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(VWHQWLDOO\ DOO DJULMPHVXQGBUODDHEW XOREWR ®\HHW WKH
RI DQ DGGLWLRQDO ELOOLRQHBHWRS O$OR YRIUWKKHDQHRMFRV\VWHPV
OLPLWDWLRQV WKDW FRQVWUDLQ WKHLU DELOLW\ WR RSWLPL]H Sl
PDJQLILHG LQ VHPL DULG UHW RONDXHRHDI FSHUBBHQHRGLE PRLVWXU'
UHVXOWYVY LQ HYDSRUDWLRQ D QIGFWHG GWSHALSWWRQ URQV H V WDIGR W L F
SUDFWLFHVY WKDW XWLOL]H PRGHUQ WHFKQRORJ\ KDYH UHVXOWHG
WKURXJK ZLQG DQG ZDWHU HURVLRQ GHFUHDVHG VRLO RUJDQLF F
FDSDFLW\ DQG DOWHUDWLRQV WR WKH PLFURELDO FRPPXQLW)\ FRI
FKHPLFDO SURFHVVHV DQG FRQGLWLRQV HJ S+ FDWLRQ H[FKDQ
DQG VRGLXP DGVRUSWLRQ UDWLR WKDW FDQ OHDG WR IXUWKHU V
RI WKHVH SURSHUWLHY RIWHQ KDYH GLUHFW RU LQGLUHFW HIIHEW
UHVLOLHQF\ DQG VRLO KHDOWK :KLOH UHVHDUFK KDV FOHDUO\ H\
PRGLILFDWLRQV WBRPREROWVWBIWYRQ IXUWKHU LQYHVWLJDWLRQ L
UHJLRQV WR LGHQWLI\ WKH FULWLFDO OLQNV EHWZHHQ SK\VLFDO
UHJXODWH UHVLOLHQF\ DQG VRLO GHJUDGDWLRQ

,Q HYWDEOLVKLQJ WKHVH FULWLFDO OLQNV , HYDOXDWHG WK
YHUVXV JUDQLWH LQ DVVHVVLQJ WKH LPSDFWV RQ WKH SK\VLFDO
SURSHUWLHYV DV D IXQFWLRQ RI FXOWLYDWLRQ VSHFLILFDOO\ VSU
GLVWLQJXLVKHG PLFURELDO EFRSPXBAQW\ FIRWBERVDWLIRMG ODQG XVH
NH\ VRLO SURSHUWLHVY WKDW UHJXODWH FKDQJHV LQ PLFURELDO F
DQG FXOWLYDWHG VRLOV LQ WKH 6DQ /XLV 9DOOH\ 6/9 ORFDWHG

7KH 6/9 LV D KLJK HOHYDWLRQWHPPZ LDVWK. G IDVINEW FIRYGVIUDQLWH VX
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UHFHLYHYV PP RI SUHFLSLWDWLRQ DQQXDOO\ DQG WKH SRWHQW!I
PP 7KH 6/9 KDV DOVR KDV D \HDU KLVWRU\ Rl LUULJDWHG D
DQ DGGLWLRQDO W R PP RI ZDWHU GXULQJ WKH JURZLQJ VHD
FOLPDWH DQG SRVVLEO\ UHVXOWV LQ VRPH GHJUHH RI ODQG GHJU
2YHUDOO WKH UHVXOWV LQGLFDWH WKH LPSRUWDQFH RI SDU!
VRLO IRUPLQJ IDFWRU LQ DVVHVVLQJ WKH LPSDFW RI FXOWLYDWLR
LQLWLDO FOD\ SHUFHQW LQ WKH QDWLYH VRLOV ZDV IRU EDVDO
DFFXPXODWLRQ RI FOD\ IURP LUULJDWLRQ ZDV VOLJKWO\ KLJKHU |
VRLOV 6RLOV GHULYHG IURP EDVDOW KDYH JUHDWHU TXDQWLWLH
IURP JUDQLWH KDYH ORZHU TXDQWLWLHY DQG D SRRU QXWULHQW
JUHDWHU SHUFHQWDJH Rl VRLO RUJDQLF FDUERQ LQ WKH VRLO VX
JUDQLWH 7KH XQFXOWLYDWHG VRLOV GHULYHG IURP EDVDOW FOL
IURP JUDQLWH ZHUH FRQVLVWHQWO\ QRQ VDOLQH QRQ VRGLF
$V D IXQFWLRQ RI LUULJDWLRQ WKH QXWULHQW FRQFHQWUDW
SRWDVVLXP FKORULGH DQG VXOIDWH ZHUH UHGXFHG LQ EDVDOW \
JUDQLWH ,Q DGGLWLRQ WKH JUHDWHVW DFFXPXODWLRQ RI FOD\
JUDQLWH VRLOV ZLWK IORRG LUULJDWLRQ ZKLFK UHVXOWHG LQ VL
$OVR EDVDOW VRLOV UH FODVVLILHG DV QRQ VDOLQH DQG QRQ VF
UHPDLQ FRQVLVWHQWO\ QRQ VDOLQH QRQ VRGLF 7KHVH UHVXOW)\
WKH EDVDOW DQG JUDQLWH VRLO SURSHUWLHY DV D IXQFWLRQ RI
8VLQJ WKH HVWHU OLQNHG IDWW\ DFLG PHWK\O HVWHU (/ )$0(
DPRQJ VRLO PLFURELDO FRPPXQLW\ FRPSRVLWLRQ EDVHG RQ WKH
JUDQLWH DQG EDVDOW DQG WUHDWPHQWY FRQWURO VSULQNOH
WRWDO PLFURELDO ELRPDVV DQG WKH VWUHVV UDWLRYV GLIIHUHG
LUULJDWLRQ DQG WKH PRVW YDULDWLRQ ZDV REVHUYHG LQ WKH E
UDWLRV ZHUH WKH VDPH LQ EDVDOW DQG JUDQLWH VRLOV DQG ER\
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S$UEXVFXODU O0\FRUUKL]DO $0 )XQJL GLG QRW GLIIHU EHWZHHQ ED
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JUDVVHV QXUWXUH URRW ELRPDVV 7KH FRUUHODWLRQV DQDO\VL)\
SRWDVVLXP FKORULGH DQG RUJDQLF FDUERQ DV EHLQJ WKH SULF
PLFURELDO FRPPXQLWLHY LQ ERWK VRLOV DQG WUHDWPHQW W\SH
IRU PLFURELDO FRPPXQLWLHY LQ JUDQLWH VRLOV LQGLFDWHG FKD
SURQRXQFHG S+ PDJQHVLXP NRGRMPGHBRD/Q@EWRPO RUIDQLF FDUE
VSULQNOHU DQG IORRG LUULJDWLRQ :KLOH WKH PLFURELDO FRPP
S+ DbQG VRLO RUIJDQLF FDUERQ LQ ERWK LUULJDWLRQ SUDFWLFHYV
WR JUDQLWH VRLOV 3K\WLFDO VRLO SURSHUWLHYVY ZHUH QRW VLJQ
VHQVLWLYLWLHY DPRQJ WKH PLFURELDO FRPPXQLWLHV

2YHUDOO P\ GDWD UHYHDOHG WKH LPSRUWDQFH RI FRPPXQDC
FKHPLFDO DQG ELRORJLFDO SURSHUWLHYV LQ GHWHUPLQLQJ WKH T
UHVLOLHQF\ DQG LQGLFDWH VRLO GHJUDGDWLRQ 7KH NH\ LQGLFD
GHQvVLW\ FOD\ VRLO RUJDQLF PDWWHU VRGLXP FKORULGH VXOII
FRPPXQLWLHV ZKLFK SURYLGH D EHQFKPDUN IRU TXDQWLI\LQJ WK
Rl VRLOV LQ FXOWLYDWHG W\WMLHP @ DAW WYKH UFHRVSHWF WUWRBRUWY  7KH |
WKDW ORQJ WHUP FXOWLYDWLRQ LQ WKH 6/9 KDV QRW GHJUDGHG
7KH SDUDPHWHUV XVHG WKLV YWY®\GILRIURIY B RQK HWWXQEHIWI ULID WL |
DJURHFRV\VWHPV LQ DULG DQG VHPL DULG UHJLRQV E\ OLQNLQJ W
IRUPLQJ IDFWRUV DQG LUULJDWHG ZDWHU TXDOLW\ 7KLV VWXG\ S
XVHG DV D PDWUL[ E\ ZKLERSWR WW RO XOWPIDWKIHFKDQJH DQG D JUR.

SRSXODWLRQ LQ RWKHU ZDWHU OLPLWHG UHJLRQV
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CHAPTER 1

INTRODUCTION AND DISSERTATION OBJECTIVES

1.1  Background

$JURHFRV\VWHPVY FRYHU PRUH WKDQ RI WKH JOREDO ODQG
DOO DJULFXOWXUDO ODQG SRVVHVVHY OLPLWDWLRQV WKDW FRQV\
KRZHYHU WKHVH OLPLWDWLRQY DUH PDJQLILHG LQ WKH UHSRUWH
GU\ODQGY 7KH 8QLWHG 1DWLRQV UHSRUWHG LQ JRRG DQG $J
8QLWHG 1DWLRQV )$2 D GHILQHEJEBDDOGD VIV IWKEWOLPDWLF
VHPL DULG RU GU\ VXE KXPLG EDVHG RQ WKH OHQJWK RI WKH JUR
'RUOG 5HVRXUFHY 5HSRUW HVWLPDWHG WKDW DERXW WZR \
KDYH EHHQ GHJUDGHG LQ WKH S@QVWUFHN\ND BY GHKUDGDIWLRQ DUH Z
HURVLRQ VDOLQL]DWLRQ FRPSDFWLRQ QXWULHQW GHSOHWLRQ
DJURHFRV\VWHPVY DUH XQGHU LQFUHDVLQJ SUHVVXUH DV GU\ODQG
IRU OLYHVWRFN DUH SURJUHGVLQWE\ FHHRSXJDWGDWR IRMIPW WKH IRR
DGGLWLRQDO ELOOLRQ SHRSOH RYHU WKH QH[W \HDUV %HLQUI

'U\ODQGY LQFOXGH DULG DQG VHPL DULG UHJLRQV ZKHUH SHI
PRLVWXUH GHILFLHQF\ UHVXOWY LQ HYDSRUDWLRQ DQG WUDQVSLL
SUHFLSLWDWLRQ 7TKHVH HQYLURQPHQWDO YDULDEOHY LQIOXHQFL
FKDUDFWHULVWLFV ZKLFK HOO MWW HPKHOEWKDFVRRJI RHVROLHQF\ D«
KHDOWK RI WKHVH VRLOV LV LPSRUWDQW WR ORRN DW LQ WHUPV F
DJURHFRV\VWHPYV 7KH YDULDEOHV WKDW GHILQH VRLO KHDOWK L
SURGXFWLRQ ELRORJLFDO FRPPXQLWLHV DQG WKH IRUPDWLRQ RI

RI VRLO HURVLRQ DQG LQFUHDVH ZDWHU LQILOWUDWLRQV /HKPDQ



7KH 6DQ /XLV 9DOOH\ 6/9 ORFDWHG LQ WKH 6RXWK &HQWUDO
HOHYDWLRQ GHVHUW ZLWK EDVDOW DQG JUDQLWH VXEVWUDWHYV
DQQXDOO\ DQG WKH SRWHQWLDO HYDSRWUDQVSLUDWLRQ WKDW HJ
D \HDU KLVWRU\ RI DJU L FXDMWXH DFWRY DWA\VWKH DQG H[WULQ\
FRQGLWLRQV ZLWKLQ WKH 6/9 UHJLRQ SURYLGH D XQLTXH VHWWLQ
LQIOXHQFH WKH GLUHFWLRQDO FKDQJHV LQ VRLO SURSHUWLHV WK
SURFHVVHYV

7KH VRLO VA\VWHP LV GHILQHGBFEMRWKHRY RKIOQ RRWRL RIUIJDQLVPV
PDWHULDO DQG KXPDQV RYHU WILRHH-H®® SK\VLFIKHUFKHPLFDO I
SURSHUWLHY FUHDWH XQLTXH FRPELQDWLRQV RI FKDUDFWHULVWL
UHVLOLHQF\ DQG VRLO KHDOWK %HLQURWK HW DO /IHKPDQ H\
WKH ODQG DELOLW\ WR UHFRYHU IURP D GLVWXUEDQFH 7KH FXUU
SURGXFH PRUH IRRG GXH WR WKH VZHOOLQJ SRSXODWLRQ

,Q ZDWHU OLPLWHG HFRV\VWHPV Rl WKH ZRUOG WKH PDMRU G
IRUPDWLRQ DUH FOLPDWH YHJHWDWLRQ DQG ELRORJLFDO DFWLY]
GU\ODQGV LV JHQHUDOO\ FKDUDFWHUL]HG E\ LUUHJXODU GLVWULE
SURORQJHG SHULRGV RI GURXJKW ZKLFK LV HQKDQFHG E\ ORZ DLL
KLJK DLU WHPSHUDWXUH 7KH WHPSHUDWXUHV DUH JHQHUDOO\ KL
LQIOXHQFHV ELRORJLFDOHDFWLWKW\SBR@EH @WLDQFIRU PHFKDQLFDO I
ZHDWKHULQJ SURFHVVHV 7KXV VRLO SURSHUWLHYV SUHVHQW LQ \
OLPLWHG GLVVROXWLRQ RI SULPDU\ PLQHUDOV O9HUKH\H %LUN

7KH QDWXUDO YHJHWDWLRQLVQSADRIHWL OL PH WRISK DWIHD ® QG V F (
YHJHWDWLRQ WKDW DUH UHJXODWHG E\ SUHFLSLWDWLRQ TXDQWLV
FRQGLWLRQV HJ WH[WXUH GHSWK VDOLQLW\ DQG ORFDO WRS
PRLVWXUH FRQWHQW LQ WKH ELRORJLFDOO\ DFWLYH JRQH H J UF

FRPPXQLWLHV RI ZDWHU OLPLWHG HFRVA\VWHPV SURYLGH EHORZ JL



ODWWHU 620 SRRO 2WKHU ELQORBWRD G DJDWIGM. WAQDRIRY DQG UF
LPSRUWDQW UROHV LQ PL[LQJ Rl VRLO PDWHULDOV WR WKH GHHSH
UHODWLYHO\ KLJK DQG WHPSHUDWXUH IOXFWXDWLRQV DUH UHGXF
DYDLODEOH ZDWHU DQ Gl IXIOPWHUBOXQW WERIWHK 9HUKH\H

7KHVH VRLO IRUPLQJ IDFWRUV DQG WKH WUDQVIRUPDWLRQV R
FRPSRXQGV WKURXJK R[LGDWLRQ UHGXFWLRQ K\GURO\VLV FKHOI

UHVXOW LQ WKH DPDOJDPDWLRQ Rl SURFHVVHV WKDW DOWHU |
WKH PRVW ZDWHU OLPLWHG RI VIVWHPV WKHVH VHWV RI SURFHVVH
QDPHO\ (QWLVROV $ULGVROV OROOLVROV $OILVROV DQG 9HUWL
W\SLFDOO\ UHIOHFW OHVV FKHPLFDO DQG SK\VLFDO ZHDWKHULQJ
FRDUVH WH[WXUH VKDOORZ SURILOHV DEUXSW ERXQGDU\ FKDQJH
DFFXPXODWLRQV RI FDOFLXP DQG VDOW WKURXJK DHROLDQ GHSRYV
VROXEOH VDOWVY DQG FDUERQDWHY IURP ZHDWKHUHG SDUHQW PDV

6LPRQVRQ SUHVHQWHG D VRLO GHYHORSPHQW PRGHO WK
ORVVHV WUDQVORFDWLRQV DQG WUDQVIRUPDWLRQV RI PDWHULD
WKH LQLWLDO VWDWH RI VRLO VIVWHP HJ SDUHQW PDWHULDO T
FKDQJHV LQ VRLO FRQVWLWXHQWY HJ FOD\ WR DVVHVV WKH UD
GHYHORSPHQW :LOGLQJ HW DO ,Q JHQHUDO WKH SHGRJHQI
DULG DQG VHPL DULG UHJLRQV DUH FDOFLILFDWLRQ VDOLQL]DWL
WUDQVORFDWLRQ RI FDOFLXP FDUERQDWHY VROXEOH VDOWV DQG

$QWKURSRJHQLF DFWLYLWLHV LQIOXHQFH WKH VRLOV DELOLW
PDMRU FKDQJHV LQ WKHVH SURFHVV IURP H[WHUQDO GULYHUV H J
UHVXOW LQ VRPH GHJUHH Rl ODQG GHJUDGDWLRQ 6RLO GHJUDGD
DFWLRQV RU ORVV Rl UHVLOLHQFH *DEULHOV DQG &RUQHOLYV

7KH PRVW VLJQLILFDQW ODQG XVH FKDQJH RQ WKH SODQHW KI

LQFUHDVLQJ JOREDO SRSXODWLRQ $V PRUH GHPDQG LV SODFHG |



RI RXU VRLO UHVRXUFHV LVIWBWWRQ SUXBWAIOAH R IR® X QWHFKQR
H J PHFKDQLFDO HTXLSPHQW PDQXIDFWXUHG IHUWLOL]JHUV DQG
DPRXQWY RI VRLO ORVV WKURXJK ZLQG DQG ZDWHU HURVLRQ GHF
UHGXFWLRQ LQ VRLO ZDWHU KROGLQJ FDSDFLW\ DQG DOWHUDWLR(
,Q DGGLWLRQ FXOWLYDWLRQ DOVR DIIHFWV VRLO FKHPLFDO SURF
HIFKDQJH FRPSOH[HV HOHFWULF FRQGXFWLYLW\ DQG VRGLXP DG\
VRLO GHJUDGDWLRQ &KDQJHV LQ RQH RU PRUH RI WKHVH SURSHU

HITHFWV RQ WKH IHUWLOLW\ RI VRLOV ZKLFK FDQ OHDG WR D GHFLl

6RLO KHDOWK DQG UHVLOLHQF\ FDQ DOVR EH OLQNHG WR WKH
ZKLFK SOD\V D IXQGDPHQWDO UROH LQ WKH F\FOLQJ RI QXWULHQW
PDWWHU LQ WKH VRLO 7KXV LW LV LPSRUWDQW WR XQGHUVWDQUC
WKHLU HQYLURQPHQWDO FRQGLWLRQ VXFK DV WKH FRQFHQWUDW I
VRLO

WLV FOHDU WKDW IXUWKHU LQYHVWLJDWLRQ LV QHHGHG WR
FKHPLFDO DQG ELRORJLFDO SURSHUWLHY EH\RQG ZKLFK VRLO UH\
MHRSDUGL]HG 7KH FRPSOH[LW\ RI DULG DQG VHPL DULG UHJLRQV
FULWLFDO OLQNYVY FDQ EH GLVFRYHUHG DQG GLUHFWLRQDO FKDQJH
UHVXOW RI KLVWRULFDO ODQG XVH

7KH H[SHFWDWLRQV RI VRLO KHDOWK DQG UHVLOLHQF\ ZLWKL(
SDUHQW PDWHULDOV EDVDOWWDWH BD @KWN H WVKIHOLQ\MWHIROY Z L OC
HIDPLQLQJ WKH SK\VLFDO FKHPLFDO DQG ELRJHRFKHPLFDO SURSH
PDWHULDO ©6SHFLILFDOO\ WKH FKHPLFDO VWUXFWXUH RI EDVDOW
FRQFHQWUDWLRQV LQ WKH GHULYHG VRLOVY EDVDOW VRLOV ZLOO
VRLOV (YDOXDWLQJ VRLO SURSHUWLHYV FROOHFWLYHO\ ZLOO LGH

IXQFWLRQ RI LUULIJDWHG DJULFXOWXUH DQG SURYLGH LQGLFDWRU



UHVLOLHQF\ , K\SRWKHVL]H WKDW VRLO KHDOWK ZLOO EH D IXQF\
VRLO RUJDQLF PDWWHU SHUFHQWDJH DQG PLFURELDO FRPPXQLW\
LQGLFDWRUV RI VRLO GHJUDGDWLRQ 7KH LRQ FRQFHQWUDWLRQV
URZ FURS SURGXFWLRQ EXW WKH FKDQJHV ZLOO EH RIIVHW GXH Wi
SDUHQW PDWHULDO *UDQLWH VRLOV ZLOO LQFUHDVH LQ LRQ FRQ
EXW ZLOO EH RIIVHW E\ WKHLU FRDUVHU WH[WXUH ZKLFK ZLOO DO
VIVWHP 7KHUHIRUH WKH LPYDIFARY PR ERWK UWRLOUNVIDHWHG DJULF

VLPLODU

1.2 Research Goals and Objectives

7KH UHVHDUFK SUHVHQWHG KHUH LQWHQGY WR EURDGHQ WKH
LPSDFWV LQ FXOWXUHG VA\WVWHPV H J LUULIJDWLRQ DQG WKH HQY
SURJUHVVLRQ RI VRLO GHJUDGDWLRQ LQ WKH KLJK GHVHUW VHPL
FHQWUDO &RORUDGR 7ZR TXHVWLRQVY DUH DGGUHVVHG ZKDW
FRQGLWLRQLQJ YDULDEOHYVY DQG SHGRJHQLF SURFHVVHV WKDW LQI

WKH FULWLFDO SK\VLFDO FKHPLFDO DQG ELRJHRFKHPLFDO FRQW!

The specific objectives for this research are:

WR HYDOXDWH WKH LPSRUWDQFH RI SDUHQW PDWHULDO

LPSDFWV RI FXOWLYDWLRQ RQ VRLO GHJUDGDWLRQ

WR HYDOXDWH WKH LQIOXHQFH RI FXOWLYDWLRQ VSHFLI
DV D IXQFWLRQ RI SDUHQW PDWHULDO EDVDOW DQG JUDC
WR GLVWLQJXLVK PLFURELDO FRPPXQLW\ FRPSRVLWLRQ E
DQG WR LGHQWLI\ WKH NH\ VRLO SURSHUWLHYVY SK\VLFDO
WKDW UHJXODWH WKH FKDQJHV LQ PLFURELDO FRPPXQLW

VRLO GHIJUDGDWLRQ



1.3 Dissertation Format

0\ GLVVHUWDWLRQ FRQWDLQV ILYH FKDSWHUV &KDSWHU SU
LQFOXGLQJ RYHUDUFKLQJ REMHFWLYHV IRU WKH UHVHDUFK &KDS
ZULWWHQ DV VHSDUDWH P D Q XGHWULFA MR W KXW ZULFDONVER FRQIVFK P D C
RZQ LOQWURGXFWLRQ PHWKRGY DQG FRQFOXVLRQ VHFWLRQV ZKLF
UHOHYDQW WR WKH VXEMHFW PDWWHU 7TKXV WKH LQWURGXFWLR
DV WKH JHQHUDO FRQFOXVLRQ FKDSWHU DUH EULHI DQG RQO\ Sl

GLVVHUWDWLRQ DQG HQFDSVXODWH WKH UHVXOWY IURP WKH WKU'
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CHAPTER 2

PEDOLOGY OF NATIVE SITES

2.1 Introduction

6RLOV FRQWDLQ PLQHUDO DQG RUJDQLF PDWHULDOV ZDWHU
PDQLIHVWDWLRQ Rl WKH FRPELQHG HIIHFWV RI  DGGLWLRQV WR V
ZLWKLQ WKH VRLOV YHUWLFDO WUDQVIHUV ZLWKLQ WKH VRLO

3HGRORJ\ SURYLGHV WKHQH DWKHXYRIURNK V®RDHFMRULVWLEFV DV D
VRLOV LQWHUQDO FKDUDFWHULVWLFV IXQFWLRQ DQG UHVLOLHQF)
RI IRUPDWLRQ OLWFKHOO HW DO

6RLO IRUPDWLRQ SURFHVVHV DUH FRQGLWLRQHG E\ VRLO IRUF
RUJDQLVP SDUHQW PDWHULDO UHOLHI WLPH DQG KXPDQV -HQQ!
PDWHULDO FRQGLWLRQV VRLO SURFHVVHVY DQG SURSHUWLHVY WR D
LQLWLDO VWDJHV RI VRLO GHYHORSPHQW 7KH PRUH DFWLYH VRLC
YHJHWDWLRQ DQG ELRORJLFDO DFWLYLW\ DUH FRQVLGHUHG WKH
EURDGHU UDQJH RI HQYLURQPHQWDO FRQGLWLRQV %LUNODQG

,Q DULG DQG VHPL DULG UHJLRQV WKH FRQGLWLRQV IRU VRLO
DQG HOHPHQWDO FRPSRVLWLRQ RI WKH SDUHQW PDWHULDO DQG W
ZHDWKHULQJ $V D FRQVHTXHQFH VDQG DQG VLOW IUDFWLRQV W
SULPDU\ PLQHUDOV ZKLOGRPOQDWHG\ELRE@VRQGDU\ PL®HUDOV HL
situ RU WUDQVSRUWHG IURP RWKHU HQY L URXRHIXWHNO HIY D DWL R R QIDWLLG
DULG UHJLPHV FOLPDWH LV FKDUDFWHUL]JHG E\ ORZ SUHFLSLWDWL
WHPSHUDWXUHV 7KH PRLVWXRM WXISG YQHRZ WR RMKHHWREOHYD SR UI

KXPLGLW\ KLJK VRODU UDGLDWRQHDQ&HKUKROWWHRBHUWHG G|



VROXEOH SULPDU\ PLQHUDOV DQG WKH GHYHORSPHQW RI VRLO SU
HQYLURQPHQWDO FRQGLWLRQV 9HUKH\H

1XPHURXV SURFHVVHY WKDW GULYH VRLO IRUPDWLRQ PD\ WDN
VHTXHQFH DQG PXWXDOO\ UHLQIRUFH RU FRQWUDGLFW RQH DQRW|
7KHVH SURFHVVHV IDOO LQWR IRXU JHQHUDOL]HG FDWHJRULHV QT
WUDQVIRUPDWLRQV WKDW VXSSRUW WKH GLIIHUHQWLDWLRQ RI KR
6FKDW]HO HW DO ,Q DGGLWLRQ WKH PXOWLWXGH RI SURFH)
FDQ EH FRPELQHG LQWR 3EXQGOHV' 6FKDW]HO HW DO RI SHG
FRQVLGHUHG WR EH KLJKO\ UHOHYDQW WR WKH VWXG\ RI VRLOV L¢
FDOFLILFDWLRQ GH FDOFLILFDWLRQ VDOLQL]DWLRQ GH VD
DONDOL]DWLRQ :LOGLQJ HW DO

,Q JHQHUDO WKH VRLOV LQ DULG UHJLRQV FRPPRQO\ KDYH OR
DFLG WR DONDOLQH UHDFWLRQ S+ LQ WKH VXUIDFH FDOFLXP FDL
WH[WXUH ORZ ELRORJLFDO DFWLYLW\ DQG ZHDN WR PRGHUDWH SL
BROXEOH VDOWYV DUH DOVR SUHVHQW LQ TXDQWLWLHV VXIILFLHQW
LQ SRRUO\ GUDLQHG GHSUHVVLRQ DQG LQ LUULJDWHG DUHDV %DLU

7KH SDUHQW PDWHULDO LQIOXHQFHV PDQ\ VRLO SURSHUWLHYV
FRPSRVLWLRQ SOD\V D PDMRU UROH LQ WKH UHVLVWDQFH RI WKH !
DQ LJQHRXV URFN ZLWK YHU\ AROOORQU F B O'DFINO Y HED GMHM UQ D\ RU C
VRPH FRQWDLQ JDV EXEEOHV 7KH ZHDWKHULQJ EHKDYLRU GHSHQ
FRPSRVLWLRQ EDVDOW FDQGXHIDWR HK HPLBE DO WDDEE GR\VLFDO ZHDW
7KH PRVW DEXQGDQW PLQHUDOV DUH IHOGVSDUV LURQ DQG PDJQt
LURQ VLOLFDWH DQG DPSKLEROH DQG S\UR[HQHV LURQ PDJQHVL
VLOLFDWH 7KH ZHDWKHULQJ Rl EDVDOW WHQGV WR JHQHUDWH |

JHQHUDOO\ QXWULHQW ULFK 9HOGH DQG OHXQLHU



*UDQLWH LV DQ LIJIQHRXV URFN FRPSOHWHO\ FU\VWDOOL]HG O
FuU\zvwbov QR SUHIHUUHG FU\VWDO RULHQWDWLRQ IDLUO\ OLJKW
GRPLQDQW PLQHUDOV DUH TXDUW] VLOLFRQ DQG R[\JHQ IHOGVSI
ELRWLWH VLOLFDWH PLQHUDOYV 7KH TXDUW] ULFK PDWHULDO WH
EXITHUHG DFLGLF VRLOV RI ORZ QXWULHQW VWDWXV 9HOGH DQG

6RLOV DUH DQ DPDOJDPDWLRQ RI SURFHVVHV DQG SURSHUWLF
DQG UHVSRQVH WR ODQG XVH FKDQJHVY ©6RLOV IRUPHG ZLWKLQ VH
HVSHFLDOO\ YXOQHUDEOH WR GHJUDGDWLRQ GXH WR DQ DFFHOHU
LQFUHDVLQJ IUHTXHQF\ RI H[WDMNPHJ B O LE DVDIMWHHYUH/ QWY G RI FRXUYV
KXPDQ DFWLYLWLHY ZLWK WKH RQVHW RI WKH $QWKURSRFHQH 6W
7TKHVH YXOQHUDELOLWLHY QHFHVVLWDWH WKH LPSRUWDQFH RI XQ
HFRV\VWHPV WKDW FDQ EH XVHG WR HYDOXDWH WKHLU UHVLOLHQF
RYHUDUFKLQJ JRDO RI WKLV VWXG\ LV WR HYDOXDWH WKH LPSRUW
EDVDOW LQ DVVHVVLQJ WKH LPSDFWV RI FXOWLYDWLRQ RQ VRLO ¢
DULG HFRV\VWHPV RI WKH VRXWK FHQWUDO &RORUDGR 7KLV FKD:¢
RI WKH FRQWURO VLWHY OLQNLQJ SDUHQW PDWHULDOV WR VRLO S

HYDOXDWLQJ FXOWLYDWLRQ LPSDFWV LQ ODWHU FKDSWHUV

2.2  Experimental Design

Study Area

7KH 6DQ /XLV 9DOOH\ 6/9 LV ORFDWHG LQ WKH 6RXWK &HQWU
LYV DULG DQG FKDUDFWHUL]HG E\ FROG ZLQWHUY PRGHUDWH VXPP
SUHYDLOLQJ ZLQGY DUH LQ WKH VRXWK WR QRUWKHDVW GLUHFWLF
ZLWK D EDVH HOHYDWLRQ RI P 7KH 6DQJUH GH &ULVWR ORXQW
YDOOH\ DQG WKH 6DQ -XDQ ORXQWDLQV ERDUGHU WKH ZHVW  7KH\

IURP WR P FUHDWLQJ D UDLQ VKDGRZ HIITHFW ZKLFK UHGXF



WKDW UHDFKHV WKH YDOOH\ IORRU 7KH PHDQ DQQXDO SUHFLSLW
WKH YDOOH\ UHFHLYHYV PP DQQXDOO\ ZLWK WKH SRWHQWLDO HY
(PHU\ HW DO 7TKH RRXQWBKQGLRRZAAHYHU UHFHLYH PP C
ZKLFK LV WKH PDMRU VRXUFH RI ZDWHU IRU WKH DUHD OF1ROG\ D

DQQXDO WHPSHUDWXUH LV DISPURHIPHDMRIO\ ff8& DRIGNKf& (PHU\ HW

7KH 6DQ -XDQ ORXQWDLQV DUHSUWLUPBWLMG RREBRDOB®LF YROFC
WXIIV DQG EUHFFLDVY DQG WKH 6DQJUH GH &ULVWR ORXQWDLQV DU
JUDQLWLF URFNYV 7KH YDOOH\ LV XQGHUODLQ E\ DV PXFK DV P
GHULYHG IURP WKH VXUURXQGLQJ PRXQWDLQ UDQJHV DQG LQWHU
DOOXYLDO IDQ GHSRVLWYV WKDW IRUP WKH FRQGXLWY EHWZHHQ Wl
DUH FRDUVH DQG SHUPHDEOH QHDU WKHLU WRSVY DQG JUDGH WR Il
WRZDUG WKH FHQWHU RI WKH YDOOH\ IORRU (PHU\

Experimental Design and Identification of field sites

JLHOG VLWHY ZHUH VHOHFWHG RQ WKH EDVLVY RI WKH VWDWH |
WKH YDULDELOLW\ RI UHOLHI FOLPDWH DQG WLPH ZHUH PLQLPL]HC
WHVWHG 3DUHQW PDWHULDO zZzDV DVVHVVHG DV WKH LQGHSHQGHH¢
J)LHOG VLWHYV ZHUH UHVWULFWHG WR WKH VRXWK FHQWUDO SDUW |
IHDWXUH RI WKH 5LR *UDQGH 5LYHU DQG +:< ZDV XVHG DV WKH ¢
ZHVW VLGHY DQG WKH QRUWK DQG VRXWK VLGH RI WKH 6/9 UHVSH
HOHYDWLRQ JUDGLHQW FRQVWUDLQHG WKH VWXG\ DUHD WR WKH Y
VORSH WR OHVV WKDQ $ FRPELQDWLRQ RI JHRVSDWLDO DQDO\V
,QIRUPDWLRQ 6\VWHP *,6 ZDQWMHBLBIAR @QQLLWKIOG REVHUYDWLR
SURVSHFWLYH ORFDWLRQV ZKHUH FXOWLYDWLRQ SUDFWLFHYVY KDG
SDUHQW PDWHULDO RI LQWHUHVW $UHDV RI LQWHUHVW ZHUH UHI

XQLWYV /IL'$5 P KLOO VKDGH VORSH DQG HOHYDWLRQ 1'9, YHJ



*HRORJLFDO 6XUYH\ DQG 8QLWIB&UMHD WHRORIROFRIE¥DDQG (65,E EL
LPDJHU\ 7KHVH DQDO\VHV LVRODWHG WKH DUHDV ZLWKLQ WKH 6/
FRPELQDWLRQV FRXOG EH IRXQG FRQVLVWHQW ZLWK RXU SURMHFYV
DSSUR[LPDWHO\ NPRQ WKH ZHVWQ WKP HDVW )LIXUH

&RQWURO SHGRQV ZHUH VHOHAWHRW LB R P M\UAHADYWHWIROW LQ 10 X H
DJULFXOWXUDO SUDFWLFHV DQG ZMHIUHHNVNQ FORNWHUM [WHRLWXOWLYD
%DVHG RQ WKH FULWHULD HVWDEOLVKHG LQ RXU H[SHULPHQWDO G
SHGRQV GHULYHG IURP EDVDOW DQG FRQWURO SHGRQV IURP JUD

KRUL]RQV VDPSOHG IURP WKH FRQWURO VLWHV 7DEOH

7DEOH 6DPSOLQJ GHVLJQ |RW KWKE XPREQW URIOSEBERYWDPSOHG E\ SDUI
DQG WUHDWPHQW
1XPEHU RI 3BHGRQV 3IDUHQW ODWHULDO TUHDWPHQWYV
6DPSOHG
*UDQLWH &RQWURO
%DVDOW &ERQWURO

