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THE INFLUENCE OF COIRMND MANAGEMENT ONRFACE SCHEALTH WITHIN THE

INLAND PACIFIC NOWHEST

ABSTRACT

by Jason G. MorrowM.S.
Washington State University
August2014

Chair: David R. Huggins

Surface soils influenacosystenhealth through their role in nutrient cycling and
decompositiongas exchangeyater infiltration, and erosionSoil organic matter (SOM) is
critical to soil functioning and subsequently to soil and ecosystem health. Across four dryland
sites and one ifgated site within the inland Pacific Northwest (PNW), the objectives were to
assess the influence of climate, tillage, and cropping intensity on surface soil health by
measuring soil C and N properties related to SOM as well as nutrient avail&b@iyNH,", Ca,
Mg, P, K, S, Mn, Fe, Zn, B, Guantifiedby PRS" probes {Vestern Ag Innovations, Saskatoon,

Canada)

A multivariate regression of mean annual temperature (MAT) and precipitation (MAP),
tillage, and cropping intensity revealed that MAP expdali 57% of soil organic carbon (SOC)
variability and 69% of total soil N variability. When MAP was removed from the model, MAT
explained 42% and 49%, respectively, of SOC and total N variaBaitythe hydrolyable and
non-hydrolyzable fractionsof SOC were equally sensitive to climate, indicating no relationship
between chemical recalcitrance and climate sensitiviRgrmanganate oxidizable carbon

(POXC) was representative of SOM stabilization, whiledayecarbon mineralization was



representativeof microbial activity and SOM mineralizationotBPOXC and mineralization
potential may beincreagd by cropping diversificatigand stabilized inputssuch as compost,

along withno-till, may increase POXC

An increase iMATacross the region weaassciated with a decrease potential
nitrogen mineralization (PNM) (r-8.73), potential denitrification (PDR) (r&:66), and basal
denitrification (BDR) (r ©.34). An increase in MAP was associated with an increase in PNM (r
= 0.60) and PDR (r = B)5but was not related to BDR. Tillage intensity was correlated with
PNM (r =0.32), PDR (r = 0.32), and BDR (r = 0.32), whereas cropping intensity was correlated
only with PNM (r = 0.40)Plant available nutrients displayed varyicayrelations with sil C and
N properties managementand climate factorsOverall, POXC and carbon mineralization were

the most important indicators of surface soil health.
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CHAPTER 1
GENERAL INTRODUCTION

The Columbia Plateau of the dryland Inland Pacific Northysestmprised of 62,000
km? of which 60% is in dryland crop production (Schillinger & Papendick, 2008). Prior to the
introduction of agriculture to this region, the landscape was dominated by expanses of
bluebunch wheatgras$?seudoroegneria spicdtandbig sagebrushArtemisia tridentatd.

Dryland wheat farming now dominates the landscape, and in the higher rainfall zones located in
the eastern parts of this regiomworld record wheat yields have been reported (Kok et al.,
2009).

While the introducton of agriculture to this landscape was the basis for its settlement, it
did not come without a price. This region has also H@storicallyassociated with some of
the highest erosion rates in the United States, ranging from 3 to 67 Myifig(1.3 © 30T ac*
yrl), far exceeding the 2.2 to 11.2 Mgha (1.0 to 5.0Tac* yr?) that is considered
acceptable for sustained productivity (Williams et @D09; Kok et al., 2009) and representing a
significant environmental threat to downstream veatbodies.

To combat these high erosion rates, management practices that result in decreased
surface disturbance and increased sailface crop residue cover are recommended and
include increased cropping intensity and conservation tillage etillage. Through RUSLE2
simulations, Kok et al. (2009) demonstrated the efficacy of these management practices in
mitigating soil erosion; erosion rates in high and intermediate precipitation zones have been
reduced by as much as 75% and in low rainfall zbyess much as 50%. This is an example of a
guantifiable and visible threat to soil productivity and environmental health that has been

mitigated through the introduction of appropriate management practices.
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There are less visible yet still significant sequences that have resulted from the
transition of native landscapes to agricultural landscapes. For example, in a Palouse silt loam in
Eastern Washington, Purakayastha et al. (2008) revealed that 100 years of cultivation with a
moldboard plow resultedn a 64% reduction in soil organic carbon (SOC) compared to native
prairie and 28 years of ntll contained SOC levels 19% below that of native prairie. However,
disturbance from agriculture need not be associated with an inevitable decline in SOC,yas man
have demonstrated with appropriate management SOC of various managed systems located in
other regions can surpass that of native systems (Barrow, 1969; Ridley et al., 1990; Ismail et al.,
1994).

SOC is an important component of soil organic matter (F@Michcontributesto soil
productivity and many of the important ecosystem functions provided by soil in the context of
terrestrial ecosystemsancludingl) promotion of plant growth; 2) biogeochemical cycling of
nutrients; 3) provision of habitat forofl organisms; and 4) partitioning, storage, translocation,
and decontamination of water (Brady & Weil, 2010; Campbell, 1999). These vital services
provide the context for the somewhat abstract concept of soil health, which has various
definitions preseted by many authors and can be distilled down to the ability of a soil to
function effectively at present and into the future (Doran & Parkin, 1994). Evaluating crop
rotations and management practices through the lens of soil health can help assurasdstai
soil productivity and minimgenvironmental impacts.

Several studies have showmat changes ithe active fraction of soil carbon and
nitrogencan serve aan early assessment of the impacts of management practices on soil

health (Franzluebbers andghad 1996 Dou et al., 2008Culman et al., 2013). Particularly,



POXC (Weil, 2003), soil microbial biomass carbon and nitrogen (Powlson and BrooKgs, 198
carbon mineralization (Franzluebbers et al., 2000), acid hydrolysis (Rovira and Vallejo, 2002),
and water extractable carbon and nitrogen (Haney et al., 2012) have been identified as
meaningfuland sensitivgortions of the active carbon and nitrogen pbthat effectively
differentiate amongmanagement impacts on SOM.

A range of climatic conditions span the inland PNW, where mean annual pa&oipi
ranges from a low of 156 im in southcentral Washington and increases along a wes¢ast
gradientto a high of 600mm in eastern Washington and into Idaho (Schillinger et al., 2006). A
mean annual temperature gradient also exists in the region and runs inversely to the
precipitation gradient, ranging from&C in the wetter regions eastern Washingtoand into
Idahoto 109°C in the drier regionef south-central WashingtonThis climatic gradient is also
an important consideration in assessing soil health, as precipitation and temperature represent
important drivers of soil C and N dynamics. In wditeited regions such the Inland Pacific
Northwest, rainfall drives biomass productiand inturn, C inputs to the soil (Wynn et al.

2006), while decomposition rates, particularly of the labile SOM pool, are influenced by
temperature and other soil facts (Davidson and Janssens, 2006). It follows that SOC is
positively correlated with annual rainfall in watkmited regions, while negatively correlated
with annual temperature (Post et al., 1982).

Furthermore, in the face of climate change, it becormeseasingly important to
understand how climatic factors influence soil health. In natural ecosystegatsady staten

soil carbon dynamics with regard to climate is reached after centuriesyermillennia (Mann,



1986). In this state of equilibmo, abiotic factors, along with biological activitjctate SOC
levels through influence on biomass production and decomposition rates.
However, there is uncertainty as to how microbial decomposers will respond to increasing
temperatures (Craine et aR012). Moreover, research has shown the importance of
considering the interaction of management factors, climate factors, and SOM dynamics. For
example, while temperature and precipitation represent important controls on C and N input
and output, a prirmg effect (PE), resulting from the addition of fresh organic matter, has also
been observed (Bingeman et al., 1953). This PE has been shown to be both negative (decrease
in SOM decomposition) (Guenet et al., 2010; Zimmerman et al., 2011) and positreagam
SOM decomposition) (Nottingham et al., 2009; Guenet et al., 2012). Thiessen et al., (2013)
demonstrated a net positive PE with the addition of fresh organic matter, but observed that the
rate of change of PE varied with temperature, representinth the complexity and
importance of understanding how management and climate can interact to influence SOM
dynamics and subsequently soil health.

Chapter 2 of this thesis explores the relationship between different fractions of the soill
C and N pools anguantifies the influence of management practices, partidylailage
practices and cropping intensification, on soil C and N properties across five sites within the
inland Pacific Northwest. Additionally, this chapter elucidates the influence of climate factors,
namely mean annual temperature and precipitation, on soil C and N properties within the
context of management factors. Last, this chapter provides an evaludtiasail health index
that has recently been discussed among local farmers and government entities and has shown

promise by some in distinguishing between management impacts on soil health.



Ultimately, certain soil biochemical processes are the great rateg of soil properties,
management, and climate and are a central component of soil health. Specifically, nitrogen
mineralization, denitrification, and nutrient availability are three important features of soils
that are critical to soil productivity ahare environmentally significant. A major component of
the nitrogen cycle, nitrogen mineralization represents the ability of the microbial population to
decompose plant residue and SOM aongrovide an important source of plaf@vailable
nutrients, twofunctions which are an important component of soil health (Doran & Parkin,
1994). Furthermore, nitrogen mineralization is a process dependent on a diverse microbial
community of bacteria, fungi, and actinomycetes that are influenced by soil temperatater w
content, and aeration while they feed on SOM and fresh crop residues to convert organic N to
inorganic N(Schepers and Meisinger, 1994).

Also nested within the nitrogen cycle, denitrification is the antithesis of N mineralization
and represents botla loss of nitrogen from the soil N pool as well as a source of nitrous oxide
(N2O) in the atmosphere, a major greenhouse gas with global warming potential 298 times that
of CQ (Pittelkow, 2013). Several factors have potential to influence soil decsttiibin,
including soil aeration, pH, soil temperature, the presence of denitrifiers, andad@®C
availability (Sylvia et al., 2005).

Nutrient availability is also an important consideration with regard to soil hehlthto
its role in soil productity. Plant macreand micronutrient availability is dependent on a
number of factors, including SOM, texture, CEC, as well as management factors such as tillage
(Havlin et al., 1999). lon exchange resins (IER) have a long history in agricultural research

(Schlenker, 1942), and are one method of measuring gaatlable nutrients and the rates



they are released (Qian and Schoenau, 2001) and measurements using IERs have been shown
to correlate well with plant nutrient uptake (Lajtha, 1988; Qian and Schoeh2b).
Additionally, IER measurements have displayed sensitivity to soil temperature and moisture
content, as well as to microbial competition for nutrients (Huang and Schoenau, 1997).

Chapter 3 of this thesis presents the relationship between soild\adata and these
three important soil processesnitrogen mineralization, denitrification, and nutrient
availability using IERs. Additionally, this chapter relates these processes to tillage practices and
cropping intensification, as well & mean amual temperature and precipitatiom orderto
identify the role of these firsorder factors in regional soil health.

The fact that the concept of soil health has been around for decades is a testament to its
value. However, contrary to water quality aant quality, no set of accepted standards have
yet been universally recognized for soil health (Karlen and Stott, 1994). Howd\ezeas air
and water resources have a relatively direct and immediate impact on human health, the
impact of soil health osociety can be lesmmmediate, more circuitous, yet just as important.
To be sure, soil is a finite resource ahd vision ofa future with an uncertain climate coupled
with increasing pressure from an eviacreasing world population providex backdrg for
both broader awareness of soil health issues as well as an opportunity for increased
understanding in the scientific community of the multiplicity of factors influencing this precious

resource and its fundamental effects on society.



REFERENCES

Barow, N.J. 1969. The accumulation of soil organic matter under pasture and its effect on soll
properties. Australian Journal of Experimental Agriculture and Animal Husba®(#9):
437-444,

Bingeman, C.W., J.E. Varner, and W.P. Martin. 1953. The eftbetaddition of organic
materials on the decomposition of an organic sBil Science Society of America
Proceedingsl7(1): 3438.

Brady N.C., and R.R. Weil. 2010. The Nature and Properties of Soisl. BenticeHall,
Upper Saddle River, NJ.

Campbell, C.A., V.O. Biederbeck, B.G. McConkey, D. Curtin, and R.P. Zentner. 1999. Soil Quality
— Effect of tillage and fallow frequency: Soil organic matter quality as influenced by
tillage and fallow frequency in a silt loam in southwestern SaskatcheB@hBiology &
Biochemistry31(1): 7.

Craine, J.M., N. Fierer, K.K. McLauchlan, and A.J. EImore. 2012. Reduction of the temperature
sensitivity of soil organic matter decomposition with sustained temperature increase.
Biogeochemistryl13(1-3): 359368.

Culman, S.W., S.S. Snapp, J.M. Green, and L.E. Gentry. 20t&rfshiorigterm labile soil
carbon and nitrogen dynamics reflect management and predict corn agronomic
performance.Soil Fertility & Crop Nutritiorl05(2): 493502.

Davidson, E.A., andAl.Janssens. 2006. Temperature sensitivity of soil carbon decomposition
and feedbacks to climate chandeature.440(7081): 168.73.

Doran J.W. and T.B. Parkin. 1994. Defining and assessing soil quality. In Defining Soil Quality for
a Sustainable Envirorent. Edited by J.W. Doran, J.A.E. Molina, and R.F. Harris. SSSA
Publication Number 35, Madison, WI. p{23.

Doy, F., A. L. Wright, and F.M. Hons. 2008. Sensitivity of labile soil organic carbon to tillage in
wheat-based cropping systemSoil Science Siety of America Journal2(5): 1445
1453.

Franzluebbers, A.J., R.L. Haney, C.W. Honeycutt, H.H. Schomberg, and F.M. HoRt1s2000.
of carbon dioxide following rewetting of dried soil relates to active organic p8ols.
Science Society of America JourB4(2): 613623.

Franzluebbers, A.J., and M.A. Arshad. 1996. Soil organic matter pools during early adoption of
conservation tillage in Northwestern Cana&amil Science Society of America Journal
60(1): 14221427,

Gueet, B., J. Leloup, X. Raynaud, G. Bardoux, and L. Abbadie. 2010. Negative priming effect on
mineralization in a solil free of vegetation for 80 ye&sropean Journal of Soil Science.
61(3): 384391.


http://ntserver1.wsulibs.wsu.edu:2757/abstracts/20001913830.html?resultNumber=2&q=author%3A%28Franzluebbers%29+AND+yr%3A%282000%29+AND+%28Carbon%29
http://ntserver1.wsulibs.wsu.edu:2757/abstracts/20001913830.html?resultNumber=2&q=author%3A%28Franzluebbers%29+AND+yr%3A%282000%29+AND+%28Carbon%29

Guenet, B., S. Juarez, G. Bardoux, L. Abbadie, ahe@i.Q012. Evidence that stable C is as
vulnerable to priming as is more labile C in sadlil Biology & Biochemisty2(1): 43
48.

Haney R.L., A.J. Franzluebbers, V.L. Jin, M. Johnson, E.B. Haney, M.J. White, R.D. Harmel. 2012.
Soil organic C:N vs. vestextractable organic C:XDpen Journal of Soil Scien2e269
274.

Havlin, J. L., J.D. Beaton, S.L. Tisdale, and W.L. Nelson. 1999. Soil fertility and fertilizers: An
introduction to nutrient management.6th ed. Prentice Hall, Upper Saddle River, NJ.

Huang, W.Z., and J.J. Schoenau. 1997. Seasonal and spatial variations in soil nitrogen and
phosphorus supply rates in a boreal aspen for€stnadian Journal of Soil Science.
77(4): 597612.

Ismail, 1., R.L. Blevins, and W.W. Frye. 1994 -tesngno-tillage effects on soil properties and
continuous corn yieldsSoil Science Society of America JouB&ll): 193198.

Karlen, D.L., and D.E. Stott. 1994. A framework for evaluating physical and chemical indicators
of soil quality. In Defining Soil Quality foSustainable Environment. Edited by J.W.
Doran, J.A.E. Molina, and R.F. Harris. SSSA Publication Number 35, Madison, WI. pp 53
72.

Kok, H., R.l. Papendick, and K.E. Saxton. 2009. STEEP: Impaeteof@ogservation farming
research and educatiom iPacific Northwest wheatland3ournal of Soil and Water
Conservation64(4): 253:264.

Lajtha, K. 1988. The use of ierchange resin bags for measuring nutrient availability in an arid
ecosystemPlant and Sail105(1): 108L11.

Mann, L.K. 1986. Changessoil carbon storage after cultivatioBoil Sciencel42(1): 27288.

Nottingham, A.T., H. Griffiths, P.M. Chamberlain, A.W. Stott, and E.V.J. Tanner. 2009. Soll
priming by sugar and leditter substrates: a link to microbial group&pplied Soil
Ecolagy. 42(3): 183190.

Pittelkow, C.M., M.A. AdvientBorbe, J.E. Hill, J. Six, C. van Kessel, and B.A Linquist. 2013. Yield
scaled global warming potential of annual nitrous oxide and methane emissions from
continuously flooded rice in response to nitrogieput. Agriculture, Ecosystem &
Environment177(1): 1620.

Post, W.M., W.R. Emanuel, P.J. Zinke, and A.G. Stangenberger. 1982. Soil carbon pools and
world life zonesNature.298(1): 156159.

Powlson, D.S., and P.C. Brookes. 1987. Measurement of saibraldsiomass provides an early
indication of Changes in total soil organic matter due to straw incorpora8oii.Biology
& Biochemistry19(2): 159164.



Purakayastha, T.J., D.R. Huggins, and J.L. Smith. 2008. Carbon sequestration in native prairie,
perennial grass, ndill, and cultivated Palouse silt loari@oil Science Society of America
Journal.72(2): 534540.

Qian, P., and J.J. Schoenau. 1995. Assessing nitrogen mineralization from organic matter using
anion exchange membrandsertilizer ResearchA0(2): 143148.

Qian, P., and J.J. Schoenau. 2001. Practical applications of ion exchange resins in agricultural
and environmental soil researcBanadian Journal of Soil Scier841): 921.

Ridley, A.M., K.R. Helyar, and W.J. Slattery. 1990. Soilcatidifiunder subterranean clover
(Trifolium subterraneum L.) pastures in nogthstern VictoriaAustralian Journal of
Experimental Agricultur&0(2): 195201.

Rovira, P., and V.R. Vallejo. 2002. Labile and recalcitrant pools of carbon and nitrogemiicn org
matter decomposing at different depths in soil: an acid hydrolysis approaeloderma
107(2002): 1094.41.

Schepers, J.S., J.J. Meisinger. 1994. Field indicators of nitrogen mineralization. In Soil Testing:
Prospects for Improving Nutrient Recommetidas. Edited by J.L. Havlin and J.S.
Jacobsen. SSSA Publication Number 40, Madison, Wi-4p 31

Schillinger, W.F., and R.I. Papendick. 2008. Then and now: 125 years of dryland wheat farming
in the inland Pacific NorthwesAgronomy Journall00(3):S166S182.

Schillinger, W.F., R.I. Papendick, S.O. Guy, P.E. Rasmussen, and C. Van Kessel. 2006. Dryland
cropping in the Western United States. In Dryland Agriculture Research Issues. Edited by
G. Peterson, P. Unger, and B. Payne. American Society ofoAgrdonograph Series.
pp 365393.

Schlenker, F.S. 1942. Availability of absorbed ions to plant growing in quartz and sulSsiilate.
Scienceb54(1): 24¢251.

Sylvia, D.M., J.J. Fuhrmann, P.G. Hartzel, and D.A. Zuberer. 2005. Principles and applications of
soil microbiology, ? ed. PrenticeHall, Upper Saddle River, NJ.

Thiessen, S., G. Gleixner, T. Wutzler, and M. Reichstein. 2013. Both priming and temperature
sensitivity of soil organic matter decomposition depend on microbial biom#ss
incubation sudy. Soil Biology & Biochemistiy7(1): 739748.

Weill, R.R., K.R. Islam, M.A. Stine, J.B. Gruver, and S.E. $ahgpr?003. Estimating active
carbon for soil quality assessment: A simplified method for laboratory and field use.
American Journal of Atnative Agriculturel8(1): 317.

Williams, J.D., H.T. Gollany, M.C. Siemens, S.B. Wuest, and D.S. Long. 2009. Comparison of
runoff, soil erosion, and winter wheat yields from-tithand inversion tillage production
systems in northeastern Oregodournd of Soil and Water Conservatid@(1): 4352.



Wynn, J.G., M.l. Bird, L. Vellen, E. Gr@lement, J. Carter, and S.L. Berry. 2006. Continental
scale measurement of the soil organic carbon pool with climatic, edaphic, and biotic
controls.GlobalBiogeochemical CycleX)(1): :12.

Zimmerman, A.R., B. Gao, and M.Y. Ahn. 2011. Positive and negative carbon mineralization
priming effects among a variety of biochkamended soilsSoil Biology and Biochemistry.
43(6): 11691179.

10



CHAPTER 2
IMPACTS OELIMATE, TILLAGE, AND CROPPING INTENSITY ON CARBON AND NITROGEN IN
SURFACE SOILS: A SOIL HEALTH PERSPECTIVE

ABSTRACT

Surface soils comprise a critical interfared influencesoil health through their role in
nutrient cycling and decompositiogas exchage,water infiltration, and erosion In this study
we tested multiple surface doC and N properties across figgriculturalsites within theinland
Pacific Northwest (PNW) to assess the influence of climali@ge, and cropping intensitn
surfacesoil health(0-10 cm) Tillage systems ranged from 4titl to tillage with a moldboard
plow, and cropping intensification systems ranged from winter wheat (WW)/fallow to perennial
cropping systemsMean annual precipitatioMAP) across the study sitesnged from 200
mm to 663 mm, and mean annual temperatyMAT)ranged from 8.4C to 10.9C. MARwvas
positively correlated with SOC and totalad MAT negatively correlated with SOC and total N.
In a multivarate regression of MAP, MATiljlage and crpping intensityersus soil health
measures MAP was the dominant variable, explaining 57% of SOC variability and 69% of total
soilN variability. When MAP was removed from the model, MAT became the dominant
variable, explaining 42% and 49%, respectivadl{30OC and total N variabilitjgoth
hydrolyzableand northydrolyzabldractionsof SOC were equally sensitive to climate, indicating
no relationship between chemical recalcitrance and climate sensiti#grmanganate
oxidizable carbon (POX@as sigrficantly correlated with norhydrolyzablecarbon (NHC) (r =
0.84), nonhydrolyzablenitrogen (NHN) (r = 0.8ydrolyzablecarbon (r = 0.90), and
hydrolyzablenitrogen (r = 0.90) and considered representative of stabilized soil organic matter

(SOM)
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POXC, however, was not strongly correlated witle-day carbon mineralization (Cmin)
(r=0.42). Thesmvo soil properties POXC and orgay Cminyere usedto provide
compkmentary information regarding the influence of tillage and cropping intensitgwiface
soil health. The sensitivity of SOM stabilization, represented by POXC, to tillage varied across
the five study sites, ranging from not significant to a strong negative correlatior0(84), and
sensitivity of SOM stabilization to cropping ingity varied as well, ranging from negative r =
0.46) to positive (r = 0.46). Ougay Cmin sensitivity to tillage intensity ranged from not
significant to a strong negative correlation (v3s87), and sensitivity to cropping intensity
ranged from nosignificant to a positive correlation (r = 0.61).

Interpretation of results in this study along with the literature suggests that both values
may be enhanced by cropping diversificatistabilized inputs along with low disturbamenay
particularly enhane POXC. Bothe hydrolyzablesoil C(HC) and noitnydrolyzablesoil C(NHC)
were sensitive tdillage intensity However NHC/SQ®hich isconsideredo reflect SOM
guality, was not sensitive tllage intensity These results support that resistartoeacid
hydrolysis is not equivalent to resistance to biodegradation under changes in land use.

Last review of a soil health index utilizing water extractable C (WEOC) and N (WEON)
along withone-day Cmin revealed the sensitivity of this index to botimate and
management; howevethe inherent variability of these measurements indicates that the
number of field reficationsmust be considered beforehand to aid in a meaningful
interpretation of results.While a scale of 0 to 50 has previously beemeaisdéed with the index,

a more moderate scale of 0 to 14 is more appropriate for the inland PNW.
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INTRODUCTION

Soil health has been discussed among scientists in analytical & lesstas far back as
the 1940s (Jenny, 1941) and most assuredly by farmers in descriptive terms since the advent of
agriculture. A uniting theme of modern definitions of soil health is its capacity to function
effectively at present and in the future (Doran & Parkin, 19%5sential soil functions in the
context of terrestrial ecosystems, including agriculture, are listed by Brady and Weil (2010): 1)
promotion of plant growth; 2) biogeochemical cycling of nutrients; 3) provision of habitat for
soil organisms; and 4) partting, storage, translocation, and decontamination of water. Soil
organic matter (SOM) is crucial to these functions and therefore an important attribute of soil
health and integral to soil productivity and the overall physicalveihg of soils (Campbge
1999). Furthermore, surface soils, the focus of this sii@l0-cm), greatly influence erosion
potential, water infiltration, exchange of gases such as nitrous oxide, and nutrient cycling, all
factors which are crucial to soil conservation and infieesoil and environmental health
(Franzluebbers, 2002).

Climate variables, such aganannual temperature angrecipitation are important
factors,which influence SOM levels and dynanfidsnny, 1941) The inland Pacific Northwest
(PNW), the focuarea of this study, is a watdimited region In waterlimited regionsyainfall
drives biomass production and-turn, residue inputs to the soil (Wynn et al., 2006), while
decomposition rates are influenced by temperature and other soil factors (Daviaisd
Janssens, 2006). It follows that SOM is positively correlated with annual rainfall in drier regions,
while negatively correlated with annual temperature (Post et al., 1982). In the inland PNW,

climatechangemodels predict warmer and wetter spria@ the future translating to an
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increase in annual average temperature and precipitation (Littell, 2009). In natural ecosystems,
a state of equilibrium in SOM dynamics with regard to climate is reached after centuries, or
even millennia (Mann, 1986), drconsidering both the increase in biomass production and
decomposition that may result from this shift in climate, implications of climate change on SOM
dynamics and soil health within the inland PNW are unclear.

Tillage and cropping intensity are alseo variables which numerous researchers have
identified as impacting SOM and soil health (Schomberg & Jones, 1999; Deen and Katkai, 2003;
Liebig et al., 2004). Increasing solil disturbance alters SOM dynamics by altering substrate
availability and decommition rates. Tillagéacilitates microbial degradation of SOM by
promoting cropresiduesoil contact and placing residues into a moister-subface
environment as compared to surface placemen under NT (Halverson et al., 2002) and by
creating a more oxigtive environment and reduced soil aggregation (Cfesteal., 2004).

Therefore, operationghat reduce soil disturbance have the potential to increase SOM.

Accordingly, in a review of SOC data across the PNW, Brown and Huggins (2012) found
that conversiorfrom cornventional till (CT) to Niesulted in net SO&ccumulation in the
surface 3@&m during the initial years ddTadoption. In a Palouse silt loam in Eastern
Washington, Purakayastha et al., (2008) revealed that 100 years of cultivation with a
moldboard plow resulted in a 64% reduction in SOC compared to native prairie; the greatest
gains in SOC in the surfacedd was achieved throug?8 years oNT with a diverse crop
rotation including two cereal grains and a grain legume that resulted in S@IE %6 below
that of native prairie. Similarly, in this same study, Purakayastha amedeers reported that

soil microbial biomass, an important measure of the active portion of soil carbon, was 34%
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greaterin the surface 1@m after 28 years of NThan after onlyfour years of NT. Likewise,
multiple studies have documented the detrimental impact of tillage on total N of surface soils
(Martel and Paul, 1974; Wienhold and Halvorson, 1998).

Other studies have emphasiz#tht cropping intensification, oreduction of fallow,
along with the adoption oNT,are necessary to mitigate a decline in SOM. For example,
Halvorson et al. (2002) evaluated the impacts of tillage on SOC sequestration in dryland
cropping systems in the Great Plains and found thatrangpvheatwinter wheatsunflower
rotation under NT was effective at building S& total N in the surface 15c¢n while spring
wheatfallow under both NT and CT was not. Even further emphasizing the nuances and
important considerations associated withopping intensification, Huggins et al. (2007) found
that along with reduced tillage intensity, annual cropping systems that enhanced biomass
input, represented by continuous corn or cesnybean, were more effective than annual
cropping with less biomagsput, represented by continuous soybean, at mitigating SOC losses.

Soil erosion, also highly influenced by tillage and cropping intensity, represents another
major threat to soil healthand studies show thaa reduction in tillagellong with anincrease in
cropping intensity are important considerations in combating o s destnuctive forces
(Williams and Wuest, 2011). In the inland PNW, soil erosion rates on the order of 3 to 50 Mg
soilha!are not uncommon and c an hfeshold fe sustainedd USDA’
productivity of 2.2 to 11.2 Mg soil Hgwilliams et al., 2009). NT or reduced tillage and
increased cropping intensityork together toincrease surface residue cover and promote
improved macroaggregate formation, two factors thiacrease surfacefiltration and result in

lessrunoff and less soil movement (Williams et 2009).
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The active fraction of SOC and total N has been shown to be a key indicator for an early
assessment of management practice impacts on soil healtmZkrabbers and Arshad, 1996a
Dou et al., 2008Culman et al., 20)3andan early assessment is criticalreversing or slowing
this decline in SOM resulting from management practices. Particularly, permanganate
oxidizable carbon (POXC) (Weil, 2003j),marobial biomass carbon and nitrogen (Powlson
and Brookes, 198, carbon mineralization (Franzluebbers et al., 2000), acid hydrolysis (Rovira
and Vallejo, 2002), and water extractable carbon and nitrogen (Haney et al., 2012) have been
identified as meaureable SOM constituents that are sensitive to management impacts on
SOM.

In this study, we focus on the impact of climate, tillagied cropping intensity on these
SOM constituents. Specificaltiie objectives of this study wert® 1) explore theelationship
between the soil C and N properties measured; 2) assess the influence of mean annual
temperature and precipitation on soil C and N properties; 3) quantify the influence of tillage
and cropping intensification on soil health and SOM qugaditgd 4) apply values obtained in this
study to a recently developed soil health index and assess its application to the inland PNW. In
addition, published literature values from other regions are presented to provide context for
values reported in this studgndto givea comparative sense of soil health within the region.
METHODS AND MATERIALS
Site Descriptions

Research plots located in five lotgrm agricultural research centers within the dryland
and irrigated cropping regions of the inland PNW comprise the basis of this study. These

research plots are located at the following research cent&ambitsch Fan near Genesee, ID
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operated by the University of IdahBalouse Conservatidfield Station near Pullman, WA

Pendleton Research Station near Pendleton, & Sherman Research Station near Moro, OR

both associated with the Columbia Basin AgriculturaeBesh Center near Pendleton, OR; and

Irrigated Agricultural Research Center near Prosser, Whese five sites were selected based

on the cropping systems present as well as the range of climactic conditions collectively

represented by the sites. Togethehe five sites span four agroecological classes (AECS), or

land use classifications that represent unique biophysical and socioeconomic conditions that

result in distinct cropping systems (Hugginsetal.,2011) annual cropping (I
faw) ;o (2) -aahuaw trawrsirtatoant i(eng .wi3t h fallow e
gr diad | ow r( ewhge.lattZow r ot at i a nFpllpwing is d degcdpjionofr r i gat e
these sites. For the purposes of this study, unless othemased, the winter wheat portion

of rotations represents the crop present during sampling.

Kambitsch Farm, University of IdalpGenesee, ID (AEC 1)

The Kambitsch experimental plots selected for this research originated in 2000 to study
the effects oftillage on soil properties and crop growtfihe experimental design is a spghilot
randomized complete block desigimd subplots are 6.1 m by 80.5%; however, as winter
wheat was the only crop sampled, in the context of this stullg experimental design
simplifies toarandomized complete block design. Prior to 2000, the site was managed strictly
with conventional tillage. The predominant soil type Balouse silt loanfife-silty, mixed,
superactive, mesic Pachic Ultic Hagletl). The crop rotation present since 2010 includes
winter wheat (WW) Triticum aestivum)spring cereal (SC) (barleldordeum vulgarer spring
wheat)- spring legume (SL) (garbanz@icer arietinunor spring pea Pisum sativumwith
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tillage as thananagement variable (Tablel). Prior to 2010, crop sequences were not
randomized and additional management details can be fourbimsoAMaynard et al. (2007).

In 2010, whole plots were subdivided into three equal subplots with the present cropaota
randomized across these subplots. The whole plot tillage treatments that were present prior to
2010 remained the same after subdividing to allow for crop randomization within a given tillage
treatment. CT plots are tilled a few days prior to plagtfor both fall and spring planted crops
using a Glenco Soil Saver followed by a-Ridh 2500 field cultivator. NT and CT plots are

planted with a FexiCoil NaTill drill at 25.4cm row spacing.

