch, 2007). 

Rainfed systems were subsequently established along these shield surfaces and varied in degree 

of agricultural intensification, from marginal, opportunistic plantings in microsites to semi-

intensive agroforests, and to vast intensive field systems that blanketed thousands of acres. 

Much of the original spatial extent and knowledge of these systems has been lost 

following Western colonization, with these systems being destroyed to establish plantation-style 

monocultures. Researchers have utilized spatial models to reconstruct the potential extent of 

these ancient systems by using environmental parameters with informed parameter values (e.g., 

Ladefoged et al., 2009; Kurashima and Kirch, 2010; Kurashima et al., 2019; Lincoln et al., 

2023a, 2023b; McGuire et al., 2025). For the purposes of spatial modeling, rainfed systems have 

been further categorized and defined (e.g., Intensive Rainfed, Marginal Rainfed, Intensive 

Colluvial, Marginal Colluvial, Agroforestry, and Novel Forests; Lincoln et al. 2023a), with 
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explicit spatial boundaries existing between these categorized systems in the models (Lincoln et 

al., 2023a; 2023b). The form and degree of intensification for these rainfed systems were 

constrained by soil fertility and rainfall, with more intensive systems requiring higher levels of 

available nutrients (H2PO4
-/HPO4

2-, K+, Ca2+, Mg2+,  etc.) and more consistent rainfall (Vitousek 

et al, 2004; Lincoln and Vitousek, 2017; Ladefoged et al., 2018). The most intensified systems, 

such as the Leeward Kohala Field System, existed on some of the most naturally fertile soils 

throughout the islands, supporting dense plantings of tuberous crops such as óuala (sweet potato; 

Ipomoea batatas). On lower fertility soil substrates, mahióai adapted their cultivation by 

establishing less-intensive agricultural forms, such as agroforestry and arboriculture, which 

utilized tree crops with lower nutrient demand in favor of tuberous crops.  

Soil nutrients become bioavailable during the development of soil (pedogenesis) as 

primary minerals are weathered, releasing nutrients into the soil solution where they can then be 

retained at colloidal exchange sites (Vitousek et al., 1997; Chadwick et al., 2003; Porder and 

Chadwick, 2009; Turner and Condron, 2013). In natural soil systems, the weathering process is 

primarily a function of climate (precipitation and temperature) and time, which in combination 

control the amount of cumulative weathering that a soil experiences (Porder et al., 2007, 

Chadwick et al., 2022). Further, fertility ñsweet spotsò exist in soil substrates that are old and wet 

enough to have sufficiently weathered nutrients out of the primary minerals, but not so old or wet 

that excessive nutrient leaching has occurred (Fox et al., 1991). As a result, it was the 

pedogenically-derived soil fertility and distribution of ñsweet spotsò according to climate and 

substrate age that constrained the intensification of ancient Hawaiian rainfed agroecology 

(Vitousek et al., 2004; Ladefoged et al., 2018). 

Recent pedological studies on the formation of Hawaiian soils have observed the 

accumulation and loss of available nutrients and elemental fluxes across climate and time while 

keeping other soil-forming factors stable (parent material, topography, and biota) (Porder et al., 

2007; Vitousek and Chadwick, 2013; Bateman et al., 2019; Chapter 2). Through these studies, it 

has been demonstrated that the relationship between soil properties and climate is not linear. 

Rather, soils demonstrate ñprocess domainsò, where soil properties are relatively stable over a 

range of climate forcing due to the existence of a buffer system, and are punctuated by a series of 

pedogenic thresholds where soil properties change rapidly as successive buffer systems are 

overcome (Chadwick and Chorover, 2001). Soil fertility properties such as base cations (i.e., 
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Ca2+, Mg2+, and K+) and resin-extractable phosphorus (P) also behave in response to this series 

of process domains and pedogenic thresholds, with their depletion occurring in response to the 

exhaustion of primary minerals (Vitousek and Chadwick, 2013).  

Inadequate levels of available nutrients in Hawaiian soils for supporting traditional 

cropping methods have been attributed to the exhaustion of primary minerals (Chadwick et al., 

2003; Palmer et al., 2009; Lincoln et al., 2014; Baer et al., 2015). Vitousek et al. (2004) observed 

that the Leeward Kohala Field System appeared to be delineated along its upper climate 

boundary by soil fertility , and Vitousek and Chadwick (2013) observed that this boundary 

aligned very closely with the primary mineral exhaustion threshold for the HǕwǭ (150 ky) soil 

substrate. Chapter 2 of this dissertation synthesized data from hundreds of soil samples (n=862) 

collected across a chronosequence of climosequences to model the evolution of this primary 

mineral exhaustion threshold (termed the Fertility Threshold) and produced an empirical 

equation to predict the water balance (WB, mean annual precipitation (MAP) minus 

evapotranspiration (ET) in mm/yr) at which this soil Fertility Threshold occurs as a function of 

substrate age.  

Previous geospatial models estimated soil fertility by using non-empirical equations 

based on soil substrate age, rainfall, and elevation, which they termed ñRainfall-Elevation Indexò 

(REI) (Ladefoged et al., 2009; Kurashima et al., 2019; Lincoln et al., 2023a; 2023b). These 

equations were generated by fitting delineations of soil fertility to the documented agricultural 

extents that they were meant to predict (e.g., Ladefoged et al., 2009; Lincoln et al., 2023a). The 

original REI model created by Ladefoged et al. (2009) was generated by a series of equations 

that were based on classes of substrate age, and established cutoff values of rainfall (mm/yr) 

minus elevation (m) to delineate the extent of Intensive Rainfed (Dryland) agriculture in ancient 

Hawaiói. Lincoln et al. (2023a) improved the temporal resolution of the original REI model by 

fitting a bi-exponential equation to the original age class cutoff values and re-predicted the extent 

of Intensive Rainfed agriculture. Lincoln et al. (2023a) utilized this same equation to predict the 

spatial extents of Marginal Rainfed agriculture and applied the REI concept to fit a predictive 

model for Agroforestry. While these REI-based agroecological spatial models helped showcase 

the potential extent of pre-contact Hawaiian agriculture, they lacked grounding in soil data to 

support pedogenic soil fertility at a state-wide scale. 



 80 

Here, we constructed new geospatial models for Intensive Rainfed, Marginal Rainfed, 

and Agroforestry agriculture in precontact Hawaiói by incorporating the empirical equation from 

Chapter 2 of this dissertation to predict the upper climatic soil fertility boundary of these 

systems. This approach has the potential to more accurately predict the extent of rainfed 

agriculture across the archipelago, or to inform how Hawaiian rainfed systems related to soil 

pedogenic thresholds. We compared the extent of our geospatial models to the previous REI-

constructed models and assessed their accuracies with archaeological validation points and 

infrastructural remnants.  

 

3.2 Materials and Methods 

 

3.2.1 Geospatial Model Construction 

 

We adapted two agroecological spatial models originally constructed by Lincoln et al. 

(2023a) ï Intensive Rainfed and Marginal Rainfed agriculture ï by replacing the REI equation 

with the empirical Fertility Threshold equation from Chapter 2. Other environmental parameters 

that were used to govern and delineate our new empirical rainfed models (e.g., rainfall, 

temperature, slope, etc.) were maintained from the previous models without scrutiny, allowing us 

to isolate the role of soil fertility in delineating the intensification of rainfed agricultural systems 

(Table 1). We term these new models ñIntensive-EMPò and ñMarginal-EMPò, indicating that 

they are empirically derived. We then spatially subtracted the Intensive-EMP model from the 

extent of the Agroforestry model from Lincoln et al. (2023a) to assess the differences in modeled 

extents, which we term Agroforestry-EMP.  

To predict adequate levels of soil fertility and model Intensive and Marginal Rainfed 

agriculture, Lincoln et al. (2023a) used a bi-exponential equation that predicted the climatic soil 

fertility threshold on the landscape:  

 

(1) (Ὑ Ὁ τυππτωςzὩ Ȣ  z ςφρωz Ὡ Ȣ  z   
 

In this equation, ñRò represents rainfall (MAP; mm/yr), ñEò represents elevation (m), and ñAò 

represents the geologic age of the soil substrate (yr).  

To model adequate levels of soil fertility for Agroforestry, Lincoln et al. (2023a) used a 

less restrictive bi-exponential equation: 
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(2) (Ὑ Ὁ σππσυσχzὩ Ȣ  z ςπτωz Ὡ Ȣ  z  
 

Variables (ñRò, ñEò, and ñAò) from this equation are consistent with the variables from Eq. 1. 

This equation was generated by fitting a bi-exponential equation to the distribution of remnant 

indicator tree species on the modern landscape (Lincoln et al., 2023b).  

To adapt the previous spatial models for Intensive and Marginal Rainfed agriculture and 

generate Intensive-EMP and Marginal-EMP, we used the empirical equation from Chapter 2 to 

delineate the climatic soil fertility threshold. This empirical equation, which predicts the WB 

threshold at which primary minerals are exhausted for a given soil substrate age, is as follows: 

 

(3) 7" ςσσȢψz ÌÎὃ σπωτ  
 

In this equation, ñWBò is the Priestly water balance value (mm/yr) at which the primary mineral 

exhaustion threshold occurs at and ñAò is the geologic age of the soil substrate in years. It should 

be noted that this empirical equation was constructed based on predicting the WB at which this 

threshold occurs in favor of rainfall. WB is regarded as a more accurate environmental predictor 

for pedogenic soil fertility because it better represents the effects of climate-driven soil 

weathering by accounting for both MAP and temperature (Bateman et al., 2019; Hunt, 2021; 

Akana et al. 2022).  

The coverages and overlaps between these rainfed geospatial models across gradients in 

rainfall and substrate age were constrained by these three equations (Eq. 1, 2, and 3) (Fig. 1). In 

younger soils (<700 ky), there is significant overlap (purple) in Intensive Rainfed coverage 

between our new empirically-constructed models (EMP; red) and the previous REI-based models 

(REI; blue). But in older soils (>700 ky), the pedogenic soil fertility equation (Eq. 3) predicts 

expanded coverage, overlapping with much of what was previously predicted to be Agroforestry 

by Eq. 2.  

To conduct the spatial modeling, the following raster layers (and their respective 

sources), were stacked in ArcMap (ESRI) and subjected to our selected environmental parameter 

restrictions (Table 1) using the Raster Calculator function in order to produce the spatial outputs 

for our Intensive Rainfed (Intensive-EMP), Marginal Rainfed (Marginal-EMP), and Agroforestry 

(Agroforestry-EMP) models: 1) MAP (Giambelluca et al., 2013), 2) Priestly ET (Giambelluca et 

al., 2014), 3) Mean annual temperature (Giambelluca et al., 2014), 4) Slope (National Elevation 
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Dataset; https://viewer.nationalmap.gov/datasets/), and 5) Substrate Age (Sherrod et al., 2021). 

To finalize the extents of our Intensive-EMP, Marginal-EMP, and Agroforestry-EMP spatial 

models, we subtracted the modeled outputs of ñhigher priorityò types of agroecological systems 

from lower priority types. For example, we subtracted the extent of ñFlooded Pondfieldò 

agriculture from our Intensive-EMP model output because, had wetland agriculture been possible 

in regions that overlap with the extent of our Intensive-EMP model, these areas would have been 

prioritized and developed for wetland agriculture, as it was the most desirable cropping system 

for ancient Hawaiians. Following evidence-based theory from Lincoln et al. (2023a), Hawaiian 

agroecological systems are prioritized as follows: 1) Flooded Pondfield, 2) Intensive Rainfed, 3) 

Agroforestry, 4) Marginal Rainfed.  

 

3.2.2 Model Assessment 

 

The total coverages of our geospatial models for Intensive-EMP, Marginal-EMP, and 

Agroforestry-EMP were quantified and compared to the extents of the previous REI-constructed 

models by Lincoln et al. (2023a), which we term Intensive-REI, Marginal-REI, and 

Agroforestry-REI in this paper for discrepancy. The accuracies of our spatial models were 

assessed with validation points from two previously constructed archaeological datasets 

containing point-based locations of Hawaiian agricultural remnants. Soong et al. (2023) used a 

geoarchaeological database provided by the Hawaiói State Historic Preservation Department 

(SHPD) to classify agricultural archaeology into point locations, which they classified into five 

agricultural categories (ñwetland agricultureò, ñformal rainfed agricultureò, ñinformal rainfed 

agricultureò, ñmixed agricultureò, and ñunidentifiable agricultureò). Lee and Lincoln (2023) used 

georeferenced maps from the 19th century to extract agricultural point locations and classified 

these points into four point categories (ñdry fieldò, ñwetlandò, ñarboricultureò, and ñnative 

forestò). In tandem, these point datasets represent a snapshot of the distribution of agricultural 

forms across the islands around the time of Western contact. For this paper, we combined the 

validation points from these two datasets into four broad classifications: 1) wetland, 2) rainfed 

(dryland), 3) agroforestry, and 4) native forest (Fig. 2). 