7TRWDO QXPEHU RI VDPSOHV XVHG IRU DQDO\VLV ZDYV KRUL]JRQV IURP SHGRC(



Site Characteristics

6RLOV GHULYHG IURP EDVDOW ZHUH ORFDWHG LQ 5LR *UDQGH
&RQHMRYVY &RXQW\ &2 ZHVW RI WKH 5LR *UDQGH 5LYHU 6RLOV GH
&RVWLOOD &RXQW\ &2 HDVW RI WKH 5LR *UDQGH 5LYHU 6RLO GHI
VDPH WKUHH PDMRU ODQG XVHYV VSULQNOHU DQG IORRG LUULJDW
FXOWLYDWHG VLWHYV

7KH GRPLQDWH YHIJHWDWLRQ IRU WKH PDMRULW\ RI WKH EDVD
Sarcobatus vermiculatus JUHHQH TV U Dlgysdathargriusgvaenei  V D O W Distichblig V
spicata / DQG EOXHautebikaRcilis 'L[RQ 6LWH REVHUYDWLRQ LQ
PDWXUH YHIJHWDWLRQ ZLWK Q®&HSQAHY RR OV ULHEKRPWEOHIGI HBSYUDFWLFHYV
WKH ODQG RZQHUV 7KH GRPLQDWH YHIJHWDWLRQ IRU WKH PDMRU
*UH DV H Z$aRdhatus vermiculatus D Q G V D OMistidilidsyivatai  / 'L[RQ
6LWH REVHUYDWLRQ LQGLFDWHG PDWXUH YHIJHWDWLRQ ZLWK QR S
SUDFWLFHY DQG FRQILUPHG E\ WKH ODQG RZQHUV

7KH VRLO FKDUDFWHULVWLFV IURP WKH EDVDOW SDUHQW PDW
UHSUHVHQWY WKUHH RI WKH FRQWURO VRLOV VDPSOHG 7TDEOH

JuUbQLWH SDUHQW PDWHULDO WKUHH RI WKH QLQH FRQWUROYV



San Luis Valley, Colorado and Detailed Study Area
Elevation Gradient - Basin 2147 meters

]

i, Bz % : Elevation

[ ]2147-2,351
[ ]2351-2,445
I 2,445 - 2,563
P 2563 - 2,688
[ 2688-2,829
B 2520 -2986
B 2986 - 3,167
B :.167-3371
[ ]3371-3630 |
[ ]|3630-4,148 |

Source: LiDAR Hillshade, N

Elevation Grid, Study Area and Major Rivers
5 July 2016 tl) | 13,?00 | 26,?00 e 52.?00 Meters A
JLIXUH 7KH GHWDLOHG HDHWB® LBRPJWKGLHR WL HBVNUPDJIHU\ IRU WKH ¢

9DOOH\ 7KH VWXG\ DUH LV DSSURNHRQ WHG\ ZHVRR) WKP HDVW ZLWK
UHVSHFW WR WKH 5LR *UDQGH 5LYHU DV RXWOLQHG LQ RUDQJH



2.3  Methods

Field Methods

6RLOV VDPSOHY ZHUH FROOHFWHG XVLQJ D KDQG DXJHU '"HSV
E\ VLWH DQG UDQJHG IURP W R FP 6RLOV ZHUH GHVFULEHG PI
JHQHWLF KRUL]J]RQ LQ DFFRUGDQFH ZLWK WKH 15&6 )LHOG %RRN IR
YHUVLRQ 6FKRHQHEHUJHU HW DO 7KH SODQW FRPPXQLW
VLWHY LQFOXGHG VDJHEUXVK JUHDVHZRRG UXEEHU UDEELW EUXYV

DQRG VKUXE VWHSSH FRPPXQLWLHV 'L[RQ 6RLO VDPSOLQJ ZD\

Soil analysis

$00 VRLO VDPSOHV ZHUH DLU GULHG DQG VLHYHG WR PP 6
SHUIRUPHG XVLQJ WKH PRGLILHG KRXU K\GURPHWHU PHWKRG *HI
VDWXUDWHG VRLO SDVWH IRU 6DOLQH 6RGLF VRLO ZHUH PHDVXUH(
+DQGERRN PHWKRG XVLQJ DQ 2DNORQE S+ PHWHU (OHFW
GHWHUPLQHG XVLQJ WKH (OHM\VLRIOF RHRWIGRKGEG W QY. W X[WDUWDHG VRLO
+DQGERRN PHWKRG IRU VDOLQH VRGLF VRLO DQG <6, ORGHO
([FKDQJH &DSDFLW\ &(& ZDV PKLVX30BG6HPHQW WSKH PHWKRG 15
6XUYH\  QYHVWLJIJDWLRQ 5HSRUW 1R 9HUVLRQ OHWKRG % E
FRQFHQWUDWLRQ ZDV DQDO\]JHG XVLQJ WKH ,QGXFWLYH &RXSOHG .
6SHFWURPHWHU ,&3 2(6 2SWLPD '9 3HUNLQ (OPHU ([FKDQJHD
([FKDQJHDEOH 6RGLXP 3HUFHQW (63 ZDV PHDVXUH XVLQJ +DQGER
DQG WKH LRQLF FRQFHQW UDWILKRQ, ZB \2 (B QW LG XVLE®) 6RGLXP
$GVRUSWLRQ UDWLR 6%$5 ZDV PHDVXUHG XVLQJ WKH +DQGERRN
FROQFHQWUDWLRQ ZDV DQDO\HG XVLQJ WKH ,&3 2(6 2SWLPD '9
PHDVXUHG XVLQJ WKH VDWXUDWHG SDVWH PHWKRG +DQGERRN

ZHUH DQDO\]HG ZLWK WKH ,RQ &KURPDWRJUDSK\ 6\VWHP 'LRQH[ , &



%LFDUERQDWH ZDV PHDVXUHG XVLQJ WKH 7LWUDWLRQ ZLWK $FLG
& DQG QLWURJHQ 1 ZHUH GHWHUPLQHG RQ ILQHO\ JURXQG VRLO
7UX6SHF § &1 (OHPHQWDO &RPEXVWLRQ $QDO\]HU 6W -RVHSK 0,

7TRWDO FDOFLXP FDUERQDWH FRQWHQW ZDWHABWDBVURG QH/GE& EJ F
WKH ,QRUJDQLF &DUERQ $QDO\VLV E\ ORGLILHG 3UHVVXUH &DOFLPI
(DFK VDPSOH ZDV ILQHO\ JURXQG DQG SDVVHG WKURXJK XP VLH
WR D :KHDWRQ VHUXP ERWWOH LQ ZKLFK D PO GUDP DXWR V|
PO RI WKH DFLG UHDJHQW RI 0 +&0 FRQWRLQLKH K\GUERRAK ORW LRI
DFLG HYROGHKG L&2J D WR KRXU SHULRG DW ZKLFK WLPH WKH SU
XVLQJ WKH SUHVVXUH WUDQVGXFHUY DQG YROWDJH PHWHU OHDV
FRQFHQWUDWLRQ RI LQRUJDOQRW IFFIDQ ERQ YV 18 @ HMUPMOHE IURP NQR?2
RI §D&YWDQGDUGYV 7KH TXDQWLWLHYV RI 6RLO 2UJDQLF &DUERQ 6
GLITHUHQFH WRWDO & *+ LQRUJDQLF & RUJDQLF & %XON GHQVLW
5DZ0OV

SDUWLFOH GHQVLW\ RI &WDDQILRUHG J BRG SDUWLFOH GHQVLW
J FP +\QGPDQ DQG 'XU\

Statistical Analyses

%DVHG RQ WKH H[SHULPHQWDO GHVLJQ WKHVH GDWD ZHUH JH
JURXSYV ORFDWLRQV UHSUHVHQWLQJ WKH FRQWURO SHGRQV RQ
$00 VWDWLVWLFDO DQDO\WVHV ZHUH SHUIRUPHG LQ 5 5 &RUH 7
DQDO\WLY XVHG WKH LQKHULW SUFRPS PHWKRG LQ 5 7KH LQKHUL'
HYDOXDWH UHVXOWY IURP WKH PDVV EDOYD®XHE DRN DNBE® GS I/IRDH DK
HOQOWHUHG LQWR WKH OLQHDU PRGHO 7R HYDOXDWH WKH VWDWLYV'
PRGHO WKH OVPHDQV IURP OVPHDQV SDFENDJH ZDV XVHG WKH SDL

S YDOXH DGMXVWPHQW XVHG WKH WXNH\ PHWKRG IRU FRPSDUI

VLIQLILFDQFH OHYHO XVHG ZDV DOSKD /HQWK DQG WKH C



PL[HG HIIHFW PRGHO GHVFULEHV WKH UHODWLRQVKLS EHWZHHQ D
YDULDEOHV 7KH PL[HG HIIHFWV SRUWLRQ RI WKH PRGHO FRQVLVYV
UDQGRP HIIHFWV )L[HG HIIHFA\KHWRQRY @WHRQDXD OOQHDU UHJUH\
UDQGRP HIIHFWV DUH DVVRHI5MWHC H QWD @ KRG 6D ZQ DW UDQC
SRSXODWLRQ 7KH UDQGRP HIIHFWV KDYH SULRU GLVWULEXWLRQV
HIITHFWV PRGHOV FDQ UHSUHVHQW WKH FRYDULDQFH VWUXFWXUH L
DVVRFLDWLQJ WKH FRPPRQ UDQGRP HIIHFWV WR REVHUYDWLRQV W
YDULDEOH 5 &RUH 7KBPOLQHDU PL[HG HIIHFWV PRGHO XVHG WKH C
DO DQG 0$66 SDFNDJH 9HQDEORARQMHWGBQFH LQWHUYDOV IRU
PL[HG HIIHFW UHJUHVVLRQ PRGHOV ZHUH GHWHUPLQHG XVLQJ WKH
JUHGHULFN 3DUHQW DQG SDUFHO JURXSLQJ GHVFULEHG KRZ
ZHUH JURXSHG WRJHWKHU IRU DQDO\VLY ZHUH FRQVLGHUHG UDQG
ZHUH IL[HG 7KH OLQHDU PL[HG HIIHFW PRGHO DQDO\]HG WKH UHV

WKH SDUHQW PDWHULDO DQG WKH FRQWURO WBHIOW.PHQW 6LJQLI

2.4  Results and Discussion

Soil Morphological and Physical Properties

7KH PRUSKRORJLFDO SURSHUWLHY RI VRLOV GHULYHG IURP EL
SUHVHQFH RI PDVWHU KRUL]JRQVY VRLO GHSWK DQG FRORU $FFXP:
VROXEOH VDOWY HJ PRUH VROXEOH WKDQ J\SVXP ZHUH SUHVHQ!'

DYHUDJH DFFXPXODWLRE LK) WK&H2SURILOH ZDV DQG RFFXUUHG LC

7KH FKDUDFWHULVWLFV RI VRLO GHULYHG IURP JUDQLWH ZHU
KRUL]JRQV GHSWK DQG FRORU $FFXPXODWLRQ RI HIFKDQJHDEOH

H J PRUH VROXEOH WKDQHVWS®QX\WP LQHMKHQRRQ WURO SHGRQV 60L



DFFXPXODWLRQV RI ZB&RH RQO\ SUHVHQW LQ D IHZ RI WKH SHGRQV

SURILOHVY ODFNHG VRLO GAHYGEORISOCRQMGZHLWKKRHDNRQV 7DEOH



7TDEOH ORUSKRORJLFDO GHHBVWHG®/ LUNP EDFNYBWOWKH DEEUHYLDWLRC

EDVDOW FRQWURO %& (Q Y LURMOYPIMVOIMRIO YORSBEONRIDOJBURILOH FKDULE
KRULIRQDWLRQ GHSWK LQ FHQWLPHWHUV WH[WXUH EDVHG RQ 15&6 DEEU
+XH &KURPD 6DQ /XLV 9DOOH\ &2

Munsell*
Location Elevation (m)  Slope % Horizon Depth (cm) Texture Moist Color
BC-1 $Q] 6/ <5
% W N] 68&/ <5
% N] 6/ <5
% & /6 <5
&N 6/ <5
BC-6 $ * 6/ <5
% W N] 6/ <5
% W 6/ <5
% W 6/ <5
% & 6/ <5
& 6/ <5
& 6
BC-11 $Q] 6&]/ <5
%$Q] 6&/ <5
%WNQ] 68&]/ <5
% N 6 &/ <5
% & . 6&/ <5
% &. 6&/ <5

/

0XQVHOO VRLO FRORUV VWDQGDU/GY 6 WO GW %O \D/EREDPH Yol DEVEIR@G/\ /68D P

/IRDP 6&

6DQG\ &0OD\



7TDEOH ORUSKRORJLFDO SURSHWGVIIULRP JURR MRHOWIGHH DEEUHYLDWLRQ
JUDQLWH FRQWURO *& (QYLURQPHQWDO YDULDEOHY DUH HOHYDWLRQ
KRULIRQDWLRQ GHSWK LQ FHQWLPHWHUVY WH[WXUH EDVHG RQ 15&6 DEEU
+XH &KURPD 6DQ /XLV 9DOOH\ &2

Munsell* Moist

Location Elevation (m)  Slope % Horizon Depth (cm) Texture Color
GC-3 $ 6/ <5
$ % 6/ <5
% WN 6&/ <5
%N 6&/ <5
% &N 6&/ <5
GC-7 $ 6/ <5
% Z 6/ <5
% W N 6&/ <5
% &N 6&/ <5
% WN 6&/ <5
GC-9 $ 6/ <5
$ % 6/ <5
% Z 6/ <5
%N 6/ <5
&%. 6/

0OXQVHOO VRLO FRORUV VWDQGDAkRG \*: 6DHJBN\X&LOGIDDERDRAYBD W IEMQ@WG\ /RDP /6 = /RD|
6DQG / /RDP 6& * 6DQG\ &0OD\

Modeling of Soil Properties

‘H HYDOXDWHG VRLO SUR SWHKUWHWEHIVHW R G(HFV\AWDEIOWY HHQ VRLOV
EDVDOW DQG JUDQLWH LQ RUGHU WR FUHDWH WKH EHQFK PDUN VR
IRU IXUWKHU HYDOXDWLRQ LQ &KDSWHU ZKLFK H[DPLQHV WKH LC

WKH SURSHUWLHV E\ HDFK FDWHJRU\



7TDEOH 7KH W\SH RI VRLO IFQMHYRV\ SHIKRWIFFHHD® EFKHPLFDO DQG ELRJ
WKH VRLOV GHULYHG IURP EDVDOW DQG JUDQLWH

Physical Chemical Biogeochemical

6DQG S+ &DOFLXP &DWERQDW
6LOW (OHFWULF &RQGXFWLYLWSR(&OH2UIDQLRBA &DUEI
&0 Da 6RGLXP $GVRUSWLRQ 5DWLR 76RM¥IDO &&DUERQ

6RLO %XON&HQVUWKDQJHDEOH 6RGLXP 3HUFHTRW O631BWURJIHQ
6RLO %XON 'HAVUWKDMWHREOH %DVH &DWLRQY¥ D QGMIDRRRQV

&DWLRQ ([FKDQJHL &DSDFLW\

/ILQHDU PL[HG HIIHFW PRGHO DQDO\VLV
4$129%$ PDVV GDWD RU DYHUDJH DQDO\VLV

Modeling of Soil Properties

7KH SULQFLSOH FRPSRQHQVGIBDQDXVYWHIGY WRKUHKE XMHZWKH GLPHQ
DPRQJ GDWD VHWV ZDV XVHG WR TXDQWLI\ WKH YDULDWLRQ DPRQ
GHULYHG IURP EDVDOW DQG JUDQLWH 7KH VRLO SURSHUWLHYV ZH|
SURSHUWLHYV £VDQG VLOW DQG FOD\ FKHPLFDO SURSHUWLHV = S
PDJQHVLXP 0J VRGLXP 1D DSRWQRVVHAKERULGH &O DM@BG VXOIDWH
ELRIHRFKHPLFDO SURSHUWLHV RI FDODEGX\PREDUREWRIPOIODVL R FOOKER Q 2
7KLV SURFHVY HOLPLQDWHG WKH FRUUHODWHG YDOXHYVY IURP WKH

&ROOHFWLYHO\ WKH VRLO SURSHUWLHV FOXVWHUHG E\ SDUH(
HI[SODLQHG DQG 3&R$ H[SODLQHG IRU D WRWDO RI RI WK
HISODLQHG /[ DUJH SRVLWLYH FRHIILFLHQWY LQGLFDWHG WKH HQ!
WKH SRVLWLYH VLGH RI WKH 3&R$ D[LV /DUJH QHIDWLYH FRHIILF
DUH HQULFKHG DUH IRXQG RQ WKH QHJDWLYH VLGH RI WKH 3&R$ D
SDWWHUQ RI SDUHQW PDWHULDO DQG KRUL]JRQ )LJXUH % VKRZ]
VRLO SURSHUWLHY DQG LQGKPDOYWHG/ZRLER KRWULTKAVYPHLDQFHYV H|

JLIXUH % ZHUH WKH VDPH DV )LJXUH $



7KH VRLO SURSHUW\ ZLWK WKRHSIR¥LWQWHIRUJHELRMHFW®R YLIXUH
JLIXUH % ZDV VDQG ,Q FRQWUDVW WKH VRLO SURSHUWLHV ZL)\
3&R$ DQRG PRUH DVVRFLDWHG ZLWK SURSHUWLHYVY WR WKH OHIW F

FKORULGH VXOIDWH FDOFLXP PDJQHVLXP S+ FOD\ RUJDQLF FDL

$SSHQGLFHYV
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PCoA 1 (38%) PCoA 1 (38%)
JLIXUH 7KH GLVWIUE@WLFROCHRARWERQHQW DQDO\WLYV LQ VRLO GHULYHG

E\ SDUHQW PDWHULDO DQG %KRUBJRUH QWK A DOMHEF HIAV YDA LDQFH H[SODL
SULQFLSDO FRPSRQHQW 3&R$ LV VKRZQ LQ SDUHQWKHVHYV

BULQFLSDO FRPSRQHQW DQDO\VLY ZDV DOVR XVHG WR H[SODL
DV D IXQFWLRQ RI SDUHQW PDWHULDO 7KH VRLO SURSHUWLHYV GH
H[SODLQHG DQG 3&R$ H[SODLQHG IRU D WRWDO RI Rl WK
H[SODLQHG 6RLO SURSHUWLHYV ZLWK WKH PRVW SRVLWLYH HLJHQ
FOD\ S+ FDOFLXP FDUERQDWH RUJDQLF FDUERQ FDOFLXP PDJQt
DQG VXOIDWH ,Q FRQWUDVW WKH VRLO SURSHUW\ ZLWK D QHJDW

VDQG $SSHQGLFHYV



7KH VRLO SURSHUWLHV GHUUNHG IJ&PS$JIUDGIOMH QH G DQG 3¢
H[SODLQHG IRU D WRWDO RI RI WKH YDULDWLRQ RI WKHVH G
ZLWK WKH PRVW SRVLWLYH HLJHQYHFWRUV FRHIILFLHQWYV IRU 3&R
SRWDVVLXP ,Q FRQWUDVW WKH VRLO SURSHUWLHV ZLWK D QHJD\
ZHUH S+ FOD\ FDOFLXP FDUERQDWH FDOFLXP PDJQHVLXP VRGL)>
$SSHQGLFHV

7KH VRLO SURSHUWLHY GHULYHG IURP EDVDOW KDYH GLVWLQF
FKORULGH DQG VXOIDWH VRGLXP DQG SRWDVVLXP FDOFLXP FDUE
FDOFLXP DQG FOD\ ,Q FRREWHUWWHGWKRBOXWKHHVRLO SURSHUWLH
JUDQLWH ZHUH S+ FOD\ DQGIFO® PIXP FRWERYDXWPH DQG PDJQHVLX
FKORULGH DQG FDOFLXP 7KLV VXJJHVWV WKDW VSHFLILF SURSHL
FRQGLWLRQV LW DOVR YDOLGDWHYV WKH QXWULHQW FRQWHQW DQ:

PLQHUDO DUUDQJHPHQW DQG VWUXFWXUH
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PCoA 1 (37%) PCoA 1 (47%)

YLIXUH 3ULQFLSOH &RPSRQHQW@%S‘()\V LY RUQFkROH &RPSRQHQW $QD
VRLO SURSHUWLHV GHULYHG IURPVER\WDHWRS HMNVS*FWJFG#@JWYHG IURP JUDQ
YDULDQFH H[SODLQHG E\ HDFK SUL@ |§2 FHFE%@@ QWG E\ HDFK SULQFLS
3&R$ LV VKRZQ LQ SDUHQWKHVHV3& $ VKRZQ LQ SDUHQWKHVHV

Linear Mixed-Effects Model

‘H LQLWLDOO\ ORRNHG DW WKH GDWD XVLQJ WKH OLQHDU PLJF
WKH GLITHUHQFH EHWZHHQ WKH SDUHQW PDWHULDOV ZLWKLQ WKH
DQG ELRIJHRFKHPLFDO E\ PDVWHU KRUL]JRQV 7KH VWDWLVWLFDO
HYDOXDWHG E\ XVLQJ D FRQILGHQFH OHYHO WKH 3 YDOXH DGM
7XNH\ PHWKRG WKDW FRPSDUH®W KHIBRDOMURONYNLPBWHY GLVSOD\HG
IURP WKH WUHDWPHQWY LQ WKLY FKDSWHU DQG WKH DOSKD VLJQ
OLQHDU PL[HG HIIHFWVY PRGHO DUH LQGLFDWHG E\ WKH DVWHULVN

6RLO GHULYHG IURP JUDQLWH ZHUH VWDWLVWLFDOO\ GLIITHUH
GLITHUHQFHY EHWZHHQ WKH WZR SDUHQW PDWHULDOV WKURXJKRX
VWDWLVWLFDOO\ WKH VDPH LQ WKH $ KRUL]J]RQ RI ERWK SDUHQW P|
KRUL]JRQV )LJXUH $ 6LAVHUEZBQWVVBDWRYWLGFDO@WEIH $ DQG % K

GHULYHG IURP EDVDOW DQG NWDWHWRIVUADRQV VIOPYRDOVLQHVUK YHG



7KH & KRUL]JRQ ZDV VWDWLFDOO\ WKH VDPH IRU ERWK SDUHQW PDYV
VWDWLFDOO\ GLITHUHQW LQWRDRQ \J GHYLLW H @ QR 2 HLW BWWWLFDOO
WKH KRULJRQV &OD\ LQ VRHOAHGH WIWB\G LN PFDWIOQ LWKH VDPH WK
SURILOH 7KHUH zZDV D YDULDWLRQ LQ WKH FOD\ FRQWHQW LQ WK
DFFXPXODWLRQ LQ VRLOV GHULYHG IURP JUDQLWH WKDQ EDVDOW
OHDFKLQJ LQ WKH FRDUVHU WH[WXUHG PDWUL[ RI WKH VRLOV )LJ>
PLQHUDO ZHDWKHULQJ DQG DUJLOOLF KRULJRQ IRUPDWLRQ DUH UF
SDUHQW PDWHULDO DQG FOLPDWLF FRQGLWLRQV 3UHVOH\ HW DO

LQGLFDWH WKDW WKHVH BAXUFRQVWKH @ UG DY IRDAWRRXVDQGV |
7KHUHIRUH ZH ZRXOG H[SHFW RIJUMDWHUVSRHOFVH@MDLYH/G IURP ED
WKH IHOGVSDU PLQHUDOV DQG WKH UHOHDVH RI FOD\V IURP WK
FRQGLWLRQ ZHUH REVHUYHGNK® \WBW LFFO® H FRCDMH 8 W IRSDFLW\ YDO
+ 7KHVH GLIIHUHQFH ZLOO DOVR LQIOXHQFH LQILOWUDWLRQ UDW
VXEVHTXHQWO\ WKH GHSWK RI SHUFRODWLRQ DQG HYDSRUDWLYH
WKH VRLO LQ WKH 6/9 DUH BENOWLWQYHFD\®RW @ILDEGHIOWLDWLRQ DP

SURSHUWLHYV
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YLIXUH &RPSDULQJ WKH SK\VLAMRL WRIGHSURBE UWRP\EDYR®W DQG JUD
PDVWHU KRUL]RQ $DOBQG &®ODALIWWRP WKH /LQHDU OL[HG ORGHO 7KH LQ
SDUHQW PDWHULDO DQG WKH PDVWHU KRUL]RR®.050 WKH OUY®HDQ P RGMK
GLIIHUHQW OHWWHUV DUH VLJQLILFDQWO\ GLIITHUHQW 7XNH\{V

Chemical Properties

7KH VRLOV GHULYHG IURP EDVQOM KDMGWR KLIWHID @V RLOV GHL
JUDQLWH WKURXJKRXW DOO PDVWHU KRUL]JRQV ZLWK ERWK UHPDL
IURP EDVDOW ZHUH VWDWLVWLFDOO\ GLITHUHQW IURP VRLOV GHUL
WKH KRUL]RQV ZKLOH WKH JUDQLWH VRLOV UHPDLQHG WKH VDPH
7KH FDOFLXP DQG PDIJQHVLXP FRQFHQWUDWLRQV ZHUH JUHDWHU L

UHODWLYH WR VRLDYLOWWHUKREAGBYIHBRPWKH\ ZHUH QRW VWDWLVWLFD(



WZR SDUHQW PDWHULDOV RU WKURXJKRXW WKH SURILOH )LJXUH
JUHDWHU LQ VRLO GHULYHG IURP EDVDOW WKDQ JUDQLWH 7KH VF
DQG JUDQLWH DQG GLIIHUHG DPRQJ WKH KRUL]JRQV LQ EDVDOW VRI
IRU JUDQLWH VRLOV )LJXUH ' 3RWDVVLXP ZDV VWDWLVWLEDO
VRLOV DQG YDULHG WKURXJK WKH KRUL]JRQV LQ ERWK VRLO W\SHV
WKH VRLOV GHULYHG IURP EDVDOW WKDQ JUDQLWH ZHUKUH (
VLIJQLILFDQWO\ KLJKHU LV VRLOV GHULYHG IURP EDVDOW WKDQ JU
IRXQG LQ WKH XSSHU SRUWLRQV Rl WKH VRLO SURILOH +RZHYHU
ZHUH VWDWLVWLFDOO\ WKH VLPLODU IRU FKORULGH DQG ZHUH VW]
&KORULGH LQ JUDQLWH VRLOV ZHUH VLPLODU LQ WKH $ DQG % KRL
LQ WKH & KRUL]JRQV )LJXUH LON*GHOXOHBWHRE VIRVDOW ZHUH VWI
IURP VRLOV GHULYHG IURP JUDQLWH 7KH $ DQG % KRULJRQV ZHUF
KRUL]JRQ RI EDVDOW VRLOV *UDQLWH VRLOV VKRZHG YDULDWLRQ
DQG & KRUL]JRQV IRU VXOIDWH )LIXUH *

7KH UHVXOWV RI WKH FKHPLFDO DQDO\VLV IDOO ZLWKLQ WKH .
VHPL DULG WR DULG UHJLRQV RI WKH ZHVWHUQ 86 86'$ 15&6
VKRZV D FRQWUDVW EHWZHHQ WKH SDUHQW PDWHULDOV EDVDOW
FDWLRQV WHQGLQJ WRZDUG PRUH IHUWLOH VRLOV DQG JUDQLWH |
D SRRUHU QXWULHQW VWDWXV 6ROXEOH VDOW FRQFHQWUDWLRQ)\
ZHDWKHULQJ Rl WKHVH VRLO PDWHULDOV IURP EDVDOW ,Q DGGLW
PHDVXUHG LQ VRLOV GHULYHG OWRPUEDUEBOW JIHBIWHWRXRQWLWLH
WKH EDVDOW 6RLOV GHULYHG IURP JUDQLWH KDYH VLJQLILFDQWC
DQLRQV FRPSDUHG WR WKH EDVDOW VRLOV

,Q DGGLWLRQ WKH DFFXPXODWLRQ RI WKHVH ZDWHU VROXEO}
RI WKH VXUIDFH KRUL]JRQV RI VRLOV E\ LQIOXHQFLQJ WKH LQILOWU

HYDSRUDWLYH ORVVHV <RXQJ HW DO 6DOWYV PD\ EH XVHG D



IURQW ZLWKLQ WKH VRLO VXJJHVWLQJ WKH PD[LPXP GHSWK RI SHI
KRUL]JRQ LQ EDVDOW DQG WKH ERWWRP RI WKH SURILOH LQ JUDQLYV
DQG

7KHVH GDWD VXJJHVW WKDW VRLOV GHULYHG IURP EDVDOW ZL
GHFOLQH LQ WKHLU GHSWK Rl SHUFRODWLRQ LV GXH WR WKH DFFX
GLIIHU ZLWK WKH ZRUN RI 3KLOOLSV ZKR VKRZHG WKDW VRO X
FKDUDFWHUL]JHG E\ ORZ FRQFHQWUDWLRQV QHDU WKH VRLO VXUIDI
EHORZ JURXQG VXUIDFH DQG D GHFUHDVH FRQFHQWUDWLRQ EHOR
SHDN DFFXPXODWLRQV ZHUH ZLWKLQ WKH WRS IHZ FHQWLPHWHUYV
FRQFHQWUDWLRQV EHLQJ VRGLXP DQG VXOIDWH VDOWVY ,Q FRQW!U
H[KLELW DQ\ SHDN DFFXPXODWLRQV DQG WKLV GXH WR FKHPLFDO |
WH[WXUH Rl WKH VXUIDFH VRLO KRUL]JRQV 7KHUHIRUH VDOW GLV
FDQ SURYLGH DQ LQGLFDWLRR) EDWRQJIPWMHPHEHK DYQAR VY WRUDJIH |
WKHVH VDOW SURILOHV LQGLFDWH WKHUH LV D ODFN RI SUHFLSLW
Rl WKH URRW JRQH WKHUH DUH KLJK HYDSRUDWLRQ UDWHV WKDW
LPSDFWV DQG VKLIWV LQ WKH SODQW FRPPXQLWLHV RFFXU IURP G

&DWLRQ ([FKDQJH &DSDFLW\ Z&{&H )V WDOWHLVWEFDOO\ VLPLODU |
DQG JUDQLWH VRLOV WKH DYHUDJH &(& IRU WKH $ DQG % KRUL]RQ

PHT JLQ JUDQLWH VRLOV 7KH & KRUL]JRQ LQ JUDQLWH VRLO
GLVVLPLODU 7KHVH YDOXHVOIRKL WR® EHQRSKDWLRQWIRH FOD\V DV R

JLIXUH &
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YLIXUH &RPSDULQJ W.IOHSRKEHUFWDHWRIURP VRLOV GHULYHG IURP EDVDC
PDVWHU KRULJRQ $ S+Z % &DOFLXP &D & ODJQHVLXP 0J ' B6RGL>
&KORULGH &0 * ©XQEIDWH&DBWLRQ ([FKDQJH &KSIDIFQWMUSRWLRQ EHWZH
SDUHQW PDWHULDO DQG WKH PDVWHU KRUL]RR®.05Q WKH OV@HDQ\WRGWMIO
GLIIHUHQW OHWWHUV DUH VLJQLILFDQWO\ GLIITHUHQW 7XNH\{TV

Biogeochemical Properties

6RLO RUIJDQLF FDUERQ FRQFHQWUDWLRQVY DUH VWDWLVWLFDO
6RLOV GHULYHG IURP EDVDOW WRQ®DIRLOV BRHWHYRG I URP JUDQLW
VI\VWHPV 62& ZDV FRQFHQWUDWHG LQ WKH $ KRUL]JRQ DQG VKDUH \
& KRUL]JRQV )LJIXUH $ 6RLO RUJDQLF FDUERQ LV WKH OHVVHU

DULG HQYLURQPHQWY DQG LVRL®GULDICADN BRPISR @HIHW VRY PDQ\ Vi



SK\VLFDO DQG ELRORJLFDO SURSHUWLHV W LV HYLGHQW LQ WKL
DQG WRWDO ZDWHU VWRUDJH LQ WKH SURILOH FRUUHVSRQG KDV L
6/9 ZKLFK LQ WXUQ KDV UHGXFHG WKH SODQW OLWWHU FRPSRVLWL

7KH 62& FRQWHQW LV OLNHO\ WKH UHVXOW RI WKH YDULDELOL
RQ EDVDOW K\GURORJLFDO SURSHUWLHY DQG WKH OLNHO\ WKH L
GHFRPSRVLWLRQ 7KH UHVXG®I\WWWUVBRZQKNLRKNBLFKRQABJIJDQLF FDUEF
GHULYHG IURP EDVDOW ZKLFKOQGHIPANELWPVEEQ SWH[ROH MWR GHFRPS
WR WKH FRDUVHU JUDLQHG FRXQWHUSDUW

+RZHYHU D JURZLQJ ERG\ RI HYLGHQFH KDV GHPRQVWUDWHG
EUHDNGRZQ RI FKHPLFDO FRPBRXRE® VSHDYR ®DVLUQGILFDQW UROH L
GHFRPSRVLWLRQ RI VXUIDFH O l%WMIQEG WQHBMUDG HFRV\VIWHRVDELRW |
DFFRXQW IRU XS WR Rl OLWWHU PDVV ORVV LQ VHPL DULG V\VW
GHFRPSRVLWLRQ IURP WKH FWD® JHYFIUMH DV MW BH FKKHLRQN ORVVHV R
RUJDQLF PDWWHU IURP FKDQJHV LQ OLWWHU VROXELOLW\ DQG SK
%UDQGW HW DO )XUWKHU UHVHDUFK LV QHHGHG WR IX0OO0\ ¢
VRLO RUJDQLF PDWWHU LQ WKLV V\VWHP

7KH &D&PRQFHQWUDWLRQV LQ VRLOV GHULYHG IURP EDVDOW Z
VRLOV GHULYHG IURP JUDQIWHULDRN WZR SWOMQWWIDFDOO\ GLIIHU
VLPLODULWLHY DPRQJ WKH KRUL]JRQV VSHFLILFDOO\ EHWZHHQ WK
JUDQLWH )LJIXUH %

7KHVH GDWD LQGDFBWRX®MEPLRQV PRUH SUHGRPLQDWH LQ WK
VRLOV GHULYHG IURP EDVDOW DQG JUHDWHU DFEFXPXODWLRQV LV |
IURP JUDQLWH 7KH REVHUYHGHSUHMXE& QFRIVWHKRK®E GEHKW WH[W XU
DFFXPXODWLRQ LQ WKH $ DQG % KRUL]JRQV UHVXOWLQJ LQ OHVV C
EH VXJJHVWHG WKHUH KDV EHHQ DQ DG GLWRMR QB A& MAFX FBSHSRW L RVQ

FRQWUDVW VRLO GHULYHG IURP JUDQLWH KDYHWHRRDUDRKWVMKWRXE



WKH SURILOH DQG DFFXPXODWH SUHGRPLQDWHO\ LQ WKRXO8 KRUL]R
EH GHSRVLWLRQDO DQG SHGRJHQLF LQ QDWXUH KRZHYHU IXUWKF
SHUIRUPHG WR FRQILUP WKH RULJLQ

