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Abstract

Soils exist at the interface of the critical zone, hosting many of the chemical reactions that
regul ate the Earthoés biogeochemical cycles. T
process in understanding soil functioning and is controlled byamiental drivers (climate,
parent material, topography, and biota) over time. The Hawaiian Iskande consi der ed
systemo for ecol ogical and pbeoddgladiegts ic subbstratet udi e
age and climaterhile simultaneousiyavingrelatively consistent parent materaadd biotic
component s. Many pedol ogical studies have uti
evolve across climate and timand have observed that soil propertiasluding soil nutrients,
behavan response ta series opedogenic thresholds and soil process dom&eadogenic
thresholds and soil process domains have been observed and quantified in Hawaadmgoils
three differertagedclimosequence&0, 150, and 4,100 ky). However, the agenponent in
understanding how pedogenic thresholds and soil process domains occur over time is limited. A
broadened chronosequence of climosequences wapfabrt a better understanding of the
evolution of pedogenic thresholds in Hawaiian soils and qoetientially 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,chlgould 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, | sought to understand the connections betwdertibty,
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 implementingvtirisinto generating geospatial models
for traditional Hawaiian rainfed agroecological systems. | then questioned the pedogenic
consi stency of Ha weaminingtise influancecohparentraatesat i a | by
geochemistry osoil heterogeneitalonga lithosequence

In Chapter 2| sampled and analyzed hundreds of soils acrosddeiianarchipelago
to construct a broaghedchronosequence @ie climosequenceb, 15, 120, 450, and 1,400 ky)

which | then used to observe the evolution of pedagémesholds and soil process domains

Vi



across time. | 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 sulvates get older. | 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, | used this empiricadil threshold equation tpredict 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
H a w a whizth wereancient rainfed agroecological systecharacterized byniquecrops and
cultivation methods. | also validated these empiricatipstructed models with archaeological
remnants and historical accounts, which suggested that my models were more atcurate
predicting dryland rainfed agriculture but were less accurate at predicting agroforestry than
previously constructed rainfed geospatial models.

In Chapter 4, | looked at soil heterogeneity across a geochemical lithosequence of
Hawaiianlava flowsinordero addr ess the consi st emMoosstiief Hawa
lithosequence, soil geochemicaimpositionand nutrient concentrations were significantly
different. Through correlation analysisalso observed that soil geochemical concentrations
wereinherited fromthep ar ent mat eri al, suggesting that Hayv

consistent from a pedogenic perspectne needs to be taken into account in future studies

vii
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Chapter 1

Introduction

1.1Pedogenesis, Soil Fertility, and Pedogenic Thresholds

Soil isthe critical zonenterface where the hydrosphere, atmosphere, biosphere, and
lithosphere intersect and firedjuilibrium, servingas a host site for many of the chemical
reactions that medi at e (ChoeoveEa al.t1200F;4in,201@ geoc hem
Banwart et b, 2019) The pedosphere, or soil spherenis constanstateof flux as
environmental drivers contribute to weathering processesahfibrmation over time (Lal et al.,
2018; Huggett, 202314uggett,2024).The drivers of soil formatiohave been biadly
categorized into the five seibrming factors 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 fertilry @l related to the pedogenic state of a soill
(Van Cleve and Powers, 1995; Targulian and Krasilnikov, 2007; Turner et al., 2013; Egli and
Mirabella, 2021)Increass inrainfall and temperature (climatean enhancthe rate of mineral
dissolution reactins (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)
affecs erosional rates (Zhang et al., 2018), and primary mineralogy (parentaf)atetermines
secondangoil mineral composition (Wilson, 2004). Geologic time is a constant pedogenic driver
and controls the cumulative impact of the other fourfeoihing factors. The complexity and
interconnectedness of pedogenic processes imdeiag 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).Throughoutpedogenesis, primary minerals from the parent material weattieelsase
nutrients (C&", 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 neofram of secondary clay minerals, which



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, bgontributing to nutrient leaching and aciditghibiting the

supply and retention of nutrientsHu e, 2022) . Hence, a fertility
have been sufficiently weathered as to have accumulated ample nutrients from primary minerals
and generated exchange capacity, busoeteathered 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 accumulatigosagdent

depletion of bieavailable 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
chronosequencgtudies have observed similaghaviorof 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 undsganding ofpedogenid er t i | i t y afesonstigdly s s pot
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 effets of weathering on soils (Kampf and Schwertmann, 1983; Egli et al., 2003; da Silva et
al., 2016).Soils in diier, colder climates experience less weathering than soils in wetter, hotter
climatesi thus, making climate a direct predictor for the amountedthering that a soll
experiencesSimilar to the chronosequence studMisousek et al. (20049bserved the
accumulation then depletiaf both bicavailable P (Resin P) and base saturation across a
Hawaiian climosequence of soils aged ~150 ky. Tihsse e t s p oftsail nu&ri€énts accoss
climate has also beetemonstrated on differelaiged soil substrates (Chadwick et al., 2003;

Feng et al., 2016, Bateman et al., 20T%)ese studies suggdiat solil fertility tends to be
reduced in both extremetlry and extremely wet conditionshile mesic conditions are optimal.

Toposequences.€., catenas), which are soil sequences that range across gradients in
slope or topographyccount for erosional processaslhave also demonstrated variability in
nutrient abundancgevith 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 demonstrdteterogeneity in soil physicatructure, mineralogy, and

geochemical composition (Wilson et al., 2017; da Silva et al., 2022). While biosequences are



difficult to isolate, because they naturally covariate with climate, differences in vegetation cover
and longterm anthropogenic impacaffectfertility through shorlived, but important,
constituents such as soil organic carfbownsend et al., 1995; Osher et al., 2003; Bateman and
Vitousek, 2018). ASequenceo st uuhdeestanthawr e ef f e
soils develp across the pedogenic timeline, but practical field sites thatwitflergradients 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
climoseqe nce studies, due to the islandsodivast g
11,000 mm/yr), mean air temperature {(~824°C), and geologic substrate age (<100
>5,000,000 years old) (Giambelluca et al., 2013; 2014; Sherrod et al., 2021). Saoudy, it
has been argued that Hawai 60i 6s parent mater.
and that topography is stable along the gentle slopes of the constructional shield etirfaces
Hawai 6i 6s shiel d vol cmnotelgisolatedfronecordimeistdl sygieens a g o
and tectonics, creating as close to a vacuum state as one can find around the world. With these
conditions, Hawai 0i has been described as a
studies, as well as human dgoamics (Vitousek, 199%itousek,2004; Kirch, 2007). Across
climosequencesf 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., 2019ar8imil
chronosequences of Hawaiian soils have also demonsra@idtiveheterogeneity of the same
respective soil properties (Crews et al., 1995; Vitousek et al., 1997; Chadwick and Chorover,
2001). Climatetime matrix studies have also been conductéichvhaveportrayedhe
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 ambtahdrivers,
these relationsips arenot 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 piepare quite stable across a wide window in
climatic or temporal change (Chadwick and Chorover, 200BcTbncept of fAsoi |
was outlined by Muhs (1984), who suggested that soil chemical properties can change rapidly

across small climat or temporalshiftsdespite minimal environmental change. This concept was

t
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built upon by Chadwick and Chorover (2001), w
and Asoi l process domai nso t haedthataseriegfover ned
intrinsic buffer systems, such agedogenicarbonate equilibria and primary mineral weathering,

develop in the soil across pedogenesisragdlatesoil acidity. Once a buffering system is

exhausted, pH drops rapidgnddramatic changes in soil geocheal properties and behaviors

can follow, which is associated with pedogenic thresholds.

Pedogenic threshold behavior has been observed in soil propegjigsH, elemental
concentrations, soil nutrients, NewZealgnd acr oss
(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 edegngits (

Ca,K, etc.) from soils were observed across $matements in climate forcing. Exchangeable
nutrients €.g.,Ca*, Mg?*, K*, and Resin Presponded similarlywith nutrient depletion

occurring at similar climate thresholds. These studies suggested that soils within the process
domain governed by primamineral weathering, in which soil acidity is buffered by the

dissolution reactions of primary mineratisnd to have higher sdirtility . Soils within this

domainare continuously receiving nutrient inputs from primary mineral dissolatioh
simultaneously, these dissolution reactibnffer soil acidity, bolstering nutrient retention and
reducingleaching It has been demonstrated that the occurrence of pedogenic thresholds and
process domains shift depending on the substrate age ibf\atensek and Chadwick (2013)
observed that on an ol der soil substrate from
process domains were shifted toedriclimate conditions in comparison to a younger substrate
from Hawai 6i | s | teeraatumulated Smprinkof/weatherthag ie thet olwer

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 climate§ hey also noted that extremely young or dry soils can be kinetically

limited, in that they have limited colloidalrface reactivity to supply or retain nutrients.

The evolution of pedogenic thresholds and the development of soil process domains
acrosdime is not yet fully understood, especially in younger soils. An expanded chronosequence
componenbf climosequenceom Hawaiian soils would allow us to better understtrel
evolution of pedogenic thresholds over tiemal how soil fertility, governedytthese thresholds,

accumulates and depletes over the course of pedogeiesisesearch could have implications



related to modeling soil fertility across the Hawaiian Islands, at least for soils developing on
intact shield surfaces, by predicting thengte and substrate age at which pedogenic thresholds

occur andsoilsdeplete in nutrients.

1.2 Traditional Hawaiian Rainfed Agroecology

Modeling soil fertility with pedogenic threshetttlineated spatial boundarieandave
many potential applications n  H a(evga,agiicultural, ecologicakoil mappinggetc.) Such
natural soil behavior was especially important to traditional land management and cultivation
practicesAncient Hawaiians were unequipped with the camiences of moderday 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 adaptedthhe nat ur al ecol ogy of the | andsc:
fertility, water availability, and topography (Kirch, 1982; Kirch, 1994; Winter et al., 2020). For
exampl e, i n s o mieherentlyfettila seits,iHawaiias cultivaters develape
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 haseendocumentedhrough archaeobical remnants and
hi storical accounts, such as the Leeward Koha
System (Hawai 0i | sland), and Kaup@ Field Syst
Lincoln, 2013; Baer et al., 2015). Likewise, less intensiwtesys (lower inputs and yields) were
developed on less fertile soils, and relied mostly on tree thapgnhanced the biological
components of soil fertility by improving nutrient uplift, carbon dynamics, and nutrient retention
(Lincoln and Vitousek, 203, Lincoln, 2020; Lincoln et al., 2@d). As a result, the pedogenic
fertility of soils in ancient Hawai 6i constra
intensification that these traditional Hawaiian agricultural systems could susimnsgk 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 agroecolo8gveal previous studies have created
geospatial models for traditional Hawaiian agroecology by predicting environmental thresholds
that these agricultural systems would have likely been constrairfedtgninimum annual

precipitation, minimum soil fertilitymaximum slope, etc(Ladefoged et al., 2009; Kurashima et



al., 2019; Lincoln et al., 202B To predict thresholds of soil fertility for rainfed agroecological
systems (i.e., dryland field systems, agroforestry, arboricultinee studies generated

equations to approximate the weathering potential as a result of rainfall, elevation, and substrate
age, which t hebl eveatnmeodn fAlRmad enkhésd eggatiang ween s ( RE1 )
generated by fitting environmental parametees,fainfall, elevaion, 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 RainfedDryland), 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 constrajmddle for more marginal systems

(e.g., Agrdorestry or Novel Forest agriculture), the solil fertility threshold was more lenient.
However, these geospatial modeisre circular to some degrag that theequations used to

define soil fertility thresholds ithese models were generated from thecadjtiral extents that

they were meant to predi@ubstituting an empiricaltderived equation to predict soil fertility
thresholds across the Hawaiian landscape could have the potential to more accurately represent
the agricultural opportunities acrosg tislands, improving model accuracy and providing a

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

colonization.
13Hawai 6i 6s Parent Materi al

Are pedogenic thresholds, soil process domains, and soil fertilitpuwatin substrates
really a function between climate and substrate sge®nderstand 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 angbtmraphy through selective sampling methods,
much of this work has placed a heavy reliance
i's reasonably consistent. However, Hawai 60i 6s
and physically to soe extent, and may have a significant impact on soil development and
composition.

Hawai 0i 6s parent mat er i aabaressltoftapeaomendn by v o
that has been termed fihot spoto vol cadepthsm. Th

by melting of a mantle plumgeneath the Pacific Plat€his volcanism hagenerated lava flows



and variable amounts of tephra across the landscape over the course of millions of years
constructing the Hawaiian Islandad their soil substrateswe know them todagWilson,
1963; Clague and Dalrymple, 1987). The general parent material is assumednaxbae of
lava rockandbeddedephra, which can accumulate in various quantifiessh parent materials
are still consistently eruptgmesentlyo n Ha wai 6 i |l sl and, thdéds younges
mostactive volcanoes (Mauna Lodauea a n d )khich bré&domstantly producing new
parent materials in the form of lava flows and tepRedterns of Hawaiian volcanism and the
production of eruptive materials have been consistent for millions of {@arsan and
Ri chards, 1991) . Even on the geologically old
and find evidence of basaltic lava flows and tephra deposits similar tasifband at Kjauea
today At least in comparison to the wide variety of continental parent materials, which can range
from | i mestone to basalt asthlikmigalydessivariable Hawai 6 i
But to what degree is ltomogeneousGedogically, 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 compositia(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 2Q5%, K
can rage from ~0.1% to ~5%, and®s can range from ~0.1% to ~2.5% (Sherrod et al., 2007).
As these rocks weath#rroughouipedogenesis, nutrient elements ldcely released into the soil
at concentrations comparable to what is in the parent rock, and thairapiosition 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 inéince soil geochemical compositiand weathering
rates(Rai and Lindsey, 1975; Dessert et al., 2008} the degree to which is unknown.
The physical nature, or morphology, of eruptive materials from Hawaiian volcanoes may
be an even more significacortributor to soil heterogeneity (Turner et al., 2018). Lava flows
differ in surface area and texture, as observed through the geomorphological differences between
rougherd &andsmootheplthoehoe flows (Lockwood and Hazlett, 1995), but perhaps more
relevant from a pedogenic perspective is tomtribution fromtephra materials (Mulliken et al.,

2024). Tephra materials, such as ash and cinder, have much higher reactive surface areas than



rocks which canacceleratelissolution reactions (Lowe, 1986; Dahlgren et al., 1999). They also
tend to have a significantly higher proportion of amorphous volcanic glass than lava flows
affecing mineral dissolution rates and secondary mineral form@étlay 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 @rent materials, therefore, havariableproporions of rock and tephra, which
can affect reactivity and weathering rates in soil formaffawhat degree this will influence

soil heterogeneity across pedogenesis in Hawaiian soils remaiasvalllinderstood. Further
research into both the influenoégeochemical variation and physical variation of Hawaiian
parent materials on soil formation is required to evaltieeonsisteny ofHa wai 6i 6 s par en
material is. Observing soil heterogeneity across a lithosequence of Hawaiian parent materials,
while constraining other seforming factors, could provide valuable insight into our

understandingfpar ent materi al ds role in the pedogene

1.4 Dissertation Overview

In this dissertation, | build off of previous work that has beeredm pedogenic
thresholds and geospatial models for traditional Hawaiian agroecology, and question the
pedogenic consistency of Hawai 6i 6s parent mat
For Chapter 2, | embarked on a statewide soil collection and data analysis mission to
construct a lwacenedchronosequence 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), | added 5 more climosequences from
LaupUhoehoe on Hawai 6i | sl aimku@5okyHawdaova ol
ky), Kula on Maui (450 ky), and East Mol okabédi
soil substrates. On each substrate, | analyzed soil propertieexgtigeable cations, resin
extractable phosphorustal carbon and nitrogeii®N, U>C, total elemerdl concentrationsand
the percent remaining of elements from the parent matadedss climate to identify pedogenic
thresholds, which were then usedtmund soil process domains. | observed that as soil
substrates age, pedogenic thresholds and soil process domains sheft ¢brdates, due to the
accumulated effects of weathering over tirmedquantifiedthe primary mineral exhaustion

pedogenic thréwld on every substratehich was modeled with a logarithndecay function.



To complete this chapter, | recruited the help and expertise of Dr. Jesse Bloom B&EiRan
Cortland)from outside of my committee, whose dissertation work largely inspirecéation.
At the time of this dissertatiorjis chapter has been submitted for publicatioGeéoderm.

For Chapter 3, | incorporatelde empirical equatiomlerived inChapter 2 to generate
geospatial models for traditional Hawaiian rainfed agroecology. This equation was used to
predictasoil fertility thresholdon the landscape as a function of climate and tiepadng
what was originally a neempirical soil fertiity equation in previoumodelingstudies. The
usage of this pedogenic threshold equation in favor of the previousmpinical equation led to
an expansion of potential land for Intensive Rainfed agriculture on older soil substrates and
simultaneously uced the coverage for Agroforestry agriculture, particularly on the islands of
Oahu and Kauadi . | also compiled a dataset of
Rainfed, AgroforestryandNative Forest) to assess the accuracy of our neamgtruced
rainfed agroecological models and compared the accuracies to theecardgeospatial models
from Lincoln et al. (2023). Based on validation points, archaeological remnants, and historical
accounts, we concluded that our empiricalgrived spatial mielsmore accurately represented
the extent dryland rainfed agriculture but were less accurate at representing the extent of
agroforestry compared to previous spatial madeiss chapter is currently in preparation for
submission tdzcology and Society

For Chapter 4, | chall enged the notion that
pedogenic perspective by looking at soil heterogeneity across a geochemical lithosequence of
Hawaiian parent materials. To construct the lithosequence, | sampledmsiparent materials
(rock samples) across eight different lava flow substrates ile¢ineard Kohalaegion of
Hawai Oi |l sl and. This |ithosequence was highly
climates, substrate ages, slopes, and withi@imegetation covers and histories of land usage.
Parent material compositions ranged geochemically (from basalt to benmoreite) and
mineralogically (with varyingabundancesf volcanic glass, olivine, pyroxene, plagioclase, and
ilmenite) and soil propess (pH,exchangeable cationgsin extracteable phosphorus, total
elemenal concentrationsandmineralogcal fractiong 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



a high degree, even after >100 ky of soil formatibmis chapter is currently in preparation for
submission t€CATENA

For Chapter 5, | concludedldissertation  summarizing key outcomésom this work,
provide some possible future research directions, and make some broader implications regarding

|l essons that we can |l earn from ancient Hawai o
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CHAPTER 2
A Chronosequence of Climosequentédhe Evolution of Pedogenithresholds

in Hawaiian Volcanic Soils

Abstract:

The soitforming 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 ratherfollow 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 balaarwe soil substrate geologic age lglgontrolling
for other soHforming factorgtopography, biota, and parent materis)e conducted extensive
field sampling (n= 577) and analysis of soil properties, chiefly elemental analysis, pH, and
exchangeable nutrients. With the use of previopslylished soil data (n=285), we created a
chronosequence (5, 15, 20, 120, 150, 450, 1,400, 4,100 ky) of eight climosequences. We
statisticallydetermined pedogenic thresholds across each climosequence using four types of non
linear breakpoint analyses. Weantified 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 predictablerf= 0.94) logarithmic decay function, with rapid evolution
occurring in young soils and the deacceleration of change occurritgdeinsoils. The youngest
substrate (5 ky), however, did not follow this logarithmic pattern, wiigpredictis due to
surface area reactivity limitations. The pedogenesis of Hawaiian soils and the evolution of their
pedogenic thresholds offer a wekkhared model system for broader implications regarding soils

forming in more complex, continental settings.
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2.1Introduction

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
regul ate biogeochemical f 1l uxes Fanhingpl98h t he Ea
Chorover et al., 2007; Chadwick et al., 20Z3)e 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 prodhivity of a soil (Gorham et al., 1979; Chadwick et
al., 1999; Vitousek, 2004Rrimary mineral weathering occurs throughout pedogenesis and is
regulated byenvironmental drivers over time, which have been broadly categorized iriteethe
soil-forming fadorsi climate, time, parent material, biota, and topogra@eynny, 1941;
Jennyl1991).Isolating andndividually observing thenfluenceeachsoil-forming factorson soil
formation and mineral weatherimgn reduce complexity and help us better undesidtam
complexrelationship between pedogenemnginutrient supply

In natural soil systems, water fluwhich is governed by climatis arguably the most
influential environmental drivewith water beinghe 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, 202). 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 &03;2@order and
Chadwick, 2009van Westen and Groot, 2018Vater flux through the sodrive the majority of
soil mineral transformations that occaeross the pedogenic timelias the soil approaches
thermodynamic equilibrium and accentuate the impodani 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 minaf fraction and the ability of the solil to retain the nutrients that are
releasedSollins et al., 1988Gérard et al., 200 hompson et al., 2011yemperature, which is
also a product of climat@)soinfluences rates ahineral dissolution (Dessert &it, 2003) but
proportionally has a less significant effect than water flux (Vitousek et al., 2021).