Palouse Conservation Field StatigiPullman, WA (AEC)

Soils at this site cwsist predominately of Palougéne-silty, mixed, superactive, mesic
Pachic Ultic HaploxeroBnd Thatunaf{ne-silty, mixed, superactive, mesic Oxyaquic Argixerolls
silt loam. Plots rage in size from a minimum of I wide toaccommodate fielescale
equipment p to 30m in width and from 100to 350-m in length as needed to capture
significant portions of soil and landscape variability. The plots selected for study include five
cropping systems established in 2001 and arranged in a randomized complete block design with
three replications. The five @pping systems include two perennial systems, twggear
annual cropping systems that are continuddiand one organic system that is a combination
of perennial and annual crops (Tabld)L The perennial systems include a native prairie
system and a pennial tall wheatgrass system. The native perennial system was established in
accordance with Conservation Reserve Program (CRP) guidelines and planted with Idaho Fescue
(Festuca idahoensgisind Bluebunch Wheatgras&gropyron spicatum The perennial

wheatgrass plots were planted with a tall wheatgrass, developed from a hybrid of annual wheat

18



and Thinopyrum a coolseason perennial grass known to produce large quantities of
aboveground biomass. The annudl cropping systems include two rotations: W8BSW and
WW-SLSW. These plots are seeded with a Cross Slot® invErw@ener netill drill at 25.4cm
row spacing. The organic cropping system is a reduced tillage aNBdthidago sativicereat

SL rotation managed according to organic agricultumgqmols. The organic system was
planted to a spring pea green manure crop during collection of the soil samples analyzed for

this study.

Pendleton Station, Columbia Agriculture Research Cegnteendleton, OR (AEC 2)

The management variables studiedthis site are tillage and cropping intensity. Three
different rotations were selected for study and consist of ViWifallow rotation undeNT
initiated in 1982, a WWallow rotation withCTinitiated in 1997, and a WWiinter pea (WP)
(Pisum sativumiotation underNTinitiated in 1997 (WP was inserted in the rotation in 2012;
prior to 2012 the rotation was WWMT fallow). Prior to 1997, these latter two rotations were
under CTthat useda mob-board plow. Soils in these plots are predominately a WaNalla silt
loam (coarsesilty, mixed, superactive, mesic Typic HaploxexolRotsare 2.0 m by 33.5 and
the experimental design is a factorial desiggingtillage and fertilizer rate (0 and 12@ha*
banded) as the treatments with four reps for edelectorial combination Only fertilized plots in
WW were selected for this studgnd the plots were subsequently modeled as randomized
complete block design (Tablell For all plots, WW is planted in r2ttober and harvested in
mid to late July. A moldboard plow is used®n plotdor primary tillage in spring of the fallow

year. These plots are also racteded as necessary through the summer fallow season until
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fall planting of WW. All plots are seeded with a NobleTibmodfied deep furrow drill at

25.4-cm row spacing.

Sherman Station, Columbia Agriculture Research Cegteloro, OR (AEC 3)

Experimental plots located in Moro, Oregavere initiated in 20030 compare NT and
CT for annual cropping, as well as taod threeyear rotations with and without a fallow
period. The predominate solil type at the sitaigValla Walla silt loam (coarsdty, mixed,
superactive, mesi¢ypic Haploxeroll). The follomg four rotation and tillage treatments were
selected for this study: WWfallow underCT and WWWP, WWfallow, WW-SBfallow all
under NT management (Tablell Plots are 15 by 105m, and the experimental design is a
randomized complete block desigvith three blocks. CT plots are tilled in the spring using a
chisel plow and rod weeded as necessary from May to August. Winter wheat is seeded in
Sptember or early October at 4m row spacing.NTplots are direct seded using a Fabro

drill at 30-cm row spacing.

Prosser Irrigated Agricultural Research StatiqiProsser, WAAEC 4)

This experiment was established in the fall of 2011 to study winter cover cropland
management effects on crop productivity, water use efficiency, and N and C cyBliego the
short history of this site, only plots not under a winter cover crop were selected for the
purposes of this study and tillageasselected ashe management variable. The crop rotation
is WW-Sweet Corn4dea mayspotato (Solanum tuberosuindl crops are irrigated throughout
the growing season as needetdhe predominate soil type is a Warden silt loaafsesilty,

mixed, superactive, mesic Xeric Haplocambidd) plots, NT and CT, are disced prior to potato
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planting and after harvest of potatoes prior to planting WW. Otherwh§Epots receive
minimum disturbance. WW is plted using a Fabro drill at 16csn row spacing. Plots are 4.9

m by 14.6m and the experimental design is randomized complete bloclgdgd able 11).

Tillage and Cropping Intensity

These five study sites represent a range ofgéland cropping intensitiesTheNatural
Resource Conservation Service (NRCS) has developed a system of quantifying soil disturbing
activities known as th soil tillage intensity rating (STIR) (USNIRCS2006). The STIR was
developed by the NRCS for use in calculating potential soil erosion utilizing the revised universal
soil loss equation (RUSLE2ZEDANRCS2006). The rating captures the range andeséy of
operations for an entire rotation, from spraying herbicide to plowing, planting and harvesting.
The final STIR value is annualized based on the set of operations required for the entire rotation
(Table 11). More on this rating and how it waerived for each site can be foundAppendix
A

The NRCS establishes a STIR of 30 as the maximum value for NT operatiofSRUSDA
2011). In the previous site descriptions and in subsequent tables, all treatments with a STIR
exceeding 30 are referceto as CT, while those under 30 are referred to as NT. The primary
tillage implement for CT plots are listed in Table 1.1. Prosser is the deviation from this
dichotomy, as plots managed primarily under NT are subject to greater disturbance due to the
presence of potatoes in rotation, and consequently plots at Prosser managed as NT have a STIR
greater than 30 (Table 1.1).

Cropping intensity was captured by assigning a value to each crop in a rotation based on

the duration of growing plant covempnths) in a 1Znonth period. The following values were
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used for this study: perennial crop£.83 (10 months divided by 12 months), fall planted crops
—0.75 (9 months divided by 12 months), spring planted crePs83 (4 months divided by 12
months). The intensity rating for a rotation was derived by summing this value for each crop in
the rotation and averaging across the length of the rotation (Tallg More details on

calculating cropping intensity values for each cropping system are avaitabpendixA.
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Table 11 Five sudy locations with management and site information.

Experimental

WW - Sweet Corn - Potatq

Cropping Year STIR
Location Design Soil Type MAP (mm) MAT (C) Crop Rotatioh Intensity | Established Tillage Rating | Equipment
Kambitsch Farm - Genesee, Rondomized Palouse Silt No Till 14.4 | Double Opene|
N 46.58 , W 116.98) Complete Block Loam 663 8.6 WW - SC - SL 0.47 2000
( e : Design - (4 reps) Conventional 88.3 Chisel Plow
Native (CRP) Grasses 0.83 N/A 015 N/A
) 0.83 N/A 0.45
Palouse Conservation Field  Randomized palouse/Thatun Perennial Tall Wheat Grasjs S
Station - Pullman, WA | Complete Block | 2 o-se/Thatu 530 8.4 049 2001 No il 22 | DWOEP SINg
. Silt Loam Alfalfa - cereals - SL (orgarjic) Opener
(N 46.78,W 117.18) Design (3 reps)
0.47 6.3
WW - SB - SW No Till Single Opene
WW- SL - SW 0.47 5.2
0.38 1982 12.9 .
Columbia Basin Agriculture Randomized | /e il WW - Fallow No Till MOd":fL'j‘?rf:NSeep
Reseach Center - Pendleton,| Complete Block a T_O;lna : 417 10.3 WW - WP 0.75 1997 25.2
(N 45.48 , W 118.39) Design (4 reps)
WW - Fallow 0.38 1997 Conventional 88.2 Mold-board
WW - chem fallow 0.38 74
Columbia Basin Agriculture Randomized . 0.75 No Till 14.4 | Double Opene
Agriculture Reseach Center|  Complete Block Walla Walla Sil 288 9.4 WW - wp 2003
8| Design (3 reps) Loam 0.36 9.7
Moro, OR (N 45.48W 120.68) esign (3 rep WW - SB - Fallow ) )
WW - Fallow 0.38 Conventional 70.9 Chisel Plow
WSU Irrigated Agricultural Rondomized Warden Silt W - Sweet botat No Till 68.6 Doubleloépener
Research Center - Prosser, | Complete Block Loam 200 10.9 “oweetL.om - Tolald  o.s4 2011 Dis
(N 46.28, W 119.74) Design (4 reps) Conventional 78.1 Ripped/Disc

T MAP = mean annual precipitation; MAT = mean annual tempera@iiméte data from NOAA from 1955 to 20 Bppendix B
t WW = winter wheat; SC = spring cereal; SL = spring legume; SB = spring barley; SW = spring wheat; WP = winter pea.
1 STIR = Sail Tillage Intensity Rating.
8 Notill disced during potato sequence.



Soil Sampling

Each site was sampled in June and July of 2013 prior to hdrees- to 10-cm,
collecting 50 to 60 samples across each plotgisitandoperated soil probe (2.6m inside
diameter). Four bulk density cores (Xfh inside diameter) were also collected fr@to 10
cm fromeach subject plot using a hand operated soil probe; these samples were also used to
determine field water content. All samples were immediately placed on ice in the field and
transferred to coldstorage at 4C until further processing.
Laboratory Analysis
Physical Characterization & Soil pH

Bulk density and water content represent the physical indicators comprising this study.
Gravimetric soil water content was determined from the bulk densitses after drying at
104°C for 24 lours. Bulk density was determined from the overied weight of samples and
the volume of the core sampler following the method of Veihmeyer and Hendrickson (1/848).
addition to these physical properties, soil pHaxsso measured using a 1:1 sedter mixture

(Eckert, 1991).

SoilCarbon Fractionation

Total soil C (SOC) and N were determined by dry combustion u€H§lautoanalyzer
(LECO CHIDOO, Leco Corp., St Joseph, MI, U$Abatabai and Bremner, 1970)\.ad
hydrolysis was performed with a modified version of the method described by Paul et al.
(1997). In short, air dry seilasground to a fine powdeand1.0g of soilrefluxed at 115C for
16 hours with 6.eM HCI. This suspension was then washed dgtlonized water through a
glassfiber filter and the recovered sample dried at®@for 72 hours. Samples were then
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analyzed for totalCand Nas mentioned previousjyepresenting NHC and NHd the
hydrolyzability of samples calculated based mass hlance.

Microbial biomass C and N (MBC/MBN) was performed eg @@endry weight soil
using the chloroform fumigatioextraction method as outlined by Voroney et al. (2008). Soils
were brought to field capacitestimated at25% water content for Kamlsich, PCFS,

Pendleton, and Moro and 20% for Prossamyl incubated at 20 for 48 hours prior to
fumigation with ethanoffree chloroform. Instead of a 04 K;SQ extraction, fumigated and
non-fumigated soils were extracted using 8dl of deionized watey shaken for 30 minutes
using an oscillatingsker then filtered through 0-2im nylon filter after centrifuging for 5
minutes at 3200 rpm (1500g). The filtrate was frozen until analyj@nG and N on a high
temperature combustion Shimadzatal organic cabon (TOQ analyzer.

Water extractableorganicC and N (WEOC, WEON) analyses were performed according
to established laboratory protocol at the USDA/ARS Soil Biogeochemistry lab at Washington
State University. Soils were dried af@for 24 hoursandsieved to 20 mm prior to adding
125 mlof 18MQ w dpurdied to remove Cio 5.0-g ovendry weight equivalent soil. This
soil water mixture was shaken for omainute on an oscillating shaker, centrifuged for five
minutes at 5000pm, thenfiltered through 0.2um nylon filter paper. The collected filtrate was
frozen until analyzing for C and N on a higmperature combustion Shimadzu TOC machine.
Samples were also analyzed for inorganic N and WEON determined from subtracting out this
inorganic fraction. Carbonates were assessed using the samédmygierature combustion
Shimadzu TOC machine with a-MMCI solutionhowever no carbonatesere detected and

all Cvalues presented can be considered representative of organic
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Permangante oxidizable carbon (POXC) was performed according to the method of
Welil et al. (2003) in which 0.6 KMnQ is used.This methodology was developed by Weil et
al. (2003) as a sensitive analysis to capture a representative portion of active soil tzabin
most influenced by management, as opposed to the method developed by Blair et al.,(1995)
whichattempts to capture and define the entire active carbon pool using a more concentrated
permanganate solution. Additionaly, the method developed by \&teill., (2003) is available in
a field kit version, making this a lawest and highly accessible soil property to meaasuit@s
procedure wagerformed in triplicate on 2./ ovenrdry weight equivalent sbthat was air
dried for 24 hours and sieved to®@mm. Absorbance was measured on a Spectra Max M2

single cuvetteeader set at 55@im as recommended by Weil et al. (2003).

Mineralizable Carbon Potential

Measurement ottarbon mineralizationGmir) from re-wetted soils was performed on
laboratoryincubaed soil in triplicate as a measure of active carbon and soil microbial activity.
Soils were oven dried at 40 for 24 hours then sieved to 2im (Haney et al., 2008).
Processed soils were then packedatdry bulk density of 1.0gm*in 40-ml glassvials with
rubber top septa through which gas samples were collected using a syringe and needle at the
designated times. Prior to bringing samples to field capacity, they were covered with a
breathable film which allows oxygen exchange while preventingsture loss and incubated at
20°C for 24 hours. After this incubation time, water was added to bring samples to field
capacity éstimated at25% water content for Kambitsch, PCFS, Pendleton, and Moro and 20%
for Prosser), which was designated as timeozeGas samples were collected at 24 hours, and

3,7,10, 17, and 24 days. At these sampling times, vials with soils at field capacity were flushed
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with a breathingair mixture containing approximately 268pm CQ, and gas samplasere
collected immediatly after flushingon every tenth sampland two hours after flushinffom
every sample The Cg@evolution rate was calculated as the differermetween average time
zero CQand C@measured at two houréMcLauchlan and Hobbie, 2004). Samples were run
on a Shimadzu gas chromatogragduipped with an automated valve system for routing gas

samples to the electron capture (ECD) and flame ionization (FID) detectors.

Statistical Analysis

Treatment effects on soil propertiagere analyzed using General Linear Model in SAS
System for Windows Version 9.3 (SAS Institute
protected Least Significant Difference (LSD) test apthd.10 level. Within a site, sources of
variationinthesta i st i c al model were field (block) and
mean separation procedure was used to identify significant differences when the gl F
was nonsignificant p > 0.10). Cumulative Cmin values were analyzed using mixed mwuttels
repeated measures (SAS Institute, 2012). Unless specifically stated otherwise, all statistical
differences represenp < 0.10. In performing multivariate analysisnodel entry was also set at
p<0.10 A less rigorous alpha was selected for thiglg due to both the short management
histories associated with some of the sites (Table 1.1) and the inherent spatial variability of
many of the soil C and N properties measured. In consideration of these two factors, an alpha
of 0.10 was considered adicious step towards minimizing type Il errors (failing to reject a

false null hypothesis).
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RESULTS AND DISCUSSION
Soil C and N Relationships

A high degree of correlation exists between many of the measured soil C and N
properties (Table 1.2). Oray Cnn wassignificanty correlatedwith 24-dayCmin (r = 0.70),
suggesting that shotterm Cmin can be extrapolated to gge the active organic carbon pool
and associated processes, particularly nutrient cycling and decomposition capacity
(Franzluebbers et al2000). Similarlfgranzluebbers et al. (200@pundthat 3-day Cmin was
as effective as Cmin after 24 days, MBC, and SOC at identifying significant changes resulting
from management practicesOther researchers have found a strong correlation aceosmge
of conditions between Cmin data and other measures of active C, particularly MECO@)
(Franzluebbers et al., 2000); the correlatiorour studywas significant, albeit weaker (r = 0.31)
(Table 1.5).

A less pronounced correlation of CmirthwMBC thanwascited in the literature could
be due to differences in methodology. In Franzluebbers et al. (2800 microbial biomass
wasdetermined by chloroform fumigation followed lign days of incubation, which is more
similar toCminmeasuremets than the chloroformfumigationextractionmethod employed in
this study in which microbial biomass was measured separately from Cmin. Haney et al. (2008)
noted a significant relationship between oy Cmin and WEOG & 0.76) and WEON(
0.86);this relationship between oneay Cmin and the water extractable fraction of soil C and
N, however, was not significant in the present study (Table 1.2).fimtlisgindicates that

Cminmay have been fueled by additional sources of C atfthN just thewater extractable
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fraction of soil C and Mr viceversa, that WEOC and WEON contained constituents in addition
to that whichfueled oneday Cmin

Across all study sites, POX@&s stronglycorrelated with multiple soil properties,
including SOC and tothl, as well as with thbydrolyzableand nonrhydrolyzabléractions of
SOC and total N (Table 1.2, Figure 1.1). Others have demonstrated a compeledigeship
between POXC and SOC (Culman et al., 2012; Lucas and WeiGC @@izh et al., 20)3to the
aut hor s’ knowl edge, however, nowhere in the |
and resultof acid hydrolysis been noted.

The relationship between POXC and the more highly aptweésof C and Nas
represented by Cmin, microbial biomaasd WEOC and WEOQWasnot as strongly correlated
(Table 1.2, Figure 1.1)in corn, soybean and wheat rotations in Michiganlman et al. (2013)
found poor correlations between POXC and-olay Cminand concludedhat the two
measurements resporadl differently to management POXC was more influenced by stabilized
C inputswhile Cmin was more influenced by substrate diversity.

The slope for theC/N regression line for the most labile soil C and N pools, the water
extractable and microbial biomagmctions,wassimilar. This relationship igpresentative of
the active nature of these constituents of SOMhich isalso indicated by the significant
correlation between these properties (Figure 1.2, Table 1.2). The slope of the regression line
for the nonthydrolyzable fraction of SOC exceeded the fraction of total N that was non
hydrolyzable N (Figure 1.3).

Oln and Lowe (1990) found similar results in cultivated soils and concluded that

nitrogenous organic compounds were more susceptible to blygis than SOM as a whole,
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partially due to the hydrolysability of amino acids and amino sugars. Martens and Loeffelmann
(2003) demonstrated this through methanesulfonic acid hydrolysis and ion chromatography,
identifying as much as 85% of total N asm@orcids/amino sugars and hHacross a rangef
unsaturated soils @ cm). Plante et al. (2006) further explains that organic compounds which
are easily protonated, including nitrogenous compounds, are more easily hydrolyzed than C
compounds.This fat underlies the relationship between NHTHN and HHN, whereby the
non-hydrolyzableC/N ratio exceeded that of thRydrolyzableC/N ratio (Figurel..2).

These results are in accordance with studies across a range of terrestrial ecosystems and
climatesfor surface soils, including pine plantation soils in Australia (He et al., 2009), as well as
cultivated and uncultivated soils in British Columbia ¢@land Lowe, 1990)These results are,
however, also contrary to the observation that matecomposedSOM generally has a lower
C/N ratio (Brady and Weil, 20107 hishydrolyzableraction of total N represents N available
for potential mineralization (Pare et.all998), as well as loss through various gaseous forms.
However,hydrolyzableN can also écome stabilized with linkages to humlilse material,a fact
which has been demonstrated during the composting process (Pare et al., 1998). Therefore,
susceptibility of N to hydrolysis does not equate to active N, as some of this N can become
incorporated into more stabilegGbased compounds. THectis also evidenced by the
significant correlation of NHN and HN with NHC [@4k2). This nohydrolyzabldraction of
SOC is thought to represent a more processed fraction, evidenced by carbonwlagrggNHC

has been shown to be older than ti#Cfraction (Paul et al 2006 Rovira and Vallejo, 2007).
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Table 1.2. Pearson correlation between various soil properties across five study sites

Property Cminy Cmingy Cminiey Cmingzg Cmin,g gCQ  POXC  SOC  TotalN  NHC — NHN HC HN MBC MBN WEOC WEON
Cminy.aq 0.98

Cminy_1q 0.81 0.91

Cminy.q74 0.75 0.85 0.98

CMiny.o4q 0.70 0.80 0.94 0.98

qcq ns ns ns ns ns

POXC 0.42 0.45 0.50 0.46 0.39 -0.31

SOC 0.28 0.31 0.39 0.35 0.29 -0.36 0.93

Total N 0.31 0.33 0.39 0.33 0.25 -0.44 0.93 0.97

NHC 0.28 0.32 0.39 0.37 0.33 -0.31 0.84 0.88 0.86

NHN 0.27 0.30 0.34 0.30 0.27 -0.35 0.80 0.82 0.82 0.93

HC 0.32 0.35 0.41 0.35 0.28 -0.36 0.90 0.92 0.93 0.74 0.68

HN 0.26 0.29 0.36 0.31 0.23 -0.41 0.90 0.95 0.98 0.77 0.70 0.94

MBC 0.31 0.37 0.43 0.38 0.33 -0.72 0.50 0.49 0.52 0.51 0.57 0.43 0.45

MBN 0.29 0.34 0.35 0.33 0.34 -0.44 ns ns ns ns 0.26 0.24 ns 0.72

WEOC ns 0.25 0.35 0.35 0.31 -0.26 0.53 0.64 0.58 0.67 0.58 0.43 0.53 0.53 0.29

WEON ns ns 0.25 ns ns -0.33 0.53 0.63 0.60 0.62 0.62 0.45 0.56 0.50 0.29 0.83

pH ns ns ns ns ns 0.44 -0.7 -0.74 -0.78 -0.65 -0.63 -0.67 -0.76 -0.49 ns -0.45 -0.48

* Correlations significant gt < 0.10. ns = not significarg & 0.10).

T Cmin = Cumulative carbon mineralizat 1, 3, 10, 17 and 24 dag&Q = Microbial metabolic quotient, calculated from daily
carbon mineralized between day 10 and 24 per unit of nii@bbiomass carbon; POXC = permanganate oxidizable carbon; SOC =
soil organic carbon; NHC = nbydrolyzablecarbon; HC hydrolyzablecarbon; MBC = microbial biomass carbon; WEOC = water
extractable organic carbon; NHN = nydrolyzablenitrogen; HN =hydrolyzablenitrogen; MBN = microbial biomass nitrogen;

WEON = water extractable organic nitrogen; pH = soil pH from 1:1 water extract.
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Mean Annual Temperature and Precipitation Influence on Soil C and N

The four nonirrigated sites selected for this study span a mean annual precipitation
(MAP)gradient that increases by 130% from Md&88 mm)to Kambitsch(663mm), anda
mean annual temperaturéMAT)gradient thatincreases by 26 fromPCF$8.4°C) to
Pendleton(10.3C) TheProsseisite was excluded from thianalysisbecauseit is an irrigated
site. Te MAT and MARBradiens acrosshe sitelocations considered collectivelyere usedo
assesshe impact oftheseclimate variables on soil C and N properties.

Across the foudryland croppingsites POXCSOC, total NFIC, NHC, HN, and NHN were
positively correlated wittiMAPand negatively correlatedith MAT (Table 1.3)In a multivariate
analysis of climate along with management variables, M4#aired 57% and 69% respectively
of the variation in SOC and total N.MAPis removed from the modeMATbecomes the
dominant significant variable, exghing 42% of SOC variation and 49% of total N variation
(Table 1.4).

Thehydrolyzableand northydrolyzabldractions of soil C and N are subject to a similar
influence byMAPandMAT as SOC and total N (Table .IMAPexplains 50% of NHC variation,
55%0f NHN variation, and a slightly greater percent of variation innyarolyzableraction,
explaining 57% of HC variation and 63% of HN variation (IaBleAs with SOC and total N, if
MAPis removed from the modeMATbecomes the significant factam explaining the variation
in the hydrolyzableand nonrhydrolyzableractions of SOC and total N. As already presented,
POXC is strongly correlated with SOC, total N, as well dgythelyzableand northydrolyzable
fractions, and it follows that POXEsimilarly influenced by climate variables (Tables 1.3 and

1.4).
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The more active soil properties measured in this study, inapdVEON, MBC, and one
day Cminwere positively correlated witMAP, while only WEON along with WEOC displayed a
significant correlation wittMAT (Table 1.3). The microbial metabolic quotient (gd€an
indicator of microbial efficiengyherebyan increase in gGlndicates a decrease in microbial
efficiency (Smitlet al., 202). In the present studygyCQ displayed anegativerelationship
with MAP(Table 1.3), indicating a decreaseMAPwasassociated with a decrease in microbial
efficiency. MAPwasalsoan importantfactor, more so than management factors,emplaining
the variation in MBC %= 0.22) oneday Cmin @= 0.12), qC&r* = 0.26), and WEON*& 0.14).
Variation in MBNwasnot explained by management or climate factors (Table henMAP
wasremoved from the modelMATwasnot a signficant variable in explaining variatiorthese
more active soil prperties (Table 1.4).

This multivariate analysis of climate along with managenmaditates that soil C and N
of surface soils within the scale covered by this stwéye influenced byMAP and MATnore
so thanSTIRand cropping intensity. Similar results were found by Colman and Schimel (2013),
who found that on a continental scale across 84 different soils, mean annual precipitation and
temperature could explain 60% of the sdrved variation in SOC.

In the inland Pacific Northwest, future climate scenarios predict rising mean annual
temperatures angrecipitation (Littell et al., 2009)MATtendsto influencedecomposition
more so than productivity where growing degree daye aufficient, whildMAPIn drier regions
increases productivity, and thus inputs of SOM to the soil, more than it increases

decomposition (Weil and Magdoff, 2004). Similakiyschbaum (2000) demonstratégiat net
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primary productivity was more sensitite water availability and decomposition more sensitive
to temperature.

This interplay of temperature and precipitation on SOM dynamics is also supported by
studies showing that the ratio &fIAT(°C) toMAP(mm x 0.01)climate ratio)displays a strong
correlation with SOC; SOC levels aighlest when this ratio is near orand drops as this value
increases (Weil and Magdoff, 2004). This relationship holds truaaéocurrent studyas well,
where SOC and total N along with thedrolyzableand norhydrolyzableractions are greatest
at PCFS and Kambitsch, which have a climate matoest 1.0, and these soil properties
decrease as this ratio increases (Figure 1.4).

These figuresdicatethat a disproportionate rise iMATuncoupled from a riseniMAP
would result in slow degradation of surface SOM across the regionthe inland PNW,
climate models predict a 1°C to 2.2C rise in MAT by 2050 and a’C2o 3.6C rise in MAT by
2100, and correspondingly 5 to 15% rise in MAP by the middleatted part of the 2%
century (REACCH, 2014). Applying the extremes of these climate predictions to present day
climate ratios results in an increase in climate ratios across the study sites, and subsequently a
decline in average SOC and total N acroeg#gion for 2050 and 2100 (Figure 1.5); for
example, SOC for 2050 and 2100 at Pendleton, based on forecasted shifts in MAT and MAP, is
8.4% and 10.1% respectively below the present day average for Pendleton across treatments
(Figure 1.5).

While this predttion demonstrates the susceptibility of SOM to climate change,
understanding how SOM pools of different turnover times are impacted by climate variables is

an important part of predicting SOM dynamics under future climate scend?laste et al.
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(2010) eemonstrated temperature sensitivity &OM resistant tacid hydrolysis as well as the
particulate organic matter fraction, typically considered labile C, to decomposition under
elevated temperatures. This is supported by results from the present stutsrenhe
hydrolyzableand northydrolyzabldractions of SOM were sensitive MAT (Tables 1.3 and

1.4), and further supports that chemical recalcitrance alone does not explain residence times of
SOC (Conant et al., 201)efevre et al. (204) demonstrate in an analysis of loAgrm bare

fallow soils that SOM pools with longer turnover times exhibited greater temperature

sensitivity than SOM pools with shorter turnover times, as would be indicated by enzyme
kinetic theory which dictates greater temperawsensitivity of more recalcitrant compounds
(Davidson and Janssens, 2006).

Drawing similar conclusions from the present study is complicated by the fact that MAP
and MAT are confounded across the four dryland sites. Enzyme kinetic tfizevidson and
Janssens, 200&nd results from Lefevre et al. (2013), howesapport results in the present
studywherein pools with the shortest turnover times, namely MBC, MBN, andaaeCmin
did not display sensitivity to thBIAT gradient while pools known for fonger turnover time,
namely SOGQGotal N, and thehydrolyzableand norhydrolyzableractions, did display a
temperature sensitivitfTable 1.3 and 1.4} owever, this can also be explained by the
achievement of a steady state prior to performing MBCNvIBnd Cmin incubations, as soils
were incubated for at least 24 hours at room temperature prior to analyses, thus minimizing
the influence of MAT. Likewise, incubating soils over short periods under different
temperatures has shown greater sensitivityteanperature than soils under steady state

(Conant et al., 2011).
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Due to the confounded nature of MAT and MAP in the present study, utilizing the
climate ratiocan provide insightegarding climate sensitivity argbil C and Nurnover time. A
comparison of thénydrolyzableand northydrolyzabldractions of SOC with the climate ratio
reveals that he NHC fraction, which is understood to have a longer turnover time than the HC
fraction (Paul et. al, 2006, Rovira and Vallejo, 20@id not display a greater sensitivity to the
climate ratiothan the HC fraction This isndicatedsimilarity (p > 0.10) between theslopesof
the regression line dNHC and H@ith the climate ratio (Figure 1)4 The HN fraction,
composed primarilypf amino acideindamino sugars (Martens and Loeffelmann, 2003),
however did display greater sensitivity the climate ratiothan the NHN fractiorfFigure 1.3
This is consistent with the previous discussion of HN, in which it was established th&iba por
of HN may be stabilized by the presence of more processed material, such as NHC, and
therefore a decline in NHC leatb a decline in HN (Figure },..4nd is also the result of s@iN
ratios established through microbial activity.

Corant et al. (®11) reviewed multiple crossite studies spanning a temperature
gradient and foundhree different categories afelationship betweerSOM turnover time, and
temperature sensitivity1)three studies reported temperature sensitivity increased with a
decrease in SOMurnover time; 2)eight studies reported no apparent relationship between
temperature and SONUrnover time and3) one studyreportedtemperature sensitivity
increased with an increase in SOM turnover tinfidese varying results in publishsuidies
demonstrate the complexity of factors involved in understanding how SOM pools with varying

turnover times will respond to a changing climate. Phesent studyincorporates both MAT
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and MAP and indicates based NKHC and HC results, no appareratinship between
turnover time andhe climate ratio, MAT/MAP x 0.01.

Studies utilizing carbon isotope measurements and radiocarbon dating can also prove
insightful for understanding the fate of SOM under conditions that promote increased
decomposition.Balesdent et al. (1990) evaluategd@undance of SOC under-tith maize 18
years after conversion from grassland and found that 83% of the SOC within the upper 400 kg
m soil was derived from the original grassland, suggesting that annual inputs fnoculéure
to the slower SOM pool compared to that from the native grassland were minimal. Similarly, in
an analysis of the source of SOC in a forest soil that had been cleared and cultivated for 35
years under fertilized, continuous maize with biomadgsimeed to the soil, Poirier (2006) found
that the NHC of the cultivated soil within the tilled layer not only decreased with cultivation by
65%, but 92% dfiHCwasinherited from forest C prior to cultivationThe esults from these
two studies are likgl the outcome of a reduction in quantity of SOM input, a decrease in
recalcitrant inputs, and/or an increase in disturbance or erosion resulting from a switch from
native conditions to agricultural conditions (Hassink, 199dggins et al., 199&rull etal.,

2003). These studies also demonstrate that a loss of SOM, particularly the fraction with a
longer turnover time, resulting from an increase in decomposition may not be easily replaced
under traditional cropping systemsSubsequently,raincrease irC and N inputs, as may result
from an increase in precipitation, is only a component in countering loss of biochemically
recalcitrant SOM that can result from an increase in decomposition.

Constraints other than intrinsic chemical recalcitrance are also an important

consideration in SOM turnover, most notably physatemical and physical stabilization (Krull
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et al., 2003). In interpretation of continental SOC and microbial respiratioma@and

Schimel (2013) theorized that as SOM pools increase, microbes are less capable of decomposing
a constant proportion of the increasing totdDOM This is at least partly due spatial

separation of microbes fronmcreasingly protecte@OM whichdiminishesmicrobialcapacity

to degrade SOMTheinverse of this statement indicates that regions with lower SOM will be
inherently more susceptible to SOM degradation under an increase in temperafrgsical

protection of SOM through promotion of amagement strategies conducive to mieemd

macroaggregate formatiors crucial to protecting and/or building SOM under climate change.
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Table 1.3 Pearson correlations between climate and soil properties acrosstfiolyisites*.

Variabld pH SOC TotalN POXC NHC  NHN HC HN Cmingy gCQ MBC  MBN WEOC WEON

MAP -0.77  0.76 0.83 0.84 0.70 074 075 080 051 -051 047 ns ns 0.37

MAT 0.60  -0.64 -0.70 -061  -050 -047 -063 -0.70 ns ns ns ns -0.28  -0.35
Temp/Precip *0.01 0.84  -0.82 -0.88 08 075 075 -08 -08 -042 056  -0.46 ns 031 -0.42

* All variabés significant ap < 0.10. ns = not significamqi 0.10) (Prosser excluded from analysis).

t MAP = mean annual precipitati d@)TéemnmpiRiecp* MALMATAMARTE.GLpH =asailipk a |

with 1.1 water extract; SOC = soifjanic carbon; POXC ermanganate oxidizable carbpNHC son-hydrolyzablecarbon; HC =
hydrolyzablecarbon; NHN = nehydrolyzablenitrogen; HN =hydrolyzablenitrogen; Cmigiq= 1 day C mineralization; q&€©
microbial metabolic quotient; MBC = midri@al biomass carbon; MBN = microbial biomass nitrogen; WEOC = water extractable
organic carbon; WEON = veatextractable organic nitrogen

Table 1.4 Stepwise multivariate regression of climate and management variables for soil C and N propertiesuastosty feites*.