7KH IRUPDWLRQ RI FDUERQDWHYV LV GLUHFWO\ LQIOXHQFHG E\
HTXLOLEULXP 'XH WR WKH ORZ DQQXDO SUHFLSLWDWLRQ WKH UD
DGYDQFHPHQW IR} WIK&2SURILOH LV DOVR D SUR[\ IRU WKH ZHWWLQ.
7KH DGGLWLRQDO DFFXPXODWLRQV LV EHLQJ GHSRVLWHG LQ WKH
FHPHQWDWLRQ GHFUHDVH LQ SRUH YROXPH DQG GHFUHDVHG DHUI
ODJDULW] DQG $PLHO DV VHHQ LQ WKH % KRUL]RQ RI WKH EDV
DQDO\VLV LV QHHG RQ WKH PLFURPRUSKRORJ\ FKDUDFWHULVWLFV

7KH DFFXPXODWLRQ RIK&D®RRUIDFH KRUL]JRQ RI WKH JUDQLWH F
VXJIJHVWYVY WKHUH DUH DGGLWLRQDO H[WHUQDO VRXUFHV RI FDUER
ZLQG GLUHFWLRQ LV WR WIKH VE8RKRWW LD VRL QAHKUFEVLM QMUVRLO TURP
-XDQ ORXQWDLQV WR WKH SUHGRPLQDWHO\ JUDQLWLF HDVW VLGH

DGGLWLRQDO &D
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J)LIXUH &RPSDULQJ WIKOH BMRUM BRUKRBSHUIFVLHE ITURP EBYDQ VG DWQIGY JUD QLW
HDFK PDVWHU KRUL]JRQ BEBRLODGDRLRERBOFLXP &SDUERRDWEWEHDOHF WLR(
EHWZHHQ RI SDUHQW PDWHUJIRIZXYY DQGCWWKHORDWWH WP RB@&D5ZHIKHVLIQLILFD
OVPHDQV ZLWK GLIITNUBQWLEBDOWEGUGIODUWHUHQW 7XNH\TV



Soil Properties by Mass and Average

7R IXUWKHU HYDOXDWH WKH VRLOV WKDW KDYH IRUPHG IURP I
FOD\ FRQWHQW WR D VWDQGDUG GHSWK RI FP XVLQJ WKH PDVV
YDOXHV RI SRURVLW\ EXON GHQVLW\ DQG EXON GHQVLW\ UDWLR W
XVLQJ DQ $129% WR GHWHUPLQH WKH VWDWLVWLFDO GLIITHUHQFHYV
EDVDOW YV JUDQLWH VRLOV LQ IXUWKHU HVWDEOLVKLQJ WKHP DV
SDWWHUQV ZLOO EH HYDOXDWHG LQ FKDSWHU DV D IXQFWLRQ RI

Physical Properties

7KH FRQWHQW RI FOD\ EHWZHHQ EDVDOW DQG JUDQLWH ZDV Q
7KH VLPLODU FOD\ FRQWHQ®WKHPERDY LDYPWB 8 KDWL AMDIOHZHDWKHULQJ
VORZ GXH WR WKH FOLPDWLF FRQGLWLRQV RI WKH 6/9 +RZHYHU
VWDWLVWLFDOO\ GLITHUHQW ZHUH EDVDOW FOD\V KDYH D KLJKHU °
IURP SRURVLW\ EXON GHQVLW\ DQG EXON GHQVLW\ UDWLR LQ )LJX
GLITHUHQW EHWZHHQ EDVDOW DQG JUDQLWH ,Q D VWXG\ E\ <RXQJ
VLPLODULWLHYV LQ VDQG DQ8 SFHR W RDOGH QW H VIRILGOH GBS HAID FN R V
WKH QHDU VXUIDFH ZDWHU EDODQFH FKDUDFWHULVWLFV DQG WKH|
HFRV\VWHPYVY DUH VLPLODU V2RUGCEDUNDHOOWHRYVKLDS H[LVWYV EHWZ
GHULYHG IURP EDVDOW DQG JUDQLWH LQ WKH VXUIDFH KRUL]JRQV \
LQ WKH zDWHU EDODQFH FKDUDFWHULVWLFV DQG K\GUDXOLF SURS
DO ZKLFK LV GHPRQVWUDWHG E\ WKH SRURVLW\ UHVXOWYVY LQ
SHUFHQWDJH RI VDQG )LIXVHW\SHYV DQERPWMKLMELOQG FRDUVH WHI\V
XVHG WR LQIHU WKH EHKDYLRU RI WKDW UHIOHFWYVY WKH IDVWHU Ul
HQKDQFHG VRLO GUDLQDJH IURP WKH FRDUVHU VRLO WH[WXUH , W
VRLOV KDYH PRUH VDQG DQG KLJKHU K\GUDXOLF EHKDYLRU WKDW
HW DO 7TKHUHIRUH WH[WXUH WUDGLWLRQDOO\ KDV EHHQ XV

WKH GLIITHUHQFH LQ WKHVH UHVXOWYV VXJIJHVW WKDW WKH ZDWHU



WKH SURILOHV LV UHIOHFWHG LQ WKH SODQW FRPPXQLW\ VWUXFW.
SObQW 7KH REVHUYHG SODQW FRPPXQLWLHYVY ZHUH VLPLODU EHW,.
ZLWK RQO\ D IHZ PRUH SODQW VSHFLHY UHSUHVHQWHG RQ WKH ED

7KH UHVXOWY IURP WKH EXON GHQVLW\ UDWLR LQGLFDWHG Wtk
UHODWHG WR WKDW RI WKH EXON GHQVLW\ RI WKHLU SDUHQW PDW

7TKHVH UHVXOWY IXUWKHU DFFHQWXDWHY WKH VLPLODULWLH)
WKH 6/9 DQG HVWDEOLVKHVY WKH EDVHOLQH E\ ZKLFK ZH FDQ REVH

SUDFWLFHY LQ &KDSWHU
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DQG %XON "HQMUWLW\ &S DWYROXH BEDUDROWHDRFREQWUROV $OSKD

Biogeochemical Properties

7KH UHVXOWYV IURP WKH $129% DQDO\VLV IRU FDOFLXP FDUERQ
EHWZHHQ EDVDOW DQG JUDQLWH ZLWK JUDQLWH EHLQJ RI KLJKHU
RUJDQLF FDUERQ DOVR VKRZHG D VWDWLVWLFDO GLIIHUHQFH EHW.

ZDV KLJKHU LQ FRQFHQWUDWLRQ )LJXUH
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Pre-cultivated Conditions of Soils

20H RI WKH FKDOOHQJHV LQ ZRUNLQJ LQ FXOWLYDWHG UHJLRC(
SEHQFKPDUNV® WKDW FDQ EH XVHG WR DVVHVV WKH FKDQJHV LQ VI
FXOWLYDWLRQ SUDFWLFHWHG KR XO/\H IRV KERBBWLFMDO EHQFKPDUNYV
LPSRUWDQW ILUVW VWHS LQ HYDOXDWLQJ WKH LQIOXHQFH RI FXOV
VRLO %YHQFKPDUN VRLOV ZKLOH EHLQJ LPSRUWDQW VRLOV LQ WK
DV SUR[LHV IRU RWKHU VLPLODU VRLOV 7KHLU SXUSRVH LV WR IR
HITRUW RQ VRLOV WKDW KDYH WKH JUHDWHVW SRWHQWLDO IRU HJ\
LOWHUSUHWDWLRQV WR RWKHU VRLOV 7KLV SXUSRVH LV UHOHYD
VFLHQWLVWY ZKRVH JRDO LV WR H[WHQG ILQGLQJV RI WKHLU UHVH

,Q JHQHUDO RXU UHVXOWY LQGLFDWHG WKDW VRLOV GHULYH(

DQG DUH KLIJKHU LQ WKHLU PHDVXUDEOH HOHFWULF FRQGXFWLY
DGVRUSWLRQ UDWLR 6%$5 DQG KLIJKHU LQ WKHLU H[FKDQJHDEO
GHULYHG IURP JUDQLWH )LJXUH 7KH UHVXOWLQJ VRLO FODV)

I[URP EDVDOW ZDV D VDOLQH VIR®RIPFJIJUDIQA W BRLO® W KH XIQHK® W XUHG
QRQ VDOLQH QRQ VRGLF 7KH UDQJH RI YDOXHV DUH H[SUHVVHG I
7TDEOH

7KH FODVVLILFDWLRQ VXJJHVWYVY WKDW K\GURORJLFDO FRQGLYV
DQG WKH UHOHDVH RI VROXEOH VDOWY YLD VRLO ZHDWKHULQJ SUF
GHYHORSPHQW 7KHVH UHVYXOGWVY LUHHG HURCPWEIDWBROW MVHRMLHOQ LQ ZDV
V\VWHP DQG DUH PRUH YXOQHUDEOH WR WKH VXLWH RI FKHPLFDO

GHULYHG IURP JUDQLWH
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2.5 Summary and Conclusions
7KLV VWXG\ FRQWUDVW\LAMDICH BRW ERIROHRKKRAPLFDO SURSHUW
JHRJUDSKLFDOO\ GLVWULEXWHG FROOHFWLRQ RI VRLOV LQ WKH 6/
ZDV WR HYDOXDWH WKH LPSRUWDQFH RI SDUHQW PDWHULDO H J
IDFWRUY DQG WR HVWDEOLVK WKHLU LQIOXHQFHYVY RQ VRLO SURSHI
2XU UHVHDUFK UHVXOWYV VXJJHVW WKDW WKH GLVWULEXWLRQ
WKH SULQFLSDO FRPSRQHQW DQDO\WLY DUH D GLUHFW UHVXOW RI

WKH SDUHQW PDWHULDO ZLWRVQ BRWHW GHPLWHIS IDRRVEDWBOW ZH



WH[WXUH KLJKHU LQ QXWULHQW FRQFHQWUDWLRQV DQG FRQWDLG
VDOWV LQ WKH SURILOH ,Q FRQWUDVW VRLOV GHULYHG IURP JUD
WH[WXUH KDYH ORZHU QXWULHQW FRQFHQWUDWLRQV UHODWLYH
UHIOHFWLQJ WKH JHQHUDWLRQ DQG UHWHQWLRQ RI VROXEOH VDO
7KH LQWHQVLW)\ DQG GXUDWLRQ Rl WKH ZHDWKHULQJ UHJLPH
REVHUYHG LQ WKH JHQHUDW L RQVD QTK A RQFLHQWEIDWILYRHEG RUR® EDVE
D LQFUHDVH LQ FOD\ FROQWRQ@WVWERHUL FIRGRMHRP JUDQLWH ZKLFK
VWDWLFDOO\ EXW GLIIHUHG LQ WKHLU FDWLRQ H[FKDQJH FDSDFLW
FRQWDLQHG ZLWKLQ WKH EDVDOW SDUHQW PDWHULDOV KDYH VPDC
ZHDWKHULQJ UDWHV ZKLFK UHVXOWY D PRUH FOD\ GHYHORSPHQW
7KH VLPLODULWLHY EHWZHHQ WKH SRURVLW\ DQG EXON GHQV]
WKRXJK WKH SDUHQW PDWHULDOV DUH GLIITHUHQW LQ WKHLU VWU X
FKHPLFDO ZHDWKHULQJ SUR AMR WHKHDRUH. RD WMLEDARQBHWLRQV RI Wt
7KH FODVVLILFDWLRQ RI VRLOV EDVHG RQ VDOLQLW\ IXUWKHU
PDWHULDOV 7KHVH GDWD WHHGY HDROPH EDW R W FOLWOH/ \AHULQYH VRGLF D
IURP JUDQLWH DUH QRQ VDOLQHWYRRURRGGH | XHWKHWHROOULILFDW
VROXEOH VDOWY EHFRPH DYDLODEOH DQG RU UHWDLQHG GXULQJ \
DGGLWLRQ SHGRJHQLF SURFHVVHV ZHUH GHOLQHDWHG EHWZHHQ
KDG DQ DFWLYH FRPELQDWLRQ Rl WKUHH SHGRJHQLF SURFHVVHV
DONDOL]DWLRQ ,Q FRQWUDVW WKH JUDQLWH VRLOV RQO\ H[KLEL
,Q JHQHUDO VRLOV GHULYHG IURP EDVDOW KDG KLJKHU FRQF
ZKLOH VRLOV GHULYHG IURP JUDQLWH DUH FRQVLGHUDEO\ ORZHU
EDVDOW ,Q DGGLWLRQ FDOFLXP FDUERQDWH VRLO RUJDQLF FDU
RQO\ VOLJKWO\ KLJKHU LQ VRLOV GHULYHG IURP EDVDOW WKDQ JU

WKH SULPDU\ GULYHU



7KH ILQGLQJYV SUHVHQW KHUHLQ VLJQLILFDQWO\ UHSUHVHQW
PRVWO\ E\ WKH QDWXUH RI WKH SDUHQW PDWHULDO ZKHQ VWXG\LC
UHVXOWY DUH DOVR VLJQLILFDQW IRU WKH\ SURYLGH WKH UHIHUH(
LQ VRLO SURSHUWLHY DV D IXQFWLRQ RI DOQOWKURSRJHQLF SUHVVX

DUH SUHVHQWHG LQ WKH IROORZLQJ FKDSWHUYV



REFERENCES

$IJULFXOWXUDO +DQGERRN 1R 'LDIQRVLV DQG ,PSURYHPHQ
8QLWHG 6DWHY '"HSDUWPHQW RI $JULFXOWXUH :DVKLQJWRQ '& 8

%DWHV 'RXJODV ODUWLQ ODGVFKOMH UD @GMHU% RONHYLWWLQJ /LQHDU
(INT1HFWV ORGHOV 8VLQJ OPH -RXUQDO RI 6WDWLVWLFDO 6RIWZDUH
GRL MVV Y L

%DUURZ & - /IDQG 'HJUDGDWLRQ 1HZ <RUN &DPEULGJH 8QL

%DUWRQ .DPLO 0X0,Q OXOWL ORGHO ,QIHUHQFH 5 SDFNDJH
KWWSV &5%$1 5 SURMHFW RUJ SDFNDJH 0X0,Q

%LUNODQG 3 : SHGRORJ\ :HDWKHULQJ DQG *HRPRUSKRORJ
2[IRUG 8QLYHUVLW\ 3UHVV

%RXO 6 : 6RXWKDUG 5 - *UDKDP 5 & DQG OF'DQLHO 3 %
&ODVVLILFDWLRQ )LIWK (GLWLRQ ,RZD 6 WDWH 3UHVV $ %ODFNZ

%UDKQH\ - %DOODQW\QH $ 3 6LHYHUV & DQGHS$RVLWLRQ LQ ,
WKH ZHVWHUQ 86 7KH UROH RI PLOHUDO DHURVROV $HROLDQ 5H\

%UDQGW /$ .LQJ -< DQG OLOFKXQDV ' * S(ITHFWV RI XOW
GHFRPSRVLWLRQ GHSHQG RQ KHIRENVSLW DL\QLER ¥ ORUGBNO U VWH V VFH S St
*OREDO &KDQJH %LRORJ\

%UDQGW / $ %RKQHW & DQG .LQJ - < 3KRWRFKHPLFDO LC
SURGXFWLRQ DV D PHFKDQLVP IRU FDUERQ ORVV IURP SODQW OLW
*HRSK\VLFDO 5HVHDUEK

&RORUDGR 6WDWH -XGLFLDO %YUDQFK GRFXPHQW 3DUW 9,, 9,,, :DW
$ODPRVD &RORUDGR 6RXUFH
KWWS 777 ERXUWYVY VWDWH FR XV &RXUWYV :DWHU 5X0OLQJV 'LY &

'LIRQ + 1 O9ODVFXODU 30DQWV RI WKH 6DQ /XLV %DVLQ &ROR!
&2 2 9 3ULQWLQJ ,QF

(PHU\ 3 $ +\GURJHRORJY RDWBH\6RQORUDGR DQ 2YHUYLHZ 41
DW WKH )XWWSH Z2Z FRORUDGRJHRORJLFDOVXUYH\ RUJ ZS FRQWH
>S5HWULHYHG )HE @

(VZDUDQ + OG5HLFK 3) .LPEOH -0 %HLQURWK ) + 3DGPDQDEKLE
*OREDO &DUERQ 6WRFNV ~ *OREDO &OLPDWH &KDQJH DQG 3H
5DWRQ )/ &5& 3UHVV //&



JRVWHU (' 7KH 6DQ /XLV 9DOOH\ /LEUDU\ RI WKH 6WDWH $J
&RORUDGR

*HH * : DQG %DXGHU - : 3DUWLFOH VL]H DQDO\VLV ,Q .OX
$QDO\VLV 3DUW , $JURQ ORQRJHU $P 6RF $JURQ ODGLVRQ :LV

*HRORJ\ DQG (DUWK 6FLHQFH 1HZV DQG ,QIRUPDWLRQ Q G 5HWL
KWWS Z7ZZ JHRORJ\ FRP

-DUHG ( .QRZOHV DQG &DUO )UHGHULEFN PHU7RROV 7RROV IR
SHJUHVVLRQ ORGHOV 5 SDFNDJH YHUVLRQ KWWSV &5%$1 5 SL
-HQQ\ + SURSHUWEKBPDOIRRERODREWDQIRUG 8QLYHUVLW\ 3UH\
-HQQ\ + J)DFWRUV RI 6RLO )RUPDWLRQ 1HZ <RUN OF*UDZ +
-HQQ\ + 7KH 6RLO 5HVRXUFH 2ULJLQ DQG %HKDYLRU 1HZ <R
-HQQ\ + J)DFWRUV RI 6RLO )RUPDWLRQ $ 6\VWHP RI 4XDQWLW

'RYHU 3XEOLFDWLRQV ,QF

.DUDWKDQDVLV $ 62,/ 0,1(5%$/2*< LQ /DQG 8VH /DQG &RYH!
>(G :LOO\ + 9HUKH\H@ LQHG@KFORSEWM BSLDWHPY (2/66 'HYHORSHG
$XVSLFHV RI WKH 81(6&2 (ROVV 3XEOLVKHUV 3DULV )UDQFH >KW
ODUFK @

.HOOH\ : 3 $ONDOL 6RLOV 7KHLU )RUPDWLRQ 3URSHUWLHYV
SHLQKROG 3XEOLVKLQJ &RUSRUDWLRQ

/IDO 5 DQG .LPEOH - 0 3HGRJHQLF &DUERQDWHYV DQG WKH
&OLPDWH &KDQJH DQG 3HGRJHQLF &DUERQDWHV (GLWHG E\ 5 /DC
//1& %RFD 5DWRQ )/

/DO 5 (QF\FORSHGLD RI 6RLO 6FLHQFH B6HFRQG (GLWLRQ 1|
*URXS

/DO 5 BRLO 4XDOLW\ DQG 6RLO (URVLRQ 1HZ <RUN &5& 3U
IJHQWK 5XVVHO 9 JHDVW 6TXDUHV OHDQV 7KH 5 3DFNDJH OVF
6RIWZDUH GRL MVV Y L

ODJDULW] 0 DQG $PLHO $ ,QIOXHQFH Rl ,QWHQVLYH &XOWL

3URSRHUWLHY LQ WKH -RUGDQ 9DOOH\ ,VUHDO S5HFU\WWDOOL]DWL
$P -



OF'RQDOG (9 S3LHUVRQ ) % )OHUFKLQJHU *1 DQG OF)DGGHQ
SURFHVVY EDVHG VRLO ZDWHU BD WK® FLHQ PGXGHHO®F WR RilY DO WX D W H U
FKDQJH RQ VRLO ZDWHU PRYHPHQW LQ FDOFLF VRLOV ~ *HRGHUPD

OFIROGD\ % DQG 'RHVNHQ 1 BUHFLSLWDWLRQ &KDUDFWHU
GXULQJ VXPPHU &RORUDGR &OLPDWH &HQWHU $WPRVSKHULF
&2

OLWFKHOO -. DQG 6RJD . )XQGDPHQWDOV RI 6RLO %HKDY
1- -RKQ :LOH\ DQG B6RQV ,QF

OXVVHWW $ ( DQG .KDQ 0 6 /IRRNLQJ ,QWR WKH (DUWK $Q

*HRSK\VLFDV &DPEULGJH 8QLYHUVLW\ 3UHVV SS

15&6 PHWKRG IRU & (& E\ GLVSO BRHPHEQW Y&+ 6 WD I 6RLO 6XUY

IDERUDWRU\ OHWKRGV 0DQXDO 5 %XUW HG 6RLO 6XUYH\ ,QYHV)
OHWKRG % E PRGLILHG 3

3KLOOLSV ) 0 (QYLURQPHQWDO WUDFHUV IRU ZDWHU PRYHPI
VRXWKZHVW ~ B6RLO 6FL 6RF $P -

3LPHQWHO ' DQG 3LPHQWHO 0 *OREDO HQYLURQPHQWDO U}l
JURZWK (FRORJLFDO (FRQRPLFV 6

30DQW DQG 6RLO 6FLHQFHV H/LEUDU\ Q G KVBOWW U LSDWH/G] O DXUFE H (

BUHVOH\ '5 B5DQVRP 0' .OXLWHQEHUJ * - DQG )LQQHOO 3 5
Rl ,UULJDWLRQ RQ WKH *HQHVLYV DQG ORUSKRORJ\ Rl 7ZR 6HPLDUL(
$P -

5bzOov : - (VWLPDWLQJINREPOSEX@WNRHOQVLW\ DQDO\VLYV DQG F
FRQWHQW 6RLO 6FLHQFH 86'$ $56 +\GURORJ\ /DERUDWRU\ %HOW
':LONLQV &R

5 &RUH 7HDP 5 $ ODQJXDJH DQG HQYLURQPHQW IRU VWDWLV\
6WDWLVWLFDO &RPSXWLQJ 9LHQQD $XVWULD 85/ KWWSV ZZZ 5 ¢

5 &RUH 7HDP JRUHLJQ 5HDG 'DWD 6WRUHG E\ OLQLWDE 6 6%¢
6\VWDW :HND G%DVH 5 SDFNBWWYSHNWUV&REIL 5 SURMHEW RUJ SDFEND

6FKDW]JHO 5 DQG $QGHUVRQ 6 6RLO *HQHVLVY DQG *HRPRU
&DPEULGJH 8QLYHUVLW\ 3UHVV



6FKRHQHEHUJHU 3 - " $ :\VRFNL (& %HQKDP DQG 6RLO 6XUYH\
GHVFULELQJ DQG VDPSOLQJ VRLOV 9HUVLRQ IDWXUDO 5HVRXU
6RLO 6 XUYH\ &HQWHU /LQFROQ 1(

6HOI - 6RLO /DERUDWRU\ ODQXDO &RORUDGR 6WDWH 8

6KHUURG / $ 'XQQ * 3HWHUVRQ *$ DQG .ROEHUJ 5/ C
E\ ORGLILHG 3UHVVXUH &DOFLPHWHU OHWKRG 6RLO 6FL 6RF $P

6LPRQVRQ 5 : ORGHUQ &RQFHSWV RI 6RLO *HQHVLV = D 6\PS|
3URF
6WHIIHQ @ &UXW]HQ 3 - DQG OF1HLOO -5 7KH $QWURSRF

2YHUZKHOPLQJ WKH *UHDW_)RUFHV RI 1IDWXUH" $PELR

6]DEROFV /IDQGVFDSH *HRFKHPLVWU\ Rl 6RLO 6DOLQL]DWLF

(V7DODMWDQ 7RP BXSSOHPHQWXP

7RPOLQ 3K' GLVVHUWDWLRQ 7KH GHYHORSPHQWDO SHULR
W R IRUWKZHVWHUQ 8QLYHUVLW\ (YDQVWRQ ,00LQRLYV

9HOGH % DQG OHXQLHU $ 7KH 2ULJLQ RI &0D\ OLQHUDOV |

9HUOHJ 6SULQJHU

S9HQDEOHV : 1 5LSOH\ % ' ORGHUQ $SSOLHG 6WDWLVWLFV
6SULQJHU 1HZ <RUN ,6%1

O9HUKH\H :LOO\ 62,/6 2) $5," $1' 6 (0 ,L&ad Uskslhb Cover

and Soil Science, >(G :LOO\ + 9 HHh¢yEldpedm oflLe Support Systems (EOLSS),
'HYHORSHG XQGHU WKH $XVSLFHV RI WKH 81(6&2 (ROVV 3XEOLVKH
>KWWS ZZZ HROVV QHW@ >5HWULHYHG ODUFK @

'LOGLQJ /3 6PHFN 1 ( DQG +DOO *) 3HGRJHQHVLV DQG ¢
DQG ,QWHUDFWLRQV 1HZ <RUN (OVHYLHU

<RXQJ 0+ OF'RQDOG (9 &DOGZHOO 7 * %HQQHU 6 * DQG OH
+\GUDXOLF 3URSHUWLHV RI D '"HVHUW 6RLO &KURQRVHTXHQFH LQ W
$P 3URF



CHAPTER 3

CHANGES IN SOIL PROPERTIES AS A FUNCTION OF IRRIGATED AGRICULTURE

3.1 Introduction

The increasing demands placed on cultivation to feed the swelling global population,
along with the long-term over-utilization and cultivation in semi-arid regions has been the
primary cause contributing to soil degradation globally. Soil degradation is defined as the
decline in soil quality caused by improper use, usually for agriculture, pastoral, industrial or
urban purposes. (Beinroth et al., 2007; UN 2010). In a report given by Dr. John Crawford
(2012) at the University of Sydney, he stated that at the current rate of global soil degradation,
we as a society have approximately 60 years of viable topsoil left for cultivation.

It has been reported extensively that irrigation plays an important role contributing to the
degradation of soils (Pereira et al., 2012; Raiesi 2012; Steffen et al., 2007), especially in semi-
arid region where evaporation exceeds precipitation for at least part of the year. Traditional
cultivation in water-limited ecosystems alters the physical, chemical, and biogeochemical
properties that reflect soil quality and functions. When perennial vegetation is replaced by
annual row crops, the results are soil erosion, loss of soil nutrients, and reduction in stored soil
organic carbon, which can lead to a decline in soil health and long-term productivity (Barrow
1991, Mayes 2014; Lal 2006). In addition, irrigation practices generally promote chemical
degradation by increasing the concentration of soluble salt and alerting soil pH (Lal 2006). The
increase in soluble salts drives saline (high salts content) and sodic conditions (high sodium
content) and can be present in quantities sufficient to influence plant growth, particularly in
poorly drained areas (Lal 2006). The degree to which these soils are altered varies due to the
differences in the environmental conditioning variables, such as lithology (e.g., basalt and

granite), geomorphology, water availability, and vegetation (Szabolc 1981).

49



One of the primary concerns is the rate at which soil is being lost. The loss is between
10 and 40 times the rate at which it can be naturally replenished, which reveals the severity of
soil-related issues that we are faced with for the remainder of this century. There is a need to
quickly regain a balance in the physical and biological processes that drive and maintain soil
properties, (Amundson et al., 2015) especially in arid and semi-arid regions that occupy 44% of
the global land area (UN 2010).

Currently, there is lack of quantitative information about key soil properties and their
potential impact on soil degradation in arid and semi-arid regions. The San Luis Valley (SLV) of
south central Colorado provides a case study of where the land in an arid climatic regime has
been exploited for continuous and long term agricultural production. Anthropogenic activities in
the San Luis Valley date back to the 1800's. In this early period of settlement and development,
a mere 121,405 ha or 1% of the available land was used for agriculture and most of that land
was adjacent to an accessible water source (Tomlin 1949). In 2010 the Colorado Decision
Support System (Colorado Division of Water Resource 2014) reported that 789,471 ha is
designated as agricultural land and 207,199 ha is designated for irrigated agriculture. This
equates to 73% of the agricultural land is under irrigation management. The amount of land
converted to agriculture increased 550% over the last 112 years. This increase in land use also
shifted the distribution of crops to a narrower selection of wheat, barely, alfalfa, hay, and
potatoes, which required a shift from a flood to a more modernized sprinkler irrigation. In
addition, periodic episodes of low snow pack over the last 14 years have forced producers to
incorporate more drought-tolerant crops.

The SLV is used as the system to intensively study the impact of irrigation on soil
dynamics. The objectives of this study are to evaluate the influence of sprinkler and flood
irrigation, as a function of parent material (basalt and granite) on key soil properties reflecting

soil degradation in the San Luis Valley of south central Colorado.
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3.2  Experimental Design

Study Area

The SLV is located in south central Colorado. The climate is arid and characterized by
cold winters, moderate summers, abundant sunshine, and strong prevailing winds in the south
to northeast direction. The valley is a high elevation desert with a base elevation is 2147 m.
The mean annual precipitation is < 228 mm annually, and most of the valley receives 177 mm
annually with the potential evapotranspiration exceeding 1016 mm (Emery 2013). The
surrounding mountains, however, receive 762-1219 mm annually, which is the major source of
water for the area (McNoldy and Doesken 2007). The SLV is flanked by the San Juan
Mountains and the Sangre de Cristo Mountains on the west side and east side, respectively.
These mountains range in elevations up to 2449 to 4372 m, creating a rain shadow effect, which
reduces the amount of precipitation that reaches the valley floor. The average annual
temperature is approximately 5°C, with extremes of -45°C and 32°C (Emery 2013).

The San Juan Mountains are mafic and composed primarily of basaltic volcanic flows,
tuffs and breccias and the Sangre de Cristo Mountains are felsic and composed primarily of
granitic rocks. The valley is underlain by as much as 3657 meters of clay, silt, sand, and gravel
derived from the surrounding mountain ranges, and interbedded volcanic flows and tuffs. The
alluvial fan deposits that form the conduits between the bordering mountains and the valley floor
are coarse and permeable near their tops and grade to fine grained, less permeable deposits
toward the center of the valley floor (Emery 2013).

Identification and location of field sites

Field sites were selected on the basis of the state factor model (Jenny 1994), in which
the variability of relief, climate and time were minimized and parent material differences were
assessed as the independent variable conditioning soil properties. Field sites were restricted to
the south central part of the SLV where the geographic feature of the Rio Grande River and

HWY 160 was used as the division between the east and west sides, and the north and south
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side of the SLV, respectively. To control for relief an elevation gradient constrained the study
area to the valley floor, between 2147 — 2351 m, and slope to less than 2%. A combination of
geospatial analyses including a Geographical Information System (GIS) was used along with
interviews and field observations to identify prospective locations where cultivation practices
had not occurred (for control sites) in the last 84 years on the soil parent material of interest.
Areas of interest were refined by intersecting the 2010 common land units, 2011 LiDAR 10m hill
shade, slope and elevation, NDVI vegetation data, Colorado Geological Survey and United
States Geological Survey geology maps, and ESRI™ base map imagery. These analyses
isolated the areas within the SLV where both parent material-land use combinations could be
found consistent with our project goals. The entire study area is approximately 2.14 km? (1.26

km? on the west .87 km? on the east) (Figure 3.1).
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San Luis Valley Detailed Study Area - South of the Rio Grande River and Hwy 160
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Figure 3.1: The San Luis Valley as outlined by the LIDAR foot print and the study area as
outlined in orange. The study area is 2.14 km? - 1.26 km? on the west .87 km? on the east,
with respect to the Rio Grande River.
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Soils derived from basalt (mafic) were located in Rio Grande County, Alamosa County,
and Conejos County, CO, west of the Rio Grande River. Soil derived from granite (felsic) were
located in Costilla County, CO east of the Rio Grande River. Both soils derived from basalt and
granite has the same three major land uses - sprinkler and flood irrigation treatments and
controls (non-cultivated sites). Figure 3.2 depicts the distribution of the land by sprinkler and

flood parcels and crop type within the study area.

San Luis Valley Detailed Study Area - Land Use by County
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Figure 3.2: The distribution of land use and cropping systems as of 2010
by county within the SLV study area as outlined in orange.
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The dominant crops for each treatment are: alfalfa for basalt and granite sprinkler
treatment, pasture hay grasses for basalt and alfalfa for granite flood treatment. The dominant
vegetation for the majority of the control sites was Greasewood (Sarcobatus vermiculatus),
greene’s rabbitbrush (Chrysothamnus greenei), salt grass (Distichlis spicata (L.), and blue
gramma (Bouteloua gracilis) (Dixon 2012). Figure 3.3 depicts the current distribution of

cropping systems within the study area.

San Luis Valley Detailed Study Area - Land Use by Crop Type
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Figure 3.3: Distribution of cropping systems as of 2010 within the SLV study area
as outlined in orange.
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Within the study area surface and subsurface water is the primary source for irrigation.
Most irrigation began in the late 1800’s by means of surface water flood irrigation from the
Alamosa, Conejos, and Rio Grande Rivers, and the Trinchera and Culebra Creeks. From the
late 1800’s until the late 1960’s, most flood irrigation was slowly replaced by center pivot
sprinkler irrigation and new well were drilled providing water from the confided and unconfined
aquifers, however, flood irrigation is still part of the valley agricultural landscape. The Colorado
Division of Agriculture water quality database 26-year average for pH is 7.57, sodium 38.02 ppt
and EC 462.27 ps/cm, these values are comparable to that of rain water (Appendices 9 - 12).
The average amount of water applied with sprinkler and flood irrigation ranges from 153 - 1226
mm typically from April through July. The change in the amount of available water occurred
from 2004 until 2010 when the seasonal supply of irrigation water started to decline due to
decreased snow pack in the San Juan and Sangre de Cristo Mountains. By 2010, most flooded
fields entered drought conditions.

In the mid 1960’s until 2014, sprinkler irrigation delivered between 304 — 914 mm of
water to alfalfa during the growing season from April through Oct. From 2004 through 2014,
during the low snow pack years, the amount of sprinkler water delivered did not change. Figure
3.4 shows the distribution of wells and ditches on the west and east side of the Rio Grande
River as of 2010. The wells provide additional water to support crops past the initial surface
water allocation.

Further water restriction came in the 1980’s when the Colorado Division of Water placed

a cap on the installation of wells due to the large amount of water being extracted from the
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aquifers without adequate recharge. In 2014, the Colorado Division of Water Region 3,

declared the confined and unconfined aquifers had declined by 1 million acre feet water.

San Luis Valley Detailed Study Area - Ditch Service Areas and Well Distribution - 2010

Final Field Sampling]
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Source: LIDAR Hillshade, N
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Figure 3.4: Distribution of the ditches and wells as of 2010 with the study area as
outline in orange.

A total of 14 control and 20 treatment pedons were sampled from soils derived from
basalt and 9 control and 14 treatment pedons were sampled from soils derived from granite
(Table 3.2). Figure 3.5 illustrates the locations and distribution of the sampled soils by the
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treatment type (control, sprinkler, and flood), and by parent material (basalt west of the Rio

Grande River and granite east of the Rio Grande River).

Table 3.1: The sampling design for the control, sprinkler and flood treatments pedons and the number of
pedons sampled by parent material

Number of Pedons Parent Material Treatments
Sampled

10 Basalt Sprinkler
10 Basalt Flood

14 Basalt Control

7 Granite Sprinkler
7 Granite Flood

9 Granite Control

Total number of samples used for analysis was 284 horizons from 57 pedons
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San Luis Valley Detailed Study Area - Sampled Pedons
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Figure 3.5: The distribution of the available treatment sites and the pedons selected for
analysis within the SLV study area as outlined in orange.
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Physical, chemical and biogeochemical soil properties were measured and evaluated at
57 sites across the three major land uses — control (non-cultivated), sprinkler and flood irrigation

(cultivated), on two different parent materials — basalt and granite (Table 3.2).