Climosequences wide gradients of climatic conditiofishave been used in pddgical

studies for decades to isolate the effect of climate on soil igearas$ 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, chronosedugrackents of

soil substrate agehave ber 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 talglierate

weathering over timesuch as thenass loss of labile elements from thé solumn, secondary

mineral formationand shifts incarbon storage capacity, buffering capacity, soil acidity, and
overall soil fertility.

When examining soil pedogenesis across cliraattime, weathering patterns and soil
properties tend to follow a system of pedogenic thresholds and soil process domains (Chadwick
and Chorover, 2001Muhs (1984) first introduced the concept of intrinsic thresholds which
mark fundamental shifts in soil gerties across soil genesis and suggested that these thresholds
are best observed by tracing soil properties across wide gradients in time and tlgimaje.

Hawai Oi as a model system, Chadwick and Choro
propertiesthat occulin response to rapid changes in @ssociatedvith the exhaustion of

different chemical buffering systems. They suggested that these buffer systems are sequential in
nature and balance acidity i n donsoihpropertiggany as t
response to environmental weathgrpressure 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 dwsragross climate and time in Hawaiian
soils(Chadwick et al., 2003; Vitousek and Chadwick, 2013; Lincoln et al., 2014; Bateman et al.,
2019)andin othersoil systems (Dixon et al., 2016). To observe pedogenic thresholds, previous
studies measured speciBoil properties (e.g., pH and exchangeable base cations) and elemental
concentrations (e.g., Si, Ca, Mg, Fe, etc.) and identified abruptimear shifts in their response

patternsa shifts in climateUsing climosequence soil data from a relativedyryg (150 ky) and
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an old (4,100 ky) soil substrate in Hawai 06i ,
pedogenic thresholds on each sequence and demonstrated that the occurrence of pedogenic
thresholds changes with time. Bateman et al. (2019) amlaztvations from a much younger
(20 ky) climosequence and used statistical quantification to demonstrate that pedogenic
thresholds shift to drier climates a climosequence as the geologic age of the soil substrate
increases, which they proposed is tésult 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 pedogenicesinolds will shift with the geologic age of the soil
substrate in a predictable way and that this shift candmeledoy an empirical equation with

sufficient temporal resolution in the data.

2.2 Materials and Methods
2.2.1 The Hawaiian Study System

Pe haps nowhere el se i n -forrirg factarsbe showcasad soJ e n ny
extensively across such a small g¢g6efemgprasgdhi ¢ se
as a model system for ecosystem studies (Vitousek, 1995; 2004), thedrchig 0 6 s wi d e
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 ofsoils, with at least ten of the twelve soitlers existing across 17,000 kof land
(Deenik and McClellan, 2007).

Hawai 0i 6 s -derived sodsrarie mast conymonly formed frompasient material
consisting of anixture oftephrb edded on top of | ava rock. The
volcanic parent materiddas beemcknowledged for its geochemical consistency throughout its
millions of years of activity, allowing for elemental and isotopic comparability over time
(DuncanandRi char ds, 1991). Al though geochemical an
eruptive materials exi$twith rock types ranging from tholeiitic basalt to trachyte and textures
ranging from fine ash to dense, blocky lava flawilsom a global context, theseag@nt materials
are relatively consistenat least in comparisdo the variation of continental geologies.

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

substrate agéean annual precipitation (MAP) ranges from ~200000 mm/yr and mean
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annual temperature (MAT) rangesfrom2@t . Soi |l ages range from <1
flanksof K auea and Mauna Loa volcanoes to >5 mil .
islands, with relatively consistent temporal covernageetween. 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 (Pagdet al., 2007b).

2.2.2 Sites and Sampling

Soils were sampled along climosequences as broadly and as evenly as logistically
possible on five differeraged substrates (~5, 15, 120, 450, and 1,400 ky) from three Hawaiian
| sl ands ( Hawai @idangdviveselected ta cordpleMent poekiously 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 etal., 2019po m t wo i sl ands ( Ha
K a u aAnianphasis 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 furcamate
incorporation of data. In total, our data from this study, combined with previous datasets,
assembled a chronosequenceightclimosequences (Table 1). Substrate ages were estimated
for regression purposes based on age ranges provided by Steato@021).

General sample locations were remotely selected by referencing the Geologic Age Map
of Hawai 6i ( Sher r ogbil sabistratad of ideal 2g82tHe Rairtfah Atlasabfe nt i f vy
Hawai 0i ( Gi ambel | uca e adiematdin MAP.2@istida) and legali dent i f
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 selectedhcrementallyevery 100 mm/yr of MAP across as broad of a gradient that the
spatial limitationsand logistical access each lava flow would permit. Specifiltg sites were
selected in the field to represent intact, constructional shield surfaces, which were rdlatively
points on the landscape (avoiding topographic highs and lows) that minimized localized
erosional inputs or outputs. Three depttegrated soil cores, spaced at least 25 meters apart,
were collected near each site frol8@cm in depth after removirany 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 abtl from the USDA NRCS SSURGO (Soil Survey
Staff, 2024) and the Hawai 6i Rainfall and Eva
2014), respectively. Environmental data was extracted to each point and used to calculate water
balance (WB; MAP minsi 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 Priestlaylor Potential ET, which has been considered better suited for
humidregions than the more widely applied Penrivionteith model (Li et al., 2024). Soils

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

2.2.3Sample Preparation and Analysis

Soils were transported to the Indigenous Cropfipstems Laboratory at the Komohana
Extension and Research Center in Hilo, HI, USAdaied to room temperature, and sieved
through a 2 mm mesh screen.-8lnied, sieved soils were used to measure pH in a 2:1 distilled
deionized water:soil ratio. A sulisef air-dried, sieved soils was oweltied to 60°C (~48 hours)
and then pulverized and sieved through a 500 um screen. This subsample of pulverized, oven
dried soil was usefbr all further soil analysis.

Exchangeable base cations {C&1g?*, Na', and K') were extracted using a 1M
ammonium acetate solution and extract concentrations were measured usg3CGR the
University of Hawai 6i at Hil o Analytical Lab
99% isopropyl alcohol to remove residualraomium, then exchangeable ammonium was
extracted with a 1M KCI 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 ammoniusswming 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 thetbeddexchange
capacity ofthe collectedoils, a majority of which were highly acidic. B@av ai | abl-e or #fAr
extractableo P was measured by -exdhangeiresigy soi | s
beads for 18 hours, followed by elucidating phosphate from the exchange resin beads by shaking
in 0.5MHCI for 1 hour. We then determined the phosphate concentration colorimetrically, using

an Ammonium Vanadate:Molybdate reagent mixture on a spectrophotonmgétedadad nm
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(Rejgek, 2006). A final subset of sthel s was s
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, wholerock 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. Witlelsomental data
from this dataset was selected and used to determine appropriate elemental concentrations in the
parent materials of our substrates and used t
our soils. If multiple rock samples from tldataset 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 materi al
elements from the pamematerial 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 soiBy using an immobile indicator element, we accountemyrsoil
column dilations that occur as a result of secondary mineral hydration, mass loss, moisture
content, or organic matter accumulatidnh e equati on for the fApercent

as follows:

¢

1) 0'Y - Zp T T
h

N[~
¢

wherePR is the percent remaining of our element of intergs€(s is the concentration of our
element of interest in the soljm sis the concentration of the immobile indicator element in the
soll, Cipmis the concentration of our element of interest in the parent materialinagsis the
concentration of our immobile indicator element in the rock.

Previous work has found thidiobium (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 calculatiortdowever, Nb concentrations vary significantly between rock
samples from hea flow to lava flow (5200 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,lpalstic
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from lava flows of the same eruptive event (~4.8% TiQ). 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, thgeeéiseveral rock samples)
to represent an entire lava flow eruptive evéable Slprovideswhole rock data from the
previously mentioned USGS dataset that was used to calculate the percent remaining of elements
in our soils.

Parent material consistenasas assessed by calculating the Ti:Nb ratio in soils across
each climosequenc€if. SJ. 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 propertig¢seaceffects of climate and time

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

2.2.5Predicting Pedogenic Thresholds and Soil Process Domains
2.2.5.1ldentifying Breakpoints

To identify the existence of pedogenic thresholds atarglimate gradients, we
estimated breakpoints in soil properties usin
al., 2017; Zeileis et al., 2002) in RStudio (R Core Team, 2021) to statistically determine the WB
values at which each soil propertyraptly changed in response to shifts in climate forcing for
each substrate in the chronosequence. Four breakpoint methods weretagpligdque data
shapeshinge, upper hinge, segmented, and structural breaks methods. As with the statistical
approat from Bateman et al. (2019), statistical methods were usgdantify 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 asse&sstermined
breakpointavith the lowest standard erraere selectebr each soil property to represent the
breakpoint, with the assumption that this sugg@shore accurate breakpoint. Breakpoints were
referenced back to the initial plots to contedize 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 dudo the trend being linear or there being no trend at all, we assbsseendwith linear
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regression and thé value was determined. The number of breakpoints, the trend, vhleie,

and the WB breakpoint estimates from the hinge, upper hinge, seginand structural breaks
methods with their respective errors and estimate windowsraveded in Table San the

Appendix of this dissertatiomve provide a description of these packagegsc hngpnt ¢ and
Astr uc ctiernselgotiom and utilizatiomf our breakpoint analysis, as well as an example
demonstrating how some breakpoint determination methods are better suited for certain data

trends.

2.2.5.2Analyzing Pedogenic Thresholds and Soil Process Domains

Studies that havielentified pedogenic thresholds along climosequences those
differentaged substrates (Chadwick and Chorover, 2001; Vitousek and Chadwick, 2013;
Bateman et al.; 2019elineatedive soil process domainghich weredescribed as: 1) a
kinetically-limited domain with low base cation inputs and low reactivity, 2) a viiatéed
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 dbuffgred
by Aluminum (Al) hydrolysis and indicated by Fe enrichment, and 5) a highly leached, infertile
domain governed by highly acidic or anaerobic conditions which promediée solubility
(Fig. D).

Following the pedogenic threshold analyses obifsek 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 expecteditalicatespecific pedogenic thresholds. We quantified pedogenic
thresholds by calculating the mean of all indicator parameter breakpoints. For instance, to
calculate the pedogenic threshold between thiyélrolysis buffered domain (green) and the Fe
mobilization domain (blue) on our sequences, which we termed the Mobilaréshold, 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 Aindicatoro
threshold, which were assessed for breakpoints and used in the threshold caldilation.
Appendix of this dissertatigorovides an explanation for the usage ofthgses i f i ¢ Ai ndi c

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

The soil process domain buffered by primary mineral weathering (yellow) is delirated
its upper climatic boundaryy a threshold where the exhaustion of primary mineral inputs occurs
andalsomarksthe transition into a soil process domain buffered by Al hydrolysis (g(Een)

1). We refer to this pedogenic threshold asResility Thresholdbecausgrevious work$ave

found that at this pedogenic stage where primary mineral ieghtsustsoils are highly acidic

and leachedf nutrients To examinghe evolution of the Fertility Threshoter time (i.e.,

across the chronosequence), wadverahonlinear models to theccurrence this thresholds

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

an empirical equation, selecting the function with the higiestlue.

2.3Results
2.3.1 Breakpoint Anafsis

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 chronosequdrad®g 4). Although, for any
given climosequence, noise and variation were apparent in the data, breakpoints were statistically
identifiableanddemonstradalignment across multiple soil paramete@nfirming our visual
assessment of the d4fég. 2)

Siis a relatively mobile element in soil systems and the leaching of Siis commonly
associated with the weathering primary mineralsWB increased across each climosequence
Si danonstrated depletionvith Si approaching 100%&maining fronthe parent material in the
driest soils of each sequence and then deplaiaghreshold and stabilizing pércentages
between ~180% (Fig. 2\). Except for the youngest Lalpehoe substrate, quantified
breakpointdor Sisequentially shifted to drié/B 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 identic#igui®is
representing the brkpoint analyses from thgercent remaining of thesieree elements, as well
asfor exchangeable nutrienfise., exchangeabl#g?*, exchangeabl&*, Resin P) are provided

in Fig S26. Breakpoints determined from total elemental indicator soil propeiesrally 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 primaryneral weathering and often demonstrates
enrichment, but can mobilize at an anoxic threshold where climate forcing is exti@ald-e
was either highly stable or highly variable depending on the age of the substrat®)Fgn 2
the youngest three climsequences (Lallhoehoe, Hana, artd U m U k ke aalues were linear
and no breakpoints were determined. HoweRerdidenrich graduallyacross thé Um U k u a
gradient asveathering intensity increasedn t he t wo ol dest substrates
values showed signs of both Fe enrichment and mobilization, with two breakpoints being
guantified along both of these sequences. In both cases, the drier breakp&adFe
enrichment while the wetter breakpomarkedFe mobilization, with Fe values dropgin
significantly after the second determined breakpoint. We also observed that Fe breakpoints from
the ol dest Molokadi substrate were shifted to
which was the same trend observed in the sequential shiaimwints frontertility Threshold
indicator soil properties. Fe mobilization br
threshold indicator soil properties (Fe remaining and Alitfr&jg. S7 and S8.

We alsoperformed a breakpoint analysis fbe ratios oexchangeable Mg/ total Mg,
and exchangeable™ total K to investigate the potential existence of the kinetidatited or
surface aredéimited pedogenic threshold on our substrat&syever, o relevant breakpoints
weredetermined for any of our substratégy( S9 and S10 Finally, we performed a simple HCI
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 fiezisg@bserved. Odata from
the three previously sampled climosequer{28s 150, and 4,100 kyyvere-ranour breakpoint
analysis and amalgamated those breakpoints into our data (Table 4) to complete the
chronosequence. We guantified nearly identicahkpeints to thdreakpoints estimatday

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

2.3.2Pedogenic Threshold Determination and Soil Process Domains

After performing the breakpoint analysis for all soil properties (includingetrom
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 estiReatiity Thresholds on all eight

substrates andlobile FeThr eshol ds on the ol dest three subs:
Kauabdi (Tabl e 5) . Counbreakpainyandlyses didunot suppopteec t at i o n
existence of the pedogenic thresholdBreeating the kinetically/surface arbanited domain or

the pedogenic carbonate domdiueto the inconsistency of breakpoint estimates between soll
properties representing the exchangeable p@o)éxchangeable base catipbase saturation,

and Rem P), particularly on the younger substratesaigecalculated théertility Threshold

using exclusively total elemental breakpoifgisown in parentheses in Table Whichshifted

thepedogenic threshold estimates for th&) m U land Kulasubstratesat significantly drier WB

values.

The highest WB value for tHeertility Threshold was found on the second youngest Hana
sequence while the | owest was found on the ol
of eight soils, we observed that generally, Feetility Threshold shifted to increasingly drier
WB values over tira. However, théhreshold calculated on the youngeatipthoehoe was an
outlier from this trendas 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 thresholsts sugge
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
substratesnay not follow this patteriWe only observed thiglobile FeThreshold on the three
oldest soil substrates (450, 1,400, and 4,100 ky). As witkehdity Threshold, this second
threshold shifted to drier WB values over time. Mebile Fe threshold from the Kula substrate
was calculated at a substantiallytiee WB value anguggests that more climate forcing and
higher water saturatios necessary for promoting the reduction and solubilizatidgreoiide
mineralson this younger substraite order toreach a comparable weathering state to the oldest
two sibstrates

From these threshold estimates, we delineated the boundaries between the three
previously observethajor soil process domains: 1) Primary mineral weathdyirféered and
biological uplift domain with elevated fertility, 2) Al hydrolydmifferedand 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 valas the substrate age increased due to
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accumulatednfluence ofclimatedriven weatheringver time While this pattern is clear across
the majority of the climosequences, the youngest Usaghoe gradient did not follow this trend
and exhibited an inhited 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 ModelingPedogenic Threshold Evolution

UsingFertility Thresholdsalculated from just elemental indicator breakpoibtd,
omi tting the L au p Uthemechrreree ofthebrtdity Theesheld shiftettb i e r |
lower WB values withincreased substrateafpllowing a decay patter(frig. 4). A logarithmic
function was selecteid favor of anexponential or power function because it had the highest R
value (0.9452). The empirical equation that this model produced is as follows:

(2)'Y B aQ copzl b onmwrt

wheiTleeshitld i s t he Priest | y Felity Vhaekholéocdummatangr ) t ha
AGAO i s the geologic age of the soil substrate
pattern anallows for predictingt he WB at whi c Hrertidity THi@skhad occarsif soi | 6

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

2.4 Discussion
24.1 Fertility Accumulation and the Rate of Weathering

Across ourchronosequence, pedogenic thresholds and soil process domains shifted to
drier WB values on geologically older substrates in a highly predidtadtéon following a
logarithmic decay patteriThis would suggest that, in genemalyounger soil substrafe150 ky)
requires significantly more climatriven water flux than an older sailibstrate (>150 kyp
reach an equivalent pedogenic thresh8lils existing withirthe primary mineral weathering
buffered domainvere characterized dgwer rates of mss lasshigh concentrations of
exchangeable nutrien@nd higher pH (>6)But as WB increased (i.eweathering intensity
increased) and approached Heetility Threshold alongachsequence, we observed the gradual
mass loss of more mobilpporly-conserveclements (Ca, Mg, K, and Sihd nutrientgbase

cations and Resin om the upper soil columThis mass loss is associated witsteady

30



declinein pH, which catalyzegrimary mineral dissolutioreactionsand releasesiobile
elementsnto the aqueous phagence 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 whktks low, base
cations are replaced by acid cation$ @dd APF*), and total elemental concentrations of silica
and bases are depleted (<50% of original parent materiadpbgbnditions are relatively stable.
This i s the ¢ har fartlity,d&e enclantent"@omaioctupi¢dibyesoilgftero w
the Fertility Threshold, which is generalssociatedavith wetter and/or older soils.

