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AbslraCI. Rivt:r damming and {low regula lion can aller diSlUrbanct: and slress regimes 
thal structure riparian eco,\ystem". W~ \LUd.ied the Bill Williams River in we~tern Ariwna, 
USA. [0 unde.rstand dam-induced changes in channel width and in the areal extent. structure, 
species composition, and dynamics of woody riparian vegetation. We eonducted paralleJ 
.>lUdies along a reference: syskm, the Santa Maria River, an unregulated major tributary of 
the' Bill Williams River. Flood lllagnilude on tbe Bill Williams River has been dramaLJcally 
reduced ~ince the clo~ure 01 Alamo Dam 1n 1968: the IO-yr re,'lIrre·J]ce intervill lllwd ill 
d.le pIc-dam ,'1',1 ",,:as 13<;7 m.lT~ vs. 148 m 'I, post-dam. Pns(-dam average annual tlows werc 
higher due to incre;~sed pre.clpilation 1n a few yeilrs, but increase'> in post-daln May­
S:::plcmber tlovvs are largely allribmable to <.lam operation. An analY~ls of a lime senes of 
aenal photographs showed thal channels ,1long the Bill Wliliam& River narrowed an «'-'t'rage 
or ) I 1 rn (71 %) hClween 1953 and 1987, with moM narrov,'lng occurring after dam closure. 
T\1ultiplc rcgrc. sion analysi~ revealed sigll.ificant rela[iomhip~ among flood power, wmmer 
flows, intenninency (independent vari,lble,q, and channel width (dependent variable). The 
pattern of channel width change along tbe l1nreguhlled Santa Maria River was different. 
with it"s.~ narrowing between 1953 and 1987 and considerable widening between 1987 and 
J992. Woody vcgetation along the Bil) Williams River wa~ denser lhan that along the Santa 
]\.·Iarb River (27737 stenls/ha 'is. 7559 stems/ha, P = 0.005), thongh basal areas were 
similar (14.3 m 2/ha vs. ! 0.7 IT1 L/ha, P = 0.42). Patehes duminated b)~ the exotic Tl1Inai";,~ 
ramosl.~·.\im'l were marginally (I' = 0.05) mar::: abundant (lIang [he Bill Willialns River than 
along the: Santa Maria River. whereas the abundance or patches dOlTllnHled by the nativ~ 

Pupullis f/"ctrlonrii or Saltx goodd/ilgii was .,illliJar acro~s river~ (P = 0.30). Helalive to 
Populus and Sa Ii.\., Tomar;.\. dom,inaws flnodplain vegetation aJong the Bill \Vllliam~ Rive'\" 
(p <: 0.0001). Mosl st,lnds of the dominant pioneer u'ees on both rivers became established 
ill the 1970s and 1980s. Recent seedling ~::.tablishmenl OCCUlTed in wider bands alung tbe 
Sanla Maria I~iver (15.3 In Wide vs. 54 1T1 wide on [h~ Bill \Vililams River, l' = 0.00(9), 
likely due tu lurger nouds ,Lnd ass()cial~.d ~eedbed formation aJong the SanLa Maria River. 
ScedlllJg survival rate, were gcnerally higher alung the BiU Williams RiYer, perhaps duc 
to higher summer flu\\··s. 

Ker word.,: dum",", /Ior"mvillg: dlJwrbonce; pllllli illvwion: Populus; riparian vegela{((JIl; Saltx; 
l'eN/lillg e>lllbli.ih"U'IlI; 'pedes compo"ilion; .I'lreclm.!iow reguilltion; I"lre.'s; Tamarix; \'egetarum .,[rlie­
Utre. 

INTRODUCI to;-..	 penods of low flow influence.> planr sun'i val (A lbt:rbon 
and Weaver 1947, Stromberg and Pallen 1992. RoodPhy~ical di~llIrbance and environmmlal 'tre~s play 
ct al. 1995), growlh (Reily and Johnwll 1982. Strom·.;enlral rll!cs in determining the i,patial and tc:mporal 
berg and Pauen (991), and species cOlnposition (Zim­dynamics of a vanety 'If plant eOIllJnunities (Grime 
merman 1969, Busch and Smith 1995, Stromberg et "I.1979, White 1979, Pickett and While) 985, Osrnond 
1996).et al. 1987). The prindpal dlsturbanc~ :,nd Mres,e, in­