Table 3.2: The type soil analysis performed by category - physical, chemical and biogeochemical for the
soils derived from basalt and granite.

Physical Chemical Biogeochemical

Sand * pH * Calcium Carbonate * &
Silt * Electric Conductivity (ECe) * Soil Organic Carbon * &
Clay* & Sodium Adsorption Ratio (SAR) * Total Carbon s

Soil Bulk Density * & Exchangeable Sodium Percent (ESP) * Total Nitrogen a

Soil Bulk Density Ratio & Exchangeable Base Cations and Anions * C:Nratio &

Cation Exchange Capacity * &

* Linear mixed effect model analysis
AANOVA mass data or average analysis

3.3  Methods

Field Methods

Soil samples were collected from each pedon using a hand auger to depths reaching
parent material, which varied by site from 33 to 165 cm. Soils were described morphologically
and sampled by genetic horizon in accordance with the NRCS Field Book for Describing and
Sampling Soils, version 3.0 (Schoeneberger et al., 2012). The native plant community
composition of the valley during the time soils were collected included sagebrush, greasewood,
rubber rabbit brush, Greene’s rabbit brush, grassland, and shrub-steppe communities (Dixon
2012). Sampling of research sites occurred between Aug — Nov 2014.

Soil analysis

All soil samples were air-dried and sieved to < 2mm. Soil particle size distribution
analysis was performed using the modified 2-hour hydrometer method (Gee and Bauder 1986).

Bulk density was estimated by as outlined in Rawls (1983). Soil pH paste and Electric
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Conductivity (EC) for saline sodic soil, measured using the saturated paste method, using an
Oaklon™ pH 2700 meter YSI Model 35 Conductance Meter (Handbook 60, method 2). Cation
Exchange Capacity (CEC) was measured using the displacement (pH 8.2) method, NRCS, Soil
Survey Investigation Report No. 42. Version 4.0. Method 4B4b (modified). The CEC ionic
concentration was analyzed using the Inductive Coupled Plasma Optical Emission
Spectrometer (ICP-OES) Perkin ElImer Optima 7300 DV. Exchangeable Cations and
Exchangeable Sodium Percent (ESP) was measure using Handbook 60, method 18 and 20b
and the ionic concentration was analyzed using the ICP-OES Perkin EImer Optima 7300 DV.
Sodium Adsorption ratio (SAR) was measured using the Handbook 60, method 2. The SAR
ionic concentration was analyzed using the ICP-OES Perkin EImer Optima 7300 DV. Anion
concentrations were measured using the saturated paste method, Handbook 60, method 2.
Anion concentration were analyzed with the lon Chromatography System, Thermo Scientific
Dionex ICS-1100. Carbonate and Bicarbonate was measured using the Titration with Acid
Handbook 60, method 12. Total carbon (C) and nitrogen (N) were determined on finely ground
soil, and then analyzed with a LECO-TruSpec ® CN628 Elemental Combustion Analyzer (St
Joseph, MI, USA).

Total calcium carbonate content was determined by measuring the CO; released using
the Inorganic Carbon Analysis by Modified Pressure-Calcimeter Method (Sherrod et al., 2002).
Each sample was finely ground and passed through 200-um sieve. Samples were transferred
to a Wheaton serum bottle, in which a 2-ml (.50 dram) auto sampler vial was inserted containing
2-ml of the acid reagent of 6 M HCI acid containing 3% by weight of FeCl,*4H,O. HCL evolved
CO, during a 2 to 24-hour period at which time, the pressure inside was measured using the
pressure transducers and voltage meter. Measured values were converted to concentration of
inorganic carbon using a calibration curve generated from known concentration of CaCOs
standards. Percent Soil Organic Carbon (SOC) was determined by taking the difference of the
results found from each carbon analysis (total C — inorganic C = organic C).
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Particle density of granite 2.65 g/cm?® (Crawford 2013) and particle density of basalt 2.79
g/cm? (Hyndman and Dury 1977).

Statistical Analyses

The sampling design represents data collected and summarized in groups; 34 pedons
representing the two treatments (i.e., sprinkler and flood irrigation) and 23 control pedons, on
two parent materials (e.g., basalt and granite). Principle component analyses were performed
on 263 observations with the prcomp procedure within R 3.2.3 (R Core Team 2015). The inherit
ANOVA aov method in R was used to evaluate results from the mass balance data and to
evaluate the R? values of the parameters entered into the linear model. To evaluate the
statistical significance of the liner mixed-effects model, the Ismeans from Ismeans-package was
used, the parameter was a confidence level of 0.95, p value adjustment used the tukey method
for comparing a family of 18 estimates and the significance level used was alpha = 0.05 (Lenth
2016) and the MuMIn (Barton 2016).

The soil properties were analyzed using a linear mixed-effect model within R 3.2.3. The
linear mixed-effect model describes the relationship between a response variable and
independent variables. Tests were conducted on the log-transformed data to satisfy the
assumption of normality, yielding a total of 263 observations. The linear mixed effects model
used the Ime4 package (Bates et al., 2015), and MASS package (Venables et al., 2002); 0.95
confidence intervals for analyzing mixed effect regression models were determined using the
merTools package (Knowles and Frederick 2016). Parent and parcel grouping describes how
the treatment and control pedons were grouped together for analysis were considered random
variables and the soil properties were fixed. The linear mixed effect model analyzed the
response variable with the interaction of the parent material, sprinkler, flood and control as

treatments. Significance was determined at P (.05.
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3.4  Results and Discussion

Changes in Soil Morphological Properties

Soil morphology provides the frame work to examine soil properties as a reflection of the
soils internal genetic characteristics, function and resiliency, present and past processes, and
conditions of formation (Mitchell et al., 2005). The main soil morphological properties that
correlate with climate are typically organic matter content, clay content, color, and presence or
absence of calcium carbonate and other soluble salts (Birkeland 1999). Altering the climate has
been shown to have various effects on soils properties and process, such as changing the
amount the chemical and physical properties of the soil.

The most distinctive morphological characteristics that have been altered due to
irrigation, between soils derived from basalt and granite, were profile development and soil
depth (Table 3.3 and 3.4). In general, both the basalt and granite control profiles have shallow
A horizon, well-defined argillic horizon (Bt) with accumulation of calcium carbonate, and clear C
horizons boundaries. Basalt pedons however, were developed to depths (140 cm) twice that of
granite pedons (70 cm) and an appreciable accumulation of soluble salts that were not present
in the granite soils.

The morphological data for the irrigated basalt soils relative to basalt control pedons are
shown in Table 3.3. The textures from these soil range from sandy loam to sandy clay loam.
Relative to the basalt control, basalt soils with sprinkler and flood irrigation have less sodium
and soluble salt concentrations, less clay accumulated in the top 46 cm of the pedon, and
accumulations of calcium carbonate occurred deeper in the profile (>23 cm).

The morphological data for the irrigated granites soils relative to granite control are
shown in Table 3.4. Relative to the granite control pedon, granite soils with sprinkler treatment
showed minimal accumulations of clay and thicker accumulation of calcium carbonate. Soils

from flood treatments were weakly developed and calcium carbonate was no longer present.
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These morphological changes occurred in both basalt and granite sprinkler irrigated
soils; a thick plow layers and less clay relative to their control counterparts. In addition, these
profiles have a lost their clear boundaries designation in the C horizons, and have significantly
reduced soluble salts. Similar results are seen with flood irrigation, the notable exceptions were
the presence of an organic layer, the removal of the soluble salts, reduced accumulations of
calcium carbonate, a mixed C horizon, and an increase in profile depth to 145 cm for basalt and
115 for granite.

Similar studies that have been conducted in semi-arid regions have shown with
respected to native dryland soils vs. irrigation, all concluded that irrigation caused no significant
changes in physical properties such as texture, bulk density, aggregate stability, or hydraulic
conductivity (Hussein et al., 1992; Bordovsky et al., 1999; Lueking and Schepers 1985; William
2001). These results are similar in with respect to the basalt and granite controls, the directional
change in texture, bulk density, aggregate stability, and hydraulic conductivity was minimal for

both soail types.
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Table 3.3: Morphological characteristic from soils derived from basalt, the abbreviations are defined as
basalt sprinkler (BS), basalt control (BC), basalt flood (BF). Environmental variables: elevation, slope %;
soil profile characteristic: horizonation, depth in centimeters, texture, and Munsell color.

Munsell*
Location Elevation (m) Slope % Horizon Depth (cm) Texture Moist Color
BS-1 2308 1.3 Ap 0-33 SCL 10YR 5/3
Bkl 33-76 SCL 10YR 7/3
Bk2 76-94 SCL 10YR 7/3
Bwl 94-122 SCL 7.5YR 6/4
Bw2 122-132 SCL 7.5YR 5/4
BC 132-145 SL 7.5YR 5/3
BC-1 2305 0.54 Anz 0-5 SL 10YR 3/2
Btkz 5-46 SCL 10YR 2/1
Bkz 46-81 SL 10YR 3/1
BC 81-112 LS 7.5YR 3/1
Ck 112-132 SL 7.5YR 4/2
BS-6 2291 .86 Apl 0-3 SL 7.5YR 3/2
Ap2 3-23 SL 7.5YR 3/2
Bknl 23-41 SL 7.5YR 4/2
Bkn2 41-71 SL 10YR 5/4
Bn 71-155 SL 10YR 5/4
BC-6 2290 0.18 A 0-3 SL 10YR 3/2
Btkz 3-25 SL 7.5YR 4/4
Bt1l 25-56 SL 7.5YR 4/4
Bt2 56-69 SL 10YR 5/3
BC 69-99 SL 10YR 4/3
C1 99-130 SL 10YR 3/3
Cc2 130-142 SL
BF-1 2320 0.55 Oi 0-5
A 5-56 SCL 10YR 4/3
Bkl 56-61 SCL 10YR 5/2
Bk2 61-76 SCL 10YR 6/3
BC 76-119 SCL 7.5YR 7/4
2BC 119-135 SCL 10R 6/4
BC-11 2324 0.56 Anz 0-3 SCL 7.5YR 3/3
BANz 3-18 SCL 7.5YR 4/3
Btknz 18-51 SCL 7.5YR 6/4
Bk 51-102 SCL 7.5YR 7/4
BCK1 102-127 SCL 7.5YR 6/4
BCK2 127-147 SCL 7.5YR 5/4

*Munsell soil colors standards value Hue/Chroma — Texture abbreviations; SCL — Sandy Clay Loam, SL — Sandy
Loam, LS — Loamy Sand
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Table 3.4: Morphological characteristic from soils derived from granite, the abbreviations are defined as
granite sprinkler (GS), granite control (GC), granite flood (GF). Environmental variables: elevation, slope
%; soil profile characteristic: horizonation, depth in centimeters,texture Munsell color.

Munsell*
Location Elevation (m) Slope % Horizon Depth (cm) Texture Moist Color
GS-3 2361 1.48 Ap 0-30 SL 7.5YR 4/4
Bk1 30-43 SL 7.5YR 4/4
Bk2 43-58 SL 7.5YR 6/4
BCk 58-102 SCL 7.5YR 6/4
GC-3 2362 0.55 A 0-8 SL 7.5YR 4/4
AB 8-28 SL 7.5YR 4/4
Btk 28-61 SCL 7.5YR 7/2
Bk 61-69 SCL 7.5YR 7/2
BCK 69-94 SCL 7.5YR 7/3
GS-7 2294 0.74 Ap 0-28 SL 7.5YR 3/4
Btk1l 28-64 SCL 7.5YR5/4
Btk2 64-114 SC 7.5YR 6/4
Bk 114-130 SCL 7.5YR 6/4
BCk1 130-140 SCL 7.5YR 6/4
BCk2 140-150 SCL 7.5YR 6/4
GC-7 2292 0.41 A 0-3 SL 7.5YR 3/3
Bw 3-23 SL 7.5YR 4/3
Btk 23-38 SCL 7.5YR 6/3
BCK 38-46 SCL 7.5YR 6/4
2Btk 46-56 SCL 7.5YR 7/3
GF-6 2341 1.30 A 0-3 L 10YR 3/2
AB 3-30 SCL 10YR 3/2
Bw 30-64 SL 10YR 4/3
BC 64-89 SL 10YR 4/3
GC-9 2338 0.95 A 0-5 SL 7.5YR 4/3
AB 5-23 SL 7.5YR 3/2
Bw 23-46 SL 7.5YR 4/4
Bk 46-58 SL 7.5YR 5/4

CBK 58-60 SL

*Munsell soil colors standards value (Hue/Chroma), texture abbreviations: SCL — Sandy Clay Loam, SL — Sandy
Loam, LS — Loamy Sand, L - Loam, SC — Sandy Clay
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Soil degradation is defined as a decline in soil quality caused by improper use usually
from agriculture practices. Soil quality is a measure of the conditions of soil relative to the
requirements of one or more biotic species and or to any human need or purpose (Verheye
2008). To address the broader issue of soil degradation the expectation is the soil properties
from the three groups (physical, chemical and biogeochemical) which are outlined in Table 3.2
will be the bases of the statistical analysis in determining the changes in soil quality as direct
function of agriculture.

Statistical Analyses

Principal component analysis (PCoA) differentiates the soil derived from basalt and
granite and master horizons (A, B, C) and explains the variability among the soil properties.
These linear combinations were uncorrelated to reduce variance inflation. The 11 uncorrelated
properties that were selected from the 22 measured include: physical properties — sand, clay;
chemical properties — pH, calcium (Ca*?), magnesium (Mg*?), sodium (Na*), potassium (K*),
chloride (CI") and sulfate (SO4?), and biogeochemical properties of calcium carbonate (CaCO3)
and soil organic carbon (OC).

The soil properties clustered by parent material, treatment (sprinkler and flood) and
master horizons (A, B, and C), mostly among granite sprinkler, granite flood, and basalt
sprinkler, and within the B and C horizons (Figure 3.6). PCoA axis 1 explained 37% and PCoA
axis 2 explained 20%, for a total of 57% of the variability in these data explained. Large,
positive coefficients indicated the dominate soil properties are located on the positive side of
PCoA axes. Large, negative coefficients indicate the dominant soil properties are located on
the negative side of the PCoA axis.

The soil properties with the positive eigenvector coefficient for PCoA 1 in Figure 3.6, is
sand and calcium carbonate. In contrast, the soil properties with negative eigenvector

coefficients for PCoA 1, and more associated with properties to the left of PCoA 1, includ clay,
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pH, soil organic carbon, calcium, magnesium, sodium, potassium, chloride, and sulfate

(Appendices 4).
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Figure 3.6: The distribution of the principal components analysis by parent material (basalt and
granite), treatments, sprinkler and flood, and master horizon (A, B, C). The percent variance
explained by each principal component (PCoA) is shown in parentheses.
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Principal component analysis variations for sprinkler irrigation

Principal component analysis differentiates the variability in the soil properties as a
function of treatment and parent material. Properties derived from basalt and subjected to
sprinkler irrigation (Figure 3.7), PCoA 1 explained 33% and PCoA 2 explained 23%, for a total of
56% of the variability of these data explained. Soil properties with the most positive
eigenvectors coefficients for PCoA 1 is sand, pH, calcium carbonate, calcium, magnesium,
sodium, potassium, chloride, and sulfate. In contrast, the soil properties with a negative
eigenvector coefficient for PCoA 1 is clay and soil organic carbon (Appendices 5).

Soil properties derived from granite and subjected to sprinkler irrigation (Figure 3.8),
PCoA 1 explained 26% and PCoA 2 explained 21%, for a total of 47% of the variability of these
data explained. Soil properties with the most positive eigenvectors coefficients for PCoA 1 is
sand and soil organic carbon. In contrast, the soil properties with a negative eigenvector
coefficient for PCoA 1 is clay, pH, calcium carbonate, calcium, magnesium, sodium, potassium,
chloride, and sulfate (Appendices 6). The 11 selected soil properties only capture, on average

51% of the variability between the two soil types subjected to sprinkler irrigation.
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Principal component analysis variations for flood irrigation

Principal component analysis differentiates the variability in the soil properties as a
function of parent material and treatment. Properties derived from basalt and subjected to flood
irrigation (Figure 3.9), PCoA 1 explained 41% and PCoA 2 explained 23%, for a total of 64% of
the variability of these data explained. Soil properties with the most positive eigenvectors
coefficients for PCoA 1 is clay, pH, calcium carbonate, soil organic carbon, calcium,
magnesium, sodium, potassium, chloride, and sulfate. In contrast, the soil property with a
negative eigenvector coefficient for PCoA 1 is sand (Appendices 7).

Properties derived from granite and subjected to flood irrigation Figure 3.10, PCoA 1
explained 34% and PCoA 2 explained 23%, for a total of 57% of the variability of these data
explained. Soil properties with the most positive eigenvectors coefficients for PCoA 1 is clay,
pH, soil organic carbon, calcium, magnesium, sodium, potassium, and sulfate. In contrast, the
soil properties with a negative eigenvector coefficient for PCoA 1 is sand, calcium carbonate,
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and chloride (Appendices 8). The 11 selected soil properties only capture, on average 61% of

the variance between the two soil types.
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Figure 3.9: Distribution of the granite soll
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Figure 3.10: Distribution of the basalt soil
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This study was set up to analysis the soil properties that were derived from basalt and

granites and how these soil properties are influenced by sprinkler and flood agriculture irrigation

practices. The analysis accounts for the interactions between parent materials, treatments, and

horizons and their combinations, which equates to six categories. In addition, these six

categories are examined among 17 soil properties. The initial interpretation of these

interactions using an ANOVA analysis (Table 3.5), which reveals that parent material is the

most influential interactions, followed by treatment and parent material with horizon and

treatment, and the interaction of horizon with treatment and horizon with parent material were

the least influential interactions. The 17 soil properties are represented as response variables
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and their significance among the six categories are exposed. The strongest responses
variables with parent materials were calcium, magnesium, sodium, and sulfate. The second
responses were sand, silt and chloride. The statistical significance were represented by number
of asterisks *** with the responses variables and could be used as the soil properties that
indicate the health or degradation of the soils.

Further examining the influence of treatment pH, chloride, calcium carbonate and
potassium was effected. However, parent material with treatment indicated that effects were
primarily with clay, sodium, potassium, and sulfate, which indicates that not all soils are equal in
their response to treatments. In addition, this initial examination reveals that horizonation
primarily effected the physical properties (sand, silt, clay, bulk density) and soil organic carbon.
The secondary effects of horizons were with cation exchange capacity, calcium and magnesium
but the interactions of horizon with parent material and treatment were not statistically

significant.

Table 3.5: Model analysis using ANOVA and R2 values to assess the interactions between parent
material, treatments and horizons. Response variables are the soil properties used in the model.

Categories

Parentx Treatment Parentx

Response variable Parent Material Treatment Horizon Treatment x Horizon Horizon Model R2
pHw 5. 1 e 3* 5% 6. 2% 0.202
Electric Conductivity Extraction (ECe) 1 v 2wk 3 wx 4 wxx 6. 5* 0.498
Sodium Adsorption Ratio (SAR) 1 wxx 3 Hrx 4 ** A 6 * 5* 0.459
Exchangeable Sodium Percent (ESP) 1w 3 ** 6 2 wkx 5 4. 0.274
Cation Exchange Capacity (CEC) 1 o 4 ** 2 wkx 3 wx 6 5 0.305
Soil Bulk Density (SBD) 4 2 1w 6 3 5 0.312
Sand 2 xx 4% 1 e 3 ** 5 6 0.225
Silt 2 wkx 6 1 3 4 5 0.988
Clay 4* 6. 1w 2 wx 5. 3* 0.347
Calcium i 3 2* 4 5 6 0.161
Magnesium 1 wex 3 2* 4 5 6 0.182
Sodium i 3 wx 4 ** 2 wx 6* 5* 0.473
Potassium 3w 2w 4 wx 2w 5 ** 6* 0.464
Chloride 2 wx 1 e 4 % 3w 6 5* 0.427
Sulfate 1 oxx 6 4. 2 wx 5 3* 0.545
Calcium Carbonate 5 i 3+ 4% 6 2 ** 0.196
Soil Organic Carbon 4* 3* 1 o 5 6 2* 0.377
Ranking order of Statistically Signficance 1 4 3 2 5 5
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Linear Model Analysis for Directional Changes in Soil Properties

The initial examination of the data using the ANOVA exposed the soil properties that
could provide indicators of soil health/degradation and revealed that the interactions of parent
material and treatment were statistically significant (Table 3.5). These interactions were further
examined using a linear mixed effect model, which statistically evaluated the interactions and
produced results that estimate the state of this system in terms of the parent materials and input
fluxes as a function of treatment. The control soils were used as the benchmark soils, which are
outlined in Chapter 2, and the sprinkler and flood irrigated soils represent the directional change
in the model. The results from my study showed clear evidence that directional changes are
occurring under irrigation practices and differ between the soil properties derived from basalt
and granite. The statistical significances and the magnitude of change were evaluated relative
to the basalt and granite controls and the treatment soils (sprinkler and flood), and the master
horizons (A, B, and C).

Changes in Physical Properties

The clay percent concentration in the A horizon of basalt soils with sprinkler treatment
was 23%, 5% higher than the control at 22%. The clay percent in flood irrigated soils was 31%,
which was 41% higher with respect to the control soils at 22%. The clay percent in the B
horizon with sprinkler was 23%, which is 4% less than the control at 24%. The clay percent was
28% with the flood treatment, 17% higher than the control clay. In the C horizon, sprinkler
treatment changed the clay percent to 15%, 7% higher than the control at 14%. The flood
treatment changed the clay percent to 12%, a 13% decrease from the control at 14% (Figure
3.11).

The clay percent concentration in the A horizon of granite soils with sprinkler treatment
was 22%, 29% higher than the control at 17%. The clay percent with flood irrigation was 21%,
24% higher than the control. The clay percent in the B horizon with sprinkler was 24%, 14%
higher than the control at 21%, and clay percent in the flooded soils was also 21%, the same as
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the control. In the C horizon, sprinkler treatment changed the clay percent to 20%, 25% higher
than the control at 16%. The flood treatment changed the clay percent to 12%, a 25% decrease
from the control at 16% (Figure 3.11).

The overall clay accumulation within the profile in basalt soil with sprinkler was 2%
higher than the control and 20% higher with flood with respect to the control. In contrast, the
clay accumulation in granite soils was 22% higher with sprinkler with respect to the control and

only 1% higher with flood to the control (Figure 3.11).
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Figure 3.11: Clay content (weight %) by master horizons for basalt and granite parent materials, and by
treatment (control, sprinkler, and flood). R? = 0.70 and Ismeans with different letters are significantly
different (Tukey’s).
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Cation Exchange Capacity (CEC) in Figure 3.12 were statistically different among the
basalt and granite controls. The statistical variation within the master horizons of basalt was
primarily caused by the treatment effect of sprinkler and more predominantly with the flood
treatment in the A and B horizons. The C horizon was statistically similar among the
treatments.

Granite CEC's for sprinkler treatment were statistically the same among the master
horizons and were closely associated with the controls in the A and B horizons. Flood treatment
was statistically the same in the A and B horizons and had a slight variation in the C horizon and
were also closely associated with the controls. The C horizon in the granite control was the
distinctly different horizon observed between basalt and granite.

The range of CEC values for all treatment types were between 10 and 21 meqg/100g,

which is indicative of 1:1 kaolinite clays.
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Figure 3.12: Cation Exchange Capacity (CEC) (meq/100g) by master horizons for basalt and
granite parent materials, and by treatment (control, sprinkler, and flood). R? = 0.76 and Ismeans
with different letters are significantly different (Tukey’s).
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Additional analysis compared basalt and granite profiles to a standard depth of 100 cm.
The clay mass data calculated the clay fraction times the bulk density times the depth from each
horizon (g clay/g soil * g soil/vol soil * soil depth), summed for the profile, and analyzed with an
ANOVA. The mass data for clay in Figure 3.13 reveals an accumulation in clay from sprinkler
and flood treatment in basalt soils. In contrast granite had an accumulation in clay from

sprinkler irrigation and a decrease from flood irrigation.
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Figure 3.13: Mass data for clay for basalt and granite parent materials, and by treatment (control,
sprinkler, and flood). ANOVA alpha = 0.05, p value = 0.001. The different letters are significantly
different.

The mass data for cation exchange capacity (CEC) was statistically different within the
control soils (Figure 3.14). The CEC mass data calculated the CEC (meq/100g) times the bulk
density (g soil/cm?®) times the depth from each horizon (cm) to 100 cm and analyzed with an
ANOVA. The treatments shared similarities between the two parent materials with the sprinkler
treatment and were statistically differed between the parent materials with the flood treatment.

However, the CEC values remained at or below 20 meq/100g. These results reinforce that the

77



weathering of feldspars and biotite has not produced detectable 2:1 clays. The clay

classification was kaolinite a 1:1 clay.
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Figure 3.14. Mass data for Cation Exchange Capacity (CEC) for basalt and granite parent materials, and
by treatment (control, sprinkler, and flood). ANOVA alpha = 0.05, p value = 1.81E-05***. The different
letters are significantly different.
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The analysis of clay enrichment assessed the treatment effects on clay accumulations.
The analysis was performed on the differences between the control soils and the treatment soils
from the clay mass data represented in Figure 3.13 using an ANOVA. Figure 3.15 shows the
limited accumulation among the treatment groups, sprinkler on granite soils had the most
accumulation. Flood treatment reveals a similar response on basalt soils and reinforced the
limited accumulation on granite soils. Statistically the treatments for basalt soils were the same

and the granite soils differed, but share similarities with basalt soils.
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Figure 3.15: Clay enrichment for basalt and granite parent materials, and by treatment (control, sprinkler,
and flood). ANOVA alpha =0.87, p value = 0.2. The different letters are significantly different.

Further analysis was performed to evaluate the mass of soil per area to the top of the C
horizon that accumulated a function of irrigation. Figure 3.16 shows the controls were
statistically different between the parent materials (basalt and granite). An accumulation of soil
occurred within the basalt sprinkler and flood treatments, and for granite sprinkler; they were
statistically similar. In contrast an observed reduction in soil occurred within granite flooded
soils. The result was not statistically different from the granite control, which indicated

similarities between the initial conditions and treatment affects.
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Figure 3.16: Mass of soil per area to the top of C horizon for basalt and granite parent materials, and by
treatment (control, sprinkler, and flood) to the top of the C horizon. ANOVA alpha = 0.65 p value =
0.005**. The different letters are significantly different.

The bulk density values for basalt and granite soils were statistically similar. There was
some variations in values of basalt soils in the control, bulk density was 6% less than the bulk
density in granite soils. The bulk density in the A horizon of basalt soil with sprinkler treatment
was 5% more and statistically similar to the control. The changes in bulk density in the B and C
was negligible and shared statistical similarities with the basalt controls (Figure 3.17). The
general trend was increased values in bulk density in the B and C horizons of the basalt control
and treated soils.

The bulk density in the A horizon of granite soil was 4% more with sprinkler and 7% less
with flood. Bulk density in the B and C horizons showed negligible changes (Figure 3.17).

The total change in bulk density in soils derived from basalt was a 7% with sprinkler and
a 1% with flood. Total bulk density changes in soils derived from granite was 3% with sprinkler

and 9% less with flood.
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Figure 3.17: Soil Bulk Density by master horizons for basalt and granite parent materials, and by
treatment (control, sprinkler, and flood). R? = 0.71 and Ismeans with different letters are significantly
different (Tukey’s).

The results for the average bulk density to a 100 cm depth showed that basalt was
unaffected by the treatments and granite sprinkler was statistically different from granite control

but shared similarities with basalt sprinkler and flood and granite flood (Figure 3.18).

81



O Basalt @ Granite

2.0
§ a b
3] ab a b ab ab
o
o
i
2
5
S 1.0
=
‘@
c
)
a)
4
=)
s}

0.0

Control Sprinkler Flood

Figure 3.18: Bulk density for basalt and granite parent materials, and by treatment (control, sprinkler, and
flood). ANOVA alpha = 0.68 p value = 0.722. The different letters are significantly different.

Bulk density ratio describes the residual enrichment of the less mobile elements caused
by dissolution of minerals, leaching of the more soluble constituents, and consequently
increases the porosity; the ratio is the bulk density of parent material divided by the bulk density
of soil (Chadwick et al., 1990). Figure 3.19 shows a similar pattern of behavior between the
controls and treatments. The majority of the ratio were 1.8 with the one exception of basalt
sprinkler has a ratio of 1.5. These values can be related to porosity (Figure 3.21) where basalt

sprinkler had an increase in porosity compared to granite sprinkler and flood treated soils.
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Figure 3.19: Average Bulk density ratio for basalt and granite parent materials, and by treatment (control,
sprinkler, and flood). ANOVA alpha = 0.5 p value = 0.345. The different letters are significantly different.

The porosity, (1 - (Puw/Pp)) * 100, for each profile reveals that sprinkler irrigation was not
statistically different from the basalt and granite controls. Basalt flood irrigation was statistically
different from the controls and differed from granite flood irrigation. Granite control, sprinkler
and flood were not statistically different (Figure 3.20). The porosity ranged from 42 and 50
percent for the basalt and granite controls and treatments, which reflects that the change in

constituents that affect infiltration, ground water movement, and storage were negligible.
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Figure 3.20: Porosity for basalt and granite parent materials, and by treatment (control, sprinkler, and
flood). ANOVA alpha = 0.05 p value = 0.0002***, The different letters are significantly different.
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Land use effect on physical properties

A study that evaluated the long-term irrigation effects (10 - 230 yrs.) in desert soils in
Saudi Arabia found significant increases in clay illuviation in the soil profiles with increasing
years of irrigation (Heakal and Al-Awajy 1989). Wierzchos et al. (1997) studied a pair of
irrigated (100 yrs.) and non-irrigated pedons in northeast Spain, reporting changes in pore size
and distribution with irrigation. The non-irrigated pedon had greater macrospores volume and
uniform pore-size distribution, whereas the irrigated pedon predominately contained very small
pores. Presley et al. (2004) showed that irrigation can affect the particle size distributions and
translocation of clay through the soil profile by increasing mineral weathering. However, these
studies did report that irrigation impacted physical properties but did not clarify the origin of their
parent materials.

My data reflects similarities with these studies with regard to porosity, clay illuviation and
bulk density. A change in clay accumulation in soils derived from basalt with sprinkler irrigation
was seen in the surface horizon, suggesting the amount of water coupled with the finer-textured
soils and pore space does not facilitate the process of illuviation in the same way as flood
irrigation. In contrast, the surface and subsurface horizons with flood irrigation contained more
clay, suggesting the difference is partially due to clay deposition and secondary weathering
processes. Flood irrigation seems to stimulate the mineral weathering and promote clay
movement throughout the profile more than sprinkler.

The clay accumulation in granite soils was greater with sprinkler irrigation compared to
basalt sprinkler-irrigated soils. The clay accumulation with flood irrigation on basalt soils was
similar to the sprinkler irrigations, however, flood irrigation on granite soils was negligible
compared to the accumulation results on basalt soils. This suggests that clay is being leached
from granite soil profiles due to the relationship between the coarser texture, pore-size
distribution, and porosity. The effects of leaching were also evident in the mass of soil per area
data, where granite-flooded soils showed a decline in the amount of soil within the profile. In
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addition, it is plausible there has been an increase in the chemical weathering (e.g. hydrolysis)
within the granite minerals, allowing for secondary mineral weathering to occur and
subsequently an accumulation of clay above the C horizon.

The disparity in the clay content between basalt and granite can also be a result of the
mineral composition of biotite, which contributes to the increased production of clay in the
granite irrigation soils. However, texture is one of the drivers in clay accumulation and basalt
soil are finer in texture and technically should weather faster, therefore clay accumulation
should be greater in basalt then granite soils. Therefore, further analysis is need to determine
the types of clay that are present in this system to determine the observed disproportion in the
clay content.

Aside from irrigation, other cultural practices and their effects could have impacted the
same properties. Irrigated soils received more nitrogen fertilizer (almost exclusively in
anhydrous ammonia form) than the control sites. It is plausible that the combined effects of
increased soil acidity from fertilization as well as increased precipitation from irrigation have
intermingled to enhance the conditions for more intense mineral weathering (Presley et al.,
2004).

The bulk density of soil depends on the composition and the structural conditions, which
vary with soil textures and is also influenced by soil aggregates. Bulk density influences the
strength of the soils, plant growth, water infiltration, and drainage (Erbach 1987). Sandy soils
tend to have higher bulk density than clay soils and typically volcanic soils have low bulk
densities due to high concentrations of organic matter and clay (Lal 2006). The bulk density
values in soils derived from basalt and granite are consistent with the high concentrations of
sand; the bulk density values for basalt soils by classification should be higher.

The study revealed that basalt soils are classified as medium texture and granite soils
are classified as coarse texture, therefore, their behaviors are similar. The bulk density of
surface horizons of basalt and granite soils was greatest with sprinkler irrigation and least with
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flood irrigation. The results also indicate a predominant directional change among clay and soil
organic carbon throughout the profile, which influences bulk density depending on the
concentrations of one or both. Typically, the cause of the structural change is a function of
tillage, but in these sites the flood soils are no-till and the sprinkler soils are tilled approximately
every seven years. The results showed that the bulk density increased in basalt soils but
decreased in granite soils. Typically, the changes in bulk density are due to the subsurface
layers having reduced organic matter, and root penetration compared to surface layers and
therefore, contain less pore space. In addition, the arrangement of the size and shape of the
soil aggregates influences the inter-aggregate porosity (Lebron et al., 2002), which also helps
explain the differences between basalt and granite soils. These coupled relationships explain
the minimal directional change seen in bulk density in the treatment soils with respect to the
control soils.

In addition, the basalt soils with flood irrigation showed lower bulk densities with smaller
amounts of soil organic carbon and more clay. In contrast, granite soils with flood irrigation
showed a lower bulk density with more clay and soil organic carbon. Additional correlations
within these responses include the treatment types and crop management practices for
harvesting, which influence the residual concentration of organic matter left on the soil surface.
These practices create a coupling effect that contributes to the fluctuation in the bulk density in

the surface and subsurface horizons in soils derived from basalt and granite.
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Soil Chemical Properties

The pH in basalt soil have statistical similarities with granite soil but differed through the
master horizons. The pH in the granite soil controls were statistically the same in the master
horizons. Comparing the parent materials, pH in the basalt control was 6% more than the pH in
the granite control. The pH values in basalt soils became statistically more similar in the A
horizon and then became the same in the B and C horizons for both sprinkler and flood
treatments. In addition, the pH in all three horizons reduced with both treatments (Figure 3.21).

The pH in the A horizon of granite soil was statistically different in the sprinkler treatment
but was the same in the flood. The pH in the B horizon was statistically the same. The pH with
sprinkler treatment in the C horizon was statistically different and increased by 4% from the
control pH value (Figure 3.21).