While theFertility Threshold that we describe specifically delineates the WB at which a
soil shifts froma domain buffered by primary mineral weatheringatdomain buffered by Al
hydrolysis, this boundary also has implications related to the depletion of aaw@imulated
pedogenic soil fertility. As previously described (Chadwick and Chorover, 2001; \itause
Chadwick, 2013; Bateman et al., 2019; Chadwick et al., 2022), soils within this primary mineral
weatheringbuffered domain are consistenticeiving inputs oavailable nutrientsfrom mineral
dissolution angimultaneouslyleaching pressure reduced deto the stability of the buffer
systemWithin 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 loss@f nutrient begin to outweigh inpuf3ue to this connection, the
Fertility Threshold marks the upper clin@boundary for elevatesbil fertility (i.e., nutrient
availability) on a given lava flow substrate. In soils wetter than this threshold, loisset
nutrients through leaching outweigh thepply, thus rendering soils infertile

TheFertility Threshold boundary has potential implications for spatially modeling soil
fertility, at least on landscapes where shield surfaces are still intacteasdilhhave been
largely unalteredintensive rainfecagoecologicas y st ems i n ancient Hawai 6
cultivated on the shield surfaces of younger
was a higher overlap between sufficient rainfaapport cultivation and high nutrient supply to
crops (Vitousek et al., 2004; Ladefoged et al1&@Qincoln et al. 2018). Vitousek and
Chadwick (2013) acknowledged that the placement of these systems on the landscape overlapped
very closely with soilsxasting 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/itousek et al. (2004) suggest that thpsdogenidi s wepbt s o0, wher e
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sal fertility is elevatedas a result of optimal climatic and temporal driyéikely contributed to
the placement and agricultural success of the many dryland agroecological systems that were
cultivated across the Hawaiian Islands prior to Western disrupt

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 estimatirgFRértility Threshold with a non
empirical equation using the mean annual precipitation, elevation, and geologic age of the soll
substrate (Ladefoged et al., 2009; Kurashima et al., 2019; Lincoln et al., 2023). Our empirical
equation(Eq. 2)that predicts the occurrea of the Fertility Threshold across time and climate
can be utilized to model thaotentialextent of thesdrylandrainfedsystemswith databacked
prediction, possiblymprovingthe accuracy of these spatial models and contributing to our
understandingf the footprint that these ancient agricultural systems placed on the land. Other
factors, such as topographicatlyiven erosion (regressive pedogenesis), can divert soil
pedogenesis away from the talonensional logarithmic decay pedogenic timeline @nésd in
Fig. 4,adding another layer of complexity to modeling those gvit®usek 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 pedogeaeshtbids reflects soil behavior solely
from intact shield surfaces.

While our empirical equation specifically relates dienatic occurrence of th&ertility
Threshol d to a s utledsgogaritamiceldécay pajteatsd dergonstrates thesrate
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 beconoesidated by more thermodynamically stable
secondary clay minerals (halloysite, gibbsite, hematite, @tertime, the rate of weathering
gradually decreases as the mineral fraction becomes progressively less reactive (Rai and
Lindsey, 1975)This is refected by the occurrence of tRertility 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 sualta@sic 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 matelsa have observed simildogarithmic decayatterns 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).

24.2 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 consistentlzr@forethatwe can
constrain the behavior of soil properties to climate and time. Howeveglihigility 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 paratermals 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 Hawian 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;
Spengér and Garcia, 1988; Walker, 1994). Different mineral phasethangbundanceaffect
boththe rate of primary mineral dissolutiamdthe concentrations of elements being released
from the rock, potentially shifting threshold loci (Rai and Lindsey 5] @%islason 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 @ense,0 t h  gldve. Simpiyp e
the initial surface aredifferences 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 theooreéti
Hawai 60i 6s volcanic soils (i.e., Andisols),
distances away from its eruptive vent and deposit in varying amounts across the geoscape
(Hodges and Boettinger, 2023). For older soils, the amount of asloutce, and how old the

ash is that the soils are forming from is nearly impossible to trace becdaseld@psnto soil so
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rapidly. The rate of weathering and nutrient release in young sa@#k{s, which are limited
kinetically and highly dependenn 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 Ageranges provided by the
USGS in their geologic mapping of lava flows are also quite wide (€18, 5350, 65300 ky;
Sherrod et al., 2021) which creates another issue in situations when we were unable to sample on
a contiguous lava flow for the entisequence 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 ol de.TheoldeBtsdilghavee s, e
likely accumulated larger amounts of ash from younger eruptimmgared tyoung soil
substrates and have also received more atmosphetealised dust deposition over time
(Porder et al., 2007b). Both of these factors, asagetlampling from nenontiguous lava flows,
are the most likely sources for parent material variations. In all likelihood, heterogeneity in the
parent material component played a lialenuch of the heterogeneitye observed in theoil
properties acrossuo gradientsbut 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 Exchangedé vs. Pool in Characterizing Pedogenic Thresholds

Exchangeable pool elements tGaMg?*, K*, Na', Resin P) may not be the most
appropriate soil indicator properties for examining pedogenic thresi@dsll of our soil
substrates except for Molokaodi, the ?bMgéakpoin
K*, and Resin P varied extensively amongst one another and did not support the consistency of
breakpoints found in the total elemental p&h the Hana sequence for example, we identified a
breakpoint at964+1149 mm/yr of WB for exchangeablé &hile the breakpoint for
exchangeable Mgwas vastly different at 1094+900 mm/jiraple 4. While the exchangeable
Mg?* breakpoint supports the breatints 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 behavidrhis type of inconsistency was rampant for exchangeable pool
properties eross 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 Tat 760+470 mm/yr of WB but were unable to find the same
breakpoint for either exchangeable ¥ty 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 dermine pedogenic thresholds effectiveéDn 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 arkdheresilt, we
suggesthat 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 owradsequence.¥ehangeable cations and Resin P
on the Hivgclimosequence (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 elxangeable pool property breakpoints not only supported the
determination of th&ertility Threshold but it also demonstrated just how constrained e
climosequence is, perhaps achieving an unrealistic standard for how exchangeable pool nutrients
might behave on other les®nstrained substratesll 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 avéyatilthese 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 depwlent 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 affectng 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, rainfadlieananaterial,
shortterm 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 soilrthiients within the mineral phase and
may notfully 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 tyff@rganic 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&ung Soils (<15 ky)

We opted to omit the youngest Lalpehoe substrate from the modeling of threshold
occurrence and generation of the empirical equation because weathering processes in extremely
young soils in Hawai 6i (efrbbtheloggrithhi@adecay been sho
pedogenesis pattern typically observed in older soils. This deviation is demonstrated by th
occurrence of th€ertility Thresholdont he LaupUhoehoe f42WBwmlyreof ng es
WB, a much lower WB than the next oltlesil substate (15 ky) where the threshoklis
estimatedat ~940mm/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
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. Inttiair the youngest soils (<4 ky)
were depleted in exchangeable cations and P while also being much more acidic than older soils
(>4 ky). While theclimate gradienin this studywas significantly smaller<7501750 mm/yr of
MAP) than in this papelpatteris with substrateage 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 wery earl

stages of pedogenesis up until an inflexion point after whichogoluded 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 alsatalmbserve 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

Laupthoehoe flow. They argue thattheyguast soi |l s in Hawai 6i are k
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).

Sewral other chronosequenrbea s ed soi |l devel opment studies
observed a similar accumulation of 4zivailable P and increase of exchangeabfé &aMg?*
in young soils as they aged (Crews et al., 1995, Vitousek et al.,, 5e@ppting 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. Frdire observationsn this studyand 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 occursfbut o
course this switch is also dependent on climate. Therefore, the patkamildy 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 seits ). A better pedogenic
understanding of soil development in young soiB5ky) and the degree to which parent
material can explain their variability is necessary to fully understand threshold evolution and
fertility accumulation across time.

The mat 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, andtK¢ goungest
LaupChoehoe climosequence, percentages dropped from ~80% remaining to ~20% remaining
across an extremely small climate winde®00 to 200 mm/yr of WB). This rate of loss was not
observed on any of the older substrates, which all demons&ratedh more gradual decline in
mobile elements. For example, on the olddd m U kubstrate, 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 disipabetween 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 voluméheffines fractionbeing
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 restiite 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 theoil 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, wrthieh f
contributes acidity to the fines fractiddut this is overcomas the soil agesyith reactive
surface area increiag as rocks are weathered dowhich contributes higher rates of primary
mineral inputsand more of a capacity to buffer acidily.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 acatiggycumulative processes
that are interconnected withimate-drivenwater fluxthroughoutpedogenesiand contribute to
nutrientsupply and retentiorOlder soils, which have endured weatheringnioreprolonged
periods of timeare generallynore leachethan younger soils at comparatively similar climates
andcanexist in soil process domains governedcbynpletelydifferent buffer systemsi In this
study, we found a clear trend between the geologic age of the soil and the \&dibgenic
thresholds occur at. Along our chronosequence, we observed thditséisate aged increased
pedogenic thresholds shift to increasingly drier WB values. This isethe result of weathering
being a twefold product of water flux and geologic age when other forming factors are
constrainedHigher water flux is required foryounger soito reach an equivalent pedogenic
threshold for an older soilheFertility 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 occurrenceafunction of the geologic age of soil substrates on Hawaiian
shield surfaces. However, results from our chrolimosequence 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 shiftutoemt
accumulation to depletion

The empirical equation that we dexd (Eq. 2)has applicationfor other fields, such as
modeling the natural fertility of shield surface Hawaiiansssaslit pertains to predicting the
extent of and mapping traditional Hawaiiainfed agroecologyT his equationcould be usetb
model he extentincient intensive dryland fieklystems, whichkvere rainfed systems there were
constrained by limitations to pedogenic soil fertility, draye been shown to align well with the
Fertility Threshold on the landscape. Our threshold occurrencei@uhais 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 ancigmwecologicakystemsccupied on the
Hawaiian landscapand the connection between pedogenesisratigenous agricultural

productivity.
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Tables
Table 2.1
Summary of soil substrate geologies and geologic agesif chronosequence. Geologic age
ranges were acquired from Sherrod et al. (20Ri¢. asterisk indicates substrates from previous
studies (Vitousek and Chadwick013 Bateman et g/2019).

Substrate Volcano Volcanics Geologic Age Assigned Age
(ky) (ky)

LaupUho MaunaKea ~LaupUhoeh 47 5

Hana Hal eakal U Hana 13-50 15

Mauna Kea* Mauna Kea LaupUhoeh 13-65 20

Hlm(kua Mauna Kea HUmkua 65- 300 120

HOwg Kohala ~ HOvG 120- 250 150

Kula Hal eakal U Kula 150- 930 450

Mol okad West, Eas West, Eas 1,300-1,800 1,400

Kauadi * Kauadi NUpali 3,8005,500 4,100
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Table 22

Summary of soil substrate climatic data and soil taxonorresurchronosequencéoil

taxonomic data was acquired from the NRCS Web Soil Survey (W&8sterisk indicates

substrates from previous studies (Vitousek and Chad24xd3 Bateman et al2019).

Substrate n Water Mean Taxonomy Taxonomy  Taxonomy
balance annual (dry) (mesic) (wet)
(mm/yr) temperature
)
LaupUh 114 -1000~2800 7.5-~18 Humic Typic Typic
Ustrivitrands ~ Hapludands Hydrudands
Hana 100 -1250 ~ 3100 20.5~23 Pachic Typic Typic
Haplustolls Hydrudands Hydrudands
Mauna Kea* 97 -1300 ~ 3800 5.5-~14 Xeric Histic Terric
o Vitricyands Epiaquands  Haplohemist
HUmkua 131 -1300~ 2500 13 ~23 Vitric Humic Acrudoxic
) Haplistands Haplustands Hydrudands
HUvG 151 -1500~1700 16.5~23.5 Sodic Humic Acrudoxic
Haplocambids Haplustands Hydrudands
Kula 120 -1250 ~3900 11 ~23.5 Torroxic Typic Acrudoxic
Haplustolls Haplustands Hydrudands
Mol oka 114 -1500~ 3000 16 ~23 Typic Ustic Humic
Eutrustox Palehumults  Epiquepts
Kauaoi 28 -1100 ~ 2400 15~215 Rhodic Inceptic Terric
Eutrustox Haplustox Haplusaprists
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Table 2.3
Summary of pedogenic thresholds and their respective indicator soil properties that were used

calculate them.

PedogenicThreshold  Indicator Soil Properties
Mobile Fe Total Fe, Fe Remaining, Al/Fe

Fertility pH, Exchangeable &4 Mg?*/ K*/ Na*,
Base Saturation, Resin P, Si Remainin
Ca Remaining, Mg Remaining, K
Remaining

Kinetic Limitation Exchangeable C&/ Total Ca,
Exchangeable Mg/ Total Mg,
Exchangeable K/ Total K

Carbonate Dissolution No indicator soil properties
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Table2.4

Results from the breakpoint analyses for all indicator soil properties on each climosequence. All
breakpoints are presented as the Priestly water balance (Mean annual precigtagisihy
evapotranspiration) in mm/yr at which we statistically quartiéeelevant breakpointhe

asterisk indicates substrates from previous studies (Vitousek and Cha®0it® Bateman et

al., 2019).
Substrate H Base .
P Sat Exchangeable % Remaining Total

Ca®* Mg?* K* P Si Ca Mg K Fe Fe Al/Fe
Laup Cbh ( 401 401 - - - - 327 229 206 90 - - -
Hana 427 - - 1094 -964 -964 1094 481 1250 936 - - -
Mauna Ke& 1087 666 909 - - - 740 909 740 666 - - -
HUmCkua 1179 652 850 1006 280 -3 84 320 84 84 - - -
H[_'!N(j‘ 574 304 486 295 333 313 378 378 313 705 - - -
Kula 1068 - - 1205 591 833 -3 -10 -10 -10 2334 2500 2500
Mol ok a¢-411 -552 - -411 -411 - -317 -317 -76 -164 2478 843 843
Kau*aéi -227 -434 -468 -468 -434  -529 - -434  -337 -434 - 699 499
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Table 2.5

Calculated pedogenic thresholds for bothFk#ility andMobile FeThresholdsin parentheses
arefn f er t i | i ttlyabwerechloulatadtexclusid/edwith total elemental indicator soil
property breakpointd'he asterisk indicates substrates fromgwious studies (Vitousek and
Chadwick 2013 Bateman et a/2019).

Geo Age Fertility Mobile Fe

Substrate ky) Threshold Threshold
(mm/yr) (mm/yr)

LaupUhc5 275.67 213 -
Hana 15 880.33 940.25
Mauna Kea* 20 816.71 763.75
HUmkua 120 389 (143
HOwg 150 417.07 443.5 -
Kula 450 395.14 (8.25 2334
Mol ok a ¢ 1,400 -321.14 (218.5 843
Kauaoi ’ 4,100 -407.37 (401.67 599
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Figure 2.1

Five soil process domains conceptualized by Chadwick and Chorover (2001) and delineated by
Vitousek and Chadwick (2013). This figure wasadapted in the style presented by Chadwick

et. al (2022) but using the older iteration of soil process domains.
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Distribution of quantified breakpoints across climosequences from each of our five soill

substrates
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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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The occurrence of thieertility Threshold across our chronosequence of eight substrates. A
logarithmic function was used for the trendlifeh e Laup Uhoehoe (5 ky)

from the trendline function used to generate the empirgpadteon.
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Appendix

Table S21

Summary of whole rock geochemical data for selected samples provided by the United States Geological Survey (USGS) and
met adata for each of the rock samples. The ASubstratreck and
samplevas used for and the geologic age of t he waenlnsrcearsge adsoil T h e
samples from each substrate that were paired with the respective geochemical data from that row and used in calceitatinig the p

remaining of elements.

ID Substrate Geo Age SoilRange SiO; TiO2 AlO3 FeO; FeO MgO CaO NaO KO POs

(ky) (mmiyr)

1 Laup (:Jh 5 -1000to-800 514 256 17.2 11 - 3.74 6.66 478 204 0.89
2 LaupUhc5b -800 to 200 50.62 2.66 17 11.48 - 394 683 471 196 0.95
3 LaupUhc5 200 to 2800 494 287 16.9 12 - 329 709 462 182 0.85
4 Hana 15 -1250 to-300 45.27 3.59 16,57 - 1221 503 881 478 184 0.76
5 Hana 15 100 to 1900 4435 352 1582 - 1416 6.02 10.21 3.48 125 0.56
6 Hana 15 1900 to 3100 45.15 3.44 1523 9.32 485 6.23 954 383 129 056
7 HUmkua 120 -1300 to-1100 48.16 2.75 134 12.84 - 861 1161 214 063 0.34
8 HUmUK u ¢ 120 -900 to 100 a7 3.19 13.7 13.78 - 763 11.18 236 0.68 0.39
9 HUmUK u ¢ 120 300 to 1000 4732 234 1315 1235 - 10.62 9.74 249 089 04
10 HUmUKk u ¢ 120 600 to 2500 4593 3.13 1293 1396 - 10.19 10.66 2.08 045 0.33
11 Kula 450 -1250 to-800 46.48 3.8 16.4 5.03 989 476 809 422 138 0.66
12 Kula 450 -300t0 3600 47.36 4.08 16.43 4.84 7.8 427 796 423 140 0.66
13 Kula 450 -500to O 4051 4.15 13.8 5.73 10.3 6.32 1202 353 15 0.56
14 Kula 450 1400to 3900 44.46 4.08 1397 6.14 895 541 1028 3.07 117 0.72
15 Mo | ok a ¢ 1,400 -1500 to-1350 50.9 2.86 14.34 - 1249 6.27 977 281 033 -

16 Mo | ok a ¢ 1,400 -1350 to-1000 53.22 1.81 17.72 2.58 6.14 279 539 6 228 1.08
17 Mo | ok a ¢ 1,400 -1000to-900 48.3 3.76 15.87 5.83 12.25 4214 75 3.74 111 0.76
18 Mo | ok a ¢ 1,400 -1200to-300 48.61 2.53 17.04 1.07 937 354 681 558 198 138
19 Mo | ok a ¢ 1,400 -1000to 1200 47.95 3.21 1423 3.29 953 735 874 321 101 0.66
20 Mo | ok a ¢ 1,400 1000to 3000 48.1 3.05 16.8 3.09 829 424 73 4.2 152 1.2
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Table 2.2
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 whicHiaewtty wasstatisticallyestimated. In parentheseghg

associated standard error for each breakpBoitled breakpointavere selected to calculate thertility Thr es hol d. A Br eak s ¢
the number of breakpoints that?weae e fmrisdl proparty #eddthathadao gi ven so
breakpoints. AWindowo refers to the WB range (mm/yrthe t hat we
hi nge method, AU. Hi ngeo refers to the methqodéorandlysisnge met hod, a
Breakpoint 1 Breakpoint 2 Structural Breaks
Substrate  Property Breaks  r? Window Hinge u. Seg Window Hinge u. Seg. 1 2 3 4
Hinge Hinge
> pH 2 -1000t0 300  -129.6 - -129.6 -300 to 3000 - 400.7 579.9 193 2193
X (303) (271) (114) (213
o) Exch. Ca N/A
—_ Exch. K 0 0.0673
Exch. Mg 0 0.0453 193 401
o Exch. Na 0 0.5228
Base Sat. 1 -1000 to 3000 - 400.7  579.9 401
o (405)  (473)
— Resin P 0 0.0018 193 401
o Fe 0 0.266 1022 1683
o Si Rem. 2 -1000t0 300  -522.9 - -833 -300 to 3000 - 326.8 229 90
c (179) (271) (243)  (243)
) Fe Ren. 0 0.2183
a Ca Rem. 2 -1000to 300  -285.8 - -129.6 -300 to 3000 - 2293 2293 1
5 (179) (271) (478)  (319)
Mg Rem. 2 -1000t0 300  -285.8 - -129.6 -300 to 3000 - 205.7  205.7 -35
© (179) (192) (444)  (342)
— K Rem. 2 -1000t0 300  -129.6 - -285.8 -300 to 3000 - 90.4 90.4
(134) (192) (625)  (588)
AllFe 1 -1000t0 300  -35.1 - -35.1 1022 1683
(106) (132)
Exch./Total Ca N/A
Exch./Total Mg 1 -1000 to 3000 - 229 229 193 401
(342)  (645)
Exch./Total K 1 -1000 to 3000 - 229 333 401 1683
(910)  (501)
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Table S22 cont.

