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ABSTRACT 

Aim Tb lest lhe hypothesis lhal anthropogenic alleration of slream-How regimes is 

a key Jriver of composition'll shift~ from native to introduced riparian plant speci~~. 

Location The arid SOl1th-weskrn United States; 24 rh'er reaches ill the Gila and 

Lower Colorado drainage basins of Ariz.()na. 

Methods \Ve compared lhe abundance of three dominant w'lody riparian laX,l 

(native Populus jre/nontii dnd Salix gotJdrlil1gii, and introduced Trunarix) between 

river reachc~ that varied in stream-tlow pennJnellCC [perennial vs. intennittcnt), 

presence or absence' of all upstream flow-regulating dam, and presellce or absence of 

municip,tl effluent as a slre,Hll water SOurce. 

Results Populus and Sillix were the dOlllimlllt pioneer trees along the reaches WIth 

perennial How and a natllral t100d regime, In contrast. 7i.1Im!ri>.: had bigb abund<ulCc 

(piltdl arl'.a and basal area) along reacheo with intermitkn t slre'aln tlow~ I.LaLl~cd by 

natural and cultural t1Ktors). as well as those with d.lJn-r~gulat<:'d t]ow:-.. 

Main conclusions Strc:llll-flow regimes are strung dctcrminanh of riparian 

vegetation structure, and h)'drologica.1 alterations C,1I1 drive dominance shift, to 

introduced species th,lt have an adaptive suite of traits. Deep alluvial groundwater 

on i,lHermittenr rivers t11vollrs the deep-roored, stress-,ldapted Taman., over the 

oh.lliower-rooled and more compelitive Populus and SolO.. On f1ow-regubled rivers, 

shifts in f100J timing favour th.' reprouucljwly upportunistll 'fi'llJ1,rrix over Populu5 

ilnd Salix, buth of which have narrow g<'l'minatiun windows. The prevailing hydro· 

logical condilions thus Cavour il new dominant pioneer species in the ripMian 

corridors of the Arnerie,m SOllthwest. These results reaftiJ m Ihe importance or 

reinSI.lting stream-lJow regimes (inclusive of groundwater flows) tOr re-establishing 

the natjw pionct'l' trees a~ the dominant f(m~~t type. 
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INTRODUCTION 

1\\ tj-equcmly dj,l\lrbed corndor, whose cOlnmunily compO>\llOn 
is largely driven by immigration I'roce~;es, I},c,c arc m,lI1)' 
Jlpp,lrtunities for new species to becom.: establi,heJ in rip.lrian 
~cosystem, (Brown & Peel. 2(03). flooding nnd Jrought creat~ 

tluxe$ 1ll resource ,\V,',ilability, wbile high connecti,;ty betwe<'D ,I 

river and irs watershed provides tllr elln tinuous inflow and out

flow of ,eC:'ds viii 1100d watero, wind or migraling animals (Davis 
el ill., 2000; Tab~ccbi et al., 2005).1\t the .~am,' time, the intensiw 

usc of riverine habitats as agricultural Linds. lIrb'ln aJ cas and 

transporial:on mUle, has proVIded !lew ,ouru:, uf SC'L·JS. rhus, 
many intfl)JLLc~J SptLi~s c!Ceur in np~lri,ln lanJscap<,~ (SlOhlgre[) 
rt 111., 199tl: Hood & Naiman, 2(00). However, the pro,esse, lb,)! 

"limy for lI1C C;l'lhlisbmel)( of new,p,~cies dIffer hom tbose th<n 
drive dlJ!lges In sp,"cies dOf\1lllanCe, and most introduc,"d 
specie, remain relal'ivdy rare. 

Hydrological and geomorphic proces.>es are key drivers of 
vegetation dynamics in ripnrian ccosyslcm. and, as lbe.e phyoical 
factors change, so does the biota (Poff d '11., 1997; Nilsson & 

Svedmark, 2002; Steiger ej (Ii., 2()O'i). Shifts ill hvdrologicai ,In,] 

geomorphIC regimes can <Iher watel resource lc·vds. and tlinlng of 
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rC~(lurce avaibbilitr and disturbance rcgimes; these m turn can 

,liter competitive hierarchies and fa~'(lur specleS \..~th a differem 

suite of life· hIstory traits ('richler <'I a!., ::won ror eX'<lIJJp!e, 

reduced groundwater levels can sek:cl for <keper-root,xl or mOTe 

sLress-lolerant species, while R'(!uled flood frequency or inknsiLy 

em shift species composition towards later· successional species. 

The compositional shifts can arise due to in SITU conversions, 

",ith subdominant sl?ectes becoming dominant, or can arise as a 

re.sult of migration of species frOnl other )'Ka1",. Indeed. 1l1,lny 
inlr\'(]\1ced ,lCj\l;Uic. \veLI'lI1d or ripan'ln plant ,pecles have been 

ob.,c)"v('d to il1crea.se in ,1ssoci,ltioD with riverine alterations 

including reductlOllS In perlll'l!1CI1Ce of flow, riwr channelli7a

lion, slabi!i7.ed water levels. miuno'd frequency of inundation Jnd 

,lllered timing, of waLer <mt1 sedimenL flows (Howell & Benson, 
2000; Agui,Jr or ai., 2001; Ta,'lor & Cant, 200S), 

One introduced taxon that h3, become d01l1111ant itlou b the 

rivers of western 010nh Amerk'l is Ti:unanx ( TalrW1U ranIOSI.'

.'tnUl, liJtrUlnx (hinol;l> and their hybrid). Introduced 10 the 

L!nlled Slates from :\sia in the 1<lIe 1ROO~ for the COntrol 01,oil 
erosiun ,lnd Jilndsci\ping purpo>e~, it is now lhe L:hlrd 1110,\ 

pre"aknt \~()()dy ripari'\11 ,peCIC, 111 the we,tern United States 

Il'riedm"n er ell.. 20n"L [t i~ also present 1Il w,~stern Australia ,1I1d 

llOrlhern Jlld c\'nlr"i iviex.JCo lhllp://w\vw.j~sg.()rg/datilbasel). 

A plethora of articles have been published In the popu[,u and 
,clentific press ;Jbout the causes ,lIld consequence~ of the spread 

(If Trunarix. In part because of its notorieL:y, scientific findings 

on this ~pecies have wide-ranging implicatiuns ooth for river 

restoration and m,U)i)gemen t of invasive species. 

A key queslillTI underpinning research on species inva;ion, 

is, '\Nllat site factor" ,md wh,lt specie; factors, are associ~ted 

with range expansiom and population mcreases?' For Tamarix 

in western '.JorLh Ameri(,l, altered flood cycle~ below dams, 

reservoir deyeJopm~nl ,loove d,rms, rcduelion of stream !low 

rrom groumhqter pumping and slrt;\Hn divemol1, slIlinJ7atJon 

of floodpJain sods ,u1l1liveSlock gt'azil1g ,III are implicated a, 

(ontrib\lting (actors (Harm, 1966; Everitt, 1980; GraL 1~81; 

Di T0111<1so, 199H; Slromberg, 1998; Zi1Valeta, 2000; Ladenhur~er 

('J al.. 20(6). ]'hese S,lme site (actors have contributed [0 the 

decline of Popi/lus and SaliX d.long many ri\'er~ in western 1'.\,fth 

America (Rood & Mahoney, 1990; Howe & Knopf. 1991; Ou;ch 

& Smith, 19'15: Pat,lId t't 01. 2fJ(5). A fortuitous Sllite of physlO

10giC,r! ,md morphological trait~, in concert with the 'bottoll1'up' 

changes in reSOUflx. levels and 'lop·doWI)· changes in lewls of 

herbivory. h.aw cont ribllted to the popubrion increase of '[;lIn[j/'j)~ 

Like other me!nber;, of 11.1 genus (He er aI., 20(3), r rmn05!;SlIlIa 

if> a slreso- toleran L, r~prod uctivd y opportunistic pioneer species. 
Altbough not p.1rtlculariy Ctimpetli;w iJg,linst Popllll/; alld Salix 
under Well-WiJlered cnuditJ011S \Sher 1'[ al., 20(0), ']dtrlm ix's deep 

roots, drought tolelance, salt Lolerance, prolonged penod of seed 
d)sper~al and unpalatability to livestock allow it to occupy sires 

dlilt no longer sustain the native, shallow-rooted, hydromesic 

pioneer trees (Glenn & Nagler, 20(5). 

Certainly, 'liJrllarix is nol restricted to sll.es in North America 

with a high degree of human inl1uence. But, despite the mall)' 

review articles ,mJ river-specific studic" multlriveT comparisons 

of the abundance pattern, of Tcmwrix, PopUli" and Sali~ within a 

rq(ion have not been undertaken. The bn)()thesi; thilt alteratHln 

o[ flow regime is a key driver o[ compositional shifts from fop,dus 

and Salix Ithe bisloricillly common rip<lrian trees l1\ the deserl 

Southwest) lL) introduced '/(mlfJrix rernains untested. The goal of 

Lhis $tud)' was Ltl test thi, hypothesis by interpreting vegetation 

patterns of riparian pioneer tree species as ,I function of natu,',lJ 

and ,l[tercd hydrological patterns of rivers in the S0l10r,lll Desert 

region of south·\wstem United Slalt's. Our spedic obJective W,b 

to determme whether the abundance "f Ji.:m.anx, Populi!> ,md 

Salix vanes bet "'cen rCilches with (I) l'ercnni'll vcr;us InlernUllcnt 

f'l()\" (resulting flOm stream diver~ion, gmunJwater pumping or 

hydrop,eL)morphic ,etting) and between reaches with (2,l unrq;u· 

lated versus regulat.ed Ill'''' (reoultmg from dam 01'eratlOn). 

