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ABSTRACT

Climate change conversely is the largest issue facing humanity téaiayal systems exist
that could potentially sequester large reservoirs of carbon (C) from the atmosphere and aid in the
preservation of globalo®systems while long term solutions to destructive human behavior are
enacted into policy. Soils are one B@ystem with high potential to drawdown carbon and reduce
atmospheric greenhouse gas concentratiblnis benefit may only occur if the mechanisfos
stabilizing and storing carbon are not overwhelmed by the interactive effects of rapid warming on
multiple soil processes. Volcanashderived Andisols, with a high concentration of poorly and
noncrystalline minerals, have a strong affinity to stiabiC and offer a unique study system to
test hypotheses about mineral control on carb@bilization and nptection from disturbance
losseqGiardina et al. 2034Crow et al., 2015)Andisols unique affinity to C nyahold the key in
utilizing an understudied, but criticalirbon sequestratiananagement tool within thdalpal C
cycle.

Interactive feedbacks of climate, mineralogy, and microbial communities on the soil C
balance will determine the net soil C balancdarra changing environmenh Hawaiian Andisols
organemineral associations are strorugl €£-protection mechanisms leading to large soil C stocks.
Existing evidence from neAndic soils suggests that increased soil temperature escalates
microbial activty in the soil and consequently soil respiration rates throughout the soil profile,
implying declinirg C stocks if metabolic losses outweigh input gains. However, how the intensive
warming predicted with climate change by 2100 will impact C cycling andggan Andisols is
unknown. On a 200 m?2 hillslope of a wet montane Andisol, sadl heated using a randomized
design that allowed for a temperature gradient of ambient to +4°C across sampling depths (20, 40,

60, 80, and 100 cm). After a year of deed s@rming during which soil respiration and flux

Vi



throughout the solil profile was nmaed, the warming response ranged ffa89to 17,000mg

CO; m2 hrtacross the gradient of temperature and depth. Generalized additive modelinyy (GAM
indicatedthat owerall, the amount of C released from the soil did not significantly increase in
response to warming at dep@AM alsoconfirmed the hypothesis that poorly and +ooystalline
minerals (hydroxylamine hydrochloride extractable Al + 0,5kl the aive Feratio), derived

from the volcanic ash parent material, was the primary drivttiedack of CQresponseAnother
significant driverimiting the CQ response wsaep HHkel - pHH20), with possble positive net
colloid charges stabilizing organic mattddacterid and fungal diversity measured by high
throughput sequencing at 20 and 40@eTe $gnificantly more diverse than those at 60, 80 and
100cm. The significant relationship of mean{p@duced in response to warming and poorly and
noncrystalline minerals gygests the strong orgamaineral protection mechanisms found in

Hawaiian Andsols could be considered as a C management tool.
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CHAPTER 1: LITERATURE REVIEW

1.1 CLIMATE CHANGE AND GLOBAL TEMPERATWRE RSE
IPCC predictions in global air temperature

Climate change is the rise @aferage global temperatures and its wigleging impacts that
have been witnessed within the last centlityeseglobalimpacts includencreased instance of
natural disastersising sea levels, loss of biodiversity, higher prevalence of vector borraselise
and other major effects that impact the wellbeing of society and global ecosystems. This rise in
global temperature is mainly anthropogenically sourced from fossil fuskems which adds to
the overall concentration of greenhouse gases (GHG). GH@laland emit thermal radiation
trapping heat within the atmosphere and raise the global temperature. As we enter a new era of
combating climate change, it is critical to uretand the many nested positive feedback systems
making up the Earth system thadllectively can create issues for the sustainability of human
societies.

An accelerated and necessary movement of international governmental bodies to develop
stronger clinate science predictions for the effects of GHG on nested positive feedback natura
processes is underwaYhe IntergovernmentdPanel on Climate Chand&PCC), is the most
widely recognized scientific and intergovernmeiutadly in this effort. Since 1989, the IPCC has
published five reports dailing the findings of the latest climate science through intensive
collaboratian within the scientific community. The most recent report predicts the global average

temperature anomaly will increas¥&4 by 210QPachauri et 812019 . This prediction represents

At he businexns (RLPuUuBUSDBI) mahdelh is a |ikely scen;

over the &st century.



Carbon dioxide (C®) as a powerful greenhouse gas

The last century withessed exponential increases in GHG emisEiars. was a dramatic
increasein GHGs braight about by the economic and population growth of the industrial
revolution. Though the burning of fossil fuels, there has been a great rise in the atmospheric
concentration of carbon dioxide (@OFossil fuels contain extremely old carbon (C) thatlizes
into the atmosphere through combustion. The increameckntration of Cein the atmosphere is
unmistakably linked to this ancient C signature from the of burning fossil fuels. The IPCC reports
that 78% of total GHG emissions from 1970 to 2010ipnated from fossil fuelsand since pre
industrial times C®@levels in the atmosphere have increased by @®86hauri et 312015

CO: has the highest radiative forcing, or a net increase in the amount of energy reaching
Eart hds surf ace,406a €O anissiond ate retedd m the atnt@spliese, 30%
are absorbed by the ocean (conttibg to ocean acidification) and the 30% are taken up by
terrestrial system@achauri et al.2015. As CO; emissions continue to rise, there will be severe

landscape and climatic shifts reinforcing strong positive feedback loaparof natural cycles.

Climate change in Hawaii

Hawaii isnot immune to the destructive effects of climate chaAge small archipelago,
Hawaii is more likelyto have quickertangibleeffects of intensified natural disasters, sea level
rise and lossfdiodiversity compared to larger continents. Average awptrature in Hawaii has
increased0 . 1 7eC per d e c a d e bringing dpdtiBc chaleesges todHawaiyae a r s
landscape and climatéEversole and Andrews2014. Northeasterly trade winds and total
precipitation have declined causing widespread drought. Even with an overall trend dftdroug

climatic shifts cause some areas to receive excessiveasulting in flash floods that threaten



infrastructure and liveEversole and Andrew2014. These destructive effects are harming the

natural systems Hawaii relies on for its economy.

One of t he mo s t critical natur al resour

Threats to Hawaiian cstal and marine environments pose severe risks for its fisgigeg and

tourism industry. Since the industrial revolution, the sea level has risen 1.5 to 3.3cm per decade
and is expected to accelerate to 0.3 to 1m by the end of this céivergole and Andrew2014.

This rise in sea level threatens those who live and work along the coast. Adtlex] tarine
environments are taking up more £€@mparedd preindustrial eras causing ocean acidification

with an expected pH decrease between 0.1 and 0.4 within the next ¢&veengole and Andrews

2014). Ocean acidification damages the biodiversity of coral reefs which are crucial to the health
of Hawai i 6s fi sher i e siated Withelimate dhangesis avhazard ta tha g e

healthofHawai 6 s economy and natur al ecosystems.

Climate changes effects on soil

Climate change not only affects the atmosphere and ocean, it affects the living and
breathing skin of the Earth, sd8ois are comprised of minerals, organic solids, gases, liquids and
living organisms. Soils are a medium for plant growth, engineering, organism habitat, filtering
water, recycling nutrients, and facilitating interactions with atmospheric propéstiady and
Weil, 2003. It is imperative to understand the linkages between global climate change and soils.
Globd air temperature has been increasing only slightly faster than the temperature of shallow and
deep soils (Figure 1). Tremomalies in soil temperature at 1m of depth have been consistent across

all soil types with those at the surfafferies et al. 2017. This linkage between air and soil

=
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temperatures demonstrates the importance to explore how soggegoay be affected by rising

temperatures.
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Figure 1.1 RCP 8.5 model predictions for average changes in global air and soil temperature in
shallow (B2cm) and deep (8000cm) profiles (left). The four IPCC @GP climate model
projections for average global air temperature (right).

1.2 GLOBAL SOIL C CYCLE
Soilsas a C sink

Carbon is known as the building block of lif8oils arethe chief natural system in the
terrestrial carbon cycle, holding more carbon tlthe atmosphere and vegetative biomass
combined(Field and Raupaci2009. As aforementioned, soils are made up of minerals, water,
gases and organic matter. Although organic matter makes up the sinadesh of soil, it is a
critical component i n ical&dctiopingySOM is mdde of mddesomi c a |
dead organic flora and fauna material that is decomposed by soil microbes. Organic matter impacts
the structure of soil mitigatingresion, improving water quality and providing nutrients for
growing food, timber aoh other terrestrial resources. Soil organic matter (SOM) is linked to the

overall wellbeing of an ecosystem and without SOM there can be widespread ecosystem failures

(Ontl and Schulte2012.



The amount of SOM in specific soil types is defined by the abiotic, biotic and
anthropogenic inputs of treurrounding environmengome of the abiotic influences on SOM
include climate, rmeralogy, landscape position and fire occurrence. Biotic factors include amount
of accessible organic material, chemical composition, relative allocation of plant inputseeand
existing soil food welfJackson et gl2017. Anthropogenic factors include land use anddnisal
management strategies. SOM is comprised of compounds with high carbon content, therefore soil
organic carbon (SOC) is often related to the amount of organic mattersoil(Ontl and Schulte
2012. It is important to understand how carbon is inputted into the soil to understand this
relaionship.

SOC enters the soil via several pathwéysst, photosynthesis convelight and CQ into
energy for plants by the leaves. This C is then transferred underground by the roots as
photosynthates, which then are metabolized by the microbes wWithsoil. Carbon is also added
directly by dead root biomass. Other sources of $@{ide dead aboveground vegetation and
carrion. These biotic sources are quickly decomposed by soil microbes since they provide rich
available sources of carbon. The algreeind biomass is closely related to belowground SOC
stocks and varying across disgar climatic conditions (Figure 2). Understanding how carbon
stocks vary across different climate regions can help to accurately predict how soils may react the

abrupt ad sometimes irreversible changes of climate change.
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Figure 1.2 Aboveground biomass (green) and belowground SOC stocks in topsoil (orange) and
subsoil (brown) by IPCC climate regiortscharlemann et al.2014).

Soils input of C into atmosphere and SOM decomposition

Quantifying accuratglobal SOC stocks has provenlie a difficult taskMany studies
have tried to quantify global SOC stocks since some of the first estimates in 1951, but due to the
complex nature of the system there is always heavy uncertainty. The most recent estimates o
global SOC stocks estimate A@Pg of C existing within the so{Scharlemannteal., 2014.
However, this soil carbon is not stationary and is constantly cycling through the carbon cycle. SOC
specifically changes rapidly with land use change. Historically, SOC stocks were dramatically
altered throgh land use change, like unsistible forestry and poor agricultural practices
(Jackson et g1.2017. In the tropics alone there is a net loss of 1.6 +0.8P¢ @oymn the soil
arising from the lack of sustainable management strategies like no till, and selectiveg loggin

(Smith, 2009.When vegetation is removed from a landscape and solil is overi@@€that was



once protected is exposed at the soil surface and vulnerable to oxidation. Further understanding of
the mechanisms driving d#on turnover is needed mitigate CQ from land use change.

When looking to mitigate atmospheric gQunderstanding the intrinsic mechanisms
driving the soil carbon cycle is critic@oil microbesarethe greatest players in cycling SOC from
the soilto the atmosphere. Microbagetabolize and respire C resulting in atmospherie. DGt
of C is released annually via respiration by soil microbes which is seven times the annual emissions
from fossil fuels(Solomon et a).2007. Soil microbes consistfanany species of bacteri@ngi,
protozoa, ameboma, nematodes, earthworms, and arthropods all playing a different role in C
cycling. These organisms aid in the productivity of the soil through nutrient acquisition, nitrogen
(N) cycling, C cycling and sbformation. Within the C ycle, bacteria and fungi host up to 100%
of the decomposition servicégan der Heijden et al200§. The massive role that soil microbes

play in the C cycle make them a vulnerable group to changes through global temperature rise.