Breakpoint 1 Breakpoint 2 Structural Breaks
Substrate  Property Breaks  r? Window Hinge u. Seg Window Hinge u. Seg. 1 2 3
Hinge Hinge
pH 1 -1300 to 2000 - -322.8 427.1 600 1950
(298) (85)
Exch. Ca N/A
Exch. K 1 -1300 to 2000 - -963.7  -963.7 -964
(586)  (626)
Exch. Mg 1 -1300 to 2000 1093.7 13515 1561
(459)  (702)
Exch. Na 0 0.0001
Base Sat. 0 0.3947
Resin P 1 -1300 to 1300 - -964 -964 -1094
— (460)  (586)
k2 Fe 0 0.0445 481
ﬂ Si Rem. 2 -1300 to 1300 147 - 147 0 to 2000 - 1093.7 267.3 1898
=t (460) (549) (77)  (429)
c Fe Ren. 1 -1300 to 2000 - 1950 267.3 1898
@© (90) (638)
L Ca Rem. 1 -1300 to 2000 - 480.6 480.6 -900 -322 1898
(211) (446)
Mg Rem. 1 -1300 to 2000 - 1250 1351.5 1898
(352) (756)
K Rem. 1 -1300 to 2000 - 936.3 1202.1 -1094 267 1898
a7y  (817)
Al/Fe 1 -1300 to 2000 - 427.1 600 785
(383)  (268)
Exch./Total Ca N/A
Exch./Total Mg 0 0.0062
Exch./Total K 0 0.0414
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Table S22 cont.

Breakpoint 1 Breakpoint 2 Structural Breaks
Substrate  Property Breaks  r? Window Hinge u. Seg Window Hinge u. Seg. 1 2 3
Hinge Hinge
pH 1 -1300 to 4000 - 1086.6 909.2 445
(356)  (716)
Exch. Ca 1 -500 to 4000 - 909.2 -370.3 -432 445
(387) (384)
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 -318.5 -432 445
— (339) (33)
> Resin P 0 0.0108
o Fe 1 0.0445 -1300 to 4000 159.5 - -117.3 -251
N (272) (600)
] Si Rem. 1 -1300 to 1300 - 740.4 591 -251 445
&’ (126) (104)
- Fe Rem. 1 -1300 to 4000 9 - -172
c (291) (985)
c:é Ca Rem. 1 -1300 to 4000 - 740.4 909.2 -370 445
S (88) (81)
Mg Rem. 1 -1300 to 4000 - 740.4 517.7 -720 445
(100)  (243)
K Rem. 1 -1300 to 4000 - 665.9 517.7 -432 417
(149)  (253)
Al/Fe 2 -1300 to 4000 -463 - -463 -500 to 4000 - 2239 2239 445 1295
(129) (878) (323)  (597)
Exch./Total Ca 0 0.0043 503
Exch./Total Mg 0 0.1367
Exch./Total K 0 0.3126
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Table S22 cont.

Breakpoint 1 Breakpoint 2 Structural Breaks
Substrate  Property Breaks  r? Window Hinge u. Seg Window Hinge u. Seg. 1 2 3 4
Hinge Hinge
pH 2 -1300to 1200 -165.9 - 961.9 700 to 2800 - 1179.3 1179.3 1006
(254) (483) (105)  (357)
Exch. Ca 2 -1300to 1200 -715.8 - -715.8 -1300 to 2800 - 651.9 849.5 1026
(142) (517) (144) (87)
Exch. K 2 -1300to 1200 -715.8 - -997.5 -1000 to 2800 - 279.5 279.5 280
(180) (555) (a75)  (279)
Exch. Mg 2 -1300t0 1200 -536.7 - -997.5 -1000 to 2800 - 10059 874.4 -166 652
(212) (555) (68) (101)
Exch. Na 0 0.0002 83 686
Base Sat. 1 -1000 to 2800 - 2526.2  651.9 874 1340 2008
(720)  (180)
N Resin P 2 -1300to 1200 -715.8 - -998 -1000 to 2800 - -3.1 -3.1 -537
< (150) (555) (219)  (219)
8 Fe 1 -1300 to 2800 - 2426.2 -997.5 -537 1179
o (423)  (873)
\c; Si Rem. 2 -1300 to 1200 848.3 - 280 -1000 to 2800 - 280 83.5 -537
S (118) (555) (299)  (213)
.;f; Fe Rem. 2 -1300to 1200 -291.1 - -715.8 -1000 to 2800 - 542.6 961.1 -537 280 850 1716
g (204) (517) (141)  (172)
" Ca Rem. 2 -1300to 1200 -715.8 - -848.3 -1000 to 2800 - 320.3 279.5 -537
L (150) (555) (46)  (327)
Mg Rem. 1 -1300 to 2800 - 83.5 -3.1 3
(213)  (241)
K Rem. 2 -1300to 1200 -715.8 - -997.5 -1000 to 2800 - 83.5 280 -537 424
(150) (555) (109)  (201)
Al/Fe 1 -1000to 2800 1179.3 - 1179.3 -537 1340
(206) (142)
Exch./Total Ca N/A
Exch./Total Mg 2 -1300 to 1200 -291 - 279 0 to 2800 - 784 784 -411 652
(375) (151) (72) (129)
Exch./Total K 1 1300 to 2800 - 784 784 -166
(72) (129)
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Table S22 cont.

Breakpoint 1 Breakpoint 2 Structural Breaks
Substrate  Property Breaks  r? Window Hinge u. Seg Window Hinge u. Seg. 1 2 3
Hinge Hinge
pH 2 -1700 to 700 -571.6 - 598.8 0to 1700 - 574.2 561.6 -684 427
(83) (188) (208)  (277)
Exch. Ca 2 -1700 to 700 108.6 - -354.9 0to 1700 - 485.9 304 -664 171
(50) (48) (69) (86)
Exch. K 2 -1700 to 700 -194.2 - -242.4 0to 1700 - 3334 3334 -664 250
(38) (79) (40) (46)
Exch. Mg 2 -1700 to 700 -242.4 - -470.2 0to1700 - 3334 295.2 -664 171
(79) (182) (332) (68)
Exch. Na 0 -784
Base Sat. 2 -1700 to 700 -252.3 - -346.8 0to 1700 - 450.5 304 -664 171
(41) (62) (74) (68)
Resin P 2 -1700 to 700 -346.8 - 2113 0to 1700 - 313.3 313.3 -664 -248
N (86) (40) (66) (60)
X~ Fe 1 -1700 to 700 2113 - 32 81 695
o (40) (38)
ﬂ Si Rem. 2 -1700 to 700 51.4 - -296.8 0to 1700 - 377.5 313 -667 188
o (70) (77) (38) (54)
.:5 Fe Rem. N/A
T Ca Rem. 2 -1700 to 700 -51.4 - -242.4 0to 1700 - 377.5 313 -536 95
(35) (73) (50) (54)
Mg Rem. 2 -1700 to 700 -242.4 - 75.4 0 to 1700 - 442 313.3 188
(83) (92) (64) (54)
K Rem. 2 -1700 to 700 32 - -346.8 0to 1700 - 705.2 499.5 -667 250
(67) (65) (98) (128)
Al/Fe 2 -1700 to 700 - 126.8 70.9 0to 1700 485.9 - 574.2 -194 695
(30) (37) (68) (187)
Exch./Total Ca 2 -1700 to 700 -108.6 - -354.9 Oto 1700 - 485.9 304 -664 171
(50) (48) (69) (86)
Exch./Total Mg 2 -1700 to 700 106.8 - -252.3 0to 1700 - 299.9 284.7 -69
(40) (65) (366)  (202)
Exch./Total K 1 -1700 to 1700 - 529.6 534.2 171
(67) (470)
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Table S22 cont.

Breakpoint 1 Breakpoint 2 Structural Breaks
Substrate  Property Breaks  r? Window Hinge u. Seg Window Hinge u. Seg. 1 2 3
Hinge Hinge
pH 2 -1300 to 1200 586 - 371 500 to 4000 - 1068 1068 -3 1205
(151) (202) (114)  (476)
Exch. Ca N/A
Exch. K 1 -1300 to 4000 - 590.7 590.7 -294
(331)  (406)
Exch. Mg 1 -1300 to 4000 - 1205.3 1205.3 335
(140)  (217)
Exch. Na 1 -1300 to 4000 - -894 -894 -332 1597
(831)  (875)
Base Sat. 0 0.239 275 1296
Resin P 1 -1300 to 4000 - 832.6 1068 586
(415)  (677)
N Fe 2 -1300 to 1200  -239.2 - -278.9 500 to 4000 - 3640.1 3908.2 -3 2500
X~ (75) (348) (169)  (590)
2 Si Rem. 1 -1300 to 4000 - 371 371 -3
S (120)  (141)
o] Fe Rem. 1 500 to 4000 2333.9 - 3908.2 2691
S (536) (402)
X Ca Rem. 1 -500 to 4000 - 586 586 -332 -10 591
(215)  (282)
Mg Rem. 1 -500 to 4000 - 746.2 590.7 -294 -10 591
(275)  (275)
K Rem. 1 -500 to 4000 - 586 746.2 -10
(202)  (855)
Al/Fe 1 -1300 to 4000 2339.9 - 2500 2691
(556) (478)
Exch./Total Ca N/A
Exch./Total Mg 1 -1300 to 4000 - 1068 1296 -10
(331)  (379)
Exch./Total K 1 -1300 to 4000 - 746.2 1068 -279 2500
(318)  (687)
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Table S22 cont.

Breakpoint 1 Breakpoint 2 Structural Breaks
Substrate  Property Breaks  r? Window Hinge u. Seg Window Hinge u. Seg. 1 2 3
Hinge Hinge
pH 2 -1400 to 1000 - -411.4 4114 -500 to 3000 959.1 - 843 -664
(110)  (277) (821) (821)
Exch. Ca N/A
Exch. K 1 -1400 to 1000 - -411.4 -411 -552
(784)  (488)
Exch. Mg 1 -1400 to 1000 - -411.4 -411.4 -552 1109
(915)  (584)
Exch. Na 0 843
Base Sat. 1 -1400 to 3000 - -551.9 -551.9 -841
. (330)  (662)
_@ Resin P 0 0.0654
o Fe 2 -1400to 1000 -841.4 - 843 -500 to 3000 -664 -164 843
o (198) (419)
< Si Rem. 1 -1000 to 1000 - 75.6 161.3 -943 -317
\a) (186)  (482)
'© Fe Rem. 1 1500 to 3000 - 24779 24779 -735
r (308) (187)
° Ca Rem. 1 -700 to 3000 - -316.6  -316.6 -552
S (164)  (508)
Mg Rem. 1 -1000 to 1000 - -75.6 412.2
(340) (482)
K Rem. 1 -1400 to 3000 - -164.3 -75.6 -552
(210)  (430)
Al/Fe 2 -1400 to 1000 - 161.3 648.1 -500 to 3000 412.2 - -316.6 -411 843
(207)  (419) (257) (821)
Exch./Total Ca N/A
Exch./Total Mg 1 -1400 to 3000 - -75.6 -164.3 -552 1109
(221)  (210)
Exch./Total K 0 0.1928
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Table S22 cont.

Breakpoint 1 Breakpoint 2 Structural Breaks
Substrate  Property Breaks  r? Window Hinge u. Seg Window Hinge u. Seg. 1 2 3
Hinge Hinge
pH 1 -1100 to 2500 - 159.7 159.7 -227
(632)  (857)
Exch. Ca 1 -1100 to 2500 - -468 -468 -420
(107)  (802)
Exch. K 1 -1100 to 2500 - -433.7  -433.7 -732
(292)  (780)
Exch. Mg 1 -1100 to 2500 - -468 -468 -611
(197)  (816)
Exch. Na 0 0.448 -269
Base Sat. 1 -1100 to 2500 - -433.7 -468 -785
(129)  (803)
— Resin P 1 -1100 to 2500 - -528.7 -611
> (780)
o Fe 1 -1500 to 2000 699.4 - 159.7 23
o (420) (428)
- Si Rem. 1 -1100 to 2500 - 498.7  498.7
NI (247)  (857)
‘< Fe Rem. N/A
= Ca Rem. 1 -1100 to 2500 - -433.7  -468 -421
i (452)  (857)
Mg Rem. 1 -1100 to 2500 - 699.4 498.7 -468 -337 65
(236)  (857)
K Rem. 1 -1100 to 2500 - 159.7 319 -785 -434 -65
(204)  (750)
Al/Fe 1 -1100 to 2500 985.8 - 985.8 499
(560) (726)
Exch./Total Ca 1 -1100 to 2500 - -420.6  -433.7 -611
(371)  (751)
Exch./Total Mg 1 -1100 to 2500 - 433.7 -468 -732
(452)  (816)
Exch./Total K 1 -1100 to 2500 - -948.2 985.8
(560)  (539)
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Chapter 3:
Adapting to the Soil The Alignment of TraditionaHawaiian 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 intemsificatio
response to soils havirsglequate levels ohoisture andhutrients.Previous studies have
constructed geospatial models that predict the extent of these ancient rainfed systemg ay u
conceptual model for soil fertilitydere, weadapted previougeospatial modelfr Intensive
Rainfed,Marginal Rainfed and Agroforestrnagricultureby replacing the original conceptual
model with an empirical pedogenic soil fertility equation and evaluated the outcomes. Our
geospatiamodelsexpandedoveragdor both Intensive and/larginalRainfed agriculture across
the islands, particularly on older soil substratesl reduced coverage of Agroforesfrize
accuracy of thesemodek is supported byrchaeological validation pointsverlap withremnant
agricultural infrastructureand historical accounts agricultual production. Our revised model
encompasses two agroecological forms previously suggested to be discrete forms, lending
credence to the concept tlaetcient rainfed agroecological systemkglly existed on a spectrum
of intensification and mixedhethods systems of cultivatiocandsuggesting that hard spatial
boundaries between agroecological systems may not accuedtettthe complexity of these

ancient systems.
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3.1Introduction

Upon first arrival to the Hawaiian Islands, Polynesian settlers were presented with an
environmentally and ecologically diverse landscape rich with opportunities for agricultural
devel opment. The diversitynsrdtedbfalwai @i ©dlsi pelva g
vastgradients in precipitation, temperature, topography saidypes was harnessed by Native
Hawaiians who implemented and cultivated equally diverse agroecological systems that persisted
for centurierior to Western catact in the late 8century (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 categoiiegetland and dryland (rainfed) systeins
with wetland systems referring too 6 i, which Weoe stream or seepage flooded pondfield
systems designed for the productiorkalo (taro; Colocasia esculenjaanddrylandsystems
referring to an array ahinfall-dependensystems such as intensive field systems, agroforestry,
arboriculture, colluvial slope agriculture, and shifting (swidden) cultivations (Kirch, 1994; Kirch
et al., 2007.adefoged and Graves, 20Q&defoged et al., 200%incoln and Vitousek, 2017
Lincoln et al., 2018 Hawaiian cultivators,oma hi, 6 &wier e hi ghly consci ent.i
nuances, conforming each agroecological systesn t he | andds nat urnal ecol
orderto maximize efficiency and sustainability (Winter et al.2@0Kalo was the preferred
staple crop of Native Hawaiians and eadtlgwaiianpopulationgyuickly establisheavetland
productionsystems along the bottoms of river vallgyst population growtHorcedagricultural
expansioraway from river valleys andnto theuplandvolcanic shield surfacg&irch, 2007.
Rainfed systems wemibsequently establishatbng these shield surfacasdvaried in degree
of agricultural intensificationfrom marginal, opportunistic plantings microsites to semi
intensive agoforests, ando vastintensivefield systems that blanketed thousands of acres.

Much of the original spatial extent and knowledge of these systems has been lost
following Western colonizationyith these systems beimgstroyedo establish plantatiestyle
monoculturesResearchers have utilized spatial models to reconstruct the potential extent of
these ancient systems by using environmental parameters with infpareadetervalues (e.g.,
Ladefoged et al., 2009; Kurashima dfidch, 2010; Kurashima et al., 2019; Lincoln et al.,
2023, 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, Margnal Colluvial, Agroforestry, and Novel Forsstincoln et al. 2028), with
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explicit spatial boundaries existing between these categorized systems in the models (Lincoln et
al., 202%; 2023b). The form and degree of intensification for these rainfed s\steere
constrained byoil fertility and rainfal) with more intensive systems requirihgher levels of
available nutrient§H.PQ;/HPQ:Z, K*, C&*, Mg?*, etc.)andmore consistent rainfall (Vitousek
et al, 2004Lincoln and Vitousek, 2017;ddefogeckt al., 2018)The most intensifiedystems
such as the Leeward Kohala Field Systerisiedon some of the most naturally fertile soils
throughout the islands, supporting dense plantings of tuberous crops suchaweet potato;
Ipomoea baitag. On lower fertility soil substratespa h iadaptéd their cultivation by
establishing lesgtensive agricultural forms, such as agroforestry and arboriculture, which
utilized tree crops with lower nutrient demand in favor of tuberous crops.

Soil nutrients becomeéioavailableduringthe development of soil (pedogenesis) as
primary minerals are weatheredleasng nutrients into the soil solution where they can then be
retained atolloidal exchange sitg¥itousek et al., 1997; Chadwick et al., Z0®order 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, vitnicbmbination
control the amount of cumulative weathering thatibesgperiences (Porder et al., 2007
Chadwick et al., 2022Furtherf er t i | i t y f s wad substradefhat tare add aedxvets t i n
enough to have sufficiently weathered nutrients out of the primary minerals, but not so old or wet
that excessive riient leaching has occurrédox et al., 1991)As a result, it was the
pedogenicalsdd er i ved soil fertility and distribution
substrate age that constrained the intensification of ancient Hawaiian rainfed aggpecol
(Vitousek et al., 2004; Ladefoged et al., 2018).