Using the archaeological validation point dataset, we assessed the accuracy of our spatial 

models by calculating spatial statistics: 1) accuracy (ACC), 2) precision (PRE), 3) true positive 

rate (TPR) and 4) F1 score (F1). Spatial statistics were calculated with the following equations: 
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(4)  ὃὅὅ   

 

(5)  ὖὙὉ   

 

(6)  ὝὖὙ   

 

(7)  Ὂρ ς ὼ 
  

 

 

Where ñTPò is the count of true positives, ñTNò is the count of true negatives, ñFPò is the count 

of false positives, and ñFNò is the count of false negatives. Validation was conducted in ArcMap 

by intersecting the validation point shapefile with the polygon shapefiles of each spatial model 

by using the ñIntersect (Analysis)ò function. After intersecting, true positives, true negatives, 

false positives, and false negatives were tallied. Actual positives were considered as the 

validation points that actually aligned with the model (e.g., for the ñagroforestryò modeled 

extent, actual positive values were considered the ñagroforestryò validation points), while actual 

negatives were all other points (e.g., for the ñagroforestryò modeled extent, actual negative 

values were ñwetlandò, ñrainfedò, and ñnative forestò points combined). 

Spatial statistics were evaluated in tandem to assess how well the models predicted the 

actual occurrence of agricultural forms. For the validation, we combined the Intensive and 

Marginal Rainfed polygons into a single polygon because the ñrainfed (dryland)ò points (n = 

1024) represent a very broad spectrum of dryland agriculture, from opportunistic mounds to 

highly intensive, formal rainfed agriculture. We also added a 50 m radius ñsensitivityò 

component to the estimation of true positives (TP) during each validation to address ñnear 

missesò, which were validation points that fell just outside the boundary of the spatial models. 

Soong et al. (2023) interpreted near misses to be a function of the topographical resolution of the 

raster and DEM datasets that drive the models. Although near misses would generally be tallied 

as false negatives (FN) after performing the validation, they do still support the validity of the 

model to a lesser degree and support model accuracy.  

Finally, to ground truth the accuracy of our Intensive-EMP model, we visually assessed 

the overlap between previously mapped kuaiwi agricultural infrastructure and our spatial model 

boundaries. Kuaiwi, which were walls or embankments constructed of rock and soil, lined the 
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fields of many intensive rainfed field systems throughout Hawaiói. Increased construction of 

kuaiwi has commonly been associated with agricultural intensification, with these walls serving 

practical (e.g., controlling erosion or creating micro-topographical orographic effects to alter 

hydrology) and social (e.g., delineating individualsô fields) functions (Lincoln et al., 2017; 

Marshall et al., 2017). Specifically, we ground truth our spatial model with previously mapped 

kuaiwi remnants from the Leeward Kohala Field System (Ladefoged et al., 2003), KaupǾ Field 

System (Kirch et al., 2009), KaóȊ Field System (Quintus et al., unpublished data), Kona Field 

System (Lincoln, unpublished data), and Kula Field System (Lincoln, unpublished data). The 

locations of these field systems and their infrastructural remnants, as well as the validation points 

used for calculating our spatial statistics, are provided in Fig. 3. 

 

3.3 Results 

 

3.3.1 Empirical Geospatial Models for Hawaiian Rainfed Agroecology 

 

Our empirical spatial modeling approach produced predictive extents for Intensive 

Rainfed (Intensive-EMP), Marginal Rainfed (Marginal-EMP), and Agroforestry (Agroforestry-

EMP) agriculture across the Hawaiian archipelago (Fig. 4). By employing the pedogenic 

threshold equation (Eq. 3) in our spatial models, we observed a much wider and more evenly 

distributed coverage of rainfed agroecology across the islands as compared to the REI-

constructed models from Lincoln et al. (2023a) (Table 2).  

For the eight major Hawaiian Islands, our modeling approach predicted ~1206 km2 

(~7.2% of the total land area) of suitable land for Intensive-EMP, compared to the ~637 km2 

(~3.8% of the total land area) predicted by Intensive-REI. This disparity can primarily be 

attributed to older soil substrates (>700 ky) which were previously designated as being too 

infertile to support intensive dryland cultivation. For example, Intensive-REI predicted minimal 

coverage on the older island of Oahu (~29 km2) and virtually no coverage whatsoever on the 

oldest island of Kauaói (0.42 km2) while Intensive-EMP projected substantially more suitable 

land, predicting ~314 km2 and ~159 km2 of coverage on Oahu and Kauaói, respectively. But on 

geologically younger (<175 ky) substrates, coverages between our intensive EMP and REI 

models are relatively comparable, as expected from the alignment of our governing soil fertility 

equations depicted in Fig. 1. This is reflected by modeled coverages from the youngest island of 
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Hawaiói, where Intensive-EMP predicted comparable coverage (~482 km2) to Intensive-REI 

(~497 km2). Hawaiói Island had the highest area of suitable land for intensive dryland cropping 

despite only ~4.6% of the islandôs land actually being suitable for cultivation, due to much of the 

island being too geologically young, too dry, or too cold.  

We predicted comparable coverage across the islands between Marginal-EMP (~598 

km2) and Marginal-REI (~570 km2). On the older islands of Oahu and Kauaói, we observed an 

expansion of coverage, from ~21 km2 and ~3 km2 to ~126 km2 and ~49 km2 for Oahu and 

Kauaói, respectively. However, we observed a decrease in Marginal Rainfed coverage on 

Hawaiói Island, from ~377 km2 in Marginal-REI to ~164 km2 in Marginal-EMP, which explains 

the relatively comparable total areas between the two Marginal Rainfed spatial models despite 

the expanded coverage on older soil substrates. 

Our modeling approach predicted significantly less spatial coverage for Agroforestry-

EMP (~1084 km2) than for Agroforestry-REI (~1563 km2). Intensive-EMP expanded into a 

significant portion of land that was previously Agroforestry-REI, reducing coverage of 

Agroforestry-EMP (see examples in Fig. 5). The effects of this can be observed on every island, 

but is most prominent on older soil substrates (>700 ky) that were previously considered too 

infertile by the REI soil model (Fig. 1). In Southeastern Kauaói, for example, Intensive-EMP 

predicted that many soils along the coast were sufficient for intensive production (Fig. 5A), 

replacing what was previously Agroforestry-REI (Fig. 5B). The island of Oahu had perhaps the 

most dramatic shift, especially in Western and Central Oahu, with significantly expanded 

coverages of Marginal-EMP and Intensive-EMP along the coastal and plains regions into what 

was previously modeled as Agroforestry-REI (Fig. 5C and 5D). In the Kohala region of Hawaiói 

Island, Intensive-EMP expanded into the wetter, windward region of the peninsula which was 

also previously modeled as Agroforestry-REI (Fig. 5E and 5F).  

 

3.3.2 Model Validation 

 

Using the archaeological dataset of agricultural remnant validation points (n = 4275), the 

accuracies (ACC), precisions (PRE), true positive rates (TPR), and F1 scores (F1) were 

calculated for our EMP models and the previously published REI models (Table 4). In general, 

spatial statistics between EMP and REI models were comparable, but slightly favored our 

empirically-constructed models. Rainfed-EMP (both Intensive-EMP and Marginal-EMP) and 
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Agroforestry-EMP were slightly more accurate (ACC = 0.830 and 0.789) than Rainfed-REI 

(both Intensive-REI and Marginal-REI) and Agroforestry-REI (ACC = 0.825 and 0.776). F1 

scores were more nuanced, with Rainfed-EMP having a significantly higher score (F1 = 0.638) 

than Rainfed-REI (F1 = 0.587) while Agroforestry-EMP had a lower score (F1 = 0.290) than 

Agroforestry-REI (F1 = 0.315). PRE and TPR scores were also nuanced, with PRE favoring 

models with smaller land coverage and TPR favoring models with larger land coverage. These 

scores would suggest that Intensive-EMP and Marginal-EMP do a better job at predicting the 

extent of dryland rainfed cultivation practices while Agroforestry-REI does a better job at 

predicting the extent of arboricultural cultivation practices. However, these differences are not 

significant and simply attributing the accuracy of these models to these spatial statistics is not 

substantial. 

We attribute the higher model accuracy of Rainfed-EMP to the expanded coverage of 

Intensive-EMP and Marginal-EMP on Oahu and Kauaói, which contain many rainfed (dryland) 

validation points that were not previously encompassed by Intensive-REI or Marginal-REI. In 

Fig. 5A, for example, we can observe that many rainfed (dryland) points in the KǾloa region of 

Southeastern Kauaói were predicted as true positives (TP) by Intensive-EMP, but were not 

incorporated by Intensive-REI (Fig. 5B). Western and Central Oahu also had many rainfed 

(dryland) validation points that were not encompassed by Intensive or Marginal-REI, with this 

region largely being predicted as Agroforestry-REI (Fig. 5D). Intensive and Marginal-EMP were 

much better predictors of agricultural form in this region, encompassing many validation points 

in the Makua, Makakilo, and Central Oahu plains regions (Fig. 5C). However, our model was 

also weaker at predicting agroforestry and arboricultural forms, failing to encompass many 

agroforestry validation points. In Kohala, for example, Intensive-EMP predicted many true 

negative (TN) agroforestry points between HǕwǭ and PololȊ Valley (Fig. 5E). Agroforestry-REI 

better predicted agroecological form in this region, predicting significantly more TP values (Fig. 

5F). Many leeward coastal regions around the archipelago had rainfed (dryland) validation points 

that were not encompassed by either Intensive-EMP or Marginal-EMP due to these regions 

having extremely dry climates, resulting in many FP values. This could be explained by the 

potential for groundwater sources to support dryland agriculture, which Intensive-EMP and 

Marginal-EMP did not take into account through our modeling approach. 
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The accuracy of our rainfed spatial models is also supported by infrastructural remnants 

from ancient intensive field systems, which overlapped well with our Intensive-EMP model. Fig 

5E shows fragments of mapped kuaiwi infrastructure from the Leeward Kohala Field System, 

which is well situated within the bounds of our Intensive-EMP model. Kuaiwi remnants from 

other historically significant intensive field systems also overlap well with our Intensive-EMP 

(Fig. 6). Kuaiwi infrastructure from the KaóȊ (Fig. 6A) and Kona (Fig. 6C) Field Systems was 

well predicted by Intensive-EMP, fully encompassing documented remnants. Infrastructural 

remains from the Kona Field System, in particular, demonstrated the high accuracy of Intensive-

EMP because, despite the intensive model being highly segmented in the Kona region, in that the 

modeled polygons are dispersed across the landscape, it still contained the sporadically 

positioned kuaiwi remnants. 

Documented infrastructural remains from the two field systems on Maui, in KaupǾ and 

Kula (Fig. 6B and 6D), were not as well encompassed by Intensive-EMP. In the KaupǾ region, 

the highest density section of kuaiwi was situated closer to the coast in the PaukȊ area, outside 

the predicted extent of Intensive-EMP in a region that is too dry for intensive cultivation (<750 

mm/yr). However, Marginal-EMP more closely coincided with these densely-constructed kuaiwi. 

In Kula, Intensive-EMP did not align well with kuaiwi remnants from the Kula Field System. 

Many constructions were located outside our modeled extent, generally in regions predicted to be 

too dry or too cold by our spatial model. While there was a fair amount of overlap in the southern 

Kula region, both with Intensive-EMP and Marginal-EMP, our modeled prediction favored the 

warmer and wetter Haiku region of Maui for intensive cultivation. It is possible that these 

regions were much wetter as early as several hundred years ago during the initial construction of 

these field systems (Gavenda, 1992), which could explain the misalignment between ancient 

kuaiwi remnants and our predictive models that were constructed from modern climate data. 

 

3.4 Discussion 

 

By reconstructing geospatial models for rainfed agroecology in pre-contact Hawaiói with 

an empirically-generated soil threshold model, which altered the prediction of the minimum soil 

fertility threshold required for dryland cultivation, the modeled coverages of Intensive Rainfed, 

Marginal Rainfed, and Agroforestry shifted dramatically from previous models, particularly on 

Oahu and Kauaói. Our rainfed geospatial models predicted significantly more suitable land for 



 88 

Intensive Rainfed and Marginal Rainfed cultivation on older soil substrates than earlier REI-

based models (Table 2). On the geologically older islands of Oahu and Kauaói, where the 

majority of soil substrates are older than 700 ky, we observed much of what was previously 

predicted as Agroforestry by the non-empirical REI soil threshold model shift to both Intensive 

Rainfed agriculture in our geospatial models, suggesting that the pedogenic soil fertility of these 

older soils may have been adequate enough to support intensive cultivation (Fig. 5). However, 

the expanded coverage of Intensive Rainfed agriculture significantly reduced the predicted 

coverage of Agroforestry, suggesting that arboricultural practices were not as dominant on these 

older islands as previously suspected (Lincoln et al., 2023b). While spatial statistics between our 

empirical rainfed models and REI rainfed models were relatively comparable, ACC and F1 

scores slightly favored the EMP models for predicting rainfed (dryland) agriculture and REI 

models for predicting arboricultural practices. On these older islands, we also observed a better 

overlap between the EMP models and agricultural remnants, with many rainfed (dryland) 

validation points being better encompassed by Intensive-EMP and Marginal-EMP. Intensive-

EMP also aligned well with kuaiwi remnants from well-known intensive rainfed field systems, 

such as the Leeward Kohala, KaóȊ, and Kona Field Systems.  