Modeling soil respiration with rising temperat

One of the anticipateconsequences of rising global air temperatures is augmented soil
warming A study by Pietikainen et 2005 observed soil respiration rates in bacteria and fungi
communities across a 4D temperature gradient in agricultural and forest soil. The agricultural
soil had a high pH with low organic matter content and thestosoil had a low pH angigh
organic matter content. The soils were incubated in a laboratory setting at different temperatures
ranging from0Cto40C. The study found t hwasardunchl20timess pi r a
higherthanatO°Cintregr i cul t ur al soi l and 7(Pietikainemets hi gt
al., 2005. The resultsf this studytranslatego higher soil temperatures mean higher soil respiration

rates. Like this study, many studies now are observing how temporal changes affect soil respiration



rates. Unique soil charamistics exist in a broad range of climates mgkdatasets on soll
respiration important for validating global models on the pressures of climate change on SOC
stocks.

Current models predicting soil respiration follow either a linear, exponential oeriuah
relationship with rise in temperatureinearand exponential models fail to present an unbiased
estimate of respiration rate. There is high variability within these models which underestimate
respiration at lower temperatures while overestimgatespiration at higher temperatur@doyd
and Taylor 1999. The best model in predicting soil respiration over temperature changes is an
Arrhenius type equatiothe Arrhenius equation was originally developed for enzyme kinetics
but is nowwidely used for temperature relationshipssliess biased than other models because
at high temperatures the rate of reaction levels off. Rates of soil respiration leveling off at higher
temperatures is consistent with the literature and thereforenisr@ accurate representation of
these system. Aother way of predicting respiration rate changes is using the Q10 value. Q10 is
the rate of change in a system with an increase in temperaturé®yltli® used to measure the
temperature sensitivity of theates of metabolic enzyme activity in microb&he typical
enzymatic Q10 reaction is around 2, meaning the rateetdbolic enzyme activitgfoubles with
an increase of temperature by’ @C0The rate of Q10 varies within different ecosystems based off

existing SOC stocks and soil moistifMeyer et al. 2019

Soil respiration over depth in temperate and arctic systems
Many soil respiration studies have focused on arctic systémtdic systems are high
priority for SOC stock modeling because of immense vulnerability of C existing in permafrost.

With rapid warning, permatfrost soils have incredible potential to release immense amount of C to



the atmosphere. A study by Bekku et(@003, compared the tas of soil respiration of arctic,
temperate and tropical soils across several temperature gradients. Temperate soils had lower
tempeature dependence than arctic and tropical soils which showed higher rates of temperature
dependence at higher temperatufegyure 3). This study displays how soil respiration rates
change with climatic zones, even if they experience the same degreemuhguarhe inherent
properties of the soil within each diverse climatic zone make each relationship with soil warming
and espiration rates unique. These results further emphasize the need for soil warming

experiments to take place in the understudied ¢eb@nvironments.
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Figure 1.3 Microbial respiration response rate &m increase in temperature across arctic,
temperate and tropical soils (Bekku et al., 2003).

Rates of soil respiration need to belassed by climatic zone and most critically, depth
Older C tends to be deeper within the soil profile and the effects of deep soil warming are widely
understudied. A study by Pries et 017 observed rates of deep soil respiration within a
temperate forest. The soil temperature was heatetlt@dove ambient temperatures to mimic
the effects predted by the IPCC RCP 8.5 business as usual modellfad (Pries et al.2017.

Earlier soil warming stdies failed to look at the entire soil profile bycfising on shallow soils



(up to 1520cm). Pries et a{2017) reportedone of the first deep soil warng studies by observing

soil respiration at depths up to 100cm. The inclusion of the deep soil profile revealed annual soil
respiration rates increased by 3% with th€ dvarming(Pries et al.2017. This 3% increase is

an immense amount when considering the net<oils release into the atmosphereuaily. This

study further addlresse®isl d hwearnmierdg fex p d@&irwihment s .

1.3 SOIL MICROBIAL COMMUNITIES
Impact of warming on microbial abundance

Determining the effect of deep soil warming has on atmospherien@@ves focusing on
the microles responsible for this respiratidhhas been fouwhthat as the soil warms microbial
abundance increases up to a certain threshold. Pietikainen (0@ found that with soil
warming, bacterial abundance was fourteen times greater in an agricultural soil (low OM) and nine
times greater in the forest humus soil (high OM) than without warmiagteBal abundance
plateaued around 45°C suggestirtgrashold of warming that decouples the relationship between
soil temperature and respiration. Optimum temperatures for fungal growth were 25 to 30°C.
Beyond 30°C, there was a dramatic decrease in fusigandance suggesting that at higher
temperatures #re is an alteration in the balance of these two groups of organisms. Bacteria may
have higher abundance as temperature increases while fungal abundance may decrease. This study
looked at the instantane® changes in the fungal and bacterial communitidswarming, rather
than longterm changes. There may be different results in species composition of bacteria and

fungi with the longterm changes climate change will bring.
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Microbial community structre and the effects of a pH gradient

Anotherlarge effect on soil microbial community structure is soil pH. On a global scale,
soil pH influences soil bacterial communitistrongerthan fungal communitiesGenerally
bacterial dversity and community stature has a strong positive relationship with soil pH, while
fungal diversity and community structure is uncorrelated or weakly correlated with géilopigk
et al, 201Q. The Rothamsted Research station in Harpenden, UK is atéomgexperiment
examining the effects of a gradient of pH from 4.5 to 8.3 on soil microbial communities. Rousk et
al (2009) found thiaat this site, bacteriajrowth was highest at the more basic end of the pH
gradient and declined by a factor of 5 towards acidic pH values. Fungal growth was highest in the
more acidic environments and declined by a factor of 5 as pH became mor(Rioasik et al
2009. Rousk et al (2009) also found that &lesoil respiration ratesecreased by 30% from a pH
of 8.3 towards the more acidic pH of 45 itself can be a measure of predicting the structure of
mi crobi al communities, however the fispill over
unknown, especially in tropicasoils. Beyond effecting microbial community structure, pH effects
the solubility of different elements, nutrient availabiliyggeochemical cycles, G@lux, and the
flux of othergreenhouse gaséSHs and NO) (Lammel et al.2015. Therefore, the effects of pH
are wide ranging and call for more empirical data across different soil types to predict how soil

properties effect microbial communities and consequently rates oéspitation.

1.4 INTERNATIONAL SOIL EXPERIMENTAL NETWORK (ISEN)
Call for global soil C experiment network

Several efforts are underway to quantify the effects of soil warming on global soil carbon.
The proposed International Soil Experimental Network (iISEN) is expanding tHzadatafforts

for deep soil warming experiments. This network calls for replicated deep soil warming

11



experiments across different climatic zones to predict how SOC stocksenaffebted by soil

warming. The network seeks input from individual scientistseree administrators, land
managers, students, institutions and the public to expand its database, providing resources for
database users to assure the quality and homogenhdite data. The iISEN network works like a
business franchsseopropvotonog!l sirectpeindivi dua
providing their own funding. This design allows for global synthesis deep profile soil experiments

while minimizingcosts(Torn et al, 2015. By globalizing soil carbon studies, projectiaas be

determined for the effects of climate change on different soil typesdtbarglobeAlong with

this, gaps in the database efforts can be identified.

Lack of tropical soils in network

Existing soil carbon experiments are lacking in tropicahates iISEN reports most of its
long-term carbon experiments in arctic and terape zones. Arctic climates, as aforementioned,
are a large focus of SOC studies because of the melting of permafrost whiaiecasaarge
amounts of carbon. Most temperatenate studies, within the iISEN network, are affiliated with
public institutiors and universities that are in temperate climates. Tropical systems are scarce in
comparison to these two ecoregions. Tropical systems, especially those on islands, aedyextrem
vulnerable to climate change and should be integrated into the iISEN.

Along with a gradient in climates, it is important to have a gradient of soil types integrated
into the ISEN.Global soil types vary in physical, chemical and biological characteristics. The
highest level of taxonomy of soils recognized by the U.S. Departmegrafulture (USDA) is
the National Resource Conservation Service (NRCS) Soil taxonomy classificatiom tefelve

main soil orders. These twelve soil orders are distinguished by dominant physical, chemical and
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biological properties. It is these differesils that provide many of the key nutrient cycles relied
on for Earth's crucial ecosystem processe® Qf these soil orders, Andisols, hold vast amounts
of carbon compared to other soil orders. Andisol deep soil experiments are lacking in the iISEN.
This gap in the ISEN database data identifies the critical need for tropical Andisols deep soil

experiments

1.5 IMPORTANCE OF TROPICAL SOILS: HAWAIIAN ANDISOLS
Andisol global distribution and intrinsic C stabilization properties

Andisols are volcanicastier i ved soil, found mostly in the
They cover more than 120 million hectsmgorldwide spanning a diversity of climate and soil
types (Dahlgren et al., 2004). Andisols can be found in tropical regions such as, Central and
SouthAmerica, Indonesia, and Hawaii. They are a volcanic soil order, found in less than 1% of
the world yethold 5% of the worlds @Vatus et al.2014 . There are several properties in the
mineralogy of Andisols that makhem a key aspect of C sequestration. SOC is transformed by
bacterial activity and stabilized into organoneral complexes that have been found to be
abundant in andic soi(®1atus et al2004; Torn et a 1997 Post and Kwon200Q. The organe
mineral complexes are governed by poorly andenystalline structureninerals(Crow etal.,
2015)The poorly and norystalline structure has higher surface area for sorption of organic C
than crystalline structures.

These poorly and necrystalline mineral particles are found across the Hawéasiamds
from volcanic originsVolcanicejecta from Hawaiian volcanoes is comprised of lava and tephra.
Through the early weathering stages, there is a rapid dissolution of Si, Fe, Al amgbnolyzing
cations (ie. Ca and Mg). Thisdsieto the higher mass concentrations of volcanic glassdisol

parent material compared to other igneous rock parent materialbygves 1986 Gislason et aJ.
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1996. Through the intermediate stages of weathering, thehgdrolyzing cations are leached
from the soil retaining Si, Fe and Al ions which then precipitate into poorly andrgstalline
solid phasegChadwick et al.2003. This is especially true in humid tropical climates, where
heavy annual precipitation promotes advanced leaching of théyavolyzed cations. The late
stages of Andisol weathering transforms these poorly andrystalline mirerals into crystalline
minerals like kaolinite and gibbsi{€hadwick and Chorove2002).

The relationship between temperature history and weathering time follows the Arrhenius
relationship The degree foweathering is less likely influenced by time, but more so by climatic
factors, like temperatur@iodder et al1996 .This relationship further demonstrates the need for
advancing the knowledge of how tropical soils will react to climate changes. The area of focus for
Andisol SOM storage potential is the intermediate weathering stage, due to the concesftration
organemineral high surface area and charge. If this staggpidly lost due to changing climates,
then the carbon stabilization properties of andic secondary minerals could be overwhelmed and
accelerate to late stage crystalline mineral phase that have much less C stabilization potential.

The intermediate stagd @éndisols involves high concentrations of Fe and Al organo
mineral particles, which have a strong affinity to@ganic matter complexes with Fe and Al
oxides as mechanism for OM stabilization forming aggregates protected from microbial
degradation(HernandezSoriang 2012). The C ratio with poorly and nexrystalline minerals
increases with deptfMatus et al. 2014. This stalization of C by mineral complexation is
heightened by the fact that, deep subsoil C is better protected from decomposition than topsoil C,
making Andisols a robust C stabilizer soil at depth. However, it is noted that detailed knowledge
is lacking in orgaic matter composition and degradation at depth in And{$tdgus et al.2014.

This poses the question; how will different compositions of organic matter be affected by microbial
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groups across the entire depth of the soil? The accessibility of the 80ietent functional

groups of microbes, existing at depth, is the key to understanding how soil respiration rates may
be affected. Furthermore, Andisols have high contributions in alkyl C that is resistant to chemical
oxidation and increases their C rsige, because SOC is less likely to react to oxygen to create
atmospheric C@(Rivas et al.2012. With these stabilization properties in Andisols it was found

that SOC stock and turnover did not vary across a 5°C mean annual temperature (MAT) gradient
in a tropical montane forest system (Giardina et al. 2014). It should be noted that the MAT gradient
is nd representative of the intensive warming over a short time period that may result from climate
change. Therefore, the stability of the carbon sequiestraroperties under the pressures of

climate change are still unknown.