Recent pedological studies tre formation of Hawaiian soilsave observed the
accumulation and loss of available nutrients and elemental fluxes across climate and time while
keeping other soilorming factors stable (parent material, topography, and biota) (Porder et al.,
2007; Vitousek and Chadwick, 2013; Bateman et al., 2Ch@pter 2 Through these studies, it
has been demonstrated that the relationship between soil properties and climataéanot li
Rather, soils demonstrate fAprocess domainso,
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 ragsdyccessive buffer systems are

overcome (Chadwick and Chorover, 2001). Solil fertility properties such as base @atipns
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ca&*, Mg?*, andK*) and resirextractablgohosphorus (P) also behave in response to this series
of process domains and pedogehiesholds, with thie 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 toetktegaustion of primary minera{€hadwick et al.,
2003; Palmer et al., 2009; Lincoln et al., 2014; Baer et al.,)2Vitbusek et al. (2004) observed
that the Leeward Kohala Field System appdér be delineated along itgper climate
boundary by soil feility , and Vitousek and Chadwick (2013) observed that this boundary
aligned very closely with the primary mineral exhaustion thresfaoithe HOv9(150 ky)soil
substrateChapter 2 of this dissertati@ynthesized data from hundreds of soil sample8&ay
collected across a chronosequence of climosequences to tim@égblution of this primary
mineral exhaustion threshoftermed thd=ertility Threshold andproduce& an empirical
equationto predict the water balance (WB, mean annual precipitationRMAinus
evapotranspiration (ETih mm/yr) at which this soiFertility Threshold occuras a function of
substrate age

Previous geospatial models estimated soil fertility by usingampirical equations
based on soil substrate age, rainfall,ande vat i on, whi chEt &degtitemnm mend
(REI) (Ladefoged et al., 2009; Kurashima et al., 2019; Lincoln et al. 22@R23b). These
equations were generated by fitting delineations of soil fertility to the documented agricultural
extents tat they were meant to predict (e.g., Ladefoged et al., 2009; Lincoln et ala).Z0R28&
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 cutofffuaingall (mm/yr)
minus elevation (m) to delineate the extent of Intensive Rainfed (Dryland) agriculture in ancient
Hawai O0i . L i nayimpraved &éhe tengpbral reqolatidrRo8the original REI model by
fitting a birexponential equation to theiginal age class cutoff values andmedicted the extent
of Intensive Rainfed agriculture. Lincoln et al. (2@R@atilized 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 RIBased agroecological spatial models helped showcase
the potential extent of preontact Hawaiian agriculture, they lackgaundingin soil data to

support pedogenic soil fertility at a statede scale.
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Here, we corsucted new geospatial modébr IntensiveRainfed, MarginalRainfed
and Agroforestnagriculturei n pr econt act Hawai 0i by i ncorpor e
Chapter 2f this dissertatiomo predictthe upperclimatic soil fertility boundaryof these
systems. This approach has the potential to more accurately predict the extent of rainfed
agriculture across the archipelago to inform how Hawaiian rainfed systems related to soil
pedogenic thresholdg/e compared the extent of our geospatial ni®tie the previous REI
constructed models arsessed tireaccuraciesvith archaeological validation points and

infrastructural remnants.

3.2Materials and Methods
3.2.1 Geospatial Model Construction

We adapted two agroecological spatial modeiginally constructed by Lincoln et al.
(2023) i Intensive Rainfed and Marginal Rainfed agricultutgy replacing the REI equation
with the empiricaFertility Threshold equation froil@hapter 20ther environmental parameters
that were used to governdadelineate our new empirical rainfed modgg.,rainfall,
temperatureslope, etc.vere maintained from the previous models without scrutiny, allowing us
to isolate the role of soil fertility in delineating the intensification of rainfed agricukbysiéms
(Table 3. We term these new modéimtensiveEMPO andfiMarginatEMPO, indicating that
they are empirically derived. We then spatiallyptractedhe IntensiveEMP model fronthe
extent of the Agroforestry model from Lincoln et al. (282® assss the differences modeled
extents, which we term AgroforestBMP.

To predict adequate levels sbil fertility and model Intensive and Marginal Rainfed
agriculture Lincoln et al. (2028) used a bexponential equation that predidtthe climatic soll

fertility threshold on the landscape

(DY O tuvnnt wgQ & ° C o 8 ’

I n thisRequaprn enentis r aiEnfrad pr  MAPt; s mé&d/ g¢gw g t, i din
represents the geologic age of the sdilsttate(yr).
To model adequate levels of soil fertility for Agroforestry, Lincoln et al. (2D@8ed a

less restrictivddi-exponential equation:
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Var i aBol,eosfii (&n)d fifais equation are consistent with the variables from Eq. 1.
This equation was generated by fitting aekponential equation to the distribution of remnant
indicator tree species on the modern landscape (Lincoln et aBh)202

To adaptheprevious spatial models for Intensive and Marginal Rainfed agricidhde
generate IntensivEMP and MarginaEMP, we usedthe empirical equation froif@hapter 2o
delineate thelimatic soil fertility thresholdThis empirical equation, which predicte tiWB

threshold at which primary minerals are exhausted for a given soil substrate age, is as follows:

(3)7 " co®zl b onmwrt

In this equationfWBo i s t hwater Balahceaue (myn/yr) at which the primary mineral
exhaustion threholsdtbecges|l agianadg@® of the s
be noted thathis empiricalequation was constructed based on predicting the WB at which this
threshold occurs favor of rainfall WB is regarded as a more accurate environmental predictor
for pedogenic soil fertility because it better represents the effects of clima¢a solil
weathering by accounting for both MAP and temperature (Bateman et al., 2019; Hunt, 2021;
Akana et al. 2022).

The coverages and overlaps between these ragef@patial models across gradients in
rainfall and substrate agesreconstrained by these threquations (Eq. 1, 2, and @)ig. 1).In
younger soils (<700 ky), there is significant overlap (purple) in Intensive Rainfed coverage
between our new empiricaligonstructed models (EMP; red) and the previousiiisked models
(REI; blue). But in older sts (>700 ky), the pedogenic soil fertility equation (Eq. 3) predicts
expandeatoverage, overlapping with much of what was previously predicted to be Agroforestry
by Eq. 2.

To conduct the spatial modeling, ttilowing raster layerg¢and their respective
sources), were stacked in ArcMap (ESRI) and subjected to our selected environmental parameter
restrictiong(Table 1)) using the Raster Calculator functimnorder to produce the spatial outputs
for our IntensiveRainfed(IntensiveEMP), MarginalRainfed(MarginatEMP), and Agroforestry
(AgroforestryEMP) 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.nationalmgpv/datasets/gnd5) Substrate Age (Sherrod et al., 2021)

To finalize theextents of ourritensiveEMP, MarginatEMP, and AgroforesthEMP spatial

modes, we subtracted the modeled outputs of #dAhi
from | ower priority types. For example, we su
agriculture from our IntensesfEMP model output becauskad wetland agriculte been possible

in regions that overlap with the extent of tntkensiveEMP model, these areas would have been
prioritized and developed for wetland agriculture, as it was the most desirable cropping system

for ancient Hawaiiang-ollowing evidencebasedheory from Lincoln et al. (202, 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 ftansiveEMP, MarginatEMP, and
AgroforestryEMP were quantified and compared to the extents of the prefR&ltsonstructed
modelsby Lincoln et al. (2028), which we term Intensiv&EIl, MarginatREI, and
AgroforestryREI in this paper for discrepancyheaccuracies of our spatial models were
assessed withalidation pointdrom two previously constructearchaeological dataset
containing poirfbased locations of HawaiiagriculturalremnantsSoong et al. (2023) used a
geoarchaeological database proddeby t he Hawai 0i State Historic
(SHPD) to classify agricultural archaeology into point locations, which they classified into five
agricul tural categories (fAwetland agriculture
agricd t ureo, Amixed agriculturedo, and Aunidentif
georeferenced maps from thé™@ntury to extract agricultural poilticationsand classified
these points into foygointc at egor i e si weftd rayn dfoi,e Ifidaor,bor i cul t ur e
foresto). I n tandem, these point datasets rep
forms across the islands around the time of Western contact. For this paper, we combined the
validation points fromhese two datasets into four broad classifications: 1) wetland, 2) rainfed
(dryland), 3) agroforestry, and 4) native forgsg. 2).

Using the archaeological validation point dataset, we assessed the accuracy of our spatial
models by calculating spatiabsistics 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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WherTBO i s the couniNoofi sttt he g owuintFPOD & sst rtiihee nceogque
of false prblsiitd vtelse @muwnti of f abdnduetedinAriMapi v e s .
by intersecting the validation point shapefile with the polygon shapefiles of each spatial model

by using the Alntersect (Analysis)o function.

false positives, and false negatives watked. Actual positives were considered as the

validation points that actually aligned with
extent, actual positive values were considere
negatives wera | | ot her points (e.g., for the fAagrofo
values were fAwetl ando, Arainfedo, and fAnative

Spatial statistics were evaluated in tandem to assess how well the models predicted the
actual occurrereof agricultural forms. For the validation, we combined the Interzsid
Mar gi nal Rainfed polygons into a single polyg
1024) represent a very broad spectrum of dryland agriculture, from opportunistic nmunds t
highly intensive, formal rainfed agriculture.
component to the estimation of true positives
mi sseso, which were validat i onfthpgpatialtnedels. hat f e
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 mvisskesgenerally be tallied
asfalsenegativegFN) afterperformirg the validationthey do still support the validity of the
model to a lesser degraad support model accuracy

Finally, to ground truth the accuracy of datensiveEMP mode| we visuallyassessed
the overlap betweepreviously mappe#uaiwiagricultual infrastructure andur spatialmodel

boundariesKuaiwi, which were walls or embankments constructed of rock and soil, lined the
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fields of many intensive rainfdtelds y st e ms t h r o lnagehsediconstidcionafi 0 i

kuaiwi has commonly been associated with agricultural intensification, with these walls serving
practical (e.g., controlling erosion or creating mitwpographical orographic effects to alter
hydrology) and soci al (e. g.ns(Lideelheta.e2817;i ng 1 ndi
Marshall et al., 2017B5pecifically, we ground truth our spatial model witleviously mapped

kuaiwi remnants from theeewardkohala Field System (Ladefoged etal., 2003 Kaup @ Fi el o
System (Kirch et al., 2009 al d=ield Sysem (Quintus et al., unpublished data), Kona Field

System (Lincoln, unpublished datajd Kula Field System (Lincoln, unpublished datdje

locations of these field systems and thafirastructuraremnants, as well as the validation points

used for calalating our spatial statistics, are providedrig. 3

3.3 Results
3.3.1 Empirical Geospatial Modsfor Hawaiian Rainfed Agroecology

Our empirical spatial modeling approach produced predictive extents for Intensive
Rainfed (IntensiveeMP), MarginalRainfed (MarginaEMP), and AgroforestryAgroforestry
EMP) agriculture across the Hawaiian archipelago (FigB$)employing the pedogenic
threshold equation (Eq. 8) our spatial models, we observed a much wider aoiekravenly
distributed coverage of rainfed agroecology across the istsutsnpared to the REI
constructd models from Lincoln et al. (2028(Table 2.

For the eight major Hawaiian Islandsirmodeling approacpredicted ~1206 ki
(~7.2% of the totaland areapf suitable land fointensiveEMP, compared to the ~6&m?

(~3.8% of the total land area) predicted by Inten$téd. This disparity can primarily be

attributed to older soil substrates (>700 ky) which were previously designated as being too

infertile to support intensiverylandcultivation. For example, IntenshREI predictedninimal

coverage otthe older island oDahu €29 kn¥) and virtually no coverage whatsoevertba

oldestislandoK a u a 6 i 2 while h&nsikeEMP projected substantially more suitable

land, predicting ~314m?and ~15km?0f cover age on Oahu and Kauabd
geologically younger (<175 ky) substrates, coverages between our intensive EMP and REI

models are relately comparable, as expected from the alignment of our governing soil fertility
equations depicted iaig. 1 This is reflected by modeled coverages fithv youngest island of
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H a w awhéreintensiveEMP predicted comparable coveragd§2km?) to Intensve-REI
(~497km?.Ha wa i 6 ihadtheshiglesaceaof suitable landor intensivedrylandcropping
despiteonly ~4.6% oft h e i s | atwallydbsingduitalsledfor cultivation, due to much of the
island beingoo geologically youngtoo dry, or toaold.

We predicted comparable coverage across the islands between Maigirg+598
km?) and MarginaREI (~570km? . On the ol der islands of Oahu
expansion of coverage, from ~Ri? and ~3km? to ~126km? and ~49 km? for Oahu and
Kauadi , rHowepes, tdohiserved gecrease iNarginal Rainfed coverage on
H a w ialslagd, from~377 km? in MarginatREI to ~164 knt in MarginatEMP, which explains
the relatively comparable total areas between the two MarginafeRlaspatial models despite
the expanded coverage on older soil substrates.

Ourmodeling approach predicted significantly less spatial coverage for Agroferestry
EMP (~1084km?) than for AgroforestnREI (~1563km?). IntensiveEMP expanded into a
significart portion of landhatwas previously AgroforestriREI, reducing coverage of
AgroforestryEMP (see examples in Fig. .5)he effects of this can be observed on every island,
but is most prominent on older soil substrates (>700 ky) that were prevoansgieredtoo
infertile by the REI soil mod el ( Fi-gMP 1) . I n
predicted that many soils along the coast were sufficient for intensive production (Fig. 5A),
replacing what was premiudy AgroforestryREI (Fig. 5B). The island of Oahu had perhaps the
most dramatic shift, especially in Western and Central Oahu, with significantly expanded
coverages of MargindEMP and Intensiv&MP along the coastal and plains regions into what
was previously modeled as AgroforesR¥I( Fi g. 5C and 5D) . I n the Ko
Island, IntensivéEMP expanded into the wetter, windward region of the peninsula which was
also previously modeled as AgroforesR¥| (Fig. 5E and 5F).

3.3.2 Model Validation

Using the archaeologicabhthset of agricultural remnant validation points (n = 4275), the
accuracies (ACCyprecisiondPRB), truepositiverates (PR), and F1 scores (FWere
calculated foour EMP models and the previously published REI modé&ble 4. In general,
spatial statistics betwedtMP and REI models were comparable, but slightly favored our

empirically-constructed model&ainfedEMP (both IntensiveEMP and MarginaEMP) and
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AgroforestryEMP were slightly more accurate (ACC = 0.830 and 0)ZBanRainfedREI

(both IntensiveREI and MarginaREI) and AgroforesthREI (ACC = 0.825 and 0.776). F1
scores were more nuanced, wRhinfedEMP having a significantly higher score (F1 = 0.638)
thanRainfedREI (F1 = 0.587) whileAgroforestryEMP had aower score (F1 = 0.290) than
AgroforestryREI (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 Intensi#®IP and MaginalEMP do a better job at predicting the
extent of dryland rainfed cultivation practices while Agrofore®B1 does a better job at
predicting the extent of arboricultural cultivation practidéswever, these differences are not
significant and simplattributing the accuracy of these models to these spatial statistics is not
substantial.

We attribute the higher model accuracyRalinfedEMP to the expanded coverage of
IntensiveEMP and MarginaEMPon Oahu and Kauaodi, whindh cont a
validation points that were not previously encompassed by InteR&Ver MarginalREI. In
Fig. 5A, for example, we can observe that many rainfed (dryland) points irdiba kgion of
SoutheasterKauao6i wer e predict e dnsigeEMR, butverepod si t i ves
incorporated by IntensivREI (Fig. 5B). Western and Central Oahu also had many rainfed
(dryland) validation points that were not encompassed by Intensive or MaRgthalvith this
region largely being predicted as AgroforedR¥| (Fig. 5D). Intensive and MargindMP were
much better predictors of agricultural form in this region, encompassing many validation points
in the Makua, Makakilo, and Central Oahu plains reg{fig. 5C) However, our model was
also weaker at predictimggroforestry and arboricultural forms, failing to encompass many
agroforestry validation points. In Kohala, for example, Intenr&WMEP predicted many true
negative (TN) agroforestry points betwdgédvoand Poldl Valley (Fig. 5E). AgroforestnREI
better pedicted agroecological form in this region, predicting significantly more TP values (Fig.
5F). Many leeward coastal regioamund the archipelago haainfed (dryland) validation points
that were not encompassed by either InterEiVE or MarginalEMP die to these regions
having extremely dry climatesesuling in many FP values. This could be explained by the
potential forgroundwater soursdo suppordryland agriculture, whicintensiveEMP and

MarginatEMP did not take into accoumiirough our modéhg approach
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The accuracy of our rainfed spatial models is also supported by infrastructural remnants
from ancientintensive field systems, which overlapped well with our InterEiM&P model. Fig
5E shows fragments of mappledkaiwiinfrastructure from the Leeward Kohala Field System,
which is well situated within the bounds of our IntendBMP model Kuaiwi remnants from
other historically significant intensive field systems also overlap well with our InteB&iR
(Fig. 6).Kuaiwi infrastructure from th& al ¢Fig. 6A) and Kona (Fig. 6C) Field Systemas
well predicted by Intensiv&MP, fully encompassing documented remnants. Infrastructural
remains from the Kona Field System, in particular, demonstrated the high accuracysvénten
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
positionedkuaiwi remnants.

Documented infrastructural remainsfto t he t wo fi el d systems on
Kula (Fig. 6B and 6D), were not as well encompassed by InteEdiiR. IntheK aup @ r egi on,
the highestiensitysectionof kuaiwiwassituatedcloserto the coast n t h e Patside! ar e a,
the predicted extermf IntensiveEMP in a region that i®o dry for intensive cultivation (<750
mm/yr). However, MarginaEMP more closely coincided with thedenselyconstructekuaiwi.
In Kula, IntensiveEMP did not align well withkuaiwi remnants from the Kula Field Sgst.
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 witintensiveEMP and MarginaEMP, our modeledprediction favored the
warmer and wetter Haiku region of Maui for intensive cultivatlois 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 mod#iat were constructed from modern climate data.

3.4 Discussion

By reconstructing geospatial models for rainfed agroecology ament act Hawai 6i
an empiricallygenerated soil threshold model, which altered the prediction of the minimum soil
fertility thresholdrequiredfor dryland cultivation, the modeled coverages of Intensive Rainfed,
Marginal Rainfed, and Agroforestry shifted dramatically from previous models, particularly on

Oa hu an durkamfedgenspatial modslpredicted significantlynoresuitable landor
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IntensiveRainfedand Marginal Rainfedultivation on older soil substrates than earlier REI

based models (Table 2). On the geologically o

majority of soil substrates are older than 700vkg,observed much of what was previously

predicted as Agroforestry by the rempirical REI soil threshold model shift to both Intensive

Rainfed agriculture in our geospatial models, suggesting that the pedogenic soil fertility of these

older soilsmay havebeenadequatenoughto support intensive cultivation (Fig. $jowever,

the expanded coverage of Intensive Rainfed agriculture significantly rethecpcedicted

coverage of Agroforestry, suggesting that arboricultural practices were not as domitreseon

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 rainfeddnd) 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 beingetterencompassebly IntensiveEMP and MarginaEMP. Intensive

EMP also aligned well witkuaiwiremnants from welknown intensive rainfed field systems,

such as the Leeward Kohala, Kad6l, and Kona Fi
Previousstudiesrelated taHawaiian agroecological systemave suggested that

generally the suitability ofdryland rainfed production imorefavorableon younger islands

such as Ha wehieiwetland grodivton isore favorablen older islandssuch as

Oahu an (Kirdh,d24l@defoged et al., 200@jncoln et al., 201 This notion is

reflectedin previous studieby the absence of modeled coverfmedryland rainfed agriculture

on the geologically older islands of Oahu and Kastadies(Ladefoged et al, 2009; Kurashima

etal., 2019; Lincoln et al., 202B However after incorporating the empirical equation for soll

fertility into our rainfed modelsnodeled coverages would suggest that this agroecological

divide between the younger and older islands is nalagerthan peviously understoadRecent

work on the interaction between pedogenicalgilable nutrients, primary mineral weathering,

and pedogenic thresholds would suggest that many of these older Hawaiian shield surface

substrates still receive primary mineral itgpwalthough at a lower rate (Chadwick et al. 1999),

that continue to supply nutrients soil exchange sitd€hapter 2. Even in older soil substrates

(>700 ky), soils can still receive primary mineral nutrients inputs and exist within the primary

minerd weathering process domain. But, thesdogeni¢hreshold where nutrient inputs are
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exhausted shifts to progressivelyairclimates as the soil substrate agéwrefore pur spatial
modelfor intensive rainfed agriculture is more restricted on theser slabstrateDespite this
restriction, significant portions @ a h u a n aver&kpeedicied as being suitable regions for
intensive rainfed production systemather than arboricultural systems (Fig. 5A a@)l. 3 his
would implicatethatthe preferene forintensive rainfed systenms younger islands may be less
skewedthan previously understood.