Previous studies related to Hawaiian agroecological systems have suggested that, 

generally, the suitability of dryland rainfed production is more favorable on younger islands, 

such as Hawaói and Maui, while wetland production is more favorable on older islands, such as 

Oahu and Kauaói (Kirch, 1994; Ladefoged et al., 2009; Lincoln et al., 2018). This notion is 

reflected in previous studies by the absence of modeled coverage for dryland rainfed agriculture 

on the geologically older islands of Oahu and Kauaói studies (Ladefoged et al, 2009; Kurashima 

et al., 2019; Lincoln et al., 2023a). However, after incorporating the empirical equation for soil 

fertility into our rainfed models, modeled coverages would suggest that this agroecological 

divide between the younger and older islands is much closer than previously understood. Recent 

work on the interaction between pedogenically-available nutrients, primary mineral weathering, 

and pedogenic thresholds would suggest that many of these older Hawaiian shield surface 

substrates still receive primary mineral inputs, although at a lower rate (Chadwick et al. 1999), 

that continue to supply nutrients to soil exchange sites (Chapter 2). Even in older soil substrates 

(>700 ky), soils can still receive primary mineral nutrients inputs and exist within the primary 

mineral weathering process domain. But, this pedogenic threshold where nutrient inputs are 
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exhausted shifts to progressively drier climates as the soil substrate ages. Therefore, our spatial 

model for intensive rainfed agriculture is more restricted on these older substrates. Despite this 

restriction, significant portions of Oahu and Kauaói were predicted as being suitable regions for 

intensive rainfed production systems, rather than arboricultural systems (Fig. 5A and 5C). This 

would implicate that the preference for intensive rainfed systems on younger islands may be less 

skewed than previously understood.  

Although understudied, there is some evidence to support the reliance on and existence of 

intensive rainfed systems on the geologically older islands of Oahu and Kauaói. Literature and 

journal accounts from the early 19th century noted the reliance on sweet potato (Ipomoea 

batatas), or óuala, production from dryland cultivation in the kula lands (flat drylands) of these 

islands, particularly in North and Central Oahu and Southern Kauaói. In ñThe Hawaiian Planterò, 

Handy describes the reliance of sweet potato cultivation in North and Central Oahu, stating that 

ñOn the north side of the island sweet potatoes were planted on the kula lands of the districts all 

the way from Mokuleia to Kahuku, and although there was a little taro grown here and there, é 

sweet potato was the primary foodò and ñUpland kula were planted with sweet potatoes in 

Kamananui, Paalaa, Halemano, and Wahiawa, where sweet potato was the main stapleò (Handy, 

1971 pg. 156). In traditional Polynesian agroecological systems, the cultivation of sweet potato is 

almost synonymous with dryland agricultural systems, with sweet potato being the centerpiece 

crop in Hawaiian intensive rainfed systems. Therefore, claims that sweet potato was the ñstapleò 

of food production in these regions would suggest a heavy reliance on rainfed dryland systems. 

Our spatial model projected a wide region of suitability for intensive rainfed production in these 

referenced districts of North and Central Oahu, suggesting that our model may accurately 

encompass heavily cultivated lands that were missed by previous models. Due to the early and 

complete establishment of colonial plantations in these areas, many of which still remain today, 

archaeological evidence of dryland system occurrence is non-existent. 

Handy also references a similar reliance on dryland sweet potato cultivation in the 

southern districts of Kauaói, specifically centered around the regions of WahiawǕ, Kukuiolono, 

and Lawai near what is now the town of Kalaheo, stating that these were the ñupland kula lands 

that were famous for their sweet potatoesò (Handy, 1971 pg. 154). Several references are also 

made to the region of KǾloa, in ñé toward Koloa the people of Paa district subsisted almost 

entirely on sweet potatoé Koloa had many taro plantations but sweet potatoes must have had a 
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large place in the subsistence economy of the people. At Nomilu near the coast in Koloa there 

are terraces but no evidence of irrigation.ò (Handy, 1971 pg. 155-156). These non-irrigated 

terraces may be in reference to the sections of the KǾloa Field System, which was thought to be a 

mixed dryland-wetland intensive system that utilized irrigated terraces near the Waikomo stream 

and non-irrigated, dryland rainfed terraces in the kula sections of the system that were out of 

reach from irrigation (Kamai et al., 2021). Several dryland terraces and mounding sites exist 

today as remnants from the KǾloa Field System, but much of the original infrastructure has been 

altered or removed as a result of land-use changes beginning in the mid 19th century, mostly for 

sugarcane plantations. Unfortunately, this was the outcome for many of the kula lands on Oahu 

and Kauaói, which were seen as ideal landscapes for plantation-style monocultures. But historical 

accounts and the limited body of archeological support our spatial modelôs predictions. 

The discrepancy between the boundary for Intensive Rainfed agriculture and 

Agroforestry in our empirical models versus the previous REI-constructed model is based solely 

on the modeled threshold for soil fertility. While the behavior of soil fertility across gradients in 

time and climate in Hawaiian soils tends to follow threshold-like behavior when other soil 

forming factors are steady, the amount of available nutrients that a soil contains exists on a 

spectrum and it is likely that in these overlapping regions, aspects of both intensive rainfed 

cultivation and agroforestry were performed. Hence, the usage of hard boundaries between 

agroecological systems does not necessarily represent the full spectrum (i.e. marginal to 

intensive) of cultivation that ancient Hawaiians performed agriculture on to the highest degree of 

accuracy. It is probable that in these transitional geographic regions, where soil fertility is 

transitioning from high to low nutrient availability in accordance with the governing pedogenic 

threshold, cultivation practices were also transitionary in nature, taking aspects of form from 

both dryland and arboricultural practices to take the form of a mixed ñsemi-intensiveò 

agroecological system. 

The variable amounts of available nutrients in Hawaiian soils across substrates, even 

within comparatively equivalent soil process domains, demonstrates the wide scale that fertility 

exists on. Soils that have previously been sampled and analyzed from younger HǕwǭ substrates 

(assigned a geologic age of 175 ky; Sherrod et al., 2021) have been found to have exceptionally 

high amounts of exchangeable nutrients, with some soil having Resin P values as high as 500 

mg/kg and exchangeable Ca2+ values as high as 30 cmolc/kg (Chadwick et al., 2003). In 
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comparison, soils from Kauaói (assigned a geologic age of 4,100 ky) had maximum Resin P and 

exchangeable Ca2+ values of 1.5 mg/kg and 10 cmolc/kg, respectively (Vitousek and Chadwick 

2013). Despite these substrates existing within the same primary mineral weathering soil process 

domain (Vitousek and Chadwick, 2013; Bateman et al., 2019; Chapter 2), they have extremely 

different levels of available nutrients, suggesting that as a soil substrate ages, soil fertility 

decreases and consequently, its suitability for rainfed agriculture. Therefore, a spatial model in 

which a gradient of soil fertility (based on climate and substrate age) predicts a gradient of 

suitability between marginal to highly intensive rainfed agriculture, rather than a single soil 

fertility threshold, could more accurately represent the spatial extent of Hawaiian rainfed 

agroecology.  

The accuracy of our spatial model in representing the full extent and complexity of 

rainfed agriculture across Hawaiói can be improved by addressing several current limitations. 

Firstly, the age of a soil substrate is difficult to predict and, consequentially, the Geologic Age 

Map of Hawaiói provides wide ranges of geologic age (Sherrod et al., 2021). A more precise 

substrate age prediction would be required in order to more accurately estimate soil fertility and 

delineate our spatial models. Also, upon validating our Rainfed spatial models (Intensive-EMP 

and Marginal-EMP), we observed several instances in which our models failed to incorporate 

agricultural remnants and validation points from dry regions (<750 mm/yr). In some instances, 

dryland systems may have had access to groundwater or to intermittent streams which would 

have been diverted with óauwai to enhance water supply (Burtchard and Tomonari-Tuggle, 

2004). Another explanation for these missed validation points is that we did not account for 

climate changes that have occurred over the past several hundred years. Our models were 

constructed based off of the most current rainfall and temperature data, but previous work would 

suggest that the climate of Hawaiói was significantly wetter in its recent history (Gavenda, 1992). 

This could explain the presence of agricultural infrastructure in regions that are considered by 

our models as too dry for sweet potato cultivation. Future climate models also predict that many 

regions of the Hawaiian Islands will continue to become more arid, which could threaten the 

potential restoration of traditional rainfed agroecological systems in Hawaiói (Kurashima et al., 

2019). Seasonal climatic variation and aridity also disproportionally affects certain regions of the 

islands over others, further impacting the potential for intensive rainfed agriculture (Kagawa-

Viviani et al., 2018). 
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3.5 Conclusion 

 

Our adapted geospatial models for Intensive Rainfed, Marginal Rainfed, and 

Agroforestry agriculture are confirmed by the many infrastructural remnants, validation points, 

and historical accounts of rainfed agroecology in Hawaiói. This alignment demonstrates the 

efficiency and precision of Hawaiian cultivators, who skillfully cropped a highly diverse 

landscape in accordance with the landôs capacity. Ancient Hawaiians did not have access to soil 

testing, modern day cultivation practices, conventional fertilizers, or a body of scientific 

resources to aid in land management decisions and bolster the production of their food systems. 

But still, they intuitively were able to intensify their production according to the capacity of the 

soil and climate to maximize productivity ï adapting to the soil. In all likelihood, the regions of 

the Hawaiian archipelago that our model predicted as having a high suitability for intensive 

rainfed agriculture were cultivated very close to the entirety of the predicted extent and were 

intensified according to the constraints of the landscape in a highly organized fashion. Likewise, 

flooded pondfield wetland systems occupied the rich sediments of river valley bottoms, with 

evidence of wetland terracing being found in even some of the most remote valleys across the 

islands. Agroforestry would have occupied a less intensive agroecological niche and the furthest 

extent of these arboricultural systems has been traced to some of the most remote parts of the 

islands.  

In summary, ancient Hawaiians intuitively conformed and intensified their agroecological 

systems to the limits of what the land could provide, leaving a remarkable agricultural footprint 

on the landscapeôs ecology which can still be traced today. The extent and complexity of this 

footprint is a testament to the capabilities of precontact Hawaiian society and concepts from the 

development of these agroecological systems, related to efficiency and sustainability, should be 

implemented into Hawaióiôs modern-day food system as the state pushes towards food 

sovereignty. 
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Tables 

 

Table 3.1  

Environmental parameters used to calculate the spatial models for Intensive Rainfed, Marginal 

Rainfed, and Agroforestry agriculture. While for Intensive Rainfed agriculture, we anticipate a 

minimum annual rainfall of 750 mm/yr, Marginal Rainfed agriculture is more opportunistic and 

has a requirement for at least one month out of the year to receive at least 100 mm of rainfall. 

 Agroecological 

System 
Rainfall  MAT  Slope 

Substrate 

Age  

Soil 

Fertility  

Lincoln et al. (2023a)     

 Intensive Rainfed Ó750 mm/yr Ó18 o C Ò12 o >4000 years Eq. (1) 

 Marginal Rainfed Ó100 mm/m Ó18 o C Ò12 o >500 years Eq. (1) 

 Agroforestry Ó750 mm/yr Ó18 o C Ò12 o >500 years Eq. (2) 

This Paper    

 Intensive Rainfed Ó750 mm/yr Ó18 o C Ò12 o >4000 years Eq. (3) 

 Marginal Rainfed Ó100 mm/m Ó18 o C Ò12 o >500 years Eq. (3) 
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Table 3.2  

Total areas (km2) for Intensive Rainfed, Marginal Rainfed, and Agroforestry agriculture by 

island for each model. In parentheses is the percentage of modeled area out of the total area for 

that island.  