Dams oflen have profound effect .. on patterns l)Ifluencing Ilparian vegelalion in arid and selnJarid re­
~trea!11f1ow (Dynesius and Ni Isson 1994, Graf 1999),gion~ are associated with streamflow. Disturbance by 
thereby changi ng disturbance and stres" regimes. Theselarge tloods influC'nces the establ1shmcm (Slromberg et 
effects can be especially pronou nced in Mid and semi­a!. 1991. HlIghc~ 199'1. Scott t:1 a!. 1997), mortality 
arid settings \\·here natura'! Ilow is highly variablt: (Da­(S.;hlll1)lll <lnJ Lichty 1963, Stromberg et al. 191)7), and 
vies el al. 1994) and reservoir Storage capacity is largepatch ~trllcture (Salo ~t al. 1986, Friedman et al. 1996) 
(Graf 1999). Responses of riparian vegetatiun lu dam­of rip;HiHIl vcg,ewriOil. T)rQught stress as~oeiaLed with 
induced tlow change~ have heen \ludied In wme semi­

MailLl.scnpl ren"veJ 7 t\LlgUSI 2.000.; r"V.,c<1 (, II-larch 200 I; arid systems (d. WilJinms and Wolman J984. Friedlnan 
~cce]1ted 15 :-'-furci12001, final vcr,ioTl re,'ened II April 2001. et ai, 19(8), hut questions remain regarding the liming 
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and nature of r,~sponse and Ihe re~ulting area.1 extent. 
~(rudure. specie.'. composition. ,lI1d dynalll)c~ of veg­
",tatlon. Stlldle" of channel and vegel.~tion chatlge~ 

dO\~'n,trc'Hn elf dajn~ can reveal ilT!pac'ts of dam' Ull 

phY~lc,.d '.Inel hlOlogicaJ "y"tcm.' and can further our 
kl10wkdgc 01 genc~ral rc.lalionslilps bctween streamflow 

and rip<lri"n veget<llion and rhe effect, of ~I(ered dis­
turbdlKe and ,tr<:.\,) regimes on nat; ve and exotit; plant 

[lopubtiotls (D'Antonio et al. 1999). The,e insights 

may i IT!provc management and rcslorai.lon of down­
~trc:arn ecosystems (Stanford et a!. 1996, Poff et aJ. 
1997). 

The dTeet, of dalT!\ on the areal exlenl o( down­

srre<lm vcgcWtil)n and the character uf ~trean1 channels 

V~HY dmong rivcr~, refleetil!g complex imcrauions bc­
L\.vcen n:guLlltcd 11m\-s und the lluvial geomorphic ,;et­
lin;; (Pct\~ 1979. "";l1liams and Wolnldfl 191)4, John'ion 

1998 1 Alont: braided channels. a relluc\lo\1 ill {-loud 
magll){.Ilde and assoej,\tcd dismrbtlnce effeds often 
c~luse channel narrowing and an increase in riparian 
vq:daUon th;H colonize~ Ihe. rormer channel bed (Wil­

liams and Wolman 1984, Johnson 1994. Friedman d 

aL 1996, [998). Along meandering channel.'i. reduc­

rions HI flood magniwde Illay result in rcuuclion of both 
channel migr2.rion and pioneer species recruifHlenr 
(John"oll et ,tl. 1976. Bradley ano S Illith j 986. FrieLl­
nlan et 'II. 1998). 

The rate ;}IKI nawrc of dlanne! and vcgeration re­
sp0rlse to flo\\.' regulali0r1 should diffC'1 between perell­
n iat and in tefrlllliClll or epllelllcral reaches. thongh 
lht',c nonpclennJal 'l',ie!1ls have not bt'ell \I:ell sluLlied. 

Ephemeral ,utd inlcrmillent \trc<!IH,' and reachc, arc 
chanlcl.cn7.ed by highcr flow vari,lbility (Davies et ai. 
j 9()4) and ueepcr and more variable water tables than 

perennial counterpan, (Sl.romberg 19Y80, Shafrotll ci 
al. 20(0), hOih of which tend to retard vcgelation de­
velopmenl (Zi rnmerman 1969, Stromberg 1998(1) Ina 

<iry climate. alJnual 01' seasonal reductions in slream­
flow re~ul\ing I'ronlilow regulatioll can Similarly reduce 
lhe arc,11 eXlent or ['iparian \'egewtion (Stromberg and 
Pallcn 1992. Rood et al. 1995). Convcr,dy. /low in­
(']'eases Irurn rc'scrvui rs rllIr\ ng normally dry scasons 
call inut',he fhe extent or Tlparian veget~tion (Nadler 
anLl Schumm 1981). 

