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ABSTRACT

Soil is an important natural resource and has the potential to provide food security,
mitigate climate change, and protect coastal and inland ecosystems from degradation if it is in, or
is restored to, a healthy and resilient state. Measuringeslihhallows land managers to track
improvements or degradation over time and optimize their management strategies for long term
benefits of the land by use of a soil health index. However, such soil testing methods and
analysis necessary to monitor chamgee not currently established for the unique soils of
Hawai @i . Ten soil series samples within six
Oahu, Molokai, and Maui, spanning a range of soil conditions and land cover including cropland,
forest, and grasslando capture high diversityA suite of30 potentialsoil health parameters
measured physical, chemical, and biological soil properties. Multivariate analysis identified
those parameters which could be used as indicators of soil health baked eartsitivity to
changes in the soil characteristics as well as their practicality for routine soil testing. Current and
previous management based on land use history showed the greatest association to the variance
in soil data and created an associgtetntial gradient of soil health. Nine indicators from a
reduction process using quantitative and qualitative criteria comprise the recommended soil
health indicators for detecting differences in management practices across a spectrum of soil
health andnclude: water holding capacity, watstable megaggregates, percent total organic
carbon, C:N ratio, 24 hour CG®urst,b-glucosidaseb-glucosiminidase, hot water extractable
organic carbon, and potentially mineralizable nitrogéme proposed indicators wegHective in
detecting differences in management across the full landscape as well as qualitative differences

in sal managementvithin soil order, which highlightedoil taxonomy as an important inherent



contributor to data variance. These most practical and sensitive indicators of soil health will be
used in further field trials which will be necessary to deterntireetfectiveness of
implementing new soil health management strategies as well as to identify the quantitative

thresholdsusedindeMd opi ng scores in a Hawai dai soil hea
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CHAPTER 1. INTRODUCTIONIO SOIL HEALTH*

*Reproduced with editand permissiofrom Hubanks et al., 2018

1.1Eart hdés precious resource, soil

Defining soll
The origins of soil science began in the e
in the field happening in more recent decades
centuies. A Google search definésilba s fit he upper | ayer of earth

black or dark brown material typically consisting of a mixture of organic remains, clay, and rock
particles, 0 where the soi l-comgdex manmet(©OEDyWeth). i n a
Il n contrast, those who study soils define it
composed of mineral and organic solids, gases, liquids, and living organisms which can serve as

a medium for plant growth and that hasgerties resulting from the integrated effects of climate

and living organisms acting upon parent material, as conditioned by topography, over periods of

ti meo (Brady and Weil, 2006B)L ol t Wwgpdrthnees mbe es

connedng Earth systems involving plants, organisms and the atmosphere.

Soil organic matter

The composition of most undisturbed soil consists of approximately 25% air (as pore
space), 25% water, 45% mineral particles, and 5% as organic matter. When soilastedimp
the mineral ratio is increased as the pore space, water, and organic matter portions all typically
decrease. Soil organic matter (SOM) includes plant, animal, and organism residues/tissues at
various stages of decomposition as well as micradyiahesized substances (Brady and Weil,
2008). While organic matter represents a very small portion of a soil, it plays a fundamental role

influencing all aspects of soil function. Organic matter in the soil is largely made up of carbon,
1



which provides a subrstte as well as a food source for soil life and is actively cycled throughout
al |l natur al systems. Wi th its main constituen

atmospheric carbon sequestration, and ecosystem productivity (Harden et al., 2017).

Soil functions

Six key roles of soil have been identified for any ecosystem which are 1) a medium for
plant growth, 2) a system for water supply and purification, 3) a recycling system for nutrients
and organic wastes, 4) a habitat for soil organisma,bddifier of the atmosphere, and 6) an
engineering medium (Brady and Weil, 2008). Soil assists in many important ecosystem services,
which are the benefits humans obtain from natural systems, such as provision of clean water and
climate regulation (Bradgnd Weil, 2008). Understanding soil processes goes beyond the
laboratory to encompass a larger holistic system, as it impacts and is impacted by many
components of an environment such as vegetation, animal inhabitants, precipitation, pollution,

agriculture climate, and human activity.

1.2 Historical moments in soil management

Agriculture evolution

Soil has been cultivated to support agriculture long before the scientific understanding of
it arrived. With the increasing global need for food productioneanvironmental sustainability,
the need to further understand soil health continues to grow. Standard practices of modern
agriculture, such as tillage and fertilizer application, lead to the loss of SOM and hence
considerable degradation of soil quality dadction.Within the last century in the United States

and particularly in Hawai i, agricultural Il an



management. A clear historical example of such poor soil management was the Dust Bow! Era.
While it was the imvitable drought from 1931 to 1939 that ultimately led to the Dust Bowl, the

soil quality was worsened due to excessive tillage of the land prior to this climatic condition
(Baumhardt, 2003). This landmark event has pushed agriculture to develop ptzetteesuited

to the needs of specific soil types and natural conditions of the land, rather than attempting to

impose farming practices suitable for humid regions on the semiarid Great Plains, as was seen
during the Dust Bowl (Baumhardt, 2003). The corieral practices of tillage and fertilizer use

pose the risk of soil organic matter loss by multiple mechanisms, such as increased carbon

oxidation anddamage to thenicrobial activity (AlKaisi and Yin, 2005). These same trends in

agriculture areresporisi e f or the degraded state of soil f

plantation agriculture and commercial farming using conventional soil management practices.

Historic events such as the Dust Bowl along with many advances in technology have
cont i buted to the growth of the soil heal t h tof
played a crucial role as it allowed farmers to view soil as a system that can be manipulated with
alterations in soil chemistry and composition using improved mettfosts| research and
technology (Tilman, 1998). The Green Revolution was in part dependent on the creation of the
HaberBosch process, or industrial nitrogen fixation, which assisted to manipulate soils for the
growth of agriculture worldwide (Erisman dt,&2008). With the ability to fix atmospheric
nitrogen into a plant available nitrogen fertilizer, typically a limiting essential nutrient in many
soil systems, the production of food was able to expand and intensify with much less restriction
and becamenore available globally (Brady and Weil, 2008). However, with this great power to
create endless amounts of nitrogen fertilizer came great responsibility to be mindful of the

impacts of expanding agriculture on the soil and surrounding ecosystems. Fptegstam
3



readily-available forms of nitrogen from the HaH&osch process has led to serious issues in
water quality and eutrophication, a negative impact of nutrient surplus on water ecosystems. By
altering the ratios of soil nutrients, chemistry, and position during the Green Revolution, yet

still seeing degradation in soils, it became apparent that there was more to understanding soil
management than the inherent soil characteristics such as nutrient cations, soil texture, or
drainage class. As a rdslagricultural science began to acknowledge how soil functioned as a

larger dynamic system requiring a larger scope of focus and attention.

Emergence of the soil quality concept

A

The term 6ésoil gualityd i s a rteélaealo®e !l v ne
after the merging topic of O6sustainable agric
increased global emphasis of soil management (Karlen et al., 2008). One of its early definitions
in 1989 was 0t he acbopdrawth which includes faabors lsuclt as degreemfp o r t
tilth, aggregation, organic matter content, soil depth, water holding capacity, infiltration rate, pH
changes, nutrient capacity, and so forth.o It
soil to produce safe and nutritious crops in a sustained manner over tierdon@nd to
enhance human and animal health, without impairing the natural resource base or harming the
environmento (Doran and SSSA, 109 Dbofithewhokes t he t
ecosystem with humans included, a broader encompassingte 6 s o i | heal th, 6 de
is commonly defined as fithe continued capacit
within ecosystem and langse boundaries, to sustain lbigical productivity, maintain or
enhance the quality of air and water, and pro

1996, Doran and Zeiss, 2000, Laishram et al., 2012). A difference in this evolution of terms is

4



the perceptiohoéthanddsoiol i medhude more biotic
goals of soil maintenance beyond those which serve only the purpose of agricultural needs

(Anderson, 2003, Laishram et al., 2012).

The evolution of the Omeitlergmadsaiyldé lealctemp
advancement of soil as an ecosystem science and literature on soil health could expand the

boundaries of traditional soil science. With data available until 2008, the comparison between

the frequencies of printed phrasges oi | qual i tydéd and O6soil heal t hi
presence of O6soil heal t h 6-19B0s in pnion with sesteadly i t er at u
increaseinthe se of O6soi |l )quaAriotuyndd (tFhieg uyreearl 21000, t h

continues tslowlyi ncr eas e ayndd s6isnouillt agnueaol ui stshagpdecipepne ar s t C
frequency of use in published worksotever,as a more widely acceptedterins oi | qual i ty

still shows up morefrequet | vy t han Osoi l heal thd in 2008.

Frequency of 'soil quality' and 'soil health' use over time in published works
0.0000350%

0.0000300% 4

0.0000250% //\\/\

0.0000200% ’f

0.0000150% <
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0.0000050% 4 soil health (All)
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1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
Year

Figure1.1The rel ative frequencies of terms o6soil quali
decl i e in use of O6soil guality by 2000 after con

n
heal t hd begi-lnhd hds eiNg@m ak httpsi//lwboks.google.com/ngrams).
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While these terms are often still used interchangeably and with various definitions, the

term of interest for modern soi Iitases ecsosnmhea mtu,e d
capacityofsoiltod ncti on as a vital l i ving ecosystem tI
(NRCS,201). Thi s holistic focus on O6soi l heal t hd,

opportunities to understand and manage wholeesogystems as well as introduceigdlenges

as to how to quantify such a vast area of science with expansive global diversity and importance.

1.3 Impact of soil on climate change and environmental sustainability

Global warming and the reduction of soil carbon stocks

Historical moments are honly impotant for reminding modern farngeof the potential
consequences of poor soil management, they also coincide wittelonglamage of such
consequences to the global climate. Human activities, such as deforestation, have led to increases
in atmaspheric carbon dioxide (GOa greenhouse gas), posing serious threats to the globe via
the greenhouse effect, such as sea level rise, rising temperatures, and more frequent and intense
natural disasters. In a natural ecosystem, soil has the abilityréocsitoon longerm (referred to
as carbon sequestration) that would otherwise be emitted from the soil or remain in the
atmosphere. Poor agricultural practices disrupt the function of natural soils, which typically act
as a sink for carbon. Other largeural sinks for carbon are in forests, atmosphere, and oceans,
however, soll is estimated to contain more carbon than in all plant life and the atmosphere
combined and is Earthodés | argest biogeochemica

2017).



Replenishing soil carbon stocks through carbon sequestration is a potential solution to
mitigate climate change, but it requires more research to understand the physical, chemical, and
biological processes involved that increase soil cagtarageIn doing so, research must also
continue to examine how soil carbon can be protected from decomposition to avoid releasing it
back into the atmosphere through microbial metabolism. Soil health relies heavily on both the
presence of organic matter and lifethe soil, which correlate to and are reliant on the soil
organic carbon content. Promoting the accumulation of organic matter, and hence, organic
carbon, and supporting microbial decomposition in the soil are necessary processes to be
included in soil lealth management plans. Thus, supporting soil health through proper
management is not only vital to continue agriculture, but it also connects soil health to climate

change mitigation and building soil carbon stocks.

Soil as a facilitator of agroecosystdraalth

Such global changes and population growth suggest that our dependence on soil as a vital
resource will continue to increase, along with our understanding of the complex interactions and
functions it has with the environment (Karlen et al., 2008addition to climate control, sai
goodhealth may impact pest population reductisapportiodiversity,increasesoil fertility,
improvedisease resistanaeduce theost of agricultural practices, amttreasedrainage of
water systems, to namest a few (Janvier et al., 2007, Brady and Weil, 2008). Soil in poor
health can lead to issues relatedbtd not limited to: erosion, nutrient depletion, slow water
infiltration, soil contaminant accumulation, soil compaction, low biodiversity, and gisedse

(Soil Health Institute2017. The outcomes of improving soil health can also be seen at global



scales with examples such as extreme weatheieres andmproved air and water quality

(Soil Health Institute2017.

Similar to human health, whesgmptoms of poor health and disease can be complex and
difficult to fix with one perfect cure, challenges with soil health are complex and tied to their
environments and thus, are treated differently based on climatic zone, intended function, culture,
andresources available. To precisely improve soil conditions, like improving global human
health, common language, measurements, and communication are crucial to allow for
information to be shared and advances to be made. The success of better assessaith soil
Hawai @i could |l ead to i mprovements in food se
wildlife conservation, climate change mitigation, and relief from financial challenges of

agriculture (Brady and Weil, 2008).

1.4 Assessments of soil hehl

Inherent soil qualities and soil taxonomy

Over time, soil health studies have been transformed from encompassing mostly inherent
gualities of soil into more dynamic qualities that identify soil as part of a complex ecosystem
capable of either restoriragy degrading the surrounding environment and its ecosystem services.
With soil health now commonly viewed in a dynamic way, current research explores ways to
better defie the spectrum of soil health. One approaclofstudes is to simplify soil intowo
groups ofcharacteristics: inherent and dynamic qualities. The inherent soil qualities focus on
characteristics that on a | arge scale are not

soil quality relati ng propertes isfloended by thexfactons and | com



processes of soil formation, intheabhsee of human | mpBaheihlerentDINRCS, 2
properties closely align with the original pe
aspects of the sdihat are easily measured and important for soil taxonomy such as texture, pH,

bulk density, and organic matter contemtlifferentiatebetween soil types, and mostly in the

absence of human impacts (Karlen et al., 2003a).

Each of t he wotodnelodthe 128 taxioriommic doders descigoed by tis U
Soil Taxonomy, based mostly on the inherent soil properties (Brady and Weil, 2008). Due to the
diversity in these characteristic combinations, over 20,000 varieties, or series, of soil have been
chamcterized in the United States alone. For e>
by rich fertile soils with high organic matter content in the surface horizon developed from
grasslands, with high cation exchange capacity (CEC) and high basstisa(Brady and Weill,
2008) A |l engt hi er t-fn& snmeciticj calcaneausnisohyperthreemicyxumulic
vertic endoaquaoll s, describes a specific Mo
conditions. Of the 12 soil orders, 10 are foumthe Hawaiian Islands, including hundreds of
di fferent soil varieties within those soil or
introduces many challenges, as well as opportunities, when attempting to apply global soil health
concepts tolasoils. The inherent qualities of soils differentiate them across taxonomy and result
in a diversity of their measurable values related to soil heHttbreforejt is impractical to
directly compare values reliant upon soil inherent qualities betwaagimyg taxonomic groups

without standedization for such differences.



Dynamic soil qualities

In contrast to the inherent sqioperties of a soil, the dynamic soil qualities can be
changed with soil management, land use, and climate change. Similarctmniection between
i nherent qualities and 6soil quality, o6 ident.i
uni son with the term 6soil health,dé as it bui
more detail of the surrounding exystem, such as managemdapendent soil changes like soil
bul k density. Dynamic properties can be defin
soi l use and management o 2043. Thtshkhcepe bfsohan t i me s
properties asociated with the soil health concept typically focuses on the top 636 & of
the soil profile and considers the status or condition of the soil due to land cover or management
decisions (Karlen et al., 2003a). Examples of impacts from managemeatet@portant to
consider when assessing soil health are: soil compaction by machinery, tillage of the soil,
biodiversity present, crop type, irrigation, and fertilizer use (Brady and Weil, 2008). The
complexities of unique soil taxonomy and dynamic ioip&ombined demonstrate why there is
a need for soil assessments that capture many soil properties and functions and why one index

may not be adequate to serve all solils.

Indicators of soil health

Soil health indicators are categorized into measurableat but es used to eva
overall health or detect changes in health. Indicators are quantifiable values relative to an optimal
|l evel or oOnatural soil statedé and are applied
institutional, and pittical disciplines to better grasp soil conditions and track soil health changes

(Allen etal., 2011, Dalal et al., 2003). These indicators serve to assess soil health by linking
10



functional relationships of various soil characteristics and identifyirgetbleanges with
correlations to land management and environmental impacts (Allen et al., 2011, Dalal et al.,
2003, Doran, 2002, Doran and Zeiss, 2000). Five critical soil functions have been identified for
hedthy soil inH a w abas@éd ofthe essential functions of a swoilthe greater global ecosystem

as well as théocal ecosystemgndwhich also support current goals of the state legislature to

aggradehis natural resource (Table 1.1

Table 1.1The five identified @sired critical soil functions for healthy soilltha w aanddheir related
measurements. Critical soil functions are determined by assessing the spectrum of Hawaiian land uses in
regards to fulfilling the current and future needs of the land.

CRITICAL SOIL FUNCTION RELATED MEASUREMENTS
Nutrient cycling Enzymes, microbes, nutrient content, pH

Carbon content, carbon pools, aggregates,
Carbon storage and cycling microbes, crystalline Fe/Al content

Water holding capacity, compaction, bulk
Water infiltration and supply density, aggregates, soil hardness, texture

Microbial diversity, microbial activity,
Soil life and biodiversity available substrate, enzymes

Bulk density, nutrients, water relations,
Medium for plant growth aggregates, soil hardness, pH

The mapr indicators of soil health can be separated into three categories: chemical,
physical, and biological. Within each category is a subset of indicators usgtdsent a critical
function of soil withint h e a s s e s s noeeraltheatihf(an @xardpmi tHoge sdentified
for a Northeast region in the Unit&tates are presented in Table).1Edr example, indicators
such as available bulk density, soil hardness, and aggregate stability are considered physical,
mineralizable nitrogen and microbial p&stion, are considered to be biological; and pH,
macronutrients, and total carbon, are considered chemical (Karlen et al., 2003, Miigbaist

al., 2016). The scientific relevance of a suitable indicator is considered based on things such as
11



its sendivity to management, good correlation to beneficial soil functions, cost and ease to

measure, and agracy in measureme(WMoebiusClune et al., 2016, Laishram et al., 2012).