Island 
Empirical  (EMP) Models   Rainfall -Elevation (REI) Models 

Intensive Marginal Agroforestry  Intensive Marginal Agroforestry 

Hawaiói 482.0 (4.6%) 164.0 (1.6%) 464.1 (4.4%)  496.5 (4.8%) 376.8 (3.6%) 543.2 (5.2%) 

Maui Nui 251.0 (8.3%) 258.8 (8.6%) 333.2 (11.1%)  110.6 (3.7%) 168.9 (5.6%) 464.9 (15.5%) 

Oahu 313.5 (20.2%) 126.3 (8.1%) 134.6 (8.7%)  29.2 (1.9%) 20.8 (1.3%) 277.1 (17.8%) 

Kauaói 159.4 (9.9%) 48.6 (3.0%) 151.7 (9.4%)  0.42 (0.03%) 3.1 (0.2%) 277.3 (17.3%) 

Total 1205.8 (7.2%) 597.8 (3.4%) 1083.6 (6.5%) 
 

636.8 (3.8%) 569.7 (3.4%) 1562.5 (9.3%) 
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Table 3.3  

The accuracy (ACC), precision (PRE), true positive rate (TPR), and F1 score (F1) spatial 

statistics at a 50 m radius sensitivity for both Intensive + Marginal Rainfed agriculture and 

Agroforestry. Spatial statistics were calculated for the empirical models from this paper and the 

REI models from Lincoln et al. (2023a) for comparison.  

Agroecological System Spatial Model Spatial Statistic Score 

Intensive + Marginal 

Rainfed 

Empirical 

ACC 0.830 

PRE 0.650 

TPR 0.626 

F1 0.638 

REI 

ACC 0.825 

PRE 0.726 

TPR 0.492 

F1 0.587 

Agroforestry 

Empirical 

ACC 0.789 

PRE 0.427 

TPR 0.220 

F1 0.290 

REI 

ACC 0.776 

PRE 0.394 

TPR 0.263 

F1 0.315 
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Figures 

 

 
Figure 3.1 

Comparison of coverages from Equations 1, 2, and 3 across MAP and geologic age for Intensive 

Rainfed, Marginal Rainfed, and Agroforestry agriculture. Overlapping coverage between EMP 

and REI models is shaded purple. To be able to directly compare the models with MAP (mm/yr), 

we assumed a Priestly ET of 1500 mm/yr for the empirical model and an elevation of 400 m for 

the rainfall-elevation model. The maximum geologic age is restricted to 5000 ky because that is 

the approximate age of the oldest soil substrates found within the main Hawaiian Islands.  
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Figure 3.2 

The four classifications for our validation point dataset (wetland, rainfed/dryland, agroforestry, 

and native forest), their counts, and how they were grouped from the previous two validation 

point data sets (Lee and Lincoln, 2023; Soong et al., 2023). 
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Figure 3.3 

Distribution of Wetland, Rainfed/Dryland, Agroforestry, and Native Forest validation points. 

Documented kuaiwi (agricultural field wall) remnants are also provided for the following Field 

Systems: A. Leeward Kohala Field System, B. Kona Field System, C. KaóȊ Field System, D. 

Kula Field System, and E. KaupǾ Field System. 

  



 104 

 
Figure 3.4 

Modeled extent of Intensive Rainfed, Marginal Rainfed, and Agroforestry agriculture in 

precontact Hawaiói. 
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Figure 3.5 

Regions of interest where our empirical model for Intensive-EMP greatly expanded into what 

was previously Agroforestry-REI. A. Empirical coverage in Southeastern Kauaói, B. REI 

coverage in Southeastern Kauaói, C. Empirical coverage in Western and Central Oahu, D. REI 

coverage in Western and Central Oahu, E. Empirical coverage in Kohala, Hawaiói Island, and F. 

REI coverage in Kohala, Hawaiói Island.  

  



 106 

 
Figure 3.6 

Overlap between empirical rainfed models and kuaiwi infrastructural remnants from several 

intensive field systems. A. KaóȊ Field System, B. KaupǾ Field System, C. Kona Field System, 

and D. Kula Field System. 
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Chapter 4: 

How Consistent is Hawaióiôs Parent Material from a Pedogenic Perspective? Soil 

Heterogeneity across a Geochemical Lithosequence in Hawaiói 

 

 

 

 

 

Abstract: 

On a global scale, soil parent materials vary drastically both physically and 

geochemically, contributing to soil heterogeneity in fertility, mineralogy, and texture. Hawaióiôs 

volcanic parent material has often been regarded as consistent from a pedogenic perspective, 

perhaps having less influence on Hawaiian soil formation than other soil forming factors, notably 

climate and time. Here, we test the notion that Hawaióiôs parent material is pedogenically 

consistent by analyzing soil heterogeneity across a geochemical lithosequence of eight distinct 

Hawaiian parent materials. Parent materials across our lithosequence were lava flows with 

unique igneous rock types, ranging from basalt to benmoreite, and other soils forming factors 

(climate, time, biota, and relief) were stabilized to the highest degree possible. Soil (n=71) and 

rock (n=8) samples were collected from each lava flow substrate and analyzed for total elemental 

concentrations. Soils were further analyzed for exchangeable base cations, resin-extractable 

phosphorus, mineral fractions of Al and Fe, and degree of weathering. We observed significant 

differences in total elements, nutrients concentrations, mineral fractions, and weathering indices 

between soils forming across our lithosequence. Total elemental concentrations in the soil, as 

well as nutrient concentrations, generally were correlated with whole rock parent material 

elemental concentrations, suggesting that soil geochemical variability is inherited by the parent 

material. We argue that Hawaióiôs parent material is not consistent from a pedogenic perspective 

and needs to be accounted for when trying to understand the pedogenesis of Hawaiian soils, 

especially in the formation of younger soils (<150 ky). 
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4.1 Introduction  

 

The formation of soil, or pedogenesis, is interconnected with the Earthôs many 

biogeochemical cycles, directly influencing processes such as rock weathering, soil nutrient 

supply, ecological productivity, water chemistry, and carbon sequestration (Vitousek et al., 1997, 

Brantley et al., 2007; Elango and Kannan, 2007; Turner and Condron, 2013; Mei et al., 2021). 

Pedogenesis is accelerated by environmental forces over time, which have been broadly 

categorized by Hans Jennyôs five soil forming factors (i.e., climate, time, parent material, relief, 

and biota; Jenny, 1941). Parent materials, or the original rock-derived primary minerals that a 

soil develops from, vary drastically across the globe both physically (e.g., fine-grained ash, 

coarse-grained glacial till, dense rock) and geochemically (e.g., calcareous limestone, 

magnesium-rich basalts, siliceous granite), contributing to a wide diversity of soils and soil 

mineral assemblages (Chesworth, 1973; Wilson et al., 2017). Geochemically diverse primary 

minerals that compose these parent materials chemically weather at differing rates depending on 

chemical composition and thermodynamic stability, supplying variable amounts of elements to 

the soil (e.g., Ca, Mg, K, P, etc.) (Rai and Lindsay, 1976; Anderson, 1998; White et al., 1996; 

Reeves and Rothman, 2014). Hence, soil fertility and biological productivity are governed by 

parent material composition and primary mineral weathering (Anderson, 1998; Vitousek, 2004). 

The Hawaiian Islands are a volcanic archipelago with a mostly basaltic parent material 

that derives from hotspot volcanism which is fed by mantle plumes beneath the Pacific Plate 

(Clague and Sherrod, 2014). Consistent eruptive activity over millions of years has produced a 

common parent material amongst the islands of the volcanic chain (Duncan and Richards, 1991), 

which is predominantly composed of basaltic volcanic rock with bedded tephra at the surface. 

These volcanic parent materials have developed into a diversity soil taxonomies over time, with 

ten of the twelve soil orders existing across the islands, including many of the fertile, andic soils 

that sustained ancient intensive agricultural systems for hundreds of years (Vitousek et al., 2004). 

From a pedogenic perspective, Hawaióiôs basaltic parent material has often been described as 

consistent, and most pedogenesis studies of Hawaiian soils have suggested that other soil 

forming factors are more deterministic in governing Hawaiian soil composition (Vitousek, 1995; 

Stewart et al., 2001; Vitousek, 2004; Bateman et al., 2019; Chadwick et al., 2022; Chapter 2). 

Climate and time are especially relevant, and the focus of many Hawaiian pedology studies have 

utilized the stateôs vast and orthogonal gradients in rainfall and geologic age to observe how soil 
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properties shift across climosequences and chronosequences (Crews et al., 1995; Chadwick et al., 

2003; Porder and Chadwick, 2009; Vitousek and Chadwick, 2013). 

Continental lithologies can range from various igneous rocks (e.g., basalt, granite, etc.) to 

limestone, schist, or glacial till across relatively small geographic distances, demonstrating a 

high degree of parent material inconsistency. But despite being comparatively more consistent, 

Hawaiian eruptive materials can vary significantly. Physically, Hawaióiôs parent material takes 

different eruptive forms, from fine-grained ash to dense, blocky lava flows (Mulliken et al., 

2024). These volcanic parent materials also receive variable amounts of amorphous tephra 

materials, with some soils forming from almost exclusively lava rock while others form from 

deep-bedded ash (Hodges and Boettinger, 2023). This variation is relevant because textural 

differences determine the surface area reactivity and the initial rate of mineral weathering, thus 

affecting the rate of soil development and secondary mineral neoformation (Turner et al., 2018). 

Geochemically, the petrology of Hawaiian volcanic rocks ranges from picro-basalt (high-Mg 

olivine basalt) to trachyte (predominantly plagioclase with high alkalinity), reflecting a wide 

spectrum of elemental compositions and varying abundances of minerals such as olivine, 

pyroxene, plagioclase, and magnetite (MacDonald and Katsura, 1964; Decker et al., 1987; 

Walker, 1994). Atmospheric Asian dust also accumulates in Hawaiian soils over time, 

progressively becoming a more significant parent material source (Jackson et al., 1971; Kurtz et 

al., 2001; Porder et al., 2007). In older soil substrates, such as those found on the island of Kauaói 

(4,100 ky), primary minerals from aeolian sources provide a significant fraction of soil 

phosphorus (P), to as high as ~90% (Chadwick et al., 1999). 

With all of these sources of variation considered, it would be fair to assume that the 

heterogeneity of Hawaiian parent materials contributes to soil diversity by influencing 

weathering rates, soil mineralogy, and nutrient supply. But it is unknown to what degree 

Hawaiian soils inherit characteristics from their parent materials and it may be possible that, 

despite the existence of these physical and geochemical variations, parent material may not be a 

significant contributor to differences in soil mineralogy and fertility. This leaves our current 

understanding of Hawaiian pedology with several questions related to parent material. Is 

Hawaióiôs parent material consistent enough from a pedogenic perspective that it can continue to 

be considered stable, permitting future studies to attribute soil differences to other pedogenic 
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factors? Or is its variation significant enough in determining soil properties that it would merit 

further consideration? 

Here, we attempt to address these questions by analyzing and comparing soil properties 

across a lithosequence of geochemically distinct Hawaiian parent materials while maintaining 

the stability of the other soil forming factors. With this lithosequence design, the objectives of 

the study were 1) to classify the composition and mineralogy of parent materials across our 

lithosequence, 2) to observe if soil properties were significantly different between soil substates 

forming from geochemically different parent materials, and 3) to attribute soil heterogeneity to 

parent material geochemical variation. We then reflect on the pedogenic consistency of 

Hawaióiôs parent material and comment on its relevance in the formation of Hawaiian soils 

across pedogenesis. 

 

4.2 Materials and Methods 

 

4.2.1 Site Description 

 

Our study site for this project was located on the leeward slope of the Kohala peninsula 

of Hawaiói Island, the largest and geologically youngest island of the Hawaiian archipelago (Fig. 

1). We selected eight geochemically distinct lava flow units to sample from, seven of which were 

lava flows from the HǕwǭ volcanics of Kohala Volcano and one of which was a lava flow from 

the HǕmǕkua volcanics of Mauna Kea volcano. Previous geological mapping suggests that these 

eight lava flows represent a clear geochemical gradient of parent materials, ranging from basalt 

to benmoreite compositions (Sherrod et al., 2021). The physical nature of our parent materials is 

nearly identical, with each lava flow from the lithosequence being óaóǕ. It is likely that these lava 

flows were also blanketed by small amounts of bedded tephra, but only the óaóǕ rock remnants 

were still observable upon excavating the soil, making it difficult to predict how much of the 

original parent material was actually tephra. Without further evidence, we assumed that the 

parent materials from our lithosequence had minor but similar amounts of tephra but 

acknowledge the potential for ash to distribute randomly across the study site. 

Climate and other soil forming factors across our study site are highly constrained, 

allowing soil differences to be attributed to geochemical variations in parent material (Table 1). 

Soils across the study site were taxonomically consistent (Soil Survey Staff, 2024) and had 

relatively similar geologic ages, with much of the eruptive histories of the HǕwǭ (120-250 ky) 
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and HǕmǕkua (65-265 ky) volcanics overlapping (Sherrod et al. 2021). To stabilize the climatic 

component, soils were collected along a transect following the 750 mm/yr mean annual 

precipitation (MAP) isohyet (Giambelluca et al., 2013) (Fig. 1). Mean air temperature between 

sites was also quite similar, ranging from ~19-22°C (Giambelluca et al., 2014). Topographically, 

sample sites are uniform, with substrates existing on the low-sloping remnants of constructional 

shield surfaces from Kohala Volcano and Mauna Kea. Pasture grasses such as buffelgrass 

(Cenchrus ciliaris) and kikuyu grass (Cenchrus clandestinus) dominate every flow except for 

Flow 6, which was dominated by invasive lantana (Lantana camara). 