Variablé SOC Total N POXC NHC HC NHN HN Cmin,g qCQ MBC MBN  WEOC WEON
MAP 0.57 0.69 0.7 0.5 0.57 0.55 0.63 0.12 0.26 0.22 ns 0.06 0.14
MAT ns ns ns ns ns ns ns ns ns ns ns ns ns
STIR 0.16 0.12 0.13 0.13 ns 0.03 ns ns ns ns ns 0.18 ns
Cropping Intensity ns ns ns ns ns ns ns ns ns ns ns ns ns
S*l ns ns ns ns 0.12 ns 0.14 ns ns ns ns ns ns
Model R 0.73 0.81 0.83 0.63 0.69 0.58 0.77 0.12 0.26 0.22 0 0.24 0.14
Variable SOC TotalN POXC NHC HC NHN HN Cmin, qCQ MBC MBN WEOC WEON
MAP Exeluded

MAT 0.42 0.49 0.38 0.25 0.40 0.22 0.49 ns ns ns ns ns 0.13
STIR ns ns ns ns ns ns ns ns ns ns ns 0.18 ns
Cropping Intensity ns ns ns ns ns ns ns ns ns ns ns ns ns
S* ns ns ns ns ns ns ns ns ns ns ns ns ns
Model R 0.42 0.49 0.38 0.25 0.4 0.22 0.49 0 0 0 0 0.18 0.13
* All variables significant @t< 0.10. ns = not significand 0.10) (Prosser excluded from analysis).

t MAP = mean annual =pneanarnnyaltemperaiud@®@);STIRmsil;tillade AfEnsity rating; S*I =

STIR/cropping intensity interaction; SOC = soil organic carbon; POXC = particulate organic carbowMidralyzablecarbon;

HC =hydrolyzablecarbon; NHN = ncehydrolyzablenitrogen; HN =hydrolyzablenitrogen; Cmigiq= 1 day C mineralization; q&£O

= microbial metabolic quotient; MBC = microbial biomass carbon; MBN = microbial biomass nitrogen; WEOC = water extractable
organic carbon; WEON = watkxtractable organic nitrogn.
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treatments. MAT/MAP ratio for 2050 based on Z2ise in MAT and 5% increase in MAP basecurrent MAP, and for 2100 based

on 3.6C rise in MAT and 15% rise in MAP based on current MAP. Regression equations shown from Figure 1.4 and represent present
day relationship between SOC and total N with MAT/MAP*0.01).



Management andSoil C and N Properties

While climate may be a critical driver of C and N properties of surface soils,
management practices also have a significant influence as indicated by significant differences
within sites between treatments for the soil C and N pedpes measured (Tables 1.5, 1.6, and
1.7). These significant differences arpnesentativeof surface soils (A0 cm) angotential
differences at greater depthsere not examined by this studySignificant differences in SOC
were observed at all sitdsut Prosserthe reason for the lack of significant differences at
Prosser may be due to the relatively recent history under current management combined with
the high STIR associdteith the NT treatment (Table 1.1)

On all accountsther than Prossercomparisons of tillage treatments in which cropping
intensification was not a variable indicated a reduction in tillage resulted in an increase in SOC;
for example WW/fallosNT at Pendleton had 47% greater SOC in surface soils than WW/#fallow
CT (Table 1)5 The results of cropping intensification in SOC were apparent at Moro, where
WW/WPRNT had 10.5% greater SOC than WW/faldWw. The NHC and HC fractiarese less
affected bytreatment than SOC, as did the smaller pools, specifically the POXC, MBC and WEOC
fractions (Table 1.5). Where significant differences were observed, a reduction in tillage and an
increase in cropping intensity proved beneficial for increasing the ppes sif these SOC
fractions measured in surface soils.

Significant treatment differences in total N were less apparent than for SOC, and
detected only at Pendleton (Table 1.6). This is likely the result of the greater CV for total N
compared to SOC (Taisl1.5 and 1.6) and is indicative of the multiple dynamics influencing

total N, including denitrification and leaching losses which are influenced by nitrification,
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denitrification, andmmobilization (Luxhoi et al., 2006). Réndleton, the NHN and HN
fractionswere 26% and 34%, respectivedyeater under NT than for CT, while cropping
intensification under N@id not significantly influenced these fractions. At Moro, however,
cropping intensification under NT, represented by WWANP, dd have20%greaer HN than
WW/fallow NT, while tillage without cropping intensificatidid not significantly influence HN
(Table 1.6). Significant differences in MBN were detected only at Moro, where an increase in
cropping intensityith WPunder NT resulted i123% geater MBN than WW/fallowCT
cropping. WEON varied significantly by treatment at both Moro and Pendleton, where CVs
were also lower than at other sites (Table 1.5).M&tro, NT without cropping intensification
resultedin 16%greaterWEON than CT, arad Pendleton, 60% greater WEON under NT than
CT. AMoro, cropping intensification with WP under MiBoresulted insignificantlygreater
WEON than WW/fallow NT cropping (Table 1.5).

Significant differences in cumulative Cmin between treatments increasixd w
increasing incubation time (Table 1.6). datyone, significant differences in Cmin were
detected only at Pendleton, whereas at 24 days, significant differences in Cmin were detected
at all sites but Prosser. At all sitebare significant differencewere observed, thgreatest
values for each sitetamne-day Cmin persisted so that they also tibd greatestvalues for 24
day Cmin, and similarly fdine lowestvalues, indicating that trends established after eatezy
readingspersist through longer icubation periods, and in some instances result in significant
differences.

This trend is also indicated by the significant relationship betweendayeCmin and 24

day Cmin already discussed. Where significant differences were observed at 24 days, NT
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consistently had higher Cmin than CT, regardless of cropping intensity (Table 1.5). Cropping
intensification under NT also resulted in significantly greated@# Cmin than less intensely

cropped systems under NT; the exception to this was PCFS wherendAl aropping systems

had significantly greater 2day Cmin than perennial cropping systems. The microbial

metabolic quotient varied significantly by treatment only at PCFS and Moro (Table 1.5). At PCFS
significant differences in qGOverlapped betweemperennial and annual cropping systems

however, the perennial cropping systems were lowardicatinggreater microbial efficiency.

Similarly, at Moro, significantly lower q&@lues were observed for more intensely

cropped/diversified systems under NT.

Management and SOM Stabilization and Mineralization

As previously demonstrated, POXC captures a range of information about ths gag
highly correlated withoverall SOC and N as well as kiyelrolyzableand northydrolyzable
fractions Therefore, increasing POXC can be considered indicative of building SOM.
Furthermore, Culman et al. (2012) established that across a range of geographic regions, soll
types, and depth increments, POXC was representative of the processed fraction of SOC,
indicated ly its stronger association with the smaller size and higher density fraction of
particulate organic carbon (POC) thaith the larger and lighter fraction of POC, concluding
that POXC is indicative ofore stabilized SOM. Culman et al. (2013) further sarfspthis
conclusion by showing that POXC was particularly sensitive to compost additions-lmaserh
rotations.

In the present study, thassociation of POXC witabilized SONt supported by the
strong correlation between POXC and the #wymrolyzdle and hydrolyzabldractions of SOM
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(Table 1.2), as all components of SOM are essential for its formation and stabilization (Paul et
al, 2006). POXC, however, is less strongly correlated with Cmin, most notatalgyo@enin
(Table 1.2)an observatiorwhich is representative of the highly active fraction of SOM and
indicative of soil microbial activity, nutrient cyclire;yd decomposition (Franzluebbers et al.,
2000) and has also been shown to be a sensitive predictor of yields in corn rotations (€tlman
al., 2013). A comparison of POXC andaae Cmin (Figure 1.6) can thus provide important
information about surface soils with regard to the impacts of tillage and cropping intensity on
SOM stabilization and mineralization, and subsequemrigurfacesoil health.The ease and
accessibility of measuring these two soil properties also adds value to this comparison, as
commercialized versions are available that have demonstrated a significant correlation with
laboratory generated data for POXC $r0.99( Hach" palm-top calorimeter; Weikt al. 2003)
and oneday Cmin @= 0.82) Solvita" gel system; Haney et al., 2008).

Pla@ment ofvalues measured in the present study in the context of published values
providesa comparative assessment of soil healtithin the inland PNW and also heljp
elucidate management impacts on SOM stabilization and mineralization. Reported values for
POXC in surface soils span an almost threefold range, with the highest values reported in
Kansas grasslands and the loweslues reported in cultivated cropland on the East Coast
(Table 1.8). Culman et al. (2018ports an average value of 626y POXC Kgsoil (+242)
across a range of treatments, depths, and soil types that spandhinental United States,
whereas in tle present study 292ng POXC Kgsoil (+107)was the average value across
treatments for the surface soils tested (Table 1.8). Of course, methodology varies somewhat

across these measurements, particularly with sieving. Weil et al. (2003), however,tfaind
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influence of sieving to be minimal in POXC values, noting that crushing aggregates from a
maximum diameter of 20 mm down to 0.1@nm increased the amount of POX@2%. In the
presentstudy, samples were sieved ten2m. With this is in mind, this comparison of average
POXC values indicates that soils within the dryland PNW are below average in POXC and
subsequently SOM stabilization within surface soils, when compared to available data across a
broad range of conditins.

Correlation of management variables with POXC on abgtste basis emphasizes the
importance of reducing tillage intensity in improving SOM stabilizaiwhisdemonstrated by
the significant negative correlation between STIR and POXC atfuwaf\bsites (Table 1.9); at
the other two sites, either there was not a significant STIR gradient, as is the case with PCFS, or
as with Prosser, only two years under tillage treatments was not sufficient time to detect
differences. At Pendleton and Monehich have both a STIR and cropping intensity gradient
(Table 1.1), NT without cropping intensification resulted in significantly greater POXC than CT,
and at Morq cropping intensification with a legume further increased POXC significantly within
NT tredments (Table 1.5, Figure 1.6). Subsequently, POXC displayed a significant correlation to
cropping intensity at Moro as well as PCiik@&vever, the direction of this relationship was
positive at Moro and negative at PCFS.

This negative relationship betwa POXC and cropping intensity at PCFS is likely the
result of the perennial systems, which were assigned a greater cropping intensity value than the
annual systems (Table 1.1) but also have apparently not provided sufficient aboveground
biomass inputs t@xceed the annual systems in POXC or other measures of SOC (Table 1.5).

This condition may be due to fertilization of annual crops at PCFS resulting in greater
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production of aboveground biomass compared to unfertilized perennial crops. These same
differences, where POXC of annual cropping systems exceeds that of perennial systems, would
likely not be expressed at deeper depths where biomass inputs from roots of perennial crops
generally exceed that of annual crops.

Contrary to these results at PCiéSsurface soilshowever, published results document
greater POXC values associated with perennial based systeongxampleCulman et al.
(2010), documented 36% greater POXA{@m) in native grassland compared to a cultivated
wheat-based cropping sysin and associated this difference with more complex soil food webs
in the native system. In Maryland, Spargo et al. (2011) found that an organically managed
system with cereal rye and hairy vetch as cover crops in asmybeanwheat rotation had
greaterPOXC than conventionally managed systems, further emphasizing the role of cropping
intensification, along with diversity, in increasing POXC. Mirsky et al. (2008) found that annual
applications of liquid dairy manure applied to meet crop N requirementsaaced POXC in
cornbased rotations and also concluded that crops such as corn and cereal grains with high
C'N ratios and phenolic acids are associated with higher POXC. This latter finding cannot be
substantiated with the present findindsecausecereatonly rotations did not contain
significantly more POXC than rotations containing a legume, as demonstrated at Moro and PCFS
(Table 1.5, Figure 1.6).

These findings along with the present findings collectively indicate that low disturbance
systems witha diversity of inputs, whether from cover cropping/green manures or soll
amendments applied to meet nutrient requirements, anéicalto enhancing POXC and

subsequently SOM stabilization. The significant correlation between POXC and the
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hydrolyzableand nonthydrolyzableractions of SOC and total N further supports the need for
diversification, represented by soil amendments, perenniisl legumes, as a diverse cropping
system in theory is better equipped to supply both the recalcitrant and active S€led to
increase POXC and enhance SOM stabilizabare to the dryland cropping nature and
commaodity-crop orientation of much of the inland PNW cropland, crop rotation options are
limited. However, in regions where the climate or access to irrigatgnsupport

diversification, inclusion of cover crop/green manures in shoulder seasons or the use of soll
amendments such as manures and composts, along with the continued adoptiortitif no
practices may prove beneficial in improving POXC readings sabdequently SOM

stabilization.

As with POXC, comparing Cmin values across regions and studies can also provide a
perspective on where soils in the inland PNW reside with regard to what this important soil
property represents from a soil health persgiwe. Franzluebbers et al996b reports a range
of oneday Cmin values, summarized from the literature across studies spanning multiple
ecosystems and clintes that range from 8.9 to 581g C3-C kg soil. In evaluating the
efficacy of a commercialed version of measuring oftay Cmin, Haney et al. (2008) reported
values ranging from less than by CG-C kg soil to greater than 10éng CG-C kg' soil for
soils from 16 states spanning multiple regions of ¢bhetinental Lhited Sates, details ornthe
types of management systems, however, are not reported with these saluireanalyzing the
influence of management on Cmin and its ability to predict corn performance in Michigan,
Culman et al. (2013) reported values ramgfrom less than 40 to ne&0 mg CG-C kg soil in

continuous corn and from geger than 40 to greater than 8Gg CG-C kg soil in corrsoy-
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wheat rotations. Values obtained in thegsent study vary from 34 to 8hg CG-C kg soil
(Table 1.7, Figure 1.6), and fall within thiaga reported in the literature.

Yet, it is important to understand how management factors influence @manderto
prevent its decline and subsequently a decline in SOM mineralization. Many factors have the
potential to influence microbial respiratn, including management factotisat alter the
abundance and nature of the active fraction of SOM and in turn impact microbial populations.
The present study showdéwer significant differences in orgiay Cmin than with POXC and
24-day Cmin (Table 1.Fjgure 1.6), and correlations of oy Cmin with STIR and cropping
intensity were also not as pronounced as fordaly Cmin and POXC with these management
variables (Table 1.9); this phenomenon is likely the result of greater CV values fday@anin
than for both POXC and 2%y Cmin (Tables 1.5 and 1.7), indicative of greater spatial variability
of oneday Cmin. This lack of differences must be considered in ligheaiherentspatial
variability of oneday Cmin, which may mask biologically meghihdifferences (Kravchenko
and Robertson, 2011). If the significance level is reduc@dkt 30, significant differences for
one-day Cmin begin to resemble 2y Cmin (data not shown). Therefore, while the value of
one-day Cmin lies partially in issase of measurement and wide accessibilityd2g Cmin
results in the present study can provide support of interpretation of-dag Cmin results
(Table 1.7).

As withPOXC, correlations on a shig-site basis reinforce the role of reducing
disturbancein increasing Cmin, as indicated by the negative correlation between STIR and one
day Cmin at two of five sites and three of five sites foid2¢ Cmin (Table 1.9). PCFS and

Prosser were the two sites that did not show a significant correlation betwedn @md STIR,
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and as with POXC, lack of a tillage gradient (PCFS) and short history under tillage treatments
(Prosser) (Table 1.1) apply to this lack of a significant correlation as well. Likewise, Bowman et
al. (1990) showed a substantial decrease ird2¢ Cmin resulting from conversion of native
prairie in the Great Plains dominated by four species of grass and patches of cacti to tilled
wheatfallow, documenting a 72% dine in Cmin of the surface T after 60 years of
cultivation, and noted that 87%f this decline occurred in the first 3 years.

The cropping intensity gradient at Pendleton is significantly associated witldaye
Cmin, and with 24lay Cmin at Pendleton, Moro, and PCFS. Results at Pendleton and Moro for
24-day Cmin indicate that NWithout cropping intensification can significantly increase Cmin,
while intensification with a legume further increases Cmin under NT (Table 1.7, Figure 1.6);
furthermore, this significant increase in Cmin resulting from intensification occurred at
Pendlebn after only one year of intensification with WP (Table 1.1).

Results from these sites, though, do not provide sufficient evidence to deduce if this
increase in Cmin is the reswoit intensification with a legume, or merely intensification.
Cropping intensification at PCFS was negatively associated withy2@min, and as with POXC,
this implies that the perennial systems, which were assigned a greater cropping intensity value
thanthe annual systems (Table 1.1), did not provide sufficient inputs to fuel greater Cmin than
the annual systems. Results for-8dy Cmin for annual cropping systems at PCFS suggest that
inclusion of legumes in rotation, compared to an all cereal rotatitannot significantly increase
Cmin (Table 1.7), indicating that greater Cmin under more intensely cropped systems at Moro

and Pendleton may be the result of intensification rather than diversifying with a legume.
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Culman et al. (2013), however, found ttthterse rotations had a beneficial impact on
one-day Cmin, where crop rotations with a legume in rotation enhanceddameCmin
compared to continuous corttherebysupporting the idea that substrate quality resulting from
diversification is important inrthancing mineralization. In support of diversification of biomass
inputs, Spehn et al. (2000) demonstratindt a loglinear decrease of heterotrophic bacterial
abundance, the drivers of mineralization, was associated with a decrease in plant species
richness, suggesting that a diversified C substrate pool appeals to a wide range of heterotrophic
organisms. In the present study, significant differences in microbial biomass did not prevail
across all sites, yet at Moro, the more diverse rotations did tsgyeificantly greater MBC than
rotations with strictly WW (Table 1.5).

A possible corollarto findings by Spehn et al, (2000) and Culman et al. (2013) is that a
diversity of inputs appeals to broader taxa of organisms and a diversity of organismsahkigh n
roles is as important as microbial biomass in mineralization. In a review of microcosm studies,
Setala et al. (199&)pproached this observation from a different perspectiveamcludng that
declining species diversity can alter carbon mineralization through a reduction in trophic level
interactions. These findings all suggest that a diversity of plant species along with

intensification is important in maintaining and enhancing Cmin.

Management and SOM Quiality

An important measure of the quality of SOM is the distribution between labile and
recalcitrant pools (Rovira and Vallejo, 2002), and a current paradigm of SOM dynamics suggests
that with increased decomposition, SOM quality dec@aas the active fraction critical to soll

microbial processes comprises a smaller portion of the total S@)dh{ et al., 2006Rovira and
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Vallejo, 200). The fraction of SOC in the present study that was resistant to acid hydrolysis did
not show sensitity to STIR (Figure 1.7). Values of the fraction of SOC as NHC were around
50%,except for Prosser ere values were 36% for both treatments; no significant differences

in NHC/SOC between treatments within sites were obse(dath not shown).

These esults are contrary to the idea that the NHC pool represents a strictly recalcitrant
pool and the HC pool a more active pool (Rovira and Vallejo, 2002); if this were thtéhease
proportion of SOC as NHC under increased tillage should increase due tewedha
mineralization of HC (Paul et al., 2006). Multiple studiesugh, have dated NHC as much
older than HC and SOC, supporting that NHC is associated with a more recalcitraMarta! (
and Paul, 1974Paul et al., 200Paulet al., 2006).This firding is also in light of findings that
have shown recent plant residues contribute to NHC through addition of lignin (Collins et al.
2000), which is known to be resistant to acid hydrolysis (Rovira and Vallejo, 2002). Abiven et al.
(2011) measured lignicontent at the various growth stages for wheat and at maturity
documented lignin content ranging from 2.4% in leaves to 13.4% in;bdgscontribution to
NHC from recent plant residue is thought to be negligible (Paul et al., 2006, Rovira and Vallejo,
2007). Furthermore, whileesearchers expressome uncertainty around findings due to
assumptions behind the methodology, several studies utilizing C tracing methods have shown
that residue lignin turns over faster than bulk soil C (Abiven et al., 20ftEby dampening
the influence of lignirC relative to bulk SOC.

The significant correlation between NHC and HC in the present study indicates that both
pools are impacted by increased disturbance (Table 1.2), as was also demonstratiaddite

Thisobservation is consistent with other studies, suchPasil et al. (2006 whofound that the
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ratio of NHC to SOC was greater in low or no disturbance systems and concluded that factors
other than biochemical recalcitrance influence the proportion and ageHC in soilghey also

cited Poirier et al. (2005) in stating that resistance to acid hydrolysis is not equivalent to
resistance to biodegradation resulting from lande changes. The corollary is that NHC does
not accurately represent the passive S@bbl (Paul et al., 200630 observatiorwhich is

supported by results from the present study showing that both NHC and HC were impacted by
tillage or erosion.

The complexity of the interaction of chemical recalcitrance and physical protection was
evaluated by He et al. (2009), whatservedthat chemically recalcitrant SOM is associated with
physical protection, and that labile C compounds may become stabilized through protection
into microaggregates. Thobservationindicates that a certain degree bfochemical
recalcitrarce is afforded to physicaHlyrotected labile C with time. Biochemical stabilization of
labile C has been observed to occur through a series of condensation reactions known as the
browning reaction (Krull et al., 2003).

This phenaenon is supported by results from Prosser which has greater sand content
than other sites, affording less protection than more fiestured soils of the other sites with
higher silt content (Krull et al., 2003; Plante et al., 2006), and a correspdigieg NHC% than
the other sites (Figure 1.7). Furthermore, Plante et al. (2006) established the importance of
texture, revealing a greater %NHC associated with theigitd fraction than with the clagized
fraction, and partially explained this by sugtieg microaggregate derived sslized fractions
are made up of a combination of both ssized particles and similarly sized ekmsed

microaggregates.
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Therefore, while NHC and HC represent finite pools based on chemical recalcitrance, the
reality of in-situ recalcitrance is a continuum where a portion of the HC pool is part of the
passive C pool through physical protection, and a portion of the NHC pool is susceptible to
biodegradation. The susceptibility of recalcitrant SOM to mineralizatio@as noted in
studies which examine the priming effect (PE), whereby the ability of microorganisms to
degrade recalcitrant SOM is impacted by fresh additions of I&b{[€hiessen et al. (2013),
emphasizing the role of physical protection in preserving si@ell.

While NHC and HC cannot be clearly connected to a recalcitrant and active pool, the
%NHC considered in the context of other findings with regard to management practices can
help to elucidate how management practices within the dryland PNW itrfp@ quality. In a
transect of soils between Minnesota and Pennsylvania, Paul et al. (2001) found the fraction of
SOC as NHC ranged from 33% to 65%. They found that %NH®otrwdh depth, which
has also been related in other studies (Collinslet200), decreasing at lower profiles)d
with soil type; however, for agricultural soils that were grassland derivedNHC of surface
soils (620 cm) was 49% and 50% for the two sites measured, similar to results from the present
study.

Additionally,Collins et al. (2000)oted an increase in the mean residence time with
decreasing sand content, suggesting that increasing sand content is associated with decreasing
NHC, a theméhat has already been discusswvith regardto results from Prosser. Across a
range of land use types including grassland, forested, ardlragriculture (depth in soil profile
not noted), Paul et al. (2006) observed that NHC comprised approximately 55% of SOC. Thus,

present findngs are in alignment with NHC% reported across a range of terrestrial ecosystems
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as well as in other climates, and help to establish that soil texture exerts a significant influence

on %NHC, and subsequentiy SOM quality.
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Table 1.5. Soil bulkeaisity, pH, and various carbon properties for five study sites

Bulk Density soé& NHC HC POXC MBC WEOC
Site Treatment g cm® pH gkg-SOil
KambitschWW/SB/SL - NT 1.06 (21) 5.29b(2) 24.82a(19)12.00 (23) 12.81 (16) 0.466 a (8) 0.107 (37) 0.091 (1)
WW/SB/SL - Till 1.06 (11) 5.41a(2) 20.39b(11) 9.96 (37) 10.43(22) 0.388b (6) 0.144 (33) 0.108 (66)
PCFS WWI/SL/SW - NT 1.19 (8) 469b(3) 27.06ab(1511.68 (18) 12.07 (2) 0.399 (11) 0.121 (27) 0.147 (12)
WWI/SB/SW - NT 112 (6) 4.71b(8) 28.20a(11)12.17 (25) 12.90 (33) 0.416 (9) 0.104 (33) 0.137 (17)
Alf/SC/SL (organic) - NT 1.24 (14) 5.34a(5) 22.33ab (26)10.29 (48) 10.75(23) 0.358 (11) 0.107 (25) 0.120 (21)
Perrenial Tall Wheat Gras4.17 (8) 509b(2) 22.99ab(13)11.43 (15) 11.55(22) 0.361(8) 0.112(12) 0.133(2)
Native/CRP Grass 124(2) 541a(1) 21.28b(13)10.35(24) 10.93(7) 0.349(10) 0.105(6) 0.122 (13)
Pendleton WW/ NT Fallow - NT 1.30 (5) 558b (1) 1754a(6) 9.29a(8) 8.25(11) 0.315a (10)0.105 (52) 0.128 a (7)
WW/Pea - NT 1.24(7) 5.65b(2) 16.62a(6) 9.03a(6) 7.59(7) 0.305a (11)0.115 (50) 0.117 a (7)
WW/Fallow - Till 131(4) 580a(l) 11.89b(30) 590b(3) 5.98(62) 0.193 b (48)0.079 (16) 0.071 b(7)
Moro WW/WP - NT 12409 572b(2) 1268a (5 6.30(6) 6.38 (18) 0.230 a (4) 0.081 ab (149.108 a (10)
WWI/NT Fallow - NT 1.18(3) 5.88a(2) 11.47b(3) 5.40(7) 6.07 (6) 0.209 b (10) 0.060 b (58) 0.099 b (9)
WW/SB/NT Fallow - NT 1.16 (7) 5.84a(1) 11.25bc (5) 5.61(9) 5.64 (13) 0.225 ab (3)0.097 a (29)0.092 bc (1)
WW/Fallow - Till 1.26(1) 593a(2) 1053c(4) 5.22(5) 5.31 (11) 0.183 ¢ (5) 0.052 b (43)0.086 c (10)
Prosser WW/Sw. Cn./Potato - NT 1.42 (5) 5.78 (4) 8.24 (5) 292 (12) 5.32(13) 0.162 (10) 0.083 (25) 0.078 (14)
WW/Sw. Cn./Potato - Till 1.39(4) 5.73 (4) 8.38 (5) 2.98 (6) 5.40 (6) 0.139(28) 0.076 (17) 0.082 (19)

* Significant differences within sites indicated by different letters (significance at p < 0.10). Values in parenthesificientoé

variation.

T WW = Winter Wheat; SB = Spring Barley; SL = Spring Legume; SC = Spring Cereal; Alf = Alfalfa; CRP = Conservation Reserve

Program; SwCn. = Sweet Corn; NT =tild

t SOC = soil organic carbon; NHC =myatrolyzablecarbon; HC hydrolyzablecarbon; POR = permanganate oxidizable carbon;
MBC = microbial biomass carbon; WEOC = water extractable organic carbon, pH = soil pH from 1:1 water extract
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Table 1.6 Soil nitrogen properties for five study sites

Total N NHN HN MBN WEON
Site Treatment g kg soil
KambitschWW/SB/SL - NT 1.93 (13) 0.456 (19) 1.47 (13) 0.0056 (51) 0.0065 (33)
WW/SB/SL - Till 1.69 (6) 0.442 (36) 1.25(6)  0.0070 (25) 0.0102 (64)
PCFS WWI/SL/SW - NT 2.04 (10) 0.429 (12) 1.61(16) 0.0055 (29) 0.0011(16)
WW/SB/SW - NT 2.04 (5) 0.451 (21) 1.59(12) 0.0056 (90) 0.0118 (27)
Alf/SC/SL (organic) - NT 1.81 (18) 0.397 (27) 1.32(22) 0.0036 (32) 0.0079 (26)
Perrenial Tall Wheat Gras4.77 (12) 0.388 (19) 1.38(11) 0.0037 (44) 0.0084 (5)
Native/CRP Grass 1.72 (16) 0.394 (16) 1.32(17) 0.0047 (93) 0.0089 (10)
Pendleton WW/ NT Fallow - NT 1.28 a (7) 0.354 a (13)0.928 a (13)0.0055 (63) 0.0085 a (8)
WW/Pea - NT 1.27 a (9) 0.349 a (13)0.924 a (8) 0.0068 (85) 0.0079 a (7)
WW/Fallow - Till 0.97 b (26) 0.280 b (9) 0.690 b (39) 0.0050 (44) 0.0053 b (8)
Moro WW/WP - NT 0.952 (5) 0.246 (28) 0.707 a (10)0.0049 ab (40)0.0073 a (7)
WWI/NT Fallow - NT 0.852 (6) 0.263 (16) 0.589 b (15) 0.0037 bc (50)0.0064 b (10)
WW/SB/NT Fallow - NT 0.932 (6) 0.228 (11) 0.704 a (4) 0.0064 a (20) 0.0061 b (1)
WW/Fallow - Till 0.806 (12) 0.235 (21) 0.570 b (9) 0.0022 c (28) 0.0055 c (11)
Prosser WW)/Sw. Cn./Potato - NT 0.888 (3) 0.148 (18) 0.739(5) 0.0043 (57) 0.0056 (39)
WW/Sw. Cn./Potato - Till 0.902 (7) 0.142 (11) 0.760(7) 0.0047 (17) 0.0061 (10)

* Significant differences within sites indicated by different letters (significance at p < 0.10). Values in parenthesiicientoé
variation.

T WW = Winter Wheat; SB = Spring Barley; SL = Spring Legume; SC = Spring Cereal; Alf = Alfalfa; ORfibr Resse/e
Program; Sw. Cn. = Sweet CAiT; = ntill.

t NHN = norhydrolyzablenitrogen; HN shydrolyzablenitrogen; MBN = microbial biomass nitrogen; WEON = water extractable

organic nitrogen.



Table 1.7 Cumulative carbon mineralization and mi@lietabolic quotientfor five study sites*.

T9

Cminy..4 Cminsg  Cmingog  Cminyzg Cminy_4q qCQ
Site Treatment €umulative CQ(g CQ -C kg soil) g CQ- C hi* g* MBC
KambitschWW/SB/SL - NT 0.081 (16) 0.223 (15) 0.620 (15) 0.926 (16) 1.18 a (17) 0.409 (32)
WWI/SB/SL - Till 0.072 (23) 0.196 (25) 0.522 (32) 0.765(33) 0.950 b (33) 0.230 (45)
PCFS  WWI/SL/SW - NT 0.047 (9) 0.138 (4) 0444 (14) 0.683 ab (16)0.858 a (17) 0.248 ab (10)
WW/SB/SW - NT 0.064 (53) 0.162 (48) 0.432(32) 0.673 ab (22)0.859 a (19) 0.311 a (27)
AIf/SC/SL (organic) - NT 0.056 (50) 0.148 (39) 0.425 (22) 0.647 bc (18)0.790 ab (15) 0.252 ab (20)
Perrenial Tall Wheat Gras€.040 (8)  0.120 (7)  0.399 (9)  0.611 bc (9) 0.759 bc (10) 0.231 ab (19)
Native/CRP Grass 0.045 (29) 0.125(22) 0.374 (16) 0.559 c (12) 0.670 c (6) 0.201 b (5)
Pendleton WW/ NT Fallow - NT 0.055a(3) 0.147a(7) 0.382b(9) 0.603 b (7) 0.797 b (6) 0.337 (46)
WW/Pea - NT 0.060 a (12) 0.166 a (11) 0.458 a (12) 0.713 a (10) 0.944 a (9) 0.344 (35)
WW/Fallow - Till 0.038b(7) 0.103b(3) 0.275c(7) 0.447 c(9) 0.585 c (8) 0.285 (25)
Moro  WW/WP - NT 0.054 (24) 0.189 (45) 0.509 a (24) 0.791 a (21) 1.02 a (20) 0.457 bc (27)
WWINT Fallow - NT 0.041 (34) 0.127 (19) 0.419 ab (3) 0.677 bc (6) 0.892 b (5) 0.679 ab (46)
WW/SB/NT fallow - NT 0.051 (42) 0.143 (28) 0.434 ab (100.707 ab (8) 0.928 ab (8) 0.379 c (27)
WW/Fallow - Till 0.034 (16) 0.100 (8) 0.344b (9) 0.585c (7) 0.792 c (6) 0.699 a (40)
Prosser WW/Sw. Cn./Potato - NT 0.050 (14) 0.140 (15) 0.381 (16) 0.578 (15) 0.743 (17) 0.329 (34)
WW/Sw. Cn./Potato - Till 0.049 (18) 0.137 (24) 0.389 (29) 0.601 (30) 0.761 (33) 0.351 (29)

* Significant differences within sites indicated by different letters (significance at p < 0.10). Values in parenthesificientoé
variation.

T WW = Winter Wheat; SB = Spring Barley; SL = Sprinmeg§C = Spring Cereal; Alf = Alfalfa; CRP = Conservation Reserve
Program; Sw. Cn. = Sweet CAiT; = natill.

t Cmin = Cumulative carbon mineralized at 1, 3, 10, 17 and 24 days.=d@obial metabolic quotient.
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Figure 1.6 Management influence on stabilization and mineralization of SOM. (Error bars display standard deviationn Letters
parenthesis display significant differences (Tables 1.5 and 1.7) between treatments within sites, first letter represénse €DK
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Table 1.8 Range of POXC values across multiple published studies

Location Description Particle Sizepm) Depth (cm) POXC Study
Cultivated (wheat) 766 (kg/ha)

Kansas Native Grassland 500 0-10 1040 (kg/ha) Culman et al. (2010)
Native grassland and recent convers

Kansas to NT (sorghum, soybean, wheat) 500 0-10 1010 - 1050 (kg/ha Dupont et al. (2010)

. Cultivated (corn, soybean, wheat, .
Pensylvania alfalfa, oat) 2000 0-15 467 - 608 (mg/kg) Mirsky et al. (2008)
Maryland Till/INT - Organic (corn,soybean,wheat) 2000 0-20 419 - 483 (mg/kg) Spargo et al. (2011)
I . Lee et al. (2009) reporte

California Irrigated vegetable/row crops ground 0-15 597 (mg/kg) in Culman et al. (2012

Washington Till/INT wheat-based rotations 2000 0-10 292 (mg/kg) Present Study

Multiple Average across multiple studies multiple multiple 626 (mg/kg) Culman et al. (2012)

* POXC = permanganate oxab#e carbon; NT = ntll.