:\ddi15onally, we explored the efiec!:s of lI1unicip~1 efflucn, ,1S ,1 
stream-waLel ~ollrce. We expected Ibal POpllll~,·-S·ah'( would be 

th~ dominant f"rest type along hydr()logicaJj~' unallered riwr~, 

and that Tmlllrix \\'ollid domillHe atollg rivers with reduced 
WJtCI avaijal)llily alld Wilh altered teJnpOr,l! flo\,<, patterns. 

We I?resenl tili; a, ,l regional case slUdy, emblemalic "f ill1 

appro,)(h [or embedding invaswe specks issue; Il1to the Iarg,~r 

(ont~:<t of ecosyst(,ln r<,~.:-toralion. [cosy-stelTl resloralion pro,]('C'I5

<H'e under way on many rivers, mallY with a goal of rcpi,\cll1!, 

irnroduced FI.u11 f>pe.:ies With Lil(' histoncaJly c>:,l1lmOn \'('iZet~l'i()n 

types. in the westem United Stales, fur example, marl)' nt' the 

river resLoration projel:ts Sl'rive 10 incre,lSe the abunduIlce of 

Pop:dus-Sillix forests and reduce the abundance of T1l1Jarix, 

Reinstilting hydrological regimes and othel' key drivers of eco

system Sl.ructure and [unctioJl is recc>gniud JS imponant for the 

success of restoration (\N~rd I'T al., 200 I; Rood ei aL, 2005 j but i, 

nOl ,r1ways considered in inv,lsiv(' species man,lgcnwnl proiect;. 

'We intend our stud)' to contribute information that call be med 

in a ~estor,lti()n conlext. 

METHODS AND STUDY SITES 

Study sites 

Data were obtained for 24 river reaches dJ'lribuled ~mollg 10 

rivers (1hble 1 I'< hg. I). The [(~ache; were ,elected 10 span ,1 
wnge of hyd[(llogical altenJlion,. AU are within the Sonuran 

Desert (or SOlloran/Chihuabuan or SOJloran/Mo)a\'e Lransition 

7.One~J of Arizona, Libht rivers arc in t.he :'alt eil,l dri\llla~e 

bilsin: t.\NO (llill 'vViHiams .md Santa "'1Mi,,) are ln the 1. ower 

ColLJrado dral11ilge o~sJn, iJ.nm"dlatdy to the north. The ele'''lt'cOn 
oftbe reaches J angt'; frum )51 (HiJ.I William,,) 10 [288 (upPC) Sail 

Pedro) In a.sJ. lv1ean annuaL r~llnfall ranges anl0n~~ fCJ.Lhe~ fniin 

14 cm (Bouse stMion, ncar 13111 WjJlianl~RJver) to 42 ern 

(Nog.ales siatiol1, near upper SanLa Crill. River). River ,CdC})", 

\~ere not always spatially contiguous (i.e. some perl;'nniai ,lretche's 

were separated b~' intervening inLennitteDt strerches) bUl were 

uniform with respect to stream hydrology. 1ilmllrix oecame 

estabkshcd on tbe study reaches as e.'lrly as the 1910s (Cila River) 

10 a, late as the 19:'0,' (San Pedro; Stromberg, J(98). 

Riyer reaches were cl<1ssified inlo streiJm-l1u\V permanence 
c,ltegorie; (perennial vs. jntermittcnl! using data from LSC;S 

sL:ream gall~es or collected by ~tudy authors or preserve malJ,lger.,. 
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Altered stream-flow reg,rnes 
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Figure 1 Location of the 24 stud" readIes in An'l.ol),l, USA. Also shown .ICc the locatjons of major darns. (Tb.: map is based 011 tetllpla(~~ 

proyided by Arizona Geographic AlJialKe) 

l'~reJ1nial strCdms by dcfi.nitwn baw surface fhw ye,lJ -TOuno; \."e The reacbes w~re c1<1ssified ,IS flow-regulated if ,In UpSlrerl111 

<liso '!Ic1nded quasj.percllni,l] n~8cht:s (those wjth flow <It k<lst dam intJuenced their flows. The nature and extent or the allerJnoIL< 

90% 01 the 11!11~) in lhi~ calegor;" InlerrnilLe;1 t ~lre<ltlls can h,we to ,\ rivel'; hyclrograph liary depending on the intcill of ,1 dJlTI 

$urfacc flm, for ,evera! months but arc d!"~" for milch of th-: yc~r; (e.g. hvdropower prodnctlon, walt>!' ;upply) and the s!Orngc 

no-Oow (bys in :>ol1o!"al1 d.:,crt flV~T, arc' nJc"lst common in (~arly capauty Ollt:, rc~eryoir, but \"'ie treated thIS ,IS ,I diChotomous 

>ll.l11111~r (""lay, June) <lnd laK ,1utumn (Octobel, November) vdriahlc (flow· regulated n, h·ee-tlolving). :>ixteell of the 24 reaches 

Some reach~;; wer~ dry due to their hydrogeornorpbic ~el.tjng~ were free-flowing (nine witb perenlllai now and ~('ven with inter

other, h,we become intermiLtent due La groundv,atcr pumpmg lTIIllent Ill'''')' EighL of thc' 2'1 reaches wt>re flow-regulJLCd di,.e 

01' strc3m-flow djver~ion for irrigated agflculture, rnllnicip,llusc "'ith percnni,ll flow and three With intermittent flow). Thesc 

01 mining acLivities. included t',vo rcache:, of th(' BiJl \ViUiam:, River, dowl1stre,uTI ai 
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Table 1 Attnbur.es of the 24 study rea(hes 

River n~1fnc Danl··mfh.wnn~d? Stream-low regime Eitlllmt-innuen(~"? Rt'ach dl~vatlon (01) ,"-1ean transect WIdth r111) 

-----_. 

):1Jl Pcd ro -1..0h\'J No PCrCl)nJ.:l] :'0 1'04 /l-U 351l 
~Jn '\,drl) \11,1<:11, No P('rrll[H~ll '-:"0 <)j I· 949 n3 
SJrl [',,<1,0 lipper Nu P~rt~llni:ll \-0 1~12 .];~8o 2.90 
~a nta (\-("tna No P:>r~nmJl l\o .:H4-5)9 J7() 
!\gua ~riJ No Per~nmal "0 4'10 117 
t·{a..,sayall1j"i] No Perennial No 370- 598 1(>4 

Cionc!;a (n~ek No I'crcnmal No I010-1060 11.1 

Salll" Crw. lower No l'cJcllmal Ib 575 578 ]j(i 

Santa emz. Upper No PcrcnnlaJ Yes 956-1050 23~ 

S.lH ~\"d.l (l, L,)\\ c: Np [nlerl1l:llwl No 7g~ -·8J ! .-)2·1 

Sail P~dTO, M·,dell" Np 111lerm,trcnt No 95I-1132 215 

~"n 1\'dlO, l.lpper N() lnknmltenl Nl; 1122-·1166 263 

:;.1111. IvlariJ No 11lkrllllllcni Nu .1! 4· :,?-9 JO~ 

AHl\~l [n~ Nt) hlh::nl"!!.ttt?IlI Nt) 490 115 
Ha~.,a r~unptt No Inlen1llltml No 607 JJ2 
.'-Iant.a 1,..1"1.17., Upper No 1·'1Lerllll tten t No 10;]-·1 J40 2(}.~ 

I:lJlI Will tams Yes PClel.111ial No 152--27] 2fl.l 
Verde Yes Pc~IenJl]al No 458-464 42~ 

Sail. ""sl of PhocniA Yes l'c",,'rrnial No 408·-409 ,US 

Sail. "·esl of Phoeni" Ye., Perennial ¥". 2,)()-2\l1 1224 

Gila, west of YhOclll, '·e., Peren11 la.l y~" 254-263 7~S 

BIll. Wi 1I ia In.' 'ie., intermittent No 152-271 40] 

Cd;;- wln.kdman Y...~s I.nl,'J"Ill11lmt N,) 536 ·680 495 

Agu'l Fn;\ y", Inknnillcnt No 440 l..l7 

i\IJmo Dam, \-,-Ilien is opera led for flood control, reserVOlr recreation 

and npal"!aD conserv.1tion IShafroth er al., 20(2); one rcacb of the 

S.1It Rivcr below SLc','arl Mpuntain Dam and om: on thc Vcrde 

River below Bartlett Dam, both operated mainly tor waleI' stor,lge 

JOG controlled delivery 10 downstream urban and ,Igncultural 

u~ers; a..-ld one reach ofth~ Gila River below Coolidge DJm opera,ed 

prim.lrily as .111 agricultural water supply d.\Jn. Abo included in 

tIllS category wa~ a rcach of the Agua Fna below "Je'·v W.Kldcll Dam. 

rhis dam i••i divcrsJOn structure MId the entire stream nnw 

ILI1c1uding \,'~Ier Imponed from the Cl,londo Riverl lS rl)uLed 

E110 canab Til" 'lUdy r",aen jllS[ dnwustream of New Waddell Daln 

wa, da."iried a., intcrmltlcnt, duc to 'cepage (mIn the' dam. In 
addition, thcre \,'ere twt' effluent-dominated flow-regulated reache;. 