To select potential indators for a soil health test, a variety of approaehesvailable
and no one correct way exs. Karlen et al2001)suggestwo common approaches to acqlare
minimum data set (MDS) includingsing expert opinion as well as principal comporaaralysis
(PCA), while acknowledginthere are limits to the aiuable information and local adjustments
are typically necessary (200The PCA approach relies on a statistical technique to identify the
indicators that best describe the greatest variation within data, and which are then considered to
be more sensite(Karlen et al., 2001, Andrews et al., 200) contrast, using expert opinion
may call upon multiple scientists to represent the interdisciplinary backgrounds of soil health to
determine important soil functions and practical indicators based on ddlaésgroup(Karlen et
al., 2001) Those seeking to assess soil health may choose a single or combined approach to
identifying a MDS asthe objective for index development should bddgelop an assessment
made to a scale and sensitivity that suits thestjons being asked and practical considerations

for indicator selection will widely vary (Karlen et al., 2001).

The Cornell Soil Health Assessment recommends choosing indicators for an index score
based on the eval uat i geinnoahagenens practices,selegapce® i t | Vi
the soil processes and functions, consistency and reproducibility, ease and cost of sampling, and
the cost of analysis (Moebi@lune et al., 2016, Laishram et al., 2012). In reference to these
parameters, the Corh&oil Health Assessment has narrowed ddéwm many opions just nine
indicatorsto use for a soil health ind€Xable 1.2) They include: surface and subsurface

hardness, water stable aggregates, available water capacity, active carbon, organic matter
12



content, soil protein, soil respiration, and soil chemical composition (Mcé&hiure et al.,

2016). Some of these have test methods established that have remained useful and relevant, such
as nutrient levels (chemical composition), while the methodsméssuch as water stable

aggregates, are under debate as techniques are still being improved upon based on soil type
differences and access to improved technology (Silva et al., 2015, Tisdall and Oades, 1982).
Since not all indicators are best for all s@ahd a MDS is more practical than an elaborate and
complex set, it is important to create indices that are easy to measure and interpret and are also

robust.

Table 1.2A list of 43 potential soil health indicators developed by the Cornell Soil Health Tagause
towards a soil health assessment protocol (Moe®Biuge et al., 2016).

fﬂyﬂ Biological Chemical |
Tesxture Root pathogen pressure assessment Phosphorus
Bulk density Beneficial nematode population Nitrate nitrogen
Macro-porosity Farasitic nematode population Potassium
Meso-porosity Potentially mineralizable nitrogen pH
Micro-porosity Cellulose decomposition rate Magnesiurm
Awailable water capacity Particulate organic matter Calciurm
Residual porosity Active carbon Iron
Penetration resistance at 10 kPa Weed seed bank Aluminum
Saturated hydraulic conductivity Microbial respiration rate Manganese
Dry aggregate size (<0.25 mm) Soil proteins Zine
Dry aggregate size (0.25 - 2 mm) Organic matter content Copper
Dry aggregate size (1 - 8 mm) Exchangeable acidity
Wet aggregate stability (0.25 - 2 mm) Salinity
Wet aggregate stability (2 - 8 rm) Sodicity
Surface hardness with penetrometer Heavy metals
Subsurface hardness with penetrometer
Field infiltrability
- -
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Ultimately, the relevance of the selected indicators depends on the soil type and climate

and what soil function is intended to be attained or maintained (Brady ancd2@ds), A few
specificfactors to be considered as impacting indicator selection may include vegetation,
topography, temporal variation, landscape position, tillage effect, soil water changes via
irrigation or rainfall, temperature regimes, and anthropogdigsions (Karlen et al., 2001).
While itdéds tempting to use a robust index
previous sudies have shown that caresdlecton of fewersoil healthindicators can effectively
be used to judge the irapts of management impacts on soil sustainability (Lima et al., 2013,
Andrews et al., 2002a, Kelting et al., 199B). achieve a robust and reliable measure of soil
health it is crucial toselectindicatorsthat are stable and do not vary wilena shot-term

basis

While chemical and physical indicators are typically straightforward to measure, the
nature of biological indicators as a function of living organisms and the roles they play in soll
health are often more complex and therefore difficulstdate (Moebiulune et al., 2016).
Despite this challengspil biologyis foundational tanany important soil functiong:or
example, & key roles of soil microbes are: decomposition of organic matter (crop residue),
mineralization and recycling of mignts, fixation of nitrogen, detoxification of pollutants,
maintenance of soil structure, biological suppression of plant pestsedunttion ofparasitism
and damage to plants (Stirling, 2014, Brackin et al., 20Igse functions are also closely
linked with both the chemical and physical properties of soil as they are dependent upon and
contribute to the fluxes and flows of carbon, nutrients, changes in soil pH, soil structure, and

aggregate stability, to name a few. In addition, microorganismsmrésppidly to environmental

stress, allowing them to be a powerful tool in soil health assessment by indicating early signs of
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change in soil health, at times preceding detectable change in physical or chentatbisdi
(Nielsen et al., 2002Because ofheir diverse and complex interactions with soil and the more
recent addition of biological indicators into the realm of soil health as a leading dynamic
component, they are an area with large gaps of knowledge and possess great potential
opportunity forgrowth in developing soil health indices (Kibblewhite let 2007, Karlen et al.,

2003a).

|l ndi cator selection for Hawai di

To begin tailoring a Hawai Qi soi l heal t h i
selected based aonsideration of those widelcceptedrom existingsoil healthtestsof other
regions and by calling upoitocal expert knowledgef Hawaiian soilTable 1.3YKarlen et al.,
2001).A set of 20 ptential indicators of soil health were compiled frerpert opinion and
resources avaitde online fromthe Cornell Soil Health Assessment, Haiseyl Health Index
andUSDA-NRCS Indicatorsrelated to soil organic carb@tabilization werencludedbecause
carbonplaysa centrakole insoil health, and connects global carbon cycles foosganic matter
and soil life.While 20 indicators arenpractical for aoutinesoil health indexthelist represents

a logicalstarting point to create a reduced list of indicators for Hawaiian soil health.
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Table 1.3Soil indicators selected forded opi ng a
improving desired soil functions for nutrient cycling, carbon storage, water infiltration and supply,

soil

heal t h i

biodiversity of soil life, and providing a productive medium for plant growth.

INDICATOR

FUNCTION

METHODOLOGY

Aggregate stability

Infiltration, porosity, resistance to
erosion, C storage

Wet-sieving, macro and mega water-
stable aggregates

Porosity, rooting environment,

Enzyme extractions

of substrates and nutrient cycling

Bulk density tilth Soil core
PHYSICAL Water holding capacity Plant water relations Capillary action
Infiltration rates, microbial Particle size analysis for percent
Texture distribution and soil fertility sand, silt, and clay
Penetrometer used at surface and
Soil hardness Soil friability, drainage, tilth 15cm depth
Total organic carbon and  |Matural resource reserve and
nitrogen microbial activity Combustion with Elemental Analyzer
Extractable nutrients (Ca, [|Metabolic rates, nutrient uptake,
Na, P, K) and nutrient availability Mehlich Il extraction
Metabolic rates, nutrient uptake,
pH and nutrient availability pH meter
Al + 0.5Fe, from non-crystalline
Poorly and non-crystalline |Organic matter accumulation, bound AlfFe extraction and
CHEMICAL . . . . e .
minerals water relations, soil aggregation |gquantification with ICP
Crystalline-bound Fe extraction and
guantification with ICP, minus
Organic matter accumulation, organic and non-crystalline bound Fe
Crystalline Fe oxides water relations, soil aggregation |values
Nitrogen availability and nutrient |Hot water extraction and analysis for
Hot water extractable N uptake dissolved inorganic nitrogen
Energically available, plant Water extraction and analysis for
Total dissolved N and C available, mobile total nitrogen and organic carbon
Energy source for microbes, Hot water extraction and analysis for
Hot water extractable C microbial biomass dissolved organic carbon
Readily available microbial
Carbon mineralization substrate 4 month soil incubation
Metabolic activity of the soil
Soil respiration microbial community 24 hour CO2-C burst
Microbial community Microbial community structure  |PLFA
BIOLOGICAL Microbial activity, decompaosition |Beta-glucosidase, Beta-

glucosiminidase, Acid phosphatase

Potentially mineralizable
nitrogen

Soil biclogical activity and
available substrate for N
mineralization

Mitrate and ammonium release
during 7-day anaerobic incubation

Microbial functional
diversity

Diversity/richness of microbial
population

Amplicon sequencing

Arthropods for
richness/diversity

Diversity/richness of invertebrate
population

Berlese funnel
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Building sol health indices

The common approach to creating most soil health indices involves combining soil health
indicators into varying scoring systems which are then integrated into creating one index (Karlen
et. al., 2008)General guidelines of index developmare stated by Karlen et al. to include the
following steps: 1) identifying critical soil functions, 2) selecting meaningful indicatothdse
functions, 3)developing appropriate scoring functions to interpret the indicators for various soll
resourcs and finally, 4) combining the information into values that can be tracked over time to
determine if the soil resources are being sustained, degraded, or agg@tdgdOnce
indicators are reduced from a potential list (Table 1.3) using those metlypgstad (PCA and
expert opinion), rany formulasand optiongxistfor weighting the value of indiators to sum
into thefinal score. Howevein general, the indicators are scooeshsideringheir value as
6 mor e isschdserganie mafter, deviatio f r om dopti mumé such as p
such as bulk densitKérlen et al., 1994MoebiusClune et al., 2016Ranges of indicator values
are typically assigned an integer value (€¢L0) or nonlinear scoring function, as appropriate
for theselected indicators. With these unitless scores, they can be combined across all index
i ndicators to obt &@heraarg hoWeaver,a few tuellad withhthisfagpmach e . 0
of assigning how heavily to factor in different indicators or threstaldes, such as determining
which indicators remain relevant over time, the inherent differences of the soil types being
compared on the same indexdthe specific goals for langse(Gugino, 2007)Using the
strength of the PCA correlations can alsoviate insight on how to weigh various indicators

(Andrews et al., 2002).
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The soil management assessment framework (SMAF) developed by Andrews et al.,
(2004) and further developed byi®dhold et al., (2009) provides an additional method for a
scoring curveprotocol of soil health indicatorSMAF uses notlinear scores to develop unitless
scoredrom algorithms or logic functions following the form of more is better, less is better, or
optimal values (Weinhold et al., 2009). From a selection of potentigators, values from a
large dataset are plotted with a range of environmental values and relationships are described
with curvefitting software. The algorithrfit scoring program is then validated with a different
set of datdrom that used to developéd algorithmsLimitations to the application of this process
include that climate and inherent properties can impact results between sites, and that full
datasets of values need to include a measure of soil function, similar to having a set response

varieble (Weinhold et al., 2009).

Another consideration for soil health assessmeagasnthe human factor of assessment,
which emphasizes the value of an experienced soil scientist to evaluate soils. When available,
expert opinion can be utikd tonot onlyassist in selecting indicators for a MBSt also in
determining optimal valugdima et al., 2013). While this component of assessment is often
thorough and effective, it is also limited by the time and proximity of those experienced in soil
healthand @n be subjectiveContinued studies in eiarm assessment and validation are
necessary to further develop functional soil health assessment ingdicagionand expand such

a valuable knowledge base (Kinyangi, 2007, Allen et al., 2011).

Challengesobsere d i n Hawai di

Agricul tur al l and i n Hawai Qi has been domi

more than a century, leimg degraded soils withegative impacts such as loss of organic matter,
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decreased nutrient cycling and supply capacity, decreasted infiltration, susceptibility to

erosion, acidificationand accompanyingxicity. | n addi ti on to these col
unique topography, tropical climate and precipitation gradients have led to a variety of soil types

and require a soil healthdex with adequate flexibility to address such diverse agroecosystems.
Current soil health indices have not yet been tailored for Hawaiian soils and there is a lack of
researchrelated tandicator testingor H a w asoil& While not directly applicable o Hawai @i ,
existing tests such as the Cornell Soil Health Assessment and Haney Soil Health Index do

provide useful index structure to assist in the developofemtHawa G i s o i | heal t h ir
1.39.Howevet i n or der t ospetikcwadhealtpindex, réseavelaan the

sensitivities and threshold values of indicatamslerlocal conditions is required (Lima et al.,

2013). I n addition, selecting indicators for
and hold the most meanihgr Hawaiian farmers is likely the best way to link soil science with

farmer decisiormaking (Roming et al., 2005).

1.5 Using soil health tests

Cost and analysis

To measure soil health, many options currently exist that use a rangkcatons and
methodswhichvary in costs, reliability, comprehension, and igalapplicability. A basic soil
health test offeretly Cornell University iss60, but can easily reach $200 depending on the
depth of personalized result interpretation, equipment needed, aioth &uldicators measured,
which isacommon price range for current soil health testing facilities in the United States.
Analysis time can range from a few days for simpléefd tests, to over a month for those

requiring greater laboratory examinatiomelCornell Soil Health Assessment and the Haney
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Soil Health Index are two current approaches for soil health assessments in the United States.
The test results provide a farmer with a soil
demonstrating how stacks up in comparison to qualities of soils with known health and
possessing similar functions and qualitiestodhe same soil from a previous sampling. The

score can then be broken down within the physical, chemical, or biological categorisge@énd u

to assess soil health improvement or degradation in each category. These tests also may offer
management suggestions based on the type of results package a client requests. With the
recommended guidance, the land manager can choose to add orgamijcusetteore or less

fertilizer, select appropriate types of fertilizers, adjust soil disturbance, irrigation, or crop type,

for example. Over time and with the use of continued testing, management styles can be tracked
to show their ehedtreaodbs usedm® atooktcthneassre chdnges in the soil as

a result of management, land use, or environmental changes the land undergoes.

Soil health improvement strategies

After a soil health tesissesssor scoreghe condition of the soil, thecommended
options for improving the soil health constraints may be considered (Me€hios et al.,
2016).Alternativesoil management practices should be implemented gradually and with careful
monitoring to adjust to the characteristics of the landideally with the assistance of a soil
specialist (Moebiu€lune et al., 2016). Noticing issues with soil in the early stages of
transitioning the land with new soil health goals can help to teeppproaches relevantttee
soil problemsand to avoid exgnsive crop failures. Four commstrategies used to improve soil
health are: reducing tillage intensity, crop rotations, cover cropping oisieling, and adding

inoculants or amendments such as organic matter (Me€&lhune et al., 2016). While theaze
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endless combinations of options and outcomes when using these concepts, incorporation of these
techniques can reduce the disturbance to the soil biotic communities, increase species diversity
and disease resistance, improve nutrient cycling, boosbtherganic matterand improve soil

structure.

Optimizing soil carbon sequestration to improve soil health and climate change mitigation

By carefully tracking soil health test changes along with specific farm practices, soil
researchers could draw morearate correlationisetween soil health and carbon sequestration
potential.Sequestration varies across soil typesraggbnal variables regarding SOddntent
and carbon storagehich contributeo climate change mitigation. As a result, farmers could
tailor their soil management practices to optimize soil health as well as climate change mitigation
by building SOM Soil health improvement and soil carbon sequestration may be optimized by
similar processes, however these have not been clearly identifredft he soi | s uni que
Soil practices in other regions shown to support soil carbon sequestration are 1) working the soll
less, for example with ntill methods 2) keeping the soil covered with vegetation rather than
bare 3) planting intermediateops, row intercrops, and grass strips 4) creating field hedges 5)
optimizing pasture management such as longer grazing periods and 6) restoring degraded soils
(Minasny et al., 2017Additionally, soil types are known to have varying potentials to ségues
soil carbon, with certain tropical soils existing on the higher end of soil carbon sequestration
potential (Jackson et al., 201 Based on the soil types and practices we know to impact both
soil health and soil carbon sequestration potential eixfieected that conducting sbitalth
testing across Hawai &i 0 guidetlerestatiorsofsoildeaithamda na g e m

contribute taclimate change mitigation.

21



1.6 So@l perspectives of soil health

Relevanceof soil health to farmers

A solil health test can improve the outcome of agricultural efforts and benefit the
surrounding environment, however, It i s unkno
how it is used by farmers to impact management decis8mbhealth testingssesssthe
quality of a soil ecosystein relation tovarious land use goalkleally, growers can turn to these
assessments so that they have effective overall planning for their soil, can identify constraints,
monitor change, and measure progress (MeeBGlune et al., 20165ince the methods of
measuringsoil fertility are well developeth respecto crop production outcomes,
fertility/nutrient testsare currently more widely adopted than a soil health test. Howshde,
quiteuseful when used correctlgnly a quarter of American farmers are testing for soll
fertility/nutrients andfor those that argheytypically lack the necessary resources to interpret
their soil tests and apply the information to their manageprasticegLobry de Bruyn and

Andrews, 2016).