Table 1.9 Pearson correlations for POXC;ameCmin, and 2day Cmin with
management factors across five study sites*.

POXC Cminy_14 Cminy_oaq
Site STIR Intensity STIR Intensity STIR Intensity
Kambitsch -0.84 NA -0.32 NA -0.44 NA
PCFS ns -0.46 ns ns ns -0.51
Pendleton -0.73 ns -0.87 0.61 -0.79 0.76
Moro -0.75 0.46 ns ns -0.5 0.51
Prosser ns NA ns NA ns NA

* POXC = permanganate oxidizable carbon; Cmin = cumulative carbon mineralized

at one and 24 days; STIR = Soil Tillage Intensity Rating.
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Assessing a Soil Health Index

Given the multiple methods available for measuring soil C and N, several of which
comprise the basis dhis study, those interested in soil health have found it advantageous to
define methods of assessing soil health through development afésthat combine results
from multiple tests. Examples include the Cornell Soil Health Tool (@8&iv) et al.,2009),
the Soil Management Assessment Framework (SNigrews et al., 2004}he
agroecosystems performance assessment tool (AEPAT) (Wienhold et 8),,&@0the NRCS
USDA soil health assessment tool (Haney, 20T#gse tools are capable of integraf
physical, chemical, and biological soil health indicators and indexing results into a soil health
index.

Regardless of the index, a challenge of assessing soil health is the selection of
appropriate indicators that reflect management goals and aresgee to soil type, climate
regions, and management practices (Idowu et al., 2009 NRGESDA soil health
assessment tool (Haney, 2014) contains a propasdex which utilizes three measurements of

the active fractions of soil C and N (Har2y14):

0 & Q¢ w006 wOUL U

© GO0 ROG G pnm  p

Unlike the CSHT, SMAF, and AEPAT, this index focuses solely on soil biological
indicators. However, as Cminaisoimpacted by the physical and chemical characteristics of
soils,the index is theoretically sensitive to these factors as well. Additionally, as indicated in
the present study and other studies, Cmin is sensitive to management chdfgegzl(ebbers,
2000 Waitts et al., 201Pand has also been shown to be indicativgpaotential nitrogen
mineralization (Franzluebber$996h). WEOC and WEON are measures of the highly labile
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fractions of soil C and N and represent what is theoretically available to microbes as microbial
metabolism depends on water transport of resour¢Bsi et al., 2010). These fractions of C and
N have been shown to correlate well wibtme-day Cmin, suggesting they are an important
source of energy for heterotrophic microbeRdes et al., 20Q0%laney et al., 201)2
Furthermore, soil (N ratio is ofterdocumented as an important variable in net nitrogen
mineralization or immobilization; assuming a microbiél Catio of 101 and a microbial
efficiency of 50%, a soil € ratio of 201 establishes the threshold above which net nitrogen
immobilization occts and below which net mineralization occurs (Sylvia et al., 2005).
Therefore, the Hqex Captures the significance of trne-dayCmin as a managemesensitive
indicator of soil microbial activity and adjusts this value to account for the importanttes of
C'N ratio in nutrient dynamics.

As anillustrativeexample a soil sample has a relatively high,C&spiration rate abne-
day, indicating healthy microbial activity and readily available active C; however, if the same soil
has a high N ratio, thehigh microbial activity is at the expense of nitrogen immobilizgtion
and thisfactwill be reflected in the index value. Conversely, if Cmin is high and the
WEOCWEON ratio is low, greater organic N mineralization can be expected. The weighted
factors(WEOC/100 +WEON/16apture the importance of building the active fractions of C and
N and adjusts them according to an optimaNGCatio of 10:1, representing a narrowefNC
ratio thana typical C/N rati@f bulk soil([SOC/total Nand an ideal ratio redicting greater
microbial use efficiency (Haney, personal cominations.

In the present study, WEOC was not significantly correlated evithday Cmin

howevery, it was significantly correlated with Cmin for the remaining measurement periods
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(Tablel.2), while WEON was significantly correlatealy with ten-day Cmin. Thiinding

suggests that WEOC was available for supporting microbial activity buditiasnot

immediately available during the initial«wgetting period or contained constituents that eve

not immediately availableFurthermore, aross all sitesCVfor WEON was 36%, compared to
28% for WEOC, this higher CV for WEON may partly explain the lack of correlation with Cmin
readinggTable 1.2)The CV fo€Eminacross the five sites rangedfn 33% at day 1 to 23% at

day 24. As a benchmark, soil organic carbon measurements are typically found to have a CV
ranging from 15985% (Pennock et al., 2008).

Significant differencem H,qexWere identified only at Pendleton, where CVs were also
lowest across treatment$endleton also had the lowest CVs for index paramefeables 1.5
and 1.7) A multivariate stepwise analysis afdekvalues with management factors and climate
variablesacross all study sitagvealed that HqexWas primariy sensitive to precipitation, which
explained 31% of the variation inndy increasing with an increase in precipitatiorables 1.11
and 1.12) At Pendleton, STIR and cropping intensity collectively explained 90% of the
significant variation detectediHngex(Table 1.11) Furthermore, Kgexdisplayed a significant
correlation with climate variables and multiple soil properties across all sites (Table 1.12).
Considering that Hhexdisplayed sensitivity to climate variables across the sitesto STR and
cropping intensityat Pendleton, whereignificant differences were measured, differentiating
between moldboard plowing andTat Pendleton indicates that the index has value for
monitoring soil health within thenland PNW.

However, results alsshow thedifficulty of interpretationdueto measurement

variability, and at sites with significant spatial heterogene#y increase in the number @eld
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replicationstested may be needed to increase power and aid in interpretation of resBised
on the CVs in the present study, however, the number of field reps needed may be
cumbersomely large in certain instances (Table 1.10). Also, considering that some of the
expected relationships between soil properties were not present in this data set tha eited
in development of the index, particularly a significant relationship between water extractable C
and N and onalay Cmin, it may be informative to further analyze the index at other locations
with a new data set.

At other locations, RHqyex Valuescan reportedly range between 0 and 50 (Haney,
personal communications). In theory, higher index values are associated with soils having high
one-dayCmin readings coupled with a lowNOwater extractableratio and high levels of water
extractable C and NOne-dayCmin values hae been reported as high as 16@ CG-C kg soil
(Haney et al., 2008). Assuming/&Catio of 10 and solving algebraicallyis clear the
equationwould require aWEOC soil concentration of 200@ C kg soil and a WEON
concentrationof 200mg C kg soil to achieve @HnqexVvalue of 50 (at a/l ratio of § WEOC
would be 1500 and WEON 188g C kg soil, and at N ratio of 15 WEOC would be 3250 and
WEON 21Tng C kg soil for an Hnqexvalue of 50).These values are significantly greater than
what was measured in the present studyheve WEOC ranged from 71 to 1dig C kg soil
and WEON from 5.3 to 11r8g N kg soil (Table4..5 and 1.5

Methodology for determining WEOC and WEON can vary, patigwbith regard to
soil/solution ratio and shaking time; however values reported in literature are much lower than
values required to achieve gty values on the high end of the spectrum. In Quebec, CA,

Chantigny et al. (2010) reportaclues of WEOCmging from 118ng C kg soil for vrgin forest
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to 397mg C kg soil for agricultural land, and WEON respectively ranging from 4.7 tad§
kg™ soil. Similarly, in Winnipeg, CA, Xu et al. 80&ported values for WEOC ranging from
20.8 to 34.1 md kg* soil for grassland and an organic whedfalfaflax rotation, ad WEON
ranging from 1.3 to 2.&1g N kg soil in the same systems. In Georgia, Zhang et al. (2011)
report slightly higher values, with WEOC for a cotbamnn rotation with ryeas acover crop
measured at 43@ng C kg soil and WEON at 8#g N kg soil.

Consideation ofthis range of values for natural and agricultural lands indicates that a
HndexValue on the higher end of the spectrum may not be realistic and more modest values
should be targeted Based on the above cited literature, 200 mg Csajl is an average WEOC
value across a range of conditions and climates and is slightly highethia&mnghest value of
147 mg C Kgsoil for WEOC measured in the present study; a@ae Cmin of 100 mg GG
kg™ soil is on the high end reported in the literature and also slightly higher than the highest
value of 81.0 mg GEL kg soil measured intte present study. Using these values in the index
and an idealized C/N ratio of 10 provides a more modest index range of O to 14 and a scale for
which to evaluate RHgexvalues within thanland PNW.

As already repaded in the present study, Cmin values are sensitive to disturbance and
potentially to cropping diversity, increasing with a decrease in disturbancaamtrease in
cropping diversity. In studying the influence of management practices on WEOC and XYEON,
et al. (2013) found that rotations incorporating a perennial legume such as alfalfa had higher
WEOC and WEON and attributed this to the rooting mechanisms of perennialasrey| as to
an increase in root exudates and improved soil structure. ppst of thishypothesis

Marinari et al. (2010) found that WEOC was highest in a diveysai7rotation that included
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winter wheat (2), soybeansiaize,clover(2), and potatoeswith rye as a catch crop grown after
wheat and soybeansin the present stdy, WEOC and WEON tended to be higher in NT (Tables
1.5 and 1.6)indicating a detrimental impact of increased tillage intensity on WEOC and WEON.
These results, considered with literature results, suggest that Cmin along with WEOC and
WEON, and subsequently,fdx, can be simultaneously improved imgreasing crop divsity,

with the inclusion of legumesind decreasing tillage intensity.
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Table 1.10 Ryex values for five study siteand required field reps (N) for estimating true mean for two confidence levels and two
relative errorg.

Required Field Reps (N)

Actual Field 90% Confidence 80% Confidence
Site Treatment Hindex Reps Nio Nis Nio Nis
Kambitsch  WW/SB/SL - NT 7.2 (19) 4 10 4 6 3
WW/SB/SL - Till 8.8 (27) 4 20 9 12 5
PCFS WW/SL/SW - NT 6.1 (22) 3 13 6 8 4
WW/SB/SW - NT 7.9 (37) 3 37 16 22 10
Alf/SC/SL (organic) - NT 5.6 (33) 3 29 13 18 8
Perrenial Tall Wheat Grass 4.7 (7) 3 1 1 1 1
Native/CRP Grass 5.4 (16) 3 7 3 4 2
Pendleton WW)/NT Fallow - NT 5.8a (4) 4 1 1 1 1
WW/WP - NT 6.0 a (7) 4 1 1 1 1
WW/Fallow - Till 4.1 b (8) 4 2 1 1 1
Moro WW/WP - NT 5.4 (15) 3 5 3 4 2
WW /NT Fallow - NT 4.3 (17) 3 8 3 5 2
WW/SB/NT Fallow - NT 4.9 (28) 3 21 9 13 6
WW/Fallow - Till 3.6 (13) 3 4 2 3 1
Prosser WW/Sw. Cn./Potato - NT 4.8 (32) 4 29 12 17 7
WW/Sw. Cn./Potato - Till 5.2 (13) 4 4 2 3 1

* Significant differenes between treatments within sites indicated by different letters (significapt<a0.10). Coefficient of
variation (CV) located within parenthesis.

T WW = Winter Wheat; SB = Spring Barley; SL = Spring Legume; SC = Spring Cereal; Alf = AlfalfseBREon Beserve
Program; Sw. Cn. = Sweet Cao¥iT; = natill.

t «NZx CV)/e?where Z = 1.645 for 90% confidence interval, 1.28 for 80% confidence interval, CV =coefficient of variation and e =
0.10 for 10% relative error and 0.15 for 15% relativ®re(Gilbert, 1987).
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Table 1.11Stepwise multivariate regression Hfq4exWith climate and management variables
across all sites and for each of five study gites

Site STIR  Cropping Intensity Sl MAT MAP
All sites ns ns ns ns 31%
Kambitsch ns NA NA
PCFS ns ns ns
Pnedleton 85% 5% ns
Moro 28% ns ns
Prosser ns NA NA

* All values significant at p < 0.16 = not significantp(> 0.10).

T STIR= Soil Tillage Intensity Rating; SI = STIR x cropping intensity interbodr; mean
annual temperature; MAP = mean annpaécipitation; ns= not significantNA = not applicable
(entire blacked out section is NA).

Table 1.1ZPearson correlation of idexwith management, climate, and multiple soil properties*.
Variapld ~ STIR Intensity ~ MAP MAT BD PH  Cminiy Cminoy POXC MBC MBN WEOC WEON

Hdex ns ns 0.55 -0.35 -0.57 -0.42 0.75 0.44 0.60 0.53 0.40 0.46 0.72

* All correlations significant gt < 0.10 ns = not significanfp > 0.10).

T STIR Soil Tillage Intensity Rating; Intensity = cropping intensity; MAP = mean annual precipitation (mm); MAT = mean annual
temperature ¢C); BD = bulk density, pH = soil pH with 1:1 soil water extract; Cmin = carbon mineralization at one and 24 days;
POXC =grmanganate oxidizable carbon; MBC = microbial biomass carbon; MBN = microbial biomass nitrogen; WEOC = water
extractableorganiccarbon; WEON = water extractalweganicnitrogen.




SUMMARY ANQONCLUSIONS

Multiple soil C and ldroperties were measured in this studypda few key soll
propertiesexhibited a significant correlation with other soil properties. Specifically, POXC
displayed a significant and strong correlation WBOC, total N, and theydrolyzableand non
hydrolyzablefractions of SOMhowever the correlation of POXC with the more highly active
fractions of SOMncludingone-day Cmin, and the microbial or water extractable fractiais
SOM, was not as stron@neday Cmin was significantly correlated with cuntivia Cmin
values throughout the incubation period, up to 24 days, and to a lesser extent with the
microbial biomass fractionThese resultsuggesthat POXC is representative of building SOM
and SOM stabilizationConverselyCmin provides unique inforation about soil health not
captured by POXC, particularly microbial activity, decomposition, and nutrient cycling. This
findingthat POXC and Cmin each provide unique information about soil healtipjed with
the ease of measurement and commercial &aaility of both tests gne-day Cmin test
Solvitd" gel systemPOXC: Hat¥ palm top colorimete), underlies the significance and
applicability of a coupling of these two measurements in analyzing soil health.

A multivariate regression of MAP, MAT daiilage and cropping intensity, revealed that
MAP explains 57% of SOC variability and 69% of total N variability. When MAP was removed
from the model, MAT became the dominant variable, explaining 42% and 49%, respectively, of
SOC and total N variabilityT'his result indicates th&AP is the main variable driving soil C and
N dynamics in the inland PNWWFurthermore both the hydrolyzableand norhydrolyzable
fractionsof SOC were equally sensitive to climate, indicating ltwdlh chemically recalcitran

and labile SOM isusceptible to a changing climate.
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POXC, and subsequently SOM stabilization, showed sensitivity to tillag®e anleésser
extent, cropping intensity. Values reported in the literature for P@XI®—1050mg POXC Ky
soil) indicate that soils within the inland PNW are below averagéainilized SOM292mg
POXC kysoil). Along with the input of stabilized SOM, as has been reported in the literature,
other studiescoupledwith present findings suggest that croppidiyersficationalong withNT
are essential to building POXGCmin valuesilsoshowed sensitivity to both tillage and
cropping intensity. Cmin,ifilowever,subject to variability from the spatial heterogeneity of
factors that influence this importargoil property and this fact must be considered in
interpretation of results.Values forone-day Cmin measured in the present stu(84.0—81.0
mg CQ-C kg soil) were within the range of values reported in the literature across a range of
conditions (89 to 108mg CG-C kg soil), indicating that microbial activity, decomposition and
nutrient cycling capacity of soils are within an acceptable range. Results from the present study
along with literature findings suggest that cropping intensificationgdsification along witiNT
is also critical to enhancing Cmin.

The present studwlsorevealed sensitivity of both NHC and HGiltage intensity This
resultindicates that while these soil properties represent finite pools based on chemical
recalcitrance,resistance to hydrolysis is not equivalent to resistance to biodegradation under
land-use changes. SubsequentyHC cannot be considered representative of only the passive
pool and HC representative of only the active pdloé reality of insitu recalcitrance is a
continuum where a portion of the HC pool is part of the passive C pool through physical

protection, and a portion of the NHC pool is susceptible to biodegradatlbfollows that the
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fraction of SOC as NHC, thought to be reflective@¥Sjuality, is not an accurate indicator for
gauging the influence of management on soil health.

Last, evaluation of a soil health index which utiliaes-dayCmin, WEOC, and WEON
revealed sensitivity of this index to both climate and management. However, inherent
variability of the measurement made detecting significant differences in index values
associated with tillage and cropping intensity difficult, irdileg the evaluation of soil health
using the index may benefit from increased field replication/samples. Values for the index for
soils in the inland PNW range from 3.6 to 8.8, whereas 0 to 50 is the reported range of potential
values; a range of-04, rowever is more realistic for soils within the inland PN&aluation of
soil health using POXC amde-day Cmin provides important information about SOM
stabilization and nutrient cycling capacity, while the soil health index evaluated provides
information on building the more active fraction of SOM atidough consideration of an
important soilC/N ratio, offers insight on nutrient cycling capacitipepending on management
goals, either method of gauging soil health, POXC coupled wittdap€&min or Ryex appears

to have applicability within inland PNW cropping systems.
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CHAPTER

CUMATE MANAGEMENT, SOIARBONANDNITROGERROPERTIES, AND THEIR
RELATIONSHIP WITH IMPORTANT SOIL PROCESSES: A SOIL HEALTH PERSPECTIVE

ABSTRACT

Certain soil biogeochemical processes are critical to soil productivity and

environmentally significantherefore, they arean important component of a soil health

assessmentWithin the inland Pacific Northwest,enselected four dryland sites and one

irrigated site toassess the relationship of soil C and N properties, mean annual temperature

(MAT)and precipitation (MAP), andillage and cropping intensity with pential nitrogen

mineralization (PNM)asal (BDR) and potential denitrification (PDR), and plant available

nutrients NOs, NH", P, S Ca, Mg, K, Mn, Fe, Zn, B, @simeasured from PR&probes

(Western Ag Innovations, Saskatoon, CanadH)lage practices included in the study ranged

from tillage with a moldboard plow to ntill (NT) and cropping intensification systems ranged

from winter wheat (WW)/fallow to perennial cropping system®AP across the study sites

ranged from 20@o0 663mm and MAT ranged from 8@ to 10.8C.

Multiple soil C and N properties displayed a significant positive correlation withy PNM

however, soil organic carbon (SOCX(059) and total N (= 067) displayed the highest

correlation. PNM was significantly correlated with-2éur PR8"'—probe NQ (r = 0.45) but

not with 28 day PRY- probe NQ'. An increase iMATwasassociatedvith a decrease in PNM

(r =-0.73) while an increase iMAPwasassociatedwith an increase in PNkt = 0.60)

Management factors also significantly influenced PNM; R\ negatively correlated with an
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increase initlageintensity (r =0.32)and positivelycorrelated with cropping intensityr =
0.40)

PDR was mitively correlated with several soil C and N propertiesiuding SOC (r =
0.70), total N (r = 0.57andPNM (r = 0.69)while BDR was only significantly correlated with
initial soilinorganic Nr = 0.3L). Across the four dryland sites, M&@&s negatively correlated
with PDRr =-0.66)and to a lesser extent BOOR=-0.34) whileMAPwas only correlated with
PDRr = 0.59. Tillage intensity was correlated with both BDR (r = 0.32) and PDR (r;= 0.32)
however PDR and BDR were not influethbg cropping intensityThis relationship, however,
varied by site according to soil C and N properties and crop rotations with legumes comprising
half or more of the rotations exhil®etlincreased PDRAdditionally, he one irrigated site
experienced BDBRnd PDR up to an order of magnitude greater than the dryland sitasly
attributed to sandier soils and more accessible substr&tkant available nutrients displayed
varying correlations with soil C and N propertigs management and climate factars

A multivariate regression analysis showed that multiple indices could be combined to
improve prediction of PNM (total n, water extractable carbon, MAE; 0.81), 28 day PRS-
probe total N (24hour PR8"total N, total inorganic N, tillage, cropgjrintensity; f = 0.62),
and PDR (total N, permanganate oxidizable carbon, C mineralized at 24 hours? MAEB4),
but combining these indicedid not improve prediction of BDR. THhisdingreveals that within
the inland PNW, combining indices of ra@asily measured properties can improve the

prediction of these more difficuto-measure soil processasimportant to soil health.
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INTRODUCTION

An important objective of assessing soil health is assuringtkemg soil productivity
while minimizing or eliminating environmental deterioration (Doran & Parkin, 1994).
Underlying these objectives are soil biogeochemical processes that are critszal to
productivity andare environmentally significant. Soil organic matter (SOM) is often associated
with soil health as it is critical to many important soil properties and processes. SOM is
associated with building soil aggedg structure, reducing esion,enhancing water infiltration
and retention, providing a source of energy and nutrients to soil organisms, and through
mineralization providing an important source of plant nutrients (Haynes, 2005). SOM is
comprised of an assortment of constituentswever soil organic carbon (SOC) is a dominant
component of SOM (Weil et al., 2008hile total N is variabléBrady and Weil, 2010) but an
important nutrient from a soil health perspective duelioth its role in soil productivity andts
potential tobe an environmental pollutant. As such, SOC and total N are often targeted when
evaluating SOM, and understanding the relationship between these soil health properties and
important soil processes can make an assessment of soil health more impactful.

It is also critical to understand the influence of management options on soil health as
they can undermine, stabilize, or enhance soil processes (Franzluebbers, 2002). Tillage and
cropping intensification are important management choices as they can@@€r and total N
dynamics. Cultivation increases soil disturbance and is associated with reduced soil aggregation
and increased oxidatioof SOM (Six et al., 2002}onversely, increasing primary production
through reducing fallow represents a potentrakechanism to increasOM (West and Post,

2002) and maintain or enhance soil processes. Consequently, many have cited ingmibved
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health associated witho-till (NT)management and cropping intensification (Schombemg
Jones, 1999; Deen and KatkdQ3; Liebig et al., 2004). HoweVBIThas also been associated
by some researchers with initially increasing bulk density, which has negative consequences for
crop production and SOC inputs to the swlwell agor soil water nutrient dynamics and wate
runoff (Franzluebbers et al., 2007). The choice is further complicated by economic
considerations, as adoption dfT can require a significant ufpont investment in equipment.
Potential nitrogen mineralizatio(PNM)is often associated with soil health as it is
driven by the microbial population and is an integrator of biotic and abiotic factors, including
climate, management, and substrate availability and quality. This mineralization process not
only represents th ability of the microbial population to decompose plant residue and SOM,
but it also providesan important source of plarévailable nutrients, two functions which are an
important component of soil health (Dorin & Parkin, 1994).
Research is inconclwe regarding the correlation between plaN uptake and®NM,
some demonstrating a strong correlation (Keeney & Bremner, 1966), and others mixed results
(Thicke et al., 1993). Additionally, this correlation has been found to be dependent by some on
the method of determiningPNM Specifically, atudy by Curtin and McCallum (2004) found
that N uptake by glasshouggown oats derived from mineralization was strongly correlated
with aerobic N determined at 28 days € 0.79, while anaerobic N measured atidys
displayed a poor correlation with plant N uptake under the same conditidrs@.32.
Nonetheless, for noheguminous crops, inorganic N availability represents a potential-yield
limiting factor and as suglthe N mineralized from SOM by the mibral population represents

a potentially significant pool of N for crop growth (Cabrera et al., 13®f)sideration of this
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source of N represents an opportunity for maximizingse efficiency and minimizing
environmental loss (Schomberg et al., 200Blrthermore,management optionsuch as

cropping intensity and tillage practicedong with climate potentially alter the nature 8OM

and soil microbial biomasthis alteration of SONh turn will likely influence thePNM

associated with a given sofranzluebbers et al., 1994), making it important to understand how
management practices and soil C and N properties &

While PNMis a component of thé&l cycle that represents an important source of N,
denitrification is a component of thM cyclethat represents not only a loss bffrom the soil N
pool, but also a source of nitrous oxide;( in the atmosphere, a major greenhouse gas with
global warming potential 298 times that of @@®ittelkow, 2013). Agriculteris considered the
largest souce of anthropogenic O, responsible for 70% of atmospherigdmissions from
this subgroup, the major sourcesimg agricultural soils (KroezZE999). In particular, soil
denitrification is responsible for 5% of the overall anthropogenic greenhouse effect (IPCC,
2007). While a certain amount of denitrification from agricultural soils is inevitable, a better
understanding of the influence of magament as well as soil C and N properties on
denitrification represents an opportunity for mitigation of this anthropogenic source.
Furthermore, as twaenetsof soil health are promotion of plant available nutrients and
minimization of environmental impat, both of which are endangered by denitrification,
improved understanding of denitrification represents an opportunity for improving soil health.

In addition toPNMand denitrification, plant macrcand micronutrient availability is an

important soil fictor that influences productivity and subsequently soil health. Plant nutrient
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availability is dependent on a number of factors, including SOM, textategn exchange
capacity CEQ andmanagemenfactors such as tillage (Havlin et al., 1999).

lon exchange resins have a long history in agricultural research (Schlenker, 1942) and
are intended to measure plaravailable nutrients antheir release ratgQian and Schoenau,
2001). In assessing the relationship between conventional soil tests invohangjcal
extraction andhose involvingexchange resins, Pampolino and Hatano (2000) found that
similar dynamics governing the flow of phosphorus and potassium to plant roots also governed
the rate at which these ions were adsorbed to resins in a laboyatetting,therefore
concludngthat exchange resins accurately represent plamailable nutrients. Qian and
Schoenau (1995) found N uptake by canola in aweek period was more closely
approximated by exchange resins than that measured by incubatdrextraction with Cagl
and cited others who have documented a cumulative inhibitory mineralization effect associated
with traditional incubation/extraction methodsThey observed that>@hange resins are not
subject to this phenomenosincethey act asan ion sink and are influenced by the kinetics of
nutrient release and transport that more traditional soil tests do not capture (Qian and
Schoenau, 2005).

Similar to their 1995 study, Qian and Schoenau (2005) found that N adsorbed to the
exchange memiame of plant root simulators (PR% probes (Western Ag Innovations,
Saskatoon, Canada) used in-&@ek aerobic incubation closely correlated to plant N uptake
across a range of soil types and management histories. Furthermore, Walley et al. (2002) found
NO; N adsorbed to PRSprobes after a tweweek incubation was significantly correlated with

both wheat yield and plant N accumulation.
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In consideration of these important soil processeBNM, denitrification, and plant
maao- and micronutrient supply- and their importance to soil health, the objectivestbis
studywereto 1) identify the relationship of measured soil C and N properties with PNM,
denitrification, and nutrient supply, 2) explore the influence of mean annual temperature
(MAT) and mea@annual precipitation (MAP) within the inland Pacific Northwest (PNW) on
PNM, denitrification, and nutrient supply, and lasti@gntify how tillage and cropping
intensification influence PNM, denitrification, and nutrient supply.
METHODS AND MATERIALS
Site Descriptions

Research plots located in five lotgrm agricultural research centers within the dryland
and irrigated cropping regions of the inland PNW comprise the basis of this study. These
research plots are located at the following research cent&ambitsch Farm near Genesee, ID
operated by the University of IdahBalouse Conservatidfield Station near Pullman, WA
Pendleton Research Station near Pendleton, OR and Sherman Research Station near Moro, OR
both associated with the Columbia Basin Agricultural Research Center near Pendleton, OR; and
Irrigated Agricultural Research Center near Prosser, W#ese five sites were selected based
on the cropping systems present as well as the range of climamsttitons collectively
represented by the sites. Together, the five sites span four agroecological classes (AECs), or
land use classifications that represent unique biophysical and socioeconomic conditions that
result in distinct cropping systems (Huggisl., 2011). The five sites comprising this study
span all four AECs of the inland PNW as defined by Huggins et al. (2a1)): annu al Croprg

(l'imited annual fallow)ifr &arsirmatoatailercg owi3t h f &
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thirygd,; yeajalgroaay n( ewhgelat2ow r ot at i anFplipwingisd ( 4)
description of these sites. For the purposes of this study, unless otherwise noted, the winter

wheat portion of rotations represents the crop present during sangpli

Kambitsch Farm, University of IdahpGenesee, ID (AEC 1)

The Kambitsch experimental plots selected for this research originated in 2000 to study
the effects oftillage on soil properties and crop growtfihe experimental design is a spghitot
randomized complete block desigmd subplots are 6.1 m by 80.%; however, as winter
wheat was the only crop sampled, in the context of this stullg experimental design
simplifies to randomized complete block design. Prior to 2000, the site was masiaigtst
with conventional tillage. The predominant soil type Badouse silt loanfife-silty, mixed,
superactive, mesic Pachic Ultic Haploxerdlhe crop rotation present since 2010 includes
winter wheat (WW) Triticum aestivumjspring cereal (S@arley- Hordeum vulgar@r spring
wheat)- spring legume (SL) (garbanz@icer arietinunor spring pea Pisum sativumwith
tillage as the management variable (TaBl&). Prior to 2010, crop sequences were not
randomized and additional management details can be fourbhmsoAMaynard et al. (2007).

In 2010, whole plots were subdivided into three equal subplots with the present crop rotation
randomized across these subtdo The whole plot tillage treatments that were present prior to
2010 remained the same after subdividing to allow for crop randomization within a given tillage
treatment. CT plots are tilled a few days prior to planting for both fall and spring plaortgus

using a Glenco Soil Saver followed by a-Ridh 2500 field cultivator. NT and CT plots are

planted with a FexiCoil NaTill drill at 25.4cm row spacing.
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Palouse Conservation Field StatigriPullman, WA (AEC 1)

Soils at this site awsist predminately of Palouséine-silty, mixed, superactive, mesic
Pachic Ultic Haploxerodnd Thatunaf{ne-silty, mixed, superactive, mesic Oxyaquic Argixerolls
silt loam. Plots range in size from a minimum ofd Wide to accommodatéeld-scale
equipmentup to 30m in width and from 100to 350-m in length as needed to capture
significant portions of soil and landscape variability. The plots selected for study include five
cropping systems established in 2001 and arranged in a randomized complete block design with
three replications. The five@pping systems include two perennial systems, twggear
annual cropping systems that are continudiiSplanted and one organic system that is a
combination of perennial and annual crops (TahB. The perennial systems include a native
prairie systemand a perennial tall wheatgrass system. The native perennial system was
established in accordance with Conservation Reserve Program (CRP) guidelines and planted
with ldaho FescueHestuca idahoengisind Bluebunch Wheatgras&gropyron spicatum The
perennial wheatgrass plots were planted with a tall wheatgrass, developed from a hybrid of
annual wheat and hinopyrum a coolseason perennial grass known to produce large quantities
of aboveground biomass. The annudil,cropping systems include two roiahs: WWSBSW
and WWSLSW. These plots are seeded with a Cross Slot® invEr@eéner netill drill at
25.4cm row spacing. The organic cropping system is a reduced tillage aifalfiIcgo sativi
cerealSL rotation managed according to organic agtice protocols. The organic system was
planted to a spring pea green manure crop during collection of the soil samples analyzed for

this study.
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Pendleton Station, Columbia Agriculture Research Cegnteendleton, OR (AEC 2)

The management variablesudied at this site are tillage and cropping intensity. Three
different rotations were selected for study and consist of ViWfallow rotation undeNT
initiated in 1982, a WWallow rotation withCTinitiated in 1997, and a WWiinter pea (WP)
(Pisum savum)rotation underNTinitiated in 1997 (WP was inserted in the rotation in 2012;
prior to 2012 the rotation was WWMT fallow). Prior to 1997, these latter two rotations were
under CTthat useda mob-board plow. Soils in these plots are predominatelywWallaWalla silt
loam (coarsesilty, mixed, superactive, mesic Typic HaploxerolRotsare 2.0 m by 33.5 and
the experimental design is a factorial desiggingtillage and fertilizer rate (0 and 120 kg/ha
banded) as the treatments with four repsrfeach factorial combination Only fertilized plots in
WW were selected for this stugdgnd the plots were subsequently modeled as randomized
complete block design (Takkl). For all plots, WW is planted in mttober and harvested in
mid to late Juf. A moldboard plow is used @ plotdor primary tillagein spring of the fallow
year. These plots are also redeeded as necessary through the summer fallow season until fall
planting of WW. All plots are seeded with a Noble Nlbmodfied deep furow drill at 25.4cm

row spacing.

Sherman Station, Columbia Agriculture Research Cegteloro, OR (AEC 3)

Experimental plots located in Moro, Oregavere initiated in 2003 to compare NT and
CT for annual cropping, as well as twad threeyear rotations with and without a fallow
period. The predominate solil type at the sitaigValla Walla silt loam (coarsdty, mixed,
superactive, mesi¢ypic Haploxeroll). The following four rotation and tillage treatments were

selected for his study: WWfallow underCT, and WWWP, WWfallow, WWSBfallow all
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under NT management (Tal®2el). Plots are 15n by 105m, and the experimental design is a
randomized complete block design with three blocks. CT plots are tilled in the springusing
chisel plow and rod weeded as necessary from May to August. Winter wheat is seeded in
September or early October at 46m row spaing. NTplots are direct seeded using a Fabro

drill at 30cm row spacing.