 

4.2.2 Sampling 

 

To characterize the parent material of each soil substrate, individual rock samples were 

collected from each lava flow at surface outcrops located within each flow unit. To avoid 

collecting highly-altered samples that could misrepresent the original geochemical composition 

of the parent material, rock samples were collected from minimally-weathered, dense óaóǕ cores. 

A geologic hammer was used to remove the outer weathering rind and extract a fresh sample 

from within the óaóǕ core. 

At least six soil samples, collected as 0-30 cm depth-integrated samples, were taken from 

each lava flow substrate in transect along the 750 mm/yr MAP isohyet (n=71). Sample locations 

are presented in Fig. 1 and duplicate or triplicate samples, distanced roughly 20 m apart from one 

another, were gathered from each sample location. On the ground, sample collection locations 

were preferentially selected at the center of the flattest area on the landscape to reduce the 

influence of micro-topographical variation. 

 

4.2.3 Rock Preparation and Analysis 

 

After field collection, rock samples were brought back to the Indigenous Cropping 

Systems Laboratory in Hilo, HI, USA where weathering rinds were removed using a diamond-

tipped lapidary saw. Trimmed rock samples were thoroughly rinsed with water and then oven-

dried to 60°C (~48 hours) prior to any analysis. A section of each rock sample was sent to 

Wagner Petrographic in Lindon, UT, USA to prepare thin sections for mineral phase 

identification. Thin section mineral identification and photography was conducted at the 

University of Hawaiói at Hilo Geology Lab in Hilo, HI, USA. A a section of each rock sample 
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was ground into a powder using a ring-and-puck rotary mill at the UH Hilo Geology Lab. A 

subset of powderized rock samples were shipped to ALS Chemex in Reno, NV, USA where they 

were analyzed for total elemental oxide composition using x-ray fluorescence (XRF) via the 

lithium-borate fusion method. Another subset of powderized rock samples were brought to the 

Imaging and Analysis Center at Princeton University to collect x-ray diffraction (XRD) spectra 

(5° to 70°, 2-theta) for mineral phase identification, running samples on a Bruker D8 Discover 

(Cu K-alpha) with a 2-mm slit for 1 hour. XRD spectra were analyzed with Match! software for 

phase analysis using powder diffraction (Crystal Impact). 

 

4.2.4 Soil Preparation and Analysis 

 

Soil samples were brought to the Indigenous Cropping Systems Laboratory then air-dried 

and sieved through a 2 mm mesh screen. Air-dried, sieved soils were used to estimate pH in a 1:2 

soil to DDI water mixture. Soils were oven-dried (60°C for ~48 hours) and pulverized, then 

sieved again through a 500 µm mesh screen. A subset of oven-dried, pulverized soil samples 

were also shipped to ALS Chemex to be analyzed for total elemental oxide composition using 

XRF. This fraction of oven-dried, pulverized soil was used for all further soil analyses. 

Exchangeable base cation (i.e., Ca2+, Mg2+, K+, and Na+) concentrations were estimated 

by extracting base cations with an unbuffered 1M ammonium acetate solution (following the 

protocol of Sumner and Miller 2018), representing field pH, and then measuring concentrations 

via ICP-OES at the UH Hilo Analytical Lab. Bioavailable phosphorus (P) or ñResin Pò was 

measured by following an anion exchange resin extraction protocol, which involved extracting 

phosphate with anion exchange resin beads and then elucidating the phosphate from the beads 

with a 0.5M HCl solution. Phosphate concentrations were then measured colorimetrically using 

an ammonium vanadate:molybdate reagent mixture on a UV-Vis spectrophotometer at ᾊ = 420 

nm (Rejġek, 2006). 

A sequential chemical extraction protocol was selected to estimate the pools of 

organically bound, amorphous, and crystalline iron (Fe) and aluminum (Al) (Heckman et al., 

2018). For the first extraction in the sequence, a 0.1M Sodium pyrophosphate (NaPP) solution 

was used to extract organically-complexed Fe and Al from the soil. The extract supernatant was 

removed and stored for analysis, after which the remaining soil was oven-dried (60°C for ~48 

hours or until dry), taking the form of a pellet. Pellets were then ground back into a soil powder, 
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after which they were ready for the next extraction in the sequence. For the second extraction in 

the sequence, a 0.1M hydroxylamine hydrochloride (HH) solution was used to extract 

amorphous Fe and Al from the soil. The ñacid ammonium oxalateò (AAO) method is most 

commonly used for extracting more highly reactive amorphous Fe and Al oxyhydroxides (e.g., 

allophane and ferrihydrite) but this protocol also solubilizes crystalline magnetites (Lee et al., 

1989), which are common primary minerals in Hawaiian parent materials and also found in the 

soil. To avoid dissolving crystalline magnetite phases during the second extraction step and 

overestimating the amorphous Fe pool, we opted to use the HH extraction, which targets 

similarly amorphous mineral phases but without solubilizing magnetites. After repeating the 

same setup and pellet procedure, we used a sodium citrate-bicarbonate-dithionite (CBD) solution 

to extract crystalline Fe and Al. All extracts were diluted and sent to the Environmental Sciences 

Research Laboratory (ESRL) at the University of California, Riverside where concentrations of 

Fe and Al were measured using ICP-OES. 

 

4.2.5 Calculations 

 

Several weathering indices were calculated to assess the ñdegree of weatheringò (DOW) 

experienced by each flow substrate. In the absence of clear dating methods, we used the DOW as 

a relative estimation for the geologic age of each lava flow substrate, assuming that more highly 

weathered soils are older than less highly weathered soils. The parent material normalized 

weathering index (WI; Short, 1961), chemical index of weathering (CWI; Sueoka et al., 1985), 

and silica-titania index (STI; Jayawardena and Izawa, 1994) were calculated as follows in 

Equations 1-4: 

 

(1)  Ὅ   

 

(2)  ὡὍ  ρzππ 

 

(3)  ὅὡὍ   

 

(4) ὛὝὍ  
Ⱦ

Ⱦ Ⱦ Ⱦ
ρzππ 

 



 114 

where ñIò is the index of mobile elements, ñIsoilò is the index of mobile elements in the soil, and 

ñIparent-materialò is the index of mobile elements in the parent material. 

The fractions of organically-bound, amorphous, and crystalline Al and Fe were calculated 

from the concentrations of Al and Fe measured through the sequential chemical extraction 

protocol. A step-wise calculation protocol was employed in order to account for the mass loss of 

extracted solids that occur during each sequential extraction. Fractions (%) were estimated based 

on the total concentrations of Fe and Al measured via XRF. 

The first step calculations were performed in order to estimate the organically-bound 

fraction of our element of interest (E). We first calculated the total mass (g) of our element of 

interest in the soil sample as follows: 

 

(5) Ὁ  Ὓz 

 

where ñE1ò is the total mass (g) of our element of interest in the soil, ñEXRFò is the percentage of 

our element of interest in the soil measured from XRF, and ñS1ò is the mass (g) of our soil 

sample. After calculating E1, the organically-bound fraction of our element of interest was 

calculated as follows: 

 

(6) Ὁ   ρzππ 

 

where ñEOMò is the percentage of our element of interest that is organically-bound in the soil, 

ñEPPò is the mass (g) of our element of interest that was extracted during the PP extraction, and 

E1 was calculated previously. 

The second step calculations were performed in order to estimate the amorphous fraction 

of our element of interest in the soil. We first needed to re-calculate the total mass (g) of our 

element of interest in our sample, which had been fractionated by the PP extraction. That 

calculation is as follows: 

 

(7) Ὁ  
  

Ὓz  

 

where ñE2ò is the total mass (g) of our element in the fractionated soil, ñS2ò is the mass of our 

fractionated soil sample (g), and EOM was calculated previously. After calculating E2, the 

amorphous fraction of our element of interest can be calculated as follows: 
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(8) Ὁ   ρzππ 

 

where ñEAMò is the percentage of our element of interest that is amorphous in the soil, ñEHHò is 

the mass (g) of our element of interest that was extracted during the HH extraction, and E2 was 

calculated previously. 

The third step calculations were performed in order to estimate the crystalline fraction of 

our element of interest. We once again needed to re-calculate the total mass (g) of our element of 

interest in our sample, which had once again been fractionated, but this time by the HH 

extraction. That calculation is as follows: 

 

(9) Ὁ  
    

Ὓz 

 

where ñE3ò is the total mass (g) of our element  in the fractionated soil, ñS3ò is the mass (g) of 

our fractionated soil sample, and EOM and EAM were calculated previously. After calculating E3, 

the crystalline fraction of our element of interest was calculated as follows: 

 

(10) Ὁ   ρzππ 

 

where ñECRò is the percentage of our element of interest that is crystalline in the soil, ñECBDò is 

the mass (g) of our element of interest that was extracted during the CBD extraction, and E3 was 

calculated previously. 

 

4.2.6 Statistics 

 To test for significant differences in soil properties between the flow substrates of our 

lithosequence, we first tested if soil properties were normally distributed using the Shapiro-Wilk 

test. Next, we tested if the equal variance assumption was met using the Bartlettôs test. If either 

of these assumptions were not met (i.e., normal distribution or equal variance), we evaluated 

significant differences in soil properties between each lava flow using the non-parametric 

Kruskal-Wallis test at Ŭ = 0.05. This was followed by using Dunnôs test to for individual 

comparisons between lava flows. If both assumptions were met, we evaluated significant 

differences in soil properties using the parametric ANOVA and Tukey tests.  
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 We also calculated a correlation matrix between total elemental concentrations in the 

rock and in the soil. To assess the strength of relationships, we assigned cutoff ranges to classify 

the correlations, with an r <0.2 being a ñvery weakò correlation, r = 0.2-0.4 being a ñweakò 

correlation, r = 0.4-0.6 being a ñmoderateò correlation, r = 0.6-0.8 being a ñstrongò correlation, 

and r >0.8 being a ñvery strongò correlation. 

 

4.3 Results 

 

4.3.1 Parent Material  

 

Parent material rock types ranged from basalt to benmoreite across our lithosequence, 

demonstrating a gradient of alkalinity and silica content (Fig. 2). Other total elemental 

concentrations, including nutrient elements (phosphorus [P], calcium [Ca], potassium [K], 

sodium [Na] etc.) ranged along a gradient as well (Table 2). For example, P2O5 content (%) 

ranged from as low as ~0.8% in Flow 6 (benmoreite) up to ~2.3% in Flow 2 (basanite) while 

CaO content (%) ranged from as low as ~3.8% in Flow 6 (benmoreite) up to ~10.8% in Flow 8 

(basalt) (Fig. 3). It has been previously noted that lava flows of the post-shield HǕwǭ Volcanics 

from Kohala Volcano tend to have anomalously high concentrations of P2O5 (Spengler and 

Garcia, 1988), which is reflected by the P2O5 concentrations in several of our HǕwǭ parent 

materials. Rocks collected from lava flows of the HǕwǭ Volcanics (Flow 1-7) provided a gradient 

in alkalinity, which is distinct from the geochemistry of our shield-stage HǕmǕkua Volcanics 

basalt from Flow 8. The parent material from this basaltic lava flow had significantly lower 

alkalinity, with an Na2O+K2O of ~3.5%, but higher concentrations of CaO (~5.1%) and MgO 

(~3.2%).   

We closely aligned our mineralogical analysis with the results from a previous geological 

study on HǕwǭ lavas (Spengler and Garcia, 1988) which conducted an in-depth analysis of the 

mineral phases (plagioclase, olivine, pyroxene, etc.) and petrology of HǕwǭ hawaiites, 

mugearites, and benmoreites. This study identified that many of these HǕwǭ lavas have 

crystallized small amounts of apatite (Ca-phosphate), likely contributing to the higher P2O5 

concentrations observed in these rocks, and that HǕwǭ benmoreites have crystallized small 

amounts of amphibole, both of which distinguish the HǕwǭ volcanics from other Hawaiian 

volcanic series. Our basalt parent material from Flow 8 provides an effective control for these 
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HǕwǭ lavas because neither apatite nor amphibole have been identified in rocks from the 

HǕmǕkua volcanics. On the contrary, these HǕmǕkua basalts have comparatively higher 

abundances of olivine and pyroxene (Frey et al., 1991). Results from these studies guided our 

analysis of thin sections and XRD spectra.  