Andisols and physicochemiaalechanisms for soil carbon stabilization and destabilization

The mechanisms driving SOM stabilization and destabilization in Andisols vary dependent
on physical and chemical factois is unknown why some soil organic matter is destabilized and
decomposd readily while other SOM lasts stabilized for €&shmidt et al.201] . Rather than
the old view of humus (SOM rich particles) as the main stagwgznic matter, Lehman and
Kleber present SOM as a continuum for which organic matter is constaintty degraded. The
traditional view sees SOM as stable humus that is makes up SOC,; staclsnergent view
focuses on the flow of carbon through microlsiecess and degradation rather than seeing SOM
as a single stock of carbgbehmann and Klebe2015.

Like the Lehmann and Kber soil continuum model (SCM) for the fate of organic matter,
Harden et al. 2017 takes the same approach for pesmsgrolling SOC pools (de)stalziation

These mechanisms span more than the three categories (physical, chemical, biological) in terms
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of the driving mechanisms for stabilization. Both papers lean towards modifying the old view of
separating soil carbon processes and ecosystems andgl@ikthem across continuums. This

point further illustrates the need for soil carbon networks that spatial and temporal gradients

to determine SOC pools and their (de)stabilization mechanisms (ISCN and ISEN). Shifting
towards understanding gradienggher than independent categories seems to be the future of soil
carbon science. Schmidt et al. (2D&mphasizes this point of researching the deep soil C gradient.
Little is understood about deep soil C, even thouigiontributest o hal f € stawkswo r | d ¢
(Schmidt et al., 2011). Consistent with literature about Andisols, reactive mineral surfaaes m

C less accessible to microbes especially at depth. It also has been found that microbial biomass
decreases with depth. The uncertainties that erighé relationships of SOM across depth
especially in the aggregates of mineral components of Andisalges much to be studied.

These Al and Fe mineral components are hard to detect-RgyXDiffraction (XRD)
machine since they are naorystalline and lierefore are inferredThe Al and Fe content of
minerals are determined widely using oxyhydroxideshgairoxylamine), sodium pyrophosphate
and citrate dithionite extractions. Silica (Si) is also used to determine the amount of Al and Fe
minerals in the sbsince these minerals are weathered from the clay particles of silica solids and
can be determined lihe same three extraction meth@arfitt, 2009 .The Al:Si molar ratio in
the soil varies dependeah whethethe soil is silica rich or aluminum ricffhe aluminum rich
mineral component of Andisols is derived from the leaching of Si from clay particieng
Andisol formation. There is a positive relationship between the oxakitactable Si and the total
Al content in the soil. The Al remaims Stu while the Si is leached o@iNanzyq 2002.Various
kinds of soils can be formed from volcanic ash depending on the individual set of soil forming

factors at different sites. Among these soils, Andisols or Andosols show unique properties mostly
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due to abundant neerystalline materials such as gilmane, imogolite, Ahumus complexes,
ferrihydrite and so on. Highly porous structures made of aggegabncrystalline Andisol
materials have a light and fluffy nature, accommodating large amounts of botlayd#able and
hygroscopic water. They shaowany other unique physical properties different from other soils.
Moreover, Andisols have unique cheali properties, including aluminunch elemental
composition, large amount of humus accumulation in A horizons, variable charge characteristics,
high ptosphate retention capacity, high affinity for mudéilent cations, high KGéxtractable and
watersoluble Al in norrallophanic Andisols at an acidic to weakly acidic pH range, and so on.
Finally, topics related to biological activity in volcanic ash saiks discussed regarding P supply
from apatite and K supply from biotite for crops in fresh volcanit; afects of KClextractable

and watersoluble Al on soHborne diseases, adsorption characteristics of viruses on Andisols and
P tropistic root growtlof Brassica plants in-Beficient Andisols(Nanzyq 2002 . Secondary
minerals within the tephra deposits can host a Al:Si molar ratio of ~1.0 to ~2.0. Minerals with an
Al : Si ratio of ~2.-O0magel chéegalrli apdaovdubdari pe oa o
structure lending itself to the imogolite paridhapdParfitt, 2009 .Therefore, Si is an important
indicator of Al in the soil. Overall, there are many inherent properties disals that make them

hold strong potential for C stabilizah if managed correctly.

Andisols in Hawaii (land use)

Andisols in Hawaii are not being used to their greatest poteftial inherent properties
of Andisols that make them have a strongratfjito C are jeopardized by land use changes and
poorlandnanagement . 39% of Hawaii 6s | and area i s

land use condition§Torn et al, 1997. These land usages can existircropland, pasture, forest,
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conservation land and urbanhéh these soils are poorly managedy can lose the structure that
makes theneffective atstabilizing carbon at higher rates than other soil orders. Poor management
includes clear cutting, podillage and lack of erosional controls. It is crucial tmserve these

soils through proper management techniques so that the inherent soil properties can be preserved
as a potential C sinks as climate change intensifies. Determining the inherent smastdiving

SOC stabilization in Hawaiian Andisols will imim management decisions so these mechanisms

can be preserved.

Soil Orders
Unclassified
I Andisols
Aridisols
Entisols
Histosols
Inceptisols
Mollisols
N Oxisols
Spodosols
Ultisols
I Vertisols

Projection: NAD 1983, UTM Zone 4N
Source: Soil Survey Data - USDA Nalural Resources Conservalion Service
Digital Elevation Model - National Centers for Coastal Ocean Science

Figure 1.4 Distribution of the 10 soil orders found in the Hawaiian archipelagali§ols are in
purple Hawaii Soil Atlas, 2018).
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CHAPTER 2: SEASONALITY OF SURFICIAL SOIL CARBON FLUX ON A TROPICAL

HAWAIIAN ANDISOL

Figure 2.1 Sampling the collars via the GRACENet protocol upslope in the fieldsthe Lyon
Arboretum in September 2017
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2.1 NTRODUCTION

The seasonafluctuations of surficial soil carbonare an important component to
understanding the global carbon cycle. The near surface of the soil profile (<30cm) holds vast
amounts of carbothat are vulnerable to climate and land use cha(@yegth, 2008. Because of
the small magnitude of seasortemperature fluctuations near the equator, tropical systems
experience different seasonality effeots soil respirationthen systems in higher latitudes. The
relationship of seasonality and carbon flux in the upper Northern hemisphere is well documented
especially in the vulnerable peatlantst the effects of seasonality in high carbon environments
like tropicd forests igpoorly understoodin climates like peatlands colder temperature regimes
soil respirations relatively more sensitive to temagure but more information is neededthin
all climate typedo understand how soil carbon pools may reaétitiore changing temperatures
(Lloyd and Taylor 1994. Focusing on the seasonality of surficial £fixes in understudied
tropical forests is a critical proponent to the future of climate change models given the large
potential reservoirsf carbon that lay vulnerable to rising temperatures.

The lack of seasons in the equatorial tropical regioal&edto the small change solar
radiationthroughout the year. Unlike the upper latitudes which receive a wider range of solar
angles lenohg to the presence @fidertemperature ranges, the tropics receive a smaller range of
solar angles resulting in very little temperature flations throughout the year. Theothermic
temperature regimeesults in less dramatic seasonal chargessingless effect on ecological
processedowever the tropics do experience seasart@nge®f soil moisture. In a tropical forest
in Thailand itwas found thasoil respirationwas mostlyinfluencedby soil moisture rather than
by soil temperaturegHashimoto et al.2004. Well drained soils however are leafectedby

changes in precipitation than poorly drained s@avidson et aJ.1998. This means that in
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tropical soils the precipitation reginsan bemoreimportant than the temperatuegime however

soil properties like drainage are also critical to understand the changes in the rate of soil respiration.

Poorly Drained Site
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Figure 2.2 Seasonal variation in soil respiration as predicted by soil temperatureiamaisture
for a welldrained soil (left) and a poorly drained soil (right) in a temperate férest the
Davidson et alstudy (1998).

By understanding the drivers of soéspriation seasonality within tropical soils climate
models can inform predions on how the soil carbon cycle may change with a changing climate.
By looking at micro changes across an annual cycle, the robhanges that may come in the next
decades wit changes in precipition and soil temeperautre can be better understood aAaHaw
tropcal Andisol presents an ideal study soil to look at seasonal soil respiraiton cycles given its

isothermic temgrature regime, but varied predigtion regime and uniqusoil properties.
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2.2 OBJECTIVES AND HYPOTHESES

The objectives are ourtled below along with the corresponding hypothesis, broken down

into a prediction, justification, and approach.

2.2.1 Objective
The objective of this study is to determine if a seasonality effect exists on surficial carbon

storage in a tropical Hawaiigdndisol.

2.2.2 Hypothesis
Given the small annual temperature fluctuation for the study site, if the Arrhenius
relationship betwen temperature and surfic@O: flux is true across latitudes, then there will be

little to no seasonality effect @urficial soilcarbon on a Hawaiian tropical soil.

2.2.3 Prediction
Because thesothermic temperature regime at the studytbigee will be little to no effect

of annual changes in temperature on the surficial soil carbon flux.

2.2.4 Justification

Linkages between soil respiration and rising temperature suggest that increased soil
temperature escalates microbial activity he soil and consequently soil respiration rgtesmng
and Moncrieff 200). Given the isothermic temperature regime there will ea beasonal effect

on soil respiration as measured by @lGx. Given thewell-drainedproperties of the study spit
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isunlikely that seasonal changes in precipitations will significaftctsoil moisture to increases

soil respiration.

2.2.5 Apppach

The approach to determining the seasonality effasbiweekly sampling of surficial soil
carbon flux using a statichamber network. The GQlux wasinterpolated into heatmaps by
kriging to visually assess for changes in 3l0x biweekly. To assesseasonality further, tests for

autocorrelation between sampling dateseapplied to determine if a lag effect exists.
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2.3 METHODS

2.3.1 Site Selection and Description

Thefieldsiteis located at the Lyon Arboretum, Honolulu, HI (21.3330° N, 15I/58WWV).
The Lyon Arboretum is 78.3 hectares with an elevation range e5@8ih above sea level. The
average annual temperature is 25.6° C with an annual temperature: range of 11.1Go BRe2°
Lyon Arboretum receivean average chbout 4190 mm of rafall annuallyat the experimental
field site Over a century agdahe Lyon Arboretum was rangeland for cattle. Today the Lyon
Arboretum has been cultivated back into a haven for tropieaksfrom around the world, with
an emphasis on plamstive to tle Pacific Islands/Asian region. This landscape provides a unique

habitat for research, outreach and education, regarding the study of diverse Hawaiian ecosystems.

Field Site Location ; Legend

Cad ® Deep Soil Warming Field Site
4 Deep Soil Warming Field Site
% Lyon Arboretum

Lyon Deep Soil Warming Experim ent

‘Deep Soil Warming Field Site

«_r\L"yon Arboretum

Figure 2.3 Location of thefieldsiteon theisland of Oahu at the Lyon Arboretum, Honolulu, Hl
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Thefieldsite itself is located behind the visitor's center building at the Lyon Arboretum.
This location provides the benefit of convenient access to electrdiigh is required for this
manipulative warming experiment. The initial ground cover of the site wagtiad cleared in
preparation of the experiment. Manual clear cutting occurred in June of 2017 of the understory
vegetative cover consisting mostly of the invadiledychium flavescen§one low vegetative
ground cover was kephitigating soil erosion orthe site. The topography of thieldsiteis an
18% slope, determined by a topographic survey in August 201 7ielt@tewas weeded weekly

to eliminate the establishment of deep rootsciizian influence the overall carbon flux in the soil.

and after clearing (right).