Prosser Irrigated Agricultural Research StatiqiProsser, WAAEC 4)

This experiment was established in the fall of 2011 to study winter cover cropland
management effects on crop productivity, water use efficiency, and N and C cycling. Due to the
short history of this site, only plots not undemanter cover crop were selected for the
purposes of this study and tillageasselected ashe management variableThe predominate
soil type is a Warden silt loaradqarsesilty, mixed, superactive, mesic Xeric Haplocambitdibe
crop rotation is WWSweet Corn Zea mayspotato (Solanum tuberosuinall crops are irrigated
throughout the growing season as neededAll plots, NT and CT, are disced prior to potato
planting and after harvest of potatoes prior to planting WW. Otherwi§Epots receive
minimum disturbance. WW is pleed using a Fabro drill at 16&n row spacing. Plots are 4.9

m by 14.6m and the experimental design is randomized complete block design (Z.ahle

Tillageand Cropping Intensity

These five study sitagpresent a range of tilge and cropping intensitiesTheNatural
Resource Conservation Service (NRCS) has developed a system of quantifying soil disturbing
activities known as the soil tillage intensity rating (STIR) (\NIR&S2006). The STIR was

developed by the NRCS for use in calculating potential soil erosion utilizing the revised universal
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soil loss equation (RUSLE2ZEDANRCS2006). The rating captures the range and severity of
operations for an entire rotation, from spraying herbicide towing, planting and harvesting.

The final STIR value is annualized based on the set of operations required for the entire rotation
(Table2.1). More on this rating and how it was derived for each site can be fouAgpendix

A

The NRCS establisheSEIR of 30 as the maximum value for NT operations (\W\&O8,
2011). In the previous site descriptions and in subsequent tables, all treatments with a STIR
exceeding 30 are referred to as CT, while those under 30 are referred to as NT. The primary
tillage implement for CT plots are listed in Table 2.1. Prosser is the deviation from this
dichotomy, as plots managed primarily under NT are subject to greater disturbance due to the
presence of potatoes in rotation, and consequently plots at Prosser manadéd have a STIR
greater than 30 (Table 2.1).

Cropping intensity was captured by assigning a value to each crop in a rotation based on
the duration of growing plant cover (months) in ad@nth period. The following values were
used for this stug: perennial crops 0.83 (10 months divided by 12 months), fall planted crops
—0.75 (9 months divided by 12 months), spring planted crePs83 (4 months divided by 12
months). The intensity rating for a rotation was derived by summing this valueébr@&op in
the rotation and averaging across the length of the rotation (T2klg More details on

calculating cropping intensity values for each cropping system are availalpendixA.
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Table 2.1Five sudy locations with management arsite information.

Experimental
Cropping Year STIR
Location Design Soil Type MAP (mm) MAT (°C) Crop Rotatioh Intensity | Established Tillage Rating | Equipment
. Rondomized . No Till 14.4 | Double Opene|
Kambitsch Farm - Genesee,
N 4658 W 116.95 Complete Block Pat’;’;:q Silt 663 8.6 WW - SC - SL 0.47 2000
( e ’ Design - (4 reps) Conventional 88.3 Chisel Plow
Native (CRP) Grasses 0.83 NIA 015 N/A
. 0.83 N/A 0.45
Palouse Conservation Field Randomized balouse/Thatun Perennial Tall Wheat Grasis Swes SoTd
Station - Pullman, WA Complete Block . 533 8.4 .y 0.49 2001 No Till 22.8 P >Ing
. Silt Loam Alfalfa - cereals - SL (orgarjic) Opener
(N 46.78,W 117.18) Design (3 reps)
0.47 6.3
WW - SB - SW No Till Single Opene!
WW- SL - SW 0.47 5.2
: . . ) WW - Fallow 0.38 1982 ) 129 Modified Deep|
Columbia Basin Agriculture Randomized Walla Walla Sil No Till Furrow
Reseach Center - Pendleton,|  Complete Block | ' 2 all_oa?na : 417 10.3 W - WP 0.75 1997 252
(N 45.44 , W 118.3%) Design (4 reps)
. i 2 Mold-|
WW - Fallow 0.38 1997 Conventional 88 old-board
WW - chem fallow 0.38 74
Columbia Basin Agriculture Randomized . 0.75 No Till 14.4 | Double Opene
Agriculture Reseach Center|  Complete Block Walla Walla Si 288 9.4 WW - WP 2003
) Loam 0.36 9.7
Moro, OR (N 45.48W 120.68)| Design (3 reps) WW - SB - Fallow . .
WW - Fallow 0.38 Conventional 70.9 Chisel Plow
WSU Irrigated Agricultural Rondomized Warden Silt WS c o No Til 68.6 Double‘ Oépener
Research Center - Prosser, |  Complete Block oo 200 10.9 - SweetCom - Polald 554 2011 Dis
(N 46.29, W 119.78) Design (4 reps) WW - Sweet Com - Potatd Conventional 78.1 Ripped/Disc

T MAP = mean annual precipitation; MAT = mean annual temperaCiiméte data from NOAAF 1955 to 2012 AppendixB).

t WW = winter wheat; SC = spring cereal; SL = spring legume; SB = spring barley; SW = spring wheat; WP = winter pea
1 STIR = Soil Tillage Intensity Rating (Appefdix
8 Notill disced during potato sequence.



Soil Sampling

Each site was sampled in June and dtiB013 prior to harvesfto a depth of 16cm,
collecting 50 to 60 samples across each plot using a-baedated il probe (2.0cm inside
diameter). Four bulk density cores (Xfh inside diameter) were also collected from each
subject plot using a hahoperated soil probe; these samples were also used to determine field
water content. All samples were immediately placed on ice in the field and transferred to cold
storage at 4C until further processing.
Laboratory Analysis
Physical Characterizatioand Soil

Bulk density and water content represent the physical indicators comprising this study.
Gravimetric soil water content was determined from the bulk density cores after drying at
104°C for 24 lours. Bulk density was determined from tleen-dried weight of samples and
the volume of the core sampler following the method of Veihmeyer and Hendrickson (1/848).
addition to these physical properties, soil pH was also measured using a whtmilmixture

(Eckert, 1991).

Soil Carbon Fraatnation

Total soil C (SOC) and N were determined by dry combustion u€H§lautoanalyzer
(LECO CHIDOO, Leco Corp., St Joseph, MI, USabatabai and Bremner, 197Mcid
hydrolysis was performed with a modified version of the method described blye®al.
(2997). In shortysing a roller grinder 1.9 of airdry soilwasground to a fine powdeand
refluxed at 118C for 16 hoursvith 6.0-M HCI. This suspension was then washed with
deionized water through a gladiber filter and the recovered saple dried at 40C for 72
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hours. Samples were then analyzed for t@@and N as mentioned previously and the
hydrolyzability of samples calculated based on SOC and total N before and after acid hydrolysis.

Microbial biomass C and N (MBC/MBN) wasqrened on 10g ovendry weight soil
using the chloroform fumigatioextraction method as outlined by Voroney et al. (2008). Soils
were brought to field capacitestimated at25% water content for Kambitsch, PCFS,
Pendleton, and Moro and 20% for Prossa)l incubated at 28C for 48 hours prior to
fumigation with ethanoffree chloroform. Instead of a 04 K;SQ extraction, fumigated and
non-fumigated soils were extracted using 3 of DI water, shaken for 30 minutes using an
oscillating kaker thenfiltered through 0.2um nylon filter after centrifuging for 5 minutes at
3200 rpm (1500g). The filtrate was frozen until analyfand@® and N on a higlemperature
comhustion Shimadzu TOC analyzer.

Water extractable C and N (WEOC, WEON) analyses wéoenped according to
established laboratory protocol at the USDA/ARS Soil Biogeochemistry lab at Washington State
University. Soils were dried at 4Dfor 24 hoursand sieved to 2 mm prior to adding 12.6
of 18MQ w gpurdfied to remove Cio 5.0-g ovendry weight equivalent soil. This soiater
mixture was shaken for orainute on an oscillating shaker, centrifuged for five minutes at
5000rpm, then filtered through 0.2um nylon filter paper. The collected filtrate was frozen
until analyzing foC and N on a higtemperature combustion Shimadzu TOC machine.
Samples were also analyzed for inorganic N and WEON determined from subtracting out this
inorganic fraction. Carbonates were assessed using the saméemgierature combustion
Shimadzu TO@achine with a 1.0 HCI solutionhowever no carbonatewere detected and

all Cvalues presented can be considered representative of organic
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Permanganat@xidizablecarbon (POXC) was performed according to the method of
Welil et al. (2003) in which 02-M KMnQ is used.This methodology was developed by Weil et
al. (2003) as a sensitive analysis to capture a representative portion of active soil carbon that is
most influenced by management, as opposed to the method developed by Blair et al. (1995)
that attempts to capture and define the entire active carbon pool using a more concentrated
permanganate solution. Additionaly, the method developed by Weil et al., (2003) is available in
a field kit version, making this a levost and highly accessible guibperty to meaasureThis
procedure wagerformed in triplicate on 2./ ovenrdry weight equivalent sbthat was air
dried for 24 hours and sieved to 20m. Absorbance was measured on a Spectra Max M2

single cuvetteeader set at 55@im asrecommended by Weil et al. (2003).

Potential Carbon Mineralization

Measurement ottarbon mineralizationGmir) from re-wetted soils was performed on
laboratoryincubated soil in triplicate as a measure of active caraod soil microbial activity.
Soilswere oven dried at 4{C for 24 hourgthen sieved to 2.0nm (Haney et al., 2008).
Processed soils were then packed to a dry bulk density of 1.0°gnca®-ml glass vials with
rubber top septa through which gas samples were collected using a syringesadtt at the
designated times. Prior to bringing samples to field capacity, they were covered with a
breathable film which allows oxygen exchange while preventing moisture lossened
incubated at 20C for 24 hours. After this incubation time, wateasvadded to bring samples
to field capacitystimated at25% water content for Kambitsch, PCFS, Pendletot Moro
and 20% for Prossemyhichwas designated as time zer&as samples were collected at 24

hours, and 3, 7, 10, 17, and 24 days. At tressapling times, vials with soils at field capacity

100



were flushed with a breathingir mixture containing approximately 268pm CQ, and gas
samples collected immediately after flushiog every tenth sampland two hours after
flushingfrom every sample The CQ@evolution rate was calculated as the differermetween
average time zero G@nd C@measured at two hour@McLauchlan and Hobbie, 2004).
Samples were run on a Shimadzu gas chromatogegpipped with an automated valve
system for routing gas sartes to the electron capture (ECD) and famnization (FID)

detectors.

Potential Nitrogen Mineralization
Anaerobc nitrogen mineralization at 28ays was determined at the five sites in this
study (Table2.1) according to the methods outlined by CurtindaCampbell (2008), with a
slight deviation in soil preparation and medure. Soils were sieved to 2rin rather than 40
mm, and rather than using field moist soils, soils were dried &C4@r 24 hours. Additionally,
samples were incubated for 28 days with 12.5 mil@bnized watelat a constant temperature
of 40 C. Time zero samples reemmediately extracted with-M KCI and inorganic N
determined on d_achat (Hach, Co; Loveland, G&ll)samples, including time zero and
incubated samples, were performed in triplicate and net N mineralization was measured as the
average difference between time zero Nidnd 28day NH*. Herein, 2&ay PNM will be

referred to as PNM.

Basaland Potential Denitrification
Basal Denitrification (BDR) and potential denitrification (PDR) were performed in a

manner similar to Drury et al. (2008a) with slight deviatiolmspreparation for this analysis
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field-moist soil which had been stored at@for lesshian 1 month was sieved tomm.

Samples aasisting of 20.@ ovendry equivalentsoil werethen weighed into halpint wide-

mouth canning jars, in triplicateFor both BDR and PDR, samples were incubated fbo@vs

at room temperature (28C) to allowtime for samples to equilibrate. Following this incubation
period, BDR samples were brought to field capa¢#stimated at25% water content for
Kambitsch, PCFS, Pendleton, and Moro and 20% for Progsteg addition of the appropriate
amount ofdeionzedwater while a 25.0nl solution containing 300 ug glucegeg' soil and 50

ug NQ-N g* was added to PDR samples. An anaerobic environment was created by flushing
with N, gas through the rubber septa for 60 seconds. Immediately following flushing, a
headspace volume equivalent to 10% of the total headspace volume was removed and an
equivalent amount of acetylene was iojed through the rubber septaGas samples (Qml)

were collected for both BDR and PDR samplésaiandfour hours and injectednito 5.9-ml
exetainers that had previously been flushed with N'he MO concentration of samples was
measured on a gas chromatograph equipped with an automated valve system for routing gas
samples to the electron capture (ECD) and flame ionization (EtB3tdrs. BDR and PDR rates

are the slope of the regression line when plotted versus time.

PRSM- Probe Incubations

PR&-probe incubations were performed in triplicate on 2§®fovendry equivalent
soil. Prior to incubation, field moist $gamples were air dried for 48&urs to achieve uniform
water content. Aidried soils were then brought to field capacfgstimated at25% water
content for Kambitsch, PCFS, Pendleton, and Moro and 20% for Brassdgracked into 335

cm® plastic vessis to a uniform ovendry density of 1.0 g cth Immediately after adding water
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and packing to the desired densityne anion andone cation PRY' probewere inserted into

each vessel (time zero), the total weight noted, and incubated at room tempera2af€).

Probes were pulled at 24olrs, and new probes reinserted into the same sloteated by th

initial probes. These probes were then pulled at 14 days (total burial length of 13 days) and
new probes reinserted and incubated until day 28 (total burial length of 14 days). Water was
periodically added to keep incubationsstairting water content At the end of edt period,
probes were washed witHeionizedwater and stored at ZC until shipping to Western Ag
Innovations for elution and determination of adsorbed N®IH,", Ca, Mg, P, K, S, Mn, Fe, Zn,
and B PR8'probes have an exchange resin surface area afif) and results were reported

in pg 10 cnf per burial time. Due to the nonlinear relationship of ion adsorption, results
cannot be divided by burial time; however values from each burial can be summed to provide a
cumulative value for each nutrient agsthe duration of the incubation, as wa®ne to

determine cumulative 28lay PRS"-probe values in this study.

Statistical Analysis

Treatment effects on soil propertiesane analyzed using General Linear Model in SAS
System for Windows Version 9.3 (SAStni t ut e, 2012) and means wer e
protected Least Significant Difference (LSD) test apthd.10 level. Within a site, sources of
variation in the statistical model were field
mean separation procedure was used to identify significant differences when the gladstl F
was nonsignificant p > 0.10). Unless specifically stated otherwise, all statistical differences
representp < 0.10. In performing multivariate analygisodel entry was also set at< 0.10. A

less rigorous alpha was selected for this study due to both the short managementdsstor
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associated with some of the sites (Table 2ddlthe inherent spatial variability of many of the
soil C and N properties measured. In consideration of these two factors, an alpha of 0.10 was
considered a judicious step towards minimizing type Il mr(tailing to reject a false null

hypothesis).

RESULTS AND DISCUSSION
Potential N Mineralization and Soil Properties

A range of correlationwere foundbetween PNM and soil C and N properties (Table
2.2). Within soilCproperties, correlationgr) ranged from 0.4@or MBC to (69for SOC, and
within soil N propertiescorrelations(r) ranged from 0.Z for WEON to @7 for total Nand HN
(Table2.2). While PNM is microbially driven, MBC displayed one of the lowest corretaifon
soil C propeiies with PNM (r = 0.40) and MBN was not significantly correlated with PNM (Table
2.2). Bengtsson et al. (2003uggested microbial biomass measured by chloroform fumigation
is poorly related to PNM because it does not differentiate between growth ratdgfefent
microbial populations, but rather extracts the total microbial biomass; consequently, more
active microbes and their contribution to nitrogen turnowame obscured by less active
microbes. Due to the variation in composition of SOM, ranging fresh crop residues to
humic substances, Curtin and McCallum (2004) concluded SOC and total N often do not provide
a good indication of PNM.

Contrary to this notion, in a review of 100 published studies on N cycling across multiple
terrestrial ecosystms, Booth et al. (2005) founthat bulk soil C and N explained 42% of the
variation in gross mineralization, which was greater than either microbial biomass (27%) or

respiration (25%). Similar to results by Booth and coworkers (2005), in the presentS@Qay
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and total N, along with HN, displayed the strongest correlations of soil C and N properties with
PNM(Table 2.2). Soil pH also displayed a significant negative correlation with PNM(62),
reflective of increased biomass production resultingni fertilization and subsequently greater
soil C and N, but also resulting in increased soil acidity.

Bulk soil ONratio were all below 20, ranging froeh3at Prosser to 13.8 at PCEH&ble
2.3), indicating N was not a limiting factor to PNM, and subsequémlipulk soil €N ratio was
not significantly correlated with PNM (Table 2.4)ikewise, the water extractable € ratio and
hydrolyzableQ N ratio were not significantly correlated thniPNM, also reflective of the nen
limiting nature of lower (N ratios towards PNM.

In contrast, he GN ratios of theNHCNHN fraction often exceeded 20 (Table 2.3) and
were positively associated with PNM (Table 2.4). Thisr@tio of the norhydrolyzable
fraction reflects an older and more biochemically recalcitrant fraction of soil C and N, as
indicated by studies revealing it has a longer turnover time than the(B&det. al, 2009. It is,
however, not immune to microbial degradation, as has béemonstrated by studies showing
its susceptibility to loss under increased disturbafReirier et al., 2005; Paul et al.; 2006) and
to the priming effect through fresh additns of labile CThiessen et al2013) The positive
correlation between PNNnd this €N ratio maythereforereflect greater substrate availability,
as also indicated by the positive association between PNM and thényparolyzableractions
of C and N (Table 2.2). The microbidll €atios in the present study ranged from 15.23&.3
(Table 2.3). Considering thatismicroorganisms maintain d i€ ratio lessfian the
surrounding environment (Bengtsson et al., 2003), the greatBrr@tios of the microbial

biomass fraction in the present study are not reliable. Extraction effoees are typically
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applied to microbial biomass calculations, ranging from 0.25 to 0.45 for MBC and 0.18 to 0.54
for MBN (Varoney et al., 2008). These extraction efficiencies are, however, based on chemical
extractants or addition of labeled C substratéhereas in the present study deionized water
was used. The greater microbid@dNJratios in the present study are therefore likely the result
of a higher extraction efficiency associated with MBC compared to MBN. In the absence of
calibrated extractiorefficiencies for deionized water, the microbidNCratios in the present
study are not accurate; MBC and MBN considered individdallyever, can still be considered
areliablerepresentation of microbial biomass assessing treatment differences

The C and N demands of the microbial populatiofluencewhether netN
mineralization or immobilization occurs (Sylvia et al. 2005). Microorganisms typically have a
lower @N ratio than the soil they inhabit; assuming a microbid\ @atio of 10 a 50% miasbial
use efficiency indicates that at soiflNCratios above 20, microorganisms will immobilize
inorganic N from the soil, whereas atNCratios below 20they will be C limited and net N
mineralization will reult (Bengtsson et al., 2003\cross multiple ecosystenmBpoth et al.
(2005) found that both substratguantity and soil ON ratios influence N mineralization rates.
Conversely, Bengtsson et al. (2003) found that in forests soils, microbial biomass and activity as
measured by ATP ctent more so than soil &I ratios were significant in N transformations. In
a study analyzing the role of C quantity and quality on N transformations in cereal based
rotations,Herrmann and Witte(2008) found that consideration of the i€ ratio of the fee-
light fraction of SOM, representative of undecomposed organic matter, was an important
consideration in N immobilization. This variety of results in the literature regarding/8bil C

ratios and N transformations indicates that there are important coesations around the
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paradigm that soil AN ratios represent an important control on N transformations. Variations
in @N ratios of different pools of SOM, along with differences in assimilation efficiency of the
microbial biomass between different sitase important considerations and can confound the
relationship between soil /@l ratios and N transformations (Bengtsson et al., 2003).

In this study, amulativeCminat 10 days displayed the highest correlation with P{M
= 0.40) (Table 2.2). Considerthgt PNM is microbially driven and €€&volution a direct result
of this process, stronger correlations were anticipatdeo factors may have contributed to
theselow correlations 1) varying gross immobilization rates, a@fithe anaerobic nature of th
N mineralization incubation performed. As previously mentioned, net mineralization is partially
dictated by the ON ratio of the soil; however it is also the product of two opposing processes,
gross mineralization and gross immobilization (Luxhoi e2806). Soil overall 8 ratios
within this study where within range to promote net N mineralizatibawever material
undergoing decomposition represents an important consideration in N transformations.
Herrmann and Witter (2008) found that the conceation of SOM undergoing decomposition,
represented by the fredight fraction, exhibited a significant correlation with gross
immobilization (f = 0.90)and the €N ratio of this fraction played an important role in N
transformations and could obscure thelationship between Cmin and gross mineralization.
Luxhoi et al. (2006) found similar results when evaluating mineralization and immobilization in
relationship to €N ratios of plant materials. Their findings revealed a significant correlation
betweenCQ evolution rate and both gross immobilization and mineralization rates, but not
between CQ@evolution rate and net mineralization rateln the present studypeitherthe GN

ratio of plant material nor the fredight fraction was determined; the diversity of crops
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comprising the rotations, however, represent a range bf Gatios. For example,
representativewheat straw has a/@l ratio of 80, while legumes such as alfafatypically
lower at approximately 13Sylvia et al. 2005 This diversity of plant inputs, therefore,
potentially confounded the relationship between Cmin and PNM.

It is also important to consider the nature of both tR&Mand Gnin incubations.CQ s
the product of heterotrophic organisms using oxygen as a terminal electron acceptor.
Anaerobic respiration is carried out by anaerobic or facultative microbes and the terminal
electron acceptor is often nitrate, sulfate, or gQylvia et al., 2005While anaerobic
respiration produces CQthe Gnin analyses was performed under aerobic conditions, which is
energetically a more efficient process and a possible reason wiiyv@lues in this study do
not correlate well with anaerobieNM Franzluebberegt al.(1996)noted aerobic PNM at 21
days displayed a correlation coefficient)(of 0.85 with oneday Cmin across a range of silt and
clay loams from TexasLower correlations have been noted by others, however, such as Curtin
and McCallum (2004)vho found that Cmin displayed a correlation coefficierf) @f 0.36 with
aerobic PNM, and a slightly lower correlation of 0.25 with anaerobic PNM, and concluded that

Cmin was not a reliable surrogate for PNM.

Potential N Mineralization and N Supply

PNMwas significantly correlated with 2dour PR8*probe NQ (r = 0.45)but was not
correlated with 28day cumulative PR%probe NQ (Table 2.5). Multiple studies have found
that NQy adsorbed to PR¥ probes is related to plant N uptakas, for examplen Nyiraneza
et al. (2009)who reportedthat in-field NQ adsorbed to PR probes over the duration of

corn maturation in Quebec, Cangdeas significantly related to corn N uptake (r = 0.95) as well
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as corn yield (r = 0.91)Walley et al. 2002) repoted weaker, yet still significaptorrelations
between NQ adsorbed to PR probes during a laboratory incubation and spring wheat N
uptake (r = 0.32) and yield (r = 0.3 Nyiraneza an@oworkers (2009) also reported PNM from
a sevenday anaerobic ioubation was correlated witborn N uptake (r = 0.79) and yield (r =
0.85). In the present study, however, the fact that PNM from a longer incubation is not
correlated with N@ from an equally long PRSprobe incubationsuggests that PNM as

measured irthis study is a poorly related to plant N uptake.

Potential and Basal Denitrification and Soil Properties

PDR and BDR wesgnificantly correlatedr = 0.37)and despitehe added N@ and C
to the PDRncubation, PDR still exhibited a significant catiein with SOC (r = 0.7@ndtotal
N (r = 0.57) and the other soil C and N pools measured adoemBC(Table2.2). Others have
found similar correlations with soil C and N and PBRBI¢y etal; 199@' Haene etlt al
is also worth notinghat PDR was significantly and positively associated withdatyeCmin, but
negatively associated with the microbial metabolic quotient (ggCThiscorrelationindicates
that an increase in microbial activity and efficiency is associated with an indreB&and
infers that agdenitrification is amicrobiallymediated processmnore efficient use of energy
sources by denitrifiers would allow for an increased opportunity for denitrification.

BDR on the other handdid not display the significant cotiegions displayed by PCdvd
was correlated only with soil extractable inorganic N (r = 0.31) and soil pi9.@¢9 (Table 2.2).
This lack of correlation between BDR and other soil C and N pools may be partially explained by
the greatercoefficient of \ariations C\j for BDR compared to PDier BDR, CVs ranged from

20% to 128%while for PDR CVs ranged from 14% to 62%. A signioemelationbetween
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BDR andoil NQ and the lack of correlation with soil C properties is indicative thag N@y

have bea the limiting factor in BDRThis is consistent with the fact that many researchers
report a flux in imsitu denitrification following a fertilizer event containing inorganic N (Aulakh

& Rennie, 1986; Drury et al., 199Busenbury et al., ZIB). The negative correlation between

pH and BDR, as well as PDR (Table 2.2), is indicative of fertilization producing not only more
acidic conditions, but also resulting in greater soil C and N availability from increased biomass
production.

As with PNM QN ratios were poorly correlated with PDR and BDR (Table 2.4). Others
have noted it is the N ratios of fresh crop residues that critically influence denitrificatiéior
example Chen et al. (2013pund that in both field and laboratory studigsrop residues
generally enhanced J® emissions under aerobic conditions but that thH& Catio of the crop
residue was a significant factok C'N ratios less than 45, the effect was positiseQ N ratios
between 45 and 100 the effect was moderate, aidC/N ratios greater than 10@rop residues
hada negative effect on JO production. This relationship between crofNGatios and
denitrification has also been noted in native systems, sudh tiee observation by Tiemann
and Billings (2008yvho observed that a shift from C4 grasslands to C3 grasslands, fnehvieh
lower ' N ratios, was related to an increase igtNproduction. This relationship with i€ ratios
of crop residues indicates that as N limits microbial growth and is assimilatede¢bmicrobial

needs less N is available for mineralization and subsequdatlgenitrification.

Potential and Basal Denitrificatiorand N Supply
In this studyPDR was significantly correlated to both PNM (r = 0.69) arth9®P RS-

probe NQ (r =027) (Table 2.5). Similarklotaibi and Schoenau (20 und that a decrease
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in NbO emissionsvas associatedith a decrease in inorganic N adsorbed to PRfBobes

Tiemann and Billings (2008) reportegNemissions were highest when both moisture and
inorganicN availability were highest. These published results along with the significant
correlations in the present study between PDR and inorganic N supply are consistent with
inorganic N as a limiting fear in denitrification and also suggests that soils with a greater
capacity to mineralize N are associated with an increaseOremissions. Considering that soll

C is also critical to the turnover of N as a microbial energy source, results in thetsesin

are consistent with the notion that abundant soil C and inorganic N, along with the presence of
anerobiosisare the three most commonly cited abiotic and biotic edaphic properties that

influence NO emissionsHangs et al., 2013).

Nutrient Suppy and Soil Properties

Flow of ions to roots is driven either by diffusion (P, K, Zn, Fe) or mass flow (N, Ca, Mg, S,
Mn, B, Cu) (Havlin et al., 1999). The lack of a water potential gradient in laboratory incubations
results in the prevalence of diffusi@f nutrients, which is a slower process than mass flow and
reliant upon a concentration gradientThe prevalence of diffusian the present studys
supported by the fact that a majority of soil cations and anions measured exhibited significant
correlations (r) across incubation time periods (Table). Due to the prevalence of diffusion,
soil texture has the potential to influence nutrient diffusion through its impact on tortuosity
(Havlin et al., 1999). Courser soils have a lower tortuosity, aral doren diffusion gradient
and water content, courser soils will have greater diffusion rates. For this reBeugser was

excluded from crossite correlations involving PR&utrients as Prosser has sandier soils than
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the other sitesa situation whi confoundgesults from the other four sites of similar soil

texture.

PR3V Probe N, P, S and Séitoperties

Multiple s0il C and N poolexhibited a significant positive relationship wittoNat 24
hours while only initial extractable N exhibiteglsignificant relationship with 28lay NOs (r =
0.42) (Table 2.2)The significant relationship betweenitial soilextractable Nandadsorbed
NO;™ at 24hoursand 28 day¢Table 2.2)ndicatesinitial inorganic N in the soil at the beginning
of the incubation accounted for an important pool of the N adsorbed at 28 d&gsl CN ratios
and their role in total N at 2hours and 2&lays were examinedndwere not significan{Table
2.3). Thisoutcomeis likely the result of overall narrow R ratiosthat are subsequently not a
limiting factor in N turnove(Table2.4).

A hift in relationship between 24our and 28day PR%' values and soil C and N
propertiesare potentially insightful. The 2#our PR$" values capture isitu conditions at time
of sanple collection and are dependent on the cumulative effect of field conditions and
processes influencing nutrient availability prior to time of gdimg. The 28lay PRY'values
are more influenced by incubation conditions; optimal moisture and tempeeatonditions
along with mixing of the soil favor enhanced microbial activity and diffussompared to field
conditions. A significant positive relationship betwe@d-hour NQ  andPOX(r = 0.49), SOC (r
= 0.49), total N (r = 0.58nd WEONTr = 0.40js indicative of greater C and N substrate
availability resulting in greater isitu mineralization(Table 2.2) Thisfindingis alsosupported

by thesignificantrelationship between 2hour NO; and PNM (Tabl2.5). At 2&8lays these
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significantrelationships with soil C and N propertiés not exist, reflecting the shift in
conditions associated with incubation conditions.

When analyzed across éite sites, P and S availability at 28 days exhibited few
significant relationshipwith soil C ad N properties; with the removal of Prosser, however,
from the crosssite analysis, 28ay P is significantly correlated with POXC-(1.38), total N (r =
-0.26), and HN (r 6.27), as is 28 day S with POXC-(r.35), total N (r =0.37), and HN (r =
0.35)(Table 2.2) Thisnegative relationship betweesoil C and N propertieend P and
availabilityat 28 daysnay be indicative of greater rates of gross immobilization of P and S
occurring during incubation than4situ as a result of enhanced nadrial activity and @ and
dsS ratios.

Furthermore, these raktionships do not exist with 2dour P and S (data not shown).
Increased gross immobilization would result in less of a diffusion gradient and thereby result in
slower diffusion rates and lessimulative adsorbed P and S to the exchange reBims is also
supported by theabsenceof the negative correlation between P and S with thelusionof
Prosselin the analysigdata not shown)Prosser contains sandier soils and diffusion of P and S
through sandier soils would be less impacted by a small shift in concentration gradient of these
nutrients; this is the result of a decrease in tortuosity associated with cotes¢unred soils and
a resulting increase in the rate of diffusion for a givéfudion gradient (Havlin et al., 1999).

Tabatabai and Dick (1979) observed that P mineralization was significantly associated
with SOC (#0.90) and increased steadily with increasing SOC content at pH below 7.0.
However, Havlin et al. (1999) notesathJ P ratios greater than 300 and &ratios greater than

200 promote immobilization. This cannot be confirmed in this study as soil S and P were not
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measured. However, these results indicate that during periods in which microbial activity is
enhanced, such as following a rain event when C substrate is abundant and soil temperatures
are optimal, increased gross immobilization may occur if P and 8sar¢hlan optimal for

microbial needs. Cole et al. (1978) studied the dynami&tuinover in relation toCadditions
comparable to the C content of root exudates in@ay incubations. They found that increased
C levels resulted in a concomitant incsean both microbial activity andimmobilization, and

that much of the immobilize®was recovered through chloroform fumigation. Similarly, in
investigatingSmineralization/immobilization, Niknaha@harmakher et al. (2012) found that
shortterm dynamc S availability asclosely tied with the (S ratio of plant material, and that S
availability could be predicted by £ratios of plant materials.

Soil pH was significantly correlated with both2dur NQ' (r =-0.60) and 2&lay NQ (r
=-0.23), as wll as with P (r =0.42) and S (r = 0.32). As with PNM, the negative relationship
between soil pH and NQeflects increased biomass production resulting from fertilizatmn
match greater crop demand and also resulting toaesponding increase in sacidity. The
positivecorrelation between P and soil pH can be explained by P adsorption to Fe/Al oxides, as
this is promoted under more acidic conditions (Havlin et al., 1999); in the present, stitsy
were acidic and pH ranged from 4.69 to 5.93e influence of soil pH on S availability is less
clear, however, neutral pH encourages microbial activity and S mineralization (Havlin et al.,
1999), and thisheoryis supported in the present study by the positive correlation between S

availability at28 days and soil pH (Table 2.2).
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PRS- Probe K, Ca, Mg and Séitoperties

Multiple soil C and N properties exhibited a negative relationship with K, incl&x@¢C
(r =-0.43), SOC (r-8.30), and total N (r #.36), while Ca was positivelyroelated with POXC
(r = 0.32).Mg was also negatively correlated with multiple soil C and N properties, including
SOC (r =0.42) and total N (r =0.40). Sources of plant available Ca and Mg in soils include
mineral dissolution and CEC as well as S@Mnt available K sources are simitaswever,
mineral weathering and release of K occurs at a much slower rate than for Ca and Mg (Havlin et
al., 1999). SOM influences the plant available amount of these nutrients in soil both as a direct
sourceandasa source of CECThis relationshifpetween POXC arfda may be reflective of
greater SOMderived Ca as well as greater CEC and subsequently greater Ca supply associated
with an increase in SOM.