Parent material mineralogical compositions varied across our lithosequence, with each 

rock sample having a different abundance of commonly occurring minerals found in Hawaiian 

igneous rocks, such as plagioclase, olivine/iddingsite, pyroxene, and ilmenite (titanomagnetite) 

(Fig. 4). Through a visual analysis of thin sections, we observed that plagioclase and ilmenite 

were the most common phases, both in the fine-grain and medium-grain fractions. Plagioclase 

was most abundant in Flow 6 (benmoreite; Fig. 4E and 4F) which was almost entirely composed 

of medium-grained plagioclase. Olivine, mostly as altered iddingsite, and pyroxene were 

common in our parent materials but were more abundant in Flow 2 (basanite; Fig. 4A and 4B) 

and especially in Flow 8 (basalt; Fig. 4G and 4H). Flow 4 (mugearite; Fig. 4C and 4D) was also 

primarily composed of plagioclase and ilmenite but had trace amounts of iddingsite, providing us 

with a parent material mineralogical gradient. Descriptions of mineral phases and their relative 

abundances in each parent material sample at both the fine-grain and medium grain levels are 

provided by Table 3. Thin section images from the other parent material samples of our 

lithosequence (Flows 1, 3, 5, and 7) are provided in Fig. S1 of the Appendix for this chapter. 

Although the form and identification of apatite and amphibole were described in Spengler and 

Garcia (1988), we were unable to identify these phases in our thin sections. 

While we did not perform a full quantitative analysis of parent material mineralogy 

across our lithosequence, we were able to understand the relative abundances of mineral phases 

from each parent material sample through thin section analysis. We assigned a ñlabilityò score of 

1-5 to each parent material, with a score of 1 indicating the lowest abundance of labile mineral 

phases and a score of 5 indicating the highest abundance of labile mineral phases (Table 3). 

Following the Bowenôs reaction series of mineralization as it relates to mineral stability (Bowen, 

1922), we assumed that olivine, iddingsite, and pyroxene were more labile than plagioclase and 

ilmenite. Therefore, parent materials with higher abundances of olivine, iddingsite, and pyroxene 

were assigned higher lability scores while parent materials with higher abundances of plagioclase 

and ilmenite were assigned lower scores. For example, we gave the Flow 6 (benmoreite) parent 

material the lowest lability score of 1 because it was predominantly composed of plagioclase and 
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the Flow 8 (basalt) parent material the highest lability score of 5 because it had the highest 

abundances of olivine and pyroxene.  

Observations from the thin section analysis of each parent material were largely 

confirmed by XRD analysis (Fig. 5), with diffraction patterns and peaks for olivine, pyroxene, 

ilmenite, and plagioclase being observed on all spectra. We also identified possible peaks for 

apatite and amphibole in the XRD spectra, which we could not identify in thin section. The XRD 

spectrum for Flow 8 (basalt) provided an effective control to aid in identifying these rare mineral 

phases (Fig. 5D), because HǕmǕkua basalts do not contain apatite or amphibole. In our basanite 

(Flow 3) and mugearite (Flow 4) parent material samples (Fig. 5A and 5B), we identified 

potential apatite peaks at a 2-theta = 31.85o, which was also observed in Fig. 5C for the 

benmoreite (Flow 6) spectrum but the peak was much less prominent. There was no semblance 

of this peak on the spectrum from our basalt parent material sample (Fig. 5D), suggesting that 

this peak is exclusive to HǕwǭ parent materials and thus, supporting the presence of apatite in 

these parent rocks. In our benmoreite parent material, we identified a potential amphibole peak at 

2-theta = 49.21o which was not observed on any of the other parent material spectra, suggesting 

that this peak is exclusive to our benmoreite sample. XRD spectra for the other parent materials 

in our lithosequences (Flows 1, 2, 5, and 7) are provided in Fig. S2 of the Appendix for this 

chapter. In tandem, our thin section and XRD mineralogical analyses confirm much of what was 

observed by Spengler and Garcia (1988) and provide us with a gradient of parent material 

mineralogical compositions across our geochemical lithosequence. 

 

4.3.2 Soil 

 

Across our geochemical lithosequence of parent materials, soil fertility indicators, 

weathering indices, and mineral fractions demonstrated significant variation between flow 

substrates, despite the influence of other soil forming factors (climate, time, etc.) being stable. 

pH was quite stable across the lithosequence with no significant differences between lava flows, 

only ranging from ~6.4 to ~6.9 (Fig. 6A). Resin P varied tremendously across flow substrates, 

ranging from ~14 to as high ~230 mg/kg (Fig. 6B). Soils from Flows 6 and 8 were significantly 

depleted in Resin P while Flows 4 and 5 were elevated in comparison. Exchangeable Ca2+ was 

highest in Flow 8 soils despite this substrate being depleted in Resin P, but was most depleted in 

Flow 6 (Fig. 6C). Exchangeable K+ was most depleted in soils from Flow 4, despite that flow 
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being enriched in Resin P (Fig. 6D). We also investigated Exchangeable Mg2+ and Na+ across 

our flow sequence which is provided in Fig. S3 of the Appendix for this chapter. Elevated 

concentrations of individual nutrients in certain soil substrates may be correlated with parent 

rock concentrations for that nutrient element, which is something that we investigate further in 

this chapter. 

We investigated the DOW between the soils of our flow sequence with a parent material 

normalized weathering index (WI), a chemical weathering index (CWI), and a silica titania index 

(Fig. 7). For WI and STI, lower index values indicated higher DOW while for CWI, it was the 

opposite. Significant differences between WI, CWI, and STI across our flow sequence were 

observed. Soils from Flow 3 (basanite) had the lowest WI and STI values while also having a 

high CWI value, suggesting that soils from this substrate have the highest DOW. In general, all 

of the basanite substrates (Flows 1, 2, and 3) exhibited high DOW, which would support that 

these flows may be slightly older than the other flows of the lithosequence. Flow 8 (basalt) 

consistently had the lowest DOW, with high WI and STI values and a low CWI, which would 

support that this Flow is probably younger than all of the other flows. The mugearite and 

benmoreite flows (Flows 4, 5, 6, and 7) were generally less weathered than the basanite flows 

(Flow 1, 2, and 3) but more weathered than the basalt flow (Flow 8). While we admit that this is 

a relative prediction, it is likely that Flow 3 is the oldest lava flow and that Flow 8 is the 

youngest lava flow in the lithosequence, with the other basanite flows also being slightly older 

than the other lava flows. We account for DOW variation and potential substrate age differences 

later in this chapter when correlating both soil elemental and nutrient concentrations to parent 

material geochemical composition. 

The mineralogy of soils across our lithosequence was assessed by comparing fractions of 

organically-bound, amorphous, and crystalline Al  and Fe (Fig. 8). The non-extractable fraction 

(non-CBD extractable) makes up the remaining percentage of Al and Fe mineral fractions which, 

although we do not present visually, makes up the majority fraction (>50%) of soils across our 

lithosequence. Fe predominated in the crystalline fraction of all soils across flows while being 

extremely limited in both the organically-bound and amorphous fractions (Fig. 8B). Al fractions 

were much more evenly distributed, but amorphous Al was most abundant (Fig. 8A). Both 

amorphous Al and Fe were significantly higher in Flow 8 (basalt) and could result from this 

flowôs geochemically distinct mineralogy or lower DOW. Significant differences between 
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crystalline mineral fractions were inconsistent between Fe and Al. For example, crystalline Fe 

was significantly higher in Flows 4, 5, and 6 while crystalline Al was highest in Flows 6 and 7. 

Nonetheless, significant differences between mineral fractions of Al and Fe exist which could 

suggest that parent material differences contributed to mineralogical differences in the soil. The 

aforementioned significant differences between the mineral fractions of Al and Fe in the flows of 

our lithosequence are provided in Fig. S4 and S5 of the Appendix for this chapter. 

 

4.3.3 Correlating Parent Material to the Soil 

To assess the relationship between parent material and soil geochemical compositions 

across our lithosequence, we calculated a correlation matrix between whole rock elemental 

concentrations and total soil elemental concentrations (Table 4). We observed positive 

correlations for the majority of elements (except for Na and Mn) between rock concentrations 

and their respective soil concentrations, suggesting that to some degree, soil concentrations of 

elements are attributed to their concentrations within the parent material. We expected Nb, which 

has previously been suggested as the least mobile element in Hawaiian soils (Kurtz et al., 2000), 

to have the highest correlation between rock and soil due to it being highly conserved during 

pedogenesis, which was confirmed by its very strong positive correlation (r = 0.883). Mg, P, and 

Ti also had strong correlations between rock and soil (r > 0.6) while Al, Fe, and Ca had moderate 

correlations (r > 0.4). Several key nutrients were also correlated with associated rock 

concentrations, with exchangeable Ca2+, exchangeable K+, and Resin P all having positive 

correlations (r > 0.3). 

We also assessed DOW, an indicator for relative age differences between the flow 

substrates, as a potential covariate that could have negatively affected the strength of our 

observed correlations between rock and soil concentrations of elements. We used the parent 

material-normalized weathering index (WI) as our DOW indicator, with high WI values 

indicating lower DOW and low values indicating higher DOW. Correlation trends between 

whole rock parent material concentrations and soil concentrations were graphed with WI on a 

color gradient (blue to red) to show possible covariation (Fig. 9). We expected soils with either 

higher or lower DOW values than the average to deviate from the correlation line. Highly-

conserved elements (i.e., Nb, Ti, Fe) generally had higher than expected values (points above 

trendline) in soils that were more highly weathered (red), demonstrating enrichment which is 
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often associated with the leaching of more labile elements. Conversely, we observed lower than 

expected values (points below trendline) in soils that were less weathered (blue).  

More readily-leached elements (i.e., P, Ca, Mg) had an inverse relationship to WI. In the 

correlation graphs for these elements, soils with higher than expected concentration values 

(points above trendline) generally were less weathered (blue), which is the opposite of what we 

observed in the more conserved elements. Likewise, more highly weathered soils (red) tended to 

have lower than expected concentrations of mobile elements (points below trendline). Bio-

available nutrients (Resin P and exchangeable Ca2+), which are relatively prone to leaching, also 

followed this trend, with more heavily-weathered soils (red) generally having lower than 

expected concentrations of nutrients (points below trendline). The consistency of these trends 

suggest that covariation from DOW explains the majority of significant outliers in the 

relationships between parent material and soil elemental concentrations but also indicates that 

substrate age differences are indeed reducing the perceived pedogenic effect of the parent 

material. 

To assess the potential inheritance of soil mineralogy from the parent material 

mineralogy, we modeled the relationship between the lability score of the parent material mineral 

phases and the amorphous and crystalline fractions of Al and Fe (Fig. 10). For Fe, we observed 

that a higher relative abundance of labile mineral phases in the parent material is correlated with 

a higher amorphous mineral fraction (Fig. 10C) and a lower crystalline mineral fraction (Fig. 

10D). Quadratic models were used to fit these mineralogical relationships and relatively high R2 

values were calculated, with R2 = 0.625 and 0.273 for amorphous Fe and crystalline Fe, 

respectively. While there were clear relationships for mineral fractions of Fe, amorphous and 

crystalline Al did not correlate with the lability of the parent material mineral phases (Fig. 10A 

and 10B). R2 values for the quadratic models of amorphous and crystalline Al were very weak 

(<0.05). Although there is no clear relationship between parent material mineralogy and Al 

fractions, the relationship with Fe fractions might suggest that there is a degree of mineralogical 

inheritance. 

 

4.4 Discussion 

 

4.4.1 Soil Heterogeneity and Parent Material 
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Along our highly constrained geochemical lithosequence, we calculated significant 

differences in soil nutrients (Fig. 6) and mineral fractions of Al and Fe (Fig. 8) between flow 

substrates and observed that soil heterogeneity was strongly correlated with parent material 

composition (Table 4). With Ca, for example, we calculated a moderate correlation for total Ca (r 

= 0.575) and a strong correlation for exchangeable Ca2+ (r = 0.633). Our HǕmǕkua basalt parent 

material (Flow 8), which had the highest parent material concentration of CaO (10.75%), had the 

highest soil concentrations of total Ca and exchangeable Ca2+ while Flow 6 (benmoreite), which 

had the lowest Ca rock concentration (3.77%), had the lowest soil concentrations. This was the 

case for the majority of elements, with higher parent material concentrations generally 

corresponding to soils with higher concentrations both in the total and exchangeable pools. 

Correlations would suggest that, not only is soil geochemical composition inherited from the 

parent material, but also soil fertility and nutrient abundance, as exhibited by positive 

correlations from exchangeable Ca2+, exchangeable K+, and Resin P. But surprisingly, 

exchangeable Mg2+ and Na+ were negatively correlated with parent material concentration. Our 

field site is not perfectly constrained and other environmental factors could have been at play 

that would explain these outliers. For example, base cation pools in soil can be altered by marine 

aerosols, an effect which is accentuated by coastal proximity (Whipkey et al., 2000). Perhaps 

wind patterns in this leeward region and the shifting proximity of sample sites to the ocean can 

explain variance in exchangeable cations amongst soils, at least for Mg2+ and Na+. pH was highly 

stable across our lithosquence (~6.4-6.9) and it is likely that acidity and inherent buffer systems 

present within these soils are more strongly governed by climatic and biotic drivers over time in 

favor of parent material. 