Rcachc.< were da."-..i.fied dS effluent-dominated if llloSt or.lll of their 

diy-season flow was derived from I.he release of treated municipal 
wa,Lewater direcLly into lhe ~trcam challJ1d. The four ef1]ucnt

dominated r(\lchcs were: (1) the frce-flowing Sant~ Cruz River 
ncar Tubac, flow~ of which haw been JugmC'nted by effluent di,

charge since 1948, (2) the historically dewatcrcd but undammcd 

S,Ulla Cru7. Rih:r north of Tucson into which emumL ba., been 

di.>charged s)))(c lh~ 1970s, (3) :i 7-kltl n>;lCh of lhe S,tlt River west of 

Phoenix ,wei JO\\11stream of the Mlllti-eltie, \V'l~tcW,ltcr Tre,1tlnent 

Plant int.o wh)(h cft111ent h,lS b,~('n diKha.rged sinCe' the 1950s, and 

(<1).1 12-km re'Kh of the ella River loc<1ted downstream of the Salt . 
Gi\a confluence. ·fhese latter t"lNO reaches were c1as~ified as flow

regulated, be(3lbf llpstrcam d<lms in("]uence IbC'ir l"looJ regimes. 

D,lla were obtained (J)) two othcr site foctors thaI can inflllenct~ 

[orcst composition. Elevation above 51.'a kvel W;lS determined for 

each re.let! (rom lopographical maps. t;.·lean "'llucs [or speonc 

conduct'llKe of streJJn \Y,Iter (a measure of salinJ.tr) were 
obtaincd from USGS ;;Lream gauges locotet! i11 or near Slud} 

reaches tor rC'prescutative 2-year time periods l.<1verages ,)1' l1 to 

27 "dilles rer slatioilj. \V~ler quallty d,lIa were nol dViJihlble 

for ,11] g'lllr:es and peri()d~ of record v,med, ,me! the data d" not 

provide a direct measure of the walcr llsed hy ripana.n Iree,. 
Because of lhe~e !imitatio))O. salinit)! daLl wcre ,urnm8r1l.d but 

not includcd in ~latistical analys~:;. 

Most of I.he srudy ]"c,lches ,11<' not current.ly grillcd bl' ]lYesiock, 

bnwev'Jr. al! h~\'e been grazed al Sllme poin[ over the pa.,{ L,~ntury, 

Sllme ,It vcrI' high Hocking rate,. ()[h~r notable land f1l.lJ"l'~'·

ment ,KtiollS include thc dearing of Ti;wllnl~ from tbe perennial 

reach of the Ha,sayalllpa Rivet by the t'alure Conservancy. 

Data for tbis re,lCh are gr~phjcally porlrayed but not ilKhlded 

in statistical amly,c1>. 

Vegetation sampling 

In each river reach. two to J() transects were established. J'k 
["f<lnS~ct> were perpendlCUl.1J" l.(J [he drainage :ll1d eucompasscd 

the river and its flt)odplain. "Ve defined thc t100dplam ,I, Lh,1\ 

portj,'n of the ripari.m Wl1C t!lat indude" fllwial surrace., buill of 

sediment, deposited in the present regnne of the river and thal 

~re periodic~lIy imlnd'lled uncler lhe pre,eal rcgl!T1e. lhi,< 

en..:ompas~ed the area vegt't,lted b~· pi"neer Irec·s and ;hrubs and 

by young, slIcce"iOl1al u·cC'S such as Prowpis l'e!u/ina, but cxcluded 

thc terrace, that MC no longer inundatcd by the rivct. r:w transects 
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were separaleu by .1 minimum of 100 In, Data we're' colkctcu in 
c\ifferen\ years a\n()lJS reaches, dUrIng the period J996 to ~()05, 

Riparian vegdarioll ((mSill.; of a mosaic of parches, with each 

patch devdoping after some disturbance event anJ each reflect
ing differences in nuvial conJitions dt the limC' at' C'stablishment 

(LIagstad ct '11., 2006), The variom trees .1nd shrubs can form single

species p,ltches or can grow in multispecies st,'nds. oft":l1 \"ith 
one species dominating, Vegdalion was s,llTlpled along rhe 

tran>ects to obtain datd on (I) the pcreent,lge or II\(' patche> in 
the f1oudpl.uJ1 domi!1<lted by c<leh llee speCie> <1n,] (21 lhe bas,,1 

are" of cach trec species, A specIes was considcre'd to JOlnJll,ltc a 
pardI lf It bdd the greatesE basal area m the sampled quadrat that 
reprcsenkJ the patch, '10 obtain the data, the tr~nsecls ,,'ere sub

jl'c!ivd)' delineated into patches b,\~<'d Oll observed differences in 

wood,' vegetation structure (i.e. Ul110py cover, species compOSition, 
tree age ,IS inferred from trunk diameter), Qu,ldr"ts were then 

sampled "long thc transcct blle in stratiti.ed random fashion 

(one IOO-m' qll'Jdr<1t per patch ur one 4U-n/ quadrat per patch, 
depending 011 the ri\'er). Stem e!i<Jmetel, by species, was meas

ured in ea.:h quadrat \() obtain b,is,J "rea y'llues. The' b'lsal area 
(bta W<,IT sc,\kci to thc 1'loodplaJll level by weighting plot V.lllle, 
by the rc!,llive length of the patch along the tnlllscct line. '[0 

obtaul patch <11'(',1 valu,"', Ihe lengths of ,Ill the patdles domin<Jted 
by,\ partlcul,H' species a!on6 the ti'<insect linc \\'('1(' sUJ1Hl1ed ,wei 

cxprc""ed as a lxr,:enwgc of the transect length We report baHI 

Mea and patch "re,1 data tll! the three most prev"knt plOlleer trce 

species (Popli/lis fre1l1omii, Sailx gooddillgri ,1nd '[;mIIJI!X spp,j, 

Patch ,ueas of P Femonlii and S, gooddmgii were combined 

because both trees have SImilar morphology. life history and 
environmenl:l! toleranc('s, Basal <1[(\1 dMa ~v('rc not obtained till' one 
intermittent, flow-regulated ril'Cl reach (Cila Riv,~r-Winkclm,1i1), 

Here, patch duminance 1'1,11 dd"ined by thc species With the greate~t 

callopy co\'cr (.1, Yi,uJ)]y esrin1<tted), 

Data analysis 

Six dependent variahles wcrc <1lI<Jysed, representing absulutc and 
relative abund,wce t)f Tal//W1X and Populus-Salix: JiJJnllrb: patch 
.uea (% of floodplain), Populus-Salix patch area, pateh area 

of Tamnrix relative to that of Populus--Salix. Tamarix basal area 
(m 2 ha-I

), Porlllu5,~'inlL"<basal3rea, and Tarllarix b,lsal area re1,tive 

to that of P"pldus"Salix, The measure's of relative abundance 
provide indicaturs of dominance, Because of :;rnall sample sizIC-, 

nonp.trametrie tests 'vere used to maKe cOlTIf'<Irisons between 
ri\'er reach n-p('" WIthin ~h(' 'lIb,et of 11'('e-flnwing non-efJ'1ufl1t 

river" Ihe Wilcoxon signed rank lest was used to compare rh:: ,ix 
variables between pairs of lntermittenl (n ~ :;) and perennial 

reache~ (n = 5), For thi~ teq, each pair was located on the same 

river; these matched-p~ir compHisom were miLtk because they 
controlled for river-S\:ille belOL; thalmight influ~nce the vegddtion, 

S.unplc size W<lS too sm,ill to allow for analysis of m<ltchcd ,1POVC
dam and below-dam pairs within rivers, Thus, within the subset 

of perenniiJ! reaches. the Kruskal-Waliis lest was used Lo (0111I';;re 

":m<1bles belw::.en free-flowing (n '" 8) and rlow-reguLned (rr -=- 5) 

rcaches (these ><Imple::, each inJude two effluent-dominated rcrenl1l,t! 
reaches), The significance level for these tests w"s ~ct at p,,-- 0.10, 

(;orreiaIH)n analysLs (Pearsoll product-mo!11ent) \">'.15 used to 

explore the relationships of I(lmurix rcla.live p,"dl area In 0= 23) 

dnd basal area (11 '-'- 22) to site' ~lcvd[!on, ,villitiplc regres,ion 

analysis wa, used ro lest for signific<lnl etr<~d> all rdali\<e parch 
cover (ri ~ 23 I <lnd rebtive oasal area (II ~ 22) of TamrlrL" of! hlee 
independent variables: reach elevation, floI',' pennanellce 

(categorical variable) ,}f1d tlow regl1lation (categOrIcal v,lrjabt~), 

Because of the largel sample sil.e and grealer SI<Jlislical power,the 
signjfic"nce ieI'd for these test, wa~ set ,It P '- 0 OJ, 