The pH values in the soils derived from basalt reduced by 11% with sprinkler treatment
and 12% with flood treatment. Total pH values in the soils derived from granite increased by
1% with sprinkler and reduced by 4% with flood treatments. The pH values remained in the

neutral to alkaline range in the controls and treatments.
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Figure 3.21: pH (saturated paste) by master horizons for basalt and granite parent materials, and by
treatment. R? = 0.73 and Ismeans with different letters are significantly different (Tukey’s).
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Calcium in soils derived from basalt and soils derived from granite are statistically the
same. The major difference was the basalt control soils had an initial concentration that was
65% more than in the granite control soils. Calcium in the A horizon of basalt sprinkler was 26%
more and 6% less with flood with respect to the control. In the B horizon calcium was 7% less
with sprinkler and 40% less with flood compared to the control. In the C horizon calcium was
18% more with sprinkler and 37% less with flood compared to the control, however, the
treatment effects were not statistically different from the controls (Figure 3.22).

Calcium in the A horizon of granite soil had 16% more with sprinkler and 46% more with
flood compared to the control. In the B horizon calcium was 14% less with sprinkler and 6%
less with flood compared to the control. In the C horizon calcium was 9% more with sprinkler
and 1% less with flood compared to the control. The treated soils were statistically the same as

the control soils (Figure 3.22).
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Figure 3.22: Ca concentration by master horizons for basalt and granite parent materials, and by
treatment. R? = 0.80 and Ismeans with different letters are significantly different (Tukey’s).
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Magnesium in soils derived from basalt and soils derived from granite were statistically
the same. The major difference is in the initial concentrations, soil derived from basalt had 78%
more in the control than soil derived from granite. Magnesium in the A horizon of basalt soil
was 24% less with sprinkler and 12% less with flood treatment compared to the control.
Magnesium in the B horizon was 36% less with sprinkler and 56% less with flood compared to
the control. Magnesium in the C horizon was 10% less with sprinkler and 53% less with flood
compared to the control. Statistically the flood treatment showed variability throughout the
profile, but shared similarities with the control and sprinkler treatments (Figure 3.23).

Magnesium in the A horizon of granite soil had 4% more with sprinkler and 129 % more
with flood compared to the control. Magnesium in the B horizon had 13% less with sprinkler
and 16% more with flood compared to the control. Magnesium in the C horizon had 23% more
with sprinkler and flood compared to the control. The treated soils and the control soils were not
statistically different (Figure 3.23).

The total change in magnesium in the soil derived from basalt was 70% and 121% less
with sprinkler and flood. Total change in magnesium in soil derived from granite was 12% and

167% more with sprinkler and flood.
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Figure 3.23: Mg concentration by master horizons for basalt and granite parent materials, and by
treatment. R? = 0.80 and Ismeans with different letters are significantly different (Tukey’s).

Sodium in soils derived from basalt were statistically different from the soils derived from
granite in the control. The concentration was 99% more in the basalt control than the granite
control. In the A horizon of basalt sprinkler soils, sodium was 91% less in concentration and
statistically different with respect to the control. Sodium in the flood treatment was 65% less
than the control. Sprinkler and flood treatments in the B horizon shared statistical similarities
and the concentrations were 82% and 83% less respectively when compared to the control.
Sodium in the C horizon was also statistically similar between sprinkler and flood treatments,
they were 69% and 70% less in concentration with respect to the control (Figure 3.24).

Sodium in granite soil was statistically similar throughout the profile. In the A horizon of
the sprinkler and flood treatments sodium increased in concentration by 8% and 105%
respectively compared to the control. In the B horizon sprinkler and flooded soils were
statistically the same, the concentrations decreased by 116% with sprinkler and 1% with flood
compared to the control. In the C horizon sodium increased by 267% with sprinkler and 75%

with flood and they were statistically similar (Figure 3.24).
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The total change in sodium in the soil derived from basalt was 241% and 219% less with
sprinkler and flood. Total sodium change in soil derived from granite was 391% and 179% more
with sprinkler and flood. In addition, basalt and granite soils shared statistical similarities with

both treatments.
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Figure 3.24: Na concentration by master horizons for basalt and granite parent materials, and by
treatment. R? = 0.80 and Ismeans with different letters are significantly different (Tukey’s).

The sodium adsorption ratio (SAR) is directly influenced by the proportional change to
the sodium concentration relative to calcium and magnesium. The SAR in basalt soils were
statistically different and had a 97% higher initial values than the SAR'’s in granite soils. In the A
horizon of basalt soil the SAR’s were statistically similar with sprinkler and flood treatments. In
the sprinkler soil SAR was 90% less and 66% less in the flooded soils with respect to the
control. In the B horizon sprinkler and flood treatments SAR’s were also statistically similar,
78% and 79% less. In the C horizon the SAR results were statistically similar, 68% and 63%
less with sprinkler and flood (Figure 3.25).

In the granite control soils the SAR values for the A horizon was statistically similar
throughout, while the B and C horizons were statistically the same. The flood treatment was
statistically same in the A and B horizons and only differed slightly in the C horizon. The SAR
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values for sprinkler treatment was to some extent statistically different in the A horizon and
similar in the B and C horizons. Overall, the SAR values in the A horizon was 3% less with
sprinkler and 47% more with flood compared to the control. The SAR value in B horizon was
123% more with sprinkler and 8% less with flood compared to the control. The SAR value in the
C horizon had 227% and 29% more with sprinkler and flood compared to the control (Figure
3.25).

The total change in SAR in the soil derived from basalt was and 237% and 209% less
with sprinkler and flood. The total SAR change in soil derived from granite was 351% and 98%
more with sprinkler and flood. Overall, sprinkler and flood treatments on both parent materials

shared statistical characteristics.
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Figure 3.25: Sodium Adsorption Ratio (SAR) by master horizons for basalt and granite parent
materials, and by treatment. R? = 0.74 and Ismeans with different letters are significantly different
(Tukey’s).

The exchangeable sodium percent (ESP) are directly influenced by the sodium
concentrations, see Figure 3.24. The ESP values in soils derived from basalt were statistically
different primarily in the A horizon and were the same in the B and C horizons. The ESP value

were also statistically different from the granite soils, primarily in the A horizon and shared

93



similarities in the B and C horizons. The ESP values were 91% more in the basalt control than
granite control (Figure 3.26).

Sprinkler irrigation decreased the ESP in the entire profile of the basalt and granite soils.
The A horizons were statistically different while the B and C horizons were similar to their
controls. Flood irrigation also decreased the ESP values in both basalt and granite and were
similar statistically to both the controls and sprinkler soils in the B and C horizons. In addition,
both basalt and granite had the same magnitude of changes throughout the profile with sprinkler

and flood (Figure 3.26). Total change was 163% and 102% less with sprinkler and flood.
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Figure 3.26: Exchangeable Sodium Percent (ESP) by master horizons for basalt and granite parent
materials, and by treatment. R? = 0.72 and Ismeans with different letters are significantly different
(Tukey’s).

Potassium in soil derived from basalt was 94% more in the control than soil derived from
granite. Potassium in the A horizon of basalt soil was 95% and 91% less with sprinkler and
flood compared to the control. Potassium in the B horizon was 84% and 91% less with sprinkler
and flood compared to the control. Potassium in the C horizon was 72% and 81% less with
sprinkler and flood compared to the control (Figure 3.27).

Potassium in the A horizon of granite soil was 71% less with sprinkler and 2% more with
flood compared to the control. Potassium in the B horizon was 20% less with sprinkler and no
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change with flood compared to the control. Potassium in the C horizon was 33% more with
sprinkler and 53% more with flood compared to the control (Figure 3.27).

The initial potassium concentrations were higher in basalt soil than granite (Figure 3.27).
The controls were statistically different between basalt and granite and the master horizons.
Throughout the basalt profile, sprinkler irrigated soils were statistically the same and they were
also the same as the A and C horizons of granite sprinkler soils. Flood irrigation in basalt soils
had more statistical variation throughout the profile. Flooded granite soils had more variation in
the A and B horizons and were statistically the same as sprinkler soils in the C horizon.

The total change in potassium in the soil derived from basalt was 251% and 263% less
with sprinkler and flood. Total potassium change in soil derived from granite was 34% less with

sprinkler and 122% more with flood.
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Granite
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Figure 3.27: K concentration by master horizons for basalt and granite parent materials, and by
treatment. R? = 0.83 and Ismeans with different letters are significantly different (Tukey’s).

The electric conductivity (EC) values is the product of all exchangeable bases (Ca, Mg,
Na, and K). The magnitude of change was influenced by the change in exchangeable sodium
(Figure 3.24). The EC in soil derived from basalt was 89% more in the control than soil derived
from granite. The controls were statistically different between basalt and granite. The A and B
horizons of basalt control were similar statistically while the C horizon differed. Basalt sprinkler
soil was statistically similar throughout the profile. The EC values, with respect to the controls,
in the A horizon of basalt soil was 66% less, the B horizon was 58% less, and the C horizon was
36% less. Basalt flood irrigation was statistically different in the A horizon and was similar in the
B and C horizons. The EC values were also less throughout the profile with respect to the
control, the A horizon was 56% less, the B horizon was 74% less, and the C horizon was 60%
less compared to controls (Figure 3.28).

The EC values for the granite control soil was statistically similar throughout the master
horizon with the C horizon being statistically different. Granite sprinkler irrigation was
statistically similar throughout the profile the EC values were 21% less in the A horizon, 3% less

in the B horizon, and 50% more in the C horizon. Granite flood irrigation was statistically similar
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throughout the master horizons. Flooded soil had more statistically similarities to sprinkler soil
in the B and C horizons. The EC values were 45% more in the A horizon, 15% less in the B
horizon, and 34% more in the C horizon compared to the controls (Figure 3.28).

The total change in EC in the soil derived from basalt was 160% and 191% less with
sprinkler and flood irrigation. Total EC change in soil derived from granite was 26% and 64%

more with sprinkler and flood irrigation.
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Figure 3.28: Electric Conductivity extracted (ECe) by master horizons for basalt and granite parent
materials, and by treatment. R? = 0.82 and Ismeans with different letters are significantly different
(Tukey’s).

The initial concentration of chloride in soil derived from basalt was 97% more in the
control than soil derived from granite which resulted in the basalt control being statistically
different from the granite control. Basalt control master horizons were also statistically different
while granite control master horizons were statistically the same in the A and B horizons.

Sprinkler irrigation in the basalt soil changed the chloride concentration. The A horizon
was 93% less, the B horizon was 92% less, and the C horizon was 87% less compared to the
controls; statistically the A and B horizons were the same. Flood irrigation also changed the
chloride concentration, 81% less in the A horizon, 91% less in the B horizon, and 98% less in
the C horizon compared to the controls (Figure 3.29).

97



Sprinkler irrigation in the granite soil changed the chloride concentrations; 31% less in
the A horizon, 20% less in the B horizon, and 32% more in the C horizon compared to the
controls; statistically the A horizon shared similarities with the B and C horizons, while the B and
C horizons were the same. Flood irrigation also changed the chloride concentrations; 95%
more in the A horizon, 7% more in the B horizon, and 76% less in the C horizon compared to
the controls; statistically the master horizons were similar (Figure 3.29).

The total change in chloride in the soil derived from basalt was 273% and 270% less
with sprinkler and flood. Total chloride changes in soil derived from granite was 19% less under

sprinkler and 12% more with flood.
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Figure 3.29: CI concentration by master horizons for basalt and granite parent materials, and by
treatment. R? = 0.78 and Ismeans with different letters are significantly different (Tukey’s).

The initial concentration of sulfate in soil derived from basalt was 99% more in the
control than soil derived from granite. Statistically basalt control differed from granite control.
Sprinkler irrigation in basalt soil changed the sulfate concentrations; 77% less in the A horizon,
64% less in the B horizon, and 26% less in the C horizon compared to the controls. Statistically

basalt sprinkler soils were the same in the master horizons. Flood irrigation in basalt soils also
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changed the sulfate concentrations; 50 % less in the A horizon, 76% less in the B horizon, and
62% less in the C horizon compared to the controls; statistically the flooded soil differed from
the master horizons and shared similarities with the sprinkler soil (Figure 3.30).

The sulfate concentrations were also changed in the granite soil with sprinkler and flood
irrigation. Sulfate in sprinkler irrigation in granite soil was 50% more in the A horizon, 138%
more in the B horizon, and 390% in the C horizon compared to the controls; statistically the
horizons shared similarities, but the A and C horizons were the most different. Sulfate in flood
granite soil was 100% more in the A horizon, 2% less in the B horizon, and 52% more in the C
horizon compared to the controls; statistically the horizons were the same (Figure 3.30).

The total change in sulfate in the soil derived from basalt was 168% and 188% less with
sprinkler and flood. Total sulfate change in soil derived from granite was 579% and 150% more

with sprinkler and flood.
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Figure 3.30: SO4 concentration by master horizons for basalt and granite parent materials, and by
treatment. R? = 0.85 and Ismeans with different letters are significantly different (Tukey’s).
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Land use effects on soil chemical properties

In arid regions the soil reactions are more alkaline because rainfall does not leach the
calcium and other basic materials out of the soil. Within my study area the pH range was the
neutral to alkaline within the controls, which also corresponded with the calcium concentrations
in both basalt and granite control soils. The pH ranges responded similarly with both sprinkler
and flood irrigation regardless of parent materials. This suggests that the minimal change in pH
is correlated to the quality of the irrigation water (Appendices 9 - 12) and the water is not directly
influencing a change observed in this chemical property. However, sprinkler irrigation created
more calcium and flood irrigation created less calcium in soils derived from basalt and the
resulting pH range remained neutral (7.48 to 7.79). In contrast, sprinkler and flood irrigation
created more calcium in soils derived from granite and the pH range also remained neutral (7.29
— 7.96). This suggests that the amount of calcium delivered through both irrigation practices
could be similar, but the retention of calcium can be related to texture, clay content, and amount
of irrigation water applied.

The results show a significant difference in the concentrations of the following ions in the
control soils of basalt than granite; calcium 65%, magnesium 78%, sodium 99%, potassium
94%, chloride 97%, and sulfate 99%. The data also reflects a general trend of greater
concentration of these ion in the A and B horizons and lower accumulations in the C horizon for
both soil types. The treatment effects of sprinkler and flood irrigation for basalt soils resulted in
lower concentrations of these ions and granite soils had higher concentrations of these ions.
The treatment effects, in general, reduced the distinction between the master horizons.

The magnitude of change for calcium was smaller in comparison to the previously
mentioned ions. Calcium cumulatively was at a higher concentration with sprinkler irrigation in
soils derived from basalt and granite, but was less in basalt flooded soils and more in granite
flooded soils. The source calcium at these higher levels may have been due to CaS0..2H.0,
CaCaOs, or Ca-silicate dissolution (Amundson and Lund 1985). In addition dissolution and as
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point of reference, Ca and Na are released in relative proportions to their abundance in the
plagioclase feldspars (Garrels 1967), our data represents a Ca:Na ratio of 11:19 for basalt and
3:0.54 for granite. Due to the complex geology of the valley, the above is one possible scenario
for the calcium and sodium sources. However, analysis of elemental the composition of these
soils would be needed to confirm the source of the elevated sodium concentrations found in the
basalt controls. However, the above scenario is a plausible explanation for the calcium and
sodium concentrations measured in the granite controls.

The impact of irrigation was more apparent in the change in concentrations of sodium,
potassium, chloride, and sulfate in soils derived from basalt. The cumulative reduction of
sodium with sprinkler was 84% and 73% under flood. Also, the sodium adsorption ratio and
exchangeable sodium percent declined with respect to the change in sodium. The removal of
these soluble salts is also reflected in the EC values with both treatments with respect to their
controls. The opposite effect in sodium concentration were measured in the granite treatment
soils; cumulatively, sodium increased 59% with sprinkler and 139% with flood irrigation. This
suggest sodium increases probably occurred as a result of Na-silicate dissolution (Garrels
1967).

The cumulative change in potassium concentrations in basalt soils was a reduction of
251% with sprinkler and 236% with flood. In contrast, soils derived from granite had a 34%
reduction with sprinkler and an increase of 122% with flood. The cumulative changes in the
chloride concentrations were significant, 273% with sprinkler and 270% with flood for basalt
soils. Granite soils had a 19% reduction with sprinkler and an increase of 12% with flood. The
cumulative change in sulfate was a reduction of 167% with sprinkler and 188% with flood in
basalt soils and a significant increase of 579% with sprinkler and 150% with flood in granite
soils. These values emphasize the inequality in the nutrient concentrations inherited in the soils
from basalt and granite. It further accentuates the impact of irrigation on the removal and
addition of these nutrients with the profile through the leaching and weathering processes.
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Consequently, it is difficult to determine exactly when the maximum leaching occurred,
since each site in the study has been subject to irritation for an average of 84 years. Amundson
and Lund in 1985, determined that a maximum of 5 years of leaching reduced the sodium,
potassium, chloride, and sulfate concentration by at least an order of magnitude, compared with
the native sites in San Joaquin Valley of California. They also suggested this change could be
indicative of the attainment of a steady-state condition between the solution and solid phases in
the soils.

They used chloride as the reference ion due to the fact that chloride is assumed to be a
conservative ion in soil solution and the chemical concentration in a saturated extract is more
enriched relative to the irrigation water concentrations of chloride. Therefore, it can be assumed
that mineral dissolution or ion exchange has occurred (Amundson and Lund 1985). The
findings in the San Luis Valley are comparable to those found in the San Joaquin Valley. For
the basalt controls, sodium, potassium, magnesium, calcium, and sulfate, all increased relative
to chloride, and where steady-state conditions could be established, based on the EC values.
These finding were also observed in the granite control soils where the concentrations are
lower, but remain higher than chloride and proportional increased under irrigation treatments.

The increase in sulfate, which showed a higher concentration in basalt then granite soils,
could be the result of CaS04.2H,0 dissolution (Amundson and Lund 1985). In addition, the
concentrations of potassium in the results appeared to be controlled by a solid phase.
According to Amundson and Lund (1985), the largest source of potassium in the soil is due to
the partially weathered biotite. The result revealed that the basalt controls have a higher
concentration of potassium than the granite controls; therefore, it can be surmised that basalt
biotite is more accessible during the weathering process than granite biotite.

The analysis also exposed a trend in the directional change for sulfate and sodium in the

B and C horizons of sprinkler irrigated granite soils with respect to the controls. The magnitude

102



of change for sulfate and sodium seems dramatic especially, in the granite soil, due to the small
range, the increased levels were less than 2.0 meg/L for both ions.

With respect to sodium, the increase affected the sodium adsorption ratio and electric
conductivity and had no effect on the exchangeable sodium percent. This suggests that the
increases are not due to management practices but could be an accumulation over time through
the water source. The irrigation water, for both basalt and granite soil is either surface or
subsurface in origin. One theory of the source of this of sulfate and sodium ions could be from
the subsurface water, which is filtered through relic volcanic formations. However, further
analysis is needed to verify the source of the sulfate and sodium ions.

In addition, both the basalt and granite soils are dominated by sand particles therefore,
porosity and permeability are important factors controlling water and solute movement (Lal
2006), and also affects bulk density. The porosity for basalt (44%) and granite (47%) are
relatively the same, which is reflected in the reduced concentrations of soluble salts in the
irrigated basalt soils. However, there was an increase in soluble salts for granite soils but the
change in concentration was not reflected in the bulk density values for either soil type. This
suggests the pore size in both soils is large enough to accommodate the solute movement
without measureable changes in bulk density.

Biogeochemical properties

The percentage of soil organic carbon in soil derived from basalt was 36% more in the
control than soil derived from granite. Statistically, basalt controls differed from granite controls
primarily in the A horizon; the B and C horizons were statistically similar regardless of parent
material. Sprinkler irrigation changed the soil organic carbon percent in the A horizon of basalt
soil by 17% less with sprinkler and 8% less with flood irrigation compared to the controls. Sail
organic carbon in the B horizon had a similar response 41% less with sprinkler and 21% less

with flood compared to the controls and they were statistically similar. Soil organic carbon in the
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C horizon also had a similar response 42% less with sprinkler and 32% less with flood
compared to the controls and they were statistically similar (Figure 3.31).

The percent of soil organic carbon in in the A horizon of granite soil changed primarily
with flood irrigation 121% more and sprinkler was 9% less compared to the controls.
Statistically, flood differed from both the control and sprinkler treatment. Soil organic carbon in
the B horizon was also influenced by flood irrigation with 47% more than the control, and was
statistically differed from both the sprinkler and control treatments. The same occurred in the C
horizon were soil organic carbon was 62% more with flood and 40% less with sprinkler and the
C horizon had the same statistically trend as the A and B horizons (Figure 3.31).

The total change in soil organic carbon in basalt soil was 97% with sprinkler and 61%
less with flood. Total change in soil organic carbon in granite soil was 87% less with sprinkler

and 272% more with flood.
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Figure 3.31: Soil Organic Carbon percent by master horizons for basalt and granite parent materials, and
by treatment. R? = 0.72 and Ismeans with different letters are significantly different (Tukey’s).

104



The mass data for soil organic carbon in Figure 3.32 statistically shows a difference
between the control for basalt and granite. The results showed that treatments were statistically
the same regardless of parent material. The calculation for mass data used soil organic carbon
percent times the bulk density times the depth from each horizon, summed for the profile and
analyzed with an ANOVA.
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Figure 3.32: Mass data for soil organic carbon for basalt and granite parent materials, and by treatment
(control, sprinkler, and flood). ANOVA alpha = 0.4 p value = 0.268. The different letters are significantly
different.

The percent of calcium carbonate in basalt control soil was 64% more than in the granite
control soil and statistically the controls differed between parent materials. The percent of
calcium carbonate changed in the irrigated basalt soils, in the A horizon the change was 14%
less with sprinkler and 3% less with flood and statistically sprinkler was the same and flood
differed from the control. Calcium carbonate in the B horizon was 5% less with sprinkler and
65% less with flood and statistically sprinkler and the control were similar with flooding being
different. Calcium carbonate in the C horizon had 3% more with sprinkler and 55% less with

flood and statistically differed from the control (Figure 3.33).
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The percent of calcium carbonate in the A horizon of granite soil was 3% more with
sprinkler and 29% less with flood. Statistically sprinkler was slightly different from the control
and flood differed from both the control and sprinkler. Calcium carbonate in the B horizon was
20% more with sprinkler and 17% less with flood and statistically there were no difference.
Calcium carbonate in the C horizon was 30% more with sprinkler and 67% less with flood and
statistically there were variations among the treatments compared to the control. Overall,
flooded soils were statistically the same throughout the profile (Figure 3.33).

The total change in calcium carbonate in the basalt soil was 16% and 123% less with
sprinkler and flood. Total calcium carbonate change in granite soil was 59% more with sprinkler

and 172% less with flood.
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Figure 3.33: CaCOs percent by master horizons for basalt and granite parent materials, and by
treatment. R? = 0.73 and Ismeans with different letters are significantly different (Tukey’s).
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The mass balance results for calcium carbonate show that the control and sprinkler
basalt soils are the same and flood treatment differed slightly. In contrast, granite soil differed
more among the three treatments but shared similarities between the control and sprinkler
treatments. The calculation for the mass of calcium carbonate used calcium carbonate percent
times the bulk density times the depth from each horizon, summed for the profile and analyzed
with an ANOVA. (Figure 3.34).
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Figure 3.34: Mass data for calcium carbonate for basalt and granite parent materials, and by treatment
(control, sprinkler, and flood). ANOVA alpha = 0.55 p value = 0.105. The different letters are significantly
different.

To further evaluate the dynamics in these soil profiles, | looked at the mass data of
nitrogen by treatment in Figure 3.36. The calculation used the total nitrogen percent times the
bulk density times the depth from each horizon, summed for the profile and analyzed with an
ANOVA. Nitrogen follows the same trend in the control and sprinkler as soil organic carbon
(Figure 3.32), however differs with flood treatment specifically with basalt. In addition, the
carbon to nitrogen ratio in Figure 3.36 shows that basalt control, flood, and granite flood are

statistically the same and granite control, sprinkler, and basalt sprinkler are the same.
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Figure 3.35: Mass data for nitrogen for basalt and granite parent material, and by treatment (control,
sprinkler, and flood). ANOVA alpha =0.88 p value = 0.62. The different letters are significantly different.
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Figure 3.36: Carbon : Nitrogen ratio for basalt and granite parent material, and by treatment (control,
sprinkler, and flood). ANOVA alpha = 0.44 p value = 0.20. The different letters are significantly different.
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Land use effects on biogeochemical properties

It is well known that soil organic carbon is a critical component of soil quality as it affects
many soil chemical, physical, and biological properties. Cultivation has reduced the amount of
available soil organic carbon by approximately half in the last two centuries and it is generally
accepted that this loss has been a major factor leading to the decline in soil quality and function
(Kirby et al., 2013). Soil organic carbon is the lesser of the two pools of carbon in semi-arid
regions where plant productivity is low. Soil texture and mineralogy are thought to be especially
important for maintaining soil organic carbon stocks (Mayes et al., 2014). Soil with higher clay
and silt concentrations tend to have higher soil organic carbon due to increased surface area
(Six et al., 2002; Mayes et al., 2014).

The soils formed on basalt have textures that range from medium to fine, a slightly
higher clay content, and more initial soil organic carbon in the controls than soil derived from
granite. Statistically the change in the percent of soil organic carbon for the entire profile was
the same with sprinkler and flood irrigation regardless of the parent material. The results of the
linear model showed most of the variation occurred in the A horizon with sprinkler and flood
irrigation, the B and C horizons responded similarly and both parent materials showed more of a
benefit from flood irrigation especially in coarser-texture granite soils, which facilitates the
accumulation of soil organic carbon with depth.

The overall differences between the cultivation practices on basalt soil is noticeable,
suggesting less residual plant material is left after harvesting on sprinkler than flood sites. It
also infers that there are other driving factors reducing the soil organic carbon stocks such as
higher soil moisture content, microbial activity and respiration, and ultraviolet volatilization of soil
organic carbon (Mayes et al., 2014; Brandt et al., 2007 and 2009; Burke et al., 1989). However,
there is no direct, or obvious correlation between the chemical, physical, and biogeochemical
properties that would account for the increase in soil organic carbon in the flooded granite soil.
One theory could be the addition of soil organic carbon through management practices, but due
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to availability and cost, this is unlikely. Our results show, where arable lands and cultivation
practices intersect, soil organic carbons stocks differ with irrigation practices and management
types, but there is no clear evidence how these difference may affect soil productivity, health,
quality, and function (Mayes et al., 2014; Burke et al., 1998). In addition, the total nitrogen
results show a reduction in basalt soil from sprinkler irrigation and a slight increase in granite
soil. However, the carbon to nitrogen ratio were statistically the same among the treatments
and regardless of parent material. Therefore, the results show no clear evidence of the effects
of irrigation on productivity and function, but does reflect how low the concentrations are within
this system when the control soils are compared to the treatment soils.

The initial concentration of calcium carbonate between parent materials differed, basalt
was higher versus lower in granite. However, the results of this study indicate pedogenesis is
not the only process intrinsic to the accumulation of carbonates in the San Luis Valley, CO. The
formation of carbonates is directly influenced by the carbonate bicarbonate equilibrium,
specifically the process of dissolution and precipitation from irrigation practices. The
accumulation of soil inorganic carbon (SIC) observed in the irrigated agriculture, indicates a
detectable change in carbonate concentrations. The observed changes in the upper profile are
caused by a coupling effect of one or more processes. A study by Lal and Kimble (2000)
demonstrated that homogenization of the upper horizons during cultivation resulted in the
changes in carbonate distribution throughout the profile. Cultivation affects the partial pressure
of CO; due to soil organic carbon decomposition and root respiration, which leads to formation
of HCOs reacting with the increased amount of applied H20. The percolation of H.O down the
profile transports the Ca*2 and HCOs into the subsoil horizons.

The equations of Arkley (1963) and Jenny in (1941) both predicted an increase in the
depth at which secondary carbonates are encountered with increased precipitation, or in this
study, irrigations. Their model predicted that carbonates will accumulate at the maximum depth
of leaching. Thus, the irrigation practices used in this study differ in the depth of the wetting
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front. The accumulation calcium carbonate occurred primarily in the A and B horizons of the
basalt soil. This suggests that pedogenic processes are secondary to the processes of
deposition and subsequent dissolution of calcium bearing minerals (Brahney et al., 2013)
followed by the primary processes of transfer and translocation within the soil profile.
Statistically the mass data confirms the processes in the A and B horizons are the same and the
difference occurred in the C horizon.

The granite soil showed an opposite trend with the primary zones of accumulations in
the B and C horizons primarily with sprinkler irrigation. These results suggest these soils are
older in terms of their soil development and calcification processes. These results
corresponded with differenced in irrigation type and texture, confirming that the distribution of
carbonates in the soil profile is in fact regulated by the amount of available water, leaching,
texture, and the concentration of carbon dioxide in soil air (Lapenis et al., 2008).

The summer temperatures support higher microbial activity and increased root
respiration triggering carbonate dissolution and the saturation of soil water with carbonate and
bicarbonate ions. This generates high biological activity in the rooting zone near the soil surface
increasing evapotranspiration, which stimulates the upward capillary movement of water. As
the soil solution moves upward, the dissolved carbon dioxide escapes into the atmosphere
precipitating carbonates (Lapenis et al., 2008). This is demonstrated in the irrigated sites where
changes in carbonate concentrations are different from their non-irrigated comparison sites.
However, precipitation of carbonates deeper in the profile release CO, back into the
atmosphere, whereas carbonates remaining in solution in groundwater and rivers represent a
net sink for atmospheric CO- (Lapenis et al., 2008).

The addition of inorganic carbon to the system through the formation of secondary
carbonates is dependent on the addition of biomass, crop residue return, and external sources
of calcium. The chemistry of the irrigation applied is likely different than the natural rainfall,
although the chemistry of both water sources were not analyzed in this study. It could be
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suggested that their chemical properties are similar due to low variability between the control
and treatment. Thus, the full impact of intensive irrigation agriculture on the SOC and SIC pools
is not completely known; however, the addition of organic matter to the soil releases CO that
sets in motion the processes of dissolution and precipitation of carbonates (Lal and Kimble
2000).

Soil Property Distribution

In this study, | found clear evidence that soil properties within the control soils diverged
with respect to parent material using the principal component analysis and the same properties
in cultivated irrigation soils (sprinkler and flood) converged. These results indicate the parent
material is the primary factor and treatment with parent material is the secondary driving factor
in this system (Table 3.5). These results were also validated by the clustering of certain soil
properties within the same treatments (sprinkler and flood). The clustered soil properties
derived from basalt with sprinkler irrigation were clay and soil organic carbon, sand and sodium,
and calcium and magnesium. The properties that clustered with flood irrigation were sodium
and potassium, calcium and chloride, and magnesium and sulfate. The basalt control clusters
were chloride and sulfate, sodium and potassium, calcium carbonate and soil organic carbon,

and calcium and clay Figure 3.37.
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Figure 3.37: Principal component analysis clustering groups from soil derived from basalt, control and
treatments (sprinkler and flood).

In contrast, the soil properties derived from granite with sprinkler irrigation clusters were
sodium, chloride and magnesium, potassium and sulfate, and pH and calcium carbonate. The
properties that clustered with flood irrigation were soil organic carbon and calcium, and sodium
and pH. The granite control clusters were pH, clay, and calcium carbonate, sand and

potassium, and magnesium, sodium, chloride, and calcium Figure 3.38.

114



Granite Control Soil
Properties Cluster Groups

(pH, clay, CaCO;) (Sand, K)
(Mg, Na, Cl, Ca)

Granite Flood Soil Properties
Cluster Groups

(OC, Ca) (Na, pH)

| (pH, CaCO;,)

Figure 3.38: Principal component analysis clustering groups from soil derived from granite, control and
treatments (sprinkler and flood).

These patterns differ among the basalt and granite controls suggesting certain
properties group together based on similar behavioral patterns and change relative to each
other when influenced by specific treatments. This also suggests the other properties (i.e.,
sand) respond independently. The results partially correspond to the linear model results where
by clay and organic matter are coupled due to their lower concentrations, and the ion
concentrations are proportionally lowered with respect to chloride. However, further analysis is

required to understand their coupling responses.
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Saline Sodic and Non-Saline Sodic

The water quality data gathered by Colorado Department of Agriculture and extracted
from the ground water database from 1989 to 2015 for the irrigation water for Alamosa,
Conejos, Costilla, and Rio Grande counties is represented in appendices 9-12. An excerpt of
the mean data values for pH, sodium and specific conductance is listed in Table 3.6. The water
data is well below the recommend EPA limit of 20 mg/L for sodium concentrations and does not

represent a hazard for row crop production.

Table 3.6: Water quality data excerpt from Colorado Department of Agriculture data from the San Luis
Valley by county (Alamosa, Conejos, Costilla, and Rio Grande) for pH, sodium and specific conductance.

Properties Alamosa Conejos Costilla Rio Grande
pH 7.85 7.45 7.5 7.51
Sodium (ppt) 92.55 10.32 35.6 13.62
Specific Conductance ( s/cm) 788.56 242.55 541.56 278.27

A study by Buol et al. (1997) demonstrated that salt accumulation can occur through
irrigation of crops with water that is only slightly saline (around 0.07S m'). The results indicate
directional change in the classification of these soils as a direct result of the chemical changes
that have occurred from irrigation practices, and suggests these changes are a function of the
water quality. In addition, it is speculated that the increase in sodium levels in granite soils
(Costilla County) is due to accumulation of salt over time, due to the low levels present in the
irrigation water, but it is plausible that over 84 years of irrigations could increase the
concentrations of this ion at depth.

The change in the sodium concentrations with respect to the controls in each soil system
were also reflected in the EC, SAR, and ESP soil values. The soil classes were adopted from
Lal (2006) in Table 3.7, which provided the parameters for the re-classification. The basalt
control pedons were classified as saline-sodic soils. The basalt soils irrigated by sprinkler and

flood shifted to non-saline non-sodic soils (Figure 3.39).
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In contrast, the granite control pedons were non-saline, non-sodic soils and remained in
the same classification with sprinkler and flood treatments (Figure 3.40). Neither change is
indicative of soil degradation but reflects an improvement in soil quality based on agriculture

practices and the quality of the irrigation water.

BasaltControl = BasaltSprinkler BasaltFlood
18 A
16
14 A
12
10 B

B BC

AB  AB B

o N B~ OO

ECe(dsmt) SAR ESP

Figure 3.39: Comparison of the soil parameters for Electric Conductivity by extraction (ECe), Sodium
Adsorption Ratio (SAR), and Exchangeable Sodium Percent (ESP) for soils derived from basalt and
granite and by treatment. The different letters are statistically different.
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Figure 3.40: Comparison of the soil parameters for Electric Conductivity by extraction (ECe), Sodium
Adsorption Ratio (SAR), and Exchangeable Sodium Percent (ESP) for soils derived from granite and
granite and by treatment. The different letters are statistically different.

Table 3.7: Soil classification, Electric Conductivity extraction (ECe), Sodium Adsorption (SAR), and
Exchangeable Sodium Percent (ESP) (Lal 2006)

Soil Classes ECe dSm SAR ESP
Non-saline Non-sodic <4 <13 <15
Saline >4 <13 <15
Saline-Sodic >4 >13 >15
Sodic <4 >13 >15

Change in pedogenic processes

The general trends in pedogenic processes in both basalt and granite control soils and
their directional changes as a function of irrigation are outlined in Table 3.8. Within the basalt
control soils, 100% had an active combination of three pedogenic processes: calcification,
salinization, and alkalization. Sprinkler irrigation chemically reduced the occurrence of

calcification to 40% and only 10% retained the soil properties of the alkalization processes. The
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process of salinization was no longer detectable in the sampled soils in either sprinkler of flood
irrigation. In contrast, flood irrigation results were similar for calcification and alkalization,
except 10% retained salinization soil properties.