Soil health improvement is a slow process and accurately recording change in relevant
indicators is crucial to see the impact of managepetticesover time. Since these changes in
soil health happen at the humane scale, particularly idegraded solls, it is ideal that soil tests
be used regularly as a O6decision aidé for | on
Andrews, 2016). A f ar mer cansdtivelyassesslha eifactivnesss o i |
of management praces (Figurel.2). Used regularly, a locatiespecific soil health test should
accurately give a farmer answers to questions

i mprove, maintain, or degrade the corngkoilti on o
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health are especially important for many developing regions that have become degraded. In some

areas that are particularly isolated with limited resources for agriculture, soil health improvement
strategies such as adding organic matterandrota cr ops ar e r esatlairsttdi c

low-fertility or degraded systems (Kibblewhite et al., 2007).

Soil Health Index (1)
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| y
0.4 M
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0.2 e o
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0 2 4 (5 8 10

Time since management change
(Years)

Figure 1.2An exampl e of how results from a developed
farmer over time to track soil health aftemanagement change, where the range of valueshreith

one being th&ealthiest Scores for the index are generated from measured physical, chemical, and
biological soil parameters.

Understanding farmer perceptions

Il n Hawai @i , i t health ordentiktyntestmg is beiagautilized anong
farmers. Due to lack of available data, the reasons why some farmers may not be using soll
testing such as cost, analysis time, or uncertainty in the applicability to their management are
unrecognized. Fathis reason, there is a gap of knowledge as to how to best provide soil testing

resources and boost farmer engagement. Further research should attempt to identify user
23
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participation as well as applications of soil test information to better supportrfgoals as well

as expand available soil data in the state.

Successful efforts in evaluating human thought processes regarding belief systems and
related behaviors holds the key to unlocking existing barriers of communication between farmers
and researchsy extensionvorkers and policy makers. Regarding the Theory of Planned
Behavior postulated by Ajzen (1991), farmers may have the intention to sustain soil health on
their land, but the lack of appropriate resources can introduce behavioral contrdtsratig a
intended behavior of a farmer, such as diminished efforts to utilize soil health building practices
due to poor soil monitoring resources (Bhattacherjee, 2012). After addressing issues that impact
farmer interest in longerm land management plasisch as land ownership and lease length,
understanding the perception of soil health testing by a farmer is arguably one of the most crucial
aspects to consider when attempting to implement a new soil health index with the goal of
improving longterm heah of soils and conservah planning for land managerBhe process of
cognitive mapping, involving a series of ques
perceptions, is one effective way of evaluating the gaps of communication beteaseretitific
community and realvorld application. Integration of the farmer perspectives and empirical
knowledge can be particularly useful in lomput systems where resaes are mostly derived
locally (Mairura et al., 2007). With the creation of a neémbap from orfarm participatory
ree ar ¢ h, -spedfiewsoil kivdwledge could effectively assist in developing the most

applicable and appropriate soil and crop management systems (Mairura et al., 2007).
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Big picture pertinence of soil carbon

In addition to improving soil directly forgiculture benefitsthe abilityto assess the
health of a soil also facilitates land valuation and pricing of soil economically and gives soll
health initiatives more momentum from a political standpoint (MoeGiuse et al., 2016).
Effective response® the degradation of soils must emanate from policy change that pertain to
soil management by land managers (lyotbe Bruyn and Andrews, 2016)céurate testing with
reproducible methods f@oil health assessmentisatsd | mpor t ance iwhere6car bo
a soil is managed for its ability to sequester carbon from the atmosphere as a strategy for climate
change mitigation (Lal, 2004). Land being regulated for carbon farming can be considered in
regions that support a carbon tax system, where carbissiens can be offset by the carbon
farming potential of cedin soils in a carbon economy.h e Hawai @i St ate Legi s
into law Act 33 in 2017, which established a Greenhouse Gas Sequestration Task Force whose
mi ssion is to improve soil health and promote
aquacultural, and agroforessgctorqOffice of Planning HI2018. Locally, this represents a
critical step in Hawai i 6s effort sandbecomedopt t
national role modelAdditionally, itsupporttHa wai @i 6 s st at ewi dergyg o mmi t m
natural resource management, local food, smart sustainable communities, solid waste, and green
education and workforce by 2030 (Office of Planning2®l18. Globally,ini t i at i ves such
per 1000 Soils for Food Sesoiucarbhon stocka lbyd.4%pei mat e o
year to halt annual increases in atmospherig Widch contributes to global climate change
(Minasny et al., 2017). Soil sciee applications such as these examategyaining momentum
worldwide, opening more avenues @portunity and funding in applied science for reairld

solutions.
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CHAPTER 2. REFINING POTENTIAL SOIL HEALTH INDICATORE OR HAWAI1 61 0 S

DIVERSE SOILS

2.1 INTRODUCTION

More than a century of intensive agricultinasleft much of the formerly productive
Hawaiian soil in a degraded state, which currently exists as a diverse landscape of various land
use and management. Soil is an important natural resource and has the potential to provide food
security, mitigate climate change, and protect coastal and iatasystems from further
degradation if restored to a healthy, resilient state. To promote therrestt i on of soi | [
it is vital that stewards of the land are able to observe changes in its health and develop a plan for
integrating soil health nmagement practices that are practical and efficient for the diversity of
|l and use in Hawai di. A method for quantitatiyv
further soil degradation, and to guide restoration developed specifically forarepils in
Hawai di 6s natur al and working | andscapes, cur
Hawaiian soil diversity spans soil taxonomy, current land use, histai@luse, and
climates, makin@ onesizefits-al soil health score not useful, nor suitatfgmilar tohuman
health, the term soil health is relative to the applied context, and so an applicable definition of
soi l health iIis defined as Athe continued capa
that sustains pl ant s, h2018).inikerhanas healt, doil Healtm@amsto ( NR
be confined to one trait but rather it encompasses physical, chemical, and biological traits as well
as the Istoricd background of landise A critical step in the development of a reliable and

robust soil health e st f orequirdsathe aeledtion afsuite of appropriate soil health

indicatorssensitiveto change in soimanagement
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2.2 OBJECTIVES AND HYPOTHESES

At present, there exists a list of potential soil health indicators for Hawait, flegjuires
refinement and arobusttestid sui tabi l ity for use across Haw
(Figure 2.1) With the overall goal ofleveloping a robustoil health index appropriate for

Ha wa i 0objectivésamod hypothesesere developed:

Objective 1: Identify patterns of land use and soil taxonomy that are associated to the changes in

values of soil parameters and which could be indicative of soil health.

Objective 2: Refine a large suite of potential soil health indicatord identifythe mast
sensitive indicators of differences in soil characterisétated to soil health in Hawfaiiacross

diverse soils and langse classethat arealsopractical for farmers and researchers to use.

Global research in soil testing methods
related to soil qualities

Potential indicators of soil health o
Objective 2
T, . Refining potential
Hawai'i indicators of soil health HH tesie s med fEE
be specific for Hawai'i
HI farm trials with various soil diversity
management using

identified indicators

P

Hawai'i Soil Health
Index

Figure 2.1 A visual representation of the stages of developing a soil health index, showing Objective 2 as
the process of refining potential indioed of soil health from global research to indicators refined for
Hawai i
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Hypothesis 1:Level of intensity of agricultural activity is a main driver of differences in
indicators representing measurements related to soil health due to correlated ldsw gédusic

matter and soil lifeneasurements.

Hypothesis 2:Values of water stable aggregates, potentially mineralizable nitrogen, soil
respiration, and bulk density are the strongest indicators of soil health, regarding their sensitivity
to variability insoil management, due to their mechanisglationship targanic matter content

and soil life.

2.3METHODS

2.3.1 Site selection

Selected site locations from cropland, grassland, and forest covered a range of soil
management, fertility, and soil taxonomliyersityto maximize variance in the data related to
soil health(Table 2.1) Soil samples from sizoil orders were collected from 22 sites across the
islands of Oahu, Maui, and Molokai, consisting of Oxisols, Ultisols, Andisols, Inceptisols,
Vertisols,andMollisols (Appendix B. While there is a considerable agriculture presence on the
island of Hawai @i, no soil samples were inclu
unsterilized soil transport due to precautions of spreading the Ragil De@th fungal
pathogenGroups of management selected for sampling came $ita®s that were initially
classified as eithesrganic and conventional cropland, fetigpasture, or unmanaged laAd
least three types of management made up each soil order sampled with as masypsieghle
from the same soil series within each order to reduce variability. Land managers of each site

were asked to share information on site management and land history. Their responses provided
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detail on irrigation, tillage, pesticide use, vegetatiover, fertilizer, current soil management
practices, as well as details of management in short term and long term higtemayailable).

Table 2.1The 22 site locations from cropland, grassland, and forest that were selected to cover a range of
soil management, fertility, and soil taxonomy diversity spanning six soil orders across the islands of
Oahu, Maui, and Molokai.

Elevation
SiteID  (meters) Soil Order Soil Series Taxonomy Current Management Management History Vegetative cover
Very-fine, mixed, superactive, Long term conventional
A 4 Mollisol Waialua isohyperthermic Pachic Haplustolls Organic agriculture 3yrs prior Beet, cilantro, carrot
Fine, kaolinitic, isohyperthermic Long term conventional
B 8 Maollisol Ewa Aridic Haplustolls Conventional agriculture Melon
Very-fine, kaolinitic, isochyperthermic Long term conventional
(i 57 Oxisol Lahaina Rhodic Eutrustox Unmanaged agriculture 10yrs prior Guinea grass, shrubbery
Very-fine, kaolinitic, isohyperthermic Long term conventional
D 56 Oxisol Lahaina Rhodic Eutrustox Organic agriculture 10yrs prior Kale
Very-fine, kaolinitic, isohyperthermic Long term conventional
= E 45 Oxisol Lahaina Rhodic Eutrustox Conventional agriculture Comn
= Very-fine, mixed, superactive, Long term conventional
8 F 57 Mollisol Waialua iso hyperthermic Pachic Haplustolls Unmanaged agriculture 18yrs prior Torpedo and guinea grass
Very-fine, kaolinitic, isohyperthermic Long term conventional
G 169 Oxisol Wahiawa Rhodic Haplustox Unmanaged agriculture Torpedo and guinea grass
Very-fine, kaolinitic, isohyperthermic Long term conventional
H 235 Oxisol Wahiawa Rhodic Haplustox Conventional agriculture Bok choi, lettuce
Fine, smectitic, isohyperthermic Animal husbandry followed by
1 35 Vertisol Lualualei Typic Gypsitorrerts Orpanic 20yrs fallow, 16yrs prior Spinach, arugula
Fine, smectitic, isohyperthermic Long term conventional
1 29 Vertisol Lualualei Typic Gypsitorrerts Conventional agriculture Green onion
Fine, smectitic, isohyperthermic Long term conventional Torpedo grass, halekoa,
K 36 Vertisol Lualualei Typic Gypsitorrerts Unmanaged agriculture approx. 60yrs prior keawe
Medial, amorphic, isothermic Humic Long term conventional
L 1182 Andisol Kula Haplustands Conventional agriculture Cabbage
Very-fine, parasesquic, isothermic Long term conventional
M 408 Inceptisol Haliimaile Oxic Dystrustepts Conventional agriculture Pineapple
Very-fine, parasesquic, isothermic Long term conventional Signal grass, mixed
N 153 Inceptisol Haliimaile Oxic Dystrustepts Pasture agricutlure 3yrs prior volunteer grass
Very-fine, parasesquic, isothermic Long term conventional Eucaly ptus, silver oak,
5 0 369 Inceptisol Haliimaile Oxic Dystrustepts Forest agriculture approx. 40yrs prior guinea grass, shrubbery
g Medial, amorphic, isothermic Humic Eucalyptus, shubbery,
P 1314 Andisol Kula Haplustands Forest Forest, no known agriculture blackberry
Medial, amorphic, isothermic Humic
Q 1322 Andisol Kula Haplustand Pasture Agriculture approx. 100yrs prior Kikuyu grass
Clayey, mixed, superactive,
isothermic, shallow Histic Placic Koa, olapa, native
R 1392 Inceptisol Amalu Petraguepts Forest Forest, no known agriculture vegelation
Very-fine, parasesquic, isothermic Set stock dairy 10yrs prior, Kikuyu and mixed pasture
S 679 Inceptisol Haliimaile Oxic Dystrustepts Pasture possible cultivation 50yrs prior grass species
— Very-fine, parasesquic, isothermic Kikuyu grass, christmas
E T 225 Ultisol Halawa Ustic Haplohumults Forest Forest, no known agriculture berry
Q Very-fine, parasesquic, isothermic Mixed pasture grass,
E u 23 Ultisol Halawa Ustic Haplohumults Pasture Pasture legume, guinea grass
E Very-fine, parasesquic, isothermic
\'J 224 Ultisol Halawa Ustic Haplohumults Organic Pasture 6yrs prior Kale, collards, onion

2.3.2 Soil collection

At each of the 22 sites, three field repetitions (plots) were collected for a total of 66 soil
samples. Edcplot sample was comprised of homogenized soil taken at the depttbofrD
from five soil cores using methods adapted from the Cornell Soil Health Manual (Moebius
Clune et al., 2016) aDoran et al. (1994Figure 2.2. The top surface of organic mattebris
was carefully removed prior to soil coring. ThdBcm depth zone of soil ecosystem is the most
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sensitive to changes in soil management and is therefore the chosen layer to measure sensitive
indicators of soil health (Dick et al., 1996). Within #te, the three plots were at least 5 meters
apart and selected to best characterize the property by judgement sampling, which takes into
consideration potential differences in management practices and crop type (Dick et al., 1996).
There was no strong elence to expect high variance in the soil properties and so simple random

sampling was sufficient in eachn® plot (Figure 2.2 (Dick et al., 1996).

Within each of the 66 plots, composite sampling was done by thoroughly mixing
collected soils into oneutk sample per plot (Dick et al., 1996). Samples were transported back
to storage facilities and frozen-20°C as well as an adried portion (less than 10% moisture).
Samples for phospholipid fatty acid testing were kept chilled, not frozen, anddhippe

immediately under refrigeration to the analysis facility.

@ Each plot is at least @

5 meters apart
Five soil cores within

the boundariesof —7—7—_ | .
each plot

Each plot is 1m?

—

Figure 2.2Field sampling design at each site for bulk soil collection, consisting of three plots at each site.
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2.33 Soil analysis

Aggregate stability

Soils with higher watestable aggregatstability have increased water infiltration, water
storage, water and gas exchange, and resistance to erosion (Arai et al., 2014). Soil aggregates can
store and protect organic carbon from being lost from the soil as a physical protection
mechanism fronmicrobes as well as restricting the diffusion of oxygen and enzymes
(Blankinship et al., 2016, Berhe et al., 2012). Aggregate stability was determined by measuring
waterstable aggregates via the vaatving method using the Eijkelkamp apparatus (Giesbeek,
Netherlands), formacra g gr e g at ea qagirde ¢ane egsnénd2(4m,2espectively)
(Figure 2.3. Air-dried samples were used for all soil samples except for Andisols, which, due to
the known irreversible damage done to soil properties once @rezd only dried enough so that
they could pass without force for dsyeving aggregate size classes. A 4g sample of the dry
sieved soil aggregates was placed into a respective sieve size and wetted via capillary action for
five minutes. The samples odated vertically (1.3 m at 34 times/min) into 781L of distilled
water for 10 minutes and then lifted out to briefly drain. Aggregates that are not water stable are
collected in the water beneath the sieve and dried to 105°C and then weighed. Agdrapates t
are water stable remained on the sieve and were dispersed usigod@ 2 g/L solution of
either sodium hexametaphosphate (if soil pH is greater than 7) or sodium hydroxide (if soil pH is
less than 7) and placed on a horizontal shaker table favur€.hAfter dispersion, the samples
were again passed through their corresponding sieve size and water stable aggregates collected
beneath the sieve, dried to 105°C, and weighed, with only rocks and organic matter remaining on

the sieve. Samples with stgpaggregates required mechanical dispersion by use of a rubber
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policeman attached to a stir rod and pushed through the sieve. Final values of water stable
aggregates in the two size classes was calculated by subtraction of the dispersant precipitate from
the waterstable aggregate dry weight, divided by the total dry weight of aggregates added to the

sieve. Values are reported as percent wsttdsle aggregates by size class.

Figure 2.3The airdried soil aggregates of sizes 02B5m and 24 mm prior towet-sieving.
Bulk density

Bulk density serves as a measure of the degree of soil compaction and hence potential
restrictions upon root growth, as well as limitations in pore space for air and water to fill (Arshad
et al., 1996). Density soil collectiorsynducted during field sampling, used a 5.4 cm diameter
metal core cylinder with a volume of 68.7 tta collect a soil alumn at 10 cm depth (Figure
2.4). Coreswerecarefullyinserted to insureninimal disturbance to obtain an uncompacted soil

volume andhe extracted soil volume was stored separately from the bulk soil collection. Bulk
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density samples were dried to 105°C, weighed, and then sieved. Rocks greatentham size
were removed, weighed, and their volume was measured via water displadeoc&nieights
and volumes were subtracted from the total bulk density volume and weight values. Bulk density

values are reported as gfem

Figure 24 Bulk density core carefully sampled at a depth o0

Texture

Soil texture provides information @oil structure regarding rates of water infiltration,
available pore space, and can also relate to soil fertility. Soil texture is an intrinsic soil property
that is notaffected by managementeXture values were obtained from the available National
Resarces Conservation Service (NRCS) online soil survey ref®oit Survey Staff, NRCS

USDA, 2018 for each soil series. Texture values were reported in percent sand, silt, and clay.
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Soil hardness

Soil hardness is the capacity of the soil to resist pdratray a rigid object and relates
to the compactness of a soil as well as the cementing features of its mineral structure (Arshad et
al., 1996)Compacionreducst he soi |l 6s abi |l it yreducesvadeu ppor t r 0O«
infiltration, increasinghe pdential forerosion. A Fieldscout SC 900 (Spectrum Technologies,
Aurora, IL) soil compaction meter (penetrometégtapplies vertical manual forcavas used to
measure and record resistance in the fi€lte penetrometer was used at eaictine 66 plots ad
values inkPa were recorded at each 218 increment to a maximum potential depth ot8Q
At sites with high soil hardness, values were recorded until the probe could no longer move
through the soil profilevValues for soil hardness are reported atgtirface (0 cm) and at plow
depth (15 cm). For soils that did not allow the probe to reacdml&epth due to exssive
hardness, the value 50BPa was used to represent the maximum pressure observed across sites.
Penetration resistar classes range fro<10-8000 KWPa and respectively represent soil with

extremely low to extremely high soil hardness (Arshad et al., 1996).