RESULTS 

Perennial vs. intermittent flow 

PopuiJ,,< ji'emonti, and S, go,'(/dingli were the domin,1I11 trCt' 

specics in the flOt)dpIail1s of the paenlllal, free.fJmving nvcr 

reaches (fig. 2)_ Popuilis-Sailx ratches had significantly greater 

cover on perenni"l reaches than on malChed jntermitt,~nl re'lchc> 
(n '" -l. P ~ 0.051, and Populus and Salix had greater C<lmbill~d 

b.1S31 area on rercnnial than intermittent (~ -" 5, P -" (J.(J~) 

rcaches (rig, 3, left pand}, 'fnrnam: showed til<' OppO'ltc trend, 
but p;Ulerns well' !TI(lrc vMi<Jblc, 'Iamar,x piltche, hcl.d lP e,Her 

(Over on the intermitlent re,Kne, tbun on .he matt:hed pere!lmal 
rc,l.ches (" ~ :', p - ().{)~), llllt (htTercnce~ tor bas.,t ,\fe<l \>'('1(' 

\.,e,IKer between the ll1termittellt and pcrenni,1l re<lch,~s (71 "- ~; 

l' '= 0,13,1. 'Jamf1rn patche~ covered k;:s than ]1J'fo of Ihe J1ooJ
phin at a!l pcrenni~l, li'ee-rIllwing reaches except ()[le (middle 

San Pedro, 18%), The relative 'lel/rlC/rix patch Mea was signjflt~lI1lly 

greater on the intermittent reaches than perennial rcach~s, as was 
the rdatiye Timmnx b,r.sal area (Table 2). forest patterns on the 
rn--o effluent-dominated, free~flowing perennial rivers were Slm

dar to tbose on tl)(' non-effluent, free-flowing pereni1i~1 rlver,: 
PtJ{'ulrt,'-Sa!ix was the dominant Pdkh type ,mel ']tIlJJurix p,lt'che~ 

had low L()\·er. 

Table 2 /\bllnd,ll1(~ of 7(mwnx., relatl'c to the combined aDlIlld,w(<, 01 Pn/'/(fl5 and Salix. "'ithll1 hydrohlglC~j rcac-h tn)"', Valu~s art means 
plus or mlntoS one ,randaI'd d,vi,ui')Il, P \,<1.111('5 mdIC,lle Lho? diffcrc'nce betwecn r,,;\(.h types (1.(' b,'twe('11 pereIln,al ,lJ1d iJl[(,f1mtt"l\t re,h+c" 
"'imin the free-flowing ~ubs,,[, 'll1d bel\'iCcn tiTf" tlowing ,\l1d regulated lo?achcs, wirhin {be l"'rellllial ,;ub,et) 

~rel'-t1owjng Fccc-l]owing Frl,;~c~J10Win.g Re~ulJtrd 

per~nl1j:'li n inlcllnitknl n P value p<"n:nnial p~retlnial 11 Pvalttc" 
Rclau\'t li.nJl.rHi;... pJt..:h area Ir;± 10 :) 46 ± 27 5 (I,OIl 121: Iv ~ 391. 22 5 '_0.\)1 

RJ."l~lrl\·c -nWh<f!X bJ;~a! ..-nea lH9 5 J'I:±- 31 5 v,OIl 8±9 8 3.~ ± ~cl 5 O,lJi 

-----~------------,----------,----------
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Figure 2 'I,)p: Percentage of ,he floodplain o,,;cul'ied by 
lamaflx-JOnltMlCd patches plotted <1gainsr rlw pl~rccnlagc of the 
fl(1oJplnin occupied by }Jopulu-,-Salix-domilldled p~!dles.lloll()rn: 

fl.>;\! area of '!cunruix on the t]O()upl.liil plotted ~g;\imllbc wmbin"d 
bai>JI aj'C~ 01 }'Dpulu, <1l1d ~fA!c' Each daw pomt rcpresents a study 
G!le (24 "tes on the top panel, .~~ on lhc bOltom p"nel\. Site, abl"c 
tk diagoH~lline h,wc gre~ler rdatlvc ,lbunJ~nce of ]~JI1anx, Lhosc 
below rhe line hJW gr<~ler rdallve abllnd~nL~ <)f p('pu!II.;.-ScJ!ix. 

". JnlOl't's ,I .111(' from which '!onwri> ha, been dc~red. 'e' uenMe.> 
,in eftllJCIlHiominal'ed Sltc:' 

Regulated vs. unregulated flow 

Populus-Salix p~tches had signjf1cantly greater (Over ')11 the free

flowing perennta! reaches [han on the regula led perennial 

re.lchcs (Yl -'- 8 .1I1d .1. rc;;pe(ti"e1y: P < 0.(1) (fjg. 3, right pand). 

Similarly. PIJpUlU5 ,mel Salix had signific<Jntly greater combineJ 

-PGrennral 
~ Inlerminent 

PopuluswSa.lix 
o 

Unregulated rivers Perennial rivers 

- Fre~HI()Wjng 

~lmpovnded 

r·1I
_[L ......•..tl..... 

POpulus·Salix Tal7'ci'"ix 

Figure 3 COl11p:lI'I.>on of .lbunddnc~,)f POf'1111l5·-Soltx ,\I1d ]nmal'n

heh....een hyJn,logical read, q'PLo.;. Vfllut'~ .;lr(' nl~(ln" p]tl~ nne 

S!andllrd devl<ltion, The left p;lJli'.1 5ho\".1;, dltTe_r('.n'.t~~ bct,.y~en 

per~nl1jal and IntcrmmCLH reaches, ,\~thi[1 the frcc-l1owmg ,ub,cr; 
the riglll pand sh,)w, difkccl)ces hCLwc~/1li·ec·flow'l).g Hnd rcgu] ,lied 
Tc'achc.s, wichin the perennial subseL 'rhl~ lwo .tbundancc m~a,ur..:, 

Me the perccntage pI lh,~ flood;hin (Jc(upi<,d Py each lore, I q'PC anu 
the ba,al areJ of the trees Oil the rlooupJain. 

basil! area on the [ree- flowing tiM)) regulated perennial r,~,I(h(s 

(P < (J.OI;. Tl1nlf.1r7xshowcd the reverse pattern, wilhk.'s patch cover 

on the fi'ee-ilowlI1g, t.han regulated pcrenni.tl te'ldl<~s lI' ~ (I.nhi. 

t-!owevel. 'ji;In!lrt:c basal dW,1 did nOI difrer ~ig;llii'ill1i1y bct\-{,~el1 

Ihc tiw-tlowing and reguhltcd pcrcnma! r<cache, (P - 11.·16). Rda· 

llvt Tamarix p<itch Meil WiIi> significantly grc'aler oL11he regulat(d 

than frcc-Jlowiilf', per~lIni~1 reaches, and thIS p,ltlcrn l)Cllilt·:d 

li)r relative '!imwrix bit;al are;! (Tabie 2). 

The intermittent. regulated reache; haJ very high p,ltd( (over 

'1f Tllmanx (37 ± ~6'yo, /1 ~ 3) compared to PnplJillj· -",,!Ix II! .:. 

3%), wllh rdatiw p~lch cove1' of TmlJarix a\',~ri;ging 77 1. 18(>,(1. 

Fo;~;;t CO!llFOsilior1 in the effluent-dominated rcguLHcd r,:achn 

wal sinnhlr 1,1 Ih;;! LIl the n'm-efillJcnl. r~gl1lar~d reaches. 

Elevation and salinity 

The relatIve patch area of '[mnllnx w~s negatively corrclnkJ with 

site c1ev~tj()n (r = -0 44, n =2.\ I' = 0.0·1 1, ,IS W.l~ ilS reb live b~"JI 

area \r = -0.'11, 1/ '" 22, P = 0.06). [n the multiple r~grt"lon ,ma

lysi~, ekvation (P '-' 0.69) was !]l)t rdated to rdatl"C Idniorix 

patch arc-a, wbile How pcrmanellc<' IP -'- 0.013) and Jlow r,'gula

tion (P = 0.0(2) were both significantly relaid (overall modd ;: 

of 0.61, f ratio l1f ) 5.9). Trends were sltnihlr f-or the 'TilllwrLx rel

ative basill ar,:a Illodel, \~ilh de\'ation not significilflt (I' -= 0.86) 

but flow pfrmanCl1CC (P " 0.(14) and flow rq;ubtion (1' ~. 0.(2) 

botb significallt (overall model r of 0.48, F i atio of :;.(,). 
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Allered stream~flow regimes 

The stream water of all free-tJowing reaches had low dectncal 
condunivily: representative 2-year mean values were 0.4 dS moo' 

(San Pedn)-Tennbstone, USGS gauge no, 94..7[550 and Sanla 

Crll1-Nogales n(1.. 9480500), 0,5 tiS m-' (Hassay<:mpa-Box dam 
sile, no, 9515500), .md 0.& ciS m-: (j\gu.1 fria-Rock Sprl1lg, 

lIO, 9512800 1, i\'lcan values Oil the f]ow-regilJateJ reache~ ranged 
widely, and were 0,5 dS m' for VerJe-heiow Bartlett (Jam 
(110,9510000), fJ,8 dS m-' li)r Sail-below Ste',;[Jn Mount,lin Dam 
Ino, 95(2000), l...~ dS m-I for Gila-Winkleman (no, 9470000) 

and ,j ,5 ciS m-" for Gila-Gillespie (nL;, 9518000). 