Although understudied, there is some evidence to suppamtitaece on and existence of
intensive rainfed systems on the geologically
journal accounts from thearly 19" centurynoted the reliance csweet potatolpomoea
batatag, or6 u agroduction from dryland cultivation in tHeulalands (flat drylands) of these
islands, particularly in North and Central Oa
Handy describes thelianceof sweet potato cultivatiom North and CentraDahu, stating that
AOn the nort h eetpdtatoes\fereplaneed dn shé lalla ldndsoithe districts all
the way from Mokuleia to Kahuku, and although
sweet potato was the primary foodd and dAUpl an
Kamananui Paal aa, Hal emano, and Wahi awa(Haneyher e s
1971 pg 156). In traditional Polynesian agroecological systems, the cultivatiswest potatds
almost synonymous with drylaragjriculturalsystems, wittsweet potatdeing the centerpiece
crop in Hawaiian intensive rainfed systems. T
of food production in these regions would suggest a heavy reliance on iyt systems.

Our spatial model projected a wide region wtability 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 nidgkel® the early and
complete establishmenf colonial plantations in these areas, many of which still remain today,
archaeological evidence of dryland system occurrence igexistent.

Handy also referemsa similar reliance on dryland sweet potato cultivation in the
southern districtsof Kadai , speci fically cent elHKukuiolano,ound t h
and Lawai near what is now the town of Kal ahe
t hat were famous for their sweet potaboeso (H
made to the region of & o a , i n léathe peoperofdPaakdistrict subsisted almost

entirely on ooamaeEnanygasotplartatods bt sweet potatoes must have had a
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large place in the subsistence economy of the people. At Nomiltheeewast in Koloa there
are terraces but no e ¥97ldgeIbxls6). Dhése mofrrigateglat i on . O
terraces may be in reference to the sections of @heakField System, which was thought to be a
mixed drylandwetland intensive systeméahutilized irrigated terraces near the Waikomo stream
and nonirrigated, dryland rainfed terraces in thida sections of the system that were out of
reach from irrigation (Kamai et al., 2021). Several dryland terraces and mounding sites exist
today as manants from the Boa Field Systembut much of the original infrastructure has been
alteredor removedas a result of landse changes beginning in the mid"t@ntury, mostly for
sugarcane plantationdnfortunately, this was the outcome for many ofkbka lands on Oahu
and Kauadéi, which wer e s e estyle manocultagreBatihistbrieah d s c a p
accountandt he | i mited body of archeol ogical suppor
The discrepancy between the boundary for Intensive Rainfed agriculture and
Agroforestry in our empirical modelexsusthe previous REtonstructed model is based solely
on the modeled threshold for soil fertility. While the behavior of soil fertilitpsegradients in
time and climate in Hawaiian soils tends to follow thresHitdel behavior when other soll
forming factors are steady, the amount of available nutrients that a soil contains exists on a
spectrum and it is likely that in these overlappiegions, aspects of both intensive rainfed
cultivation and agroforestry were performed. Hettlge,usage of hard boundaries between
agroecological systems does not necessarily represemntitspectrum(i.e. marginal to
intensive)of cultivation thatancentHawaiians performed agriculture on to the highest degree of
accuracylt is probable that in thegeansitionalgeographic 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
bothdryland and arboricultural practiceso t ake t he f oirmt efisiavend xed
agroecological system.
The variable amounts of available nutrients in ldé&n 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 yHiinjsubstrates
(assigned a geologic age ofblky; Sherrod et a]2021) have been found to haseceptionally
high amounts of exchangeable nutriemigh some soil having Resin P values as high as 500
mg/kg and exchangeab®s’* values as high as 30 crely (Chadwick et a.2003) In
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comparisons oi | s f rlassmgnel ageaogic age of 4,100 ky) haakimum Resin P and
exchangeable Gavalues of 1.5 mg/kg and 10 creely, respectivelyVitousek and Chadwick
2013) Despite these substrates existing within the ganingary mineral weatheringpil process
domain(Vitousek and Chadwick, 2013; Bateman et al., 2@tpter 2, they have extremely
different levels of available nutrientsuggesting that as a soil subagtrages, soil fertility
decreases and consequently, its suitability for rainfed agriculbhezefore, a spatial model in
which a gradient of soil fertility (based on climated substrate agjpredicts a gradient of
suitability between marginal to highintensive rainfed agricultureather 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
rainffedagr i cul ture across Hawai 6i can be i mproved
Firstly, the age of a soil substrate is difficult to predict and, consequentially, the Geologic Age
Map of Hawai 6i provides wi de?201. Agqersprecide geol og
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 (InienE#ve
and MarginalEMP), we observed severakiances in whiclhur models failedo incorporate
agricultural remnants and validation points frdrg regiong<750 mm/yr) In some instances,
dryland systemsnay have had access to groundwategoamtermittent streams which would
have been diverted viitauwaito enhancevater supply (Burtchard and Tomonduiggle,
2004) Another explanation for these missed validation pagtisat we did not account for
climate changes that have occurred over the past several hundred years. Our models were
constructd based off of the most current rainfall and temperature datprduous work would
suggest that the climate of Hawai é6i was. signi
This could explain the presence of agricultural infrastructure ilonsghatareconsidered by
our modelsas too dry foisweet potato cultivatiorFuture climate models also predict that many
regions of the Hawaiiatslands will continue to become more arid, which could threaten the
potentialrestoratiorof traditionalra nf ed agr oecol ogi cal systems in
2019). Seasonal climatic variatiand aridityalsodisproportionallyaffects certain regions of the
islandsover othersfurther impacting the potential for intensive raingggticulture (Kagawa
Viviani et al., 2018).
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3.5Conclusion

Ouradapted gespatial models fointensive Rainfed, Marginal Rainfed, and
Agroforestryagricultureare confirmed by theany infrastructural remnants, validation points,
and historical accounts of rainfadroecology n Hawai 6i . Thi s alignment
efficiency and precision of Hawaiian cultivatpweho skillfully croppeda highlydiverse
landscapén accordanceivt h t h e | .2Ancteidt Blawaiiang diccnotthgve access to soll
testing, modern day cultivation practicesnventional fertilizerspr a body of scientific
resources to aid in land management decisions and tblstproduction of their food systes.
But still, they intuitively were abl& intensify their production according to the capacity of the
soil andclimateto maximizeproductivityi adapting to the sailn all likelihood, the regions of
the Hawaiian archipelago that our model predictetaving a high suitability for intensive
rainfed agriculture were cultivated very close to the entirety gbtbdictedextent and were
intensified according to the constraints of the landscape in a highly organized fashion. Likewise,
flooded pondfield wtland 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 amthtst fu
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 providaying a remarkable agricultural footprint
on t he | and sica gae giilsbe gaced todaphg extent and complexity of this
footprint is a testament to the capabilities of precontact Hawaiian society and concepts from the
development of thessgroecological systems, related to efficiency and sustainability, should be
i mpl ement ed i nt-dayfboa systéemias thesstatmpushesrtawards food

sovereignty.
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Tables

Table 3.1

Environmental parameters used to calcullagespatl models for Intensive Rainfed, Marginal
Rainfed, and Agroforestry agriculturé/hile for IntensiveRainfed agriculture, we anticipate a
minimum annual rainfall of 750 mm/y¥}arginalRainfed agriculturés more opportunistic and
has a requirement fat least one month out of the year to receive at leasnh0©f rainfall.
Substrate  Soil

Agroecological

System Rainfall MAT  Slope Age Fertility
Lincoln et al. (2023)

Intensive Rainfed O 7 Smbn/yr O01°C O1% >4000years Eq. (1)

Marginal Rainfed 0100 mm/ O1%C O1%2 >500years Eq. (1)

Agroforestry 0750 mm/ O1°C (1% >500years Eq.(2)
This Paper

Intensive Rainfed 0750 mm/ O1°C O1%2 >4000years Eqg. (3)

Marginal Rainfed 0100 mm/ O1% O1%2 >500years Eq.(3)
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Table 3.2

Total area (km?) for Intensive Rainfed, Marginal Rainfed, and Agroforestry agricultyre

island for each model. In parenthegethe percentagiof modeled area out of the total area for

that island.

Island

Empirical (EMP) Models

Rainfall-Elevation (REI) Models

Intensive  Marginal

Agroforestry

Intensive

Marginal

Agroforestry

Hawai 482.06¢.6% 164.0 (..6%)
Maui Nui 251.08.3%) 258.8 8.6%9
Oahu 313.50.2%) 126.3 8.1%

Kauaod 159.40.9%) 48.63.0%

464.1 (4.4%)
333.2 (11.1%)
134.6 (8.7%)

151.7 (9.4%)

496.5 @.8%)
110.6 B.7%
29.2 (1.9%

0.42 0.03%

376.8 8.6%)
168.9 6.6%
20.8 (1.3%

3.1 0.2%

543.2 (5.2%)
464.9 (15.5%)
277.1 (17.8%)

277.3 (17.3%)

Total 1205.8 7.2% 597.8 3.4%

1083.6 (6.5%)

636.8 3.8%)

569.7 8.4%

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 madius 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. (203aBfor comparison.

Agroecological System Spatial Model  Spatial Statistic Score

ACC 0.830
irical PRE 0.650
Empirica TPR 0.626
Intensive + Marginal F1 0.638
Rainfed ACC 0.825
PRE 0.726
REI

TPR 0.492
F1 0587
ACC 0.789
- PRE 0427

Empirical
TPR 0.220
0.290

Agroforestry F1

ACC 0.776
RE] PRE 0.394
TPR 0.263
F1 0315
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Figures