Wilson et al. (2017) conducted a similar lithosequence study in a Californian volcanic 

field, analyzing soil properties and mineralogy across substrates forming from four 

geochemically distinct parent materials (basalt, andesite, dacite, and rhyolite). They observed 

that Fe pools (total, amorphous, and crystalline) were influenced by parent materials differences, 

but other soil fertility properties (base saturation, pH, etc.) were difficult to attribute to rock type. 

In our study, we also observed that amorphous and crystalline Fe pools were correlated with 

parent material mineralogy, specifically to the lability of mineral phases in the parent material 

(Fig. 10). However, the parent materials from this California lithosequence were not fully 

characterized (e.g., whole rock composition, mineralogy, etc.) and there were clear substrate age 
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differences (erosional residence times ranged from 3000-7500 years) that could have blurred the 

influence of the parent rock. Da Silva et al. (2022) found significant differences between soil 

fertility properties (e.g., pH, exchangeable base cations, bio-available P, etc.) across soils from 

their well-characterized geochemical lithosequence of parent materials in Eastern Brazil, which 

ranged from ultra-mafic harzburgite to granite, but climate (~600 to 1000 mm/yr of MAP) and 

substrate age were not adequately constrained. Navarro-Hasse et al. (2024) also observed shifts 

between soil fertility properties in soils along their lithosequence in Central Chile, but parent 

materials ranged physically from tuff to granite and once again, age was not fully constrained.  

In addition, several lithosequences have been conducted to examine morphological 

differences between parent materials in soil formation (Parsons and Herriman, 1975; Schaetzl, 

1991; Ugolini and Dahlgren, 2002; Mareschal et al., 2015), but it is apparent that across all 

pedology studies, ours included, it is extremely difficult to constrain all soil forming factors ï 

especially the time component, which compounds the influence of all other factors. Our site may 

indeed be the most well-constrained amongst the previously mentioned studies, with extremely 

consistent climate, soil classification (ustands), land usage (historic cattle pasture) and vegetation 

(pasture grass and previously native dry forest), and intact shield surfaces, but geologic age 

ranges between lava flows and their respective soil substrates are not perfectly equivalent. Thus, 

the time component across our lithosequence may not be fully stabilized, reducing the influence 

of parent material over time as the soil homogenizes (Chesworth, 1973). We attempted to 

address potential substrate age covariation by using DOW (degree of weathering) as an indicator 

for substrate age, assuming that DOW had to be a result of age differences between substrates 

due to climate being so highly constrained. After accounting for DOW differences between sites 

(Fig. 7) in our correlations (Fig. 9), we were able to observe that DOW affected the strength of 

correlations between parent material composition and soil concentrations, with more highly-

weathered soils (i.e., older soils) generally having lower than expected concentrations of total 

mobile elements (e.g., Ca, Mg, P) and available nutrients due to leaching.  

With P, for example, Flow 3 (basanite) had the second highest parent material 

concentration (P2O5 = 2.25%) but had significantly reduced average Total P and Resin P 

concentrations, falling below the trendline in Fig. 9. This can be explained by Flow 3 having the 

highest DOW, as demonstrated by soils from this flow having significantly lower WI and STI 

values (Fig. 7A and 7C), and was likely the oldest lava flow in our lithosequence. Because the 
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soils from this substrate were more highly weathered than the other substrates, Total P and Resin 

P values are more depleted than what the parent material concentration of P would suggest. This 

trend is consistent for all elements, with slightly older substrates (red in Fig. 9) having lower than 

expected concentrations of mobile elements (Mg, Ca, P), falling below the trendline in Fig. 9, 

and higher than expected concentrations of conserved elements (Nb, Ti, Fe), falling above the 

trendline in Fig. 7.  

We also calculated significant differences between mineral fractions of Al and Fe in soils 

across our lithosequence (Fig. 8, S4, and S5) and investigated their potential connection to the 

lability of parent material mineral phases (Fig. 10). Parent material lability scores provided us 

with two end members ï Flow 6 (benmoreite) which was almost exclusively composed of less-

labile plagioclase (lability score = 1) and Flow 8 (basalt) which was most abundant in olivine and 

pyroxene (lability score = 5) (Table 3). While Fe mineral fractions demonstrated a correlation to 

the lability of the parent material, with amorphous Fe correlating positively with lability score 

(Fig. 10C) and crystalline Fe correlating negatively with lability score (Fig. 10D), Al mineral 

fractions showed no relationship and had extremely low R2 values (<0.05) for their respective 

quadratic models (Fig. 10A and 10B). It is possible that soils forming from the Flow 8 substrate 

received a higher amount of ash deposition, and therefore had a higher proportion of amorphous 

parent material that could weather and neoform into amorphous oxyhydroxides (ferrihydrite, 

allophane, halloysite, etc,). However, this hypothesis is unlikely because we do not see the same 

elevated amorphous Al values in Flow 8 like we do for amorphous Fe. Also, the sample locations 

from Flow 8 are similarly distanced from nearby eruptive vents as the other sample locations and 

we suspect that this basaltic flow is slightly younger than the other flows in the sequence, as 

evidenced by the lower DOW from this flow (Fig. 7). Therefore, it unlikely that this younger 

flow has accumulated more ash over time. Another explanation for the higher amorphous 

fraction in Flow 8 soils would be the parent material mineralogy, with the basaltic parent 

material from this flow having the highest abundance of olivine and pyroxene (Fig. 4G and 4H). 

These minerals are known to weather more rapidly (Rai and Lindsay, 1975; Dessert et al., 2003) 

and may contribute to the formation of amorphous secondary oxyhydroxides (Dahlgren et al., 

2004; Gérard et al., 2007) at a different rate than plagioclase, supporting the soil mineral fraction 

differences for our parent materials with different abundances of labile minerals. However, it is 
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difficult to explain why only Fe soil mineralogy is correlated with parent material mineralogy, 

and not Al.  

 

4.4.2 Degree of Weathering Covariation  

 

Upon performing our correlation analysis between parent material and soil geochemical 

concentrations of total elements and nutrients, we observed that there were clear outliers in the 

correlation trends between elements that were reducing the significance of our correlations, 

suggesting that there was potential covariation from a non-parent material variable influencing 

soil concentrations of elements. We attributed this covariation to age differences between lava 

flow substrates of our lithosequence, firstly due to the wide age ranges of the HǕwǭ (120-250 ky) 

and HǕmǕkua (65-265) Volcanics but also because climate (MAP and MAT), biota, and 

topography were highly consistent across the field site. We attempted to quantify age differences 

with DOW, assuming that more highly weathered soils were older than less weathered soils (Fig. 

7), and found that our substrates had significantly different DOWôs. To represent DOW, we 

selected the parent material-normalized weathering index (WI), with low WI values (red in Fig. 

9) indicating a high DOW and high WI values (blue in Fig. 9) indicating a low DOW. Outliers in 

elemental and nutrient concentrations were highly predictable with WI, as mobile elements and 

nutrients were generally more depleted in more highly weathered soils while conserved elements 

were enriched in more highly weathered soils. We selected WI in favor of the chemical 

weathering index (CWI) or the silica titania index (STI) because WI is normalized to the parent 

material geochemistry and accounts better for soil column dilations that result from organic 

matter and mineral hydration throughout pedogenesis. Lower weathering index values have 

previously been associated with mass loss or depletion of mobile elements and enrichment of 

conserved elements that occur as a result of soil weathering over time and with increased climate 

forcing (Price and Velbel, 2003; Tunçay et al., 2019; Zehetner et al., 2024). With DOW 

covariation accounted for by WI, which serves as a relative estimate for substrate age 

differences, we can more confidently attribute soil heterogeneity and correlations to parent 

material composition across our lithosequence. 

 

4.4.3 The HǕwǭ Phosphorus Anomaly 
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HǕwǭ lavas are anomalously high in P, which is attributed to the presence of apatite (Ca-

phopshate) within rocks from this volcanic series, a mineral rarely found in Hawaiian basalts. 

Apatite has been documented in very few lavas across the islands, with only lavas from the HǕwǭ 

volcanics, Puóu PapǕói of the East Molokaói volcanics (MacDonald, 1968; Sinton and Sinoto, 

2015), and gabbros from the LaupǕhoehoe volcanics of Mauna Kea (Fodor and Vandermeyden, 

1988) containing this phosphate mineral. From our correlation analysis of rock P and soil P, we 

observed that higher rock P concentrations correlated with higher concentrations in the soil. As a 

result, it is possible that soil substrates forming on apatite-bearing or P-enriched lavas, such as 

the HǕwǭ lavas, have some of the highest P concentrations of soils across Hawaiói. Porder and 

Ramachandran (2012) examined soil P inheritance from the parent material using a very similar 

correlation design to our study and were able to demonstrate strong correlations between total 

soil and rock P across differently-aged geologic substrates. However, they did not show 

correlations between rock P and a bio-available form of P, which they discuss in detail regarding 

the difficulties of quantifying bio-available forms of P in soils. But through our constrained 

lithosequence study, which used Resin P to indicate bio-available P, we calculated that parent 

material P concentrations were also moderately correlated with bio-available P (r = 0.475). This 

suggests that the inheritance of P to soils from the parent material goes further than just total P 

concentrations and that parent material may have implications related to P availability to crops, 

ecological P limitations, and general P nutrient abundance.  

Soils substrates forming on intact-shield HǕwǭ lavas have some of the highest 

concentrations of bio-available P found anywhere in the archipelago, with as high as ~500 mg/kg 

of Resin P being found (Palmer et al., 2009; Vitousek and Chadwick, 2013; Ladefoged et al., 

2018). The overall fertility and high P availability of soils forming from HǕwǭ lavas, particularly 

in the upland region of Leeward Kohala where the climate is mesic, likely contributed to the 

success of traditional Hawaiian rainfed agriculture in this region prior to European contact in the 

late 18th century. Archaeological studies of this region have investigated the history and extent of 

the Leeward Kohala Field System (LKFS), which was a highly productive, intensive rainfed 

agricultural system that produced food surpluses and sustained large populations of people 

(Ladefoged et al., 1996; Ladefoged et al., 2003; Ladefoged and Graves, 2008). Soil-focused 

studies on the LKFS and rainfed (dryland) agriculture have suggested that this system was 

selectively constructed by Hawaiian cultivators on the most fertile soils of the region, largely on 
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soil substrates forming from HǕwǭ lavas, to maximize the efficiency of production (Vitousek et 

al., 2004). The sheer scale (~60 km2) and vast network of high-density ñfield wallò construction 

to assist in agricultural production would suggest that the LKFS was one of, if not the most 

highly productive rainfed field systems in the Hawaiian Islands (Ladefoged and Graves, 2010). 

While high bio-available P and the general fertility of soils within the LKFS have 

previously been attributed to the ñsweet spotò soil formation interaction between geologic age 

(150 ky) and climate (~1250 mm/yr of MAP) (Vitousek et al., 2004; Vitousek and Chadwick, 

2013), similar ñsweet spotsò from soil substrates forming on HǕmǕkua lavas from Mauna Kea 

(~120 ky) and Kula lavas from HaleakalǕ, Maui (~450 ky) have not yielded even remotely 

equivalent concentrations of Resin P (Chapter 2). Therefore, we argue that the anomalously high 

concentrations of bio-available P in HǕwǭ soils of Leeward Kohala are not strictly a product of 

ñsweet spotò pedogenesis, but also result of the P-enriched HǕwǭ lavas that serve as the parent 

material for these soils. Further, the success and agricultural productivity of the LKFS may have 

indirectly resulted from this geologic phosphorus anomaly. However, that is not to take away 

from the achievement of Hawaiians cultivators in developing this tremendous rainfed field 

system and its agricultural success. It is clear that Hawaiian cultivators were opportunistic in the 

implementation and adaptation of various agricultural systems to the natural ecology of a given 

landscape, and is evidenced by the diverse spectrum of marginal to intensive agroecological 

forms that persisted across the many equally diverse landscapes across the islands (Kirch, 1994; 

Winter et al., 2020; Lincoln et al., 2023).  