DISCUSSION 

Rhers in many regions h,NC unJergone changes 111 their flow 
regimes, leading to dhlnges in the composition of nparian vege

tation (P,ltren, 1998; Tockncr & Stanford, 2002; Yo"bimura fr ai" 
2005j, Fo: \lle ,Hid rivers ,1Jdrcs~ed in thi, study. key anthro

pogellK changes to How reg:i!11e~ include reduced ,lream water 

,wailabihr..y (h'om groundwater pllmpmg ,md flow diversion) 2nd 
altcr~d f1o\ld rcgllll"~ alld now pa,t,cl'1ls (from Jamming and flow 

reguiat\()n fi)r water \lIpplYJ. Thes" change, ill the flow regllTIe 
h,n'" created (ondi[ions that favour a newco-domin<lnt to dom
inant wood)' "pecies in (he ripluian foresu" River iCllches with 
p{,'l enJ1ia! lIow "ml <l natural j100d regime had a hjgh abundance 
\)f Populus and Salix, the historic"U)' dominant pioneer ripari'll1 
tr~es in the region, ,mJ a low abllndanc~ of '],JrI'lori,;,;, !n contrast, 

river reaches WitJl intermjttent slr\'am flows {caused by ;),llural 

,lnd cultural [>,clors» as well as lhos{' with dam-regulated flows, 

welT dommaled or cO-dOllill1,ned by limwrix, an introduced 
shrub/tJ\~<' that is comp,11'alively Inore stress-ad,lrted and mOTe 
yepmdllctivcly opportllnistic thail [10p"'/I/S ,mel Sa!n, These 
ch,;nges 111 flow regime h,we f~1Ci!ltated [he dC\'dopmcnt of ,1 novel 
ecosystem (Hobbs et ai" 2(06), ,1t lea,t ",ith respeci to (orest 

com posit jon at the ,pecies level. 
These compositional ,hifts are mJ1sistcnt with trt'nds for 

introduced species to bcwme abundant foJlowing anthro
po[!.cnic habitat chanp;es, induding changes to strcanl-flow regimc, 

(e,g. Hunn & A rdl1 ngto;] , 200l), Simihrly, tiler are colls.1stent 

wII'h trcnds for altered disturbance regil11~" "I' 'illered rt~()urce 

bel,; IL) t"iwour new plant specie, (Hobb, & HU(,l1n~kc, 1992; 

Sher & HyatL 1999). Increases or dccrca,~... in IT,OU1'Ce k~cls can 

both d1 ivc composltlOn shift~. with [he latter b~ll1g ,1t p:;l)' in the 
,hin from f'r'lJ1.1llrs t.lJ 'hlrl/nri>. a!cms <'kw1Ier<~d riVers, 'fhe ,1b\Jn
dane,' OL l;mlr/nx on the 11,1l.urally 1lltcnn:u,ent n"cI re,KIJeS :,ug

ge~ts that it i~ intrill,icaJly 'lJapted to the dry conditions rhat 
de"elop on streams of the stllli~Jrid region of the' "outh~westcrn 

l;nitc(\ Sta[e~, However, w~ter-table:; i.t1 the noodpl,lins of many 

fOri11,uly perennial river r<?aehes have deepened, th~reby bvonring 
,lre;;-,ldaptd species 5n~h a, ]al1rari", and CRating ~onditions 

!c:iS :ilJitable [or dl'l;ught, into!era11t sFccics such as Popul1l5 Jnd 
Salix, This pro,'ides an example 01' domin,1ilcc sh1ft, to a new 

~pecjes unde' condltions of reduced r;:,soun;c dVJihbliity, 1 hL' 

rn~d1'HmTn; for lb~ ~h;Jnge; in vegetation on the flow·reglJlJICd 
river, are more complex, ,ln0 in pdrt reflect the inlluel1c~ of 

alt~red fll)od regimes on the establishment aud ~IHvl\'()rship of 
npanan lr~e species. 

Certainly, physicJI habitat change i~ only oue of many Jnech
anisms tbat have been postu!'lted as causes of incrca:;ed abunc!;wce 

or range expamion of immigrant plant >pecies, For eX'lInple, a 

new )pe(.ie~ may b~come abundant Jf It ha, intrin~icalJy gn',lter 
Iltness than other ;pe~ics (wbi-:h m,ly o,:eur iC introduced ll1to d 

phvJogel1ctieally constrained tlol')<;uc rcgll)n). if 1t produces alk
lopathic ,'ompounds that 111C1'('<I<;, it, competirive ability, or if ir 
has escaped from spedalized herbivores, Additionally, ~ species 
md~ become abunJant iC ;ts ~eed soun;es have ;J1crea~ed (e,g.. 
becau,,, oC ;ntemional pbntlng~) or because it is able !O utilize 
nc'w and incrcasing dispel'''''! vectors (such ,1S molor vehides), 
[-Jow<,ver, alteration of the phy:;ical environment, which is wide

spread ill rjp'lrian (orndors of tIl<' south-western l;1llted Swtes, 

JppeMS to be <I prime c!ri~'er of the 111gh abund~nce llf ']atllfui>.. 

Stream dewatering 

\'1<my or the rivus in the I:\asHI .Uld Range rrovim,e or the A/llenc.lll 

Southwest are s['<lliaB)' inlerm!llenl, char,Kteriled bvaltern'Il111f, 
stretches of }'e~"~l1nial and inienninelH tll eph~tlla"l now, As the 

rivers emerge rn>11l mOllntain" into dry b<lsilll>, mallY lose fl'lw 
Into Jeep and pcrmcable alluvium, retaining year-lOund flow 
only where shallow bedrock forccs \"ater to the surface, whero;: 
major tributaries allgmt~l1t flows or where there i, suCficiel1l 
groundwater lllf)OW from j he region,l! aquifer. '1 he bigh abun

dance of P Jiell10lltil ,lDd S, gooddingii on th" perennial reaeh~~ 

reflects the presence of sufficlent water co sustain thesc tall, 

bro<ld-kaved, hYdromesic tree~, The inrlowlng f,rollnd',"~ler thar 
oJien mainld..lflS the per~nniai flows .lbo mdinl,\ins the high 
waler-tdble in the strea1n ,1C]utf"er thal "llows (or survh'or"hip oj 
POpLrlUJ and S,l!i.~ through'lut the f]oodpl,li~1 (Bmch & Smith. 
1995; Sentt el af... 19<)'1), 

In tandem with incres:ied gr,)wth of the human popnlatlOn, 
the ;p,llial extent of perennial rea(hes h~s decre'lsed ,In many 
rj\'a" in the ,1rid Southwest as ,1 result of stre,1li1-1'1o,,, diversion 
and groundwater pumping, vVhere stream flows arc llltermittcm. 

the w,lter- table i~ typically lower and shows more interannu"tl 
(Fig. '1) and intra-Jnnual flucfua tiOll, As the \\'ater-wble decJmcs 

to depth" ot' approximatelY' J rn or more below the j]oodpiam 

'\Irface, PO{llli"',1 ,mel S,l/i." but lloi ·li'!nrHix. ,1I'~ "hJited Ollt 

of their toleranCe' LU1f!."'''' for rool-zone ~(lll ll1Ol>turc (Lite & 

Stromberg, 2(J(J:;), 7'lmOl'ix IS less susceptible than f'OP/dltS and 
Sa!i), to dlOughl-lllduced '(ylefl1 c1vj,atio!1 and canopy d1e>bal k> 
and J~ more o( a [awllaLlve phr~atophyte (Horton a a/., 2001, 

2003), Th~ 'l(rmari>. gmus I~ Ch'll'aclerized by deep and eXlc'nsiw 
root syst.ems (Cries ct i/!.., 20(3), with rooting ckpth:, much 

gredter t[,'111 P ji'emotltii or S, gooddil1gii, Thus, it CJn dominate:lt 
dry ,it6 where the environment'11 tolerance ranges of }Jopulu.' 

~nd Sali:~ hAve been exceeded. 
Although clear p.ltierns were evident. the'le wa~ high ,'ariabdil)' 

tn lree abundance pattnm withtn hydro!ogKal reJch 1)'F~' For 

ex;!Jnplc, 7]mr(mx had mode!3lcly hIgh abundaJ1c~ ,1t one p"renlllsl, 
l'ree-tlowing reach (middle San Pcdro;_ This variability l11ay 

relkCl different relation;hly, berween ~tream-f)ow perJnanerl~e 

,md level,; of the wakr-tahlc ,H))ong site" with :iClIne perennial
flow sites having d.::cper watet-tJbks th,l11 others, The vJnahility 
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r-tgure 4 Depth to saturated soil within thc floodplain of 
perennm!-tlow ,wd int.crnmlenl-f!ow reaches of ih~ upprl S,m Pedro 
Ri'tcr. Valtlt:'!'> shpwn ,In: rnean, rnaX1JHUl'n and rnin.ltTlllln valuer... 
(plu~ and mJlHl~ ORe Sl'lndard de'\.'i:"-lliOJ): rn~a,ured dUrJng the 2002 

\\!i.itc.r yc,lr. Values are f1o(ldplaln~\"'ci~htt~d (}vcr~gc~, based 011 

multiple ,,"'ells per site (scr Lcenhollts eta!.. 20(6), for sewn 
j.'cTcnni,li-llo\,· SII<.., dnd eight jnLerrnitl~lll-tJOw sjt~s. Sirearn tlow.H 

lhe ml~rlTJrtten( -tlow 'II", "'"lS pres"m iDr 69 J:: l}% of th~ "~~L 

may ~lm rdlect differing hydrologica! lustorjes. Pupillll>, Salix 

c)nd Ti.m,;n( live for aL least a ccnLury, and their poplllatiQn 

structure reflccts th" influcnce of po,t '1nd presen t cJwlrOlHnent..lI 

cOl1lhtrol1s. Some of thc s!ks classified a, pcrcnni81 ~ite;, M~ likely 

to 11,we h8d deeper w8ter-tahles during past dec,lde;; of drought 

<ll1d Inl~nSJ'!e ,,~nciJltumi grQUndW"kr 7:lUmplng, conditions 
,.,.hich ,,'(luld 11,\\,<:, r"voureu 11Irvivorship of l'l'n,mx over PopuiflS 

dnJ .''i'nit-x. 