4 ky Age Requirement
for Intensive Rainfed .
Model Equations

Equation 1
Equation 2
Equation 3
Indicates
Marginal

4000

3500

3000 |

~~~~~~~~ Model Coverage

......... ~— Intensive-EMP =
Intensive-REI —
Marginal-EMP
Marginal-REI
Agroforestry =

2500

2000

Mean Annual Precipitation (mm/yr)

100 mm/m Requirement for Marginal Rainfed

0.5 10

Geologic Age (k;;mlog scale)
Figure 3.1
Comparisorof coverage$érom Equations 1, 2, and 3 across MAP and geologidagmtensive

Rainfed, Marginal Rainfed, and Agroforestry agriculture. Overlapping coverage between EMP
and REI models is shaded purple. be able to directly compare the models with MAP (mm/yr),
we assumed a Priestly ET of 1500 mm/yr for the empiricalehand an elevation of 400 m for
the rainfaltelevation modelThe maximum geologic age is restricted to 5000 ky because that is
theapproximateage of the oldest soil substrates found within the main Hawaiian Islands.
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New Validation Points Old Validation Points

Wetland (n=266)

Wetland F I Rainfed (n=427
(n=818) ormal Rainfed (n=427)
Informal Rainfed (n=515) Dataset 1
Soong et al. (2023)
Rainfed/Dryland Mixed (n=50)
(n=1024)
*Unidentifiable Agriculture (n=396)
Agroforestry
(n=838) Wetland (n=552)
Dry Field (n=32) Dataset 2
Native Forest Lee and Lincoln (2023)

(n=1595) Arboriculture (n=838)

Native Forest (n=1595)

Total
(n=4275)

Figure 3.2
The fourclassifications 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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Maui Nui
Oahu
1 2 40 60 )
L ) : ! ;
Distance (km)
Wetland )
Rainfed/Dryland @ Kuaiwi Remnants —+—
< Agroforestry ° Field Systems P
Native Forest A
Kaua‘i
Figure 3.3

Distribution of Wetland, Rainfed/Dryland, Agroforestry, and Native Forafstiation points
Documentedkuaiwi (agricultural field wall) remnants are also provided for the following Field
Systems: A. Leeward Kohal a Fi ellFkldSygtent, B.m, B. K
Kula Field System, and E. Kaup®@ Field System.
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Maui Nui

Oahu Hawai‘i Island

0 20 40 60 80
L 1 1 1 |

Distance (km)

Intensive Rainfed ———
Marginal Rainfed
Agroforestry =

Kaua‘i
Figure 34

Modeled extent ontensive Ranfed, Marginal Rainfed, and Agroforestagriculture in

precontact Hawai 0i
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REI Models

Empirical Models

Agroecological System

Intensive Rainfed [N
Marginal Rainfed [
Agroforestry ]

e ————

Validation Points

Rainfed/Dryland (]
Wetland e
@

A

Agroforestry
Native Forest
Kuaiwi Remnants

Figure 35
Regions of interest where our empirical modellfdensiveEMP greatly expanded into what

was previously AgroforestrREI. AAEmpi ri cal coverageB.REl Sout heas

coverage i n S oGHEnpigcal soveragenin Weaterraand Central OahRBl
coverage in Western and Central Oahu, E. Empi
REI coverage in Kohal , Hawai Oi l sl and.
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Intensive Rainfed I | o 5 10 15 20
Marginal Rainfed L . L . |, .
Agroforestry (— Di
istance (km
Kua ‘iwi Remnants —+—t ATt !
Figure 3.6

Overlap between empirical rainfed models &ndiwiinfrastructural remnants from several
intensive field systesd A IFKabd System, B. Kaup®@ Field Sys
and D. Kula Field System.

10¢



Chapter 4:
How Consistent i's Hawai 6i 6s Parent Ma t

Het erogeneity across a Geochemical

Abstract:

Ona global scale, soil parent materials vary drastically both physically and
geochemically, contributing to soil het erogen
volcanic parent material has often been regarded as consistent from a pedexgpectpe,
perhaps having less influence on Hawaiian soil formation than other soil forming factatsy
climate and time. Here, we tesethot i on t hat Ha wa peddgenisallypar ent ma
consistent by analyzing soil heterogeneity across ehgeoical lithosequence efghtdistinct
Hawaiianparent materialParent materials across ditinosequence were lava flows with
unigue igneous rock types, ranging from basalt to benmpagiteother soils forming factors
(climate, time, biota, and relief) were stabilized to the highest degree poSsib(@=71) and
rock (n=8) samplewere collectedrom each lava flow substraéedanalyzedor total elemental
concentrationsSoils wergurther analyzed foexchangeable base cations, resitractable
phosphorus, mineral fraction$ Al and Fe and degree of weatherirdye observed significant
differences irtotal elementsnutrientsconcentrationsmineralfractions andweathering indies
between soils forming across dithosequencelotal elemental concentrations in the soil, as
well as nutrient concentrationgenerallywere correlated with whole rock parent material
elemental concentrations, suggesting that soil geochemical \i&yiagbinherited by the parent
materia. Wear gue t hat Hawai 0i 6s parent material 1is
and needs to be accounted for when trying to understand the pedogenesis of Hawaiian soils,

especially in the formation of youagsoils (<150 ky).



4 1 Introduction

The formation of soil, or pedogenesis, is
biogeochemical cycles, directly influencing processes such as rock weathering, soil nutrient
supply, ecological productivity, water chestny, 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 Hansdeny 6 s f i v e s oiielclinfate, timei, pargnt matedat, elrefs  (
and biotaJenny, 1941). Parent matesiabr the original roclderived primary minerals that a
soil develops fromyary drasticallyacross the globe both physically (e.g., fgrained ash,
coarsegrained glacial till, dense rock) and geochemically (e.g., calcareous limestone,
magnesiurrrich basalts, siliceous granite), contributing to a wide diversity of soils and soil
mineral assenlages (Chesworth, 1973; Wilson et al., 2013@ochemically diversprimary
minerals thatomposédhese parent materials chemically weather at differing cetpending on
chemicalcompositionrandthermodynamic stability, supplying variable amountslefrentsto
the soil €.9.,Ca, Mg, K, P, etc.) (Rai and Lindsay, 1976; Anderson, 1998; White et al., 1996;
Reeves and Rothman, 2014). Hence, soil fertility and biological productivigoaezned by
parent material compositiandprimary mineral weatherinAnderson, 1998; Vitousek, 2004).

The Hawaiian Islands are a volcanic archipelago with a mostly basaltic parent material
that derives frontotspot volcanismvhich isfed bymantle plumeseneath the Pacific Plate
(Clague and Sherrod, 2014). Consistent g&vagactivity over millions of years has produced a
common parent material amongst the islands of the volcanic chain (Duncan and Richards, 1991),
which is predominantlgompogd of basaltic volcanic rock witbedded tephrat the surface
Thesevolcanic paent materiad havedeveloped int@ diversitysoil taxonomie®ver time with
tenof thetwelve soil ordersexisting across the islands, including many offérgle, andic soils
thatsustainedancient intensive agricultural systems for hundredseafs(Vitousek et al., 2004).
From a pedogenic perspective, Hawai 6i 6s basal
consistent, and most pedogenesis studies of Hawaiian soils have suggested that other soil
forming factorsaremore deterministic igoverning Hawaiian soil compositioWifousek, 1995;
Stewart et al., 2001; Vitousek, 2004; Bateman et al., 2019; Chadwick et al. CGiffter 2
Climate and time are especially relevant, and the focus of many Hawaiian pedology studies have

utilizedthest at eds vast and orthogonal gradients 1in
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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).

Continendl lithologies can range from various igneous rocks (e.g., basalt, granite, etc.) to
limestone, schist, or glacial till across relatively small geographic distase@®nstrating a
high degree of parent material inconsisteriyt despite being comparagily more consistent,
Hawaiian eruptive materiataanvary significantyPhy si cal | y, Hawai 0i 6s par
different eruptive forms, from fingrained ash to dense, blocky lava flows (Mulliken et al.,
2024). These volcanic parent materials aészeive variable amounts amorphoudgephra
materials, with some soils forming from almost exclusiValsarock while others form from
deepbedded ash (Hodges and Boettinger, 20BBis variation is relevant becaustural
differencegleterminghe suface 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-pagalt(high-Mg
olivine basalt to trachyte(predominantly plagioclase with high alkalinityeflecting a wide
spectrum of elemental compositions and varying abundances of minerals such as olivine,
pyroxene, plagioclase, amedagnetitg MacDonald and Katsura, 1964; Declet al., 1987,
Walker, 1994). Atmospheric Asian dust also accumulates in Hawaiian soils over time,
progressively becoming a more significant parent matsoiaice(Jackson et al., 1971; Kurtz et
al., 2001; Porder et al., 2007). In older soil substratasc h as t hose found on t
(4,100 ky), primary minerals fromeoliansources provide a significant fractiohsoil
phosphorus (R)}o as high as ~90¥hadwick 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 tadebede
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 talifferences irsoil mineral@y and fertility. This leaves our current
understanding of Hawaiian pedology with several questions related to parent material. Is
Hawai 6i 6s parent materi al consi st e mdntingenoough f

beconsideredtable permiting future studies to attribute soil differences to other pedogenic



factors? Or is its variation significant enough in determining soil properties that it would merit
further consideratioh

Here, we attempt to address these questions by analyzing androwgrgwil properties
across a lithosequence of geochemically distinct Hawaiian parent materials while maintaining
the stability of the other soil forming factors. With this lithosequence desigabjbetivesof
the study were 1) to classify the compamit 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 attrémikdeterogeneityo
parent mgerial geochemical variatianNe then reflect on the pedogenic consistency of
Hawai 6i 6s parent materi al and comment on its

across pedogenesis.

4.2 Materials and Methods
4.2.1 Site Description

Our study sitedr this project was located on the leeward slope of the Kohala peninsula
of Hawai 6i |l sland, the | argest and geol ogi cal
1). We selected eight geochemically distinct lava flow units to saimgte seven ofvhich were
lava flows from theHOvgvolcanics of Kohala Volcano and one of which was a lava flow from
theH U m U kolcanics of Mauna Kea volcanBrevious geological mapping suggests thase
eight lava flows represent a clear geochemical gradient of parent materials, ranging from basalt
to benmoreiteompositiongSherrod et al., 2021The physical nature of our parent materials is
nearly identical, with eackava flow from the lithoseqencebeingé &l dt is likely that these lava
flows were alsdlankeed by small amounts of bedded tephbaton | vy  tJdoak reranands
werestill observable upon excavating the soil, making it difficult to predict how much of the
original parent mateal was actually tephraVithout further evidence, we assuikat the
parent materials from our lithosequence had minor but similar amoutegshoébut
acknowledge the potential for ash to distribnaedomlyacross the study site.

Climate and other soibrming factorsacross 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 taxonomioadligsisten{Soil Survey Staff, 20249nd had

relatively similar geologic ages, with much of the eruptive histories offthe)(120-250 ky)
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andH U m U k65-265 ky) volcanic®verlapping (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., 20({Bp. 1) Mean air temperature between
siteswasalsoquite similar,rangingfrom ~1922°C (Giambelluca et al., 2014). Topographically,
sample sites are uniforwjth substrategxistingon the lowsloping remnants of constructional
shield surfacefom Kohala Volcano and Mauna Kea. Pasture grasses suclfifelgtass
(Cenchrus ciliari$ and kikuyu gras¢Cenchrus landestinuydominate every flow except for
Flow 6, which was dominated by invasive lantaoantana camara

4.2.2 Sampling

To characterizéhe parent material of each soil substrate, individoek samples were
collected from each lava flow at surface outcrops located within each flow unit. To avoid
collecting highlyaltered samples that could misrepresent the original geochemical composition
of the parent material, rock samples were colleateah fninimallywe at her e dcoreslens e 6
A geologic hammer was used to remove the outer weathering rind and extract a fresh sample
from witUwrem t he 6ad

At least six soil samples, collected a8@®cm deptkintegrated samples, were taken from
each ava flow substraten transectlong the 750 mm/yr MABohyet(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 grounde saflgrtion locations
were preferentially selected at the center of the flattest area on the lantdseheehe

influence of micretopographical 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/émen o
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 coediattthe

Uni versity of Hawai 0i at MNadeaionGfeach rocy samdleab i n
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was ground into a powder using a Hagdpuck rotary millat the UH Hilo Geology LabA

subset of powderized rock samples were shipped to ALS Chemenm RV, USA where they
were analyzed for total elemental oxide composition usirayXluorescence (XRF) via the
lithium-borate fusion method. Another subset of powderized rock samples were brought to the
Imaging and Analysis Center at Princeton Uniuwgri collect xray diffraction (XRD) spectra

(5° to 70, 2-theta)for mineral phase identificatipnunning samples oa Bruker D8 Discover

(Cu K-alpha) with a 2nm slit for 1 hour XRD spectra were analyzed with Match! software for
phase analysis usingywder diffraction (Crystal Impact).

4.2.4 Soil Preparation and Analysis

Soil samples werbroughtto the Indigenous Cropping Systems Laboratbenair-dried
and sieved through a 2 mm mesh screendAed, sieved soils were used to estimate pH ir2a 1:
soil to DDI water mixture. Soils were owelied (60°C for ~48 hourgndpulverized then
sieved again through a 500 um mesh scr@esubset of overried, pulverized soil samples
were also shipped to ALS Chemex to be analyzed for total elemental oxide composition using
XRF. This fraction ofovendried, pulverized soil was used for all further soil analyses.

Exchangeable base catigre(,C&*, Mg?*, K*, and N&) 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
viaICROESat the UH Hil o Analytical Lab. Bi oavail a
measured by following an anion exchange resin extraction protocol, which involved extracting
phosphate with anion exchange resin beads and then elucidating the phosphate feamsthe b
with a 0.5M HCI solution. Prephate concentrations were then measured colorimetrically using
an ammonium vanadate:molybdate reagent mixture on-&ig¢pectrophotometer &= 420
nm (Rejgek, 2006) .

A sequential chemical extraction protocol was delgto 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 organicaltpmplexed E and Al from the soil. The extract supernatant was
removed and stored for analysis, after which the remaining soil wasdoxeeh(60°Cfor ~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 whichthey were ready for the next extraction in the sequence. For the second extraction in
the sequence, a 0.1M hydgdamine hydrochloride (HH) solution was used to extract
amorphous Fe and Al from the soil. The fdacid
commonly used for extracting more highly reactive amorphous Fe and Al oxyhydroxides (e.g.,
allophane and ferrihydrite) but this protocol also solubilizes crystalline magriegest al.,

1989), which are common primary minerals in Hawaiian parent matanahlso found in the

soil. To avoiddissolving crystalline magnetite phases during the second extracticanstep
overestimating thamorphous Fe pool, we opted to use the HH extraatibich targets

similarly amorphous mineral phases but without sitikibg magnetites. After repeating the

same setupnd pelleprocedure, we used a sodium citrbiearbonatedithionite (CBD)solution

to extract crystalline Fe and Al extracts were diluted and sent to the Environmental Sciences
Research LaboratorfEGRL) at the University of California, Riverside where concentrations of

Fe and Al were measured using FOES.

4.2.5 Calculations

Several weathering indices were calculated to asseéddece of weatherimg ( D O W)
experienced by each flow substrdtethe absence of clear dating methods usel the DOWas
a relative estimation for the geologic age of each lava flow substrate, assuming that more highly
weathered soils are older than less highly weathered $bi#sparent material normalized
weatherirg index (WI; Short, 1961), chemical index of weathering (CWI; Sueoka et al., 1985),
and silicatitania index (STI; Jayawardena and Izawa, 1994) were calculatelioags in

Equations 34:

@ O

2 w0 ZpTT

@R O0wO

@4 Y'YO 7 77 7 ZpTmTm
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wherefloi s t he i ndex o&oO modit e eil ednentscf, mobile e

Mlparentmateria® 1 S t he i ndex of mobile el ements in the
The fractions of organicallpound, amorphougndcrystalline Al and Fe were calculated

from the concentrations of Al and Fe measured through the sequential chemical extraction

protocol. A stepwise calculation protocol was employed in order to accourthBomass loss of

extracted solidthat occurduring each sequential extraction. Fracti(¥$ were estimated based

on the total concentrations of Fe and Al measured via XRF.
Thefirst step calculations were performed in order to estimate the orgarboalhd

fraction of our element of interest (E). We first calculated the totels (gpf our element of

interest in the soil sample as follows:

(5)0 z"Y

wher#® NE the total ofeterest g} hekrsoilis , eli€Empeaet cen
our elementfinteresi n t he soi |l measioried fhemmX&§&, (ghdofi
sample. After calculating E1, the organicdblgund fraction of our efeent of interest was

calculated as follows:

(6) O —ZIPpTT
wher®o AiIEs t he percentage of ourbouwdirthesoilt of i ni
AERO i s the mass (g) of our el ement ctofh,bandnt er e st

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-ateulate the totahass(g) of our
element of interest in our wwle, which had been fractionated by the PP extraction. That

calculation is as follows:

nmo ———z2°Y

wher® NHE the total mass (g) of0 oiug teH e meaags i mf
fractionated soil sampl@), and bm was calculated previously. After calculating Ehe

amorphous fraction of our element of interest can be calculated as follows:
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8 O —ZPTT

whers0 AlEs t he percentage of our el éme@EI ®f i ni
the mass (g) of our element of interest that was extracted during the HH extractiopwasd E
calculated previously.
The third step calculations were perforniedrderto estimate the crystalline fraction of
our element of interest. We onagain needed to 1ealculate the totahass (gpf 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) 0 z"Y

wher#i SiEt he tot al mass (g) of ®un seltdmemtassi
our fractionated soil sample, andveand Eav were calculated previously. After calculating E

the crystalline fraction of our element of interest was calculateollas/§:

(10 O

ZPp T T

whereo AiEs t he percentage of our el enemtief int
the mass (g) of our element of interest that was extracted during the CBD extractionynasd E

calculated previously.

4.2.6 Statistics

To test for significant differences soil properties between the flow substrates of our
lithosequencewe first tested if soil properties were normally distributed using the Shéfiiko
test . Next, we tested if the equal variance a
of these assumptions were not met (i.e., normal distribution or equetce), we evaluated
significant differences in soil properties between each lava flow using thpanametric
KruskatWallistestall=0.05Thi s was foll owed by using Dunno:
comparisons between lava flows. If both assumptiogr®winet, 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 relatipsisivie assigned cutoff ranges to classify
the correlations, with an r <0.42 beimg a fweal
correlation,r=04€ . 6 bei ng a fimodetrOat8e db ed mrgr eal ditsitam,n gro

and r >0.8ybeingngofnverrel ati on.

4.3 Results

4 3.1 Parent Material

Parent material rock typeanged from basalt to benmore#teross our lithosequence
demonstrating a gradient of alkalinity and silica content (Fig. 2). Qukerelemental
concentrationsincluding nutrient element{phosphorusH], calcium[Cad, potassiuniK],
sodium [Na]etc.)ranged along a gradient as w@lhble 2) For exampleP.Os content (%)
ranged from as low as ~0.8% in Flow 6 (benmoreite) u2t8% 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-pokti e | Wolchnitsv §
from Kohala Volcano tend to have analously high concentrations BfOs (Spengler and
Garcia, 1988), which is reflected by thgs concentrations in several of odrU vparent
materials Rockscollected from lava flows of thie U w@lcanics(Flow 1-7) provided a gradient
in alkalinity, which is distinct from the geochemistry of our shigtage Him(kuaVolcanics
basalt from Flow 8. The parent material from this basaltic lava flow had significantly lower
alkalinity, with an NaO+K>0 of ~3.5% but higher concentratigof CaO (5.1% and MgO
(~3.299.

We closely aligned our mineralogical analysis with the results from a previous geological
study onH U wayas (Spengler and Garcia, 1988)istitonducted an ialepth analysis ahe
mineral phase(plagioclase, olivine, pyroxene, etandpetrologyof H U vhawaiites,
mugearites, and benmoreites. This study identified that many oftth&sdayashave
crystallized small amounts of apatite (Gdosphate), likely contributing to the high®Os
concentrationsbservedn these rocks, and theit U vibénmoreitesiavecrystallized small
amounts of amphibol e, both of whiHawaiadi st i ngui

volcanic seriesOurbasalt parent material from Flow 8 provides an effective cordarehése
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H U wayasbecause neither apatite nor amphibole have been identified in rocks from the
HOmUOkua volcanics. On t hehavwe compativelyhghert hese HUm
abundances of olivine and pyroxene (Frey et al., 1¥3ultsfrom these studieguided our
analysis of thin sections and XRD spectra.

Parent material mineralogical compositions varied aaaséithosequencevith each
rock sampléhavinga differentabundanceof commonly occurringnineralsfound in Hawaiian
igneous rockssuch as plagioclase, olivifiédingsite pyroxeneandilmenite (titanomagnetite)
(Fig. 4). Througha visual analysis of thin sectignge observed that plagioclase and ilmenite
were the most common phases, both in thedir@én and mediurgrain fractions. Plagioclase
was most abundant Flow 6 (benmoreitefig. 4E and 4Fvhich was almoséntirelycomposed
of mediumgrained plagioclas Olivine,mostly as altereaidingsite, and pyroxene were
commonin our parent materialsutweremore abundant irFlow 2 (basanitefFig. 4A and 4B)
andespecially inFlow 8 (basalt;Fig. 4G and 4H)Flow 4 (mugearitefig. 4C and 4Dyvas also
primarily composed of plagioclase and ilmenite but had trace amounts of iddingsite, progding
with aparent material mineralagal gradient.Descriptionsof mineral phases and their relative
abundances in each parent material sample at both thgréimeand meidim grain levels are
provided by Table 3Thin section images from the other parent material samples of our
lithosequence (Flows 1, 3, 5, and 7) are provided in Fig. S1 of the Apdenthis chapter.
Althoughthe form and identification adpatiteand 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 undwetske relative abundances of mineral phases
fromeactpar ent material sample through thiaof secti
1-5 to each parent material, with a score of 1 inthgahe lowest abundance of labile mineral
phases and scae of5 indicating the highest abundance of labile mineral phdsdde 3)
Foll owi ng t he Boolvmim@l&ationss & ©latés comneral stabilitgBowen,
1922) we assumed that olivine, iddingsite, grydoxene were more labile thatagioclase 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.gxample, we gave the Flow 6 (benmoreite) parent

material the lowest lability score of 1 because it preslominantlycomposed oplagioclase and



the Flow 8 (basalt) parent material the highest lability score of 5 because it had the highest
abundances of mine and pyroxene.

Observations fronthethin section analysis of each parent mateviadelargely
confirmed by XRD analysis (Fi&), with diffractionpatternsand peak$or olivine, pyroxene,
ilmenite, and plagioclase being obsereedall spectraWealso identified possiblpeaks 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), becauseld m U basats do not contain apatite or amphibbieur basanite
(Flow 3)and mugearitéFlow 4) parent material samples (Fig. 5A and 58 identified
potential apatite pealat a 2theta = 31.8% which was also observed in F&C for the
benmoreitgFlow 6) spectum but the peak was much less promindiltere was no semblance
of this peak on the spectrum from our basalt parent material sample (FigugDgsting that
this peak is exclusive toloparent materials arttius,supmrting the presence of apatite in
these parent rockin our benmoreite parent materiale identified a potential amphibole peak at
2-theta = 49.23which was not observed on any of the other parent material spRajgesting
that this peak is exclusite our benmoreite sampl¥RD spectra for the other parent materials
in our lithosequences (Flows 1, 2, 5, and 7) are provided in Figf th& Appendixfor this
chapterIn 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 Soll

Across oulgeochemicalithosequencef parent materialssoil fertility indicators,
wedhering indies and mineral fractions demonstrated significant variation beti@en
substrates, despite the influence of other soil forming factors (climate, time, etc.) being stable.
pH was quite stablacross the lithosequenagth no significant differences between lava flows
only ranging from ~6.4 to ~6.@ig. 6A). Resin P varied tremendously across flow substrates,
rangingfrom ~14 toas high~230 mg/kg(Fig. 6B). Soils from Flows 6 and 8 wesggnificantly
depleted in Rés P while Flows 4 and 5 wemdevatedn comparisonExchangeable Gawas