 

4.5 Conclusion 

 
Significant heterogeneity in soil fertility properties, total elements, and mineral fractions 

of Al and Fe was observed along soil substrates forming on our highly constrained geochemical 

lithosequence of Hawaiian parent materials, and demonstrated high levels of correlation with 

parent material composition and mineralogy. While it is likely that slight age differences 

between flow substrates reduced the stability of the time component and blurred the effect of 

parent material, as evidenced by differences in the degree of weathering (DOW) between soil 

substrates, we were able to visualize this and can therefore attribute both total elemental 

concentrations and soil nutrients to parent material differences. Our results would suggest that, 

geochemically, Hawaióiôs parent material is not consistent from a pedogenic perspective and that 
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the diversity of rock types across the islands has likely played a significant role in generating soil 

and soil mineralogical heterogeneity. Further, geochemical variability of Hawaiian parent 

materials may also influence soil fertility and nutrient abundance, which would have constrained 

the agricultural success and intensification of traditional Hawaiian agroecological systems prior 

to Western contact. Because of parent materialôs contribution to the pedogenesis of Hawaiian 

soils, a baseline understanding of the geochemical properties and physical form of the underlying 

rock and tephra for any given Hawaiian soil is essential. It is likely that soil differences that 

result from parent material variation are even more pronounced on younger soil substrates (<150 

ky) and that the effect of parent material has been lost in older substrates as soils homogenize 

over time. Therefore, it becomes even more essential to characterize the parent material when 

examining pedogenic processes in young Hawaiian soils and young soils in general. A similarly 

designed lithosequence of Hawaiian parent materials, but on younger soil substrates, would 

solidify the impact that Hawaióiôs parent material has on the pedogenesis of its soils. Further 

research should also seek to understand the effect of morphological parent material variation 

(tephra and rock) on Hawaiian soil formation, which our study did not investigate.  
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Tables 

Table 4.1. Site descriptions for our eight lava flow substrates. ñLava Flowò is each lava flow that 

we collected samples from. ñnò is the number of soil samples collected. ñMATò is the mean air 

temperature (°C). ñGeo Ageò is the geologic age range provided by Sherrod et al. (2021). 

Lava Flow n MAT  Geo Age Dominant Vegetation Cover Soil Taxonomy (series) 

1 9 22 125-250 Pasture Grass (kikuyu, buffelgrass) Humic haplustands (Waimea) 

2 9 20.5 125-250 Pasture Grass (kikuyu, buffelgrass) Humic haplustands (Waimea) 

3 9 21 125-250 Pasture Grass (kikuyu, buffelgrass) Humic haplustands (Waimea) 

4 6 19 125-250 Pasture Grass (kikuyu, buffelgrass) Pachic haplustands (Kemole) 

5 12 19 125-250 Pasture Grass (kikuyu, buffelgrass) Pachic haplustands (Kemole) 

6 9 19 125-250 Shrubland (Lantana, buffelgrass) Pachic haplustands (Kemole) 

7 9 19 125-250 Pasture Grass (kikuyu, buffelgrass) Pachic haplustands (Kemole) 

8 7 19.5 65-300 Pasture Grass (buffelgrass) Humic haplustands (Puu Pa) 
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Table 4.2.  

Whole rock elemental compositions of parent materials for Flows 1-8. Rock types are based off 

of TAS ( Total Alkali Silica) classifications. 

Flow 

# 
Rock Type 

Whole Rock Concentrations (%)  

SiO2 Al 2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 
Nb 

(ppm) 

1 Basanite 46.8 15.95 12.95 7.62 4.87 4.72 1.52 3.25 2.05  49.75 

2 Basanite 47.4 16.05 13 7.54 4.61 4.87 1.62 3.13 2.32  52.16 

3 Basanite 47.1 16.05 12.95 7.51 4.75 4.72 1.57 3.19 2.25  53.51 

4 Mugearite 49.6 17.5 11.8 5.93 3.4 5.09 1.88 2.65 1.82  67.28 

5 Mugearite 49.8 16.75 12.05 6.96 4.03 4.99 1.84 2.77 1.92  62.15 

6 Benmoreite 55.8 17.3 7.5 3.77 2.11 6.03 2.96 1.52 0.85  89.23 

7 Mugearite 53.6 16.85 9.9 5.08 2.71 5.65 2.12 1.88 1.31  71.86 

8 Basalt 48.5 14.3 14.2 10.75 5.79 2.75 0.75 3.4 0.41  28.69 
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Table 4.3.  

Fine-grain and medium-grain thin section mineralogical descriptions of parent materials for 

Flows 1-8. ñLabilityò represents the lability score (1-5) of mineral phases in the parent rock. 

Flow Rock Type Fine-grain (Background) Medium-grain (Crysts) Lability  

1 Basanite Mostly microcrystalline 

plagioclase and ilmenite; lesser 

amounts of microcrystalline 

pyroxene and/or olivine. 

Elongated plagioclase 

common; rare olivine 

and/or pyroxene crysts. 

4 

2 Basanite Mostly microcrystalline 

plagioclase and ilmenite; some 

volcanic glass; lesser amounts of 

microcrystalline pyroxene and/or 

olivine; rare iddingsite 

microcrystals. 

Elongated plagioclase 

common. 

4 

3 Basanite Mostly microcrystalline 

plagioclase and ilmenite; lesser 

amounts of microcrystalline 

pyroxene and/or olivine. 

Elongated plagioclase 

relatively common.  

4 

4 Mugearite Largely plagioclase; 

microcrystalline ilmenite very 

common; lesser amounts of 

microcrystalline pyroxene and/or 

olivine. 

Mostly fine-grain. Rare 

ilmenite crysts. 

2 

5 Mugearite Largely plagioclase; 

microcrystalline ilmenite very 

common; lesser amounts of 

microcrystalline pyroxene and/or 

olivine; iddingsite microcrystals 

are relatively common. 

Elongated plagioclase 

relatively common; rare 

ilmenite crysts. 

3 

6 Benmoreite Almost exclusively plagioclase; 

microcrystalline ilmenite 

common; rare microcrystalline 

pyroxene and/or olivine. 

Mostly medium-grained 

matrix. Elongated 

plagioclase extremely 

common. Ilmenite crysts 

are relatively common. 

1 

7 Mugearite Mostly microcrystalline 

plagioclase and ilmenite; rare 

iddingsite microcrystals. 

Elongated plagioclase 

common; rare ilmenite 

crysts; rare olivine and/or 

pyroxene crysts. 

3 

8 Basalt Mostly microcrystalline 

plagioclase; ilmenite, pyroxene 

and/or olivine are common.   

Pyroxene and olivine 

crysts common; elongated 

plagioclase common. 

5 
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Table 4.4.  

Correlation matrix of whole rock elemental concentrations and soil concentrations from our 

lithosequence. Correlations (r) that are bolded and boxed represent direct comparisons between 

rock and soil concentrations for a specific element or nutrient. 

 
Whole Rock Elemental Concentrations 

S
o

il
 C

o
n

c
e
n

tr
a

ti
o

n
s 

 

 Si Al  Fe Ca Mg Na K Ti Mn P Nb 

T
o

ta
l 
E

le
m

e
n

ta
l 

C
o

n
c
e
n

tr
a

ti
o

n
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Si 0.322 0.111 -0.167 -0.058 -0.194 -0.081 0.052 -0.228 -0.294 -0.501 0.088 

Al  0.416 0.598 -0.569 -0.639 -0.560 0.626 0.648 -0.494 -0.044 0.148 0.645 

Fe -0.608 -0.181 0.435 0.257 0.435 -0.138 -0.268 0.531 0.268 0.600 -0.284 

Ca -0.116 -0.581 0.373 0.575 0.402 -0.649 -0.552 0.264 -0.166 -0.526 -0.539 

Mg -0.726 -0.892 0.806 0.893 0.895 -0.863 -0.856 0.820 -0.170 -0.066 -0.904 

Na 0.374 -0.130 -0.124 0.117 -0.091 -0.273 -0.064 -0.214 -0.401 -0.735 -0.050 

K 0.793 0.446 -0.685 -0.522 -0.662 0.389 0.564 -0.733 -0.304 -0.564 0.579 

Ti -0.704 -0.262 0.526 0.349 0.537 -0.220 -0.358 0.633 0.261 0.613 -0.381 

Mn 0.546 0.689 -0.541 -0.595 -0.639 0.516 0.564 -0.569 0.069 -0.084 0.629 

P -0.428 0.226 0.288 -0.013 0.120 0.175 -0.078 0.291 0.753 0.760 -0.028 

Nb 0.809 0.748 -0.890 -0.858 -0.865 0.785 0.888 -0.854 -0.220 -0.163 0.883 

E
x
c
h

a
n

g
e
a

b
le

 

E
le

m
e
n

ts
 Ca2+ -0.389 -0.657 0.532 0.633 0.563 -0.621 -0.627 0.467 0.020 -0.158 -0.631 

Mg2+ 0.690 0.420 -0.616 -0.500 -0.608 0.440 0.538 -0.671 -0.029 -0.322 0.162 

Na+ -0.648 -0.505 0.632 0.577 0.646 -0.554 -0.608 0.669 -0.016 0.162 -0.609 

K+ 0.495 0.159 -0.455 -0.356 -0.424 0.343 0.345 -0.521 0.057 -0.206 0.355 

Resin P -0.235 0.331 0.167 -0.083 -0.014 0.151 -0.028 0.145 0.591 0.475 0.059 
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Figures 

 

 
Figure 4.1.  

Map of field site located in the leeward Kohala region of Hawaiói Island. Blue lines are rainfall 

isohyets showing 250 mm/yr increments in mean annual precipitation (Giambelluca et al., 2013). 
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Figure 4.2. 

TAS (Total Alkali Silica) Diagram showing the igneous rock types of the parent material 

samples from each flow substrate of the lithosequence. Flows 1-7 are lava flows from the HǕwǭ 

Volcanics of Kohala Volcano and Flow 8 is a lava flow from the HǕmǕkua Volcanics of Mauna 

Kea. 
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Figure 4.3. 

Diagram of P2O5 and CaO concentrations (%) from the parent materials of each flow substrate in 

the lithosequence. Flows 1-7 are lava flows from the HǕwǭ Volcanics of Kohala Volcano and 

Flow 8 is a lava flow from the HǕmǕkua Volcanics of Mauna Kea. 
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Figure 4.4.  

PPL (plane-polarized light) and XPL (cross-polarized light) images of thin sections at 100 µm 

and 500 µm. In red are examples of mineral phases. ñIddò indicates iddingsite, ñOliò indicates 

olivine, ñPlaò indicates plagioclase, ñIlmò indicates ilmenite, and ñPyrò indicates pyroxene. A 

and B. Flow 2 ï Basanite, C and D. Flow 4 ï Mugearite, E and F. Flow 6 ï Benmoreite, G and 

H. Flow 8 ï Basalt.   
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Figure 4.5.  

XRD (x-ray diffraction) spectra for powderized rock samples of parent materials. ñAluò indicates 

diffraction peaks from interference caused by the aluminum sample holder, ñPlaò indicates 

plagioclase, ñOliò indicates olivine, ñPyrò indicates pyroxene, ñIlmò indicates ilmenite, ñApaò 

indicates apatite, and ñAmpò indicates amphibole. A. Flow 3 ï Basanite, B. Flow 4 ï Mugearite, 

Flow 6 ï Benmoreite, and C ï Flow 8 ï Basalt. 
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Figure 4.6.  

Soil fertility indicator properties from Flows 1-8 of our lithosequence. A. pH, B. Resin P 

(mg/kg), C. Exchangeable Ca2+ (cmolc/kg), D. Exchangeable K+ (cmolc/kg). Statistically 

significant differences (p < 0.05) between soil properties from individual lava flows are indicated 

with superscripts (a, ab, c, etc.) which were calculated with non-parametric Kruskal-Wallis and 

Dunnôs Tests for multiple comparisons. 
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Figure 4.7.  

Weather indices from Flow 1-8 of our lithosequence. A. Parent material-normalized weathering 

index (WI), B. Chemical index of weathering (CWI), C. Silica-titania index (STI). Statistically 

significant differences (p < 0.05) between soil properties from individual lava flows are indicated 

with superscripts (a, ab, c, etc.) which were calculated with non-parametric Kruskal-Wallis and 

Dunnôs Tests for multiple comparisons. 
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Figure 4.8.  

Organically-bound, amorphous, and crystalline mineral fractions (%) across Flows 1-8 of our 

lithosequence. Fractions do not add up to 100%, with non-extractable Al and Fe making up the 

remaining mineral fractions. On all lava flows, the non-extractable fraction was the majority 

fraction (>50%). A. Al fractions, B. Fe fractions. 
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Figure 4.9.  

Correlation graphs for selected elements and nutrients with the parent material-normalized 

weathering index (WI) on a color gradient to represent the degree of weathering.  
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Figure 4.10. 

Quadratic fit models of mineral fractions in relation to the lability score  of mineral phases in the 

parent material. Lability scores range from least labile (1) to most labile (5). RMSE is the root 

mean square error of the quadratic fit model and R2 is the measure of goodness of fit. A. 

Amorphous Al (%), B. Crystalline Al (%), C. Amorphous Fe (%), D. Crystalline Fe (%). 
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Appendix 

 

 
Figure S4.1. 

PPL (plane-polarized light) and XPL (cross-polarized light) images of thin sections at 100 µm 

and 500 µm for Flow 1 (Basanite), Flow 3 (Basanite), Flow 5 (Mugearite), and Flow 7 

(Mugearite). 

  