Total organic C and N

High organic matter in the soil is known to correlate wihious critical soil functions as
well asincrease &oilés resiliereto drought and extreme rainfall and also megucenutrient
inputs (Bot and Benites, 2005, Awale and Chatterjee, 2017). The total organic C measusemen
highly correlated to organic matteontent (MoebiusClune et al., 2016). The Cesh Elemental
Analyzer(Costech Analytical Technologies, In¥alencia, CA, USAprovides the percemstal
carbonand nitrogen found in each sample. A soil subsample from each plot was dried to 105°C,

ground to pass through a 28M sieve and acidified as necessary in an airtight container with
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hydrochloric acid and fumigated for four hours to remove inorganic carbon and samples were
then measured in the elemental analyzer. The acidification stage is necessary for soils that have
been limed to increase pH as well as those soils with parent material rich in calcium carbonate
(coral). Values for total organic carbon and total nitrogen are reported as a percent of the dry soll

mass.

pH

Soil pH is regarded as a standard measuremesttildbecause of its influence in essential
nutrient aailability and plant toxicityKarlen et al., 2003a) ypically, a pH range of 6:7.0 is
considered ideal, howevehisis crop and ecosystem depend&il pH values were obtained
using a 2:1 methbin water with a SympHony SB70P meter. Thedsied equivalent of 1Q
soil was mixed into 2@nL distilled water, mixed on a Vortex shaker for 10 seconds, and allowed

to sit for 30 minutes prior to measurement of the soil solution.

Extractable nutrientgalcium, sodium, potassium, and phosphorus

Base cations and available phosphorus impact soil fertility and salinity, and ideal
concentrations depend on crop or plant cover. A Mehlich Il extraction measured calcium,
sodium, potassium (C% Na', K*) and atho-phosphate using 2¢of airdried soil. The soil
was weighed into 5L centrifuge tubes and 26L of Mehlich Il was pipetted into each
sample. Each sample shook for five minutes on a reciprocal shaker and then filtered through
Whatman No. 2 filtepaper. The extractant was immediately stored in a freezer, and thawed to
room temperature before analysis!Cala", and K were analyzed using the flame photometry

method, while orthgphosphate was analyzed a LACHAT 8500 Series @Hach Company,
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Loveland, CO, USA)using the flowinjection colorimetric method read at@8m Reported

values for extractable nutrients are in mg/Kg soil.

Hydroxylamine hydrochloride extractable Fe/Al

The hydroxylamine hydrochloride extraction is used to remove amorphoasatsifrom
soil by bringing them into solution, which is most meaningful to measure in soils such as
Andisolscomposed opoorly and norcrystalline minerals (Chao and Zhou, 1983). This test is
commonly used in formula with other metal element extractimngnal parameter values that
assist in taxonomic classifications of soils as well as carbon sequestration potential (Rasmussen
et al., 2018). Using the procedure adapted from Carter and Gregorich (2008g&samples
were ground to pass through 5® mesh sieve, while Andisol samples were not dried and
therefore were also not ground, due to the known irreversible damage done to soil properties
once dried. A 0.1g soil sample was weighed into a centrifuge tube as welimsd®.25M
hydroxylaminehydrochloride and 0.261 hydrochloric acid solution. Samples weracedon a
shaker table for 16 hours and then centrifuged for 20 minutes at 1500 rpm. Next, the sample
supernatant was filtered through Whatman 52 filter paper. The final filtered sangdealwed
by Inductively Coupled Plasma Atomic Emission Spectroscopy-AEB)to measure the

concentration of elements iron, aluminum, and silica with values reported in g/kg soil.

Citrate dithionite extractable Fe/Al

Citrate dithionite extractable elemts are used most commonly to identify the amount of
Afreeo secondary crystalline and short range

organicallycomplexed and amorphous iron, aluminum and silica as well as iron and aluminum
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oxides and bringing #m into solution (Loeppert and Inskeep, 1996). The reducing environment
created by the dithionite dissolves metallic oxides while the sodium citrate chelates the dissolved
metals and buffers the pH to near 7 and prevents compound precipitation (Couacttesne

Turmel, 2008). This test is commonly used in formula with other metal element extractions for
final parameter values that assist in taxonomic classifications of soils as well as carbon
sequestration potential (Rasmussen et al., 2018)drfed samplesvere ground to pass through
150um mesh sieve, while Andisol samples were not dried and therefore were also not ground,
due to the known irreversible damage done to soil properties once driedgAdilSample, 6g

sodium citrate 0.5 g sodium dithioni@nd 30mL deionized water are added to a centrifuge tube
and slakenfor 15 seconds before opening to ventilate and p@ced on a reciprocating shaker

for 16 hours. Next, 18l of polyacrylamide flocculating agent was added to each sample after
transfe to a volumetric flask, mixed for 15 seconds and diluted toml5@olume with

deionized water. Each sample was poured back into centrifuge tube, and centrifuged at 1800 rpm
for 30 minutes prior to filtering through Whatman 52 filter paper. Final flfsgmples were

analyzed byCP-AES to measure the concentration of elements iron, aluminum, and silica with

values reported in g/kg soil.

Sodium pyrophosphate extractable Fe/Al

The sodium pyrophosphate extraction is used to remove the orgaicafid irax and
aluminum, which often controls aluminum in surface horizons of mineral soils dnwi£dns of
organic matterich soils (Bloom et al., 1979, Walker et al., 1990). This test is commonly used in
formula with other metal element extractions for finatgmeter values that assist in taxonomic

classifications of soils as well as carbon sequestration potential (Rasmussen et al., 2018). Using
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the procedure from Carter and Gregorich (2008)daed samples were ground to pass through
150um mesh sieve, whke Andisol samples were not dried and therefore were also not ground,
due to the known irreversible damage done to soil properties once dried. AyGaample of

soil was weighed into a centrifuge tube andvi5of 0.1M sodium pyrophosphate was pipetted
into each sample and thptacedon shaker table for 16 hours and centrifuged for 15 minutes at
20,000 G. Each sample was filtered through Whatman 52 filter paper, and the collected
supernatant sample wagralyzed byCP-AES to measure the concentrationebéments iron,

aluminum, and silica with values reported in g/kg soil.

Hot water extractable C and N

Water extractable carbon and nitrogen measurements reflect sivatiyelabile pools
of soil organic matter caused by management practices (Hamkakedednichek, 2014).
Extractable carbon is associated with aggregate formation as well as a reserve of nutrients and
energy for plants and microbes, while extractable nitrogen is readily mineralizable nitrogen that
impacts plant growth (Hamkalo and Bedehak, 2014, St. Luce et al., 2016). Hot water
extractable carbon is associateth biological activity as the hot water lyses microbe cells and
releases biomass componentsichrelates well with microbial biomass C (Sparling et al.,
1998, Ghani et al.,aD3). Using methods adapted from Ghani et al. (2003), modified from
Haynes and Francis (1993), a 3g okied equivalent sample of airied soil was placed into
30 mL of room temperature distilled water and placed on horizontal shaker table for 3Gminute

centrifuged at 3000 rpm for 20 minutes and then filtered throughlegcbeed 4% m acetate

cellulose syringe filter. The collected supernatant was acidified withZ5 of 1 M HCI bef ¢

beingst ored frozen until analysis as the fdcol
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corrected by weight for any water still remaininghe soil pellet, was added to the sample and

shaken on a vortex shaker for 10 seconds, and placed into hot water bat far8® hours.

Tubes were then vigorously shaken for 10 secondsgaspend the havater extractable

carbon and nitrogen, cerftrged for 20 minutes at 3000 rpm and again filtered through-a pre
leached4sm acetate cellulose syringe filter and s
extraction. o Hot and cold water samples were
organic carbon and nitrogen using the Total Organic Carbon (TOC) Anafyzkrl 5000A

(Shimadzu Corporation, Kyoto, Japan). Dissolved organic carbon is the sum ahddidt
extractable values. Results are reported in ¢
inorganic nitrogen was measuried ammonium and nitrate anLACHAT 8500 Series PHach

Company, Loveland, CO, USAising theflow-injection colorimetric method read at 660 for

ammonium and 520 for nitrate.

Water holding capacity

A soil d6s ability to hold water imicrobialt al f o
life and is often correlated 8wil textureamount ofsoil organic matteras well as bulk density
(Brady and Weil, 2008). Higher values of water holding capacity are ideal for a healthy soil
ecosystem. Using an adapted protdomin Awale andChatterjeg2015) the airdried
equivalent of 1@ ovendried soil was added to a 50 mL cylinder, with an attached Whatman
#54 filter on the bottom acting to contain the soil placed into the tube. Tubes were lowered into
water for capillary action to satte the soil column. Once all soils had reached saturation, they
were drained for one hour and reweighed to calculate their full water holding capacity. Water

holding capacity was calculated as the weight of the water retained in the soil divided by the
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oven dry weight of the soil, reported in percent.

24-hour soil respiration (C@burst)

Soil respiration methods measure the metabolic activity of the microbial communities in
the soil, an important aspect of solil fertility (Haney et al., 2008). Greataratsn of the
microbes in soil is indicative of greater activity of the soil microbes present which contribute to
organic matter decomposition and nutrient cycling (Haney et al., 2008). A 24 heuel€E&se
highly correlates with other methods of s@épiration, such as microbial biomass, yet is a
simpler and easr to use method than older test methods (Haney et al., 2008). To measure soil
respiration, a 29 ovendry equivalent sample of aglried soil was rewetted to 60% water
holding capacity, plaed into a 610 mL airtight container at a controlled temperature°af 2%
24 hours, and the carbon dioxide respiration emissions wptared and measured in a
PerkirElmer Clarus 58@C (PerkinElmer, Waltham, MA, USAFinal reported values were

convered into pg C/g soil.

Carbon mineralization incubation

The availability of carbon to be metabolized by soil microbes and released & CO
regulated by various physical, chemical, and biological soil properties. The labile C, or rapid
turnover C, can be sensitive measurement of changes in soil organic carbon stocks that
influence soil health (Awale et al., 2017). Soils prepared for th@ylsoil respiration test (see
soil respiration methods above) wéeét open to the atmosphere for three daysedy
exchange atmospheric gas, capped and allowedniinuetheincubation at 25C for a peiod of

119 days (4 months). Tleentainersvere sampledor CO; at differenttime pointsdepending on
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the amount 0€O, emitted to avoid toxic levels of G®uildupwithin the container. Soils with

high miciobial activity were sampled-2 timesa day for the first three months and the4 3

times per week near the end of the 119 days. These highly microbially active soils also
underwentaradct i on to ™M the original soil mass at 9
sampled 13 times a week and then once every tmeeks up to day 119. Soils were moisture

corrected to maintain the moisture content within 5% the original water contentallies were

modeled in R at incubation days 1, 3, 7, 14, 30, 60, 90, 119 for carbon pool identification. Final
reported values are the percent of total carbon that was mineralized and respired over 119 days as
the closest estimate to a labile pool (cumutatias concentrations were converted into a carbon

mass and divided by total initial carbon mass).

Microbial community PLFA

Phospholipid fatty acids (PLFA) are a key component of microbial cell membranes and
analysis of PLFA provides a snapshot of miscabcommunity structure representing the
bi ol ogical soil response to changes +n | and m
throughput method of analysis is chosen over other options representing microbe diversity
because of its speed to produesults and because it is a reliable adaptation of older methods
such as Bligh and Dyer 6s (195 Refrigerated and getrer on  me
frozen soil samples were packed on dry ice and sent to an outsourced lab for PLFA analysis
accordng tothe extraction method of Buyer and Sasser (2012). Values reported for total PLFA
(in pmol/g dry soil)are robusestimats of microbial biomass (Tunlid and White, 1992; Zelles et

al., 1995).In addition to overalimicrobial biomassthe analysis pduced estimates fdne
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following microbial groupsgram positive, gram negative, anaerobe, actinomycetes

(Actinobacteria), methanobacter, fungi, and AM fungi.

Enzyme extractions

Nutrient cycling in soils relies not only on direct nutrient inputs, but @tghe ability of
soil enzymes to decomposgyanic matteand release nutrients into plant available forms. Soll
enzymes are substragpecific and during reaction with the substrate, reld@seorresponding
product into the soil ecosystem (Alkortaagt 2003). Enzyme activity does not necessarily
correlate with live soil microbes and can source from dead microbes, residues, and animals
(Tabatabai, 1994). Hence, concentrations of soil enzymes can estimate long term microbial
activity and respond tohanges in soil management more quickly than many other indicators that
slowly degrade such as total carbon loss (Dick et al., 1994). The ehzgineosidase is
important for recycling carbon compounds into energy for microbessantkeliablepredicbr of
organic matter decomposition (Alkorta et al., 20@3ylucosaminidase isivolvedin both
carbon and nitrogen mineralization while acid phosphatase is responsible for the recycling of
phosphorus, both important cycletated tonutrient uptake by pldaa (Parham and Deng, 1999,
Alkorta et al., 2003)b-glucosidaseh-glucosaminidase, and Acid phosphatase were separately
extracted from each soil sample and each extraction follpnetdcols outlined iMabatabai
(1994), Parham and Deng (2000), and Acddgatinez and Tabatabai (2011), respectively. A
pre-sieved (<2 mmD.5g sample of aidried soilwas mixed with reagents and incubated at
37°C for one hour. The reaction was then stopged the samples were filterélhe filtered
supernatant was measurfed intensity of yellow color in 405 UV/Vis Spectrophotometer

(Jenway, Staffordshire, UkKgnd results are reporteddng -nifpophenol/g soil.
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Potentially mineralizable N

The conversion of nitrogen from complex organic forms into ammonium (mineralization)
is a biological process in which nitrogen becomes plant available. Nitrogen in the soil stored in
various forms of mgyanic matter, such as crop residue, is not all plant available. Instead, nitrogen
is mostly in the form of complex organic molecules such as prowghish are too large for
plant uptak€MoebiusClune et al., 2016). Various microbial groupsdizethes molecules
into ammonium and nitrate by mineralization and nitrification wiaichthen in plant available
forms(MoebiusClune et al., 2016)lhus, neasurement of nitrogen mineralization is an estimate
of the capacity of the soil microbes to recycleagen into plant available forms (Moebius
Clune et al., 2016). The potentially mineralizable nitrogen protocol used is adapted from the
metods of Drinkwater et ain a severday anaerobic incubation, as a more practical

measurement than long incubationthoels(1996)

Soil samples undergo a pneeasurement as a baseline of ammonium present in the soil
as well as a poshcubation measurement to determine the amount of ammonium mineralized.
For each soil sample, twogBsamples of sieved (@m) field moistsoil (thawed from frozen)
were placed into 5L centrifuge tubes labeled as pre and post samples. After weighing, 40 mL
of 2 M potassium chloride (KCI) was added to each pre tube, horizontally shaken on a shaker
table for one hour, filtered through #42 ¥iman paper, and the filtered supernatant was frozen
until analysis. The post sample for each soil was prepared for incubation by pipetting 10 mL of
distilled water into each tube and was placed in a dark incubation chamber at 30°C for seven
days. After itubation, 30nL of 2.67M KCI solution was added to each post tube (to equal a 40

mL solution of 2M KCI), horizontally shaken on a shaker table for one hour, filtered through
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#42 Whatman paper, and the filtered supernatant was frozen until analysanplés were
analyzed for ammonium using a LACHAB00 series 2 using tlil®w-injection colorimetric
method read at6® nm The net ammonium mineralization or immobilization is equal to the
ammonium value after the incubation period minus the ammoniura ealine prencubation

and reported as mg NHN/kg.

Microbial functional diversity Amplicon sequencing

Microbial functional diversity data provida snapshot ahe structure and metagenomic
details of soil microbial communities, which fulfill mawmytal roles in soil health such as nutrient
mobilization, immobilization, organic matter decomposition, and gas exchange (Soliman et al.,
2017). Amplicon sequencing requires soil samples to be stored frozen until processing and
processed as soon as possiil best represent a snapshot of the microbial populations. DNA
wasextracted from 1@ of soil per sample and prepared for polymerase chain reaction (PCR).
The final amplified products are sequenced and provide data on the taxonomic diversity as well
asabundance of microbes in each sample (Nguyen et al., 2015). Soils were preserved and
prepared for amplicon sequencing, however, due to the time intensive nature of this indicator
test, the data was not suitable for a reasonable soil health test and fietedmata will be
analyzed at a later time when it is made available. The process will sequence bacterial 16, fungal

ITS, and eukaryotic 18S (for protists and nematodes) genes.