highest in Flow 8 soils despitkis substrate beindepleted in Resin P, but was most depleted in

Flow 6 (Fig. 6C). Exchangeable Kwas most depleted in soils from Flow 4, despit flow
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being enriched in Resin (Fig. 6D). We also investigatexchangeable Mg and N4 across

our flow sequence which is provideadFig. S3of the AppendixXor this chapterElevated
concentrations of individual nutrientsaertain soil substrasanay be correlated witharent

rock concentrations for that nutrient element, which is something that we investigate further in
this chapter

We investigated the DOWetween the soils of our flow sequengéh a parent material
normalizedweathering index (WI), a chemical weathering index (CWI), and a silica titania index
(Fig. 7). For Wl and STI, lower index values indicated higher DOW while for CWI, it was the
opposite Significant differences between WI, CWI, and STI across our flowesemguwere
observedSoils from Flow 3 (basanitéjad thdowestWI 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) exhibiggdDOW, which would support that
these flows may be slightly old#ran the other flows of the lithosequenEow 8(basalt)
consistently had thiewest DOW, withhigh WI and STI values and a low CWI, which would
support that this Flow is probably youmdlean 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 (Flowl8)e we admit that this is
a relative predition, 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 BXDW variation and potential substrage 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
organicallybound, amrphous, and crystallingl andFe (Fig. 8). The nonextractable fraction
(non-CBD extractablejnakes up the remaining percentage of Al and Fe mineral fraetiaiok,
although we do not present visually, makes up the majority fraction (>50%) of soss acro
lithosequencer-e predominated in the crystalline fraction of all soils across flows while being
extremely limited in both the organicalbound and amorphous fractions (F88). Al fractions
were much more evenljistributed but amorphous Al wamost abundant (FiggA). Both
amorphous Al and Fe were significantly higher in Flow 8 (basalt) and could resulthisom

f | o gedckemically distinct mineralogy or lower DOW. Significant differences between



crystalline mineral fractions weraconsistent between Fe and Abr examplegrystalline Fe
wassignificantly higheiin Flows 4, 5, and 6 while crystalline Al was highest in Flows 6 and 7.
Nonetheless, significant differences between mineral fractions of Al and Fevhiaktcould
sugget that parent material differences contriloitte mineralogical differences in the soil. The
aforementionedignificant differencedetween thenineral fractions of Al and Ha theflows of

our lithosequence are providedrFig. S4 and Sbf the AppendixXor this chapter.

4.3.3 Correlating Parent Material to the Soil

To assess the relationship between parent material and soil geochemical compositions
across our lithosequenose 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 theirespective soil concentrations, suggesting that to some degree, soil concentrations of
elementsareattributed to their concentrations within the parent material. We expected Nb, which
has previously been suggested as the least mobile element in HawidsidKwtz et al., 2000),
to have the highest correlation between rock and soil due to it being highly conserved during
pedogenesis, which was confirmed bywigsy strong positiveorrelation(r =0.883. Mg, P, and
Ti also hadstrongcorrelations betweerock and soil (r > 0.6) whilal, Fe, and Ca had moderate
correlationgr > 0.4) Several keyutrientswere also correlated with associated rock
concentrations, with exchangeableGaxchangeable ¥ and Resin P all havingpsitive
correlations (r > 0.3).

We also assess&DW, an indicator for relative age differences betwésan flow
substratesas a potential covariate that could have negatively affected the strength of our
observed correlations between rock and soil concentragioglementsWe used the parent
materiatnormalized weathering index (Wds ourDOW indicator, with highwI values
indicating lowerDOW and low values indicating high&OW. Correlation trends between
whole rock parent material concentrations and saiteatrations were graphed witil on a
color gradientblue to red}o show possible covariation (Fig). We expected soils with either
higher or lower DAV values than the average to deviate from the correlation line. Highly
conserved elements (i.e., N, Fe) generally had higher than expected values (points above

trendline) in soils that were more highly weathered (réenonstratinggnrichmenwhichis
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often associated witthe leaching of more labile elements. Conversely, we observed lower than
expected values (points below trendline) in soils that were less weathered (blue).

More readily-leachedelements (i.e P, Ca,Mg) had an inverse relationship\tdl. In the
correlation graphs for these elements, soils with higher than expected concenélaigsn v
(points above trendline) generalliere less weatherdtlue), which is the opposite of what we
observed in the more conserved elemdnkewise, more highly weathered soils (red) tended to
have lower than expected concentrations of mobile eler(gmitss below trendlineBio-
available nutrients (Resin P and exchangeabfé) Gahich are relatively prone to leachiradso
followed thistrend, with more heavityveathered soils (red) generally having lower than
expected concentratios 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 ddrences are indeed reducing the perceived pedogenic effect of the parent
material.

To assess thgotential inheritance cfoil 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 (Figol®g, we observed
that a higher relative abundance of labile mineral phases in the parenamstcorrelated 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 R
values were calculatedith R?> = 0.625and 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 pliggpsLOA
and 10B) R? 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@liogical

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 irsoil nutriens (Fig. 6) andmineral fractions of Al and Fe (Fig. Between flow
substratesnd observed that soil heterogeneity was strongly correlated with parent material
composition (Table 4). With Ca, for example, we calculategdoderateorrelation for total Ca (r
= 0.575) and strongcorrelation forexchangeabl€&* (r=0633.0ur HUmUkua basalt
material (Flow 8)which had the highest parent material concentration @f (T@.73%), had the
highest soil concentrations of total Ca and exchangeaBfendde Flow 6 (benmoreite), which
had the lowest Ca raconcentration3.77®%0), 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 exchangeadle pool
Coarrelations would suggest that, not only is soil geochemical composition inherited from the
parent material, but also solil fertility and nutrient abundance, as exhibited by positive
correlations from exchangeable®Gaxchangeable ¥ and Resin P. But suipingly,
exchangeable Mg and Nd 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, basercatols in soil can be altered marine
aerosols, an effect which is accentuated by coastal proxiWitypkey et al., 2000). Perhaps
wind patterns in this leeward region and the shifting proximity of sample sitesdodhiacan
explain variance in ex@angeable cations amongst soils, at least foi"igd N&. pH was highly
stable across olithosquencé~6.46.9) and it is likely that acidity andherentbuffer systems
present withirthesesoils are more strongly governed by climatic and biotic dsie@er timan
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 formindofuom
geochemically distinct parent materialsghl, 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 matedgfrom this California ihosequenceerenot fully

characterizedd.g.,whole rock composition, mineralogy, etc.) and there were clear substrate age
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differences (erosional residence times ranged from-3800 years) that could have blurred the
influence of the parent rock. Da Silva et al. (202i)ndsignificant differences between soill
fertility properties €.9.,pH, exchangeable base cations;&iailable P, etc.) across soils from
their wellcharacterized geochemical lithosequence of parent materials in Eastern Brazil, which
ranged from ultranafic harzburgite to granite, but climate (~600 to 2000 mm/yr of MAP) and
substrate age were not adequateinstrained. Navarrblasse 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 applat¢aicross all
pedology studies, ours included, it is extremely difficult to constrain all soil forming factors
especially the time component, which compounds the influence of all other factors. Our site may
indeedbe the most weltonstrained amongdte previously mentioned studies, with extremely
consistent climate, sadlassification(ustands), land usage (historic cattle pasture) and vegetation
(pasture grass and previously native dry forest), and intact soigltesbut geologic age
ranges bateen 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, Y& 2tempted to
addresgotential 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. Atecounting fo DOW differences between sites
(Fig. 7) in our correlations (Fig), we were able to observe that DOW affected the strength of
correlations between parent material composition and soil concentrations, with more highly
weathered soild.€.,older soils) generally having lowdran expected concentrations of total
mobile elements (e.g., Ca, Mg, &)davailable nutrientslue to leaching

With P, for example, Flow 3 (basanite) had the second highest parent material
concentrationR.0s = 2.29/) but had significantly reducealreragelotal P and Resin P
concentrationdalling below the trendline in Fi@. This can be explained biylow 3 haiing the
highest DOW, as demonstrated by soils from this flow hasiggificantly lower WI and STI
values(Fig. 7A and 7Q, and was likely the oldest lava flow in our lithosequence. Because the
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soils from this substrate weneorehighly weathered thatihe 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 i8)Figving lower than
expected concergtions of mobile elements (Mg, Ca, P), falling below the trendline indFig.

and higher than expected concentrations of conserved elements (Nb, Ti, Fe), falling above the
trendline in Fig. 7.

We also calculated significant differences betwewmeral fractions of Al and Fen soils
acrosour lithosequencéFig. 8 S4, andS5)and investigated their potential connection to the
lability of parent material mineral phases (Fig.. grent material lability scores provided us
with two end memberis Flow 6 (kenmoreite) whichwas almost exclusivelgomposed of less
labile plagioclase (lability score = 1) and Flow 8 (basalt) whichmastabundant in olivine and
pyroxene (lability score = 5) (Table 3)/hile Fe mineral fractions demonstrated a correlation to
the lability of the parent material, witamorphous 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 IdwaRies(<0.05)for their respective
guadratic models (Fig. 10A and 10B)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 weatlard neoform into amorphous oxyhydroxidésrihydrite,
allophane, halloysite, etcfiowever, this hypothesis is unlikely because we do not see the same
elevated amorphous Al values in Flow 8 like we do for amorphous Fe. Alssartie locations
from Flow 8 are similarly distanced from nearby eruptive vents as the other sample loeations
we suspect that this basaltic flow is slightly younger than the other flows in the seg@gence,
evidenced by the lower DOWom this flow (Fig. 7). Thereforet unlikely that thisyounger
flow has accumulated more ash over time. Another explanation for the higher amorphous
fraction in Flow 8 soils woulthe the parent material mineralogy, with the basaltic parent
material from this flow having the highest abundanceliefne and pyroxene (Fig. 4G and 4H)
These mineralare knowno weathemorerapidly (Rai and Lindsay, 1975; Dessert et al., 2003)
andmay contribute tahe formation omorphous secondaoxyhydroxides (Dahlgren et al.,

2004; Gérard et al., 2003) a different rate than plagioclasepporting the soil mineral fraction

differences for our parent materials with different abundances of labile miridogsver, it is
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difficult to explain why only Fe soinineralogy is correlatedith parent material mineralogy,
and not Al.

4.4.2 Degree of Weathering Covation

Upon performing our correlation analysis between parent material and soil geochemical
concentrations of total elements and nutrients, we védehat 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 apaoent material variable influencing
soil concentrations of ementsWe attributed this covariation to agdéferencesbetween lava
flow substrates of our | ithosequence250kiy)irstly
and HU mERB5) lcanibsHut also because climate (MAP and MAT), biota, and
topogaphy were highly consistent across the field $ife.attempted to quantifyge differences
with DOW, assuming that more highly weathered soils were older than less weather@egoils
7, and found that our subst rTatepgresenhDOW,wei gni f i c:
selectedhe parent materialormalized weathering index (WWith low WI values (red in Fig.

9) indicating a high DOW and higWI values (blue in Fig9) indicating a low DOWOQutliers in
elemental and nutrient concentrations weghly predictable withVI, as mobile elements and
nutrients wergenerallymore depleted in more highly weathered soils whileservedlements
were enriched in more highly weathered sl 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 hydratiahroughout pedogenesisower weathering indexalues have
previouslybeen associated with mass losslepletion of mobile elements and enrichment of
conserveclementghat occur as a result of soil weathering over @ne with increased climate
forcing (Price and Velbel, 2003; Tuncay et al., 2019; Zehetner et al., 202%)DOW
covariation accounted for by WI, which serves as a relative estimate for substrate age
differences, we can more confidently attribute soil heterogeneity and correlatiarend p

material composition across our lithosequence.

443TheHUwd Ph odsomhho r us
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HUvolavas are anomalously high in P, which is attributed tpthsencef apatite (Ca
phopshate) within rockisom thisvolcanic series, a mineral rarely found iawhiian basalts.
Apatite has been documented in very few lavas across the islands, with only lavas ftiinghe
vol cani cs, theBaut PMgmtmikstM@aiDonald, 1968; Sinton and Sinoto,
2015), and gabbros f r onvaunhkea (Eaar pnd Wamdetmeyden,v o | ¢ a
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 #t soil substrates forming on apatttearingor P-enrichedavas, such as
theHGW)l avas, have some of the highest P concent |
Ramachandran (2012) examined soil P inheritance from the parent material usingimieary s
correlation design to our study and were able to demonstrate strong correlations between total
soil and rock P across differenifiged geologic substrates. However, they did not show
correlations between rock P and a-biailable form of P, whichhey discuss in detail regarding
the difficulties of quantifying bieavailable forms of P in soils. Btliroughour constrained
lithosequence study, which used Resin P to indicata\mdable Pyve calculated that parent
material P concentrations were atsoderatelycorrelated with bieavailable 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 matiemay havamplicationsrelated toP availability to crops,
ecological P limitations, and general P nutrient abundance.

Soils substrates formingn intactshieldHGvglavas have some of the highest
concentrations of biavailable P found anywhere in the archipelago, with as high@® mg/kg
of Resin P being found (Palmer et al., 2009; Vitousek and Chadwick, 2013; Ladefoged et al.,
2018). The overall fertility and higP availability of soils forming froraiGvglavas, 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 18" 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 sustargedlapulations of people
(Ladefoged et al., 1996; Ladefoged et al., 2003; Ladefoged and Graves, 200®)c &t
studies on the LKFS and rainfed (dryland) agriculture have suggested that this system was

selectively constructed by Hawaiian cultivatorstbe most fertile soils of the region, largely on
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soil substrates forming froGvdlavas, to maximize the efficiency of production (Vitousek et

al., 2004). The sheer scatesQ kn?) and vast networkofhigdensi ty fAfi el d wall o
to assist iragricultural 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 bicavailable P and the general fertility of soils within the LKFS have
previously been attributed theii s weet spot o soil formation inte
(150 ky) and climate (~1250 mm/yr of MAP) (Vitousek et al., 2004; Vitousek and Chadwick,
2013), similar fAsweet s p oHUsnU kaséram MaunaKea subst r
(~120 ky) and Kula lavas from Haleakal U, Ma u i
equivalent concentrations of ResinGhépter 2 Therefore, we argue that the anomalously high
concentrations of biavailable P irHOvdsoilsof Leeward Kohalare not strictly a product of
isweet spot o pedooftherRersichesHUvotavas thasdrve as the pasent | t
material for these soil§-urther, the success and agricultural productivity of the LKFShaag
indiredly resultedfrom thisgeologic phosphorusnomaly. However, that is not to take away
from the achievement of Hawaiians cultivators in developingittieendousainfed field
system and its agricultural success. It is clear that Hawaiian cultivatore@pmeunistic 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 equallgrde landscapes across the islands (Kirch, 1994;

Winter et al., 2020; Lincoln et al., 2023).

45 Conclusion

Significant heterogeneity in soil fertility properties, total elements, and mineral fractions
of Al and Fe was observed along soil substratasifay on our highly constrained geochemical
lithosequence of Hawaiian parent materials, and demonstrated high levels of correlation with
parent material composition and mineralogy. Wiile likely thatslight age differences
between flow substrates remhd 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 wesble to visualize this and can therefati&ibute both total elemental
concerrations and soil nutrients to parent material differences. Our results would suggest that,

geochemically, Hawai 6i 6s parent materi al i's n



the diversity of rock types across the islands has likely plagaghdicant role in generating soil

and soil mineralogical heterogeneiBurther,geochemical variability of Hawaiian parent

materialsmay also influence soil fertility and nutrient abundance, which would have constrained

the agricultural success and ingdication of traditional Hawaiian agroecological systems prior

to WesterncontacBecause of parent material s contri bu
soils, a baseline understanding of the geochemical properties and physical form of the underlying
rock and tephra for any given Hawaiian soil is esseritiad 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 lostier 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 geseralarly

designed lithosequence of Hawaiigarent materials, but on younger soil substrates, would
solidify the impact that Hawai 6i 6s parent mat
research should alsoeketo understand the effect of morphological parent material variation

(tephraand rock) on Hawaiian soil formation, which our study did not investigate
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Tables
Table41l.Si te descriptions for our eight | ava fl ow
we collected samples from. Ano is the number

temperature’C) . AGeo Ageo0O is the geoldeal @02Bd.ge r ange

LavaFlow n MAT Geo Age Dominant Vegetation Cover  Soil Taxonomy (series)

1 9 22 125250 Pasture Grass (kikuyu, buffelgras Humic haplustand@/Vaimeg
2 9 205 125250 Pasture Grass (kikuyu, buffelgras Humic haplustand@Vaimeg
3 9 21 125250 Pasture Grass (kikuyu, buffelgras Humic haplustand@/Vaimeg
4 6 19 125250 Pasture Grass (kikuyu, buffelgras Pacht haplustandéKemole)
5 12 19 125250 Pasture Grass (kikuyu, buffelgras Pachc haplustandéKemole)
6 9 19 125250 Shrubland (Lantana, buffelgrass) Pachtc haplustandéKemole)
7 9 19 125250 Pasture Grass (kikuyu, buffelgras Pacht haplustandéKemole)
8 7 195 65-300 Pasture Grass (buffelgrass) Humic haplustand@uu Pa)
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Table 4.2.
Whole rock elemental compositions of parent material§lfmws 1-8. Rock types are based off
of TAS ( Total Alkali Silica)classifications.

Whole Rock Concentrations (%)

Flow Rock Type Nb

# SiO2 A0z FeOs Ca0 MgO NaO KO0 TiO2 P.Os (ppm)
1 Basanite 46.8 1595 1295 7.62 4.87 4.72 152 325 205 49.75
2 Basanite 474 16.05 13 754 461 487 162 3.13 232 52.16
3 Basanite 471 16.05 1295 751 475 472 157 319 225 53.51
4 Mugearite | 49.6 175 118 593 34 509 188 2.65 1.82 67.28
5 Mugearite | 49.8 16.75 12.05 6.96 4.03 499 184 277 1.92 62.15
6 Benmoreite| 55.8 17.3 7.5 3.77 211 6.03 296 152 0.85 89.23
7 Mugearite | 53.6 16.85 9.9 508 271 565 212 188 1.31 71.86
8 Basalt 485 143 142 10.75 579 275 075 34 0.41 28.69




Table 4.3.

Fine-grain and mediurgrain thin section mineralogical descriptions of parent materials for

Flows18.iLabil ityo

r epr e s of miserat phases In éhé patent togk.

Flow Rock Type Fine-grain (Background)

Medium-grain (Crysts) Lability

1

Basanite

Basanite

Basanite

Mugearite

Mugearite

Benmoreite

Mugearite

Basalt

Mostly microcrystalline
plagioclaseand ilmenite lesser
amounts of microcrystalline
pyroxene and/or olivine.

Mostly microcrystalline
plagioclase and ilmenite; some
volcanic glass; lesser amounts o
microcrystalline pyroxene and/or
olivine; rare iddingsite
microcrysals.

Mostly microcrystalline
plagioclase andmenite; lesser
amounts of microcrystalline
pyroxene and/or olivine.

Largely plagioclase;
microcrystalline ilmenite very
common; lesser amounts of
microcrystalline pyroxene and/or
olivine.

Largely plagioclase;
microcrystalline ilmenite very
common; lesser amounts of
microcrystalline pyroxene and/or
olivine; iddingsite microcrysts
are relatively common.

Almost exclusively plagioclase;
microcrystalline ilmenite
common; rare microcrystalline
pyroxene and/or olivine.

Mostly microcrystalline
plagioclase and ilmeniteare
iddingsite microcrysls.

Mostly microcrystalline
plagioclaseilmenite, pyroxene
and/or olivine are common.

Elongated plagioclase
common; rare olivine
and/or pyroxene crysts.

Elongated plagioclase
common.

Elongated plagioclase
relatively common.

Mostly fine-grain.Rare
ilmenite crysts.

Elongated plagioclase
relatively common; rare
ilmenite crysts.

Mostly mediumgrained
matrix. Elongated
plagioclase extremely
common. limenite crysts
are relatively common.
Elongated plagioclase
common; rare ilmenite
crysts; rare olivine and/or
pyroxene crysts.

Pyroxene and olivine
crysts common; elongatec
plagioclase common.

4
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Table44.

Correlation matrix of whole rock elemental concentrations and soil concentriationeur

lithosequenceCorrelations (r) that are bolded and boxed represent direct comparisons between

rock and soil concentrations for a specific element or nutrient.

Whole Rock Elemental Concentrations

Soil Concentrations

Si Al Fe Ca Mg Na K Ti Mn P Nb
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
g g Ca -0.116 -0.581 0.373| 0.575| 0.402 -0.649 -0.552 0.264 -0.166 -0.526 -0.539
SE’ b= Mg -0.726 -0.892 0.806 0.893 | 0.895| -0.863 -0.856 0.820 -0.170 -0.066 -0.904
Q *E Na 0.374 -0.130 -0.124 0.117 -0.091| -0.273| -0.064 -0.214 -0.401 -0.735 -0.050
L'_J 8 K 0.793 0.446 -0.685 -0.522 -0.662 0.389| 0.564 | -0.733 -0.304 -0.564 0.579
g 5 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
QO
% 1% Ca&" |-0.389 -0.657 0.532| 0.633 | 0.563 -0.621 -0.627 0.467 0.020 -0.158 -0.631
&5 Mg?* | 0.690 0.420 -0.616 -0.500| -0.608| 0.440 0.538 -0.671 -0.029 -0.322 0.162
G E Na* -0.648 -0.505 0.632 0.577 0.646 | -0.554| -0.608 0.669 -0.016 0.162 -0.609
S ﬁ K* 0.495 0.159 -0.455 -0.356 -0.424 0.343| 0.345| -0.521 0.057 -0.206 0.355
|.|>j Resin P| -0.235 0.331 0.167 -0.083 -0.014 0.151 -0.028 0.145 0.591| 0.475| 0.059




Figures

Parent Material Geology
Hawi Volcanics —

Pololu Volcanics )
Hamakua Volcanics

Soil Sample Locations 0

. Kohala Volcano

Field Site

Hawai‘i
Island

Figure 4.1.
Map of field site | ocated i n tBuelinesaeramdalld Koha
isohyets showing 250 mm/yr increments in mean annual precipit&@iampelluca et al., 2013).
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Flow 2
Basanite

Flow 4
Mugearite

Flow 8
Basalt
Figure 4 4.
PPL (planepolarized light) and XPL (crogsolarized light) images of thin sections at 1060
and 500um. In red are examples of mineralphases.d d 0 i ndi ¢atied i idddinmg <ia
olivine, APl ao indicates plidPygirdcli angda ,chaftlelsm® yir

and B.Flow 27 Basanite, C and OFlow 41 Mugearite, E and Fzlow 67 Benmoreite, G and

H. Flow 81 Basalt.
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Figure 4.8.

Organicallybound, amorphous, and crystalline mineral fractions (%) across Fi8ws$ dur
lithosequenceFractions do not add up to 100%, with rextractable Al and Fe making up the
remaining mineral fractions. On all lava flows, the extractable fraction was the majority

fraction (>50%). AAl fractions, B. Fe fractions.
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Figure 4.10.

Quadratidit models of mineral fractions in relation to the lability scafemineral phases in the
parent materialLability scores range from least labile (1) to most labile RBJSE is the root
mean square error of the quadratic fit model ahis Fhe measure of goodness of fit. A.
Amorphous Al (%), B. Crystalline Al (%), AAmorphous Fe (%), D. Crystalline Fe (%).



Appendix

Figure $4.1.

PPL (planepolarized light) and XPL (crogsolarized light) images of thin sections at 100
and 500um for Flow 1 (Basanite), Flow 3 (Basanite), Flow 5 (Mugearite), and Flow 7
(Mugearite).
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