Flood regime alteration 

Hood, m Sonor,m Des~rl nwr~ rdlt'ct the 18rgely bimoun! raini~l11 

paL tern. In lak ~UJnmcr, 'flashy' floods of ;,hort duration follow 
locahzcd lhllndcrstonn;, a.~",catcd witb thc monsoonal moi,tmc 

flow north",~rd from the Gults ofCllifornia ~nd Me:aco. Tropi.cd 
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~torm;, cau~c occ.lsional tloods in late slimmer or autumn GClltk 

rain~ associated witb Pacinc frontal ,tMnJ systems pt'rlodically 

saturale the: watC'r"hr.d and prodlh:ewinter fl()ods l)fhigh magm
lude .mJ long dUr,\llLlD. Till' episodic la'ge au,umn and v,'inler 

[Jol,ds rewor.\" f]oO(!p!,ljn sedimenb, crcallng ,I plChWfFk of ,n;d 
beds on whKh lree secdling, can csublish, wilhout compClrllOn 

from an OVC[Hnrcy. Rcceding nOh'S In sl.'ring mOI"cn thc bare 
sediments during tlH' short period when viabk l'oprd", ,md $oi{ix 

~eeds are presenL lrig. 5), dnJ ,tOh' rcce,;,lon "f the Ilood "'elkl' 

and the water-table allow;, seedling roots I" lnJinlain contacl 

\oriLh wet soil (Mahollq &: Rood, 1998). O"er llme, mhseljtlent 

flood, causc the channel to migrate or avulse, crcatmg mor" secd 

beds. As ,J resulL of these dynamic riwr processes, )Jupl{lll-,~Salix 

patches C,\fl bc~ abundant ('11 frec-Dowing, perenn1<1i reacllf" 

'}nmurTx, like P()['rtills and Salix, IS ,1150 .1 piol)('([ ~'I.ml thill 

produces abllnd.mt small se:ccb .,nd e5tahlt,hcs on mOist 111lner.,1 

sOllo. Sever,1! f~Ktor, may explain why il remalll' SlIbdorniJ);).nt ro 

I'opui,<s and S(l/ix on perenuJa: rlVe.I' wIth ulJ3JiC'reci flood 
r~gune&. r1r&\1 bf;'CiU~C Populus ,"{nd Salt'( bt~gln di,"'pLr~l.ng s~l'd~ 

earli~r In the g[()\,-ing ,~a,on, Lh~lr se('(!llllg" (<lU p'-e-cmpL 'p:HX 

a:ld olll-shad" und OVCflOP th,' I,\ter-seeding Ti:JlJl,lr,x. Second, 

lrJrrl0nx s~edhngs arc supprcss<:d b)' PopulI'S and Sub throui\h 

competitiw inl·er'1ctJons. Although '1arnunx beg,ms dispt'rsing 

sceu, lal~r in the '('il~lm, it> dispersal period does overlap Wilh 
thai or Populus ,uid S,lli~, ,md mixed-specje, seed bcds Me ("lll 

mon, Howevcr, due to evolution::;r). trade-off" phrnh ,uch a, 

7onwrJJ. thJt arc SL re$~' <luaplcd oftcn hayc low COlnpe.titi\'c ability 

uuda conditi<lrls 01 high resource ,Iv,ltl<lbility. Th"" ,I", '''cdling, 

lill/wrix l~ not '1 ,)IIong competitor .tgam,1 cu-('stablisb:nf' P"pLilI., 
,md Srr},x (Sher et aI., 2000) "nc! the pl.mt, do POl,r]V und,~r ,I 

P"pUhl5 canopy [l.e.,ica IX :Vliles, 200 I ). 

As flood W~1tcrs continue lo rc(cdc) TtlUianX secdll1l~.., c~,n 

c,labbh \D llJid,ull1lIlCI on n<:'wly exposed SlJr!3ces (a (ter 1'(11~l/

lu,: and SlIiix h,lve cea,d germinating). l\ddawnally, they may 

est.:blish in late Sl)111mer on surfaces wetted by thc often-flashy 

summcr monsoon floods. HowevC\', ;,cedling~ on ne,'r-cbannel 

surfa<.es h,IVC .l high nsk of lTH'rtality from flood scou, ,)r 

San Pedro' 1995 

I 
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Figure 5 C,)ntr<!st of ~nnuaJsLJcarn 

hydropaph, between .\ Li'ce- (lowing rivcr 
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'learby tll1Vi,rcgublcd riva (Gil,l H,\W heJew 
COlJlidg,- Dam, tlfl. OY'16Y';{lO). ])"'3 d[c 
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Altered stream·fiow regllTleS 

~~dimentati()n (Levine & Stromberg, 200 I). In generaL pioneer 

tree seedlillg~ havc gr~alest sUr\·ivorship on surfaces that arc sufo

cient!y high to escape morlalit), from flood scour and lh,ll are 

sufficiently low to ,woid morlality (rom de,iccation (Stromberg 
ct ,:i., 1991). 

indepenJclH of differcnces in phenology and spatial estabbh

nWIH zone's, Jt is possible that }i:WWJ'lX is intrinsically k,\ tolerant 

of flood s(()ur, pan.icularly if cnmpetilivdy suppressed by' PclptJI"s 
or Sulix (herin, 1980; Siromberg er ,d., 1993).I-bgh inwslment 111 

;Htlptal.JOJlS fOl slre.>s lulerance (such a; deep roots) c;m reduce 

a pJ.1nt's abd:t}' to survive (h"turba:h~es, Re,1 (191)8, p. 1399) 

provide, ,Inecdo,al eVIdence: 'The 1965· J966 Chrisunas.. New 

Year floods ion the Gila River] scoured oul much of thewgetation, 

lndudint( mOSl of the impenetr,lble sall·ced,u l'lr)mariAj thi,kets 

e~tablished in earlier y~ars. Ihe resulting ... ,andbMs '" pruved 

lueal for establishment 01 cottonwood and willow st,mds' 

Subscquem f]ol)ding in tbe winler.s of J973, llJ7k, 1979 and late 

198J ",«.lured salt-cedars ;;]O))f( the (bannels ' .. leaving )Tll)st of 

the \\IIJO'v and (ottonw,lod grove'> intau', SlUelle, are nec(kd Lo 

compare reslsta(K~ lO lloodll1g of slmiL1r-aged populalion, of 
Popull/;, Sollx and [u/nm ix, ,,;ld more gClleraJJy of plants ada pled 

for wettcl vcrsus drier riparian enVHonmems. 

Many livers in the south-\',:estern United Stales hdVC be~n 

Jammed for water st(lrag~ ,indiOI' fiood control (Gr;lf, 19':19). 

ReductlOn5 in 1100d frcquency, shifts in nooJ timing ilnd abrupl 

,kdmc of flood v;alers, togdher with (hanges in river geo

morphology, have contrihutt'd te) reduced re([uitll1cnl of Popul/.l) 

,md Salix (m the short term or long term) along ())allY dammed 

riVers ill we.'lern North America le,g. Rood & Mahoncv. 1990; 

HOl-\l' & Kn0l't; 1991: Mcrritt & Cooper, 2000; Cooper ft nl.• 

20(3). In tim ,tud)" ,1, well, P"pu;lAs·Sai!x wer~ les; "bunt!.]])l in 

impoundcd rC.lChes thiln J1l h\:,e-flowing riwr reachc~, albeit with 

bigh nri<lbi!Jr~' v,iihin hydrolog.ic'll le,lcb ty'pes. COlTlpl"x wler· 

rdaLiomhip; bC!Wc'l'D doods ,1Jld droughts ,In:clllfe ripMldn 

plant p,lpulations <ind communities, and recrultmcnl.md rnoriauty 

r,lte~ of Populus and Salix vary widely ar\lOl1g regulated rcach~~ 

due tt' the inJividu~listic nalure ot rivers and of darn manage

ment. ror eXa\T1p\e, in rivers with alow ratio of reservoir stor~ge 

c"pacity to watt'fshed runoff (Stich a, on the Vt'l'de River), the 

reservoir can be ovcn'>'hdmed in wct y~J.rs, thus ,rllowing the 

pa,sag~ of larg~ floods. This c,ln ,lUOW tor 'run-of-the-river' 

,>!)rillg,·season hydrograph~ and succes,!u[ c'itabJisnrncnt of 
!)()!'l/!/IS .Ind S"il!x If.Ir\l\w<>-Arw)-\) ('I al.• 20(l1; Stmmbcrg ('{ 01.. In 

press). Followmg these episcl<lie !lows lhat Sl1ll1ula\e the csub

lishllicnl of sccdlings. re~\'r\'oir r<'1eas\'" lhal susralIl high stream 
1'10'1"" 8nJ shallow groundwater through thc grt)wing sea,on (an 

Iniligate the chee(> of naHnal drought on >eedling morlalilY 

(Lytle & Merna, 200 ft). 