Arthropod richness and diversity

Arthropod populations in soils are a relaly simple bieindicator assessment of soil

life. Invertebrate communities are highly sensitive to disturbance due to their complex
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interactions with other soil life and their relative immobility from their soil environment (Menta,

2012). To determine dtopod richness and diversity, approximately §atf fresh soil

(collected that day) was placed into the top chamber of a Berlese funnel and placed under a heat
source. The soil sampleds |ive arthropods mig
ethanol, where they are preserved to be counted and identified under a microscope to determine

the arthropod richness and diversity.

2.34 Data analysis

Principal Component Analysis (PCA)

Data was prepared for Principal Component Analysis (PCA) HORO version 7 Wild
Blueberry Media LLC, 2018) multivariate analysis program originally designed for ecologists
(McCune and Mefford, 2018). PCA was selected because it is an ideal tool for reducing many
variables of a dataset into a smaller set of summeamgbles The procedurelentifiespatterns
of redundancy, which meetise primary objective to reduce a large number of soil health
indicators to a subset of robust and sensitive indicamesMDSAppendix B (Peck, 2016,

Andrews et al., 2002b).

As degribed by Peck (2016), PCA operates with a linear modeling approach to reduce
many responses down to a group of best fit predictor variables. The process of PCA and the
options selected can be summarized in the following steps: 1) calculation of a ochssgr
matrix among all variables using a Pearsonos
linear algebra to identify strong linear trends, 2) construction of the best linear fit through the

multidimensional space created by each variable, evbach sample point exists, creating axes

45



of ordination by a form of matrix algebra cal

process to calculate eigenvalues (latent roots of the best fit equations) and eigenvectors (the
linear combination coseffients on each axis), 4) construction of an eigenvector matrix scaled to
its standard deviation, whose values are equivalent to the correlation coefficients between
variables and axes, and finally, 5) eigenvalues in a randomizatiaepest the numbesf

statistically significanaxes of analysis

The final analysis from PCA ordination provides a list of axes by diminishing importance
constructed from the redundant patterns of variable data, and the correlation coefficients of each
variable to the domiant axes. The sum of the eigenvalues equals the number of variables
provided, and the axis with the highest eigenvaule dominant axisAs a result, each axis
explairs a known portion of variance in the data and each has associated strengths to the
variables tested (eigenvectors). To ensure a robust analysis, there should be more sample units
than variables, and variables should be normally distributed with few zeros and low skewness.
Data for the PCA ordination is derived from quantitative valuegiged in a main matrix, and
categorical data in a secondary matrix can overlay the ordination as explanatory environmental
data.For example, pH is a variable in the main matrix while the soil order of the sample is a

secondary matrix variable.

Data prepaation for PCA

All untransformed data (30 soil indicatornss run in a PCA for initial assessment of
data distribution and corrected for skewness as needed. Uneven distribution of data in the 2D
output suggested problematic skewness and the need t@trarmta which was confirmed by

assessing distribution tables of each vaadbl nonnormality (Appendix ¢. Outliers were
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assessed and noted at this stage and a test of skewness for each variable was perfoiithed in R.
datawasconsidered highly skeweafla skewness valueasabove +1 or belowl, and

moderately skewed if between +0.5-@05. The datavassymmetric and considered normally
distributed if the skewness valuaszero. Normal distributions are ideal for accurate PCA

results and those thate highly skewedequire transformatiarHistograms visually presented

the type of distribution for variables whose skewness was greater than |1| tthggdkection

of transformationTransformations of log, cube root, and square root were testettmighly
skewed variable since all were either positively or negatively skewed with single peaks.
Transformed variables were rerun for skewness and the transformation with the lowest skewness
value was selected as the best possible transfornm{@idte2.2). A new PCA using
transformedrariables showed an improved graphical display regarding spatial distribution of
plots andbutlier assessment (Appendiy.dhe previous outliers were no longer present and the
current plots flagged as outliers (exceeding standard deviations) did not appear as visual

outliers nor were clustered, and were kept in the dataset.
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Table 2.2A comparative list of skewness values among selected potential soil health indicators,
untransformed and transformed to improveadadrmality, and the transformation technique used for
maximum skewness improvement (if applicable).

Untransformed Transformed  Transformation
Variable Skewness Value Skewness Value Method
pH -0.89 -0.89 N/A
Bulk density -0.73 -0.73 N/A
Hardness at Ocm 2.55 -0.13 Log base 10
Hardness at 15cm 0.95 0.95 MN/A
Water holding
capacity 2.07 1.51 Log base 10
Calcium 1.75 0.66 Square root
Sodium 2.18 0.43 Cube root
Phosphorus 3.84 -0.31 Log base 10
Potassium 0.6 0.6 M/A
Hot water
extractable OC 4.06 0.48 Log base 10
24 hr CO2 Burst 2.33 0.5 Log base 10
PLFA 2.54 0.47 Log base 10
Crystalline Fe 0.28 0.28 M/A
Moncrystalline Al /Fe 2.07 1.22 Log base 10
% Total OC 2.31 077 Log base 10
% Total N 2.18 0.82 Log base 10
% Sand 1.88 1.33 Log base 10
% Silt -0.87 -0.87 N/A
% Clay -0.81 -0.81 MN/A
CN 0.53 0.53 N/A
Betaglucosidase 1.07 -0.44 Log base 10
Betaglucosiminidase 1.15 -0.25 Log base 10
Acid Phosphatase 2.59 0.021 Log base 10
Potentially
mineralizable N 4,33 0.83 Cube root
Total dissolved OC 4.06 0.065 Log base 10
Total dissolved N 3.59 0.74 Log base 10
Inorganic N (hot
water) 3.29 0.15 Log base 10
Water stable macro
aggregates -(0.66 -0.66 N/A
Water stable mega
aggregates -0.0028 -0.0028 N/A
Cmineralized in 4
months 1.81 -0.27 Log base 10
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Verification of data balance and impact of potential outliers

Assessment of variable balance in PCA ordination compared various layers of
explanatory d&a with parameters in a priori groupings consisting of biological, chemical, and
physical soil properties (Stefanoski et al., 2016). Datasets in PCA can potentially be biased and
skewed byariable selectioand so were reviewed before beginning analy¥aues from the
30 measurable parameters served as the main dataset for PCA ordination and balance in groups
was confirmed so that chemical, physical, and biological groups were all well represented in the
list of included parameters. Overlays of suppletakeenvironmental data operated as the second
matrix and included land cover, historical disturbance, soil order, and soil series. Potential outlier
sites and groups @, the unique group of Inceptisols at Site R) were individually removed and
re-added ¢ determine their influence on the PCA and assessignificant impact on results.
Secondnatrix overlaysvere usedo identify potential issues with the distributions of data

balance or flag potential errors in data manipulation.

Reduction of potentiahdicators

After PCA, the potential indicators were further assessed and reduced according to a list
of variable reduction techniqueQuantitative and qualitative removal of variables was
determined using the following criteria adapted from methods pegpby Karlen et al. (2001)
and Andrews et al ., (2002b): 1) Astrongod sens
than 68% correlation to the PCA axis of greatest variance explained are removed (Taylor, 1990),
2) robust practicality of measuremt to process in a routine soil health test, where the indicator
is removed if field measurements require expert skill to collect, or excessive labor or cost to

perform, and lastly, 3) limited multicollinearity with other variables of similar criticdl soi
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function, where practicality between indicators is assessed if R? value between them is greater

than 0.80.

2.4RESULTS & DISCUSSIONS

2.4.1Excluded indicators

Carbon pools, microbial functional diversity, asdhropod populations were not
included in he final data analysis. Values from the carbon mineralization incubation were
modeled in R at incubation days 1, 3, 7, 14, 30, 60, 90, 119 for carbon pool identification.
However, many soils with high microbial activity and carbon content did not devedop t
required pool iflection points during the foemorth incubation period, and sacurately
modeled pools could not be determined due to insufficient @iagamicrobial functional
diversity test is time and labor intensive, and so samples were unalel@tocessed for
amplicon sequencing during the allotted data collection period in time to be included for
analysisThe test for arthropod richness and diversity using Berlese funnels was also excluded
from consideration for a soil health test. Due temisland travel and lack of facilities on site for
the funnel setup, this method was only conducted for samples collected on Oahu. The Berlese
funnel did not produce a reliable invertebrat
to incomm@tibility with the experimental equipment with too much soil falling into the ethanol
solution. The arthropod indicator test was not implemented into the analysis due to the
significant gaps in sample data, and not recommended for future use due to atonglwith
soil friability. Final variables confirmed to be suitable in PCA showed balance among biological,

physicd, and chemical groups (Table 2(@ppendix E)
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Table 2.3The list of potential soil health indicators to be used for PCA in their ganneling soil
characteristic groups regarding a measurement of a primarily physical, chemical, or biological soil
characteristic.

Potential Indicators of Hawaii Soil Health

Measured parameters of soil health span physical, chemical, and biological aspects of soil

Physical Biological

Texture (Sand, silt, clay) Total organic Cand N 24 hr soil respiration
Bulk density Hot water extractable N Phospholipid fatty acids (PLFA)
Gravimetric water holding capacity Nutrients (Ca™, Na", PO, ", K') B-glucosiminidase
Water-stable ageregates (0.25-2mm) CN B-glucosidase
Water-stable aggregates ( 2-4mm) pH Acid Phosphatase
Surface hardness Crystalline Fe-oxides Potentially mineralizable nitrogen
Subsurface hardness Poorly and non-crystalline Fe/Al Carbon mineralization
Total dissolved nitrogen Hot water extractable C

Dissolved organic C

2.4.2Expanding site description groups

Land use groups

At the outsetfour land usecategories were establish@dganic copland, conventional
cropland, grassland, and forest). These groups were selected to capture the diversity of soil
function inH a w a and historic and current site management data from land macagarsed
land use historyHowever, ® more accurately describe similarities and differences relating to
|l and use, Aforgani c o0 a placedias subategones ndey Iv@adleldandg r ou p s

coverds cri bed aghéctapdacovers fgrasslando and

total of three land cover groups. However, the site characteristics within forest and grassland
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land cover groups varied greatly, giving ris¢hte need for further division of forest and

grassland land cover groups into management subcategorization as well.

Subcategorization of land cover groups using current and historic management

Using questionnaire responses from current land managerdesaeptions were
compiled to supplement the original classification of sampled sites to include six management
subgroups beneath cropland, forest, and grassland categories. Site data for subcategorization was
limited to information that was availableall sites and included current management practices
(tilage, addition of pesticides/herbicides/fertilizers, type of agriculture or vegetation) and time
under the current management, historic practices (tillage, addition of
pesticides/herbicides/fertilizgrtype of agriculture or vegetation) and estimated time frame of
that management, and land use transformations pertaining to significant land disturbance,

restoration, or ownership.

Someof theforest and grasslaridcationsincluded sites with a commdnistory of
previousintensive agriculture, while others had been under protective or long term management
withouta history ofintensive agriculture. Thgrassland and foresiteswith a history of
previous agriculturgvere unlike the undisturbed foresémd were renamed to the more
descriptive title dunmanaged previous intensi
forest category were further divided by dominant forest speowss Forest sites were sub

categorized as either UPIAL, proted nonnative, or protected native. Grasslands vatse
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subcategorized as UPIAL or pasturgth no knownhistory of disturbanceSites were assigned

accordingly to the besitfsubcategorizatioiTable 2.4)

Table 2.4Land cover split sites clearlntio either cropland, grassland, or forest and sites were further
divided into their descriptive management groups using available current and historic site data.

Land Cover | Current Management Description

Cropland | Organic No use of chemical pesticidesrbieides,
or synthetic fertilizers

Conventional Use of chemical pesticides, herbicides,
and synthetic fertilizers

Grassland | Unmanaged grassland from| Previously agriculturéntense land with
previous intensive no current managnent system, grasslar
agricultural land (UPIAL) as dominate cover

Pasture Managed with pasture grasses for reari
livestock

Forest Unmanaged grassland from| Previously agriculturéntense land with
previous intensive no current management systemgkiras
agricultural land (UPIAL) dominate cover, and less than 100 yeal
no disturbance

Protected, nomative Managed to preserve loftigrm non
native forest, greater than 100 years noj
disturbance

Protected, native Managed to preserve lostgrm native
forest, greater than 13@ars no
disturbance

The overall reconstruction of site groupings produced a hierarchy of labeling that painted
a more complete picture of what had happened over time in each group in addition to current
management. Land cover split sites clearly intioez cropland, grassland, or forest and were

further divided into their descrip management groups (Figure)2.5
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FOREST GRASSLAND CROPLAND

Protected Native

Protected Non-Native

Conventional

UPIAL

Figure 2.5Images from field sites in each category of land management, separated by land cover (forest,
grassland, or cropland). Unmayeal previous intensive agriculture land is represented by the acronym

OUPI ALDO.

Disturbance level as an additional categorization of sites

After accounting fothe importance of previous land use on the soil variability, an index
for categorizing disturbece added anoth&vel ofdifferenceamongs i t e s . Each sitebo:
disturbance was identified based on the available hidterel of disturbancevasbased upon
the degree gbhysical disruption of the soil structure and ecosystem, suiilags or
compaction (Table 2)5Thesubcategorizatiorof management and the creation of a disturbance
layerwerenot utilized in the PCA ordination and herwano impact on data variance, but

rather,was used tadentify patterns of change in sites using dggiere information provided by

land managers.
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Table 2.5Assessment of level of disturbance for each study site is categorized based on the time frames
described since the most recent soil disturbance, bassaehdable history of land use.

Level of Description Example
Disturbance
Low At least 50 years no disturban| Forest with no cultivation

history
Medium Disturbed in the last 50 year§ Unmanaged land that was
greater than 10 years no | previously in crop production

disturbance 20 years ago

High Disturbed in the last 10 yeary Pasture that was tilled 5 yea|

greater than 3 years no ago and no disturbance sing
disturbance

Very High Disturbed in last 3 years Currentlytilled for seasonal
crop production

2.4.3Site distributions and patterns in PCA

Significant axes and variance extracted

The PCA output determined four significant axes, which cumulatively explaine®75%
the data variance (Table 2T&ble2.7). As the major axis, Axis 1 represents the greatest
variability explained within the datd8%), in contrast to Axes 2, 3, and 4 (explaining 16%, 9%,
and 7% of data vaability, respectivelyTable 2.7. As a result of the exploratory nature of
PCA, there are no clear rules of interpretation, however, many methods are discussed among
PCA usersTypically, an axis percentage of variability explained above 60% is used to support
deductions, howevethis value is a guideline and the ordination can still be interpreted without
reaching 60% with the assistance of environmental data paf@tnerL ynn Peck personal

communication, May 4, 20)8Axes representing less than 10% of data variability or those axes
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with no clear associations to available second matrix groups are often regarded as only of
nominal usefulness as a tool to explore trendsspatterns. No such patterns were observed in
the PCA ordination in relation to the 3rd and 4th axis (both less than 10%) and so are not
graphically displayed in this analysis.

Table 2.6Randomization results from the PCA output are used to determinartii@nof significant
axes for interpretation, with the first four axes considered significavdl(g < 0.05).

RANDOMIZATION RESULTS
999 = N = number of randomizations
Eigenvalue Eigenvalues from randomizations
from cm e

Axis real data Minimum Average Maximum p * n
1 12.767 2.2118 2.5328 3.25082 8.eeleea @
2 4,7141 1.9817 2.2851 2.6839 6.eeleea a8
3 2.7354 1.8919 2.1813 2.3768 6.eeleea 8
4 2.1747 1.7321 1.9584 2.1879 6.oedeea 3
5 1.5219 1.6194 1.8089 2.8371 1.6e8800 999
6 B8.99314 1.5161 1.6894 1.8552 1.0068800 999
7 8.79311 1.4874 1.5778 1.7414 1.6e8800 999
8§ B.75896 1.3143 1.4723 1.6421 1.oeeaea 999
9 B8.64648 1.2234 1.3711 1.5362 1.6e88880 999
18  @.58462 1.1183 1.2797 1.4495 1.oeeaea 999

Table 2.7Variance extracted results report the percent of variance explained per axis as well as
cumulatively. A cumulative total of 74% dé&a variance is explained from the four significant axes
(Table 2.6).

VARIANCE EXTRACTED, FIRST 1@ AXES

Broken-stick
AXIS Eigenvalue ¥ of Variance Cum.% of Var. Eigenwvalue

1 12.767 42,555 42,555 3.995
2 4.714 15.714 58.269 2.995
3 2.735 89.118 67.387 2.495
4 2.175 7.249 74,636 2.162
5 1.522 5.873 79.789 1.912
B @.993 3.318 83.828 1.712
7 @.793 2.644 85.663 1.545
8 8.751 2.583 88.167 1.482
9 8.646 2.155 98.321 1.277
18 8.585 1.949 92.278 1.166




The PCA indicator vectors shedthe most loading in a negative correlation to Axis 1,
and a smaller group of indicators evenly loading positivelyrexgatively for Axis 2 (Figure
2.6). The top five strongest indicators in each Axis direction (if available) showing greater than
35% correlation to that axis (representing at least a moderagtatimn) are shown in Figure 2.6
(Taylor, 1990)Values that strongly pull data to the leftAxis 1 are those closely tied to soil
carbon and life (e.gPLFA, % total carbon, soil respiratiofome inherent indicators such as
texture and iron oxides pull data to the right on Axis 1, as well as bulk density increasing in this
opposite directiomf increased life and carbon. Strong indicators pulling data upwards are
nutrientrelated, while mostly inherent and structuedated indicators separating some data

downwards.