Figure 2.4 Site deelopment shown before clering (Ie)

Thefieldsitesoil is classified as an Andisol by the Web Saih&y (NCRS). This selected
hillslope consisted of soil that had not beksturbedin over twenty years. This specific Andisol
is part of theTantalussoil series described in the Hawaii Soil Atlas. Thawdii Soil Atlas
descri bes the <sepumieesus arscindénym éedihydritic, isothermic Typic
Ha p | u d aepti sitcdhe field site ranges from 5.0 to &6e surficial CO, seasonality field

study was conductedfor one year, from September 2017 to September 2018.
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2.3.2 Field Methods
Staticchamber network and gas well €flux gradient method

A static chamber network was established acros$iglusite following the GRACEnet
ChambeiBased Trace Gas Flux Measuremendtocol to understand fluxes in surficial soil
respiration. Sur i a | soi l respirati on highaare twepeeesstatice d f r
polyvinyl chloride (PVC) plastic chambers with 10cm diameter and 30cm in height that were
vertically installed into the soil 20cilown with 10cm above the soil surface. PVC headse
placed on the chamber lip edge wittop septim installed for gas sampling. When not sampling
thePVCheads were removed from the chamber lip to avoid development of anaerobic respiration.
Therewasa total of 64 collars within the network estabéighin a grid network 2m apart from
each othe(Figure 2.5 Contour map of Lyon Arboretufieldsite with the placement of the 64

collars (black dotselevation is in meters@as shown in the coled contouri-igure 2.5).
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Contour Map of Lyon Soil W.arming Site.and CO2 Collars sk

0%- . .

153.5

152.5

152

North (m)

151.5

151

150.5

1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
East (m)

Figure 2.5 Contour map of Lyon Arboretuiireldsite with the placement of the 64 colléibéack
dots elevation is in metersas shown in the coled contours

Collar gas sampling from the headspace took place biweekly starting in September 2017
until September 2018, allowing for a fykar of sampling. Some collars had standing water during
the routine sampling time and were omitted from the $agnscheme for those daysdthe
missingvalues were interpolated@he collars were sampled with a 1Gwringe every 15 minutes
for 60 minues, creating five sampling time points. [5oh the gas extracted with the syringe was
inserted into a Shvacuumevacuated exetainer. All gas samples were then run on the Perkin Elmer
Clarus 590 GC to determine the concentratioG@©fin ppmin each samg. There resulting ppm
concentrations were then converted img CQO-C m? hr. Thesevalueswere thendevelope

i nt o A hie MATDAB pveiah display the flux of Cefor each time step.
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Preliminary soil pit sampling

Soil pit sampling was completed in November 2017. A 1.3m pit was dug on the down slope
of the site to take sample cores along the profile. Staftom the top of the pit a 100g soil sample
was taken every 10cm, totaling 14 samples collected overalleT¢mls samples were then
analyzed for moisture content and Fe, Al, Si, C, and N. Moisture content was found by weighing
the field moist sampland then placing that sample in a 105°C oven to get the 105°C dry weight.

The equation for the moisture conteita single sample is below in Equation 6:

Equation2.1

Wherel 0 is the field moist weight and 0 is the dry weight of each sample for the
105°C ovenlFe, Al and Siwere measured using tleaifferentextraction protocolsincluding
hydroxylamine hydrochloride, citrate dithionite, and sodium pyrophosmgxatactions For the
hydroxylamine hydrochloride extraction 0.100g of field moist soil was weighed and added to a
50ml Falcon tube. Ther25ml of 0.25M hydroxylamine hydrochloride and 0.25M hydrochloric
acid was pipetted into each Falcon tube and placed on an enehoveinaker for 16 hours. After,
the samples were centrifuged at 1500rpm for 20 minutes and filtered through 52 Whatman paper.
Samples were stored in the fridge before being shipped for analysis.

For the citrate dithionite extraction, 0.500g of field st@oil was weighed and added to a
50ml Falcon tube. Then 8g of sodium citrate, 0.50g of sodium dithionite and 30ml of ddioniz
water was added to the Falcon tube, which was then capped and shook for 15 seconds and then
uncapped to off gas. The Falcon é¢sbwere then capped again and placed on an end over end
shaker for 16 hours. Once off the shaker the solution was transifeieesDm| volumetric flasks

and 12pul of Power Floc solution was added to each tube and covered with parafilm to shake for
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15 secods. Next the flasks were filled to volume with deionized watersivakenagain for 15
seconds. The solution was then trangféback into the 50ml Falcon tubes and the samples were
centrifuged at 1800rpm for 30 minutes and filtered through 52 Whatmaar. @a@mples were
stored in the fridge before being shipped for analysise, Al and Si concentration

For the sodium pypphosphate extraction, 0.25g of field moist soil was weighed and added
to a 50ml Falcon tube. Then, 25ml of 0.1M sodium pyrophoswtition was pipetted into each
Falcon tube and placed on an end over end shaker for 16 hours. After the samplestifaggeden
at 20,000rpm for 15 minutes and filtered through 52 Whatman paper. Samples were stored in the
fridge before being shippedrfanalysisof Fe, Al and Si concentratioBefore being shipped all
extractions had 15ml of solution added to 15nmté&a tubes. 75ul of Yttrium was added to each
15ml Falcon tube for quality control. Then the samples were shipped to UH Hilo Analytical
Laboratory for ICP analysis€% and No wereanalyzd by the Element Analyzer (EApm 60°C

oven dried samples

Figure 2.6 Collar fr GRENet protocol eing used during sampling (left). 130cm soil pit dug
for preliminary characterization (right).
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Data Analysis

The analysis of seasonality at the study site is aparo process. Usinthe MATLAB
contour packagbkiweeklyCO» flux heatmaps were creatading isolines from the data grid. There
were two sets of le@maps created, one with the disturbance effect froguilates and one without
the disturbance effect to display seasonality. To statistically test seasonality an autocorrelation
function was used to determine the correlation between near time sampimg (@gys). An
Augmented Dickey Fuller test to tesasbnarity was used on the mean £fox produced for
each biweekly samplingrinally, the raw data seasonal trend was extracted to determine what the

effect of seasonalitwason the data using a Foaritransformation.
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2.4 RESULTS
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Figure 2.7 Heatmaps of the surficialQO; flux (¢ g 2€Qn? hrl) from September 2017 to
September 2018 with ungulate disturbaack o wn by t hpeo tasliefieldsiieinfihb ot s
Lyon Arboretum .

Therewas little to no change in the surficial carbon flux whieduding the presence of
ungulate disturbarc In late November 2017 and February and March of 2018 there was a
disturbance effect created the grubbingof feral pigs in the center of thldsite This effect is
clear in the maps of surficial flux over the 1
the otherwise blue (color of relative low eflux ) heatmapsKigure2.7) . The top panel dFigure
2.9 of the average C£flux from the biweekly sampling shows a large peak around February to
March where ungulate activity was the high&sidence of theingulate grubbing in late February
can e found inFigure2.8. Around this time the Lyon Arboretum also reported higher than usual

populations of feral pigs on the property.
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Figure 2.8 Evidence of ungulate disturbance on February and March 2018 in the center of the
fieldsite at the Lyon Arboretum.
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Figure 2.9 The mean flux (mg €O, m? hrl) (top), il temperatue (°C) (middle), and
volumetric water contenfVWC %) (bottom) of the static chambers fro@eptember 2017 to
September 2018 #tefieldsite hillslope.
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Figure 2.10 Heatmaps of the sudial CQ; flux ( & g 2-@C @ hr') from September 2017 to
September 2018 excluding the ungulate disturbance effect falthste atthe Lyon Arboretum
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In Figure2.10 the ungulate disturbaneegas removed anthere is some visible evidence
that suggests seasonality in surficial &0ross the seasons. Thersner months of June and July
shows 0 hot Slpxshownoby thef brigbt€ yellow and green colors as compared to the
darker blue colors that dominatee heatmaps. The seasonality effect across mearflGQOis
shownin Figure2.11 by an autocorrelatiofACF) plot. The spikes between lags that are above or
below the blue dashed lines show evidence of autocborlamong the data. To test this wen
further an Augmented Dickey FullefADF) test was used to test stationary or lack of a seasonal
component to the data. The ADF test producperalue> 0.05(P= 0.91) which supports the null

hypothesis that the datsnonstationaryandcontains a seasonal component.
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Figure 2.11 ACF plot of the mean flux of C&timeseries from September 2017 to September
2018. Augmented Dickey Fuller Test (ADFyvplue = 0.91|( =0.05, alternative = stationary)
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Figure 2.12 The decomposed timeseries of the mean flux ok @&m September 2017 to
September 2018 into seasonal effect and raw data with the ungulate disturbartceratiged.

A Fourierds transformation was usedato ext
from September 2017 to September 20Ri@ure 2.12 shows higher C®flux in the summer
months than in the late fabr winter. Figure 2.9 also found higher soil temperature and soll

moisture in the summer months leadingorrelationwith the timestamp of the higher G@ux.
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Figure 2.13 Soil pit profiles from 0 to 130cm at the Lyon Arboretum fieldsite for pH, Non
crystalline minerals (Al + 0.5Fej), Aln:Siy ratio, %C, % N and C:N ratio from November 2017
sampling.

z

CN

The soil pit sampling from each 10cm of the 130cm pit shewehults from pH, C, N and
noncrystalline mineral tests. The pH gets more acidienoving down the profile. The noen
crystalline mireral content (Al + 0.5Fe) increases with depth. The ALSi ratio (A$in)
decreases with depth. The carbon content (@ighest at the surface and between 60 to 80cm.
Nitrogen content (%N) is also the highest at the surface and 60 to 80cm. Thei€idlgetatest
0 to 20cm and 100 to 130cm. The soil pit sampling reswdts used as preliminary data to inform

the deepsoil warming experimerih Chapter 4.
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2.5 DISCUSSION

The initial hypothesis that there is no seasonal trend for thdl@Oat the surface on the
study site was rejected. There is a seasonal trend amongdhengsampling period from
September 20170 September 2018nitially the heatmaps of the surficial GQlux showed
hotspots in the months of February and March, which wkse months at which ungulate
disturbanceis documentedFigure 2.78). At the sampng locations where there was visible
grubbingfrom ungulates therareal so vi si bl e #Afl are upso in
increased surficial C&Xlux (Figure2.8). Ungulates increase the quantity anglity of nutrients
in the soil from the surface organic matter and therefore increase the material available for
microbial decompositiofHobbs 1996)In Switzerland grubbing by the same speciedafal pig
(Sus scrofa found in Hawaii, increasedCO; flux by 23.1% compared toplots that did not
experience grubbin(Risch et al., 2010)Given the hygh amounts of carbon within tropical soils
found here in Hawaijithe increase of C&lux by grubbingof invasive feral pigs presents an
important issue left to be studidtis unlikely that feral pigs will influence large scale emissjons
however, withat proper culling, populations could increasex@@issions dramatically.

With thedisturbance effect from feral pigs removed, there is still an existing seasonality
effect present in the heatmaps. In senmer months of June and July there is an isergathe
mean CQflux most likely because rising air temperatures increase sgidrmaturegFigure2.10).
However, the small change in winter to summer temperatures is unlikely to be the only factor
effectingCO:; flux. Soil moisture $ strongly correlated with microbial activity and has a parabolic
effect on microbial activity, with too dry or too wet soil decreasing microbial metabadlisen.
summer months with higher soil temperature also saw higher soil mo{Eigtee 2.9). The

relationship between soil temperature, moisture angflD©will be tested in Chapter #urther.
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2.6 CONCLUSION

The initial hypothesis thdhe sites surficiaCO; flux does not have a seasbnamponent
was rejectedUsing an autocorrelation plot (ACF) of the average surficiap @@ across the
timeseries, there was evidence of a seasonal effect show by the relationship between lag periods.
The seasonality effeetas determined further usimgn Augmented Dickey Fuller (ADF) test for
stationarity. The P value of 0.91 €0.095 supports the null hypothesis that the data is-non
stationary. Since the sampling period was under 2 years minimum to detect a seasbrdl tren
CO; flux, we were unable to use traditional timeseries seasonality detection methods. Instead,
Fouriertransformation was used to detect sine and cosine signals in the data. Two periods were
detected by the Fourier transformatguggestingsurficial soil respiration has a period of higher
CQO; flux and lower CQflux.