Only 66% of the granite control pedons exhibited soil properties that classified them as
having undergone the process of calcification. Sprinkler and flood irrigation chemically reduced

the occurrence of calcification to 28%. No other pedogenic processes were revealed.

Table 3.8: Pedogenic process as outlined by Simonson (1959) for soils derived from, basalt and granite,
the number of soils sampled in each treatment types (control, sprinkler and flood), number of pedons that
exhibited the processes and the processes type.

Total Pedons Sampled Pedons Exhibited Processes
Processes Type
14 - Basalt control Pedons 14 Calcification Salinization
Alkalization
10 - Basalt Sprinkler Pedons 4 Calcification
1 Alkalization
10 - Basalt Flood Pedon 4 Calcification
1 Alkalization
1 Salinization
9 - Granite Modal Pedons 6 Calcification
7 - Granite Sprinkler Pedons 2 Calcification
7 - Granite Flood Pedons 2 Calcification

*57 Pedons sampled

3.5 Summary and Conclusions

The objective of this study was to evaluate the influence of sprinkler and flood irrigation,
as a function of parent material (basalt and granite) on key soil properties critical to assessing
soil degradation. The principal component and the directional change analysis exposed clear
differences among the physical, chemical, and biogeochemical properties as a function of
parent material. Principal component analysis indicates sand as the dominant physical

property. The remaining soil properties (clay, pH, calcium, magnesium, sodium, potassium,
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chloride, sulfate, soil organic carbon, and calcium carbonate) diverged under sprinkler and flood
irrigation and showed differences between basalt and granite. The linear model analysis
revealed that clay, soil organic matter, and bulk density are coupled and have similar behavioral
patterns and change relative to each other when influenced by sprinkler and flood irrigation.

The directional change from the basalt native soils to the irrigated basalt soils was
represented primarily as a reduction in the concentrations among pH, magnesium, sodium,
potassium, sulfate, chloride, and soil organic matter. The directional changes from the native to
the irrigated granite soils were more variable and occurred among bulk density, pH, calcium,
magnesium, sodium, potassium, chloride, sulfate, and calcium carbonate.

The clay enrichment data shows limited accumulations as a result of irrigation practices
but the overall change in the amount of soil within the profile increased with sprinkler irrigation
on both basalt and granite. Flooded basalt soils had a small increase over sprinkler irrigation,
while granite soils had a decrease, suggesting the mass of soil per area is affected by the
parent material and irrigation practices.

The mass data for soil organic carbon, nitrogen and the carbon to nitrogen ratio
indicates that agriculture practices have improved the concentrations of soil organic carbon but
have not made a dramatic difference in the nitrogen levels. Even though nitrogen is a part of
the amendments applied to these crops, the accumulation of nitrogen is limited due to texture,
the high percent of sand, and the amount of irrigation water applied. These factors contribute to
increased nitrogen depletion, which result in the carbon to nitrogen ratio for the controls and
treatments being statistically similar.

These findings are significant because they represent diversification in soil properties as
a function of parent material and a directional change as a result of agricultural practices. The
results demonstrate that calcium, magnesium, sodium, and potassium in soils derived from
basalts are proportionally less as a result of cultivated irrigation, due plant uptake, leaching, or
loss of residual input. However, there is no evidence these soils are in a state of nutrient
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imbalance, but rather their soil properties are changing in a definite direction as a function of the
land use and time. As an example, the increase in sodium with sprinkler irrigation within granite
soil, the amount was not enough to create saline conditions in those cultivated sites. However,
it is unclear, in this particular system, the threshold of ion concentrations that would need to be
surpassed to exhibit a significant loss in the soils productivity, quality, and function (Barrows
1991, Mayes 2014, and Lal 2006).

Therefore, in addressing the question of degradation, the results provide a solid
foundation for the case of resiliency instead of degradation. Irrigated agriculture in the SLV has
created an example of how irrigation in a semi-arid region has improved soil conditions relative
to the native soils. This was evident in the changes to the sodium, SAR and EC relationships,
where the decrease in sodium is due to leaching of salts through predominantly well -drained
sandy soils with excellent water quality. The other example is the increase in soil organic matter
with flood irrigation in the no till pasture hay grass site, again improving the soil quality and
resiliency.

Furthermore, the results highlight the importance in evaluating the physical, chemical,
and biogeochemical properties collectively in determining their assemblage as a function of the
underlying substrates. These results provide the physical and chemical parameters by which
the key indicators can be selected, which are texture, clay content, percent of soil organic
matter, sodium, sulfate and chloride ions. These indicators demonstrate that irrigation practices
in the San Luis Valley have improved the soil health and show how resilient these
agroecosystems are to cultivation when compared to the native soil conditions. This information
also provides a new outlook on irrigation in semi-arid regions when the water quality does not
contribute to salinity or sodic conditions and the quantity improves the conditions of the soils
within row crop production. This information can also be used to construct a matrix from these
key indicators to evaluate the impacts of climate change, agricultural practices, and land use
change in other semi-arid regions that are being impacted by population growth.
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CHAPTER 4
THE INFLUENCE OF LAND USE ON MICROBI AL BIODIVERSITY OF SOILS WITHIN

THE SAN LUIS VALLEY OF COLORADO

4.1 Introduction

Soils contain living biota as well as mineral material and organic matter. They are the
manifestation of the combined effects of additions to the ground surface, transformations within
the soils, vertical transfers within the soil, and removals from the soil, and it is the interface at
which all the environmental components interact, both influencing and responding to external
variables (Birkland 1974; Ellis and Mellor 1995). In arid and semi-arid regions, the conditions of
soil formations are driven by the mineral composition of the parent material and the intensity
and duration of the weathering regime. As a consequence, sand and silt fractions tend to be
composed mainly of inherited primary minerals, while clay fractions are dominated by secondary
minerals, either formed in-situ or transported from other environments (Karathanasis 2007). It is
within this complex matrix that the diversity of organisms interacts with one another and with the
various plants and animals in the ecosystem forming a complex web of biological activity. The
biological composition of soil is dominated by bacteria and fungi that contribute a wide range of
essential services to the sustainable function of all ecosystems (FAO 2016).

Soil microorganisms are essential for maintaining terrestrial ecosystems due to their
involvement in regulating nutrient cycling and organic matter dynamics. Microbial communities
are key indictors in evaluating soil quality and functions because they react to small changes in
the soil environment (Jia et al., 2010; Marinari et al., 2006). These qualities have attracted
many researches to gauge degradation processes by making use of relevant parameters in soil

microbial community composition (Jia et al., 2010).
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Long-term agriculture in semi-arid regions contributes to soil degradation globally (Raiesi
2012), which ultimately impacts the soils’ ability to provide the services necessary to maintain
human civilizations (Steffen et al., 2007). It has been shown that microorganisms drive
biogeochemical cycles within soils, and that traditional agricultural practices generally produce
significantly poorer soil quality relative to the quality of native or uncultured soils, due to
destruction of soil structure and loss of organic matter, leading to modifications in the physical,
chemical, and biogeochemical properties, including lower organic C and N contents (Jia et al.,
2010; Barrows 1991). This occurs when perennial vegetation are replaced by annual row crops;
the results are soil erosion, loss of soil nutrients, and reduction in stored carbon; which can lead
to a decrease in soil quality and threatens the continued productivity of the soil and decreased
resilience (Barrow 1991; Mayes 2014; Lal 2006;).

Soil microbial communities are affected by soil characteristics, plant species,
environmental conditions, and crop-management strategies (Marschner et al., 2001). These
combined effects have caused considerable interest in characterizing microbial community
composition globally (Zhou 2011). This is reflected in the body of research that has focused on
the effects of soil type, texture, organic matter, temperature, moisture, pH, and specific nutrient
elements of nitrogen, phosphorus, and potassium on microbial communities (Zhou 2011,
Stromberger et al., 2007; Kocyigit 2009; Marinari et al., 2006; Jia et al., 2010; Carmen et al.,
2010; Anderson and Domsch 1989). This research also includes the relationships between
microbial community composition with chemical and biogeochemical properties as a function of
increased salinity or alkalinity in agricultural lands (Pankhurst et al., 2001).

Soils inherit their chemical composition from the parent material from which they are
derived. This is especially important in drier regions where parent material has a greater
influence on soils properties in the initial stages of soil development (Birkland 1974; Verheye
2008). As a result, the suite of inherited soil properties ultimately determines how soils will
respond to land use changes.
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A number of approaches have been used to characterize the effects of different
agricultural practices on the composition of microbial communities. These approaches include
fatty acid analysis, extracellular enzyme assay, and a variety of techniques for analyzing
extracted nucleic acids. With each approach the goal is to obtain an impartial “snapshot” of the
whole community composition. Despite the fact that each approach has its own limitations,
these methods have been used extensively as tools to examine the organization and dynamics
of microbial communities in relation to other natural constituents (Pankhurst et al., 2001).

It is well known that microbial communities are key indictors in evaluating soil quality and
functions because they react to small changes in the soil environment, specifically changes
within the physical, chemical, and biogeochemical cycles. Cultivation has altered the native
vegetation which influences the microbial community composition. It has been documented that
the reduction of soil organic matter has been directly linked to cultivation, which effects
precipitation and modifies soil texture. Honeycutt (1986) demonstrated significant increases in
soil organic matter losses with increased precipitation, suggesting higher decomposition and
erosion rates. Tiessen et al. (1982), Schimel et al. (1985a), and Burke et al. (1989) documented
organic matter losses to be highest in medium textured soils. In addition, decreased carbon and
nitrogen contents in arable soils are attributed to a decrease of available substrate to tillage and
removal of plant residues (Ananyeva et al., 2008). The effective changes in organic carbon also
influences soil pH. Typically, soil pH range is inherited from the mineral composition of parent
material. In semi-arid regions the pH range is neutral or alkaline due to less intense weathering
and leaching, and the buffering effects of the carbonates. However, conversion of native
vegetation to row crops can change the pH after a few years. These changes are caused by
the removal of soil minerals when crops are harvested, changes in clay content, erosion of the
surface layer, and the effects of nitrogen and sulfur fertilizer, which result in soil acidification

(NRCS 2014).
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Cultivation also affects the soil temperature through the process of evaporative cooling
during the summer months (Williams 2007); changes in soil moisture due to the wetting and
drying cycles can create periods of anaerobic conditions and affects gas diffusion and alter soil
texture, which results in the loss of aggregate stability and decrease water holding capacity
(Raiesi 2012). Our objectives were to distinguish microbial community compaosition by parent
material and treatment, and to identify the key soil properties (physical, chemical, and
biogeochemical) that reflect the changes in microbial community composition and soil
degradation.

Our study employed the ester-linked fatty acid methyl ester (EL-FAMES) method to
detect differences between the microbial communities on two different parent materials, basalt
and granite, within three treatments, control or native site, irrigated agriculture sprinkler and
flood. The long-term agricultural practices in the San Luis Valley (SLV), in south central
Colorado, provided the opportunity for improving our understanding of these interactions. Our
objectives were to distinguish microbial community composition by parent material and land
use, and to identify the key soil properties (physical, chemical, and biogeochemical) that reflect

the changes in microbial community composition that may influence soil degradation.

4.2  Experimental Design

Study Area

The SLV is located in the South Central part of Colorado. The climate is arid and
characterized by cold winters, moderate summers, abundant sunshine, and strong prevailing
winds in the south to northeast direction. The valley is a high elevation desert; the base
elevation is 2147 m. The Sangre de Cristo mountain range flanks the east side of the valley
and the San Juan Mountains on the west. These mountains range in elevations of up to 2449 to
4372 m, creating a rain shadow effect, which reduces the amount of precipitation that reaches

the valley floor. The 30-year climate normal from 1971-2000 indicates the mean annual
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precipitation is < 228 mm annually, and most of the valley receives 177 mm annually and the
potential evapotranspiration exceeds 1016 mm (Emery et al., 2013). The surrounding
mountains, however, receive 762-1219 mm annually, which is the major source of water for the
area (McNoldy and Doesken, 2007). The average annual temperature is approximately 5°C,
with extremes of -45°C and 32°C (Emery et al., 2013).

The geological setting of the SLV consists mainly of mafic (e.g. basalt) and intermediate
igneous rocks (e.g. granite). The San Juan Mountains consist mainly of volcanic flows, tuffs
and breccias, which contain relative low amounts of silicon, sodium aluminum, potassium and
relatively high amounts of iron, magnesium and calcium (Emery, 2013). The Sangre de Cristo
Mountains are composed of felsic rocks (e.g. granite) and igneous, metamorphic, and
sedimentary rocks contain relatively high amounts of silicon, sodium aluminum, potassium and
relatively low amounts of iron, magnesium and calcium. The valley is underlain by as much as
3657 meters of clay, silt, sand, gravel, and interbedded volcanic flows and tuffs. The alluvial
deposits are coarse and permeable near the bordering mountains and grade to fine grained,
less permeable deposits toward the center of the valley (Emery, 2013). Therefore, the
crystalline structure of the basalt and granite dictates the limitations of the weathering process
and the subsequent development of the sail profile.

Identification and location of field sites

Our experimental design utilized the state factor approach (Jenny 1994), and we
focused on examining parent material and land use (e.g. soil forming factor Humans) as the key
conditioning variables affecting soil properties in the SLV, and minimized differences in other
variables (e.g. climate, relief, time) across the study area to locate field sites. A Geographic
Information Systems (GIS) was used to identify prospective locations where 1) cultivation
practices had not occurred (control sites), 2) sprinkler irrigation sites, and 3) flood irrigation sites
on the soil parent materials of interest, and a combination of geospatial analyses, interviews
with land owners and managers and our own field observations to select sites. Areas of interest
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were located by intersecting the 2010 common land units, 2011 LiDAR 10m hill shade, slope
and elevation, NDVI vegetation data, Colorado Geological Survey and USGS geology maps,
and ESRI™ base map imagery. We restricted prospective areas for field sites to the southern
central part of the San Luis Valley which encompasses Alamosa, Rio Grande, Conejos, and
Costilla counties. To control for relief an elevation gradient constrained study area to the valley
floor, between 2147 — 2351 m, and slope to less than 2%. These analyses isolated the portions

of the valley where both parent material-land use combinations could be located (Figure 4.1).
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Figure 4.1: The San Luis Valley as outlined by the LIDAR foot print and the study
area as outlined in orange. The study area is 2.14 km? - 1.26 km? on the west .87
km? on the east, with respect to the Rio Grande River.

Soils derived from basalt were located in Rio Grande County, Alamosa County, and
Conejos County, CO, west of the Rio Grande River. Soil derived from granite were located in
Costilla County, CO east of the Rio Grande River. Soil derived from basalt and granite have the

same three major land uses - sprinkler and flood irrigation treatments and controls (non-
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cultivated sites). Figure 4.2 depicts the distribution of the sprinkler and flood parcels by crop

type within the study area.

Figure 4.2: The distribution of land use and cropping systems as of 2010 by
county within the study area as outlined in orange.
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The dominate crops for each treatment are: alfalfa for basalt and granite sprinkler
treatment, pasture hay grasses for basalt flood treatment; alfalfa for granite flood treatment.

Figure 4.3 depicts the distribution of crops within the study area.

Figure 4.3: Distribution of cropping systems as of 2010 within the SLV study area
as outlined in orange.
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The dominate vegetation for the majority of the basalt controls was Greasewood
(Sarcobatus vermiculatus), greene’s rabbitbrush (Chrysothamnus greenei), salt grass (Distichlis
spicata (L.), and blue gramma (Bouteloua gracilis) (Dixon 2012). Site observation indicated
mature vegetation with no pervious recorded evidence of agriculture practices and confirmed by
the land owners. The dominate vegetation for the majority of the granite controls were
Greasewood (Sarcobatus vermiculatus) and salt grass (Distichlis spicata (L.) (Dixon 2012). Site
observation indicated mature vegetation with no pervious recorded evidence of agriculture
practices and confirmed by the land owners.

Within the study area the primary source for irrigation water is surface and subsurface.
Most irrigation began in the late 1800’s by means of flood irrigation from surface water from the
Alamosa, Conejos, and Rio Grande Rivers, and the Trinchera and Culebra Creeks. The
amount of additional water applied during the growing season under flood irrigation ranges from
153-1226 mm typically from 1 April to 31 July. Center pivot irrigation comprises the majority of
the irrigation practice since its implementation in the mid 1960’s, delivering between 304 — 914
mm of additional water during the 6 month growing season.

Soil samples for microbial analysis were selected from areas that were directly
influenced by agricultural practices, as well as control sites with no known history of cultivation.
Due to accessibility, 14 control and 20 treatment sites were sampled from soils derived from
basalt, and 9 control and 14 treatment sites were sampled from soils derived from granite (Table
4.1). Figure 4.4 illustrates the locations and distribution of the sampled soils by the treatment
type (control, sprinkler, and flood), and by parent material (basalt west of the Rio Grande River

and granite east of the Rio Grande River).
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Table 4.1: The sampling design for the number of microbial samples by parent material and treatment.

Number of Microbial Samples

14

10

10

9

7

7

Parent Material

Basalt

Basalt

Basalt

Granite

Granite

Granite

Treatment

Control
Sprinkler
Flood
Control
Sprinkler

Flood

57 microbial samples were used for analysis
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Figure 4.4: The distribution of the available treatment sites and the pedons selected for
analysis within the SLV study area as outlined in orange.
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4.3  Methods

Field Methods

Soil samples were collected from 0-15 cm depth using a balling spade on each
treatment type, control, sprinkler, and flood from each parent material (basalt and granite) and
soil characteristics were taken from the A and B horizons where applicable and averaged. Each
soil sample was placed in a cooler on ice and transported to a freezer for storage. The plant
community composition of the valley during the time the controls were collected included
sagebrush, greasewood, rubber rabbit brush, Greene’s rabbit brush, grassland, and shrub-
steppe communities (Dixon 2012). The dominant crop type was alfalfa in the sprinkler
treatments, with one exception treatment was in a barely rotation, and the crop was pasture hay
grasses for basalt flood treatments and alfalfa for granite flood treatments. Sampling of
research sites occurred between Aug — Nov 2014.

Soil Microbial analysis

Microbial community structure was characterized by the extraction and analysis of ester-
linked fatty acid methyl ester (EL-FAMES) from soil, as described by Schutter and Dick (2000).
In brief, 5 g soil were extracted with 0.2 M KOH during a 37°C, hour-long incubation with
periodic mixing, followed by addition of 1.0 M acetic acid to neutralize the pH of the tube
contents. EL-FAMEs were portioned into an organic phase by addition of hexane, which was
removed from the aqueous phase after centrifugation at 480 x g for 20 min at 4°C. An internal
standard (32 nmols C19:0) was added to each EL-FAME sample before the hexane solvent was
evaporated off with nitrogen. EL-FAMEs were re-suspended in hexane and samples were
analyzed by using the Agilent 5973N Mass Selective Detector Interface to a 6890 gas
chromatograph with a 7683 automatic liquid sampler by the Colorado State University Central
Instrument Facility. The samples peaks were identified using the FAME37 and BAME from
Sigma-Aldrich and the mass spectral matching with NIST library. Biomarkers of specific

functional groups were assigned according to Schutter and Dick (2000). Bacterial markers were
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the sum of i14:0, i15:0, al15:0, i16:0, 16:1 &7c, i17:0, al7:0, 17:0 cy, and 19:0 cy. The EL-
FAMEs 18:2 &,9c and 18:1 &9 were used as the indicators for fungi, and 16:1 &5c for
arbuscular mycorrhizal (AM) fungi. The ratio between 17:0 cy and its metabolic precursor
16:1 &7c and 19:0 cy and its metabolic precursor 18:1 &/c were used as stress indicators
(Stromberger et al., 2007).

Statistical Analyses

The total number of samples collected from soils derived from basalt and granite
encompassed 34 samples from the two treatments (sprinkler and flood) and 23 samples from
the control soils. Soil EL-FAME data were normalized to mol% and analyzed by principal
components analysis (PCA) with variance-covariance matrix using PC-ORD statistical package
(MjM Software, Gleneden Beach, OR, 1999). Multi-response permutation procedure (MRPP)
was used to compared community structure by parent material (basalt and granite) and by
treatment (control, sprinkler, and flood), with a significance of P " 0.05, using PC-ORD statistical
package.

Principal component analysis (PCA) was used to evaluate the variance of the microbial
responses; biomass, fungi:bacteria ratio, stress 1 (17:0 cy : 16:1 &7c), stress 2 (19:0 cy : 18:1
&rc), and AM Fungi (16:1 &c) constrained by parent material (basalt and granite), treatment
(control, sprinkler, and flood), and soil properties within the three groups (physical, chemical,
and biogeochemical) using R (R Core Team 2015).

Analysis of variance (ANOVA) test were performed on the untransformed microbial
responses data: biomass (sum of bacterial and fungal EL-FAMES), fungi:bacteria ratio, stress 1
(17:0cy: 16:1 &7c), stress 2 (19:0 cy : 18:1 &7c), and AM Fungi (16:1 &c) with parent material
(basalt and granite) and treatment (control, sprinkler, and flood) using R aov and TukeyHSD
procedure (R Core Team 2015) when ANOVA showed a significance of P " 0.05.

Pearson correlation coefficients were calculated among the following responses;
biomass, fungi:bacteria ratio, stress 1 (17:0 cy : 16:1 &7c), stress 2 (19:0 cy : 18:1 &/c), and
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AM Fungi (16:1 &c) with parent material (basalt and granite) and treatment (control, sprinkler,
and flood) using the cor.test package (R Core Team 2015).

A linear model was determined to described the microbial responses; biomass,
fungi:bacteria ratio, stress 1 (17:0 cy : 16:1 &7c), stress 2 (19:0 cy : 18:1 &7c), and AM Fungi
(16:1 &5c) with parent material (basalt and granite) and treatment (control, sprinkler, and flood)
using the foreign package (R Core Team 2015) and the multcomp package (Toreston et al.,

2008). The 95% confidence intervals were calculated using the aforementioned packages.

4.4  Results

Principal Component Analysis EL-FAME Data

Principal component analysis was used to explain the variation in the data set containing
24 EL-FAMEs as influenced by parent material (basalt and granite) and treatment (control,
sprinkler, and flood). The microbial communities clustered by parent material (Figure 4.5A) as
well as by treatment (Figure 4.5B). PCoA 1 explained 56% and PCoA 2 explained 19%, for a
total of 75% of the variation of these data were explained Table 4.2 presetn eigenvector
coeficients of EL-FAMESs. Large, positive coefficients indicate EL-FAMESs that are enriched with
microbial communities located on the positive side of PCoA axis. Large, negative coefficients
indicate EL-FAMES that are enriched with microbial communities found on the negative side of

the PCoA axis (Figures 4.5 A and B).
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Figure 4.5: Principal components analysis of microbial community EL-FAMES from soils
(0-15 cm depth) on (A) basalt and granite parent material and (B) treatment, modal,
sprinkler, and flood. The percent variance explained by each principal component
analysis (PCoA) is shown in parentheses.
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Ester-linked FAMEs with most positive eigenvectors coefficients for PCoA 1 in Figure 4.5
A and B were 16:0, 16:1 "5c, 18:0, 14:0 (Table 4.2). In contrast, EL-FAMEs with negative
eigenvector coefficients for PCoA 1, and thus more associated with communities to the left of
PCoA 1, included iso-C15, iso-C16, 10Me-C16, anteiso-C15:0, anteiso-C17:0, 16:1 ~7c,

18:179c, iso-C17m, and 19:0cy (Table 4.2).

Table 4.2: Microbial EL-FAMEs with the greatest eigenvector coefficients for principal component (PCoA)
axes 1 and 2 as shown in Figure 4.5.

EI-FAME PCoA 1l PCoA 2

is0-C15:0 -1.0419 0.0728
iso-C16:0 -0.6955 0.6519
10Me-C16:0 -0.6671 0.3697
anteiso-C15:0 -0.5193 0.1128
anteiso-C17:0 -0.4407 0.2183
C16:177 -0.403 0.137
C18:179 -0.4028 -0.0288
iso-C17:0 -0.393 -0.0288
cy-C19:.0 -0.3681 -0.0125
c18:177 -0.1734 -0.4143
cis-C17:0 -0.1571 0.0816
10Me-C18 -0.1367 0.066
10Me-C17 -0.1338 0.1575
is0-C14:0 -0.1212 -0.0109
cy-C17:0 -0.1207 0.0406
C17:.0 -0.0567 0.0628
C12:0 -0.0374 0.0751
C13:.0 -0.0235 0.0131
C18:276,9 -0.0053 -0.2708
C15:.0 0.038 0.0823
C14:.0 0.1618 0.6388
C18:0 0.2816 0.3891
C16:175 0.4273 -2.7865
C16:0 4.9887 0.3834
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Multi-Response Permutation Procedure (MRPP)

Multi-Response Permutation Procedure (MRPP) defined the groups based on the categorical
conditioning variables of parent material and treatment. The results were based on the
Sorensen distance measure, and pair wise comparisons were made on the untransformed data
set. The MRPP results for parent material (basalt and granite n=55) were significant (P <0.05;
A=0.055); meaning that microbial communities structure differed based on parent material.
Similarly, microbial community structure differed according to treatment (control, sprinkler, and
flood) (P<0.05; A=0.096).

Physical, chemical, and biogeochemical soil properties associated with the
microbial samples

The soil properties derived from basalt and granite where grouped into three categories
physical, chemical, and biogeochemical and three treatment type’s control, sprinkler and flood
irrigation. Soil characteristics are described in Table 4.3.

The pH ranged from neutral to alkaline in both parent materials, and soil subject to
irrigation was also in the neutral to alkaline range (7.3 to 8.3). The concentrations for calcium,
magnesium, sodium, potassium, sulfate, chloride, calcium carbonate, and organic carbon were
greater in the basalt control soils and lower under basalt sprinkler and flood treatments. In
contrast, the same soil properties in the granite control soils were of much lower concentration
than the basalt, and varied by treatment type. Lower concentrations were measured in the
granite sprinkler treatment for calcium, magnesium, potassium, and calcium carbonate, and
greater concentrations were measured in sodium, chloride, and organic carbon. Granite soils

subjected to flood had greater values in all of the ion concentrations (Table 4.3).
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Table 4.3: Physical and chemical properties by average and standard deviation, that vary by parent
material and treatment. Physical property Sand (%). Chemical properties pHw, cations and anion by
meq/L - calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SOa), and chloride (ClI).

Biogeochemical properties percent calcium carbonate (CaCO3) and percent organic carbon (OC).

Parent

Material Sand Ca Mg Na K Cl S04 CaCOs3 oC

&Treatment % pHw (meg/L) (meg/L) (meg/L) (meg/L) (meg/L) (meg/L) % %

Control For

Basalt

Sprinkler Avg 53.0 8.3 19.6 13.1 215.8 30.0 108.4 232.7 8.4 1.1
StDev 15.6 0.7 27.4 22.7 376.2 66.2 231.1 317.9 8.3 1.0

Basalt

Sprinkler Avg 59.4 7.5 11.6 3.3 3.1 0.6 0.3 10.0 3.8 1.0
StDev 17.0 0.3 9.1 15 4.7 0.5 0.2 12.3 3.6 0.4

Granite

Control for

Sprinkler Avg 65.5 7.5 3.6 1.2 0.4 0.4 0.1 0.6 2.2 0.6
StDev 7.2 0.6 0.6 0.5 0.4 0.3 0.0 1.0 3.2 0.3

Granite

Sprinkler Avg 61.7 7.5 35 1.1 0.7 0.1 0.2 0.6 1.9 0.7
StDev 7.7 0.4 1.0 0.3 0.2 0.0 0.1 0.2 25 0.2

Basalt

Control for

Flood Avg 58.0 8.1 32.3 455 127.0 18.2 37.1 208.4 5.1 5.7
StDev 5.0 0.4 4.1 52.2 90.5 18.2 63.0 165.7 35 4.8

Basalt Flood Avg 44.2 7.5 18.0 8.8 23.9 1.3 4.4 60.6 4.6 3.8
StDev 21.3 0.8 13.1 7.0 33.6 2.3 7.8 57.8 4.5 3.9

Granite

Control for

flood Avg 68.0 7.4 25 1.0 0.3 0.2 0.2 0.3 0.2 0.7
StDev 0.0 0.3 0.6 0.2 0.1 0.0 0.0 0.0 0.1 0.0

Granite

Flood Avge 67.7 7.3 5.3 3.0 1.4 0.6 0.5 0.7 0.4 1.6
StDev 9.4 0.3 2.4 0.5 2.6 0.4 0.6 0.5 0.4 0.6
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Principal Component Analysis - Microbial Response with Parent Material,
Treatment, and Soil Properties

The principal components analysis (PCoA) was performed on the microbial responses
as a function of parent material, treatment, and soil properties (Figure 4.6). This figure displays
the clustering pattern of the microbial communities. The same analysis was performed to show
the relationships and correlations of factors that influenced the microbial community structure
patterns (Figure 4.7). PCoA 1 explained 30% and PCoA 2 explained 24%, for a total of 54% of
the variation in these data explained. Large, positive coefficients indicated the dominate
variable are located on the positive side of PCoA axes. Large, negative coefficients indicate the
dominant variable are located on the negative side of the PCoA axis.

The variables with the positive eigenvector coefficients for PCoA 1 in Figure 4.6 and 4.7,
were biomass, fungi:bacteria ratio, stress 1 ratio (17:0 cy and its precursor 16:1 ~7c), AM fungi
(16:1 &5c), and sand. In contrast, the variables with negative eigenvector coefficients for PCoA
1, and more associated to the left of PCoA 1, were stress 2 1(9:0 cy : 18:1 " 7c¢), pHw, calcium
carbonate, organic carbon, calcium, magnesium, sodium, potassium, chloride, and sulfate

(Table 4.4).
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Figure 4.6: Principal components analysis of microbial community responses (biomass,
Fungi:Bacteria ratio, stress 1 ratio (17:0 cy : 16:1 ~7c), stress 2 ratio (19:0 cy : 18:177c),
and Arbuscular Mycorrhizal (AM) Fungi 16:1 &c; as function of parent material, basalt
and granite, and treatment, control, sprinkler, and flood. The percent variance
explained by each principal component (PCoA) is shown in parentheses.

These data also revealed clustering of certain soil properties within the treatments and
parent materials (basalt and granite). The soil properties that clustered were calcium and

magnesium, and sodium, potassium, and chloride (Figure 4.7 and Table 4.4).
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Figure 4.7: Principal components analysis of microbial community responses as a function of
soil properties. Microbial community responses labels are Biomass, Fungi:Bacteria ratio
(F:B), stress1 ratio (17:0 cy : 16:1 ~7c), stress2 ratio (19:0 cy : 18:1 "7c), and Arbuscular
Mycorrhizal (AM) Fungi 16:1 &c. Soil properties physical — sand; chemical — pHw, calcium
(Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SO4), and chloride (CI);
biogeochemical — calcium carbonate (CaCO3) and organic carbon (OC). The percent
variance explained by each principal component (PCoA) is shown in parentheses.
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Table 4.4: Microbial responses variables, biomass, fungi-to-bacteria, stress 1, stress 2, arbuscular
mycorrhizal (AM) fungi with the soil properties variables pHw, calcium carbonate (CaCO3), organic
carbon (OC), calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), chloride (Cl), and sulfate
(SO4). The greatest eigenvector coefficients for principal component (PCoA) axes 1 and 2 as shown in
Figure 4.8

Microbial and Soil Properties PCoA 1 PCoA 2
Biomass 0.01 -0.26
Fungi:Bacteria 0.14 0.28
Stress1 (17:0cy: 16:1 &7c) 0.06 -0.39
Stress2 (19:0cy: 18:1 &7c) -0.23 -0.39
AM Fungi(16:1 &5c) 0.05 0.18
Sand 0.07 0.33
pHW -0.25 0.20
Calcium Carbonate (CaCOs) -0.25 0.07
Soil Organic Carbon (OC) -0.08 -0.42
Calcium (Ca) -0.15 -0.28
Magnesium (Mg) -0.18 -0.24
Sodium (Na) -0.43 0.13
Potassium (K) -0.41 0.12
Chloride (Cl) -0.42 0.13
Sulfate (SO4) -0.44 0.06

Analysis of Variance (ANVOA)

The analysis of variance test was performed to assess the statistical difference within
the individual microbial responses, as a factor of parent material and irrigation treatments (P <
0.05). The interaction effect of parent material and irrigation treatment was statistically
significant.

Microbial Total Biomass

The total microbial biomass EL-FAMESs was determined in each parent material (basalt
and granite) and treatment (control, sprinkler, and flood) and evaluated based on the
concentration of total EL-FAMEs (nmol g soil). The total microbial biomass was significantly
higher in is soils derived from basalt and subjected to flood irrigation (Figure 4.8).

The mean biomass in soils derived from basalt within the control was 862 nmols g soll,

and in soils derived from granite the mean biomass was 588 nmols g soil, which equates to a
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32% greater biomass concentration in the soil derived from basalt than granite. The treatment
influences on biomass in soils derived from basalt were seen as a reduction of 18% (729 nmols
g soil) under sprinkler irrigation and an increase of 71% (1472 nmols g soil) under flood
irrigation. The same treatments in soils derived from granite also showed a 4% (567 nmols g
soil) reduction under sprinkler irrigation and a 35% (911 nmols g soil) increase under flood
irrigation. The result indicate the primary difference observed were between parent materials
and the secondary effect was the directional change under treatment type, however there was

limited variation between granite control and granite sprinkler.
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Figure 4.8: The effects of parent material and irrigation treatments on microbial biomass, as measured by
total EL-FAME concentrations in nmols g* soil. Comparisons were made on the basis of analysis of
variance (ANOVA) n=57 microbial samples extracted from soils (0-15 cm). Bars represent the standard
error. Bars labeled with different letters are significantly different (P < 0.05).
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Fungi:Bacteria Ratio

The ratio of fungal EL-FAMEs to bacterial EL-FAMESs was determined in each parent
material (basalt and granite) and treatment (control, sprinkler, and flood) Figure 4.9. The results
were not statistical different between parent material and treatment.

The mean ratio in the control basalt soils was 0.17 and 0.22 for the control granite sails,
which equates to a 26% higher ratio in soil derived from granite than basalt. The treatment
influences on the fungi-to-bacterial ratio in soils derived from basalt was a 28% increase (0.22)
under sprinkler irrigations and a 16% reduction (0.15) under flood irrigation. The same
treatments on soils derived from granite showed a reduction of 23% (0.17) under sprinkler and
flood irrigation. The result indicate the primary difference observed were between parent
materials and the secondary effect was the directional change under treatment type, however
there was limited variation between both parent materials and treatment types, the ratio was
proportionally the same among all groups.
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Figure 4.9: The effects of parent material and irrigation treatments of the fungal-to-bacteria ratio EL-
FAME biomarkers. Comparisons were made on the basis of analysis of variance (ANOVA) n=57
microbial samples extracted from soils (0-15 cm). Bars represent the standard error. There were no
significant differences among means.
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Stress 1 Ratio (17:.0cy: 16:1 &7c)

The ratio of EL-FAMEs 17:0 cy to its precursor 16:1 &7c, an indicator of stress among
Gram-negative bacteria, was determined in each parent material (basalt and granite) and
treatment (control, sprinkler, and flood) Figure 4.10. The interaction of parent material and
irrigation treatment was statistically significant. The stress ratio of 17:0 cy-to-16:1 &/c was
significantly higher in flooded soil from basalt parent material than in any other soil.