Potential Soil Health Indicators in Hawaiian Sail
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Figure 2.6 PCA ordination of all plots and all potential soil health iatties displaying the top five most
correlated variables to each axis (> |0.35| correlation), for both positive and negative correlations.
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PCA with land cover

The three land cover groups showed a trend of clear separation when overlaid as the
second matx data, with considerable overlap between forest and pasture, and pasture and
cropland, and no overlap betweerest anccropland (Figure 2)7 Figure 2.8 demonstrates the
remaining overlap between land cover groups in 3D sfia@eerally sitestransition
horizontallyinto these groups in alignment with major Axis 1. However, within each land cover
groupthere isstill high variability as expected. Examinisgbcategorization groupd land use

next allowsfor greater explanationf such differences
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Figure 2.7PCA ordination of all plots and potential soil health indicators with the overlay of land cover

to group plots by color.
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Axis 1

Figure 2.83D graphs of PCA with the overlay of land cover, sites of the same land cover (by color)
generally clustetogether, however, there is still considerable overlap in the groups suggesting that land
cover does not sufficiently describe shifts in second matrix groupings.
PCA withmanagement

Within the hierarchy of site grouping under land cover, six additioaalagement
options equate to a total of seven groups based on land cover and management and again visually
show shifts in management happenimignarily along Axis 1 (Figure 2)9In 3D space, the

overlap of sites is clearly reduced for group clusters (€iguL0).Plots in the pristine native

forest (5254) and other forest sites were associated in the direction with higher values of total
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percent organic carbon, as well as various indicators of soil life, whikgtdseunder current
conventionahgricuture appeaon the opposite end of Axis 1 with lower carbon and soil life.
The overlay of managemeelps in understanding differences witfanest and cropland sites,
but there isstill a large amount alinexplainedvariability within pasture and eachopland
group(Figure 2.9) Because management alone does not explain all site differences, other

environmental overlays are examined to understand some overlapping areas.
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Land Use and Management

4 Cropland - Conventional
+ Cropland - Organic
Grassland - Pasture
» Grassland - Unmanaged Previous Intensive Ag Land (UPIAL)
+Forest - Unmanaged Previous Intensive Ag Land (UPIAL)
Forest - Protected Non-native
+Forest - Protected Native

Figure 2.9PCA ordination of all plots and potential soil health indicatdth the overlay of land cover
and management to group plots by color.
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Figure 2.103D graphs of PCA with the overlay of land management and the site groups demonstrating
clearer delineation of spatial similarity than using land cover alone.
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PCA with ®il disturbance

The intensity of soil disturbance ranging from low to very high provides information to
the spatial segregation of some groups with high variability. In the pasture group, the land
disturbance second matrix overlay now breaks those sttessigions of lowand high
disturbance (Figure 2.)1Due to standard practices of cropland agriculture, all sites under
cropland land cover demonstrate very high soil disturbance and so the overlay offers little extra

information as to the reason for highriability within those organic and conventional sites.
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Figure 2.11PCA ordination of all plots and potential soil health indicators with the overlay of intensity

of soil disturbance to group plots by color.
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PCA with soil order and series

In the final overlay option for second matrix data, taxonomy clearly shows distinct
impact upon the site distributions as well. On the level of soil order, groups of sites of the same
order cluster into similar spatial regions, demonstrating the importance anct uppa values
of measurable indicators related to soil health andoadient of management (Figure 2)12
However, unlike the previous overlays, the shifts between orders appear to generally happen
along Axis 2 and less so along the dominate Axis 1. Surties high variability observed within
the Inceptisols, which span nearly the entire Axis 1 likaty be attributed to differences in soil
seres (Figure 2.18 Site R (plots 554, Inceptisol) of Amalu series is again isolated to the far

left with Histic propertiesas well as management compared to other sites in the dataset.
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Figure 2.12PCA ordination of all plots and potential soil health indicators with the overlay of soil order

to group plots by color.
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Importance of land use, history, management, and disturbance upon notable variability

While no one environmental variable perfectly explains all of the viityatf sites,
management appears to best identify clusters of meaningful differences with the clearest
association to major data variance (AxisTle overarching differences between soils vase
explainedand meaningfully clusteretd some degreley land covey disturbanceand taxonomy.
However, some subtle discrepancies remained within the identified management groups which
stood out in the PCA, and sispecific descriptions of which provide a greater understanding of

plot distribution to help idaify patterns rkated to soil health (Figure 214
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Land Use and Mangement

4 Cropland - Conventional
Cropland - Organic
Grassland - Pasture
» Grassland - Unmanaged Previous Intensive Ag Land (UPIAL)
+ Forest - Unmanaged Previous Intensive Ag Land (UPIAL)
Forest - Protected Non-native
+ Forest - Protected Native

Figure 2.14The PCA ordination of sample plots grouped by land management across all land uses, and
identification of sites with notable descriptions.

Grassland

Within the gr astsuraendad oridwep ,i ¢ hreowidplal v very
along Axis 1 (Figure 2.4 Of the grassland sites under UPIAL, most variability vertically can
likely be attributed to differences inikorder (plots31-33) (Figure 2.12. On the far right, plots
40-42 (Site N) show a closer association towards the conventional cropland. Site N, now
managed as quality pasture was died within the last four years and had been under
intensive longterm sugar cane agriculture prior which lead to reduced soil orgeatter and
negative impacts on soil physical and biological properties (Beare et al., 1994). While its history
deems it to be a previous agriculture land, its current management qualifies it as pasture. In
contrast, plots 4%1 (Site Q) on the far left dhe pasture group exhibit opposite characteristics.
This site has had little to no disturbance over the last two centuries, as a high quality pasture
land yet is also a Andisol which likely explains much of the apparent differembesvalue of
disturbarme data is best demonstrated, however, by isolating the spatial distance between Site N
and pasture plots 557 (Site S) which fall within the same soil series (Haliimaile). Site S has had
minimal disturbance and has been managed for high quality pasisgefgr nearly a century.

While it is under the same current management
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history potentially contributed to it being spatially closer to conventional agriculture sites than
near the undisturbed grassiign
Forest

The forest sites showed general closeness spatially to each other, apart from one site, and
they trended with higher organic matter and soil life as expected based on land cover alone
(Figure 2.14)Plots 5254 (Site R) are by far the most uniqg@up of samples in this dataset.
Existing inwet conditions with poor drainage and high accumulated carbon, this seariy a
Histosol This Histicinceptisol isalsoof pristine native forest condition and exhibits notably
high values in nearly abiological and carbomnelated parameters. As a result, plots within Site R
are isoéted on the far left (Figure 2.14Because of its unique history, vegetation, and
management, it required its own category of management. In the opposite directior3-glots 4
(Site O) fall into another unique category of land use. Site O is notably far from other forest
groups, which can likely be attributed tomsdogenic origin (Inceptisol) as well istorical
data of being under intensive agriculture3Myears por and its current vegetation
characterized by invasive species. Such supplemental information for Site O could explain why it
is spatially plotted closer to the other UPIAL sites rather than forest groups, regardless of its land
cover being different fromther UPIAL sites (grasslands).
Cropland

Overall, the respective effects of cropland land use (distinguished as either organic or
conventional) on soil properties appeared to behave as expected, exhibiting lower values overall
in carbon and soll life anparticularly lower in the conventional gro(igigure 2.14) However,
two Mollisol sites differing in management and soil seriéstgpl-3 (Site A) and 46 (Site B)
behaved opposite from expeci@igure 2.13. Site A is currently managed organicallyt yeas

72



under conventional agriculture just five years pnwanile Site B has been under conventional
agriculture long termCropsat Site Awere recently sprouted during the time of soil collection

and soil was recently tilled prior to sample collectiogantrast to Site B. Site B, while
conventional, was at the end of harvest and likely had not been treated for pesticides (or tillage)
in a more considerable amount of time than Sité &.unknown how the inherent differences in
soil series impact thefterences observed in these two sites. All site differences considered, this

highlights the challenge @roviding one fuly-descriptive label per site.

2.4.4Land cover, management, and disturbance driveoil differences

Soil data variance and major axassociations

The visual assistance of PCA allows for the explanatory data groups and their patterns
with the data variance to be more easily identified. Recalling that the greatest soil variance
observed was on significant Axis 1, shifts in explanatiayg groups were observed primarily
horizontally along Axis 1, particularly land use, management, and soil disturbance. Shifts of
taxonomy groups generally occurred in a vertical fashion along Axis 2. Land management
appeared to show the strongest horiabtrtend as supported with identifying group centroids, or
spatial centroidsyn the PCA (Figure 2.35However, it is important to consider that centroids
are impacted by all points within the group and unusuabtableplots such as the cropland
Mollisols (1-6) and historical disturbance differences of the pasture sites cannot be adjusted
without removing plots all together. Nonetheless, the overlay of management shows a strong
visual relationship with the greatest data variance and suggests tliaeitaad driver of

differences in indicatorstatedto soil health

73



Axis 2 (16% Variance Explained)

Figure 2.15The PCA ordination of sample plots with group centroids, using the overlay of management

Potential Soil Health Indicators in Hawaiian Soil
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Gradient ofmanagement related to soil health

wide range of soil health potential, and the highest variance between sites showed the strongest
association to land management groups. While soil health cannot yet be defimedpae

variable to the management groups without a developed index, optimal values for indicators

The experimentalesign of data collected intended to capture high soil diversity across a
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selected to represent soil health increased the left of A@AS) This trend across many

variables supports the observation that a spectrum of s¢tihmeay be observed along Axis 1

with greater soil health towards to the left. Variables most strongly correlated to the spectrum of

data variance on Axis 1 are soil carbon and indicators measuring soll life, with increasing

amounts of each to the left @egive correlation to Axis 1). Following in support of a potential

soil health gradient along Axis 1, higher values of biological activity and carbon content are

typically associated with greater soil health as they represent the living ecosystenvihabe s

well as the necessary substrate for (MoebiusClune et al., 2016)or those indicators loading
primarily on Axis 1 in contrast to Axis 2, th
indicators of soil health associate with the lgissurbed land cover and management groups on

the left (pasture and forest) displaying higher valddbese parameters (Figure 2.6, Figurg.2.9

This observation of the site grouping associations to soil health indicators is supported in studies

of landgapes with low disturbance, where soil aggregation is higher along with greater soil life,

as well as plant residue accumulation on the surface showing reduced loss of soil organic matter
and resulting in increased soil carbon (Havlin et al., 1990). Higfiganic carbon content and

soil microbial biomasalso have been shownctonsistentlyrepresent higher soil health ugin

various methods of soil qualigssessmei a metaanalysis fronKarlen et al(2001). The

observed gradient of differences in stibracteristics relating to soil health suggests that

protected forests are on the optimal end of land use and management to achieve high soil health
regarding a soil ecosystem with optimized soil functions, and conventional cropland on-the less
optimal end (Figure 2.1% Such findings of minimally disturbed areas with high values for

Amore i s better o | mdredstarbed arsas laving bwer valuebferal t h, a
Amore i s bettero indicators of s@xplbratdryeal t h, s
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method of identifying sensitive indicators of soil health. Hypothesis one, stating that the intensity
of agricultural activity is a main driver of differences in indicators representing measurements

related to soil health is accepted.

Potential Soil Health Indicators in Hawaiian Soil

ganif Convehtional

Plo. Mative Forest *
o Pra. Non-rr:at'rve Forest A . .
4 & oa
* : ""'-..__“_ LY
- Pasture L
1 NYPIAL N

Axis 2 (16% Variance Explained)

| *

+* 4

Axis 1 (43% Variance Explained)

Land Management

4 Conventional
Organic
» Pasture
+ Protected Native Forest
Protected Non-native Forest
+Unmanaged Previous Intensive Ag Land

Figure 2.16The PCA ordination of sample plots with group centroids demonstrating the horizontal shift
of groups marked with a corresponding colored vertical line, using the overlay of land management across
all land uses.
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A nonparametric procedure for tieg) differences in data groups (multiple response
permutation program, MRPP) was used to find significant differences between the identified
management groups appearing along the gradigmitehtial soil health (Table 2.8VRPP was
selected because thfe compatibility with nordistributional assumptions (McCune and Grace,
2002). Significant differences were observed between alpgralong the gradient (Figure 2.16,
2.17). However, because the MRPP gpdalifferences are measured in multiple dimensjuerce
rather than a linear line as proposed for the gradient, this method should be considered as
supplemental support for the observed soil health gradient but not serving as a definitive
statistical analysis.

Table 2.8Results of a multipleesponse pemnutation program (in PORD) to test significance of
multidimensionakpatial differences between the proposed varying management.groups

Multiple-response permutation program (MRPP)
Group identifiers p-value
Conventional vs. UPIAL 0.00119
UPIALvs. Organic 0.0000181
Organic vs. Pasture 0.000483
Pasture vs. Protected Forest 0.0545
Connections between | and use and fAsoil heal th

The exploratory nature of these results dematestnow known attributes of soil health
can be applied to management and | and use in
many things to different land users, however, patterns of soil qualities associated with the
selected definition of soliealth and critical soil functions are observed to trend along the high
variability identified in the PCA. AThe conti
ecosystem that sustains pbkEapdestodheselmd!| s and h
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landscapes with various critical soil functions which translate into goals for the soilde.g.

protect native vegetation, to raise animals, to grow vegetables) and with a wide range of
ecosystem diversity. From this definition we can reinforcelthatthy soil is about soil as a

living entity. The physical and chemical indicators of soil health represent the processes that
support life such as soil structure and soil nutrients. The biological biomass and microbial
processes that cycle nutrients amigract with physical and chemical properties of soil create a
living ecosystem, which, sustains plants, animals, and humans. Hence, the balance of physical,
chemical, and biological indicators all play vital roles in maintaining soil life and hence soill
health, and all are impacted by disturbance to the soil. Visual interpretation of the PCA helped to
identify a gradient of | and disturbance with
gradient of soil health by management is seen from left v oig Axis 1 representing optimal to

less optimal soihealth, respectively (Figure 217

Protected Organic Conventional
Past UPIAL
Forest asture Cropland Cropland

@ O O O ()

Increasing potential soil healt

P-value =0.05 P-value =0.0005 P-value=0.00001 P-value=0.001

Figure 2.17PCA group centroids from management displayed a gradidhteofw apotdintial soil health
increasing to the left, and suggest land management amg dhtiver of differences in potential soil
health (pvalues between groups dextvfrom MRPP analysis, Table ZMote: MRPP values measure
multidimensional space differences and are only used as supplemental data to the proposed linear
gradient).

Thereis room for improvement at any point on the soil health continuum, with a

measured shift in health to the left seen as a positive management practice. Those practices that
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facilitate shifts to the left, while supporting the livelihoods of land managedngiethe benefits

of having a soil health index. Identifying those practices that can reliably assist in shifts are
necessary to associate soil health with the benefits to farmers. While there are limitations to the
relevance of this gradient for pra@ligeasons such as modern humans requiring agricultural

land for food, the identification of such a gradient can hone goal setting for restoration of
degraded lands, give farmers tangible guidelines for improving soil, and be useful to track soil

health oer time.

2.4.5A reduced set of sensitive indicators for development of a soil health index

Sensitive indicators ancbrrelations to major data variance

Indicators were reduced by quantitative and qualitative criteria beginning with the
guantitative redctions. The greatest explanatory factor of differences in potential soil health in
reviewing PCA trends was seen along Axis 1, and assddatiand managemeriigure 2.16,
Figure 2.17. Therefore, those variables with strong correlations to Axis 1 dengified to be
the most sensitive indicators of differences across the diversity of soils and potemstly
useful as indicators of soil healtikarlen et al., 2001)Due to the exploratory nature of PCA as a
method of statistical analysis, there sstandard of what correlation values are deemed
appropriate and potentially significant. Generally, statistical correlations (absolute value) equal
to or less than 0.35 represent low or weak correlations, 0.36 to 0.67 are moderate correlations,
0.68 to 090 are strong, and above 0.90 are very strong (Taylor, 1990). paseaeters equal to

or above 0.6&8orrelation to Axis 1 were considered statistically strong and potentially sensitive.
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From 30potentialindicators of soil health, 18howed a correlatiogreater than 0.68 and were

consideredtrong enough tberetained for further evaluatigifable 2.9.

Table 2.9Correlation values of indicators to all four significant PCA axes organized in order of strength
to the dominant axis, with those parametdysve 68% correlation are considered strong and potentially
sensitive (*).