Therewashigher CQ flux in the sumner monthgor the sampling period of September
2017 to September 201&hich proved to be staticallysignificant seasonal effecfhe amount
of CO, flux was a function of soil temperature and soil moisture and this relationship will be
explored furtherin Chapter 4.The lack of representative temperature and soil moisture
observations across the entireldsite effects the ability to show possible correlations between
soil temperature and soil mositure changes and changesifiu® O

The effect of ungwtesincreasingCO; flux was shown by thistudyand could be studied
further as an important componerftinvasive species managemerte ungulates created large

hotspots of soil respiration with their rutting, showing their unique effect on soil notoglgi
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CHAPTER 3: CREATION OF ALOW-COSTTEMPERATURE NETWORK FOR

MANIPULATIVE DEEP SOIL WARMING EXPERIMENTS

Figure 3.1‘Soldering the cable to the sall temperature sensor (left). Intern Mathilde holding up
the conpleted soil temperature sensors (right).
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3.1INTRODUCTION

The critical need for soil warmingxperiments across diverse climates and soil types is felt
now more than ever. Greenhouse gases like carbon dioxidg, (@€thane (Ck) and nitrous
oxide (NQ) have been rising since the industrial revolution and raising the global air temperature
by trapping heat emitted by the Earth's surface. This rise in air temperature is expected to affect
many natural processes like precipitation, sea level rise andvdxisity. One of the less
appreciatedeffects of this temperature rise is the effect on soil.b@lsoil temperatures are
expected to rise at the same rate as global air temperatures affecting many soil processes in return
(Pries et al.2017%. Soil gas exchange, water holding capacity, agricultural productivity and carbon
(C) storage are some of the inrpant soil processes that could be affected by climate change.

Quantifying theconsequences climate change may bring to soil processes is one of the
hardest tasks climate change modelers face because of lack of empiriq@rdattoer et al.
2016. Most models focus on the impact of rising QD thelandscapehowever,t is difficult to
get accurate prediction on how the rise of @@ i mpact the future withoutbserved evidence
of the soil temperature andoil respiration relationship for different climate typeshe
International Soil Experimental Network (iSEN) is a call to fulfilistiniche for research on the
effects of soil warming on the release of @©m the soil, especially in the severely understudied
deep soil (>30cmfTorn et al, 2015. This network is still developing and lacks many of the
critical soil and climate types that are especially vulnerable to climate change.

Arctic and temperate sysnhscomprisethe vastmajarity of soil warming experiments
Arctic systems makep most soil warming experiments because of the distinct threat of permafrost
melting as air temperatures at the poles increase rapidly and the SOC that has been locked within

the soil for millennia is now exposed to decomposition. Temperate systemseatsavared by
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the soil experimental network because of their pnity to universities and research institutions
that can support systems that requnanyresources and traidestaff. Tropical systermare nearly
absent from the network of soil warming exinents. Tropical systems, especially those on
islands, are extremely vulnerable to climate change and should be integrated into the iISEN.
Current design$or soil warming eperiments can be costly and require resources many
researchnstitutionsmay nothave availableOneexperiment irtheborealforess of Maineheated
only the upper 5¢cm of the surface soil using buried heating oghlissdad and Fernande004.
This design neglects the important effects of warming on deep soil which is predicted to hold up
to 80% of the worldSOC beyond 20cniJobbagy and JackspA00Q. Anotherstudy on the
effects of soil warmingook placeon a temperate Alfispused both buried heating cables and deep
soil heating rodéPries et al.2017. This study included the important deep soil component heating
the soil 2.6m down the dgprofile. The design included a manipulated soil heating treatofent
ambient+43 and a control with no heatingcking agradient ofsoil heating treatment&iven
the uncertainty within climate models, a gradient of heating treatments could provide valuable
information for different scenario outcomes strengthening the mobetsSpruce and Peatland
Responses Under Climatic and Envimental Change (SPRUCI)ojectstudial the effects of
whole ecosystem warming on a boreal forest. Lamggosedchambers heatl plots of soil and
forest via infrared heaters and deep soil heatirtg ito establish agradient of temperatures
expected fronvariedglobal temperature rise projectiofidanson et aJ.2017. This study is one
of the most effectivén including temperature gradiexfor whole ecosysterheating however
systems like this aneery costly. In order toncludesoil and climate typethat are currently absent

from the iISEN networKow cost soil warming experimental methodologies must be explored.
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3.3 METHODS

3.3.1Fieldsitedesign
Randomization scheme for heating, monitgramd sampling

The objective of this study was toeate a low cost, novel temperature system network to
study the effects of a gradient of soil heating on the faseibbrganic carbon (SO@) a tropical
soil. This experimental methodologpoked at tle effects of a gradient of heating, fromlC
above ambient temperatures on various soil processes invoB@Q To create a nehiased
sampling schem locations ofsoil heating,soil temperature monitoring and soil sampling were
determined usingrandbmized block design. The site was delineated Snibbocks of similar area
and surficial soilC flux using the GRACEnet protocol daftam Chapter 2 Areasof existing
Ahot spotso were not included in the itasoilcki ng
C flux before manipulative heating wsisrted.

The five randomized blocks were gridded into 1x1m sections to randomly select the
locations of the five heating probes. Using the list of gridded 1x1m sections per block, atmospheric
noise was ugketo determine which grid intersection would be thcation ofeach of the five
heatingprobes. Figure 3.2 showsthe locations of the five heating probes for the five blocking
within the randomized deg. Locationselection for the gas wel{for measuring C@produced)
and soil temperature sensor sampling locations also tisedandomizatiorby delineating the
1x1m grids into quadrats and selecting ten locations for samipjiegch of the five block To
ensurezqual distribution of depths of interest per block, two of each sampling depth of inferest
20, 40, 60, 8@&nd100cm were assigned to each blgappendix A. Ambient soil temperature
sensors were selected to control the rate of heating for the heatingsp The ambient soil

temperature sensors were selected from the original 50 soil temperature sensors based off their
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proximity from the heaters (outside thene of heating) at a depth of 60cAn additional five
temperature sensors were instaldthe expectedadiusof heatingof 0.7mfrom the heating
probes ab0cmin depthto monitor the rate of soil heating

Site Map

©  sensor/gas well
@ node
heating probe
center control

o control sensor

North/South (m)

-14

20 . ~ )
10 12 14 16 18 20
East/West (m)

(=]
~N
N
[=2]
©

Figure 3.2 Randomization design for the hillslope at Lyon Arboretum, including the losatib
the sensors, data loggers (node), heating probes, central data logger (center control) and the control
sensors overlaid on ttsairficials o i | r els@ti g mdti o N

Heating probes and temperature sensisign
The five heating probes wepeoduced from 3/4in. Electric Metallic Tube (EMT) conduit

with a custom welded pointed tip for installation purposes. The heating probes were 2.5m in length
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to allow for full profile heating. The heating probes had 2.5m of goimnk electrical wire (120V

10W/it, Brisk Heating SLCAB Self Regulating cable) running down the length of the conduit and
coral sand filled around the cable to allow heat to conduct to the outside of the EMT conduit. Each
heating probe included its owemperature sensor to monitbe rate of soil warming at a depth

of 60cm with a radial distance 6f7m away from the probe. The heating probes warmed the soll
+4°C (IPCC RCP 8.5 model) above the ambient soil temperature using a propbiriegaal
derivative (PID) controller, whis turned the heaters on and off. The ambient soil temperature used
for the PID controller was averaged from four temperature sensors outside the expected radius of
heating at a depth of 60cm and the average ambient temperdt@evas the target temperedu

for the heaters.

monitoring
4 temperature
sensor

heating probe

Figure 3.3 Diagram of the 2.5m heating probe wih monitoring temperature sensor 0.7m away
within the soil profile (left). The wiring connection on the dwesiof the heating probe ihd field

(right).
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The temperature sensor consisted of a single sensor mounted on a board (TSYSO01, custom
made by UH Manoa MESH lab) and enclosed in & @olystyrene test tubes filled with epoxy.
The test tubes were used adsraxpensive sensor waterpifong substitute to more technical heat
shrink wrap and found to have equal conductivity capacity. Using a small soil probe the
temperature sensors were installed at each depth of interest for the sampling locations across the
site. The temperature sensavere connected to a multiplexer (Texas Instruments, TCA9548A,
custom made by UH Manoa MESH lab) by mahinductor cable (DigKey, 4 Conductor Multi
Conductor Cable Slate 26 AWG Foil). The multiplexer forveardligital signalsfrom the
temperature sensorto a datalogger (Raspberry Pi 3, Model-BARMv8) enclosed in a
weatherproofcase (1450 Pelican case). The datalogger tbgged the temperature sensor
readings every 30 seconds andtserno the control center via Ethernet (CAT6 Outdoor UV
Resistant Ehernet Cable). The control center is the main data logger that manages the output
signals from the temperature sensor data logetsuploaddthe data via Wi for remote data

access viattp://groaglata.soest.hawaii.edilhe control center also houlthe PID controller for

the regulation of the heating probes as well agptiveer source for the temperature sensor data
loggers and the heating probes which gets power from the Lyon Arboretum \isitdes. AC
power is provided to the heating probes and a DC converter is used to provide DC power to the

temperature sensor datmers.

50


http://grogdata.soest.hawaii.edu/

epoxy

filed test tube

Figure 3.4 The'\temperature sensor and matinductor cable inde the
(left). The multiplexer connected the dataloggein the casing (center). The main control center

for the temperature sensors and heating probes (right).
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Figure 3.5 Diurnal soil temperature cycling at 20cfnom the SMART Ala Wai project's
livestream database of the real time soil temperatures at the study sites at the Lyon Arboretum for

September 4 to 7 2014th the scroll over option to select a single timepoint showcased.

Gas wells
Gas wells weraised to measure soil respiration at depth. The gas wells were made of

1/4in. stainless steel seamless tubing (Swageldk gas wells were cut to correspond with the

51



depths of interest for soil respiration sampling (20, 41,89, 100cm) when installeat 45° to
minimize any influence from existing preferential flow paths. Three gas wells were installed at
each of the sampling locations to determine the flux gradient per the depth section and calculate
the CQ produced by Fik 6 s (Ampendix B Equation3.1) and the diffusion coefficient

(Equation 3.2)(Moyes and Bowling2013.

O 00— Equation 3.1

Where F is the flux, D is the diffusion coefficient andis the change in concentration

over time. The diffusion coefficient was determined by d&qun 2:

Equation 3.2

WhereO is the diffusion coefficient of C&n soil, T is temperature in °C at time
of sampling, P is local atmospheric pressure in kPa, ad dimensionless tortuosity factdhe
COz produced by depth section waassible by installing gas wells at the depth of inter2étm,
the depth of interest, and the depth of interest + 20cm. For the depth of interest of 20cm, a surface
collar was used along with a gas well at 20cm and 40amettthe flux gradient.

Proger installation of the gas wells was very important to ensure accuracy of the CO
produced per depth section. A wooden guide was to use to guide each gas well in at 45°. A carbon
steel rod was inserted into the hollow gas wkdiwing it to be hammered to the profile without
being inundated with soil. The carbon steel rod was tesmoved,andthe hollow gas wellvas

topped with a ¥ in brass straight union (Swagelok) wgb@umat the top. The gas wells sat for
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one monthbefore field sampling in ordeo avoid any effects from the initial disturbance of

installation.

gas wells

temperature
sensor

()

Figure 3.6 Cross section of a sample set of gas wells within the soil profile (left). Gas wells
installed in the field topped with stgdit unions (right).