The ratio of Ca in solution to other cations is also anartgnt consideratiorthat may
explain the negative relationship of soil C and N properties with K and Mg; high Ca/Mg ratios
can inhibit Mg, and the activity of K is also inversely proportional to Ca activity (Havlin et al.,
1999). This influence of Ca dfis reflected in the significant negative correlation between
these two nutrientqr =-0.37). In a study involving exchange preferences of SOM, Cofie and
Pleysier (2004) demonstrated a Ca preference over K of the exchange sites associated with
SOM, indtating a direct relationship between exchangeable Ca associated with SOM, and
consequently a negative relationship associated with K.

The negative relationship between Ca and Mg and the water extractable portion of C
and N(Table 2.2)nay be explained byolyvalent cation bridging, a mechanism which results in

stabilization of dissolved organic matfevhereby polyvalent cations act as a bridge between
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negatively charged organic matter and clay particles (Whittinghill and Hobbie, 2012). Roychand
and Marghner (2014) demonstrated the ability of Ca to bind WEOC in soils by incrementally
increasing both clay and Ca in a sandy soil and found a negative correlation with respiration and
Ca additions resulting from stabilization of WEOC. This relationshipovdgtected in the 24
hour results(data not shownpascation bridgings active in field conditions as well and would
have required desorption of already stabilized WEOC, followed by sorption with Ca and Mg
during the initial 2zhoursof the incubation. Thisfindingindicates that over prolonged periods
of high soil moisture, a portion of Ca and Mg in soil solution become unavailable to plants while
contributing to SOM stabilization.

Soil pH was positively correlated with both K (.42) and Mg (r = 0.27) and not
significantly related with Ca. Acid soils are associated with a decrease in Mg and K availability
resulting from the presence of Al on exchange sites; an increase in pH promotes the formation
of insoluble Al and subsequentirees exchange sites for K and Mg (Havlin et al., 1999). This
same mechanism also influences Ca, howgteea lesser extent due to higher levels of Ca that

are typicallypresent in soils relative to K and Mg.

PR3- Probe Micronutrients and SolPropetties

The macronutrients displayed few significant correlations with soil C and N properties
(Table 2.2). Mn displayed the most, and was significantly correlated with SOC (r = 0.42), POXC
(r = 0.31)andtotal N (r = 0.35) This may be an indirect relaiship with SOM, and driven
more by redox potential and greater soil acidity associated with an increase in B@ONe not
detected in this study, other studies have shown a correlation between organic matter and Zn

(Tagwiri et al., 1992; Wei et al., 20G6)d Fe content of soils (Wei et al, 2008he negative
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correlation betweenQu and WEOC (r-8.32)is consistent with other findings, which have

shownthat up to a point SOM can increase Cu availability, but excessive SOM can result in

immobilization d Cu due to the formation of complexes between organic matter and Cu

(Rengel et al., 1999; Wei et al, 2006). This may also indicate why WEOC correlated with Cu only

at 28days and not 24 hours (data not showa$, optimal moisture conditions would have

resulted in the formation and increased mobility of WEOC compared to drier field conditions
While the lack of correlations in the present study between soil C and N properties and

micronutrients does not support SOM as critical to micronutrigmpply, S® theoretically

influences micronutrients both as a source and by increasing solubility through the formation of

chelates which protect micronutrients from precipitation reactions that would render them

unavailable to plants (Brady and Weil, 2010). S@dih the present study did not exert a strong

influence on micronutrient availability and was significantly related only to Mr@r37). Soil

pH, howeverjs consideredmportantto micronutrient availability through its influence on

redox potential; divalent metals decrease in solubility dnadred fold for every unit increase

in pH (Rengel et al., 199950M alsoeleases organic acids, leading to a decline ingoid

possiblyresuliingin an acceleration of the dissolution of nawailable mioonutrients (Wei et

al., 2006), further supporting the importance of SOM to micronutrient availability.
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Table 2.2Pearson correlations of PNM, BDR, P, PRY' - probe nutrients with soil pH and soil C and N properties

Propertﬁ pH Cmin.yg Cmin.ag Cmin.iog CMin.y17¢ CMinosg qCQ POXC SOC TotalN NHC NHN HC HN TNn MBC MBN WEOC WEON
PNM -0.62 0.28 0.31 0.40 0.34 0.26 -0.39 0.52 0.59 0.67 0.56 0.46 0.56 0.67 0.65 0.40 ns 0.50 0.47
BDR -0.29 ns ns ns ns ns ns ns ns ns ns ns ns ns 0.31 ns ns ns ns

- PDR -0.56 ns ns 0.24 ns ns 0.56 0.65 0.70 0.57 0.55 0.61 0.72 0.43 0.54 ns 0.47 0.41 -0.43
NOsanry  -0.60 0.36 0.33 ns ns ns -0.35 0.49 0.49 0.51 0.43 0.44 0.43 0.49 0.85 0.28 ns 0.25 0.40
NG5 028q) -0.23 0.32 0.29 ns ns ns ns ns ns ns ns ns ns ns 0.42 ns ns ns ns

"43 NH, ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns -0.25 ns
-g P 0.42 ns ns ns ns ns 0.29 -0.38 ns -0.26 ns ns -0.28 -0.27 -0.28 ns ns ns ns
2|s 0.32 ns ns -0.27 ns ns ns -0.35 -0.36 -0.37 -0.28 -0.25 -0.29 -0.35 ns ns ns -0.33 -0.25
2K 0.42 ns ns ns ns ns ns -0.43 -0.30 -0.36 ns ns -0.33 -0.37 -0.30 ns ns ns ns
09_ Ca ns 0.30 0.29 ns ns ns -0.28 0.32 ns ns ns ns ns ns ns ns ns -0.34 -0.36
+ (Mg 0.27 ns ns ns ns ns ns ns -0.42 -0.40 -0.46 -0.35 -0.33 -0.39 ns ns ns -0.53 -0.36
Eé) Fe ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Qo |Mn -0.37 ns ns ns ns ns ns 0.31 0.42 0.35 ns ns 0.35 0.38 0.49 ns ns ns 0.46
Cu ns ns ns ns ns ns ns ns ns ns ns ns ns -0.28 ns ns ns -0.32 ns
Zn ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns -0.26 ns
B ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns

* Correlations significant gt < 0.10. ns = not significarp £0.10)

T PNM = potential nitrogen mineralization at 28 days; BDR = basal denitrification; PDR = potential denitrification; pH frosuil p

1:1 extract; Cmin = carbon mineralization at 1, 3, 10, 17, and 24 days=q@robial metabolic quotient; POXC = permamaie
oxidizable carbon; SOC = soil organic carbon; NHC-kyaivalyzablecarbon; NHN = nehydrolyzablenitrogen; HC #ydrolyzable
carbon; HN hydrolyzablenitrogen; T = total inorganic N from KCL extraction; MBC = microbial biomass carbon; MBN =
microbial biomass nitrogen; WEOC = water extractabdmniccarbon; WEON = water extractaldeganicnitrogen.

t Prosser

e X esite ardhlgsts of PDRoamd BOR.0 s s
FPRSY- probe nutrients are cumulative 28 day values unless otherwise noted. Prosser excluded frowsiterasslyses of PRS
nutrients with other soil properties.



Table 2.3 Soil/®l ratios of various soil C and N properties acrossstivey sites.

Site Treatment C:N NHC:NHN HC:HN  WEOC:WEONVBC:MBN
KambitschWW/SB/SL - NT 12.8a(8) 26.5(17) 8.7(4) 14.9(29) 16.9(9)
WW/SB/SL - Till 12.0b (7) 22.9(17) 8.3(17) 11.2(38) 20.6 (25)
PCFS WW/SL/SW - NT 13.2(5) 27.1(8) 8.1(4) 13.8(24) 22.0(11)
WW/SB/SW - NT 13.8(10) 26.8(4) 8.6(19) 12.1(25) 28.1 (61)
Alf/SC/SL (organic) - NT 12.2(9) 255(23) 8.1(1) 15.3(9) 33.8(59)
Perrenial Tall Wheat Gras43.0(1) 29.7(12) 8.3(12) 15.9(5) 34.8 (42)
Native/CRP Grass 12.4(5) 26.1(8) 8.4(13) 13.7(5 38.3 (75)
Pendleton WW/ NT Fallow - NT 13.7a(4) 26.6a(18)9.0(16) 151a(3)  21.6(39)
WW/Pea - NT 13.1a(4) 26.1a(10)8.2(8) 14.8a(2) 24.6(62)
WW/Fallow - Till 12.2b(4)21.2b(7) 8.2(19) 13.6b(6)  17.9(36)
Moro WW/WP - NT 13.3(7) 26.9(27) 9.0(14) 14.7b(4)  18.8(46)
WW/NT Fallow - NT 13.5(13) 21.0(21) 10.5(18) 15.4ab(3) 16.0(11)
WW/SB/NT Fallow - NT 12.1(3) 25.0(20) 8.0(10) 15.2ab (1) 15.2(24)
WW/Fallow - Till 13.2(9) 22.7(18) 9.3(8) 156a(l) 23.1(20)

Prosser WW/Sw. Cn./Potato - NT 9.3(6) 19.9(7) 7.2(11) 16.1(44) 23.6 (45)
WW/Sw. Cn./Potato - Till  9.3(4) 21.2(10) 7.1(4) 13.1(10) 21.0 (9)

* Significant differences within sites indicated by different letters (significance at p < 0.10).
Values in parenthesis are coefficient of variation.

T WW = Winter Wheat; SB = Spring Barley; SL = Spring Legume; SC = Spring Cereal; Alf = Alfalfa;
CRP = Conservation Reserve ProgramC8w= Sweet Corn; NT =it

t C: N = /Noatid (8§OCstatal NNHGC= nothydrolyzablecarbon; NHN = nen
hydrolyzablenitrogen; HC =hydrolyzablecarbon;HN =hydrolyzablenitrogen; WEOC = water
extractable organicarbort WEON = water extractable organic nitrog®BC = microbial
biomass carbonyIBN = microbial biomass nitrogen.

¥ No extraction efficiencies applied to this ratio; MBABN ratio not reliable.

Table 24 Pearson correlations between PNM, BDR, PDR, and' PRirogen
with various soil (N ratios across five study sites

PR$" Probe Nutrients
Propety PNM  BDR PDR  NO;241r)NO5 0-284) NH:'(0-284)

C:N ns ns ns ns ns ns
NHC:NHN 0.34 ns ns ns ns -0.23
HC:HN ns ns ns ns ns ns
WEOC:WE ns ns ns ns ns ns

* Correlations significant g < 0.10. ns= not significantf >0.10).

T C:N = bulk soil C:N ratio (SOC:totaNHIC = notmydrolyzablecarbon; NHN = nen
hydrolyzablenitrogen; HC =hydrolyzablecarbon;HN =hydrolyzablenitrogen; WEOC = water
extractable organicarbornnt WEON = wateextractable organic nitrogen

t Prosser e x esiteardlgse of PDRoamd BOR.o s S
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Table 25 Pearson correlations between PNM, BDR, PDR, and'PR®be nutrients across five study sites

PRS- Probe Nutrient§

Property PNM BDR PDR  NO;pany)NOsoosq) NHy P S K Ca Mg Fe Mn Cu Zn
BDR ns
___PDR 0.69 0.37
NOs2anry 045 ns ns
NO; (0-284) ns ns 0.27 0.62
NH," ns ns ns ns 0.24
“‘?«;J P ns ns ns -0.34 ns ns
% S -0.47 ns -0.42 ns ns ns ns
% K ns -0.33 ns ns ns ns 070 025
-c'é Ca ns ns ns 0.33 0.45 0.33 -0.38 0.34 -0.37
C‘; Mg -0.47 0.30 -0.27 ns 0.40 ns -0.25 0.42 ns 0.67
&n |Fe ns ns ns 0.36 0.80 ns ns 0.29 ns ns 0.40
g Mn ns 0.34 ns 0.55 0.43 0.26 ns ns ns ns ns 0.35
Cu ns ns ns ns 0.61 0.29 ns 0.40 ns 0.39 0.49 0.72 ns
Zn ns ns ns ns ns 0.46 ns ns ns ns ns 0.30 ns 0.41
B ns -0.32 ns ns ns ns ns ns ns 0.30 ns ns ns ns ns

* Correlations significant gt < 0.10. ns = not significarg £0.10).
T PNM = potential nitrogen mineralization at 28 days; BDR = basal denitrification; PDR = potential denitrification.

t P exclededdrom crossite analysis of PDR and BDR.

FPRE"- probe nutrients are cumulative 28 day values unless otherwise noted.



Table 2.6 Pearson correlations for PRSprobe nutrients across
incubation time periods and five study sites
Nutrient 24-hr vs. 14 day24-hr vs. 28 dayl4-day vs. 28 da

NO3 0.66 0.27 0.55
NH," ns ns ns
P 0.65 0.73 0.68
S ns ns 0.7
K 0.76 0.78 0.82
Ca 0.66 0.51 0.6
Mg 0.22 0.4 0.47
Fe 0.38 ns 0.43
Mn 0.85 0.72 0.67
Cu 0.47 0.35 0.64
Zn ns ns ns
B ns ns ns

* Correlations significant gt < 0.10. ns = not significarg £0.10).

Mean Annual Temperatur@nd Precipitation, Potential N Mineralization and Potential and
Basal Denitrification

The fournonrirrigated sites selected for this study span a mean annual precipitation
(MAP)gradient that increases by 130% from Md&88 mm)to Kambitsch(663 mm) and
inversely,amean annual temperatur@AT)gradient that decreases by8% from Pendleton
(10.3C)to PFC$8.4°C). TheProssersitewas excluded from this analysiecausat is an
irrigated site. PNM was significantly correlated with both MAP (r = 0.60) and MATO(73), as
was PDR with MAP (r = 0.55) and MAT-(r.64), while BDR was signdfitly correlatedonly
with MAT (r =0.34) (Table 2.7). MA@&ndsto influence decomposition more so than
productivity where growing degree days are sufficient, wNMI&Pin drier regions increases
productivity, and thus inputs of SOM to the soil morenhaincreases decomposition (Weil and
Magdoff, 2004).Therefore, considering the importance of soil C and N properties to PNM, PDR,
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and BDR already established, this relationship between these N transformations and MAP and
MAP is reflective of the influece of climate on soil C and N properties.

Similarly, in a study by Chapman et al. (20&23)igh degree of the variability in N
mineralization observed across a range of natural ecosystems across the United States was
explained by MAT, MAP, as wadl btal N and N depositionln a study of mineral soils across
the United States, Colman and Schimel (2013) concluded that the direct drivers of N
mineralizationwere soil C and N as well as clay content and that precipitation drives N
mineralization indiretty through its influence on soil C and N conteRegarding PORiboyet
et al.(2011) examined the effects of climate on PDR and found that experimentally increasing
precipitation 50% for 8 years resulted in a 22% increase in PDR, angtongdditiors of 7 g
N nf annually increased PDR 34%. Niboyet and coworkers (2011)tdibtest sensitivity of
PDR to warming of°C for 8 years. Ths&udymay not havancludeda significant enough
temperature gradient to induce changes in PDR through changasli@ and N, ndrave
implementedit for a long enough period of time. bontrast,the temperature gradient in the
present study spans 2@ and represents loAgrm climate conditions rather than shorter
term increases that have been experimentally induced.

Mean Annual Temperature, Precipitation and Nutrient Supply
PRS$"- Probe N, Pand S

Similar to PNM, PR%probe 24hour NQ' availability is positively correlated with MAP
(r = 0.51) and negativelprelated withMAT (r =0.30) (Table 2.8)This reflects increased
substrate availability for ksitu mineralization of N associated with increased precipitation and

lower temperatures. While higher temperatures are associated with greater rates of
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decamposition, the decrease in substrate associated with an increase in MAT appears to result
in lower insitu NQ' availability. This relationship between climate andiaur NQ
availability was not detected at 28 days (Table 2.8) and is indicative ofi@ggmperature and
moisture conditions along with soil mixing associated with incubations enhancing N availability.
Phosphorus availability at 28 days displayed a negative relationship with MA@.§8%
this may reflect the influence of soil pH orafaailability. With increasing soil pH, adsorption of
P to Fe/Al oxides decreasésaylin et al., 1999), rendering P more available as pH approaches
neutral. Additionally, the greater C substrate associated with an increase in MAP may result in
P immobiization In a study on the influence of climate factors on nutrient transformations,
Meeteren et al. (2007fjound a significant relationship between microbial immobilization of P
from plant litter and temperature and moisture®= 0.69), with moisture being the dominant
factor driving immobilization.
S mineralization is sensitive to temperature (Havlin et al., 1999), and this is reflected in
the present study wher&availability increases with an increase in MAT (r = 0.B8)with P, S
immobilization may also be behindis relationship between MAT anda8ailability at 28 days
as greatelC substrate is associated with lower MATs and high C/S ratios are associated with S

immobilization (Havlin et al., 1999).

PRS- Probe K, Ca, and Mg

An increase in MAP is associated with decreaseda28K availability (r .65). This is
contrary to observations that K leaching losses are stk ptin cases of sandy soils or high
incidences of flooding, neither of which dactors in the present study. This relationship is

more likely reflective of increased 2ty Ca availability associated with an increase in MAP (r =
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0.59) as cited previously, increased Ca activity is associated with a decrease in K activity (Havlin
etal., 1999). This positive correlation between Ca and MAP also indicates that leaching of non
acidic cations such as Ca, which can occur as H displaces cations, is hot measurably reducing Ca
availability.

Thissame observatiois also true for 2&lay Mgavailability, which is not significantly
related to MAP (Table 2.8). The positive correlation between MAT and Mg (r = 0.45) may be
reflective of the role of soil pH in Mg availability; Mg availability increases as pH approaches

neutral and in the presergtudy soil pH was acidic and increased with increasing MAT (r = 0.60).

PRSV- Probe Micronutrients

Micronutrients availability displayed few significant correlations with MAP and MAT
(Table 2.8). Relationships that did exist between climate variables and micronutrients included
the following:Fe, significantly correlated with MAT (r = 0.26), Cu, sogmifly correlated with
MAT (r = 0.26), and B availability at 24 hours, significantly correlated with MAP (r = 0.30). While
SOM is considered an important factor and source of micronutrients, the lack of correlation
between micronutrients and MAT and MAdconsistent with the observed poor correlations
between micronutrients and soil C and N properties previously discussed (Table 2.2). These
poor correlations between MAP, MAT, and micronutrients also existed ftwo24 PR8%probe

values (data noshown).
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Table 2.7 Pearson correlations of climate and
management variables with PNM, BDR, and PDR
across five study sites

Property MAT  MAP STIR Intensity

PNM -0.73 0.6 -0.32 0.4
BDR -0.34 ns 0.32 ns
PDR -0.66 0.55 0.32 ns
pH 0.60 -0.77 0.37 -0.28

* Correlations significant gg< 0.10. ns = not significam £0.10).

T MAT = mean annual temperature; MAP = meanual precipitation; STIR = solil tillage intensity rating; intensity = cropping
intensity; PNM = potential nitrogen mineralization; BDR = basal denitrification; PDR = potential denitrification; pHi#$real p
1:1 extract.

t Prosser e x eieandlgsid involving climate varaldes.

Table 2.8 Pearson correlations between climate variables ant"PR®be nutrients across four dryland sites

PropertyNOypn) NOsoeqy NH' P S K Ca Mg Fe Mn Cu Zn B

MAP 0.51 ns ns -0.53 ns -0.65 0.59 ns ns ns ns ns ns
MAT -0.30 ns ns ns 0.58 0.42 ns 0.45 0.26 ns 0.26 ns ns

* Correlations significant gg< 0.10. ns = not significam £0.10).
T MAP = mean annual predigtion; MAT = mean annual temperature.
t  P"RBobe nutrients are cumulative 28 day values unless otherwise noted.



Managementand Potential N Mineralization

PNM ranged from a high of 10616y N kg soil for the organic system at PCFS to 18.7
mg N kg soil for the conventional WWallow rotation at Pendleton (Table®. Significant
differences in PNM within sites occurred at Pendleton and MoroPéhidleton, NT without
cropping intensification resulted in a 188% increase in PNM compared to CT, while at Moro
inclusion of a legume in rotation resulted in 80% greater PNM thanfalv NT and 70%
greater PNM than W\EBfallow NT.In contrast to Pen@iton, Moro NT with fallow did not
result in significantly greater PNM compared to CT with fallow (TaB)e Vhle no significant
differences vere observed at the other sites, the impacf STIR and cropping intensity on
PNM across the region are eviddrom the significant correlation of PNM with these
management variables (Tablerp.

In a study by Soon et al. (2007) on management impacts on PNiday &naerobic
incubation identified significantly greater PNM in thet6cm associated with NT49Lmg N
kg?) than for CT (58.mg N kg) for a sandy loam with 8 years of management and a-f@ar
rotation including wheat and a legume. In contrast to results found at Moro, Soon and
coworkers (2007) did not identify any signifit&ffect in the bp 5cm (or 15cm) resulting from
inclusion of pea in rotation when it was the previous crop to wheat. Wood et al. (1990) found
that PNM associated with NT was significantly greater under more intensely cropped systems
after 3.5 years of management in arsi-arid environment receiving 400m of annual
precipitation. Similarly, in the present studgropping intensification resulted in significantly

increased PNM with a legume in rotation at Moro (Tab®),2and is positively correlated with
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PNM across bsites (Table Z). In general, research has shown the sensitivity of PNM to tillage

practices and cropping intensity (Wooalsd Schuman, 1988; Wooahd Edwards, 1992).

Management and Potential and Basal Denitrification

TheCVfor PDR was generally lower than for BDR; CVs for BDR ranged from 21% to
128% andfor PDR they ranged from 14% to 62% (Table 2.9). Accordinglylid® Bt
significantly differ within any of the sites, while PDR showed significant differences at8®f th
sites (Table.9). Prosser and Moraere the only sites for which PDR did not reveal any
significant differences. However, it is notable tiramost instance®rosser showedn order
of magnitude geater BDR and PDR than the other sd&s Prosse isunique compared to the
other sites in several regardis is irrigated, has a sandier soil, anasa unique crop rotation,
which includes WW, sweet corn, and potato.

It isnot possibleto saywhich of thesdactors may have contributed tgreater DR and
BDR at Prosser compared to other sit&rury et al. (1991) found that a sandy loam soil had
lower background denitrification than other clay loam soils; there did hotvever, appear to
be any clear trend between soil type and background derugiifon in their study.
Furthermore, Drury at al. (2@b) found monoculture corn had greater-gitu denitrification
compared to more diverse rotations and partially attributed this to greater fertilizer
requirements of monoculture corn. However, backgnd inorganic N levels do not help to
explain the difference as Prosser NEnd NQ are on the same order of magnitude ather
sites (data not shown)Several have founthat soil aggregate structure influences
denitrification by controlling microbialccess to substrate (Christensen and Canisén, 1991;

Drury et al., 1998 Soils in this study were not subjected to structural anglgsist is not
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possible to say this was a contributing factor; sandier soils at Proskewever, may have
contributed to greater microbial access to substrate compared to the other,siesandier
soils are associated with reduced aggregate structure.

Across sites with significant differences, results were inconsistent with regard to the
influence of tillage on PDR, indicatimgpre subtlefactorswere contributing to PDR ratesAt
KambitschCTresulted in a 120% increase in PDR relativdTpconvergly, at Pendleton, a
drier sitethan KambitschNTresulted in a 97% increase in PDR compared to the same cropping
rotation underCT.

Some have found the most limiting factor denitrification tobe C substrate supply
across a range of soil physical aifeemical properties (Drury et al., 1991). MBs often
associated with restoring or increasing soil C levels relati@lt¢Brown and Huggins, 2012), NT
represents a potential increase in denitrification. Consistent withfthding, some studies
have shown an increase inMproduction undeNTmanagement (Ball et al., 1999; Liu et al.,
2007). Cthers, however, have shown a decrease in@l production associated with NT (Mosier
et al., 2006).

In the present study, differences in soil C may beih@lthe inconsistency in the
influence of tillage on PDR; at Kambits@f:OCa labile andnicrobiallyavailable form of C,
was 19% greater under CT than NT, and MBC was also 35% greater under CT than NT. In
contrast to this, at Pendletod/EOC and MBC weeB0% and 33%reater, respectivelyunder
NT than CT. These contrasting results at Kambitsch and Pendleton considered in lieu of these
important soil C pools are consistent with the role of C in denitrification and explain the

contrasting results regarding the impact of tillage on PDR.
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Rather than management or soil C levelsy¢ and climate have been shown by some to
be the broader driversfadenitrification. Six et a(2004) concluded that following the adoption
of NT, ;O emissions are higher than@for the first 10 years, andfer 20 years there is no
difference between the two systems in dry climates while in humid clim&t&sas reduced
N>O emissions relative t6T Similarly, a model simulation by Mummey et al. (1998) indicates
that relative NO emissions associated wiilage systems is dependent on climal] systems
in warm and wet regions can expect comparable or reducgd émissions compared ©T
while in drier regions, such as the inland Pacific Northwé$simulationsof denitrification
indicate an increas@ N,O emissions relative t6T, mainly due to increased soil moisture
associated wittiNT. Mummeyand coworkerg1998) concluded that with the adoption BIT,
over time the active pool of SOM will increase and result in tighter N cycling and therefore
reduced NO emissions.

Regarding mpping intensificationrotations in the present study in which legumes
comprisedhalf or more of the rotation consistently increasB®R At PendletonWW/WP NT
resulted in81% greater PDR than WW/fallow NT and 256%tgrd2DR than WW/fallow CT
(Table 2.9). APCFSsignificantly greatePDRwvas measuredh aNTorganic setting with pea
present during time of sampling (Tal#e9), and was 94% greater than the next highest
measured PDR, represented by WW/SB/SW While not significantly different, similar results
were found at PCFS for BDR (Table 2.9).

Due to differing methodologiest is difficult to compare denitrification results across
studies; howeverBDR results from this study were up to an order of nitagie lower than

results published in other studig¢Bruryet al., 1991; Guo et al.; 2011); this was also the case for
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PDRcompared to certain published studi&aley et al., 1990; Luo et al., 199¢3t compared
to other published results, PDR and Bigsultsin the present studyvere comparableéo
published result§ St al ey et al ., 1 H6ldmeashréntdrmtscoh e et
denitrification in semiarid climates have been shown to be episodic, with major events
associated witHertilization (Burta et al., 2007), freezthaw ¢ycles (Dusenbury et al., 2008),
andrainfall events after prolonged dry perio@eauchamp et al., 199@hd following the
addition of fresh plant residuedulakhand Rennie, 1986Chen et al., 2003 Due to this
episodic nt&ure and the number of variables that influencefiald denitrification, laboratory
measured denitrification cannot be directly correlated with field denitrification, except in
unique circumstancefavorable to denitrificationin which peak field valudsave been shown
to be of the same order of magnitude as

In general, studies of the impact of management indicate taitesults in greater PDR

al

PDR

than CT(Staley et al., 1990), and that cropping diversification has potential to increase PDR

(Guo et al., 2011). Aulakh et al. (1986) investigated be#itindenitrification and laboratory
denitrification from incubations for soils from dryland cropping eys$ under W\Wfallow and
continuous WW, bottfCTandNT. Aulakh and coworker&l986)found both insitu
denitrification and denitrification from laboratory incubations to be significantly higheNfbr
systems in both cases. Ass concluded by Mummey et §1998), Aulakh et a{1986)

concluded that soil moisture was the main factor contributing to highesit rates, and

laboratory incubations also revealed a significantly higher denitrifier population associated with

NTsoils. In a review of both latratory and field studies, Chen et al. (2013) found that when N
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supplied by crop residues is equivalent to N supplied by synthetic fertilizgdspidduction in
crop amended plots is greater than for fertilized plots.

This phenomenon of greater,® prodiction in crop amended plots compared to
fertilized plots was explained by a greaterdemand from the stimulatory effects of crop
amendments resulting in microsite anaerobicity (Chen et al., 2013). Li et al. (2013) applied
plant residues of varying/ @ ratios to soils under both aerobic and anaerobic conditions, and
found that under aerobic conditions the addition of crop residues enhanc€dp¥oduction
regardless of A\ ratios, while under anaerobic conditions the addition of plant materials, even
with low QN ratios, reduced pO emissions. The mechanism behind this latter finding was
explained by Li and coworkers (2013}laes result of two occurrences: B reduction in N@
availability resulting from a decrease in nitrification under anaerobic itmms, and 2)educed
O, availability caused by crop residue additions resulting in enhang@dréductase activity
and thereforegreaterreduction of NO to N.

The corollary of findings by Chen et al. (204:3) Li et al. (2013) that denitrification
rates increase with the addition of crop residues under both anaerobic and aerobic conditions,
but that under anaerobic conditions crop amendments can further reducsu@ply through
enhanced heterotrophic microbial activity, resulting in further redoctof NO to N by
increased enzyme activity. This phenomenon was not detected in the present study as the
activity of NO reductase was inhibited by the addition of acetylene. Nonetheless, under NT,
anaerobic conditions are greater than under CT (Mumrakal., 1998), and findings by Chen et
al. (2013) and Li et al. (2013) suggest that increased cropping intensity under NT will increase

denitrification rates but under field conditions mitigate@® production.
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Table 2.9 PNM, BDR, and PDR by treatraeruss five study sites

PNM BDR PDR
Site Treatment mg N kg soil  —ug NO-N kg* soil hi* (0-4 hrs)-
KambitschWW/SB/SL - NT 99.0 (34) 1.41 (21) 39.4 b (39)
WW/SB/SL - Till 78.3 (24) 1.91 (34) 86.7 a (18)
PCFS WW/SL/SW - NT 101.5 (5) 1.69 (45) 69.4 b (62)
WW/SB/SW - NT 91.5 (20) 4.64 (128) 85.0 b (38)
Alf/SC/SL (organic) - NT 106.6 (40) 9.70 (103) 164.5 a (30)
Perrenial Tall Wheat Grass  97.4(21) 1.50 (36) 77.9 b (24)
Native/CRP Grass 102.9 (13) 3.33 (68) 72.6 b (31)
Pendleton WW/ NT Fallow - NT 53.9a(7) 0.63 (44) 18.1 b (27)
WW/Pea - NT 56.9a(32) 0.97 (33) 32.8 a (18)
WW/Fallow - Till 18.7 b (41) 0.87 (53) 9.2 ¢ (15)
Moro WW/WP - NT 73.9a(16) 0.80 (20) 21.6 (44)
WWI/NT Fallow - NT 41.1b (19) 0.81 (48) 14.6 (14)
WWI/SB/NT Fallow - NT 43.5b (18) 0.64 (47) 15.2 (28)
WW/Fallow - Till 41.6 b (30) 1.60 (65) 20.0 (15)
Prosser WW)/Sw. Cn./Potato - NT 83.6 (23) 34.6 (66) 256.5 (22)
WW/Sw. Cn./Potato - Till 77.0 (20) 23.7 (119) 178.7 (22)

* Significant differences within sites indicated by differentdest(significance at p < 0.10).
Values in parenthesis are coefficient of variation

T WW = Winter Wheat; SB = Spring Barley; SL = Spring Legume; SC Gebgaind\If = Alfalfa;
CRP = Conservation Reserve Program; Sw. Cn. = Swedl Carngill.
t PNM = potenti al

potential denitrification.

nitrogen
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Management and Nutrient Supply
PRSY - Probe NO;, NH;", S,and P

PRS"-probe 24hour NQ valuesrangedfrom 6.8 to 37.6 ug 10 cA®4 hrs (Table
2.10) Significant differences in NQvere observed at Pendleton and Moro after Rdursand
at all but Prosser after 28ays(Tables 2.10 and 2.11)n comparison, Adewale (2013) notes
that for a WW yield goal of 5360 kg haVestern Agnnovations recommends fertilizer N
applications of 139 kg N Hdor 24-hour adsorbed PR%probeN values of 10 ug N 10 &and
as 24hour PRE"-probeN valuesapproach 7Gkg N h& N, fertilizer recommendations drop to
117 kg N ha.

Significant differences at 2@burswere positively associated with cropping
intensification at both Pendleton andoro (Table 2.2). At Pendleton and Morazropping
intensification under NT with a legume has resulted in a 78% and 245% increase, respectively,
in available N@ compared to WW/fallow NT (Table 2.10)hisresultmay be reflective of
optimal temperature and moisture conditions during incubation and reflects greater
mineralization of SOM under incubation conditions associated with increased C and N inputs
from plant residues under more intensely cropped rotatioopping intensification was
consequently significantly correlated with 28y NQ at Pendleton and Moro (Table 2.12).

With the treatment comparisons in this study, it is not possible to deduce ifitidsng
isthe result of intensification specifidglwith a legume, or merely the result of intensification.
However, results at PCFS are worth a closer look; the organic rotation with 2 legumes and
spring wheat had significantly greater Bl@an other rotations,andyet a single season of a

spring legme in rotation (WW SILLSW) did not result in greater NQ@wvailabilityat 28 days
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(Table 2.11) Thisset of dataindicatesthat greater utilization of legumes in rotation infers
greater N@Q availability under optimal conditions, though liging a legumene in three years
either doesnot have a measurable impaot its influence is limited in time to the following
crop year Thisobservationis consistent with greater buildup &NMwith greater utilization of
legumes.