Variables related to soil health, Correlation coefficient tosignificant axis (% Variance Explained)

all land management Axis 1 Axis 2 Axis 3 Axis 4

(42.6%) (15.7%) | (9.1%) (7.2%)
A\ % Total organic C 098 * 0.06 0.11 0.05
% Total N -097 * 0.11 0.08 0.08
Total PLFA -0.92 * -0.07 -0.26 -0.05
24 hr CO, burst 091 * -0.13 -0.26 0.02
Dissolved organic C -0.90 * 0.01 0.31 0.10
Hot water extractable C -0.89 * 0.01 -0.22 0.10
Potentially mineralizable N 0.89 * -0.26 -0.23 0.01
Acid phosphatase 0.85* -0.13 0.13 -0.01
- Hot water extractable inarganicN 084 * 0.01 -0.03 0.09
w| | Total dissolvedN 0.82* 0.17 -0.24 0.18
Z| | cn 0.81* 0.12 0.21 -0.08
S Beta-glucosaminidase 079 * -0.29 -0.16 -0.38
8| [ Water holding capacity 077* | 042 | -0.12 0.29
®| | Bulk density 071%* -0.46 -0.09 -0.32
% % Water-stable mega-aggregates -0.69% -0.37 0.25 -0.34
o Beta-glucosidase -0.59 -0.03 0.18 -0.59
Yl | %Clay 0.59 -0.14 -0.70 * 0.11
Q| [ Non-crystalline Fe/al 051 0.49 038 20.09
'!En % Silt 0.43 0.42 0.56 0.09
C| | % Water-stable macro-aggregates -0.42 -0.64 0.22 -0.26
S| [ % Sand 0.38 068* | 0.34 -0.27
S| | Crystal-boundFe 0.36 0.68* | 0.07 -0.20
| | Extractable Na 0.33 0.55 -0.23 -0.08

pH 0.27 0.29 0.05 -0.70 *
Extractable P 0.25 0.59 -0.20 0.14
Hardness at15cm 0.20 -0.37 -0.35 -0.29
Extractable Ca -0.12 071* 0.02 -0.45
HardnessatOcm -0.08 -0.56 0.01 0.35
% C mineralized, 4 mo. incubation 0.06 0.41 -0.70 % -0.16
Extractable K -0.01 0.56 -0.45 -0.29
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Further consideration ofropland sensitivity

The soil health index is critical for cropland systems as a tool to assist farmers in
implementing soil management strategies tiggrade soil health and functiono €nsure that
cropland sensitivity is captured, results of an additional PCA were considessdxpérimental
design combined diversigf management withigoil taxonomyyetnot neessarily the same
combinations. Thisvas an inevitable product of landscape and soil order intera¢gans
inherently fertile soil types for croplands)s well as what is finitely available for sampling.
Because the strength of variables correlating to main axes changed considerabbowinhgn
only at the cropland and UPIAL sites during PCA data balance assessment, the indicators
sensitive to change within a second analysis were compared to the results of the full landscape.
Thecropland system PCA determined three significant axes, latirrely explaining 65% of th
overall data variance (Table 2)10he major Axis 1 explained 29% variance, Axis 2 witBa22
and Axis 3 with 14% (Table 2.11INo patterns of useful second matrix association were

observed from Axis 3 sowasnot graphicdly displayed.

Table 2.10Randomization results from the PCA output are used to determine the number of significant
axes for interpretation, with the first three axes considered significaaljp < 0.05).

RANDOMIZATION RESULTS
999 = N = number of randomizations
Eigenvalue Eigenvalues from randomizations
From s e e

Axis real data Minimum Average Maximum p* n
1 §.7427 2.4253 2.9399 3.6496 8.e01000 8
2 6.4885 2.2194 2.6063 3.1346 g.ee10e80 8
3 44,2367 2.8681 2.3786 2.7338 g.ee10e80 8
4 2.1729 1.9178 2.1688 2.4599 8.467600 466
5 1.4518 1.7356 1.9896 2.2584 1.e080000 999
6 1.1928 1.5839 1.8279 2.0684 1.000080 999
7 1.13@6 1.4825 1.6816 1.8721 1.eee080 999
& 08.92700 1.3483 1.5486 1.7782 1.e000800 999
9  8.747e7 1.1885 1.4267 1.6379 1.e000800 999
18 B.66532 1.1383 1.3875 1.4926 1.660000 999
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Table 2.11Variance extracted results reptire percent of variance explained per axis as well as
cumulatively. A cumulative total of 64% data variance is explained from theee significant axes
(Table 2.10.

VARIANCE EXTRACTED, FIRST 18 AXES
Broken-stick
AXIS Eigenvalue % of Variance Cum.¥ of Var. Eigenvalue
1 8.743 29.142 259.142 3.995
2 6.489 21.628 58.771 2.995
3 4,237 14.122 64.893 2.495
4 2.173 7.243 72.136 2.162
5 1.452 4,839 76.975 1.912
6 1.193 3.976 80.951 1.712
7 1.131 3.769 84.720 1.545
8 8.927 3.898 87.810 1.4@82
9 8.747 2.498 99.30e1 1.277
1@ B.665 2.218 92.518 1.166

The cropland PCAhowedwo axes of similar strength pulling management groups in
opposite directionsAgain, the dominant axis associated best with management pr@&égaee
2.18), howeverwith a strong impact afoil order as welfrom Axis 2(Figure 2.19. Due to
recent disturbance across all cropland samples, the level of ¢asaisturbance was not a
useful predictor of potential indicator differences. Similar to the full landscape®@® r e i s
b e t indécatdrsstronglyassociated witlsoil carbon and soil biologshowed to increase
towardsthe left of the graph where theganic mangement group exists (Figure 2)18owards
the right are the conventional agriculture sites and the UPIAL sites generally observed in
between organic and conventional on Axis 1. The only overlap observed between groups are due
to Mollisol plots1-6 (Site A and B) which, as previously mentioned, behagziinst

expectations
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Figure 2.18The PCA ordination of cropland and UPIAL plots and all potential soil health indicators with

the overlay of land use and management.
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While Axis 1shows variion associated with managemefkis 2 has a clear association
with inherent soil propertieglating tosoil taxonomy(Figure 2.19, Figure 2.18Soil order
generally shifts vertically witixis 2 showing thasoil taxonomymust be considered when
interpretingcropland soil health indicator values. Because Axis 1 again appears to dominate the
variability of data as it relates to potential changes in soil health and management represents
dynamic qualities that can be changed, indicator correlations talfads evaluated for their

sensitivity and potential to be used in a soil health index.
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Potential Soil Health Indicators in Hawaiian Cropland Soil
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Figure 2.20The PCA ordinatiomf cropland and UPIAL plots with group centroids, using the overlay of soil
order.Centroids of the groups generally show shifts in taxonomy occurring vertically along Axis 2, rather
than associating with the dominant axis of data variance explained.

ThePCA output of indicator correlations to significant axes identifies similar sensitive
indicators to those from the full landscape PCA. The only sensitive soil health indicator in
croplands with a 68% or greater correlation value to Axis 1 that was thadeacin the full
landscape analysis whgylucosidase, and a nequalifying value for watestable macre
aggregates (Table 2 1Z'o maintain the applicability of soil health testing to be representative
of cropland need$)-glucosidase was added to firal list of sensitive indicators. While the
waterstable macraggregate indicator did not have a strong correlation, it is recommended as a

potential indicator to consider for clapd-specific testings itwith a nearstrong correlation

value of 0.65Table2.12).
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Table 2.12Correlation values of indicators to all three significant PCA axes from cropland and UPIAL
soils organized in order of strength to the dominant axis, and those parameters above 68% correlation are
considered strong and potentyadiensitive (*).

Variables related to soil health, Correlation coe_fficient to s_ignificant axis
(% Variance Explained)

cropland management Axis 1 Axis 2 Axis 3

(29.1%) (21.6%) (14.1%)
/\ Beta-glucosaminidase -0.88 * -0.04 -0.24
Total PLFA -0.84 * 0.27 -0.29
24 hr CO, burst 0.83 * -0.01 -0.28
Potentially mineralizable N 0.82 * -0.08 -0.16
Hot water extractable C -0.82 * 0.28 -0.28
Dissolved organic C 0.82 * 0.31 -0.28
Beta-glucosidase 0.75* 0.16 -0.22
» % Total organic C 075 * 0.35 0.50
w| | % Water-stable mega-aggregates 0.71* -0.19 0.36
Z| | % Total N 0.68 * 0.48 0.45
9| | % Water-stable macro-aggregates -0.65 -0.53 0.21
g C:N -0.63 -0.18 0.40
+| | Acid phosphatase -0.62 -0.03 0.00
@| | Hot water extractable inorganic N -0.56 0.36 0.26
§ Total dissolved N -0.50 0.52 -0.09
a % C mineralized, 4 mo. incubation -0.46 -0.33 -0.65
2| | Crystal-bound Fe -0.32 -0.70 * -0.01
_'-E Extractable P 0.32 0.35 -0.36

gﬂ % Silt -0.31 -0.30 0.68 *
E Hardness at 15 cm -0.26 -0.28 -0.32

g % Clay 0.20 -0.16 -0.88 *
E Water holding capacity 0.17 0.82 * -0.16
—| | Non-crystalline Fe/Al 0.14 0.55 0.60
Bulk density -0.13 -0.56 -0.43
Extractable Na 0.10 0.77 * -0.14
Extractable Ca 0.10 0.84 * -0.25
% Sand 0.08 0.84* 0.31
Extractable K 0.04 0.59 -0.43
Hardness at 0 cm 0.02 -0.52 0.01
|| PH 0.01 0.54 -.033

87



Multicollinearity, soil function, and practicality of sensitive indicators

The sensitive indicatorselected througPCA were examined comparativébr
multicollinearity, to further downsize recommendettlicatos. The PCA process selted in a
reduction tosixteen indicatorsncluding: % total organic carbon, % total nitrogen, PLFA, 24
hour CO burst, dissolved organic carbon, hot
mineralizable nitrogen, acid phosphatase, hot water extractable inorganic nitrogen, total
dissolved nrogen, C:Np-glucosiminidase, water holding capacity, bulk density, wsiginle
megaaggregates, arfatiglucosidaseThis group ofL6 indicatorscoverall five critical soil
functions and represeatbalance acrogsological, chemical, anghysicalsoil measurements
(Table 1. (Karlen et al., 2001). Using a correlation matrix between untransformed parameters,
highly sensitive indicators with R? values above |0.90| were considered very strong and suitable
for further reduction (Alindicators in Figure 21, snsitive indicators in Figur2.22) (Taylor,
1990, Karlen et al., 2001). Hot water extractable inorganic nitrogen, total dissolved nitrogen,
dissolved organic carbon, acid phosphatase, and total nitrogen were removed, as all showed high
correlation o other sensitive indicators with overlap in their intended measured soil function as

well as lesser practicality in contrast to tr@mparable indicators (Table 2)13
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Figure 2.21A correlation matrix between all untransformed parameters, values flamg-1 to 1 and
also indicated by color. Values greater than |0.90| are considered very strong.
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Figure 2.22A correlation matrix between the 16 untransformed parameters considered to be sensitive
along from PCA, that could be further reduced bydag multicollinearity. Values range frorni to 1
and are also indicated by color. In this figure, high values are clustered to clearly see those that can be

considered for reduction.

The final step in the indicator reduction process involved a queditassessment of the
practicality and cost of the measureméndlicators that required extensive or experienced labor

or incurred high costs weoandidates for removalVith those limitations, bulk density was

removed due to theifficulty of acquiringan undisturbed core in the fieldnd PLFA was

removed due tbigh cost andhe need for outsourced testimghich requirecextensive soll

handlingand preparationindicators excluded by all processes of reduction are summarized in

Table 213.
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Table 2.13A list of 21 indicators excluded from recommendations for routine Hafva s

Oi

Indicator Removed

Rezsoning for Removal

Mo strong correlation to a dominant PCA axis (<0.68), indicator thatis

% Sand
a -
miore sensitive to inherent soil properties than dynamic properties
5 Sl Mo strong correlation to a dominant PCA axis (<0.68), indicator thatis
<4 .y . . . . - .
miore sensitive to inherant soil properties than dynamic properties
% Clav Mo strong correlation to a dominant PCA axis (<0.68), indicator thatis
# C lay !

miore sensitive to inherent soil properties than dynamic properties

Extractable Calcium

Mo strone correlation to a dominant PCA axis (<0.68)

Extractable Sodium

Mo strong correlation to a dominant PCA axis (<0.68)

Extractable Potassium

Mo strong correlation to a dominant PCA axis (<0.68)

Extractable Phosphor us

Mo strong correlation to a dominant PCA axis [<0.68)

%o Total C Mineralized (4
mionth incubation)

Mo strong correlation to a dominant PCA axis (<0.68)

Hardness atdcm

Mo strong correlation to a dominant PCA axis [<0.68)

Hardness at 15cm

Mo strone correlation to a dominant PCA axis (<0.68)

%2 Water-stable
macrosgeregates

Mo strong correlation to dominant PCA axis («<0.68), could be included
supplement cropland-only testing

pH Mo strong correlation to a dominant PCA axis [<0.B8)
- . Expensive, temper ature sensitive sample storage, requiras outsourced
ol PLFA i
anahysis, highty covariate with CO; burst (R™=0.54)
Bulk density Professional skill required to obtain accurate sample

Crystalline Fe oxides

Strongly associated with soil order groups, reguires outsourced analysis,
no strong corralation to dominant PCA axis (<0.68)

Mon-crystalline Fe/ Al

Strongly associated with soil order groups, reguires outsourced analysis,
no strong correlationto dominant PCA axis (<0.68)

Total dissalved N

Highly covariate (R™ =0.90) and similar soil function to nitrogen
measurement from mineralization [FhMM)

Dissohved organicC

Highly covariate (B =0.9%) and similar soil function to hot water

Hotwater extractable

gxtractable C
Highly covariate [F." =051, 0.56) to W mineralizaton (PhMM) and kot

inorganic N water extractable C, similar soil function to PN
e ighly covariate with % Total € (R* =0.22) and simi il functi
% Total N Highly covariate with % Towl C (R 1and similar soil function to M

mineralization measurement (P M) and C:

Acid phosphatase

Expensive and tediows, highly covariate with hotwater extractable C,
mineralization (PMM), and CO; burst (R™ =085, 0 .86, O.B7),
recommended to test if indication of P deficiency
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Thefinal set of sensitive and practical indicators
After assessing the sensitivity, interpretable value, feasibility, field collection practicality,
and laboratory resources required, the best indicators to use in a roiltireakb test for
Hawai di were reduced to ni nleollforeioregoadsi{Tables, capt
2.14,Table 2.1%. Hypothesis two, stating that values of water stable aggregates, potentially
mineralizable nitrogen, soil respiration, dmak density are the strongest indicators of soil
health, is partially accepted. This partial acceptance acknowledges that while these variables are
in the final index list, not all were the top sensitive variables and bulk dedespite its

sensitivity wasexcluded due to practicality.

Table 2.14After assessing the sensitivity, interpretable value, feasibility, field collection practicality, and
laboratory resources required, the recommended indicators to use in a routine soil healthlsasaifor & i
were reduced to 9 parameters.

Proposed Indicators of Hawaii Soil Heall

Measured parameters of soil health span physical, chemical, and biological aspects of

Physical

Water Holding Capacity
Water-Stable Mega-Aggregates

Chemical

% Total Organic Carbon
C:N

Biological

24 hour CQBurst
i m3aAt dzO2&aARI &S
i m3ft dzO2AAYAYARIF &S
Hot Water Extractable Organic Carbon
Potentially Mineralizable Nitrogen
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Table 2.15The recommended nine indicatorstbfa w asoil figalth and their corresponding critical soil
function.

Recommended Indicator Soil Function(s) Relation

Water supply, medium for plant growth,

Water holding capacity soil life

Carbon storage and cycling, medium for
% Water-stable mega-aggregates plant growth, water infiltration and supplyj

soil life
% Total organic C Carbon storage, soil life
Chemica
C:N Soll life, nutrient cycling

24 hr CQ burst Soil life, nutrient cycling, carbon storage

and cycling
Hot water extractable organic C Soll life, carbon storage and cycling
Potentially mineralizable N Soll life, nutrient cycling
Beta-glucosiminidase Soll life, nutrient cycling
Beta-glucosidase Soll life, nutrient cycling, carbon cycling

Biological indicators show highest sensitivity to soil variance

Biological indicators and those inditors closely reliant on biological processes showed
the greatest sensitivity to data variability drahce soil management (Table)2Meaningful
measurements of soil health are intended to capture the changes in a soil ecosystem that are
reflective of d/namic soil properties and are often most impacted by management (Karlen et al.,
2008). While inherent soil qualities such as those most commonly found as chemical and
physical indicators may take significant time to change in a soil or cannot changajayna
gualities are a powerful tool in soil health assessment with indications of soil health changes that
often precede detectable physical or chemical changes (Nielsen et al., 2002). The biological
indicators as leading predictors of soil health can bdated to their rapid responses to

environmental stress associated with soil disturbance (Nielsen et al., 2002). Microbes play key
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roles in soil health such as decomposition of organic matter, mineralization of and recycling of
nutrients, nitrogen fixatio, detoxification of pollutants, maintenance of soil structure, biological
suppression of plant pests, ahdredudion of parasitism (Stirling, 2014, Brackin et al., 2017).
The loss of such functions in the soil can be directly associated to loss prodogtivity (eg.,
increases of plant pests leading to decreases in harvestable crop) and highlight the vital

importance of soil life in hierarchical controls on critical soil functions.

Importance of physical and chemical indicators on soil healthfartdity testing

While dynamic soil qualities are preferable to detect changes in soil health as they better
relate to the soil ecosystem as a living entity, the impact of inherent soil qualities upon the soil
ecosystem remain crucial (Karlen et al., 20@me of the physical and chemical potential soll
health indicators, which did not show to be as sensitive as the biological measures, are
considered dynamic and many of them are considered to be inherent qualities. Regardless of the
group they fall intophysical and chemical soil qualities play crucial roles in soil function such
as impacting the availability of nutrients and the structure of the soil which then holds water, air,
and supports life. The sensitive indicators corresponding to Axis 2 lofAtdAs (full landscape
and cropland sensitivity) included nutrient measurements as well as those related to taxonomy
(e.g., texture classeg)lable 2.9, Table 2.)2Particularly for cropland systems, these indicators
greatly impact crop production afishdamental foproper soil nutrient management. In order to
make appropriate fertilization choices in a commercial farming operation, soil fertility testing
should be included in addition to a soil health test so as to not exclude crucial measurements
regarding nutrients. Properly managed nutrients benefit both the farmechigving target

yields andavoiding expensive and unnecessary nutrient additions as well as benefiting the

94



environment by reducing risk of nutrient runoff, eutrophication, and pollofiorearby

ecosystems.