Soil moisture probes

Soil moisture is an important function of soil temperature andespiration, therefore we
also sampling soil moisture. Soil moisture was measured using a 1.5m 2000 Diviner soil moisture
probe (Sentek) at 30dations across theeldsiteand connected to the temperature sensor and gas
well sampling locations within a®m radius of the soil moisture probe. The probe® a onetime
installation of the probe plastics fitted with a waterproof cap on top at theusface. The soill
moisture is measured via conductivity with a Diviner soil moisture rod. This method stfinmea
soil moisture is widely used and not part of the novelty of the sfiddyre were issues with the of
the Diviner soil rod not reading saihoisture correctly in August 2019 and therefore the Lyon
weather station with a surface soil moisture probs wsed to interpolate the soil moisture along

with existing data, while the replacement part for the Diviner rod was acquired.
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3.4RESULTS ANDDISCUSSION
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Figure 3.7 Average soil temperature for ambient soil temperature sensors and heater controller
temperature sensofat 60cm)for the sampling time period at the Lyon Arboretum.
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Figure 3.8  soil temperature betweeaverageambient soil temperature and hehtsoil

temperature for the sampling time period at the Lyon Arboretum. The red dashed line is the target

delta soil temperature of 4°C (ICP RCP 8.5 projectjdhg yellow dashed linet he mean @ s«
temperature.
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The ambient soil temperature sensors follow the same trend as the heated soil temperatures
sensors but there is a difference in mean soil temperatures between ambient and heated because of
the targeted +4°C from ambientheating the soil profileFigure3.7). Figure3.8 is a detailed plot

of this difference overtime as heated soil temperafugenbient soil temperatures. Before April

theave age @@ soi l temperature varied greatly, be
the system was able to maintain an averpges oi | t e mp e ¥ 43Q. bBvenetholgle thew e e n
average @ soil temperat ur e Vveatureesensorss iwighimithe i c ant

radiusof heating were able to maintain the +4°C across the timeseries, preservimtiahtarget
of agradient of soil temperatures.

There are several i nconsistencies within t
were consequences of creating low cost pilot temperature system for a deep soil warming
experiment. In late November 201iBie heatingsystem was turned on and the initial ramp up to
+4°C for the heaters is shown by Decenmd@t8(Figure 3.8) In late Decmber 2018there was
vandalization to the site that compromised some of the dataloggers and required completely new
installations of sensors and dataloggers at the site.affeited the ability to communicate with
some of the ambient and heating conteohperatug sensors therefore there is a dip in the heating
across the site because the PID controller was compromised by lack of data to control the heaters.
In both late February and July 2Q1Bere were connectivity problems to the internet via the
Visitors Cenér. Unanticipated maintenance required the internet be shut off for sevenatietys
did not allow the sensors to communicate with the heaters. In this situation the heaters are
programmed to shutdown to avoid catastrophic overheating of thevisich could destroy
microbial communitiesThese unexpected shutdowns in the heating made maintamamgkaent

+4°C soil temperature at the radius of heating diffibolvever,Figure3.9 displays how a +4°C
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sal temperature was still maintained at locations within the radius of heating. Thetbéogoal

of a gradient of heating from-©4°C soil temperature was still acquired.

Average Soil Temperature

126

125

1 1 1

5 10 15
East (m)

Figure 3.9 Average soil tempetare across thieldsitefrom November 2018 to Augist2019 at
the Lyon Arboretum. The white dots are the sampling locations

The fieldsite had a gradient of average soil temperatures based off jpydgithe heating
probes Figure3.9). Thesampl i ng sites <c¢closest to the heati
site shown in bright yellow. The filwer away the temperature sensors were from the heating probes
the cooler the soil temperature. This heatmap vagidiat even though there were inconsistencies
wi t hi n t hseil temnpeeaturatythe radus of heating, soil temperature sensorsnaittie

radius of heating achieved the°€&from ambient over time.
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Figure 310Aver age @ soi | t eolumnetncavatar coeterfl\MG) forahe e r a g e
control sensors for the sampling time period at the Lyon Arboretum

There ar@pparentelationships between soil temperature and soil moisture. Large changes
in soil moisture effected the soil temperatures. Wetter soil was warmer while drisasaboler.
This is most likely due to the heat capacity of water effecting the ability of the soil to hold more
heat in its pore space. More water means higher heatitapthe soil and less water means
lower heat capacity for the soiFigure3.10 shows some instances of this phenomenon effecting
the soil temperature at tiieldsite When the soil had lower soil moisturg¢abk longer for it to

get up to temperatuia the radius of datingcompared to wetter sampling time periods.
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3.5 CONCLUSION

With improvements to this low cost, novel deep soil heating and sensor system it has
potential to put many new soil and clireaypes into the iSEN, that otherwise could not receive
adequéee funding. Large scale deep soil warming projects can be costly to build and maintain. In
order to add more empirical data to strengtltbmate models withchanging soil carbon
componerg, low cost deep soivarming,and sensor networkse needed to ihade the effects of
deep soil warming on soil carbonunderrepresented climate and soil types like the very important
tropical soils. Improvements on network security and connectivity camwalhore systems like
the Lyon Arboretum deep soil warming poj to provide accurate and critical data to soil carbon
and climate models.

The Lyon deep soil warming project maintained a gradient of soil temperatures-from 0
43 , despite some setbacks that come with troubleshooting a novel methodology. The novel
metlodology included robust soil temperature sensors that measured the soil temperature at
different depths (20, 40, 60, 80, 100cm) in real time. Thedost soil tempeature sensors were
adapted by the SMART Ala Wai project from their original stream tertymeraensor design. The
data from the soil temperature sensors was updated real time to an online database, by low cost
dataloggers, that allowed for remote monitgriof the soil temperature sensors. The soil
temperature sensors controlled the rate dhsaiting from the soil heating probes. The soil heating
probes were based off Pries et al. and were 2.5 steel conduit with Brisk heatingsideland
backfilled with sand to allow for conduction of the heating cable to the soil. The ambient soil
tempeature was measured outside the radius of heatidgied back to the PID controller which
kept the radius of heating from the heating probes (0.7m) a consisteabdve the average
ambient soil temperature mimicking the effects of the IPCC RCP 8.5 @sgsas usual) model.
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Soil temperature sensors closest to the heaters experienced the greatest degree of heating while the
soil temperature sensors the farthest aiayn the heaters experienced the lowest degree of
heating.
Several setbacks influencduketrate of heating at the fieldsite. In late November

2018, the heaters were turned on and it took a month for the soil to reach the ta@yéh tdte
December 208, site vandalization compromised some of the dataloggers requiring new
installations of ensors and dataloggers at the site. The period between the vandalization and the
new deployment of datalogger affected the ability of the soil temperature sensomamoinicate
with the soil heaters and therefore there was a dip in the target soil heaéingin both late
February and July 2019, there were connectivity problems to the internet via the Visitors Center.
Unanticipated maintenance required the intebeeshut off and in this situation the heaters are
programmed to shutdown to avoid cataegtric overheating of the soil which could potentially
destroy microbial communities. These unexpected shutdowns in the heating made maintaining an
ambient +4C soil temperature at the radius of heating difficult however, the targt s4il
temperature wastill maintained at locations within the radius of heating. Therefore, the goal of a
gradient of heating from +8°C soil temperature was still acquired.

This gudy provides a novel methodology as a4ocwest option to traditional soil warming
experimeats. Traditional warming experiments are expensive to install and maamiithe high
cost inhibits new soil warming experiments from entering the soil warmirgriexgntal network.
By creating a randomization design to allow for an unbiased gradiéempkratures, this novel
methodology eliminated the need for treatment and control replicates that quickly add up overall
costs. Beyond this, collaborating with tBMART Ala Wai project allowed for the creation of

site-specific sensors that were designed to withstand high heat and moisture, that were simple
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enough to keep costs loivhe dataloggers were created from low cost Raspbertiidtigploaded

the soil temprature data in real timallowing for remote monitoring of theoil temperature

system The heating controller was also custom built by the SMART Ala Wai project, which cut
down costs. The Lyon deep soil warming heating controller was only 15% of thef cyst of

the heating controllers at the Blodgett Experimeiftatest (Pries et al, 2017Jhe inhouse
production of custom temperature sensors and dataloggers greatly decreased the cost as compared
to soil warming experiments that orqeefabricategersors and data logging systems.

Overall, the Lyon deep soil waing experiments novel methodology provides a viable
option for deep soil warming experiments that lack adequate funding. By creating a randomized
soil warming experimental netwqré successil gradient of soil temperatures from +4€C was
achieved athte select study depths of 20,40,60, 80 and 100¢ws design, with improvements to
network security and connectivity, can aid in creating more deep soil warming projects to inform

global carba and climate models with empirical data.
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CHAPTER 4: INTERACTIVE FEEDBACKS OF CLIMATE, MINERALOGY AND

MICROBIAL COMMUNITIES ON SOIL CARBON

Flgure 4.1 Looklng upslope at thbeldsneat the LyoAn Arboretum and noveImperature sensor
system in Augst2019.
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4.1 INTRODUCTION

Climate change is the largest issue facing humanity today. Natural systems exist that could
potentially drawdown large amounts of carbon from the atmosphere and aid in the preservation of
globalecosystems while long term solutions to destructive humarvioelaae enacted into policy.

Soils are one such system with high potential to drawdown carbon and reduce atmospheric
greenhouse gas concentration. But, this benefit may only occur if the msnbkdor stabilizing

and storing carbon are not overwhelmedhwy interactive effects of rapid warming on multiple

soil processes.

Empirical evidence for how deep soil processes (>30cm) will react to the rising global
temperature is lacking. The Intetimamal Soil Experiment Network (iISEN) documents éfiects
of deep soil warming on the global carbon cycle, but tropical soils are underrepresented, and young
volcanic soils, called Andisols, are abs@rnirn et al, 2015. Andic soils are a critical end member
for iISEN given the intrinsic ability to stabilize carbon through thenique mineralogy, which
could have immense carbon drawdown potential.

Andisols are a unique soil order found in only 0.84% of the worlds surfaceadeare
derived from volcanoclastic parent maat(Leamy, 1984 McDaniel et al. 2012). Andisolshave
uniquesoil properties incluithg, variable charge, high water retention, low bulk density, and highly
stable soil aggregateamaking them a highly desirable soil for anthropogemisources like
agriculture(Shoji et al, 1993. These wlcanic ash derived soils are rich in aluminunad &on,
specifically, noncrystalline orshortrangeorder minerals of allophane, imogolite, ferrihydrite and
organically complexed Al/FEhaji et al., 1987Shoji and Ong 1978§. Aluminum asa colloidin
humidsoil environments exists in a continuum between purely organically complexedAdtire
allophanic)and pure allophane and imogoliallophanic)(Mizota and Reeuwijk1989. The
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organically complexed Al colloids are the dominant form of active Ald(asialateextractable
Al) within non-allophanic soil§Takahashi and Dahlgreg8016.

Andisols hold a dispropadnate amount ofoil organiccarbon(SOC) for their global
spreadWhile Andisols are the worlds least common soil oytlezy hold 1.8% of the wrldssoill
organic carborfSOC) (Hillel and Rosenzweig2009. This is partially due to the capabilitie$
this soil to stabilize soil organic matter (SOM). SOM in +adlophanic Andisols bond to active
Al and Fe in the soil to form orgamineral @mplexes. SOM has a unique affinity to amorphous
Al and Fe clays because of the high surface area and chEngecomplexity of thiphenomena
is not fully understood howeviestudieshavelinkedthe complexation of multivalent cations (ie.
AI®Y) with OM resulting in condensed functional groups making them less susceptible to
decompositior(Balldock and Broos201J). For this reason, Andisols can be considered an end
member soil order iterms of mineralogical controls on SOM decomposition, displaying unique
organemineral complexes.

Within these stabilization properties for Analis, it was found that SOC stock and turnover
did not vary across a 5°C mean annual temperature (MAT) graalieoss Hawaiian tropical
montane forest system (Giardina et 2D14). It should be noted that the MAT gradient is not
representative of the mmsive warming over a short time period that may result from climate
change. Therefore, the stability of tharlwon sequestration properties under the pressures of
climate change are still unknowhlawaiian tropical Andisols are an ideal place to study the
mineralogical controls of Andisols and whether they resist soil warming under manipulative deep

soil heatingconditions.
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4.2 OBJECTIVES AND HYPOTHESES

The objectives are outlined below alonghathe corresponding hypothesis, broken down

into a prediction, justification, and approach.

4.2.1 Objective

Understand the disturbance effect of soil warming onregpiration along a deep soil
profile for a Hawaiian Andisolnd if Al/Fe organeminerd complexes exert a mineralogical

control on soil respiration especially at depth.