The pre,ence of a How-regulating dam in t\)js study W,IS ;ISS0

cia led with abundant p~tch area (but not high basal arca) of 

'l':)llwrix. l\lany factors may allow for high patch coverage of 

7a,n,mx on regulated rivers. The reduced abLlndance of POri/hiS 
and Salix may rele;I'~ 'lumarix from competjtJVe redlict'ie)n. 

!\ddil.ion'llIy, bf(ause 'limmrix disperses ,eeds over a longer 

pennd than do P. ji'fl IWII til 'lnd S. gooddmgil 8nd has kss stringent 
'v\';,Hcr requlITln~nt.:, ror Sl.~CdliJlg ~lIrvlynr~hl~\ j;- (~,n ('~tablii"h 

where the ri~'Cr flow p,lttem JitT"rs from tbe climatic norm with 

respect to flood timing and recession rate. On river~ man'lgcd for 

dehwry of irrigation waler, opportunitjes are periodically cre· 

ated for the e"tablishlllcnt of Iate-$eeding species on surfaces 

cxpo,ed during lat(' .>ummer dra,,,down, (rig. "), 1f 1100ds <Ire 

suppressed for a few year, (as is common on regulated river,), the 

7innrJrix ,eedlillgs that p:ermin,HC on the low SUl faLes (,1Il grow to 

,1 size that en:i1.l1es hIgh 'llrvi\'orship ol' sub,equenl disturixlIlce 

events (Cooper d a/., 2003). If ~ n,1I'TOW germination window 

can be consiclc::reJ a, a spc::c;,\li5t (T.-lil. <lnd a ,,,ide germinatJon 

I.... llldow a';1 generaljst traIt. thm the ShiftS from Popull/s .. S,dix tl' 
'[llJnarix on flow-regulated lwcrs IS an example of ,\ spcClalist 

specIes giving way lO a g~neralist speces \)'here ~n"ironments 

have shlfteJ (rom the climalic norm. 

fle1w-regulating dams also can iniluence vegetation by chang

ing soil salinity le"e1,. Many rivers in the~ south-western Umted 

Statcs h~"e d relatl"ely low W!\I[C coilt\'nt, whde others, sllch ,u, 

,ome redches of the Salt and CiJa Rivers in Aril0T1i1. h~ve IUg!1 

salimi)' due lO pas,agc through ancienl marine salt deposits. Dls

charg.e 'If rnullIup,11 effluelll or agricullurJl t~il W,lla, int('rba~in 

trJnspon of salty water and an incrcnsed raK of evaporation of 

warcr due to p'l.ssage lhrough ll1uJri.plc dam reservoir systelnS 
Gin further contnbme 10 ,almil.aLion of stream warer, VVhere 

Iloods are rduced in frequCI1cy, lhe sall.> can accumulate In 

I1oodplains, rcachmg particularly high leveL, if tht' source ",;Her 

has a high salt content, Salinity influcnce, ri;J<1rjan vegetation 

pattcrns, ""ith ~alty wnditiom favouring halophytic spccics ~uch 

,15 '/[lnlarix wllile reducing the germjnMion, produaivily and 

wrvivorship of glycopllytes such as Populu) ,md Salix (Shafroth 

d iii., 1995; Vandersande fl (11" 2001; Pa(;)k.! er al., 20lJS), 5hilis 

from glycophyti( (.',lln spr.) 10 halopby[lc lIi1Jllanx afriwua) 

nparian 'p~cie, have bee'n tlbserved in (hc European Medltar,H1e,\'l, 

111 associd(inn wllh innc'l.sed ,alinitv of d\e watercourse soils 

[rom agriC\1ltural ;Ktivl!icS tSalinas .:t ,d" 2000), Our study did 

not indude any free-flowinl!-, .>ally river r~aeh(;",. bUI did include 
let(ubtcd, salty reaches. The high dCctrica! conductivity o[ the 

Strealn W,llCl for such reaches may have contributcd to the hit(h 

relative abundance of 'lllnt(irix. 

Stream nutrient levels 

{vlaoY riwrs throughout the world h,we undergone changes In 

W;1t('1 \]mdity ,.llle en urban, dgnct\ltural ind indu'lnal il cr.i Vi tics, 

<\rId some riparian ,md \~elland l'CLJ~YSleIl1' h~v(' bewnle 
cillropbie, R[vers 111 the 5011or;111 Desert typi"aUy have low con

centrations of nitrogen and phosphofllS but nutricnts C,\ll 

increase when efflucllt is discharged hom Illlln;cipal wastewater 

trealment plants. Eutrophication can modiFy competit'ive inler

aniom and !i1l'Our specie, with high nilrogen plOductJvity (I.e, 

high reutive growth r'lle pef unit pbnt nitrogen). In some wetbnds, 

eutropllllic species. ,ome of which arc intlOduced, have become 

the community dominanrs (Lake & Leishman, 2()04), Howewr, 

in thi, $Iudv lbased on a very sm,lJ! sample of reachc,), release of 
municipal effluenl into flver dlanneb was not assoc:lated \\'Jlh 

slllfts in Iree spe(j~s eomposlt!OJl, Althou~dl Ihcr~ Ina~' b~ SUblk 
inlcrspe'(\f]c differences In nutrient uptake and utiliz8tlOll, Port,Ii,,,,, 
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J C Strcvnberg et a! 

Salr;.: and 7amnnx ~eedlillgs all rl'srl'nd positively to nutrient 
augmematiol1 (J\'I<Ukr ct al.- 200]; Adm & Binckky, 20(2), T!1", 

response (If th'" I"ll'anan f0r""ts in th~ ,<erni-arid ~()llthwest to 

dT1Llcnt discharge appcars ("0 bt~ dri"nl mNl' slronp~' by chang('s 
Jni,'alcr qu,mtit), r<llher lhan by changes in water (juJlity. 

Other influences 

Some of the \'ariabiJily in ,IQundaJICC of POl"lb:>, :S,di", and 'Iu".!urix 

\l'ithiJlli~'drol,)glc<\l rCilch types rnay haw b",en G1Llsed by land

us" factor;, For ex.ample, n:acb (bffer"'I.Kc:> in livesl()(k gra71ng 

hJst,lries nJay he a cause of some of tht' v.lriability By ,dcctlvdy 

-'oragll1g on the Illore p2\alahlc l'opuhl_' l!iJd Sah.<, [i"CSlt)C!( C,I)) 

,hift [orc,t ,:omp0;,lllf)[\ l.OW'lll" '/i.mlflnx domindnd: cwn at 

lre,,-HO"'in;; pern) fll"l river;,. h ten se In- estock grazing in past 
dec,lde; at ,-Olne site, In,ly h,lY'" produccd ,~ higher relaLi\'", 

ahundance of '/imwrix Lhan would be Ill(' case bad cattle heen 
excluded from the riparian zone, 

Pa,1 episodes oL riparian Jand clearing may al5'l h,we shaped 

the riparj~f1 fore~ts, Populus and Salix were cleared from Lhe 

floodplains of ,Oine ri\Tr~ in the Southwest at v<H'i()u~ times 

throul2-hout the 20th cefltu~y, setlin8 thc stage for brge-sca]cveg

e til tlon TCTlac:emenLThe compositio n r)f th~ coloJlJzing speclcs may 

have Qem detennined by the Liming or the posl-dtMlIlg flood events 

re!~ti\,c to th,' dVi1ihhi]itj' oLsccd ~oUfCI::S ,It the tnne (Everitt, 199ML 

On ;Of1l'" rivers, 'f{mumx increa~es in abllndancc with djst~.11ce 

dOl' nstr"am "f rlie he,ldwatcrs (Campbell (\: DKk- Peddie, 1964 L 

The rdative abundanc(' (If '/i71111Irix in this stUGY iDcreast~d with 

dr:creiLSing r1evaLivl1, Uln,islent wi,lI the genera.! rq;iorl~l trend, 1'he 

pJttcm in this slUtl)' ,~ppeiU'S to he <'xpiaincd by the tClldency for 
hydrological alter'ltion;, to incrc,lse nt lower elevations, However. 
it Jnay also occur because tbe upstream reaches are farther from 

source populations or beC<lus(' they Me iess favclU.fabl", c1imalicaU)" 

Patterns in other regions 

rhl~ stud)' denJoll.<t.1 ated thdt where riwT:; remain pCrel1l113\ aOld 

h ee, tlllwmg, the n,H.iw nparJaD pH1t1eC( Irces (I-'[)pulu,\ ;ll1d 

.)ali~'" ha,e hlgh abund~l1lc and the introduccd piunen species 
('famnrLXI has low abundance. The,'e results mayor may nor he 

repreSClllativc of other river basins in North America, Birken 
and Cooper (2006), for ",xJ.JJlple, descrihe ,1 case of extensive 

colo'1lzation of '{(Imam: a.long a rive-r ill Utah, rrior to major 

(\,11'11 construction, Wh[[cman (2006) fOllnd limwrix to be 

ahundnllt along an unrcgul;\ted river in I\ew tv1<"XlCO, A study 
!l1 ;,ollLh-e,lst IvIontana, however, concluded that the spread of 

Ta!nnrJx could he rn\l\imlZed bv Itlana1!ing for f;lctors that 

susUin Populus (I"esica & Miles, 200]). 

l'~ilt('rm may Var) n::gioll,IJly becallse of dift'eretKC' in tnlls of 

thc local "peCIC'" f'opulu, fi'emorll.ii ,mel S, g(>oddrngi! 11.1'>'e a 

faIrly \1l1'iJl geographical range, [united to the iioutn-westan 

Unltcd Swtes and northem ;\:Jcxico, whercas T fmno515sima IS 

more broadly di.<tributed in we"teT.n North America In much of 
we-stern :-Jorlh Amelica, Jiwwrix (O-Ol'cur~ with a (liffercnt 

species of cottonwood (l'OpUhl$ deltoid,-s) , Additiol1<llly, along 
~ornc riv("l's {anu t1kesL Ta}YI(~.rix grow~ in i.lreaS that fornlcrly 

'upportcd rip~n3n grassbnd:. or shrublancls mther tb~n npari,1I.l 

forest.> (Lad"'nhurgcr et aI., 2006; S"xton rl aI., 2f)Ob l. 