The mean ratio in the control basalt soils was 0.23 and 0.26 for in the control granite soil,
which equates to a 13% higher stress ratio in soil derived from granite than basalt. The
treatment influences on the stress 1 ratio in soils derived from basalt showed a 15% reduction
(0.20) under sprinkler irrigations and a 74% increase (0.40) under flood irrigation. The same
treatments on soils derived from granite showed a reduction of 36% (0.17) under sprinkler and a
6% (0.24) reduction under flood irrigation. The result indicates similarities difference between
parent materials and the treatment types. The only significant directional change was under
flood irrigation within basalt soils; however, there were similar variation between granite control

and granite flood.
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Figure 4.10: The effects of parent material and irrigation treatments on the ratio 17:0 cy to its precursor
16:1"7c. Comparisons were made on the basis of analysis of variance (ANOVA) n=57 microbial samples
extracted from soils (0-15 cm). Bars represent the standard error. Bars labeled with different letters are
significantly different (P < 0.05).

Stress 2 Ratio (19:0cy : 18:1 &7c)

The ratio of EL-FAMEs 19:0 cy to its precursor 18:1 &7c, an indicator of stress among
Gram-negative bacteria, was determined in each parent material (basalt and granite) and
treatment (control, sprinkler, and flood) Figure 4.11. The interaction of parent material and
irrigation treatment was statistically significant. The stress ratio of 19:0 cy-to-18:1 &/c was
significantly higher in flooded soil from basalt parent material than in any other soil.

The mean ratio in the control basalt soils was 0.43 and 0.11 for the control granite sail,
which equates to a 300% higher stress ratio in soil derived from basalt than granite. The
treatment influences on the stress 2 ratio in soils derived from basalt showed a 64% reduction
(0.15) under sprinkler irrigations and a 23% increase (0.53) under flood irrigation. The same
treatments on soils derived from granite showed a reduction of 33% (0.07) under sprinkler and a
28% (0.14) increase under flood irrigation. The result indicate the primary difference observed

were between parent materials and the secondary effect was the directional change under

153



treatment type, especially between basalt control and basalt sprinkler. In contrast, basalt

control and flood were similar. All of the treatments under granite had similar responses.
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Figure 4.11: The effects of parent material and irrigation treatments of the ratio 19:0 cy to its precursor
18:1"7c. Comparisons were made on the basis of analysis of variance (ANOVA) n=57 microbial samples
extracted from soils (0-15 cm). Bars represent the standard error. Bars labeled with different letters are
significantly different (P < 0.05).

Arbuscular Mycorrhizal Fungus (16:1  &5c)

The Arbuscular Mycorrhizal (AM) Fungus biomarker 16:1 &c (nmols g of dry) was
determined in each parent material (basalt and granite) and treatment (control, sprinkler, and
flood) Figure 4.12. The total microbial biomass was significantly higher in is soils derived from
basalt and granite and subjected to sprinkler and flood irrigation.

The mean AM Fungi in the control soils derived from basalt was 0.12 nmols g dry soil
and 0.07 nmols g* of dry soil in granite, which equates to a 38% greater AM Fungi
concentration in the soil derived from basalt than granite. The treatment influences on AM
Fungi in soils derived from basalt were seen as an increase of 97% (0.24 nmols g of dry soil)

under sprinkler irrigation and 34% (0.16 nmols g dry soil) under flood irrigation. The same
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treatments in soils derived from granite also showed a 160% (0.19 nmols g dry soil) increase

under sprinkler irrigation and a 200% (0.22 nmols g dry soil) increase under flood irrigation.
The result indicate the primary difference observed were among treatment types and

parent material was a secondary response. The directional change was primarily under

irrigation practices.
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Figure 4.12: The effects of parent material and irrigation treatments of Arbuscular Mycorrhizal (AM) Fungi
16:1 &c nmols g* dry soil. Comparisons were made on the basis of analysis of variance (ANOVA) n=57
microbial samples extracted from soils (0-15 cm). Bars represent the standard error. Bars labeled with
different letters are significantly different (P > 0.05).

Microbial Responses as a function of Parent Material, Treatment, and Soll
Properties

Correlation Analysis

The Pearson’s correlation analyse was performed to assess the strength of a linear
relationship between the microbial responses (total biomass, fungi-to-bacteria ratio, two stress
responses ratios among Gram-negative bacteria, and arbuscular mycorrhizal fungi) and the soil

properties (% sand; pH; extractable Ca, Mg, Na, K, SO, Cl in milliequivalents/liter (meq/L), %

155



CaCOs, and % soil organic C) as a factor of parent material (basalt and granite) and treatment
(control, sprinkler, and flood) (P < 0.05).

Linear Model Soil Properties

To further analyze the relationship between microbial responses and the same soil
properties from Chapter 3, the linear model was used to evaluate the interactions of parent
material (basalt and granite) and treatments (control, sprinkler and flood) with the five microbial
communities (total biomass, bacteria to fungi, stress ratio’s and the AM Fungi). The linear
model assessed the sensitivity of the microbial communities to changes in the soil properties
from their current steady state conditions for soils derived from basalt and granite and subjected
to sprinkler and flood treatments. The input data values were taken from EL-FAME analysis
and the soil analysis; the model provided a predicted response for each microbial EL-FAME
community to an increase in the soil properties by one unit of measurement (e.g. 1 percent or 1
meq/L), within each combination of parent material and treatment. The predicted values are
either positive or negative and used to assess the behavior of the five microbial communities:
total biomass, fungi-to-bacteria ratio, two stress responses ratios among Gram-negative
bacteria, and arbuscular mycorrhizal fungi.

The data consist of 23 controls (14 basalt and 9 granite) and 34 treatments (17 sprinkler
and 17 flood) in all six categories (basalt control, basalt sprinkler, basalt flood, granite control,
granite sprinkler, and granite flood) and 10 soil properties (% sand; pH; extractable Ca, Mg, Na,
K, SO4, Cl in milliequivalents/liter (meg/L), % CaCOs, and % soil organic C).

Total Biomass

The correlation of biomass to each soil properties was determined for each parent
material (basalt and granite) and treatment (control, sprinkler, and flood) Table 4.5 and Table
4.6. The correlations that were statistically significant are highlighted in red in each table.

The correlations coefficients between biomass and soils properties within the basalt
control were sulfate as negatively correlated and organic carbon as positively correlated. The
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positively correlated coefficients with basalt flood were calcium, magnesium, chloride, and
sulfate (Table 4.5).

The positive correlation coefficients between biomass and soil properties with in granite
control were magnesium, sodium, chloride, and sulfate. The negatively correlated coefficients
within granite sprinkler were magnesium and organic carbon. The positive correlated coefficient
within granite flood was organic carbon (Table 4.6).

The correlations seem to differ primarily between the parent materials with treatment
types as the secondary response. The biomass correlations shift depend on treatment type
relative to the control, often to different soil properties. Basalt flood treatment has more
correlations where sprinkler had no correlations. Granite control had more correlations and

shifted to less under both sprinkler and flood.

Table 4.5: Correlation analysis for total Biomass for each soil property physical — sand; chemical — pHw,
calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SOa), and chloride (CI);
biogeochemical — calcium carbonate (CaCO3) % and organic carbon (OC) % and combination of parent
material (basalt) and treatment (control, sprinkler, and flood). Pearson’s correlation coefficient (P<.05).

Total Biomass Basalt Control Ba salt Sprinkler Basalt Flood
Soil Properties Pearson P value Pearson Pvalue Pearson P value
Sand -0.89 0.76 -0.15 0.68 0.42 0.23
pHw -0.39 0.16 -0.01 0.97 0.35 0.32
Calcium (Ca) 0.27 0.35 -0.31 0.23

Magnesium (Mg) 0.15 0.61 -0.18 0.49

Sodium (Na) -0.43 0.12 0.19 0.48 0.54 0.11
Potassium (K) -0.29 0.31 0.01 0.98 0.47 0.17
Chloride (Cl) -0.38 0.19 0.27 0.30

Sulfate (SOa) -0.23 0.37

Calcium Carbonate (CaCOs) % -0.36 0.21 -0.10 0.70 0.23 0.53
Soil Organic Carbon (OC) % 0.04 0.89 -0.14 0.69

157



Table 4.6: Correlation analysis for total Biomass for each soil property physical — sand; chemical pHw,
calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SOa), and chloride (CI);
biogeochemical — calcium carbonate (CaCO3) % and organic carbon (OC) % and combination of parent
material (granite) and treatment (control, sprinkler, and flood). Pearson’s correlation coefficient (P<.05).

Total Biomass Granite Control Granite Sprinkler Granite Flood

Soil Properties Pearson Pvalue Pearson Pvalue Pearson P value
Sand -0.48 0.23 -0.03 0.96 0.42 0.35
pHw -0.12 0.78 -0.16 0.72 0.27 0.56
Calcium (Ca) 0.23 0.58 -0.33 0.47 0.66 0.11
Magnesium (Mg) 0.28 0.55
Sodium (Na) -0.44 0.31 0.24 0.61
Potassium (K) -0.10 0.81 -0.59 0.16 0.52 0.23
Chloride (Cl) 0.00 0.99 -0.66 0.11
Sulfate (SOa) 0.06 0.91 0.33 0.47
Calcium Carbonate (CaCOs) % -0.35 0.39 -0.23 0.62 0.14 0.76
Soil Organic Carbon (OC) % -0.32 0.45

The linear model predicts how sensitive biomass (nmols g soil) is to increases among
the soil properties within the six groups (Figure 4.13). Changes in biomass +/- 500 nmols g+
soils will be described. Biomass in granite control soils showed a negative response with
organic carbon and a positive response with magnesium, sodium, and chloride. Biomass in
granite sprinkler had a negative response with organic carbon, magnesium, sodium, and
potassium. In soils derived from basalt, biomass responses to changes in soil properties was
well below the 500 nmols g soils description threshold, indicating limited sensitivity levels.

The primary influence in biomass sensitive was between the parent materials, more
sensitive to changes in soils properties derived from granite, and limited sensitive to changes in

soil properties derived from basalt.
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Figure 4.13: The linear model results for biomass sensitivity when influenced by changes in the physical
— sand; chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SO4), and
chloride (Cl); biogeochemical — calcium carbonate (CaCO3) % and organic carbon (OC) % soil properties
and their distribution among the six parent material x treatment combinations; basalt control, basalt
sprinkler, basalt flood, granite control, granite sprinkler, and granite flood. Predictions were made within
the 95% confidence interval.

Fungi:Bacteria Ratio

The correlation with the fungi-to-bacteria ratio for each soil properties was determined in
each parent material (basalt and granite) and treatment (control, sprinkler, and flood) Table 4.7
and Table 4.8. The correlations that were statistically significant are highlighted in red in each
table.

The correlations coefficients between the fungi-to-bacteria ratio and soils properties
within the basalt sprinkler was, positively correlated with sodium. The positively correlated
coefficients with basalt flood was sand (Table 4.7).

The negatively correlation coefficients between fungi-to-bacteria ratio and soil properties

within granite sprinkler were magnesium and sodium. The positively correlated coefficients

159



within granite flood were calcium, magnesium, and organic carbon and negatively correlated
with chloride (Table 4.8).

The correlations seem be similar primarily between the parent materials with treatment
types as the secondary response. The fungi-to-bacteria correlations shift depend on treatment
type relative to the control, often to different soil properties. Basalt control resulted in no
correlations with the fungi-to-bacteria ratio however, one correlation occurred within basalt
sprinkler and basalt flood. Granite control resulted in no correlations, and increased in

correlations under sprinkler and flood.

Table 4.7: Correlation analysis for the fungi to bacteria ratio for each soil property physical — sand;
chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SOa4), and chloride
(CI); biogeochemical — calcium carbonate (CaCO3) % and organic carbon (OC) % and combination of
parent material (basalt) and treatment (control, sprinkler, and flood). Pearson’s correlation coefficient
(P<0.05).

Fungi:Bacteria Ratio Basalt Control Basalt Sprinkler Basalt Flood

Soil Properties Pearson P value Pearson Pvalue Pearson P value
Sand -0.16 0.58 0.28 0.44

pHw -0.21 0.47 0.12 0.64 0.55 0.10
Calcium (Ca) -0.10 0.74 0.00 0.99 -0.37 0.29
Magnesium (Mg) -0.05 0.10 0.08 0.76 -0.30 0.40
Sodium (Na) -0.23 0.43 0.02 0.95
Potassium (K) -0.19 0.51 0.39 0.12 -0.10 0.79
Chloride (CI) -0.16 0.60 0.19 0.47 -0.02 0.94
Sulfate (SOa) -0.35 0.22 0.27 0.29 -0.20 0.59
Calcium Carbonate (CaCOs) % 0.12 0.68 0.04 0.89 0.41 0.23
Soil Organic Carbon (OC) % -0.35 0.22 0.02 0.94 -0.44 0.20
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Table 4.8: Correlation analysis for the fungi to bacteria ratio for each soil property physical — sand;
chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SOa4), and chloride
(CI); biogeochemical — calcium carbonate (CaCO3) % and organic carbon (OC) % and combination of
parent material (granite) and treatment (control, sprinkler, and flood). Pearson’s correlation coefficient
(P<0.05).

Fungi:Bacteria Ratio Granite Control Granite Sprinkler Granite Flood
Soil Properties Pearson P value Pearson Pvalue Pearson P value
Sand 0.26 0.53 0.32 0.49 0.14 0.77
pHw -0.38 0.35 -0.24 0.61 0.66 0.10
Calcium (Ca) 0.19 0.65 -0.24 0.60

Magnesium (Mg) 0.09 0.83

Sodium (Na) -0.08 0.86 0.43 0.34
Potassium (K) 0.30 0.46 -0.52 0.23 0.52 0.23
Chloride (Cl) 0.30 0.47 0.13 0.79

Sulfate (SOa) -0.11 0.80 0.28 0.54 0.65 0.11
Calcium Carbonate (CaCOs) % -0.21 0.62 -0.11 0.81 0.47 0.28
Soil Organic Carbon (OC) % 0.44 0.27 -0.57 0.18

The linear model predicted how sensitive the fungi-to-bacteria ratio is to increases
among the soil properties within the six groups (Figure 4.14). Changes to the fungi-to-bacteria
ratio above +/- 0.10 will be described. Fungi-to-bacteria in granite control soils showed a
positive response with organic carbon and chloride. Granite sprinkler negative responses were
magnesium, sodium, and potassium. Granite flood had a positive response to pH, organic
carbon, calcium carbonate, magnesium, potassium, and sulfate and a negative response to
chloride.

The primary influence in fungi to bacteria sensitive was between the parent materials,
more sensitive in changes in soils properties derived from granite, and limited sensitive to

changes in soil properties derived from basalt.
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Figure 4.14: The linear model results for the fungi to bacteria ratio sensitivity when influenced by
changes in the physical — sand; chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium
(K), sulfate (SQOa4), and chloride (CI); biogeochemical — calcium carbonate (CaCO3) % and organic carbon
(OC) % soil properties and their distribution among the six parent material x treatment combinations;
basalt control, basalt sprinkler, basalt flood, granite control, granite sprinkler, and granite flood.
Predictions were made within the 95% confidence interval.

Stress Ratio 1 (17:0cy : 16:1  &7¢)

The correlation with 17:0 cy to its precursor 16:1 &7c, an indicator of stress among
Gram-negative bacteria, ratio to each soil properties was determined in each parent material
(basalt and granite) and treatment (control, sprinkler, and flood) Table 4.9 and Table 4.10. The
correlations that are statistically significant are highlighted in red in each table.

The correlations coefficients between 17:0 cy to its precursor 16:1 &7c and soils
properties within the basalt control were negatively correlated with sodium, potassium, chloride,
and sulfate. The negative correlated coefficients with basalt sprinkler was sand and the postive
coefficient was organic carbon. The negative coefficients with basalt flood were pH and calcium

carbonate (Table 4.9).
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The negatively correlation coefficient between 17:0 cy to its precursor 16:1 &7¢ and sail
properties within granite control was calcium. The positively correlated coefficient within granite
sprinkler was pH. The negatively correlated coefficients within granite flood were calcium and a
positive response with chloride and organic carbon (Table 4.10).

The correlations seem be similar primarily between the parent materials and treatment
types as the secondary response. The 17:0 cy to its precursor 16:1 &7c correlations shift
depend on treatment type relative to the control, often to different soil properties. Basalt control
had more correlations and the number of correlations reduced under basalt sprinkler and basalt
flood. Granite control, granite sprinkler each had one correlations as granite flood increased in

correlations.

Table 4.9: Correlation analysis for the 17:0 cy : 16:1 &7c¢ Stress Ratio 1 for each soil property physical —
sand; chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SOa4), and
chloride (Cl); biogeochemical — calcium carbonate (CaCO3) % and organic carbon (OC) % and
combination of parent material (basalt) and treatment (control, sprinkler, and flood). Pearson’s correlation
coefficient (P<0.05).

Stress Ratio 1

(17:0cy:16:1 &7c) Basalt Control Basalt Sprinkler Basalt Flood
Soil Properties Pearson P value Pearson Pvalue Pearson P value
Sand -0.16 0.58 -0.53 0.12
pHw -0.36 0.20 0.04 0.87

Calcium (Ca) -0.02 0.94 -0.03 0.92 0.18 0.62
Magnesium (Mg) 0.20 0.50 -0.22 0.40 -0.02 0.96
Sodium (Na) 0.01 0.98 -0.30 0.40
Potassium (K) 0.21 0.42 -0.20 0.59
Chloride (CI) 0.26 0.30 0.07 0.84
Sulfate (SOa) -0.31 0.22 -0.13 0.72
Calcium Carbonate (CaCOz) % -0.47 0.09 0.29 0.26

Soil Organic Carbon (OC) % 0.45 0.11 0.44 0.20
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Table 4.10: Correlation analysis for the 17:0 cy : 16:1 &7c Stress Ratio 1 for each soil property physical —
sand; chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SOa4), and
chloride (Cl); biogeochemical — calcium carbonate (CaCO3) % and organic carbon (OC) % and
combination of parent material (granite) and treatment (control, sprinkler, and flood). Pearson’s
correlation coefficient (P<0.05).

Stress Ratio 1

(17:0cy:16:1 &7c) Granite Control Granite Sprinkler Granite Flood

Soil Properties Pearson Pvalue Pearson Pvalue Pearson P value
Sand 0.23 0.58 -0.12 0.79 0.13 0.78
pHw -0.28 0.49 -0.26 0.57
Calcium (Ca) 0.57 0.18

Magnesium (Mg) -0.27 0.52 0.67 0.10 -0.36 0.43
Sodium (Na) -0.27 0.51 0.67 0.10 0.03 0.95
Potassium (K) -0.16 0.70 0.22 0.64 -0.64 0.12
Chloride (Cl) 0.49 0.22 0.14 0.76

Sulfate (SOa) -0.26 0.53 -0.42 0.35 -0.24 0.61
Calcium Carbonate (CaCOs) % -0.17 0.69 0.46 0.30 -0.16 0.73
Soil Organic Carbon (OC) % 0.25 0.55 -0.07 0.87

The linear model predicted how sensitive the 17:0 cy to its precursor 16:1 &7c ratio is to
increases among the soil properties within the six groups (Figure 4.15). Changesin 17:0 cy to
its precursor 16:1 &7c above +/- 0.10 will be described. 17:0 cy to its precursor 16:1 &7c within
basalt sprinkler has a positive response with organic carbon. Basalt flood had a negative
response with pH. In soils derived from granite, within the control 17:0 cy to its precursor
16:1 &7c responses positively to organic carbon and chloride, and negatively to calcium.
Granite sprinkler positively responses were magnesium, sodium, and potassium. Granite flood
had a negative response with organic carbon and potassium, and a positive response with
chloride (Figure 4.15).

The primary influence in 17:0 cy to its precursor 16:1 &7c sensitive was between the
parent materials, more sensitive in changes in soils properties derived from granite, and limited

sensitive to changes in soil properties derived from basalt.
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Figure 4.15: The linear model results for the 17:0 cy : 16:1 &7c Stress Ratio 1 sensitivity when influenced by
changes in the physical — sand; chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K),
sulfate (SO4), and chloride (CI); biogeochemical — calcium carbonate (CaCO3) % and organic carbon
(OC) % soil properties and their distribution among the six parent material x treatment combinations;
basalt control, basalt sprinkler, basalt flood, granite control, granite sprinkler, and granite flood.
Predictions were made within the 95% confidence interval.

Stress Ratio 2 (19:0 cy : 18:1 &7¢)

The correlation with 19:0 cy to its precursor 18:1 &7c, an indicator of stress among
Gram-negative bacteria, ratio to each soil properties was determined in each parent material
(basalt and granite) and treatment (control, sprinkler, and flood) Table 4.11 and Table 4.12. The
correlations that are statistically significant are highlighted in red in each table.

The correlations coefficients between 19:0 cy to its precursor 18:1 &7c and soils
properties within the basalt control positively correlated with organic carbon. The positively
correlated coefficient with basalt sprinkler were calcium, magnesium, sodium, and sulfate. The
negative coefficient with in basalt flood was pH. (Table 4.11).

The negatively correlation coefficients between 19:0 cy to its precursor 18:1 &7¢ and soil

properties with in granite sprinkler was sand. The negatively correlated coefficients within
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granite flood were calcium and potassium and positively correlated with chloride and organic
carbon (Table 4.12).

The correlations seem be similar primarily between the parent materials. The secondary
response is from treatment types. The 19:0 cy to its precursor 18:1 &/c correlations shift
depend on treatment type relative to the control, often to different soil properties. Basalt control
had one correlation and the number of correlations increased under basalt sprinkler and
remained the same with one in basalt flood. Granite control had no correlations and increased

to one in granite sprinkler and four in granite flood.

Table 4.11: Correlation analysis for the 19:0 cy : 18:1 &7c Stress Ratio 2 for each soil property physical —
sand; chemical pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SO4), and
chloride (Cl); biogeochemical — calcium carbonate (CaCO3) % and organic carbon (OC) % and
combination of parent material (basalt) and treatment (control, sprinkler, and flood). Pearson’s correlation
coefficient (P<0.05).

Stress Ratio 2

(19:0cy:18:1 &7c) Basalt Control Basalt Sprinkler Basalt Flood
Soil Properties Pearson P value Pearson Pvalue Pearson P value
Sand -0.19 0.52 0.42 0.23 -0.44 0.19
pHw -0.10 0.73 0.08 0.77

Calcium (Ca) 0.18 0.53 0.16 0.66
Magnesium (Mg) 0.42 0.14 0.13 0.73
Sodium (Na) 0.17 0.56 0.06 0.86
Potassium (K) 0.37 0.19 0.38 0.13 0.15 0.67
Chloride (CI) 0.24 0.41 0.28 0.27 -0.06 0.87
Sulfate (SO4) 0.25 0.38 0.17 0.64
Calcium Carbonate (CaCOs) % -0.11 0.71 0.20 0.45 -0.43 0.22
Soil Organic Carbon (OC) % 0.07 0.80 0.45 0.20
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Table 4.12: Correlation analysis for the 19:0 cy : 18:1 &7c Stress Ratio 2 for each soil property physical —
sand; chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SOa4), and
chloride (Cl); biogeochemical — calcium carbonate (CaCO3) % and organic carbon (OC) % and
combination of parent material (granite) and treatment (control, sprinkler, and flood). Pearson’s
correlation coefficient (P<0.05).

Stress Ratio 2

(19:0cy :18:1 &7c) Granite Control Granite Sprinkler Granite Flood

Soil Properties Pearson P value Pearson Pvalue Pearson P value
Sand 0.02 0.96 -0.43 0.34
pHw -0.22 0.61 -0.08 0.86 0.00 0.99
Calcium (Ca) -0.09 0.84 -0.39 0.39

Magnesium (Mg) -0.08 0.85 0.02 0.96 -0.17 0.72
Sodium (Na) -0.28 0.50 0.24 0.60 0.03 0.95
Potassium (K) 0.14 0.75 0.20 0.67

Chloride (CI) -0.02 0.96 0.21 0.65

Sulfate (SOa) -0.15 0.72 -0.04 0.94 -0.16 0.73
Calcium Carbonate (CaCOzs) % 0.52 0.19 0.07 0.87 0.09 0.85
Soil Organic Carbon (OC) % 0.29 0.49 -0.20 0.66

The linear model predicted how sensitive 19:0 cy to its precursor 18:1 &7c ratio is to
increases among the soil properties within the six groups (Figure 4.16). Changes in 19:0 cy to
its precursor 18:1 &7c above +/- 0.03 will be described. 19:0 cy to its precursor 18:1 &/c had a
response within all six groups to changes in organic carbon. The positive response was within
basalt control, basalt flood, and granite control and negative responses were within basalt
sprinkler, granite sprinkler, and granite flood. Basalt flood had a strong negative response
within pH. Granite sprinkler has positive responses with sodium, potassium, and chloride.
Granite flood has a negative response with potassium and a positive response with chloride
(Figure 4.16).

The primary influence in 19:0 cy to its precursor 18:1 &7c sensitive was between the
parent materials, more sensitive in changes in soils properties derived from granite, and limited

sensitivity to changes in soil properties derived from basalt.
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Figure 4.16: The linear model results for the 19:0 cy : 18:1 &7c¢ Stress Ratio 1 sensitivity when influenced by
changes in the physical — sand; chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K),
sulfate (SO4), and chloride (CI); biogeochemical — calcium carbonate (CaCO3) % and organic carbon
(OC) % soil properties and their distribution among the six parent material x treatment combinations;
basalt control, basalt sprinkler, basalt flood, granite control, granite sprinkler, and granite flood.
Predictions were made within the 95% confidence interval.
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Arbuscular Mycorrhizal (AM) Fungi (16:1  &5c¢)

The correlation with the Arbuscular Mycorrhizal (AM) fungi 16:1 &c to each soil
properties was determined in each parent material (basalt and granite) and treatment (control,
sprinkler, and flood) Table 4.13 and Table 4.14. The correlations that are statistically significant
are highlighted in red in each table.

The correlations coefficients between the AM fungi (16:1 &c) and soils properties within
the basalt control was negatively correlated with calcium. The negative correlation was organic
carbon within basalt flood (Table 4.13).

The positive correlation coefficients between AM fungi (16:1 &c) and soil properties
within granite flood were pH, sodium, sulfate, and calcium carbonate (Table 4.14).

The correlations seem be similar between the parent materials, and treatment types are
the secondary response. The correlations shift dependent on treatment type relative to the
control, often to different soil properties. Basalt soils had very few correlations among the three

treatments and granite flood had the most correlations.
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Table 4.13: Correlation analysis for the Arbuscular Mycorrhizal (AM) Fungi (16:1 &5c) for each soil
property physical — sand; chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K),
sulfate (SO4), and chloride (CI); biogeochemical — calcium carbonate (CaCO3) % and organic carbon
(OC) % and combination of parent material (basalt) and treatment (control, sprinkler, and flood).
Pearson’s correlation coefficient (P<0.05).

Arbuscular Mycorrhizal (AM)

Fungi (16:1 &5c) Basalt Control Basalt Sprinkler Basalt Flood
Soil Properties Pearson P value Pearson Pvalue Pearson P value
Sand 0.07 0.82 0.35 0.33 0.52 0.12
pHw 0.17 0.55 0.42 0.10 0.06 0.86
Calcium (Ca) -0.10 0.70 -0.07 0.85
Magnesium (Mg) -0.37 0.19 0.41 0.10 -0.12 0.73
Sodium (Na) 0.23 0.44 0.06 0.81 -0.21 0.57
Potassium (K) 0.29 0.32 0.29 0.26 -0.11 0.76
Chloride (Cl) 0.27 0.36 -0.01 0.96 0.32 0.37
Sulfate (SOa) 0.12 0.68 -0.08 0.75 -0.16 -0.15
Calcium Carbonate (CaCOs) % 0.03 0.91 0.30 0.24 -0.15 0.67
Soil Organic Carbon (OC) % -0.38 0.18 -0.16 0.55

Table 4.14: Correlation analysis for the Arbuscular Mycorrhizal (AM) Fungi (16:1 &5c) for each soil
property physical — sand; chemical — pHw, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K),
sulfate (SOa4), and chloride (Cl); biogeochemical — calcium carbonate (CaCO3) % and organic carbon
(OC) % and combination of parent material (granite) and treatment (control, sprinkler, and flood).
Pearson’s correlation coefficient (P<0.05).

Arbuscular Mycorrhizal (AM)

Fungi (16:1 &5c) Granite Control Granite Sprinkler Granite Flood

Soil Properties Pearson P value Pearson Pvalue Pearson P value
Sand 0.12 0.77 -0.11 0.81 -0.06 0.89
pHw 0.06 0.90 0.39 0.38

Calcium (Ca) -0.30 0.47 0.55 0.20 -0.52 0.24
Magnesium (Mg) -0.12 0.78 0.43 0.34 0.22 0.63
Sodium (Na) 0.04 0.93 0.48 0.27

Potassium (K) -0.10 0.81 -0.16 0.73 -0.05 0.92
Chloride (Cl) 0.48 0.23 -0.10 0.83 0.31 0.50
Sulfate (SOa) -0.11 0.80 -0.66 0.10

Calcium Carbonate (CaCOs) % -0.18 0.67 0.29 0.53

Soil Organic Carbon (OC) % 0.14 0.74 -0.23 0.62 0.05 0.92
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The linear model predicted how sensitive AM Fungi (16:1 “5c¢) (nmols g* dry soil)
biomarkers is to increases among the soil properties within the six groups (Figure 4.17).
Changes in AM Fungi above +/- 0.10 will be described. AM Fungi 16:1 "5c has a positive
response to pH within basalt sprinkler. Granite control has a positive response within chloride.
Granite sprinkler has positive responses with pH, magnesium, and sodium, and a negative
response with organic carbon, potassium, and sulfate. Granite flood had a positive response
with pH, calcium carbonate, sulfate, and chloride (Figure 4.17).

The primary influence in arbuscular mycorrhizal fungi 16:1 ~5c sensitivity was between
the parent materials, more sensitive in changes in soils properties derived from granite, and
limited sensitivity to changes in soil properties derived from basalt.
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Figure 4.17: The linear model results for the Arbuscular Mycorrhizal (AM) Fungi 16:1 &c (nmols g* dry
soil) sensitivity when influenced by changes in the physical — sand; chemical — pHw, calcium (Ca), magnesium
(Mg), sodium (Na), potassium (K), sulfate (SOa), and chloride (Cl); biogeochemical — calcium carbonate
(CaC03) % and organic carbon (OC) % soil properties and their distribution among the six parent
material x treatment combinations; basalt control, basalt sprinkler, basalt flood, granite control, granite
sprinkler, and granite flood. Predictions were made within the 95% confidence interval.
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45 Discussion

Microbial Community Composition

In this study, we found clear evidence that EL-FAME community composition differed
between soil derived from basalt and granite. Microbial communities also clustered into distinct
groups based on irrigation treatment. According to analysis of variance tests, microbial EL-
FAME responses (biomass, stress ratios, and arbuscular mycorrhizal fungi) were significantly
affected by the interaction between parent material and irrigation treatment. The analysis of
variance (ANOVA) results were further evaluated for microbial community similarities and
differences among the parent material x irrigation treatment groups.

Analysis of Variance (ANOVA)

Microbial biomass did not vary significantly between basalt control and sprinkler, or
among granite control, sprinkler, and flood. Biomass difference were primarily in basalt flood
soil, where biomass was 101% greater in the basalt flood soil compared to the other treatment
groups. Contributing factors for the differences in the basalt flood group were an increase in
clay and reduced sand content in the upper 15 cm. The amount of water applied during the
growing season was approximately 1017 mm and under irrigation for an average of 84 years;
management is no-till pasture hay grass fields, which promotes microbial community growth and
activity due to lack of physical disturbance (Stromberger et al., 2007; Peterson et al., 2002;
Peterson et al., 1998; Follett et al., 1989).

The fungi-to-bacteria ratio revealed limited variability among the six groups, which
indicates the proportion of each microbial population (bacteria and fungi) were similar. An
interesting result came from the basalt flood ratio which was the lowest among the six groups
even though it had the highest biomass concentration, indicating that biomass, fungi, and
bacteria are not directly correlated.

Typically, fungi and bacteria differ in their response to changes in agriculture

management practices; fungi are more tolerant to lower water potentials in soil than bacteria
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(Griffin 1972) although such a relationship is not always observed (Williams 2007). However,
the results in this study suggests the management and irrigation practices in the San Luis Valley
have similar effects on these two microbial populations. The pasture hay grass fields are no-
tilled and subjected to flood irrigation. The alfalfa fields are subjected to sprinkler irrigation and
mostly no-till, but approximately every seven years the alfalfa fields are tilled. Overall, there is
evidence that the two management practices did not differentially affect proportions of bacteria
and fungi, as demonstrated by the narrow range of variability between fungi-to-bacteria ratio.

Within the microbial community structure, we measured two different EL-FAME stress
ratios. Stress 1 is the ratio of 17:0 cy to its precursor 16:1 &/c and stress 2 is the ratio of 19:0
cy to its precursor 18:1 &/c. These ratios are proposed indicators of bacterial stress as
accumulation of cyclopropyl fatty acids were observed in response to various stresses, including
organic carbon and oxygen depletion, low pH, and desiccation (Stromberger et al., 2007). This
study found indications that stress is also related to parent material and treatment types.

Stress 1 responses were similar among five groups, basalt control and sprinkler, granite
control, sprinkler, and flood. These five groups were statistically similar in their pH (7.5 to 8.3),
texture, and the amount of irrigation water received. Other studies have indicated that Gram-
negative bacteria are thought to be more sensitive to dramatic changes in water potential
(Williams 2007). The basalt flood group was dissimilar in its stress response, however, the
primary difference of this group is texture (greater clay and lower sand content) and a no
significant change in pH (7.5). It could be suggested that the soils derived from basalt due to
their soil physical properties have a higher water holding capacity. In addition, the basalt flood
group receives 1073 mm of additional water, experiences greater frequencies of anaerobic
conditions throughout the growing season; this combination of variables may have contributed
to the higher stress response observed (Mentzer et al., 2006).

Stress 2 response was greatest in basalt control and flooded soils, suggesting it is even
more sensitive to the flooded and dryer conditions (Williams et al., 2007). It can be inferred that
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basalt control soils experienced stress from limited water (<177 mm annual), reduced water
holding capacity because of its low clay content (23%) and higher sand content (52%). In
contrast, basalt flood has a higher clay content (30%) lower sand content (38%) However,
granite control soils, which has similar soil properties, granite control clay content (19%) and
sand content (65%) and granite flood clay content (21%) and sand content (62%), did not have
the same response, suggesting an inherent difference between the parent materials.