4.2.2 Hypothesis
If soil respiration follows the Arrhenius equation, then as teaipee increases, soil
respiration rates will initially rapidly increase and then l@fglindicating a threshold of warming

which is controlled by Al/Fe orgaamineral complexes especially at depth.

4.2.3 Prediction

It is expected that with increasedil temperature from rapid heating disturbance, there
will be an increase inverall soil respiration. The initial increase in soil respiration under warming
will be rapid and then gradually level off the rate of soil respiration over #reas with the
highest concentration of Al/Fe organuneral complexes (most likely at deptBOcm) will resist

changes to soil respiration by augmented soil warming.
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4.2.4 Justification

Conceptual modei Soil respiration rates in Andisols will have logistic growtleotime
with consistent manipulative warming and will likely reach a sopiration threshold where soil
respiration will increase rapidly in the initial stages of heating then gradually decrease in the rate
of respiration wunt i lisreachedThé threshdidoof \warmadg wilwbe r mi n g
controlled by Al/Fe organmineral complexes thatxhibitedsimilar control across 8°C MAT
in the Giardina et al (2014) studyhe soil respiration rate with intensified warming overtime will

likely follow Arrhenius equation:

N o0Q — Equation 4.1
Where k is the rate coefficient, A is a constant, E is the activation energy, R is the universal
gas constant and T is temperature (Arrhenli889). The Arrhenius equation is used for measuring
reaction rates to increasastemperature. It is expected that this relationship will look like the

model below:

“Threshold of warming”

o

Soil respiration

Time

Figure 4.2 Relationship between saispiration and time with period of intensified warming.
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Initial data 1 Initial data was collected from September 201 Bé&ptember 2018n the

rates of surface soil respiration to establish the heterogeneity of tii€lsigter 2)

Following the GRACIEet protocal the flux of GO. coming from the soil surfaceas
estimated over time and developed into heatmaps to visualize the changes in flux. These flux maps
cover overa yearof soil moisture and temperature gradients for the efitiidsite Theheatnaps
of the CQ flux determind the randomization designbygcht i f yi ng soil respira
are excluded from the potential locations for probe placement. This ensures initial homogeneity of

the soil respiration acrossetfieldsite

4.2.5 Approach

The approach to this objectiveasto heat the deep g@rofile using 2.5m heating probes
at five randomized locations across the hillslope to get a gradient of deep soil temperatures, which
wasmeasured by the novel temperature sensor netwdtkw&smeasured from gas weli®own
the soil profile to 1m tomeasure the effects of deep soil profile heating on soil respiration in a
Hawaiian Andisol.Information on the inherent soil properties like raygstalline minerals and

SOC wassampled before arming occurs to analyze across the gradient of soil warming.
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4.3 METHODS

4.3.1 Field Sampling
Soil pit sampling for soil characterization

The site was sampled at 50 randomized locations frdii0@m to characterize the soil
profile across the hillslag Soil sampling was performed using the JMC Environmensalist'
Subsoil Probe. The depths sampled at each location were 20, 40, 60, 80 and 100cm. The sample
was then homogenized and frozen2Q°C for later analysis. After homogenization and before
freezng approximately 10g of field moist soil was weighed and piat a tin to air dry. After
recording the aidry weight the samples were then oven dried at 60°C for 48 hours and the weight
was recorded. Then the 60°C oven dried soil samples were passeghtar250 micron sieve and
stored in labeled scintillation ais. An additional 10g of field moist soil was weighed out and
placed into a tin to be oven dried at 105°C for 48 hours and recorded as the dry weight of the soil.

This dry weight is used to fththe moisture content of the soil

b |

Figure 4.3 Soil sampling using the C Environmentalist's Subsoil Probe in the field in June 2018
(left). The 3cm diameter, 1m depth hole, leftover from each sampiaigeventually caved in a
few weeks after samiplg completion leaving no air large air gaps

67



4.3.2. Laboratory Analysis
Soil carbon and nitrogen
Soil carbon and nitrogen levels were determined from the 50 randosodeshmpling
locatiors on thehillslope. Using a microbalanedlCe g o f 6 dridd@nda5@-micronsieved
soil were packed into aluminum tins. Then these samples were processed in a Perkin Elmer

Elemental Analyzer to determine the percent carbon in each sample.

Soil pH

Soil pH was deirmined from field moist soil samples at the 50 randomized hi#slop
locations. First, 5g of field moist soil was weighed out into Falcon tubes (taking out only ten
samples at a time to preserve field moist conditions). Then, 15mL of deionized watepetsipi
into Falcontubes (1sing2 (water): 1 $oil) ratio). Next, he Falcon tube is vortexed 30 seconds and
left to sit for 30 minutes. Using the VWR soil pH meter the bulbous tip of soil probe was placed
into the soil solution until the pH meter stalelszwith a value and then it was recorded. This same
protocol was sing for the KCI pH solution method using 1M KCI solution instead of deionized
water. Using both the deionized water pH method and the KCI pH metpbldcan be found by

pp H = Hk &loized water pH.

Non-crystalline mineral extractions

Three diffeent extraction methods were used to determine the Fe, Al and Si content of the
50 randomized locations across the hillslope. These extractions are hydroxylamine hydrochloride,
citrate dithonite, sodium pyrophosphatéhe hydroxylamine hydrochloride exttamn is based off

methods found ifRosset al.(1985. For thehydroxylamine hydrochloride extraction 0.100g of
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field moist soil was weighed and added to a 50ml Falcon tube. Then, 25ml of 0.25M
hydroxylamine hydrochloride ar0.25M hydrochloric acid was pipetted into each Falcon tube and
placed on an end over end shaker for 16 hours. After, the samples were centrifuged at 1500rpm
for 20 minutes and filtered through 52 Whatman paper. Samples were stored in the fridge before
being shipped fotnductively Coupled Plasmanalysis(ICP).

The citrate dithionite extraction is based off methods fountHlatmgren(1967) . For the
citrate dithionite extraction, 0.500g of field moist soil was weighed and added to a 50ml Falcon
tube. Then 8g of sodium citrate, 0.50g of sodium dithionite and 30ml of deionized water wihs adde
to the Falcon tube, which was then cappedstrakenfor 15 seconds and then uncappeaffo
gas The Falcon tubes were then capped again and placed on an end over end shaker for 16 hours.
Onceoff the shaker the solution was transferred into 50ml volmmdéasks and 12ul oPower
Floc solution was addeateach tube and covered with parafilm to shake for 15 seconds. Next the
flasks were filled to volume with deionized water amékeragain for 15 seconds. The solution
was then transferred back int@thOml Falcon tubes and the samples were centrifudeDatpm
for 30 minutes and filtered through 52 Whatman paper. Samples were stored in the fridge before
being shipped foinductively Coupled Plasmanalysis(ICP).

The sodium pyrophosphate extractistvaseadn methods found iMcKeagug1967). For
the sodium pyrophosphate extraction, 0.25g of field moist soil was weighed and added to a 50ml
Falcon tube. Then, 25ml of 0.1M sodium pyrophosphate solution was pipetted into each Falcon
tube ad placed on an end over end shaker for 16 houtsr &fe samples were centrifuged at
20,000rpm for 15 minutes and filtered through 52 Whatman paper. Samples were stored in the

fridge before being shipped for analysis. Before being shipped all extsab&dnl 5ml of solution
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added to 15ml Falcon tubessid of Yttrium was added to each 15ml Falcon tube for quality

control. Then the samples were shipped to UH Hilo Analytical Laboratory for ICP analysis.

Figure 4.4 Sodium pyrophosphate extractions after being taken off the high speed centrifuge.

Microbial extractions and bioinformatics

Using the same 50 randomized locatiosedfor the soil sample processirtge project
looked at microbial communés across geh. Using the depth of interest for each of the 50
randomized soil sampling locatiofsppendix A the upper and lower 20cm around this depth of
interest verealso sampled for microbial communities, making 130 samples in total (top 20cm soil
samples haveo upper 20cm to sample). Firdte DNA was extracted using the Qiagen DNeasy
PowerSoil Kit following the QuiciStart Protocol. The extracted DNA was then quantified using
Thermo Fisher Scientific NanoDrop One to ensure there is enough Die&stext to sirt the PCR
process. The PCR process for 16s and ITS was completed by CMAIKI and sent to UC Berkeley

for sequencing of the library through tilamina MiSeq system. Once the sequencing results were
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returned, bioinformatics were performed usinpipelinecreated in Qiime 2.QAPPENDIX D.
QIIME 2.0 ITS PIPELINE TAKEN FROM NHU IGUYEN MICROBIOLOGY LAB Appendix

EChapter O
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APPENDIX E. QIIME 2.016S PIPELINETAKEN FROM NHU NGUYEN MICROBIOLOGY

LAB).

4.3.3Data Analysis

Several methods of data analysiere used to understand the datdata included
information onsoil properties, timeseries variables and microbial propertieswuth of the data
having a nonrparametric distribution. For this reason, in order to model the most significant factors
affecting the response of G@roduction at depth, generalized additmodeling GAM) wasused
sinceit is robust to both parametric andn-parametric dataGAM fits a smoother teach of the
covariates and then adds up these smoothed relationships to predict the responséHasisble

and Tibshirani1989. The GAM structure can be written as Equatiorss 4.

MOG ©® i w E i Equation 42

Where Y is the respond variabbnd E(Y) is the predicted vallie.c> E { @ are
the predicted noparametric variables fit with a smoothing functioho rule out spadil
autocorrelation and subsequent geospatial analysis of the data a variogram was used to determine
if any spatial correlation existed between the points. Givemethdts of the variogram and the
small size of the study area it was determined geospatdy}sis would not be valid and therefore
we moved forward with nespatial analysis techniques.

Before assessing collinearity with a correlation matrix and grah@omponent analysis
(PCA), an analysis on the seasonality of the time series varialbdes 6dmperature, soil moisture

(VWC) and soil respiration (COproduced) was completed using the autocorrelation function
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(ACF) and Augmented Dickey Fulle(ADF) test. Variables with a seasonal trend were
transformed using a Fourier transformation tmeiate any confounding effect seasonality might
have on selecting the most significant predictors of-@@duction.

To inform the GAM model a correlation matrira principal component analysis (PCA)

was used on the data to understand the existingamddips and further eliminate collinearity.

The correlation matrix was created using the

the fAdevtompllod campackagli i n R. A PCA taks es
transform variables in lireely uncorrelated variables called principal components (PC). These
relationships are then shown by the magnitude and direction of eigenvectors on a 2D plot of the
PC plotted against each oti{eever et al. 2017. A PCA simplifies the compkity, especially in
large datasets, to extract overall trends to establish existing mshiis in the datdJsing the
seasonal transformed datasults from the correlation matrix and P@&ualizations,a global
model was developed using thegcvo package iR (Wood 2006. A log transformation was
used o the response variable of the model,.@@duction to optimize the fit of the model. The
global nmodel was then dredged using tliduMIno package in RBarton 2019 following the
same technique as used in Peters gPalters et al.2019. Using the results frorthe dredging
and keeping in mind the original hypothesis, optimal models were created for the most significant
predictors of C@production by depthl'he dredge function cannot fit a smoother by depth since
it is limited by number of smoothers by the kurgumber of terms already in the global model. By
manually comparing models by AIC, we can optimize the model to be fitted by depth and be a
better represeation of the system it represents.

The number of smoothers fit to the data cannot exceed theedegfrreedom. Part of the

model summary statistics determines whether k (the number of smoothers) is an over fit or under
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fit for the data. It was determide t hat k O 3 for all the paramet
fitting, while including the mamum number of terms in the model equation. Given these
limitations for k, only 4 terms could be included in the optimization modeling when looking at
eachterm by depthWithin this manual dredge by depthodels were selected based on the
differences inAkaike information criterior{AIC) by each model using the equation belde

AIC is a measure of the relative quality of statistical models against nested models within the

dataset and is the backbone odrédgingfustordr edgi ng f

@i = A IAGnE Equation 43

Where AIG is the AIC for the ith model and Algx is the minimum of AlCfor all model
candi dat es. Model s with oi >10 were not consi
The optimamodel isgpF qomi =r0 (Burnham and Andersgr2003. Al Cc wasusedin placeof
AIC becaus®f thesamplesize(n <100)(Takezawa2014).