Thc degree to \"hich '/,Jnl(IrtX esr,Iblishe5 a1onl~ fret'-fl.,)wln~ 

dnd undil/crrcd fJVCrS J!lay \.·ary bt"twcen [Cgl(Hl~ depl"~;ldLng lY1 

iocal .>oi] condiLJons, land lIse~ ,1J1d n(1W reglITlc>. For c>-,unplt', d 
riparian SOlIs in a p3rtlcuhlr rq;ioOl 11,]\,(' very high ,all «(1]1("11£, 

Tamarix tllJy dominate regardkss of flo\\' regime. Or, 1f Ihe 

int.enslty of livestock graling bas bem high in the ril'ari,Ul corridor 

and watershed, lhml.,rix m?y become very abul1(hnt. i.nJepcmknl 
of direct hydrologlul n!teration, Additionally, 'j(lIJJ(.!rix ,1bun

dance may \"tf)' regiomH)· with characterisUc.' of t.he flood regimc, 
Flnod~ in SO'IOrd)) De,c'rt river' are very powerful. rl allSp0f( 

\TnKh sedime:1t ,Ina oecm In Jl1ullirk' se3sons oj the y",\:'. Thi' 

fr"qu~n{ S«.lur ~l1d ,ed.imentatJOn m,ly conn ibute to low a1Jull
dMKe ot' TWiUlri;,. '1IoY\g fr"'f-ilowlllg nv<'fS of the ~Wl10rall 

Dt's~rt. 7amal'/.X m~y haH' gn:::atCl .>uly;vorship whl'rt' nl)()J~ are 

Ie.'-' inLcnse, transpurt fcwel ,'eQ1l11cnlS and dre rcstJict",d to carly 

summer; lomrarative studies with rcgl')ll.' t) piri~d b}' ,nQwllle!t-r('d 
river, and ie,,, ~rid catchmc:nt; wonld be beneftci,lL 

Implications for river restoration 

The results "C thIS study imply that re,t,'ratwn o! P,'pul"',I---S"I!).. 
f(1rest elo.>y~telTls, Ul the ~trjCl scme, will rt'quire the rtlurn ot' 

rxrt'nniaJ ~(r(~dm flo",;" ;,hJIlO1V groundwater, orld fiood llllnTll( 

and 111 Lcnsity ll) kceplIJf{ \~ith climatIC :1onm, The 'tuliy ai", lu, 
!JlJp!tcatJol1s t<'t' the manar;clllcnl (If I;mwrrx. Effort~ .11 rCl)1()V'l.l 

of ~htlJ1arix tln-: under way on IT1ilny western Nonh Alnl:rl0ln 

Tlver>, including thost' that are fre~-11owing and p('l'cn:1i,1I, l'I"w

e\'Cl, under such hydrological conditions our 1'(:su1ls ,ugge;,t lthlt 

Ta!n(nix will remain ,ubdomiJ)nnt witlun the plant C')fl)n1Ulltty. 

We draw thi~ conclusion cven though Populus, Salix and 7(ml<1rn 

may nol h~ve reached qll;Jsi-eq\.,ilibriunl at some of our 5tlldy 

le;1(lle" For eXilmpk, 'he upper San l'edm River it- typified bv 

lelati,·ely l.(JW ral<::~ of floodplam tUII\O"('j' and the Jd.lU"dy 

reet'o1 mtroduction of TW'l'1ruix; many or til,' pioDeer foresL 

.stand, cst,lhlisbed pnor to the ,unval of lil'r@'~~ (StJOJl1bag, 

19(0) ~nd ilS pre,~nt dcn~,ty In the floodpl,lin rtllt:hl :lOllw 

repre,ent<itwe (11 it.<. pm<:nll.'J!. futll.iT den~lty, 1-10\'('\'1.'1', the iow 

"bllndancc: of 7mrwT[x in young dge d,lsses (e,g. cohort.<. from lh,' 

1990s amI 1980~) al this and other fi-ee-t1owing nvc:r, kg, .':>anta 

Maria; Shafrotb et '11,.20(2) suggest that 'Ii.lIn,JrLl: \vill rl'm,lIn ,) 

subdorninant tree where the pr,'cesses th'lt ,lllow for !-'('jluiu,

:s"i1L~ establishment and SllJ"vivaJ remain ima,:t Thm, l<lrgeted 
plant rCmOVi\J seems llnneces.,~ry on perennii\l, frec- flowing 
nver, if the gOJi i, to prc'V('J11 TarlJarix from attaining Gomin,Ulcc, 

On many n<lturally illiermittt'nt, free-flowing l'1\'cr$, Tamanx 
i,' co-dominallt wit.h POjluh'S-,Sllfix. Some '!omO]1';>, ckaring. ef!-<wts, 

in IhIS and other settil1&<;, ,Ire Cl'lJducted WJ!h Ih~ goal p[ j'('rlJO\'Jng 
an 'tlJ1Ul\Yi1ed' inVi.llkr. If t>cr)Sy<::tC'lil:::' ;:1[-':- vie·...:ed a~ open )y~t('lns, 

in \vbich in1rnlgi aLl()]1 IS (In ongOIng proc~~~ ,llid :.hift~ng ~r(.Ti ..'~ 

'1ssemb!ages aI',' tbe norm, then the !nne presence llf ,n IlHfl)' 

duced S)'ecies IS 110t in il..<df ,I cal! f(lr acl!On, If (['I(' n~w 'pecies l' 

causing structilraJ or funltional d\ange~ in the ecosr'slem, amI if 
t.hese Ch,lllgc~ Jrc perct'ived JS negat.ivc, this can moHvatc action, 

wch a~ ckming O'::cJ1Hed:,- d 111., 2(05). 
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Luge-scali: dlorts <It Tnrrwnx r"n1O\'al, JIlvolving hnHdozil1g, 

aerl"] herbiCide applic<1tiol1. fire and lise of biocol1!tol insects arc 

under w,ly al several high!,. modified 1 iVc."rs lil the western 

UllileJ St,lI<:S (ivkDaniel & Taylor. 2003; Dudley & DcLo;\Ch, 
200·1: Hart cr <Ii.. 2005; Sh.lfrl1 th el al., 2005). However. on ihcse 

hydrologicuH,. alm'eel rivers. hl1narix may fail withlll thL' 'invilsivc 

"pecies a.s passenger' ratb('r [hun the ~jnv<lsive species as drivC'r 1 

model of ecosystem degradation \l\'1adJougall & Tllrklngton. 

2005 i. l[ indeed a passenger. Ihe removal of i'l171arix, without 

s!inult.\IIeotts re,toration of Slream·How and sediment How 

reg.ime;, (nay not restore the desired conditions. On pMtiaily 

dew3tcml and fJow-reg.uiated r!v~r reaches, Pupulu5. Solix ,111d 

oth"r hvdromesic pbms lTlav Tlol estdblish in abundance barring 

the rC'stor;ltion of <lppropriale river flows, ,\Od other ecosystem 

iralb (SllCh as species di\'crsity) m~y not cl13nge, barring t!lc 

;·I'.'!>ttlration of dynamic flONl reglJTIl'.'s. furthermore, cienring. of 

veg;et.,ltion, without otller restoratiw actions, could reduce habitat 

Fur th~ fed"r'lll,. onddngered sOlltll-\-{estcrn wHlo\\' flycatcher and 

ocher bird species thal utilize 'J(lI1wrix (Zw,,!ela et "I.. 2001; 

1\lr~d7ick & \\'oodwarJ, 10(3). From the perspecti\'c o[ river 

re~lor.ltion in south-western North AI11CnC,1, it m,,\' bc most 

fruitful to v)ew n:1}tl(jrix dvmin'lrlce (not to be (on fused wilh 

I'resel/(c) ,IS an indicaTor of il.lkred riverine proccsscs. As SIKh, its 

Joml.l1an(e cOtild seryc as ,l l"ig,ger for the r rO~atlon o( Surf:Kc 

and gff..lllnd'·lHtcl nl)V'{S, more ll,llllra] flood rcginlL'S, 11nLi, pt"r

'lap" I1h1rC witable ]i\'e:>tock grazll1g practice'. 
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