2.4.6Interpretation of soil health indicators
The values obtained from all potential indicatof soil health can vary in their
interpretation whether it be fhigakwevarthe Het t e
reduced set of indicators aa# generallyconsidered to bef thefi h i g h e r categoryitat t er 0
the exception of C:N ratio which often falls irdafioptimal valué category. Theelationship of
each to measured soil health can be supported fronigeduhany dber studiesValues vary
with intrinsic soil differences, buhé overall interpretatioaf indicator score can be

summarized in Table 2.J8ong with potential supplemental fertility measurements.

Water holding capacity

A s oi | Gosholdawaterlisivitalyor dustained plant growth and supporting microbial
life and is often correlated to the amount of organic matter in the soil as well as bulk density
(Brady and Weil, 2008). During times of water shortage, be it between rawésds or due to
drought, water held in the soil allows plants and soil lifsuxvive Acting like a sponge, soils
with the ability to hold high quantities of water increases soil ecosygsitiency in the face of
drought conditionsThus, higher values ofater holding capacity are ideal for a healthy soil
ecosystemin agricultural systems, high water holding capacity reduces the need for irrigation.
Conventional practicesf tillage and crop residue management are major contributors lasthe
of water hdding capacity, which is closely tied to the amount of soil organic matter and overall
soll structure (Arais et al., 2005, Karlen et al., 2001, Evanylo and McGuinn, 2000).
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Waterstable megaqggregates

Soils with higher watestable aggregasere associatl with greater soil health as they
improve the overall sotilth by increagng water infiltration, water storage, water and gas
exchangetotal porosityresistance to erosipand by decreasing soil bulk dengi#yai et al.,
2014). Soil aggregatestsore organic by physically proteahg soil C from microbial decags
well as restrict the diffusion of oxygen and enzymes (Blankinship et al., 2016, Berhe et al.,
2012).Agricultural practices such as tillagestlupt and reduce soil aggregabgsphysical
destruction andead to loss of soil structure which is vital to support life many soil functions
such as carbon and water storage (Beare et al., 1994, Karlen et al., 2001, Haynes and Swift,

1990).

Percent total organic carbon

High organic carbon serves mavital soil ecosy'em and productivity functions and
correlatesto important physical, chemical, and biological soil properitas additionally
associateavith soils more resilierto drought, extreme rainfall, and diseg§Bet and Benites,
2005, Awde and Chatterjee, 2011ntensive agricultureeducessoil organic matter content

over timewith many adverse effec{érias et al., 2005).

C:N ratio

The C:N ratio compares the mass of carbon in the soil to the medaloitrogen and is
an indicatorof maintaining a healthy microbial environment, as microbes must obtain proper
ratios of each to sustain their bodies (NR2@&L9. Values for C:N ratios vanyith vegetative

coverand soil typeand should benonitored to maintain a sufficierdtio for microbial function
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andto assess mineralization/immobilization dynan{fdRCS,2019. In relation to soil health, it

can be a useful predictor for disease suppression (van Bruggen and Semenov, 2000).

24 hour CQ burst

Soil respiration methods measure thetabolic activity of the microbial communities in
the soil, an important aspect of solil fertilapd a functional ecosystefidaney et al., 2008).
Greater respiration of the microbes in soil is indicative of greater activity of the soil microbes
presentvhich contribute to organic matter decomposition and nutrient cydingnylo and
McGuinn, 2000Haney et al., 2008). A 24 hour G€lease highly correlates with other methods
of soil respirabn such as microbial bioma@daney et al., 2008Moisture,temperature,
oxygen, soil pH, andvailable substrates can impaotl respiratioras well as practices that lead
to loss of soil habitat such as tillage or addition of chemicals such as fungicides targeted for
pathogenic organisms (Evanylo and McGuinfQ@0 Because soil respiration is a process tied to
bothcarbon mineralization and decomposition, itypdes benefits and drawbacks yet
sustainability of the organic matter must be maintained. For this reason, higher resgtason
arenot alwaygepregntative of a healthy soil ecosystdmithey arandicative of strong
microbial activity Identifying an optimal levedssociated with a natural, undisturbed condition

may be appropriatéEvanylo and McGuinn, 2000, NRC3)18.

Enzyme$-glucosidaseandb-glucosiminidase

These twaenzymesare substratspecific andeflect the ability of a sotio decompose
organic matteand releas@l into plant available formgAlkorta et al., 2003)Enzyme activity
can source from dead microbes, residues, and aniamaldiencegoncentrations of soil enzymes

can estimate long term microbial activity and respond to changes in soil management more
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quickly than many other indicators that slowly degrade such as total carbofT kdsstébai,

1994, Dick et al., 1994Higher values of these enzymes are associated with healthier soils more
capable of recycling C and N and organic matter stabilization (Das and Varma, 2010, Bandick
and Dick, 1999)Enzyme function may be inhibited by chemicals introduced to the soil by

pesticde application and can result in problems with plant nutrition (Alkorta et al., 2003).

Hot water extractable organic carbon

Hot water &tractable carbon is assated with aggregate formationreserve of
nutrients anenergy fomplants and microbes, agll asbiological activity. The proceduréyses
microbe cells ad releases biomass components andmomass substances whicHate well
with microbial biomass C (Sparling et al., 1998, Ghani et al., 2886kalo and Bedernichek,
2014, St. Luce et al2016).Water extractable carbon measurements reflect ceamgbile soil
organic mattecaused byntensive agriculturgbracticeswvhich reducemicrobial biomassnd
microbial activity.(Hamkalo and Bedernichek, 201#)igher values of hot water exttable
organic C are represative of greateisoil health agheyrelate to critical soil functions of

carbon storage and soil biodiversity.

Potentially mineralizable nitrogefPMN)

The conversion of nitrogen from complex organic forms into ammonium (atizegion)
is a biological process in whichtroagen becomes plant availabl&arious microbial groups
convert these molecules into ammonium and nitrate by mineralization and nittfiedtich
plants can then uptak®loebiusClune et al., 2016Highervalues of PMNncreaseplant
nutrient availability anatontribute to overall enhancedicrobial growth and activity such as C

and N cyclingiNRCS,2018 Doran, 1987, Drinkwater et al., 1998hus, higher PMN is often
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corrdated to greater soil health (Han et al., 2001m, MoebitGlune et al., 2016).

Table 2.16Summary of general indicator interpretation with supplemental soil fertility data.

Indicator

Interpretation

Physical Indicators

Water holding capacity (%)
Water stable aggregates (%)

Chemical Indicators

Total organic carbon (%)
C:N (ratio)

Biological Indicators

CO, burst (mg C kg)

Mineralizable nitrogen (mg kg™)
B-glucosidase (mg kg™?)
B-glucosiminidase (mg kg™)

Hot water extractable organic C (mg kg™?)

Fertility/Nutrients

pH
Base cations (cmol. kg?)

Available phosphorus (mg kg™)

Higher is better
Higher is better

Higher is better

Depends on crop/soil type

Higher represents more active microbial community
Higher is better
Higher is better
Higher is better
Higher is better

6.0—7.0is ideal
Depends on crop

Depends on crop, but > 100 mg kg signifies excessive

Management effects on soil health indicators

A gradient of differences isoil characteristics related sbitalthto soil management

and allowed for identification of the most sensitive indicatorséa health testing (Figure 2.17

Table 2.14. In support othese conclusionshe aeraged untransformealues of thdinal

indicators within ach managemeggroupdecrease towards management groups on the right of
the spectrum representing lower soil hefiftigures 2.234d). Due to the characteristically high
carbon of the Amalu seriédistic Inceptisol (Site R) and unique condition of it as native forest, |

is not included as an extreme outlier without data transformation (App€ndhhe relatively
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clear trend of increased values for management groups with presumed higher soil health for all

indicatorssupports their performance and ability to differeietiacross management classes.

Potentially Mineralizable N and Management
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Forest Cropland Cropland
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Figure 2.23.a Averaged values within management groups regressed with potentially mineralizable
nitrogen, with standard error bars above each data point%adug of 0.93.
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% Total C and Management
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Figure 2.23.bAveraged values within managem@roups regressed with total organic carbon, with
standard error bars above each data point dwel&e of 0.86.

B-glucosiminidase and Management
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Figure 2.23.cAveraged values within nmagement groups regressed viitglucosiminidase with
standard error bars above each data point dmel&e of 0.85.
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B-glucosidase and Management
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Figure 2.23.dAveraged values within nmagement groups regressed viithlucosidase with standard
error bars above each data point aRddRie of 0.68.

Hot water extractable organic C and Management
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Figure 2.23.eAveraged values within management groups regressed with hot water extractable organic
carbon, with standard error bars above each data point?aadli of 0.94.
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% Water-stable Mega-aggregates and Management
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Figure 2.23.fAveraged values within management groups regressed with-statde meg-aggregates,
with standard error bars above each data point dmdlée of 0.77.

24-hour CO, Burst and Management
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Figure 2.23.gAveraged values within management groups regressed witb@4carbon dioxide burst,
with standard error bars above each data point dmdlée of 0.80.
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Water Holding Capacity and Management
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Figure 2.23.hAveraged values within management groups regressed with water holding capacity, with
standard error bars above each data point dmel&e of 0.81.

C:N and Management
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Figure 2.23.iAveraged values within management groups regressed with C:N, with standeardars
above each data point andvRlue of 0.78.
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Soil disturbance and management impaceoasystem balance

The nine indicators selected for soil health testing supported the observed trend of a soll
health gradient fated to management, includiegnsiderablémpactrelated tahedegree of
disturbancdFigure 2.17Figures 2.23.a). Evaluating the soil function these indicators represent
with the implications of various management can then be used to better understand the
association of managemeand disturbance to overall soil health.

While there are exceptions, the level of disturbance in each management category is
generally predictable unless specific sites are making considerable efforts to further reduce
disturbance or are adding excesgutbance. Intuitively, forest lands experience little to no
disturbance. For UPIAL sites, disturbance level is medium with 10+ years of a land not in
agricultural use. However, it is apparent that there is a considerable remaining impact from such
previaus disturbance as it separates those sites far from the low disturbance sites, and
comparable to the high and very high disturbance sites. Cropland sites are all considered very
high disturbance since both organic and conventional methods add signibitaigtarbance by
tilling multiple times a year and may also be compacting the soil with farming machinery. For
the most part, management categories captured the level of disturbance as well.

The gradient of soil characteristics related to soil healgmiag with disturbance and
hence management patterns is likely primarily due to significant loss of soil life and sufficient
soil structure to support such life (MoebiGtine, 2016). Management practices associated with
those management groups on the-gssmal end of soil health often damage the soil via
compaction, tillage, pesticide application, and harvesting mechanisms. Compaction reduces the
space between soil particles where air and water are held which are crucial components to
supporting soil fie and plant health (MoebitGlune, 2016). Frequent tillage breaks soil
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aggregates which typically benefit to increase water infiltration, water storage, gas exchange, and
erosion resistance (Beare et al., 1994, Arai et al., 2014) Pesticides are steactarel ip

conventional management and the overuse of them in intensive agriculture kills necessary
microbes and can also inhibit the ability of soil enzymes to cycle nutrients sourced from organic
substrates (Alkorta et al., 2003). Harvesting crops oftqoires the removal of the living roots

that support a rich microbial ecosystem in the rhizosphere (soil ecosystem near plant roots) and
can deplete the soil carbon if there are no additions of organic matter such as compost (Walker,
2003, Rasse et al.0as).

The lasting effects from intensive agriculture practices resulting in losses of microbial
biomass, enzyme function, carbon, and degradation of soil structure, are observed in UPIAL
sites. The time required to reaccumulate lost carbon as well Es$hef soil enzymes which
assist in nutrient cycling, may explain the significant lag in UPIAL soil recovery to higher
indicator values more comparable to a pasture grassland or undisturbed forest. Enzyme presence
and their full function may be restorddwly due to previous pesticide applications and loss of
microbes, animals, and organic matter (Tabatabai, 1994). Flourishing life is expected in a
landscape that has been undisturbed for many years, such-@®dngrassland and forest
sites, if it werenot for the apparent long term damage of previous land use (Menta, 2012, Alkorta
et al., 2003).

Without restoration efforts to assist in building soil organic matter and soil life, we
cannot anticipate rapid improvement of soil health in abandoned @naged lands. From the
management gradient, we see that organic management holds slightly greater potential for soil
health than UPIAL or conventional cropland, under the same or siewealslof disturbance
(Figure 2.17. Typical organic management priaes such as limiting pesticide use and adding
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organic matter, which benefit soil the soil ecosystem, offer some support as to why organic
management may score more favorably among soil health indicators compared to those of
UPIAL and conventional sites (#ale et al., 2017). However, these changes of improving health
of the soil ecosystem are not rapid and may take significant time to improve overall soil health

and provide benefits to the farmer (Karlen et al., 2008).

2.4.7The role of taxonomy in soil lealth testing

Soil order impact on selected soil health indictors

The proposed sensitive indicators of soil health also display potential to detect differences
in soils when grouped by soil order, further supporting their relevance to representing céeren
across soil diversity relating to soil health. Comparing like to like more effectively challenges the
power of indicators in their sensitivity to management change since the behavior of soils between
orders, while not a dominant axis, can be considgiaipacted bypedogenic effects that make
soils intrinsically different regardless of managen{8atareet al., 1994). In Figures 2.24i.gthe
end points of the soil health gradient by management are highligitted @ach soil order
(Figure 2.23. Geneally, the management groups are associated with their corresponding less
ideal or more ideal calculated values for each parameter relating to soil health. A top sensitive
indicator, the 24 hour C{burst, demonstrates well how a soil health gradient byagement
can exi st within each soil or dessarilyzomparable w v al u
(Figure 2.24.a For example,ite optimal management of Vertisols within the dataset (organic),
while having higher scores for this indicator and manjycetdrs than the lesgptimal
management groups (conventional and UPIAL), still has values less than comparable
management types other soil ordersThe Mollisols notably do not follow this pattern and
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instead show the opposite pattern of sensitivityhwie conventional plot indicating higher
potential soil health than its organic counterpart for most indicators (refer to S2dtidmon

notable sitescropland) Despitethe small sample size per soil ordéigure 2.244 suggests that

the indicatorsire abldo detect differences betwegaried managemerkhe qualitative

assessment of indicator sensitivity within and across soil order highlights the importance of how

taxonomy affects soil health and hence its notable impact on PCA and associatenao

SOl OFdEr i D

Figure 2.24Legend corresponding to Figw2.24a-i. Sites

Management within order cluster

of the sare soil order are grouped withred box. Using the | ____ >~ ..o greatest soil health........ ()
soil health gradient from Figure 2.1the management group

within the order on the least optimal of the gradient is Management within order cluster
identified with yellow, the group on the optimal end associated with poorest soil health.......... O

identified with purple, and all groups that fall between

optimal and least optimal soil health are identified with blu{ Managements within order cluster
associated between greatest and

poorest soil health.......cccvveviiveciiceninnns O

CO, Burst by Soil Management and Order
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Figure 2.24.aSite averages with standard error bars fop Qdst grouped by order.
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Water-stable Mega-aggregates by Soil Management and Order
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Figure 2.24.bSite averages with standard error bars for wstible megaggregates grouped by order.

Carbon to Nitrogen Ratio by Soil Management and Order
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Figure 2.24.cSite averages with standard erparrs for C:N grouped by order.
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Total Organic Carbon by Soil Management and Order

Site V - Organic Ultisol
Site U - Pasture Ultisol
Site T - Prot. Non-native Ultisol
Site L - Conv. Andisol -
Site Q - Pasture Andisol
Site P - Prot. Non-native Andisol -
Site R - (Outlier removed) -
Site S - Pasture Inceptisol -
Site O - UPIAL Inceptisol
Site N - Pasture Inceptisol
Site M - Conv. Inceptisol -
Site K - UPIAL Vertisol
Site J - Conv. Vertisol
Site | - Organic Vertisol
Site H - Conv. Oxisol
Site G - UPIAL Oxisol -
Site E - Conv. Oxisol

Site D - Organic Oxisol
Site C - UPIAL Oxisol -
Site F - UPIAL Mollisol
Site B - Conv. Mollisol
Site A - Organic Mollisol -

Site Identification

FH
(o]
@]
a
@]
e+
o
(o]
Q
(o N
@ |
o,
o]
Q
<]
0 5 10 15

Total organic carbon (%)

20

Figure 2.24.dSite averages with standard error bars for totakmigcarbon grouped by order.

R-glucosidase by Soil Management and Order
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Figure 2.24.eSite averagewith standard error bars forglucosidase grouped by order.
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3-glucosiminidase by Soil Management and Order
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Figure 2.24.fSite averagewith standard error bars fbrglucosiminidase grouped by order.

Hot Water Extractable Organic Carbon by Soil Management and Order
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Figure 2.24.gSite averages with staart error bars for hot water extractable organic carbon grouped by

order.
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Potentially Mineralizable Nitrogen by Site Management and Order
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Site Identification

Potentially mineralizable nitrogen (ug N/g soil)

Figure 2.24.hSite averages with standard error bars for potentially mineralizable nitrogen grouped by
order.

Figure 2.24.iSite averages with standard error bars for watedifplcapacity grouped by order.
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