Similarly, Qian and Schoenau (1995) fotimat continuous alfalfa resulted in
significantly greater PR%probe NO; than a canola/lentil/barley rotation. It is also significant
that at Kambitsch and Mora@omparing strictly tillage treatments withoatcropping
intensificationgradient,CTis associated witlf5% and 82%reater NQ at 28days
respectivelythan NTat both Kambitsch and Moro (Table 2.1Jonsequently, STIR is
significantly correlated with 28ay NQ at Kambitschhowever, at Moro, gopping intensity
rather than STIR is the significant management variable at 28 days (Table 2.12).

This increase in Nunder higher disturbance systems may be the resuthoée
possible mechanismsTillage may have resulted in bringing upsN@suface soils that had
leached beyond the sampling depth during wetter field conditions, increasing its concentration
in samples collected und€Tplots. Thiexplanationis supported by the fact that total
inorganic N present in the soils prior to inifiag the incubation as determined from KCI
extractionswas also greater under CT than for NT at both Kambitsch and (data not
shown). In this scenario, undiiTthis NQ not detected by PR& probes would still be
available to plant rootsSecondgreater plant uptake of NQunder NT may have occurred
earlier in the season due to improved soil water conservation under NT compared to CT, and

resulted in less NOdetected under NT at time of sampling when conditions were drier. Last,
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surface placerant of crop residues under NT may have resulted in N immobilizatibis would
subsequentlyeduce netN mineralization andhe availability ofNO;” present in the soil during
sampling (Jowkin and Schoenau, 1998).

Jowkin and Schoenau (1998) conductedrafield evaluation of N@supply using PR%
probes undeiCTandNTsystems, and concluded that there were limited differences ia’ NO
availability between the two systems, deternmg that landscape position had a greater
influence on N@ than tillage presumably resulting from moisture and SOM variability across
different landscape positions. Furthermore, Hangs et al. (2013) found that fertilizer application
was more important than time under NTiimfluencing PR cumulative N@ after a sixweek
incubation. Walley et al. (2002) found Bl@dsorbed to PR probes after twoweek
incubations was significantly correlated with both wheat yield and plant N accumulation.
Ultimately, while the influence of tillage on NCavailability may be minimal cgmared to other
considerations, this plant N accumulation represents SON available for mineralization the
following seasomvith the return of biomass to the saiind embodies the value of cropping
intensification in increasing plant N availability.

Acrosghe study area, available NHs present in soils in much lower quantities than
NG; (Table2.10 and 2.1}, reflecting favorable conditions for nitrification. The relative
increases in NFlacross the incubation period were also less than that obsefeetQ;. No
significant differences were detected in Nt 24hours while at 28days only at PCFS (Table
2.11), where WW/SB/SW NT was not significantly different than the organic rotation but was
52% greater than WW/SL/SW Nhis differenceat PCF®as notsignificantly correlated with

STIR or cropping intensity (Table 2.12
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S availability at 24 hours ranged from 2.54310 cm? under WW/fallow CT at Moro to
9.66 g S10 cm?® under WW/Sw. Corn/Potato at Prosser (Table 2.10)28days, S availability
ranged from 13.5 §S10 cm? under CRP at PCFS to 40g1S{10 cm? under WW/fallow CT at
Pendleton (Table 2.31 Western Agnnovations providdertilizer recommendations for 24
hour S values below 66 ug 10 €% hrs' (Adewale, 2013)Considering that 28lay S
availability is below thigevel significant differences between treatments at the low values
observed in this study are likely to be trivial with regard to plant S requirements. Nonetheless,
the CVs for 2dour S availabilt weregenerally less than CVs for-88y S availability;
consequently, significant differences in S were more evident at 24 hbarswith 28 days
(Table2.10 and 2.11).

The 24hour S data are negatively correlated with cropping intensity at PCFS.47
and Pendleton (r =0.65) and negatively correlated with STIR at Moro-(.54) (Table.12).
At Moro, NT has 134% greater S availability than CT within WW/fallow (Z.4bje At
Pendleton, 1 year of cropping intensification with winter pea undehbBd resultedn 23% less
S than WW/fallow NT, while thergas nodifference in S availability associated wiillkage
(Table 2.1p At PCFS, annual cropping under NT widgarhe in rotation representéby
WWI/SL/SB NT had greater-Bdur S availability than perennial systems but not the other
annual systems. Conversely, Hangs et al. (2013) found that S supplied by a perennial native
system was greater than for NT systemsrethough the NT systems had significantly greater
extractable S, suggesting the importance of S mineralization from organic S sources. At PCFS,

this may be the result of fertilization of the annual plots resulting in greater biomass
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production, and subsguently greater organic S available for mineralization in surface soils
under annual cropping systems.

Pendleton is the only site at 28 days with significant differences in S availability, with CT
resulting in greater S availability than NT (TablEl). Subsequently, as with NOQthis trend in
S at Pedleton, where CT plots are mdddard plowed, may be the result of tillage bringing
inorganic S to surface soils that had previously leached and exists beyosdrtiple depth for
NT plots.Franzluebberand Hong1996)found SQ@ to increase with depth as a result of
leaching and found little difference between S availability resulting from management
practices. Grant et al. (2003) found no significant influence of tillage oH"'PRse S for twe
week nh-field incubations, but found that PR$probe S values during this incubation were
sensitive to S fertilization type and season of application. résidt supports that tillage has a
minimal impact on S availability, and that other management factoesvaore important in
dictating plant available S.

After 24 hous of incubation, P avaitdlity ranged from 0.50 gP 10 cm?® under WW/Sw.
Corn/Potato CT at Prosser to 2.04R10 cm?® under WW/SB/fallow NT at Moro (Table 2.10).
At 28 days, P availability ranged from 1.80RL0 cm?® under WW/Sw. Corn/Potato CT at
Prosser to 9.73gP 10 cm? under WW/SB/fallow NT at Moro (Table 2.11). As with S
availability, Western Ag InnovatistPRS"-probe 24hour P value below which fertilizer P is
recommended, approximately 211@ 10 cnf (Adewale, 2013Jar exceeds both 2#our and
28-day available P in this studyewer significant differences were observed in P availability
than any of tke other macronutrientsandsignificant differencesvere detectedonly at 24

hours for Prosser and no differencestected at 28 days (Tables 2.10 and 2.1This lack of
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significant differences is possibly reflective of the many factors influencingiRlahty, which
is ultimately dictated by the flux of labile P into both solution P and-labile P, also referred
to as a soils P buffering capacity (Havlin et al., 1999). Many studies have found significant
differences in extractable P of surface s@kbsociated with tillage (Robbins and Voss, 1991,
Unger 1991Franzluebbers and Hons, 1996jowever, considering the multiple factors
influencng P availability, P adsorbedéschange resins is more reflective of plant available P
than extractions (Sharpley et al., 1994).

Neither STIRhor cropping intensity wssignificantlycorrelated with 24hour and 28day
P at any of the sites (Table 2.12); when analyzed acrosstsiwsyer, 24hour P demonstrates
a significant negative correlation with STIR (data not shown). This is indicative okihe in
cumulative effect of reduced turnover of organic P associated with increasing tillage intensity.
Thisresultis supported by bservations that phosphatase, associated with microbial utilization
of organic P, increases under NWang et al., 201;1Wei et al., 201} It may also be the result
of surface placement of residuesd fertilizerassociated with NT, resulting in redibtition of
P compared to tilled systemd-ranzluebbers and Hons (1996) found similar results in surface
soils for extracted P when comparihg and CT and cited several others who have found
similar results in silt loam soils. Arcand et al. (2010) exairfhurnover and availability using
PR3 probes as influenced by buckwheat and rock phosphate and found that P concentration
in residue was more important in determining P availability than total P supplied through
residues, indicative of microbial P imtybization resulting from poor residue quality with a
high CP ratio. Therefore, NT along with cropping practices that decrease resi@uaiids

appeasto have the greatest potentidbr increasing plant available P.
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Additionally, greater anion avaibility resulting from mineralization can also help to
increase P availability by competing with inorganic P for adsorption sites on clay or organic
matter (Berg and Joer2006). Thispossibilityis reflected in results from the present study
which asignificant negative correlation exists between P and [d@ailability (Table 2)5 Both
are released through mineralization, but the negative correlation indicates that P availability is
at the expense of NPavailability, suggesting a similar competition for exchange sites between

anions in the present study as describbgl Berg and Joer(2006).

PRS- Probe KCa,and Mg

At 24 hours, K availability ranged from 66K10 cm? under WW/Sw. Corn/Potato at
Prosser to 317.7g@K 10 cni” under WW/fallow NT at Pendleton (Table 2.1¥yestern Ag
Innovations recommersffertilizer application of K for 2our PR8"-probeK values below
approximately 171 ug cfi(Adewale, 2013). Fotlaites but KambitsgtProsser, and
Pendl et -dahoivGTpldw\W adsorbed a24 hours exceeded this cutofAt Prosser, the
lower values may be the result of greater sand content compared to the other sites, as K
leaching losses can be high in sasdis (Noorbakhsh et al., 2008\t Kambitsch, lower 24
hour K values may be the result of higher Ca availability compared to other sites (Table 2.10), as
Ca activity is known to have an inhibitory effect on K availalfitigwlin et al., 1999 Signifcant
differencesin K availabilityoccurred only at Pendleton after 2Z¥oursand at Pendleton and
Moro after 28 dayg¢Tables 2.11 and 2.12An increase iBTIRat Pendleton is associated with a
105% and 77% declime 24-hour and 28dayK availabilityrespectively. STIR is subsequently
negatively correlated with K availability at both time periods (Table 2.18Mafo, NT without

cropping intensification did not result in significantly greater K at 28 days; annual cropping
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represented by WW/WP NT didowever, result in 29% greater K availability than WW/fallow
CT (Table 2.12)n evaluating the nutrient supplying power NiT cropland compared to native
prairie, Hangs et al. (2013) found no difference in PR&beK availability at 24 hours and 6
weeks between 10 years dfTand 32 years diT;however, 32 years dfiTwithout fertilization
had the same K supplying power of native prairie, while 10 yedsd ofquired fertilization to
match the native prairie in K supplying power. This suggesttisaipplying power is improved
with longer duration undeNTand is in agreement with results in this study, where significantly
greater K availability undéMTcompared toCTwas observed at Pendleton, the site with the
longest history undeNT(Table2.1).

Calcium and Mg behaved similarly, exhibitingjgnificantcorrelation at28 days (=
0.67) (Table 2.5). In spite of this correlatiomgrsficant differences associated with treatments
varied between these nutrients at both time perioffl&bles 2.1 and 2.12) At 24 hours,
significant differences in Ca associated with management occurred only at Moro, and for Mg at
Moro, Pendleton, and PCFS. Annual cropping at Moro uNde&s associated witkignificantly
greater Ca and Mg than the other treatmis at 24 hourgTable2.10), and cropping intensity
was significarly correlated withthese differences (Tab®212). At Pendleton and PCES,IR
was significarly correlated withthe variation in Mghowever, the relationship was positive at
PCFS and negative at Pendleton (Tal&). This difference may be the resultgreaterMg
associated with the organic Alfalfa/cereal/SL rotation at P@REBhalso has @reaterSTIR
Differences after 28 days wereegter in Ca than after 24 hours, while they were fewer in Mg.

At Moro, cropping intensity remains significant in explaining the differences at Z&days
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while at Kambitsch and Pendleton an increas8TiRs associated with an increase in Ca
availaility (Table2.12)

Incidentally, at both Kambitsch and Pendleton, soil pH is significantly more acidic under
NT compared to tilled plots. An increase in Ca solubility under a decrease in pH associated with
NT at these sites may have resulted in entethCa leaching losses, while tillage would mix a
portion of leached Ca back into the surface and contridatgreater Ca under CT plota
dearth of information in the literature on Ca and Mg measured with'Bp®bes under
various management systemsgvents comparison of results in this study to other stugies
however, results suggest that an increase in cropping intensity can have a measureable impact
on Ca and Mg, as indicated by results from Moro, WRiles associated with less Ca availability,

as indicated by results from Kambitsch, Pendleton, and Moro.

PRS" - ProbeMicronutrients

Micronutrients showed sensitivity to botBTIRand cropping intensity across the sites
(Table 2.13) Within each site, no significant differences were observednrat either time
period, while differences in B were observed only at PCFS for both time péFalles 2.10
and 2.11) BothZn and Cu at 24 hours were below the detection limit for'PR&bes across
all sites and may indicate a deficiency in theseromutrients in the region. At PCFS, the
significant differencén B at 24 hourss negatively associated witBTIR (r =0.50) the perennial
systems at PCFS are low disturbance and generally have higher B availability than the annual
cropping systemsAt KambitschFe, Mn, and Cu at 28ys were89%, 135%, and 84% greater,
respectivelyunder CTplots thanNT, andSTIRs significant in explaining this difference (Table
2.12 and 2.1% At Moro, these micronutrients, Fe, Mn, and Cu, were also 73%, 71%, and 43%
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greater, respectively, in CT compared to NT at 28 days (Table 2.11). Cropping intensification
with WP under NT at Moro, however, resulted in 87% greater Mn and 35% greater G0Tthan
with fallow (Table 2.11), and cropping intensification was subsequently significantly correlated
with Fe (r = 0.74) and Mn (r = 0.90) at Moro (Table 2.ABPendleton28-dayCu was also
114%greater underCT than N;Twhile there was no significantfterence betweerCTandNT

for Fe and Mr(Table 2.11) As with Moro, an increase in cropping intensity with WP at
Pendleton under NWasassociated with a 60% increase in Fe above CT with fallow, while for
Cu this increase in cropping intensification en®T increas&Cu 86% compared to NT with
fallow and resukdin no significant difference between CT and NT (Table 2.H2ngs et al.
(2013) found an increase in availability of Fe under 32 yeakd obmpared to 10 years iNT,
suggesting thaNTimproves Fe availability.

Results in the present study suggesbpping intensification under NT is essential to
maintaining micronutrient levels of Fe, Cu and Mn at comparkavels detected under CT
McLaren and Turkingtor2Q10) noted that certain legumes in rotation increase Fe availability
through citrate exudates, which enhances mobilization of Fe. Return of legume biomass to the
soil may subsequently enhance Fe avadligtfor rotational crops. A lack of information on
PR&-probe micronutrients undewifferent agricultural systems in the literature prevents

further comparison of results in the present study with other findings.

142



evT

Table 2.10 PR%- probe nutrients at 24 hours across five study sites

NO;-N NH,-N P s ca Mg K Fe Mn Cu Zn B

Site Treatment pe-10-erif 24 hrst

KambitschWW/SB/SL - NT 227(62) 290 (68) 0.85(15) 9.64(65 566.2(9) 1069 (18) 1252 (42) 1.58(20) 095(41) 0. 24t 0( 23148 @)3)
WW/SB/SL - Till 345(43) 3.15(59) 0.59 (33) 6.51(20) 544.6(10) 99.2(13) 90.3(21) 178(38) 1.01(121) 0. 31t 0( 2BY13L ®H)

PCFS  WWI/SL/SW - NT 37.8(49) 207 (20) 148(23) 6.87a(52) 2941 (21) 548b(7) 209.2(16) 193ab(13) 556b(45) 0. 21t 0( 24 ¥ L.18 &GLp)
WWI/SB/SW - NT 29.9(56) 253 (76) 1.35(91) 5.06ab(54) 308.7 (12) 66.6ab (24) 179.3 (70) 2.80a(62) 11.5a(69) 0. 28¢ 0( A D) 1.16 HAH)
Alfalfa/cereal/SL (organic) - NT24.9 (32)  1.85(90) 153 (72) 4.05ab (39) 432.8(39) 109.6a (58) 229.1(85) 158b(6) 1.03b(62) O. 23t 0( 25 )0.74 §(10)
Perennial Tall Wheat Grass ~ 16.7 (36)  1.18 (50) 141(7) 3.38b(13) 3352(29) 64.3ab(34) 250.2 (30) 2.05ab(16) 1.72b(47) 0. 20t O( 2@ ) 1.56 &(40)
Native/CRP Grass 122(32)  0.89(79) 1.48(62) 3.07b(22) 350.1(16) 82.5ab(21) 206.9(73) 1.51b(16) 0.60b(17) 0. 22t 0( & BY)11@L(B2)

Pendleton WW/ NT Fallow - NT 17.9a(45) 1.74(72) 1.11(26) 6.20a(22) 3656 (23) 104.3ab(20) 317.7a (22) 1.66(33) 063a(27) 0. 20¢ 0( 28 Y)0.98 (36 )
WW/Pea - NT 239a(33) 1.40(89) 0.92(36) 4.75b(13) 385.3(10) 113.2a(ll) 297.6a(ll) 1.82(21) 0.55a(42) 0. 24t O( RE Y124 @)
WW/Fallow - Till 127b(56) 2.37(53) 071(69) 6.49a(14) 331.2(13) 89.4b(11) 1546b(12) 1.49(10) 023b(43) 0. 26¢ 0( 2B)0.98 @6) )

Moro  WWWP - NT 234a(12) 165(95) 1.93(15) 5.29ab(23) 238.2a (17) 79.6a(26) 284.9 (27) 140 (4) 0. 540t. 2(1%60( AT X0.86 A8 )
WWINT Fallow - NT 4.17b(90) 2.91 (75) 1.60(25) 5.87a(54) 134.9c(28) 44.8b(37) 185.3(35) 1.65(9) 0. 150t 1(91) O(3Z(B0) 1.16 (31)
WW/SB/fallow - NT 4.43b (8l) 2.44 (10) 2.04 (13) 3.98ab(45) 175.6 bc (3) 58.6 ab (14) 216.4 (25) 1.51 (31) 0. 180t 2(05%0QEL(ZL) 1.07 (5)
WW/Eallow - Till 6.60b (63) 2.09 (13) 133(69) 251b(22) 178b(5) 545b(25) 200.8 (45) 1.51(24) 0. 250t 1(813()IB)1.16@H )

Prosser WWI/Sw. Com/Potato - NT __ 20.6 (35)  0.87 (56) 0.69 a (20) 9.66 (102) 240.1(19) 753 (25 105.0(33) 162(8)  097(123) 0. 27t 0( 23)0.98 @D )
WW/Sw. Com/Potato - Till 153 (59) 172 (95 0.50b(28) 2.67 (42)  1835(22) 57.0(28) 66.7(45) 1.61(8) 043(48) 0. 26¢ 0( L1®)1.0423))

* Significant differences within sites indicated by different letters (significance at p < 0.10). Values in parenthesificientoé
variation.

T WW = Winter Wheat; SB = Spring Barley; Spring Legume; SC = Spring Cereal; Alf = Alfalfa; CRP = Conservation Reserve
Program; SwCn. = Sweet Corn; NT =tilb

t Nutrient | evel below detection | imit
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Table 2.11PR3E"- probe nutrients at 28 days across five study sites

NH-N P S Ca Mg K Fe Mn Cu Zn B

Site Treatment pg-16 erf 28 day§‘

KambitschWW/SB/SL - NT 268.8 b (40) 10.1(29) 2.52(19) 25.4(31) 2227 a(11) 386.8(18) 394.9(44) 13.2b(36) 9.66b (43) 1.15b(35) 1.15 (107R.92 (13)
WWI/SBI/SL - Till 469.3a (25) 10.5(34) 2.31(21) 25.7(23) 2813Db(12) 4505(19) 327.3(21) 249a(4l) 22.7a(52) 2.12a(31) 1.11 (78) 2.69 (26)

PCFS WWI/SL/SW - NT 6.97 b (6) 3.85(9) 22.2 (31) 995.4b(6) 1749b(5) 693.4(19) 12.9b(51) 24.7b(51) 0.68b (26) 0.73 (30) 2.17 bc (23)
WW/SB/SW - NT 322.4 ab (62) 10.6 a (21) 4.83 (55) 20.3 (43) 1378 ab (32) 299.7 ab (53) 575.5(72) 20.1ab(51)72.8 a (60) 0.99 b (33) 0.84 (18) 2.25 abc (12
Alfalfa/cereal/SL (organic) - NB93.1a (17) 8.54 ab (8) 5.37 (55) 20.5 (22) 1812 a (35) 436.9a(46) 823.5(91) 26.1a(24) 16.3b(27) 1.97 a(57) 1.03 (56) 1.68 c (34)
Perennial Tall Wheat Grass 263.7 bc (45) 7.42 b (6) 5.02 (48) 13.6 (45) 1195 ab (21) 219.8 ab (8) 765.6 (42) 12.0b(28) 10.1b(14) 0.77b(33) 0.68 (31) 2.91 a (21)
Native/CRP Grass 7.07 b (36) 6.25 (87) 13.5 (66) 1510 ab (35) 332.4 ab (43) 713.6 (75) 10.6b (37) 5.98b(58) 0.81 b (33) 0.88 (58) 2.42 ab (30)

Pendleton WW/ NT Fallow - NT 8.04(9) 3.56(18) 29.9b (16) 1569 b (18) 425.6 (17) 1138a(15) 17.9b(22) 9.69 (40) 0.99 b (18) 0.70 (32) 2.48 (16)
WWI/Pea - NT 7.88(8) 357(44) 31.1b(38) 1779 ab (22) 457.7 (18) 1011 b (6) 30.5a(39) 20.0(71) 1.84 a (29) 0.78 (19) 2.25 (23)
WW/Fallow - Till 9.12(13) 3.09(30) 47.1a(20) 2076a(20) 512.3(17) 643.4c(9) 19.1b(22) 9.62(7) 2.12 a (33) 0.77 (13) 3.07 (36)

Moro WW/WP - NT 9.05(28) 6.67 (34)  30.5 (40) 1319 a (14) 431.3(18) 1218 a (6) 32.9a(24) 175a(7) 1.85a (1) 1.00(22) 2.15 (22)
WW/NT Fallow - NT 8.37 (30) 7.55 (26) 26.1 (29) 979.0 b (10)333.8 (8) 1046 ab (22) 13.6 ¢ (36) 5.48c(48) 0.96 c (10) 0.98 (28) 2.28 (2)
WW/SB/fallow - NT 146.2 ¢ (42) 10.1(24) 9.73(29) 26.1 (32) 1107 ab (24) 393.5 (27) 1071 ab (13) 14.6 bc (17) 5.57 ¢ (50) 1.03 ¢ (18) 0.99 (22) 2.12 (10)
WW/Fallow - Till 8.3 (16) 6.89 (41) 18.4 (43) 1083 ab (14) 357.1 (12) 942.8 b (21) 23.5ab (34) 9.36 b (13) 1.37 b (33) 0.86 (32) 2.33 (34)

Prosser WWY/Sw. Corn/Potato - NT 7.40 (13) 1.81(22) 24.5 (34) 1156 (6) 368.5(18) 414.7 (26) 23.9 (30) 8.57 (32) 1.84 (22) 1.15(23) 2.36 (23)
WW/Sw. Corn/Potato - Till 7.91 (16) 1.60 (24) 16.0 (21) 1230 (11)  409.3 (4) 314.1 (29) 25.5(34) 7.69 (49) 1.71 (26) 1.03 (18) 2.20 (18)

* Significant differences within sites indicated by different letters (significance at p < 0.10). Values in parenthesificientoé

variation.

T WW = Winter Wheat; SB = Spring Barley; SL = Spring Legume; SC = Spring Cereal; Alf = Alfalfa; ORfibr Resse/e

Program; SwCn. = Sweet Corn; NT =tild
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Table 2.12 Pearson correlation between PR®robe macronutrients and management factors across five study sites

NO5-N NH,;-N P S Ca Mg K
Site ManagementA 24-hrs. 28 days 24-hrs. 28 days 24-hrs. 28 days 24-hrs. 28 days 24-hrs. 28 days 24-hrs. 28 days 24-hrs. 28 days
Kambitsch STIR ns 0.72 ns ns ns ns ns ns ns 0.75 ns ns ns ns
Intensity NA NA NA NA NA NA NA NA NA NA NA NA NA NA
PCFS STIR ns 0.48 ns ns ns ns ns ns ns ns 0.45 0.46 ns ns
Intensity ns ns ns ns ns ns -0.47  -0.52 ns ns ns ns ns ns
Pendleton STIR ns ns ns 0.56 ns ns ns 0.70 ns 0.52 -0.52 ns -0.88  -0.90
Intensity 0.51 0.87 ns ns ns ns -0.65 ns ns ns ns ns ns ns
Moro STIR ns ns ns ns ns ns -0.54 ns ns ns ns ns ns ns
Intensity 0.93 0.92 ns ns ns ns ns ns 0.74 0.58 0.64 ns 0.51 ns
Prosser STIR ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Intensity NA NA NA NA NA NA NA NA NA NA NA NA NA NA

* Correlations significant gg< 0.10. ns = not significam £0.10).
T STIR = soil tillage intensity rating; Intensity = cropping intensity.

Table 2.13 Pearson correlation between PR®robe micronutrients and management factors across

five study sites

Mn Cu Zn B
Site Management” 24-hrs. 28 days 24-hrs. 28 days 24-hrs. 28 days 24-hrs. 28 days 24-hrs. 28 days
Kambitsch STIR ns 0.65 ns 0.65 ns 0.72 ns ns ns ns
Intensity NA NA NA NA NA NA NA NA NA NA
PCFS STIR ns 0.68 ns ns ns 0.69 ns ns -0.50 -0.57
Intensity ns -0.50 -049 -0.46 ns ns ns ns ns 0.50
Pendleton STIR ns ns -0.79 ns ns 0.58 ns ns ns ns
Intensity ns 0.65 ns 0.55 ns ns ns ns ns ns
Moro STIR ns ns ns ns ns ns ns ns ns ns
Intensity ns 0.74 0.50 0.90 ns 0.86 ns ns ns ns
Prosser STIR ns ns ns ns ns ns ns ns ns ns
Intensity NA NA NA NA NA NA NA NA NA NA

* Correlations significant g < 0.10. ns = notgnificant  >0.10).
T STIR = soil tillage intensity rating; Intensity = cropping intensity.



Multivariate Analysis for Improved Prediction

Soil properties along witlihe climate andnanagement factors included in this study
were combined in a multivariate stepwise regressiomti@mpt to improve on single variable
correlations anddentify the best set of variablescross the inland PNW for predicting PNM
BDR, PDR, and total N at@8ys adsorbed to a PRSrobe (Tables2.14, 2.15 and 2.16) These
models are purely empirical and are not necessarily representative across a broad range of
conditions butattempt to represent the value of multiple variables combined into indices in

predictingthese soil processes

Potential N Mineralization

The model with the highest predictability of PNM, explaining 81% of PNM variation,
included total N, WEOC, and MATable 2.14) The value of a predictable index lies not only in
its predictivecapabilities, but also in the accessibility of the parameters. In acknowledgement
of this, a model was run with a reduced soil property data set along with climate and
management factors. Theduced data set included POX@e-day Cminand total N
adsabed to a PR probe at 24 hours, afloil properties that are easily measured with
commercialized field tests. However, the predictability of this model did not represent a
significant improvement on the use of only climate and management factors (Zdlle In
comparison, Schomberg et al. (2009) were able to predict 85% of the variabdiy/liweek
PNM incubation with total N and Cmin at 3 days. Schomberg and coworkers (2009) also
reported that PNM from a-flay anaerobic incubation was signifitigrcorrelated with PNM

from the 4tweek incubation = 0.63).
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Potentialand Basal Denitrification

The model which best explained variability in PBR (.64) consisted of soil properties
with MAT, while a reduced dataset of soil properties along wfitnate and management
factors performed no better than just climate factoré € 0.48) (Table 25). MAT was
consistently the best significant variable in explaining variation in BDR, and when MAT was
removed from the modeltotal inorganic N was the best explanatory variable (Tall&)2.The
greater predictability of PDBver BDR isn keeping with the higher correlation of soll

properties, managementariables, and climate factovgith PDRcompared toBDR

PRS" - ProbeTotal N at 28 Days

A combination of management factors and soil properties, including STIR, cropping
intensity, 24hour PR8"total N, and total inorganic Nexplained 62%f the observed variation
in 28-day total PRY'total N (Table 2.16)A model with easily measured soil properties
performed similarly, with 24our PR8"total N, soil pH, STJBnd cropping intensity explaining
60% of the variation in 28ay total PRY'total N. Considering that several studies have
conveyed that total N adsorbed to PR$robes is indicative of plant N uptake/élley et al,
2002; Nyiraneza et al., 2009), results from this study indicate that a significant portion of plant

N uptake can be explained byanagement factors andasily measured soil properties.
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Table 2.14 Multivariate regression analysi®dfMwith climate, management, and soil propertiasross
four dryland sites

Variables Parameter

Model Entered Into Modél Selected Estimate Pr>F Model R
SOC, Total N, POXC, WEO Total N 0.025 0.0018
1) Management, Climat WEON, MBC, MBN, Crin, WEOC 0.288 0.003 0.79
Factors, Soil Properties TNy TNgw STIR, Intensity, pb -~ MAT -0.015 0.0006 '
MAT, MAP Intensity 0.033 0.014
MAT -0.017 0.0007
2) Climate Factors, MAT, MAP, STIR, Intensity, ¢ MAP_ 0.00008 0.0028 0.70
Management Intensity 0.032 0.07
STIR -0.00028 0.007
3) Management, Soil STIR, Intensity, pH, SOC, To Total N 0.044 <0.0001
Properties ’ N, POXC, WEOC, WEON, M WEOC 0.256 0.01 0.77
MBN, CmifLg TNy, TNewm Intensity 0.033 0.036
4) Climate Factors, Soil MAT, MAP, SOC, Total N, PC Total N 0.028 0.0005
Properties ’ WEQC, WEON, MBC, MBN  WEOC 0.338 0.003 0.81
Cminy.ag TNy, TNemw pPH MAT -0.015 0.006
5) Management, Climatt MAT -0.0183 0.0002

. POXC, CmingT STIR, .
Factors, Reduced Soil Cmifo TNew Intensity 0.041 0.02 0.71
Intensity, pH, MAT, MAP

Properties POXC 0.143 0.0002

* Model entry and selection set @t< 0.10 (Prosser excluded from analysis).

T PNM = potential nitrogen mineralizatioBOC = soil organic carbon; POXC = permanganate oxidizddae; SMEOC = water
extractable organic carbon; WEON = water extractable organic nitrogen; MBC = microbial biomass carbon; MBN = microbial
biomass nitrogen; Cming = carbon mineralized at 1da¥Ny = total inorganic N from KCL extraction;gN total PN at 24
hours; pH = soil pH from 1:1 water extraST IR = soil tillage intensity rating; intensity = cropping intensity; pH = soil pH from 1:1
water extract. MAP = mean annual precipitation; MAT = mean annual temperature.
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Table 2.15 Multivariate regssion analysis of PDR and BiiiR climate, management, and soil propertiasross
four dryland sites

Dependen Variables  Parametel

Model Entered Into Modél Variable Selected Estimate Pr>F Model R
Total N 0.119 0.0001
_ SOC, Total N, POXC, WEO POXC 0.435 0.02
1) Manggeme_nt, Sail WEON, MBC, MBN, Cigli, PDR . . . 0.64
Properties, Climate TNuTNew STIR, Intensity, p Cminy_qq4 0.605 0.053
Factors Nr T TYEM ' : -
MAT. MAP MAT 0.018 0.03
BDR MAT -0.0015 0.019 0.12
2 Climate Fact T . Precipitai PDR MAT -0.029 <0.0005 0.48
) Climate Factors, emperature, rg0|p| ation, MAP .0.00009  0.066 .
Management STIR, Intensity, pH :
BDR Identical to Model 1
Total N 0.144 <0.0001 0.59

STIR, Intensity, pH, SOC, To

i)roM:rrlngement, Soail N, POXC, WEOC, WEON, M PDR PQXC -0.454 0.004
i
p MBN, Cmigiye TNy, TNew Cminy_1q4 0.546 0.09
BDR TNy 0.0001 0.035 0.10
, . MAT, MAP, pH, SOC, Total | ppR Identical to Model 1

i)roclnr;]:atse Factors, Soil 55y WEOC, WEON, MB _

p MBN, TN, TNew BDR Identical to Model 1

i . PDR

5) Management, Cllmate STIR, Intensity, MAP, MAT, p Identical to model 2
Factors, Reduced Soil POXC, Cming TN
Properties ’ @ TEM BDR Identical to Model 1

* Model entry and selection set @t< 0.10 (Prosser excluded from analysis).

T PDR = potential denitrification; BDR = basal denitrificat8d¢= soil organic carbon; POXC = permanganate oxidizable carbon;
WEOC = water extractable organic carbon; WEON = water extractable organic nitrogen; MBC = microbial biomass carbon; MBN =
microbial biomass nitrogen; Cmgity = carbon mineralized at 1da¥Ny = total inorganic N from KCL extraction;chN total PRY!