In comparison, granite control, sprinkler, and flood, and basalt sprinkler had stress 2
levels between .07 and .14, which is a 585% reduction in stress levels from the basalt sprinkler
and flood groups. The argument could then be made that other soil processes may be
influencing the stress levels. These processes are salinization, alkalization, and calcification
and were present in 100% of basalt control soils sampled and the same processes occurred in
only 15% of the basalt flooded soils. Overall, the implications of increased stress, even at
modest, “tolerable” levels may have substantial influences on ecosystems functioning. Such as
stressed imposed shifts in the allocation of C and N which microbes must meet to survive and
remain active (Schimel et al., 2007). Therefore, the differences between stress 1 and 2 reflects
the different life strategy of these microbes in the same environment.

The fatty acid maker 16:1 &c is a major lipid component of arbuscular mycorrhizal (AM)
fungi (Graham et al., 1995) and has been used as a biomarker for AM fungi in soils
(Stromberger et al., 2007). The presence of AM fungi is expected to be more abundant in soils
under native grasses due to the greater root biomass of plants that are hosts to AM fungi, and
lack of physical disturbance (Larkin 2003). However, in this study, cultivated sites had the
largest accumulation of AM fungi; basalt sprinkler and flood, and granite sprinkler and flood.
Historically, these groups have been in cultivation on average for 84 years and they have
yielded substantial more below ground biomass and very little, to no disturbance from

management practices.
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Overall, the control soils had a 129% lower concentrations of AM fungal biomass,
compared to irrigated soils. Between the two control soils, the control soil derived from basalt
had a 38% higher AM fungal biomass than granite control soils. The plant compaosition basalt
and granite were comparable; basalt plant community’s composition was Greasewood
(Sarcobatus vermiculatus), greene’s rabbitbrush (Chrysothamnus greenei), salt grass (Distichlis
spicata (L.), and blue gramma (Bouteloua gracilis). The granite plant community’s compaosition
was less diverse with only Greasewood (Sarcobatus vermiculatus) and salt grass (Distichlis
spicata (L.) (Dixon 2012). The greater diversity of plant species growing in basalt control sail
may explain the greater amount of AM fungi; studies have shown positive correlations between
AM fungal biomass and plant community diversity (Stromberger et al., 2007). Alternatively, the
increase in AM fungi in the basalt soils could be attributed to the soil physical properties, with
granite-derived soil having a courser texture and lower water-holding capacity than basalt-
derived soil. In addition to the physical aspects of the soil, soil derived from basalt has greater
concentrations of nutrients available to microbial communities than soils derived from granite.
This aspect alone could be the simple explanation for the measured difference in AM fungi
composition.

Correlations between Microbial community composition and soil properties

The microbial communities and soil properties were analyzed using principal component
analysis which showed evidence that correlations exist among certain soil properties and
microbial communities. Soil properties that show a pattern of clustering together are sodium,
chloride and potassium, and magnesium and calcium. Interestingly, sand and the fungi-to-
bacteria ratio associated with each other. This suggests that high concentrations of sand have
proportionally the same amount of fungi and bacteria.

Further analysis using the Pearson’s correlation coefficient found evidence that the
majority of microbial community compositions and their soil properties were similar between the
two parent materials and irrigation treatment effects were secondary relative to the controls.
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The soil chemical and biogeochemical properties that associated more frequently with microbial
communities were organic carbon, calcium, magnesium, sodium, and chloride. Flood treatment,
regardless of parent material, has the most coefficients between the microbial communities and
soil properties.

Microbial community sensitivity to change in soil properties

Soil microbial community composition depends on a large number of physical, chemical,
and biogeochemical soil properties, and its characterization requires the selection of indicators
most sensitive to environmental changes (Elliott 1994; Larkin 2003). It is not useful to pick
individual microbial or soil properties because they vary both seasonally and spatially. The
proper approach is defining key soil properties holistically (Marinari et al., 2006). The collective
approach defines key physical, chemical, and biogeochemical soil properties, which predicts
changes in microbial communities within specific parent material and treatments types.

The correlation analysis provided the current steady state conditions between microbial
communities and soil properties derived from basalt and granite. Using a liner model we
predicted the sensitivity of microbial communities to changes in soil properties to further
evaluate differences between parent materials (basalt and granite) and treatment types (control,
sprinkler, and flood). The results were evaluated with the correlation coefficients for similarities
and differences.

Microbial community biomass in soils derived from granite, in the control treatment
showed a positive response to changes in concentrations of magnesium, sodium, and chloride;
organic carbon had a negative response; the coefficients were magnesium, sodium, chloride,
and sulfate. Granite soils subjected to sprinkler irrigation responded negatively with the addition
of magnesium, sodium, potassium, organic carbon; potassium resulted in the highest negative
response. Correlation coefficients for granite sprinkler were magnesium and organic carbon.
Negative responses to increases in organic carbon were unexpected, due to the fact that
organic carbon is a primary indicator of microbial and soil quality. Therefore, the response
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suggests that the one percent increase from the mean of 0.59% is not enough to produce a
positive response and it also infers that plant residual material is being removed through
management practices. The only group positively affected by organic carbon was granite flood,
which has a mean of 1.56%. This suggests that the accumulated amount of organic carbon in
the system can sustain a marginal increase or decrease without changing the biomass
response. These results show the properties that have significant correlation coefficients may
not be sensitive to change and vice versa. The primary influence in biomass sensitive was
granite parent material, which inherently has low nutrient content.

The sensitive responses for the fungi-to-bacteria ratio in granite control showed a
positive response to organic carbon and chloride; there were no coefficient for this group.
Chloride had the biggest impact and shifted the community a fungal community in the granite
control soils. Granite sprinkler has a negative response to magnesium, sodium, and potassium;
magnesium and sodium were the coefficients. These ions collectively shifted granite sprinkler
towards a bacteria community. Granite flood has a positive response from pH, organic carbon,
calcium carbonate, magnesium, potassium, and sulfate and a negative response from chloride;
calcium, magnesium, chloride, and organic carbon were the coefficients. These properties
shifted towards a fungal community. Basalt sprinkler and flood showed a positive response to
changes in pH in conjunction with granite flood. The increase in pH could be in part due to the
change in the partial pressure of carbon dioxide, and due to the presence of sulfates, iron and
manganese in the form of hydroxides and carbonates especially within the flooded soils
(Mitchell 2005; Karathanasis 2007). The concentrations of iron and manganese in soils derived
from basalt averaged <.007 ppm for manganese, and < 0.18 ppm for iron; however, the
availability of sulfate is > 900 ppm. In contrast, iron, manganese, and sulfate concentrations in
soils derived from granite were; iron <1.43 ppm, manganese <0.00, and sulfate 358 ppm.
These values are significantly different from basalt soils. These observable shifts in the fungi-
to-bacteria ratio could be linked to the available chemical elements within each parent material.
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The suite of response for fungi-to-bacteria were dominated by changes in soils
properties derived from granite, and reflected limited sensitive to changes in soil properties
derived from basalt. These results reinforce the deficiencies of the available nutrients in the
granite parent material, the potential benefits from irrigations management practices on granite
soil. The results emphasis the sensitivity of fungi to changes in organic carbon, soil texture,
especially those that have limited water-holding capacity and high infiltration rates, pH, and
most of the major cations and ions.

We evaluated the responses of two stress indicators, 17:0 cy to its precursor 16:1 &7¢
and 19:0 cy to its precursor 18:1 &/c. Even though these indicators are specific to Gram-
negative bacteria, the two ratios responded independently of each other under the same
conditions. The sensitive responses for the 17:0 cy to its precursor 16:1 &7c are either increase
stress from a positive response or decrease in stress from a negative response. Granite control
showed a positive response to chloride and organic carbon and a negative response to pH,
calcium and sodium; calcium was the coefficient. Granite sprinkler had positive responses from
pH, magnesium, sodium, and potassium; pH was the only coefficient. Granite flood has a
positive response from chloride and negative responses from pH, organic carbon, magnesium,
and potassium; calcium, chloride, and organic carbon were the coefficients. Basalt sprinkler
had a negative response to pH and positive response with organic carbon, which was a
coefficient together with sand. Basalt flood had a negative response with pH; pH and calcium
carbonate were the coefficients.

Among the five groups influenced by an increase in pH reduced the stress 1 ratio in the
basalt flood group, which had the highest response. The reason for the possible increase in pH
was caused by the reactions with iron, manganese, and sulfates in the basalt soils. The stress
increased only in granite sprinkler from an increased in pH, suggesting there is also iron,
manganese, and sulfate hydroxides and carbonates present and the soils potentially become
flooded under sprinkler irrigation at certain points during the growing season. Collectively, the
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all of the cations and anions, with the exception of sulfate either increased stress or decreased
stress dependent on treatment type in soils derived from granite; granite control and flood had
reduced stress and granite sprinkler had increased stress. Surprisingly, an increase in chloride
in the granite control soils increased the stress level passed the ratio of one, indicating the
change in this soil anion is detrimental to Gram-negative bacteria without a counter balance
cation, possible phosphorous, which was not measured in this study. The increase of chloride
also increased the stress level in granite flood but remained within the range of variability.
Lastly, a predicted increase in organic carbon for basalt sprinkler and granite control did not
reduce the stress levels, which suggests there is a threshold by which organic carbon needs to
exceed before a positive response can be observed. For example, the initial organic carbon
content for granite control was 0.6%, a one-unit increase of 0.6% is only 0.006%, this
infinitesimal amount of additional organic carbon is not enough to reduce the stress level.

Stress ratio 2, 19:0 cy to its precursor 18:1 &7c, the sensitivity that were positive
responses for granite control were potassium and organic carbon and the negative response
was chloride; there were no correlations coefficients for this group. Granite sprinkler had
positive responses from chloride, sodium, and potassium and negative response from organic
carbon; sand was the only coefficient. Granite flood had a positive response from chloride and
a negative response from organic carbon, magnesium, and potassium; calcium, potassium,
chloride, and organic carbon were the coefficients. Basalt control had a positive response from
organic carbon and a negative response to pH; organic carbon was the only coefficient. Basalt
sprinkler had a positive response with pH and a negative response with organic carbon;
calcium, magnesium, and sodium were the coefficients. Basalt flood had a negative response
with pH and calcium carbonate and a positive response with organic carbon and potassium; pH
was the only coefficient.

Sensitivity responses among the ions for stress 2 was limited to magnesium, sodium,
potassium, and chloride. Organic carbon reduced stress in granite sprinkler, granite flood, and
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basalt sprinkler and increased stress in basalt control, basalt flood, and granite control. The
result within basalt flood was not expected due to the fact the crop is pasture hay grasses, with
a mean organic carbon level of 3.8%, which is harvested but not tilled. Natural turnover of grass
should provide residual material to promote organic carbon input. This result suggest that
organic matter could be removed by water erosion or there is another driver that is reducing the
availability of organic carbon, not only in this group but within the valley.

The suite of responses for both stress ratios were dominated by the sensitive in changes
in soils properties derived from granite, and reflected limited sensitive to changes in soil
properties derived from basalt. The differences were seen stress 2 from pH, which effected all
three treatment types in basalt soils, which was the only significant change observed in basalt
soils. In addition, changes to organic carbon seem to ubiquitous to parent material type and
treatment. The general trend was similar between the stress ratios for granite soils, which
continues to reinforce the deficiencies in the nutrients availability in the granite parent material.

The fatty acid maker of 16:1 “5c¢ is a major lipid component of arbuscular mycorrhizal
(AM) fungi and this biomarker has been identified as being sensitive to a variety of stresses and
soil disturbances. Their characteristic function is nutrient uptake and soil aggregations (Sylvia
et al., 2005). AM Fungi sensitivities that were positive responses for basalt control was pH; the
correlations coefficients were calcium. Basalt sprinkler has a positive response from pH and a
negative response with organic carbon; there were no correlations coefficients for this group.
Granite sprinkler had a positive response from pH, magnesium, and sodium and a negative
response to potassium, sulfate, and organic carbon; there were no correlations coefficients for
this group. Granite flood had a positive response from pH, calcium carbonate, sulfate, and
chloride; pH, sodium, sulfate, and calcium carbonate were the correlations coefficients for this
group.

The sensitivity analysis revealed increases in calcium carbonate have a positive
influence on AM fungi in the granite flood group, calcium carbonate was also a correlation
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coefficient. In a study by Navazio et al. (2008) found that free calcium increased intracellular
communication in establishing the symbiosis functions of AM fungi. This suggests the processes
of calcium carbonate dissolution, which liberates calcium and bicarbonate into the soils derived
from granite, and are inherently deficient, is beneficial to AM Fungi.

The sensitivity modeled indicated a 1% increase in organic carbon in the granite and
basalt sprinkler groups will not have a positive impact the amount of AM fungi. This response
warrants further analysis to identify the organic carbon threshold by which a positive change in
the quantity of AM fungi can be observed.

The suite of responses for AM fungi were dominated by the sensitivity in changes to the
soils properties derived from granite, and reflected limited sensitive to changes in soil properties
derived from basalt. The interesting exception was the increase in pH within basalt control and
sprinkler groups had a positive response on AM fungi. Within granite soils, calcium was the

only ion that did not response to the model.

4.6 Conclusion

The objective of this study was to distinguish microbial community composition as a
function of parent material and land use, to identify key soil properties that will predict changes
in microbial community composition, and evaluate the influences on soil degradation. These
objects were supported by the results of this study. Principal component analysis of EL-FAME’s
indicated the microbial communities differed for soils derived from basalt and granite parent
material. The microbial communities further diverged by irrigated treatment types, control,
sprinkler, and flood. The principal component analysis revealed that soils derived from granite
shared constituents among the three treatment types and responded similarly. In contrast, soll
derived from basalt shared constituents between the control and sprinkler treatments, which
responded similarly, but flood treatment remained separated and responded independently.

The ANOVA analysis for all five microbial community composition as a function of parent
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material and treatment revealed that microbial biomass and community structure did not vary
significantly between the parent materials and treatments, the exception was flooded soil
derived from basalt. The fungi and bacteria community composition was proportional the same
between all treatment types and parent materials. The ratios of two stress indicators (17:0 cy to
its precursor 16:1 &/c and 19:0 cy to its precursor 18:1 &7¢) responded similarly in granite soils
but varied in their stress ratios in basalt soils. Analysis of AM fungal communities, using the
biomarker 16:1 &c, indicated higher relative amounts in the irrigation treatments in both parent
materials.

The study revealed correlations between microbial communities and soil properties. The
correlated properties were primarily pH, magnesium, sodium, potassium, chloride, and organic
carbon. The correlations were similarly distributed between basalt and granite, but differed
primarily under flood irrigation. The model further revealed the sensitivity of the microbial
communities to changes in the soils properties based on parent material and treatment.
Microbial communities inhabiting soils derived from granite where more sensitive to changes in
pH, magnesium, sodium, potassium, chloride, and organic carbon from both sprinkler and flood
irrigation than microbial communities inhabiting soils derived from basalt, which were sensitive
primarily to changes in pH and organic carbon under both irrigation practices. However, the
responses were negligible compared to granite soils. The model further exposed soil properties
that did not have a direct correlation coefficient within the current environment but had a positive
or negative impact on microbial communities.

Our findings are important because they represent soil microbial community constraints
as a function of parent material under the same climatic conditions, and agricultural practices. It
highlights the importance in evaluating the physical, chemical, and biogeochemical soil
properties holistically in determining key properties that collectively impact microbial community
structure. Our results indicate that soils derived from basalt are more resistant to changes than
soils derived from granite and that the same land use cannot be assumed to contain the same
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concentrations of chemical and biogeochemical properties. This study improves the knowledge
about long-term agriculture practice in semi-arid region. The results also improve our capability
to model environmental responses as management practices escalate in response to global

pressure to increase agriculture production.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1  Summary and Conclusion

The research took place in the San Luis Valley (SLV), a semi-arid high elevation desert
in south central Colorado. The SLV is an important agricultural region with a 150-year history of
irrigated cultivation. The natural geological formation of the SLV encompasses basalt and
granite parent materials geographically divided by the Rio Grande River, which provided a
unique environment for the benchmark model (Chapter 2). The long-term irrigation practices
provided the condition variables that influenced the directional change in soil properties
(Chapter 3) and the microbial community composition (Chapter 4).

The primary objective of this work was to elucidate the impacts of irrigated cultivation in
a semi-arid region as a function of parent material diversification (basalt and granite) by
evaluating degradation in terms of the directional change in the physical, chemical, and
biogeochemical soil properties and microbial community composition. Specifically, the primary
objective allowed evaluation of the unique soil properties that distinctly separate soils derived
from basalt and granite. These properties became the benchmark model for evaluating the
impact of irrigated agriculture. These physical, chemical, and biogeochemical soil properties
were assessed for their resiliency or susceptibility to continued anthropogenic pressures from
land use change. The expectation was that the basalt benchmark soils would be rich in
nutrients and have approximately 35 - 40% clay content, while granite soils would be in the
medium range for nutrient content with approximately 40 to 45% clay. We found that the basalt
soils do have high nutrient concentrations but only 20% clay, whereas granite soils have very
low nutrient concentrations and 18% clay. The dominant particle in this system was sand, 57%

for basalt soils and 66% for granite soils. The implications of a sandy medium changes the
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water storage dynamics, the retention of nutrients, and accumulation of soils organic carbon and
nitrogen. In addition, the climatic conditions of cold winters and moderate summers had slowed
the clay weathering process in both parent material environments.

A second objective of this research evaluated the magnitude and directional change of
these benchmark soils as a function of long-term (84 years) irrigated cultivation (sprinkler and
flood) in a semi-arid ecosystem. The goal was to select a set of physical, chemical, and
biogeochemical properties that would quantify the dynamic behavioral differences between
basalt and granite lithologies. The subset provides a group of uncorrelated properties for
evaluating the impacts of irrigation practices and develops a matrix for determining the
resiliency and health of the current system. The results indicated that water quality, clay, soil
bulk density, soil organic carbon, sodium, sulfate and chloride were the key indicators in this
irrigated agroecosystem. Typically in irrigated agricultural regions, the water quality is a
contributing factor to the accumulation of soluble salts, primarily sodium. An increased level of
sodium causes dispersion of clays, toxicity to plants through osmotic stress, and increased
evaporation from the soil surface. However, this was not found in the San Luis Valley. The
native basalt soils had elevated accumulations of sodium while the irrigated sites had
significantly reduced levels, which suggest that to the irrigated water quality is comparable to
that of rain water. The implication of exceptional water quality in a medium of sand is that
reduced levels of all soluble salts and reduced plant stress creates a uniquely “sustainable”
agroecosystem within a water-limited system.

The third objective of this research distinguished microbial community composition as a
function of parent material and treatment, and assessed key soil properties that influenced
microbial community composition. The expectations was that microbial communities would
differ between treatment types, which would be influenced by pH, soil organic matter, and
sodium concentrations. The results indicated that microbial communities inhabiting soils
derived from granite were more sensitive to changes in pH, magnesium, sodium, potassium,
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chloride, and organic carbon from both sprinkler and flood irrigation than microbial communities
inhabiting soils derived from basalt, which were sensitive primarily to changes in pH and organic
carbon under both irrigation practices. The microbial analysis showed that stress indicators
(17:0 cy to its precursor 16:1 &7c and 19:0 cy to its precursor 18:1 &7c) responded similarly in
granite soils but varied in their stress ratios in basalt soils. Analysis of AM fungal communities,
using the biomarker 16:1 &c, indicated higher relative amounts in the irrigation treatments in
both parent materials. The soil properties with the most influence on microbial community
composition were pH, magnesium, sodium, potassium, chloride, and organic carbon.
Knowledge of these key soil properties provides a means to evaluate the sensitivity of the
microbial community structures and behavioral responses to the impacts of agricultural land use
changes in semi-arid regions.

The main conclusions are agroecosystems are more resilient to land use impacts when
the planting medium is primarily composed of the sand size fraction, water quality is comparable
to rain water, and microbial community composition flourishes among row crops with extensive
root systems that are in a no-till management regime. Also, semi-arid regions in which the
climatic conditions range from cold to moderate temperatures, foster slow weathering of the
substrate by retaining higher percentages of sand and slow the development of clays. These
areas benefit from an increased application of water which flushes the soil profiles of excess
soluble salts. Furthermore, soil properties of basalt and granite are divergent when observed in
their native environments, but become convergent as a function of irrigated agriculture

practices.
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APPENDIX

Appendices 1: Soil properties from 23 control pedons derived from basalt and granite with the greatest
eigenvector coefficients for principal component (PCoA) axes 1 and 2 shown in Figure 2.5 A and B.

Soil Properties PCoAl PCoA2
Sand 0.19 -0.50
Clay -0.14 0.51
pHw -0.24 -0.16
Calcium Carbonate (CaCO3) -0.04 0.28
Organic Carbon (OC) -0.13 0.28
Calcium (Ca) -0.22 0.38
Magnesium (Mg) -0.27 0.19
Sodium (Na) -0.44 -0.23
Potassium (K) -0.41 -0.21
Chloride (Cl) -0.44 -0.15
Sulfate (SO4) -0.44 -0.12

Appendices 2: Soil properties from 14 control pedons derived from basalt with the greatest eigenvector
coefficients for principal component (PCoA) axes 1 and 2 shown in Figure 2.6.

Soil Properties Basalt PCoA 1 PCoA 2

Sand -0.16 0.47
Clay 0.16 -0.47
pHw 0.24 0.22
Calcium Carbonate (CaCO3) 0.11 -0.27
Organic Carbon (OC) 0.12 -0.31
Calcium (Ca) 0.17 -0.42
Magnesium (Mg) 0.24 -0.21
Sodium (Na) 0.45 0.22
Potassium (K) 0.42 0.19
Chloride (CI) 0.45 0.12
Sulfate (SO4) 0.45 0.12
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Appendices 3: Soil properties from 9 control pedons derived from granite with the greatest eigenvector
coefficients for principal component (PCoA) axes 1 and 2 shown in Figure 2.7

Soil Properties Granite PCoA 1l PCoA 2
Sand 0.17 0.34
Clay -0.20 -0.41
pHw -0.17 -0.32
Calcium Carbonate (CaCO3) -0.17 -0.49
Organic Carbon (OC) 0.21 0.30
Calcium (Ca) -0.40 0.20
Magnesium (Mg) -0.40 0.23
Sodium (Na) -0.42 0.16
Potassium (K) 0.13 0.31
Chloride (CI) -0.42 0.18
Sulfate (SO4) -0.39 0.19

Appendices 4: Soil properties from 34 treatment pedons derived from basalt and granite with the greatest
eigenvector coefficients for principal component (PCoA) axes 1 and 2 shown in Figure 3.6.

Soil Properties PCoAl PCoA2
Sand 0.12 0.55
Clay -0.14 -0.52
pHwW -0.01 0.42
Calcium Carbonate (CaCO3) 0.02 0.21
Organic Carbon (OC) -0.14 -0.34
Calcium (Ca) -0.37 -0.07
Magnesium (Mg) -0.41 0.00
Sodium (Na) -0.42 0.21
Potassium (K) -0.40 0.16
Chloride (CI) -0.31 0.03
Sulfate (SO4) -0.46 0.11
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Appendices 5: Soil properties from 10 sprinkler treatment pedons derived from basalt with the greatest
eigenvector coefficients for principal component (PCoA) axes 1 and 2 shown in Figure 3.7.

Soil Properties PCoAl PCoA2
Sand 0.37 0.15
Clay -0.36 -0.21
pHw 0.23 0.46
Calcium Carbonate (CaCO3) 0.05 0.37
Organic Carbon (OC) -0.36 -0.25
Calcium (Ca) 0.26 -0.49
Magnesium (Mg) 0.31 -0.42
Sodium (Na) 0.37 0.07
Potassium (K) 0.11 -0.01
Chloride (CI) 0.23 0.09
Sulfate (SO4) 0.43 -0.32

Appendices 6: Soil properties from 7 sprinkler treatment pedons derived from granite with the greatest
eigenvector coefficients for principal component (PCoA) axes 1 and 2 shown in Figure 3.8.

Soil Properties PCoAl PCoA2
Sand 0.01 -0.48
Clay -0.11 0.59
pHw -0.38 0.31
Calcium Carbonate (CaCO3) -0.28 0.30
Organic Carbon (OC) 0.29 0.10
Calcium (Ca) -0.22 0.15
Magnesium (Mg) -0.41 -0.13
Sodium (Na) -0.33 -0.02
Potassium (K) -0.27 -0.33
Chloride (CI) -0.37 -0.08
Sulfate (SO4) -0.37 -0.26
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Appendices 7: Soil properties from 10 flood treatment pedons derived from basalt with the greatest
eigenvector coefficients for principal component (PCoA) axes 1 and 2 shown in Figure 3.9.

Soil Properties PCoAl PCoA2
Sand -0.10 0.53
Clay 0.14 -0.54
pHwW 0.07 0.41
Calcium Carbonate (CaCO3) 0.05 0.17
Organic Carbon (OC) 0.26 -0.37
Calcium (Ca) 0.33 -0.06
Magnesium (Mg) 0.40 0.00
Sodium (Na) 0.41 0.20
Potassium (K) 0.41 0.18
Chloride (Cl) 0.30 0.00
Sulfate (SO4) 0.45 0.12

Appendices 8: Soil properties from 7 flood treatment pedons derived from granite with the greatest
eigenvector coefficients for principal component (PCoA) axes 1 and 2 shown in Figure 3.10.

Soil Properties PCoAl PCoA2
Sand -0.24 -0.12
Clay 0.22 0.03
pHwW 0.04 -0.55
Calcium Carbonate (CaCO3) -0.14 -0.27
Organic Carbon (OC) 0.48 0.09
Calcium (Ca) 0.46 0.08
Magnesium (Mg) 0.47 -0.06
Sodium (Na) 0.02 -0.54
Potassium (K) 0.42 0.01
Chloride (CI) -0.02 0.00
Sulfate (SO4) 0.17 -0.55
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Appendices 9: Water quality data for Alamosa County from 1989 to 2015, Parameters, Units, N (number
of wells), Mean, Max. Colorado Department of Agriculture, ground water database.

ALAMOSA

Parameter Name Units N Mean Min  Max
Alkalinity (CaCO3) mg/L 27 187.4 74 549
Aluminum mg/L 2 0.25 0.2 0.3
Barium mg/L 20 0.07 0 0.16
Bicarbonate mg/L 27 228.6 90 669.6
Boron mg/L 26 0.2 0 1.01
Bromide mg/L 5 0.31 0.1 0.9
Calcium mg/L 27 84.43 8.8 567.5
Chloride mg/L 33 49.26 2 301.6
Chromium mg/L 15 0.02 0 0.1
Copper mg/L 4 0.02 0 0.03
Dissolved Orthophosphate mg/L 5 0.15 0.1 0.22
Fluoride mg/L 6 0.27 0.2 0.53
Hardness (CaCO3) mg/L 27 276.2 29 1745
Iron mg/L 26 0.11 0 0.95
Lead mg/L 3 0.09 0.1 0.11
Magnesium mg/L 27 15.94 1.8 80.1
Manganese mg/L 20 0.38 0 3.11
Molybdenum mg/L 7 0.02 0 0.05
Nickel mg/L 2 0.02 0 0.03
Potassium mg/L 26 8.52 0.9 43
Sodium mg/L 27 15  418.3
Specific Conductance (Lab) slcm 27 788.6 247 2950
Sulfate mg/L 33 219.1 2.7 1814.2
Total Dissolved Phosphorus mg/L 20 0.27 0.1 1.4
Total Dissolved Solids (Lab) mg/L 27 730.3 214 3360
Zinc mg/L 22 0.02 0 0.08
pH (Lab) 27 7.66 72 84
Nitrate as Nitrogen mg/L 43 5.69 0.2 37
DO (% Sat) FlowCell 6 24.45 1.8 47.6
DO (mg/L) FlowCell 43 2.18 0.2 6.5
Oxidation-Reduction Potential mV 12 86.35 13 150.8
(Field)

Salinity (Field) ppt 11 0.34 0.1 0.92
Specific Conductance (Field) slcm 15 587.6 1 1799
Total Dissolved Solids (Field) g/L 15 103.7 0.1 699
Water Temperature (Surface) °C 43 11.86 8.8 15.1
pH (Field) 15 7.24 6.7 7.83
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Appendices 10: Water quality data for Conejos County from 1989 to 2015, Parameters, Units, N (number
of wells), Mean, Max. Colorado Department of Agriculture, ground water database.

CONEJOS

Parameter Name Units N Mean Min Max
Alkalinity (CaCO3) mg/L 11 84.73 46 160
Aluminum mg/L 1 0.1 0.1 0.1
Barium mg/L 2 0.01 0 0.02
Bicarbonate mg/L 11 103.3 56 1954
Boron mg/L 7 0.04 0 0.07
Bromide mg/L 1 0.05 0.1 0.05
Cadmium mg/L 1 0.01 0 0.01
Calcium mg/L 11 39.58 18 89.2
Chloride mg/L 20 9.08 1 45.7
Chromium mg/L 8 0.02 0 0.03
Copper mg/L 2 0.03 0 0.03
Dissolved Orthophosphate mg/L 7 0.28 0.1 0.63
Fluoride mg/L 9 0.24 0.1 0.43
Hardness (CaCO3) mg/L 11 132.2 63 286
Iron mg/L 2 0.14 0 0.24
Lead mg/L 4 0.08 0.1 0.15
Magnesium mg/L 11 8.06 3.2 155
Manganese mg/L 3 0.16 0.1 0.34
Molybdenum mg/L 5 0.01 0 0.02
Potassium mg/L 10 3.98 2.2 6.7
Sodium mg/L 11 10.32 3.2 33.9
Specific Conductance (Lab) s/cm 11 242.6 130 515
Sulfate mg/L 20 40.02 2 172
Total Dissolved Phosphorus mg/L 8 0.19 0.1 0.4
Total Dissolved Solids (Lab) mg/L 11 242.1 119 535
Zinc mg/L 8 0.03 0 0.05
pH (Lab) 11 7.26 6.5 8.1
Nitrate as Nitrogen mg/L 41 1.24 0.1 6.14
DO (% Sat) FlowCell 9 41.62 2.1 82.8
DO (mg/L) FlowCell 37 4.33 0.2 9.17
Oxidation-Reduction Potential mV 23 86.43 2.5 217.8
(Field)

Salinity (Field) ppt 18 0.13 0.1 0.22
Specific Conductance (Field) slcm 29 286.7 134 515
Total Dissolved Solids (Field) g/L 29 77.22 0.1 335
Water Temperature (Surface) °C 40 10.6 8.5 14.35
pH (Field) 28 7.11 6.1 8.39
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Appendices 11: Water quality data for Costilla County from 1989 to 2015, Parameters, Units, N (number
of wells), Mean, Max. Colorado Department of Agriculture, ground water database.

COSTILLA

Parameter Name Units N Mean Min Max
Alkalinity (CaCO3) mg/L 9 142.3 80 226
Aluminum mg/L 1 0.1 0.1 0.1
Barium mg/L 2 0.03 0 0.03
Bicarbonate mg/L 9 173.8 98 275.9
Boron mg/L 8 0.17 0.1 0.55
Bromide mg/L 1 0.07 0.1 0.07
Cadmium mg/L 1 0.01 0 0.01
Calcium mg/L 9 74.86 33 293.2
Chloride mg/L 11 28.42 2 105.8
Chromium mg/L 8 0.02 0 0.02
Copper mg/L 6 0.05 0 0.17
Dissolved Orthophosphate mg/L 1 0.06 0.1 0.06
Fluoride mg/L 2 0.37 0.2 0.57
Hardness (CaCO3) mg/L 9 241.3 106 892
Iron mg/L 9 0.08 0 0.38
Lead mg/L 3 0.18 0.1 0.26
Magnesium mg/L 9 13.26 5.7 39
Manganese mg/L 3 0.04 0 0.07
Nickel mg/L 4 0.01 0 0.02
Potassium mg/L 8 5.85 1.6 29.4
Sodium mg/L 9 35.6 6 168.6
Specific Conductance (Lab) mg/L 9 541.6 194 2140
Sulfate slcm 11 116.1 12 939.8
Total Dissolved Phosphorus mg/L 2 0.1 0.1 0.1
Total Dissolved Solids (Lab) mg/L 9 488.4 211 1865
Zinc mg/L 9 0.03 0 0.07
pH (Lab) 9 7.41 7 7.8
Nitrate as Nitrogen mg/L # 2.25 0.3 8.3
DO (% Sat) FlowCell 2 32.6 10 54.9
DO (mg/L) FlowCell 15 4.43 0.2 9.2
Oxidation-Reduction Potential mV 4 78.5 20 117.4
(Field)

Salinity (Field) ppt 4 0.15 0.1 0.19
Specific Conductance (Field) slcm 6 305.7 226 386
Total Dissolved Solids (Field) g/L 6 66.3 0.2 248
Water Temperature (Surface) °C 15 11.73 8.8 14.7
pH (Field) 6 6.72 6.4 7.18
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Appendices 12: Water quality data for Rio Grande County from 1989 to 2015, Parameters, Units, N
(number of wells), Mean, Max. Colorado Department of Agriculture, ground water database.

RIO GRANDE

Parameter Name Units N Mean Min Max
Alkalinity (CaCO3) mg/L 26 102 22.8 239
Aluminum mg/L 3 0.17 0.1 0.3
Barium mg/L 25 0.06 0.01 0.18
Bicarbonate mg/L 26 124.37 27.8 291.3
Boron mg/L 22 0.03 0.01 0.12
Bromide mg/L 3 0.08 0.06 0.1
Cadmium mg/L 1 0.01 0.01 0.01
Calcium mg/L 26 38.37 5.4 124.2
Chloride mg/L 37 9.16 1 52.9
Chromium mg/L 9 0.02 0.01 0.04
Copper mg/L 7 0.01 0.01 0.03
Dissolved Orthophosphate mg/L 11 0.28 0.12 0.55
Fluoride mg/L 11 0.21 0.14 0.34
Hardness (CaCO3) mg/L 26 119.45 14.3 387
Iron mg/L 17 0.03 0.01 0.06
Lead mg/L 2 0.13 0.07 0.19
Magnesium mg/L 26 5.74 0.2 18.7
Manganese mg/L 7 0.03 0.01 0.08
Molybdenum mg/L 2 0.03 0.03 0.03
Nickel mg/L 2 0.17 0.01 0.33
Potassium mg/L 26 3.49 0.2 6.9
Sodium mg/L 26 13.62 2.9 34.9
Specific Conductance (Lab) s/lcm 26 278.27 57 895
Sulfate mg/L 37 22.99 1.9 121.2
Total Dissolved Phosphorus mg/L 19 0.12 0.01 0.3
Total Dissolved Solids (Lab) mg/L 26 243.85 45 736
Zinc mg/L 19 0.03 0.01 0.11
pH (Lab) 26 7.46 7 8.1
Nitrate as Nitrogen mg/L 56 4.31 0.23 22
DO (% Sat) FlowCell 11 36.53 1.9 83.2
DO (mg/L) FlowCell 51 4.43 0.22 9.84
Oxidation-Reduction Potential

(Field) mV 26 97.08 6.2 227.4
Salinity (Field) ppt 23 0.13 0.05 0.29
Specific Conductance (Field) s/cm 33 274.24 116 599
Total Dissolved Solids (Field) g/L 33 59.76 0.08 383
Water Temperature (Surface) °C 60 11.85 9.24 16.1
pH (Field) 33 7.14 6.24 8.32
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