For the microbial component of tseudy (which includedn the original data exploration
and GAM modeling) the R 0vspegcedidersityand &bandagecewa s u
indices from the @me 2.0 pipeline resul{®ksanen et gl2019. The FUNGuild open annotation

was used to determine what guilds exists within the ITS reddfsyen et al.2019.
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Table 4.1 Timeseries parameters from weeklymgding across 50 sampling locations from
November 2018 to August 2019 at the Lyon Arboretum fieldsite.

Paramete Sampling frequency Method Units
Mean CQ produced | Weekly (time of sampling) | Gas wells pmol m3 hr3
Mean volumetric Weekly (time of sampling) | SENTEK Diviner %
water content (VWC) probe
Mean temperature | Weekly (time of sampling) | Thermistor 3
Mean o t e | Weekly(time ofsampling) [ Mean ambient 3
temperaturé mean
temperature (for each
id)
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Table 4.2 One time soil sampling parameters across 50 sampling locations sanfplechieating

began afieldsite June 2018 at the Lyon Arboreturaldsite

(Menhinick's index)

Parameter Method Units

Carbon(C) Elemental Analyzer %

Nitrogen(N) Elemental Analyzer %

pH Deionized water NA

pp H Deionized watemethod- KCI method NA

Non crystalline mierals | Aly + 0.5Feq (Shojiet al, 1993 mg kg? soil
im

Organically complexed | Alr (McKeague 1967 mg kg? soil

aluminum

Organically complexed | Fer (McKeague 1967 mg kg? soil

iron

Proportion oforgane =X (Shojiet al, 1993 NA

aluminum complexes to | ="

nontcrystalline aluminum

oxides(andic horion

delineation)

Shannon Index (H) H = ilEp p NA

Species richness (S) YZu=j =do NA
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4.4 RESULTS
4.4.1 Interactive effects of warming on €@roduced

30-

Depth (cm)
20
— 40

Temperature ("C)

20-

Jan Apr Jul
Date

Figure 4.5 Soil temperature raw data timeseries at each depth across the fieldsite at the Lyon
Arboretum from November 2018 to August 2019.

The soil tempeature from November 2018 to August 2019 follows an expesasionality
curve (Figure 4.5). The soil temperature dips down in the winter mordlesg with the air
temperature and increases in thenmer along witlthe air temperature. Based proximity to
the heating probes some depths experience a greater heating effect than others, therefore
temperature distiniin by depth is not apparent. An Augmented Dickey Fuller (ADF) test for
stationarityat all sampling loations suggest that this trend is significant over time and a significant
seasonal effect is present. This tremas also apparent iutocorrelation (ACF) plots of soil
temperature at each sampling location over time. To accountf@ettsonality efféen the data
a Fourier transformationwas used to detect the seasonal signal and adjusted the data to remove the

seasonal trend.
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Figure 4.6 The seasonality of soil temperature at the fieldsite for 20eft) and 100cm (right)

for the time period of soil sampling. Red is the raw data with seasonality and blue is the seasonally
adjusted data used to eliminate bias in further analysis

Thereis a stronger effect of seasonality in soil temperature at 2bem at 100cm,
suggesting that shallower depths experience more seasonal variation. However, all depths
experience the same trend of seasonality with cooler winter months and warmer sumther mon
The Fourier transformation in blue adjusts the data sonten soil temperature can be used in

further analysis without a strong seasonal bias.
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Figure 4.7 Volumetric water content (VWC) raw data #series at each depth across the fieldsite
at the Lyon Arboretunfrom November 2018 to August 2019.

The volumetric water content as a measure of soil moisture has an overall trend of
decreasing over tim@igure4.7). This is consistent with the seasonal trends in precipitétio
the study site with the winter months having greater precipitation and the summer months having
less precipitation. Although the seasonality effedéss apparent than in soil temperature, an ADF
test for stationarity at all sampling locations sesfg that this trend is significant over time and a
significant seasonal effect is present. Thiadwasalso supported by ACF plots. To account for
the seasonality effect in the data a Fourier transformatasnused to detect the seasonal signal

and aljusted the data to remove the seasonal trend.
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Figure 4.8 The seasonality ofolumetric water conterfiy WC) at the fieldsite for 20cm (left) and
100cm (right) for the time period of soil sampling. Rethis raw data with seasonality and blue
is the seasonally adjusted data useelitdinate bias in further analysis

There is a stronger effect of seasonalitgoi moistureas determined by volumetric water
content(VWC) at 20cm than at 100cm, suggegtihat shallower depths experience more seasonal
variation. However, all deptlexperience the same trend of seasonality with wetter winter months
and drier summer months. The Fourier transformation in blue adjusts the data so the mean soil

moisture (VWC)can be used in further analysis without a strong seasonal bias.
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Figure 4.9 CO, produced by depth section for the raw data timeseries of the gas well sampling at
the Lyon Arboretum from November 2018Aagust 2019.

COp produced by depth section shows the highest amount gp@duced in the shallower
soil at20 and 40cn{Figure4.9). The seasonal trend for GQroduced was tested for stationary
using an ADF testt each depth section. 20emasthe only depth section with a detected trend in
seasonality. This trendasalso supported by ACF plots at each sampling location. To account for
the seasonality effect in the data a Fourier transformatasnused to detét¢he seasonal signal

and adjust the data to remove the seasonal trend at 20cm.
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Figure 4.10 Correlation matriXor the mean seasonally adjustadeseries parameters and initial
soil sampling parameterat all depths from November 2018 to August 2019 at the Lyon

Arboretum. Dark blue shows a strong positive correlation while dark red shows a strong negative
correlation (see scale on right

There are several strong correlations evident from the correlai@nx. The strongest
negative corr el at iOppnosucen anel pHpOtipeHstromg nedativEcorreldtion C
includesnon-crystalline minerals and the active Fe ratio with C, N, @@duced, OM complexed
minerals and 16S abundance. There arengtrpositive correlations between C and N,2.CO
produced, OM compiked mineralgend pH. Other strongositivecorrelations include pH and N
and the active Fe ratio and @ pH. Using a Pri:
are tested furtheFor t he correl ation matri x aDiversitg ubseq.!

index was not used since more diversity does not technically equate to magoeoG@ed.
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Figure 4.11 PCA of the parameters consgiced for model analysis, including thean seasonally
adjustedimeseries parameters and initial soil sampling paramateat depths from November
2018 to August 2019 at the Lyon Arboretum.

The Principal Component Analysis@QR) for the mean seasongl adjusted timeseries
parameters and initial soil sampling parameters at all depths from November 2018 to August 2019
at the Lyon Arboretunexplained 9% of the variance in the data within the first two principal
components. Thei@e severalcleartrendsv i dent from the eigenvector
as well as the grouping by depth. The first trend is that 20 and 40cm depth groupings are separated
from the deep sampling depths of 60, 80 and 100cm, which are more overHppeigenvectors
for C, N, 16S abundance (S_16S), ITS abundance (S_pHS)M complexed minerals and mean
CQO, producedall point in the direction of 20 and 40cm. The eigenvectors forangstalline
mi neral s, the acti ve ndseasonally adusted y@\atealhppirded et ur e,

the directions of 60, 80 and 100cm. Several eigenvectors overlap in magnitude and direction
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suggesting a strong positive correlation. C, N and @@duced are all similar in eigenvector
magnitude and directiom the oppositedireadin i s t he ei genvector of o
correlation.16S abundance and ITS abundance eigenvectors also overlap in magnitude and
direction, with OM complex@ minerals. In the opposite directiarenon-crystalline minerals and

the active Feaatio. The magnitude of the amorphous minerals eigenvectors is larger than the
microbial abundance eigenvectors however there still could be a negative correlatiothgiven
opposite direction of the eigenvectors. Other notable trends include the perpemdiatiznship

of the eigenvectors of Groduced and VWC suggesting no correlation between the parameters

and a weak perpendicular relationship with,@@ducedandp t e mper at ur e.
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Figure 412pC0O2 produced vs. @ seasonally adjusted
lowest 20% of temperature ranges at all depths from November 2018 to August 2019 at the Lyon
Arboretum. Red dashed Iine at the target @ tem
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across the sampling depths for the highest and lowest 20% of soil temperaturé¢qmuges.12).

20cm has the greatest spread in both the y and x axis, followed by 40cm. For the sampling depths

60, 80, and 100chere idittle spread in the y axis but definite spread in the x axis. This suggests

t h atseasmallgmadjustedo i |

CO, produced ( g moh"y

temperatur e

changegspraddtedr e i s
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Figure 4.13 CO, produced plotted against narystalline concentratiofor the 50 soil sampling
locations acrossapths. Orange is@eneralized linear model trend whereas purple is the trend fit
with a GAM smoother.

Before modeling the entire dataset, it was important to provide evidence for GAM
modeling as opposed to traditional linear modelifggure 4.13 illustrates the noitinear
relationships in the data that are better suited with a GAM smoother opposed to a linear smoother.
Figure4.14 andFigure4.15are select examples of other nonlinear relationships within theitlata f
with a GAM smoother. Looking at these relationships are important for interpreting the global

model and how the smoothers are added up as predictors @r@fdiced.
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Figure 4.14 Mean CQ producedagainst the active Fe ratibe+/Fep) with a GAM smoother (k
=4) fitted across all deptlieom November 2018 to August 2019 at the Lyon Arborefline
colors are the neorystdline mineral concentration and the shapes are the depths.

In Figure4.14, there isa nonlinear relationship between £@oduced and the active Fe

ratio. There is an inflection point arouadtive Fe ratio 6.5 wherea steep negative slope tife

variable of CO, produced out and stays relativdlgat, suggesting that as the active Fe ratio

increasesCO;, produced decreaseAlong with this, the C&produced decreases as rwgstalline

minerals increase as showythe colors of the points. There are also some trends aenogsding

deptts with 20cm beingseparatdrom 40, 60, 80 and 100cm in terms of £@oduced plotted

against the active Fe ratio.
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Figure 4.15 Mean CO2 produced againgd pwith a GAM smoothelk =4) fitted across all
depths from November 2018 to August 2019 at the Lyon Arboretum. The colors aotivkd-e
ratioand the shapes are the depths.

In Figure4.15there is a nonlingarelationship between G r oduced and opH.
an inflection point arouncpp H 0 where the negative slope of €@roduced levels out and stays
relatively consistensuggesting that app lhcreases Ceproduced decreases. Along with this,
the CQ produced decreasestag active Fe ratiomcreass as shown by the colors of the points.
Along with this there are also some trends across depth with 20cm being separate from 40, 60, 80
and 100cm in terms of Gproduced plotted against the active Feoraifter exploring these
relationships to validate the use of GAM, a global model wasldp&d to begin to select the most

significant predictors of C&produced.
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Global Model Formula:
log(co2) ~ s(vwc_ad,k=4) + s(Delta_temp, k=4) + s(C, k=4) + s(N) k={pH_H20, k =4)+
s(Delta_pH, k=4) + s(hon_crystal, k =4) + s(Fe_h_Fe_d,k=4) + s(Al_j,k=4) + s(Al_p,k=4)
+ s(Fe_p, k=4) + s(S_16S,k=4) + s(S_ITS, k=4) + s(depth, k =4)+ s(id, bs ="re")+ 1

Resids vs. linear pred.
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Figure 4.16 Quality check plots foiglobal model oflog(CQO,) response as predicted bglta
temperature, VWC and relevant soil propertigsiepth with sampling locations as a random effect
for mean data from November 2018 to August 2019 at the Lyon Arbofelasite.( R? = 0.885,
Deviance explained =24%, n=50.)

Figure 4.17 Smoothers fit for each parameter of the global model individually for mean data
from November 2018 to August 2019 at the Lyon Arboretunddied (k =4)

88













































































































