N at 24 hours; pH = soil pH from 1:1 water extr&XJR = solil tillage intensity rating; intensity = cropping intensity; pH = soil pH
from 1.1 water extract. MAP = mean annual precipitatio®§ ™= mean annual temperature.
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Table 2.16 Multivariate regression analysis of2§ PRY'- probe total N with climatetnanagement, and soil properties

across four dryland sites

Variables Parameter

Model Entered Into Modéll Selected Estimate Pr>F Model R
SOC, Total N, POXC, WEC  TNgy, 9.29  <0.0001
1) Management, Climate WEON, MBC, MBN, Crif, TNy -5.66 0.01 0.62
Factors, Soil Properties TNy TNgy STIR, Intensity, pt STIR 1.24 0.0009 '
MAT, MAP Intensity  359.7 <0.0001
_ STIR 1.68  0.0015
iﬂ)aiggn::fe';fcmrs’ MAT, MAP, STIR, Intensity, { Intensity  326.4  0.0026  0.29
pH -0.0001  0.037
3) Management, Soil STIR, Intensity, pH, SOC, Tc
Properties ! N, POXC, WEOC, WEON, M Same as Model 1
MBN, Cmigzs TNn TNem
MAT, MAP, SOC, Total N, PC
i)roi'(';;‘izt: Factors, Soil " \wEoc weon, MBC, MBr | EY 748 <000t
Cminy1g, TNny TNew PH Total N -68.4 0.036
. TNew 753  <0.0001
i;gggag;;‘jigfgg?te POXC, CmingTNewSTIR, ~ PH 000012 005

Intensity, pH, MAT, MAP STIR 0.94 0.02
Intensity 352.3 <0.0001

Properties

* Model entry and selection set qt< 0.10 (Prosser excluded from ayss).

T PDR = potential denitrification; BDR = basal denitrificaBD¢C = soil organic carbon; POXC = permanganate oxidizable carbon;
WEOC = water extractable organic carbon; WEON = watsactable organic nitrogen; MBC = microbial biomass carbon; MBN =
microbial biomass nitrogen; Cngify = carbon mineralized atday, TNy = total inorganic N from KCL extraction; g\ total
PRSN at 24 hours; pH = soil pH from 1:1 water extr&XR = soil tillage intensity rating; intensity = cropping intensity; pH = soil
pH from 1:1 water extract. MAP = mean annual precipitation; MAT = mean annual temperature.



SUMMARY ANKONCLUSIONS

An increase in soil C and N propertiegassociated with an increase in PNM across the
study area. The soil NHTHN ratio was the only soil C/N ratios of the various fractions
measured in the study that was correlated with PNM. Cmin values were significantly correlated
with PNM, and the caelation coefficients observed in this study were less than reported in
some studieswhile more in line with others. The anaerobic nature of the PNM incubatnzh
the various rates of gross immobilization resulting from varying C/N ratios of crop essidu
were thought to explain the lower correlations between PNM and Cmin observed in this study.
Across thefour dryland sites, MAB associated with an increase in PNihile an increase in
MATis associated with a decrease in PNBbth tillage and croppg intensification also have
significantly impacted PNMAt Pendleton, the influence of tillage was most notable, whfie
plots had significantly greater PNM than till pots. At Moro, croppingnisity significantly
influenced PNM, where annual croppgimvith a legume in rotation resulted in greater PNM than
other NTrotations at Moro with a fallow year.

A multivariate analysis of PNM witloil propertiesgclimatevariablesand management
factors indicated thatasily measured POXC along with croppimgnsity and MAEXplain71%
of observed PNM variation. A combination of total N, WEOC, and MAT, howa&péired 81%
of the overall variatbn in PNM across the four dryland sites in the study area and represents an
improvement in single factor prediocn of PNM.

An increase in PNM is associated with an increase in PDR (r ahB®)PNM and BDR
were not significantly related. BDR had greater CVs than PDR and muliijfeasid N

properties exhibited a higher degree of correlation with PDR thah ®iDR.Across the four
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dryland sites, MAT was significantly related to both BDR{r34) and PDR (r-8.66), while

only MAP was significantly related to PDR (r = 0.55). BDR did not differ significantly between
treatments while PDRvassignificantlygreater for crop rotations with a legume comprising at
least half of the rotation. The influence $TIFon PDRwas not consistent across sites, and this
was tied to variable soil C diN properties across sites with regard to STIR, particularly WEOC
andMBC.

Considered in combination with the literature, results in the present study support that
an increase in cropping intensity is associated with an increase in denitrification; as indicated in
the literature, however, cropping intensification under B&n also enhance the activity of®l
reductase by reducingvailability and mitigate §O emissions resulting from denitrification.
Therefore, while increasing cropping intensity increases both PNM and PDR, it also has the
potential to reduce MO emissions within NT. In a multivariate analydig tactors which best
explain varition in PDR across the region include total N, POXGgap€min, and MAT(x
0.64), while a combination of factors did not improve the prediction of BDR beyond only MA
(r*=0.12).

Initial extractable inorganic N was an important source of plant available N, indicated by
its significant correlation with 2#our (r = 0.83) and 28ay PRY"-probe NQ (r = 0.42).

Cropping intensificationhowever, alstnad a measurablegsitive impact on N@availability at
both 24 hours an@8 daysand is representative of mineralization 8OMasan importart
source of plant available NGreater N@ availability was also associated wéh increase in
STIRand thiswas attributed to either greater denitrification under NT earlier in the season

under wetter conditionsgreater plant N uptake under NT earlier in the season under improved
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moisture conditions associated with NT, or mixing of leadi€dl backinto surfa@ soils
associated with tillage. A multivariate analysis of2§ PRS-probe total N revealed a
combination of 24hour PR8"-probe total N, initial inorganic N, STHRd cropping intensity
explained62% of the variation in 28ay total N across the fouwryland sites in the study.

As with N@, leaching of S may also have contributed to greater S associated with an
increase in STIRhere CTplots at Pendleton had great@8-day S availability thamNTplots.
There were few observkdifferences in Pailability and P variation was not significantly
correlated with STIR or cropping intensit#vailable Phowever,and S displayed sensitivity to
multiple soil C and N propertiesAfter 28 days of incubatigrP and S had a negative
relationship withseeral soil C and N propertiemdicating that under ideal conditions of
enhanced microbial activifygross immobilization of these macronutrients incregsedd is
possibly related to microbially mediated £and (P ratios Additionally, increased soitidity
associated with increased SOM would also limit P and S availability

POXC was positively associated with Ca (r =,8@g multiple soil C and N properties
exhibited a negative relationship with K and Mg. This was attributed to greater Ca activity
inhibiting these other cations. Additionally, Ca and Mg were negatively associated with the
water extractable portions of and Nand considered indicative of the role of these nutrients
in stabilization of SOM through cation bridging. Kambitsch and Pendletoan increase in
STIRvasassociated with an increase 28-day Ca availability. This greater Ca availability
as®ciated with CT was attributed to lower soil pH under NT, where increased Ca solubility
under a decrease in pH may have resulted in enhanced Ca leaching, while tillage would result in

mixing Ca back o the surface.Potassiunexhibited a negative relatisship with STIR and a
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positive relationship with cropping intensityAn increase in MARasassociated with an
increase in N@and Ca, while P and K were negatively associated with MAP. Sulfur, K, and Mg
all increased across the study area as MAT irsgea

Aside from Mnmicronutrientswere poorly correlated with soil C and N propertes
soil pH. ThemicronutrientsFe, Cu, and Mn increased with an increase in tillage intensity, as
evidenced by 2&lay results from Kambitsch, Pendleton, and Moro. ppnog intensification
under NT, however, contributed to enhanced availability of these nutrieMtigronutrients
displayed less sensitivity tdAPand MATthan macronutrients; however an increaseNtATis
associated with an increase @uandFe. Acrosghe five sites, B and Zn at 24 hours adsorbed
to PRE probes was below the detection limit, indicating the plant available levels of these

micronutrients may be deficient within the study area.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

Surface soils comprise a critical interfasel have great potential to influenc®il
health through theirinfluence on multiple soil processes and potential to mitigate soil erosion
through proper managementThe SOM status of these surface soils is of critical importasce
SOM provides the engy source for microbes that-turn drive soil processes such as nutrient
mineralization and denitrificationSOM however,is heterogeneous in naturend comprised of
a continuumof C and Npoolsthat necessitatenultiple methodologesto capture and dahe
various fractions of SOMhich inturn aid in a meaningful assessment of soil health

In this studythe soil C and N propesrsof surface soils (00 cm)measuredncluded
SOC, total N, POXC, WEOC and WEON, and MBC andndpidvided the opportinity to
assess the status of soil health within the inland PNAIditionally, hese soil C and N
propertiesalong with four soil processed) C mineralization, 2) potential N mineralization, 3)
potential and basal denitrification, and 4) nutrient suppate— providedseveralimportant
insights regarding soil health and the role of climate variables and management factors in
influencing soil health.

Climate is the main driver of soil C and N properties within the inland PAtWncrease
in MAP was associated with an increase in SOC and total N, while an increase in MAT was
associated with a decrease in total N. AdditionahpPexplaired 57% of SOC variability and
69% of total N variabilitgcross the four dryland sites comging the study When MAP was

excluded from the analysi®AT became thaignificantvariableand explained2% and 49%,

165



respectively, of SOC and total N variability. This result indicatebthlaMAPand MAT are
critical variables driving soil C antll dynamics in the inland PNVFurthermore,an assessment
of the sensitivity othe hydrolyzableand northydrolyzabldractionsof SOGndicated that both
were equally sensitive to climateevealingthat pools with a longer turnovewere as equally
sensitve to a changing climate as pools with a shorter turnover time.
The influence of climate oN mineralizationindicesand denitrificationwas also evident.
An increase in MAR associated with an increase in PN 24hour PR8"-probe NQ', while
an increase iMATIis associated with a decreasebioth PNMand 24hour PR8"probe NQ..
The influence of MAP and MAT danitrificationwas similar to the effect of these climate
variables orN mineralization indicesan increase in MAP was assted with an increase in
PDR, while an increase in MAT was associated with a decrease in both PDR ahth&biRer,
these soil processes exhibited significant relationships with multiple soil C and N properties.
Thisobservation, along with theelationship between these soil processes aMAT and MAP
suggests that N mineralization and denitrification may also be sensitive to a changing climate.
While MAP and MAT represent critical drivers of soil health within the inland B,
importance of tillage ad cropping intensity to soil health were also evident in this study. POXC
showed sensitivity to tillage and cropping intensity, and was also considered representative of
stabilized SOM, a conclusion supported byigsisicant correlatiorwith the hydroyzableand
non-hydrolyzabldractions of SOC and total NConverselyCmin providd unique information
about soil health not captured by POXC, particularly microbial activity, decomposition, and

nutrient cycling.
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Ananalysis othe influence of tillage and cropping intensity BOXC and Cmialong
with a comparative analysis of average values found in this study to reported values in the
literature revealed important information regarding the influence of management on soil
heath within the region. The range of alues reported in the literature for POXtlicatesthat
soils within the inland PNW are below averagstebilized SOMResults fronother studies
coupledwith present findings suggest that cropping divBesition along withNTis essential to
building POXC.Cminvalues conversely, were within the range of values reported in the
literature but nonetheless showesdensitivity to both tillage and cropping intensitiikewise,
results from the present study alongtiv literature findings suggest that cropping
intensification/diversification along witNTis also critical to enhancing Cmin.

Along with POXC and Cmin, the influence of managemeft mrneralizatiorand
denitrification was also evidenBoth tillage and cropping intensification have significantly
impacted PNM.At Pendleton, the influence of tillage was most notable, whdfiglots had
significantly greater PNM tha@Tpots. At Moro, cropping intensity has significantly influenced
PNM, vhere annual cropping with a legume in rotation has resultesigmificantlygreater
PNM than otheiNTrotations at Moro with a fallow yearContrary to PNMgreater PRS"-
probe NO; availability was associated witin increase itillage;this was attributed to either
greater denitrification under NT earlier in the season under wetter conditigrester plant N
uptake under NT earlier in the season under improved moisture conditions associated with NT,
or tillage resulting irmixing of leachedNG; backinto surface soils.

BDR did not differ significantly between treatments while R2Bsignificantlygreater

for crop rotations with a legume comprising at least half of the rotation. The influeniiéage
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on PDRwas not consistent acrosdes, and this was tied to variable soil Gla properties

across sites with regard to tillage, particularly WEOC and MBC. While results suggest that
increased cropping intensity is associated with an increase in PDR, this does not necessarily
translate b an increase in XD emissions, as recent findings in the literature suggest cropping
intensification under NT can enhance the activity g©ONeductase by reducing,@vailability

and mitigate NO emissions resulting from denitrification. Therefosdaile increasig cropping
intensity may increase the potential for denitrificatiohalso has the potential to reduce®
emissions within NT.

Multivariate analyses werperformed in an attempt to improve on the ability of single
variable climate and meagement factors and soil C and N properties in explaining the
observed variation in N mineralization and denitrificatioh multivariate analysis of PNM with
soil propertiesclimate and management factors indicated tleatsily measured POXC along
with cropping intensity and MA&xplain71% of observed PNM variatiaeross the four
dryland sites in the studyA combination of total N, WEOC, and MAT, howesgp|ain81% of
overall variatbn in PNM across the four dryland and represents an improvemermgtesfactor
prediction of PNM.Similarly, a combination of 2dour PR®total N, initial inorganic N, STIR
and cropping intensity explained 62% of the observed variation ida88PR%' total N. And
last, a multivariate analysis of denitrification rele@ the factors which best explain vatian in
PDR across the region include total N, POXGgdageCmin, and MAT(x 0.&), while a
combination of factors did not improve the prediction of BDR beyond only MATO(1.2).

Multiple studies have founthat NGy adsorbed to PR probes is related to plant N

uptake. Regarding PNM, however, results within the literature vary regarding the relationship
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of PNM to plant N uptake. In the present study, PNM was significantly correlated witbu24
PRS"-probeNO; but was not correlated with 28ay cumulative PR%-probeNO; . The fact

that PNM from a longer incubation is not correlated with4\f@®m an equally long PR%

probe incubation suggests that PNM as measured in this studgd2&naerobicricubation) is

not related to plant N uptake. To be sure, however, PNM remains an important indicator of soil
health as it represents the ability of microbes to decompose SOM and supply plant available
nutrients.

Several PR8nutrients also exhibited notale relationships with soil C and N properties
and management variablesAfter 28 days of incubatigr® and S had a negative relationship
with several soil C and N propertjesdicating that under ideal conditions of enhanced
microbial activity gross mmobilization of these macronutrients increasesd is possibly
related to microbially mediated/S and (P ratios The ability of Ca activity to inhibit the
activity of other cations was a possible explanation for the negative correlation of K and Mg
with multiple soil C and N propertiesAdditionally,cation bridging and subsequent
stabilization of SOM was attributed to the negative relationship betw€arand Mgndthe
water extractable portions of C and N. Aside from Mignonutrientswere poorlycorrelated
with soil C and N properties as well as with soil pH.

Leaching of S may have contributed to greater S associated with an incregisgén
intensity, where CTplots at Pendleton had great@8-dayS availability thamNTplots. There
were few observd differences in P availability and P variation was not significantly correlated
with tillage or cropping intensity.At Kambitsch and Pendletoan increase itillagewas

associated with an increase 28-day Ca availabifit This greater Ca availability associated with
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CT was attributed to lower soil pH under NT, where increased Ca solubility under a decrease in
pH may have resulted in enhanced Ca leaching, while tillage would result in mixing Ca back into
the surface. Potassiumexhibited a negative relationship witillageintensityand a positive
relationship with cropping intensityThemicronutrientsFe, Cu, and Mn increased with an
increase in tillage intensity, as evidenced byd2§ results from Kambitsch, Pentila, and
Moro. Cropping intensification under NT, however, contributed to enhanced availability of
these nutrients. Across the five site24-hour B and Zn adsorbed to PR®robes was below
the detection limit, indicating the plant available levels loé$e micronutrients may be
deficient within the study area.

Last, evaluation of a soil health index which utilieas-dayCmin, WEOC, and WEON
revealed sensitivity of this index to both climate and manageménnh d e x *  sosslindhes f or
inland PNW rage from 3.6 to 8.8, whereas 0 to 50 is the reported range of potewdiales; a
range of 014, howeveris more realistic for soils within the inland PNW

The inland PNW is an important and unique ecoregions within the United Stiitesa
regiondominated by WWbasedagriculture, whicmot only forms the basis of the agrarian
culture but also provides an important source of export grain for the commodity market and is
subsequently a vital component oft tthhee rreeggioonn’
soils are subject to the influence of climdiat that conscientious management practices are
integral to maintaining and improving soil health. Continued adoption of NT, along with crop
diversification and intensification argecessargteps on the road to improved soil health and

bol st er i ngmportargrole ile \dSiagrioultuse.
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APPENDIX: Soil Tillage Intensity Rating (STIR) and Cropping Intensity for each study site

Kambitsch
Rotation Operation Rotation Sequence Rotation
Treatment Sequence Operation STIR STIR _Intensity® Intensity®

Planting/ Double Opener w/ fertilizer application 13.81
ww Spray herbicide 0.15

Harvest 0.15 9
Spray herbicide (2 times) 0.30
Planting/ Double Opener w/ fertilizer application 13.81

WW-SC-SL (NT sc Spray Herbicide 0.15 14.36

-SC-SL(ND) Harvest 0.15 ’ 4
Spray herbicide (2 times) 0.30
Planting/ Double Opener w/ fertilizer application 13.81
SL Spray herbicide 0.15
Harvest 0.15

Spray herbicide 0.15 4 0.47

Chisel Plow (Twisted Shovel) 45.50
Field Cultivator w/ 4" sweeps and spring tine harrow 28.44
Ww Planting/ Double Opener w/ fertilizer application 13.81
Spray herbicide 0.15

Harvest 0.15 9
Spray herbicide (2 times) 0.30
Chisel Plow (Twisted Shovel) 45.50
sc Field Cultivator w/ 4" sweeps and spring tine harrg 28.44
Planting/ Double Opener w/ fertilizer application 13.81

WW-SC-SL (€T Spray herbicide 0.15 88.3

Harvest 0.15 4
Spray herbicide (2 times) 0.30
Chisel Plow (Twisted Shovel) 45.50
Field Cultivator w/ 4" sweeps and spring tine harrg 28.44
SL Planting/ Double Opener w/ fertilizer application 13.81
Spray herbicide 0.15
Harvest 0.15

Spray herbicide 0.15 4 0.47

T WW = winter wheat; SC = spring cereal; SL agpegume; NT = ntill; CT = conventional till.

t V afdr 8TéRsfrom USEMRCS TN agronomy No.(BEDANRCS2006).

¥ AnnualizedSTIRvalue based on summing operation STIR values and dividing by total years in
rotation.

§ Based on the average numbefr months out of 12 months of growing plant cover.

€ Annualized cropping intensity based on sum of sequence intensities divided by total number
of months in a complete crop rotation.
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PCES

Rotation Operation Rotation Sequence Rotation
Treatment Sequence Operation STIR STIR Intensitf Intensity€
Native Grass/CRP Flail Mow 0.15 0.15 10 0.83
. Spray Herbicide (Spring/Fall) 0.30
Perrenail Tall Wheat Harvest 015 0.45 10 0.83
Spray herbicide 0.15
Plant/ Single operner with fertilizer application 5.69
Ww Fertilizer Application/ Top Dress (broadcast?) 0.06
Spray herbicide 0.15
Harvest 0.15 9
Spray herbicide (2 times) 0.30
Planting/Single opener with fertilizer application 5.69
WW - SB - SW (NT) SB Spray herbicide 0.15 63
Harvest 0.15 4
Fertilizer Application/ Top Dress Broadcast 0.06
Spray herbicide(2 times) 0.30
SW Planting/Single opener with fertilizer application 5.69
Spray herbicide(2 times) 0.30
Harvest SW 0.15 4 0.47
Spray herbicide 0.15
Planting/Single opener with fertilizer application 5.69
wwW Fertilizer Application/ Top Dress 0.06
Spray herbicide 0.15
Harvest 0.15 9
Spray herbicide 0.15
Planting/Single Opener 2.44
WW-SL-SW (NT) SL Spray herbicide 0.15 5.2
Mower/Swath 0.15
Harvest 0.15 4
Fertilizer/ Broadcast 0.06
Spray herbicide (Fall/Spring) 0.30
SW Planting/Single opener with fertilizer application 5.69
Spray herbicide (2 times) 0.30
Harvest 0.15 4 0.47
Sweep Plow (20-40 in.) 9.75
SWicover cropPlanting/Single Opener 2.44
(3 years) |Rotary Hoe (2 times) 33.15
Harvest 0.15 4
Sweep Plow (20-40 In.) 9.75
Ag:lfil?:;l;\;v)h Broadcast Alfalfa 0.15
Harvest 0.15 10
Alfalfa-SC-SL (NT/organi Swegp quw Fall and Spring (20-40 in.) 19.50 228
SW (2 years) Planting/Single Opener 2.44
Rotary Hoe 16.75
Harvest 0.15 8
Alffalfa (failed/|Sweep Plow (20-40 in) 9.75
3 years) [Broadcast Alfalfa 0.15 4
Sweep Plow (20-40 in.) 9.75
SL (1 Year) [Plant/Single Opener 2.44
Harvest SL 0.15 4 0.49

T WW = winter wheat; SB = spring barley; SW = spring wheat; SL = spring legume; SC = spring
cereal; NT = naill; CT = conventional till.

t V afdr 8TéeRsfrom USBRRCS TN agronomy No.(RBBDANRCS2006).

¥ Annualized STIR value based on summing ¢der&TIR values and dividing by total years in
rotation.

§ Based on the average number of months out of 12 months of growing plant cover.

€ Annualized cropping intensity based on sum of sequence intensities divided by total number
of months in a completerop rotation.
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Pendleton

Rotation Operation Rotation Sequence Rotation
Treatment Sequence Operation STIR STIR Intensit)f Intensitf
Post-harvest fall spraying 0.15
Spray herbicide (spring) 0.15
WW-Fallow (NT) Fallow Spray herbicide (summer/2 times) 0.30 129 0
Planting/ Deep furrow drill with fertilizer application 24.70
ww Spray herbicide (2 times) 0.30
Harvest 0.15 9 0.38
Planting/ Deep furrow drill with fertilizer application 24.70
WP Spray herbicide 0.15
Spray for crop kill 0.15 9
WW-WP (NT) Spray herbicide 0.15 25.2
WW Planting/ Deep furrow drill with fertilizer application 24.70
Spray herbicide (2 times) 0.30
Harvest 0.15 9 0.75
Post-harvest fall spraying 0.15
Fallow Moldboard P!ow - spring (9in) 65.00
Harrow - Spring Tooth 15.60
WW-Fallow (CT) Rod Weeding (4 times) 70.40 88.2 0
Planting/ Deep furrow drill with fertilizer application 24.70
Ww Spray herbicide 0.30
Harvest 0.15 9 0.38

T WW = winter wheat; WP = winter Pea; NT =tiipCT = conventional till.

t V afdr 8TéRsfrom USEMRCS TN agronomy No.(B&BEDANRCS2006).

¥ Annualized STIR value based on summing operation STIR values and divioiagylears in
rotation.

§ Based on the average number of months out of 12 months of growing plant cover.

€ Annualized cropping intensity based on sum of sequence intensities divided by total number
of months in a complete crop rotation.
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Moro

Rotation Operation Rotation Sequence Rotation
Treatment Sequence Operation STIR STIR Intensity§ Intensit)f
Post-harvest fall spraying 0.15
Spray herbicide (spring) 0.15
Fallow Flail Mow 0.15
Spring Primary Tillage - Chisel Plow w/ twisted points (15 cng2.65
Sweep Cultivation - 30 cm 9.75
Ww-Fallow (CT) Rod Weeding (3 times) 51.20 709 0
Fertilize with Shank Applicators - August 6.50
WW Planting/ HZ openers 20.80
Spray herbicide (2 times) 0.30
Harvest 0.15 9 0.38
Fallow Post—harve_st.fall sp_raying 0.15
Spray herbicide (3 times) 0.45 0
WW-Fallow (NT) Planting/ Double Opener with banded fertilizer 13.80 7.4
Ww Spray herbicide 0.15
Harvest 0.15 9 0.38
Post-harvest fall spraying 0.15
NT Fallow |Fallow Spraying (3 times) 0.45 0
Planting/ Double Opener with banded fertilizer 13.80
ww Spray herbicide 0.15
WW-SB-Fallow (NT) Harvest 0.15 9.7 9
Spray herbicide (2 times) 0.30
SB Planting/ Double Opener with banded fertilizer 13.80
Spray Herbicide 0.15
Harvest 0.15 4 0.36
Spray herbicide 0.15
WW Planting/ Double Opener with banded fertilizer 13.80
Spray herbicide (2 times) 0.30
Harvest WW 0.15 9
WW-WP (NT) Spray herbicide 0.15 14.4
WP Planting/ Double Opener (Fertilizer applied at 7.5 cm) 13.81
Spray herbicide (2 times) 0.30
Harvest 0.15 9 0.75

T WW = winter wheat; SB = spring barley; WP = winter Pea; NTil @¥ = conventional till.

t V afdr 8TéRsfrom USEMRCS TN agronomy No.(B&BEDANRCS2006).

¥ Annualized STIR value based on summing operation STIR values and dividing byrtotal yea
rotation.

§ Based on the average number of months out of 12 months of growing plant cover.

€ Annualized cropping intensity based on sum of sequence intensities divided by total number
of months in a complete crop rotation.
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Prosser

Rotation Operation Rotation Sequence Rotation
Treatment Sequence Operation STIR STIR Intensity’ Intensity®
Disk and Packer 40.22
WW Planting/Double Opener with fertilizer 13.81 9
Spray herbicide (2 times) 0.30
gf"“l‘(’eSt dWW - f61252 68.6 0.54
WW-Sw. Corn-Potatoe (N7 ISk anc packer '

Potatoe Planting Potatoe 28.67 4
Spray herbicide 0.15
Harvest Potatoe 13.75

Sw. Comn Not yet planted in rotation
Disk and Packer 40.22

WW Planting/Double Opener with fertilizer 13.81
Spray (2 times) 0.30
gf"‘rl‘(’e.St W\/N T 5?9'1155 78.1 S 0.54
WW-Sw. Corn-Potatoe (C' IS .rlpper roller ’

Potatoe Planting Potatoe 28.67
Spray herbicide 0.15
Harvest Potatoe 13.75 4

Sw. Corn Not yet planted in rotation

TWW = winterwheat; Sw. Corn = sweet corn; NT =tilpCT = conventional till.

t Values for STIR from USINRCS TN agronomy No.(&BDANRCS2006).

¥ Annualized STIR value based on summing operation STIR values and dividing by total years in
rotation.

§ Based orthe average number of months out of 12 months of growing plant cover.

€ Annualized cropping intensity based on sum of sequence intensities divided by total number
of months in a complete crop rotation.
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9.7

APPENDIB: Mean annual temperature (MAT) and precipitation (MAP) for each study site between 1955 and 2012

Kambitsch PCES Pendleton Moro Prosser

Weather Statioft Weather Station: Weather Station: Weather Station: Weather Station:

Moscow U of I, ID (COOP 106152) Pullman 2NW, WA (COOP 456789) Pendleton BR Exp. Station, OR (COOP 35654@p, OR (COOP 355734) Prosser, WA (COOP 456768)
Year MAT PC) MAP (mm) Year MAT £C) MAP (mm) Year MAT fC) MAP (mm) Year MAT £C) MAP (mm Year MAT £C) MAP (mm)
1955 7.3 583 1955 6.9 620 1955 - - 1955 8.1 329 1955 9.2 210
1956 8.4 548 1956 8.3 551 1956 - - 1956 9.1 307 1956 10.2 176
1957 8.6 515 1957 8.0 594 1957 9.8 461 1957 9.0 321 1957 10.0 282
1958 10.7 655 1958 10.3 758 1958 12.0 499 1958 11.0 357 1958 12.0 254
1959 8.5 573 1959 8.1 648 1959 10.1 396 1959 9.2 205 1959 10.0 150
1960 8.9 545 1960 8.3 674 1960 10.1 413 1960 9.1 276 1960 10.0 198
1961 9.2 608 1961 8.9 669 1961 11.3 397 1961 10.1 337 1961 11.3 299
1962 8.4 545 1962 8.2 543 1962 10.7 439 1962 9.5 297 1962 10.8 222
1963 9.1 516 1963 8.7 511 1963 10.4 352 1963 9.3 303 1963 10.8 198
1964 7.5 802 1964 7.6 691 1964 9.7 381 1964 8.6 304 1964 10.3 192
1965 8.8 423 1965 8.9 378 1965 10.5 345 1965 9.9 211 1965 11.3 121
1966 8.9 481 1966 8.8 475 1966 10.8 377 1966 9.7 292 1966 11.6 179
1967 9.2 527 1967 9.2 477 1967 11.1 293 1967 10.4 154 1967 12.1 111
1968 8.6 692 1968 8.7 573 1968 10.8 371 1968 8.6 279 1968 10.8 195
1969 7.9 513 1969 8.1 396 1969 9.7 339 1969 8.6 266 1969 9.7 184
1970 8.4 781 1970 8.4 558 1970 10.2 429 1970 9.2 290 1970 10.1 190
1971 7.9 770 1971 8.0 708 1971 10.1 536 1971 9.2 260 1971 10.2 209
1972 7.9 783 1972 8.2 543 1972 9.6 371 1972 9.0 268 1972 10.1 203
1973 8.5 700 1973 8.6 506 1973 10.4 200 1973 9.5 308 1973 10.6 246
1974 8.4 658 1974 7.6 510 1974 10.4 359 1974 9.5 212 1974 10.6 180
1975 7.4 840 1975 7.4 670 1975 9.6 451 1975 8.9 305 1975 9.8 217
1976 8.2 568 1976 7.9 400 1976 10.0 323 1976 9.6 178 1976 10.0 88
1977 8.5 581 1977 8.2 464 1977 9.9 386 1977 9.0 304 1977 10.4 195
1978 7.9 617 1978 7.6 463 1978 9.5 470 1978 8.8 277 1978 10.1 199
1979 8.3 644 1979 8.0 516 1979 9.8 407 1979 8.9 324 1979 10.1 187
1980 8.4 713 1980 8.1 585 1980 9.9 528 1980 8.6 403 1980 9.8 284
1981 8.7 732 1981 8.7 605 1981 10.6 529 1981 9.3 373 1981 10.8 198
1982 7.5 703 1982 7.6 648 1982 10.0 499 1982 8.5 312 1982 10.0 255
1983 8.3 810 1983 8.6 657 1983 10.4 594 1983 9.0 427 1983 10.6 342
1984 7.5 670 1984 8.0 608 1984 9.8 563 1984 5.8 394 1984 8.9 189
1985 6.4 471 1985 6.5 383 1985 8.2 363 1985 7.5 205 1985 9.3 154
1986 9.0 739 1986 8.9 518 1986 10.7 457 1986 9.7 276 1986 9.0 219
1987 9.6 509 1987 9.4 404 1987 10.7 303 1987 10.2 273 1987 12.4 163
1988 9.0 616 1988 9.0 488 1988 10.7 384 1988 9.8 259 1988 11.5 170
1989 8.4 681 1989 8.3 534 1989 9.9 420 1989 9.2 217 1989 9.9 161
1990 9.1 725 1990 8.9 586 1990 10.6 339 1990 10.1 251 1990 11.7 135
1991 9.0 621 1991 9.0 464 1991 10.5 461 1991 9.8 275 1991 9.7 175
1992 10.0 600 1992 9.9 447 1992 11.3 362 1992 10.7 279 1992 13.3 176
1993 7.9 601 1993 8.1 424 1993 9.0 464 1993 8.3 253 1993 9.9 134
1994 9.4 613 1994 9.4 474 1994 11.0 447 1994 10.4 248 1994 - -
1995 9.1 886 1995 8.8 569 1995 10.7 526 1995 9.9 475 1995 - -
1996 8.4 9296 1996 8.4 727 1996 10.1 544 1996 9.4 442 1996 12.0 241
1997 9.1 827 1997 9.2 485 1997 10.7 418 1997 10.1 249 1997 11.9 226
1998 9.7 916 1998 9.7 571 1998 11.6 499 1998 10.4 347 1998 12.2 202
1999 9.0 689 1999 8.5 485 1999 11.0 377 1999 9.9 177 1999 12.2 155
2000 8.1 587 2000 7.5 455 2000 8.8 560 2000 8.8 224 2000 11.0 205
2001 8.8 585 2001 9.1 458 2001 9.0 355 2001 9.8 211 2001 11.3 186
2002 8.3 588 2002 8.5 393 2002 10.7 338 2002 9.5 183 2002 12.0 171
2003 9.7 756 2003 9.6 538 2003 11.6 433 2003 10.6 298 2003 13.1 225
2004 9.4 626 2004 9.4 484 2004 10.9 459 2004 10.2 279 2004 12.6 271
2005 9.0 631 2005 8.9 431 2005 10.4 328 2005 9.5 308 2005 12.0 238
2006 9.3 785 2006 9.4 551 2006 11.0 534 2006 10.0 407 2006 12.3 274
2007 8.6 626 2007 8.8 470 2007 10.3 354 2007 9.7 237 2007 11.9 188
2008 7.3 716 2008 8.5 477 2008 9.1 325 2008 9.2 174 2008 11.5 141
2009 6.8 739 2009 6.8 539 2009 10.4 284 2009 9.3 256 2009 12.8 84
2010 9.0 728 2010 9.1 552 2010 10.6 481 2010 9.4 462 2010 11.9 239
2011 8.0 732 2011 8.2 533 2011 - - 2011 9.2 242 2011 - -
2012 9.0 791 2012 9.2 524 2012 - - 2012 9.7 288 2012 - -

Mean 8.6 663 Mean 8.4 533 Mean 10.3 417 Mean 9.4 288 Mean 10.9 200

T F NOAA National Climatic Data Centetty://www.ncdc.noaa.gov)