EUec{\ Df dams on the eXlent, slII'vival, and growlh 

of vegcration \hould be reflected in with ill-patch struc­
tural rnetries such a~ stem density and basal area. Veg­
etation structure call have important feedb~cks, influ­
~ncing ruture Sw.,ccrlibility to disturbance. For exam­
ple. hjgh-dell~ity vegnation i\ 1110rc reSLstanr to Row 
(han low-dens;l)' vegetation, rcsulung in occ)ca~ed 

j'h)w velocitie~ and increas"'d scditnent,tl1on. both of 

which may reduce the diswrballce erl'ects of f'tllure 
tloock Den,)c ve~elatioll and tltc a(;culllulalion of ILtter 
h:,\',;: t'een implicalc~d ill pl Onlouog fire in ,outhwestern 

U.S. riparian ~.L.o'ystenIS (Busch 1995). Finally. chang­
CS HI I'egelalion ~tructllre a~"O(;laled ."ith d~nn ale like­
ly (() alTecl wildlife usc, e,pecially in arid and semiarid 

riparian torests (Ohlllall and Anderson 1982. Saab 
1999). 

Alteratjoll o! distu rbance and ~tress regjmes lllay Jl1­

lluellce the species L'ompnsilion or plan'. cOlllnlunjtie~. 

or pari icular tLlttrest in riparian systems of the ~outb­
weSrcrn l)nikd Staies is the abundancc of the exoric 

shrub Tam({rix rVl1losls.\·ima relative 1O naiive tree, in 

the genera Populus and Salix. The widespr<'ad cstab­
1ishlll<,nt or Talllarix in western North Atnencan ri­

parian ecosy.5tems has been aUflbuted, in pan.. io !lm" 
regulmion (Everill 1998. Smith et al. 1998l. Altered 
IHning or Hood evenl~ may ravor Tlll1wri.x recruitment 
because it has a longer period (If ~eed dispersal and 

\eed vi abili ty than th,;: nati YC Po/millS and Suli.1 spp. 
with which it competes (Warren and Turner! 975. Shaf­

roth et al. 1<)98). Some amhors have snggcsreo thai 
Tamarix i.s relatively i nwlerant or !looo oisturbance and 
<'xlended inunLla[jon (Gladwin anLl Roelle [<)(jR. Strom­

berg 1998a. but see Wal ren and Turner 1975) and there­
fore may be more abundunt along reguiated river,. 

Compared to the native POfJll/IlS and Salix. Tamarix is 

mOre salt tolerant (Jachon et :.11. 1990) and more tol­
erant of low soil moisture eonditio1l5 (Busch and Smith 

1995. Stromberg 199811. Shafrotb et a!. 2060). WhiCh 
sornetime~ are formed by flow reguhuion. Few ~tudies, 

however, have compared Tamarix population,~ along 

regulated and unregulated r('rLion~ 01 ri.'er sy,tem" 
(Merritl ,ind Cooper 2000); therefore. Inferences re­
gHrding tlle role of Row regulation on tbe invasion pro­
ce,s are weak. 

Distmballce sirongly influence, !'orest ~tand dynanl­

les ("Vl1itc 1979, Johnson J992). The d.i,tribU[iOll of 

riparian forests of various suecessional stages orten 

rdkcls the spatial and temporal varimi0n of past flood 
event.'i, a~ noDding teneh 10 reset the ,ucee.,sional cycle 

aoLl pn.)nJOte the establishlllenl or pioneer specie~ (Salo 

o:l al. 1986. Stromberg 19980). Changes wLthin e ... i~ting. 

stand, of ripari~1l vegetation are s(rongly infltJenc~d by 
abiotic' changes a~~ocjateo with ovcrbank 110<lOtng and 
tloodr1ain 'iedimemation (Johnson e{ al. 1976, S~lo ct 

'II. 1986. Boggs and Wea vcr 1(94). processcs that are 
frequently disrup(ed as a consequence of flow reguld­
tion. ShirlS towarLl later ,;eral ~lnges are it typlcal re­
sponse to (jood reduction (John~on ei al. 1<)76, John,)ol1 
1(92). 

The central objective of our research was ro quantiry 
riparian vegetation and strC'am channel respomes to 
altaed disturbance and stress regimes resulting rrom 
dam construc,tion and opel ation. In partieu.lar. we 

,~onght to uetenn!nc whcthcr challgc~ in channel width 
and in the e1(tclll, s(rUCmre, species cumposiuon. and 
dynamics of native and exotic woody ripal'1an vege­
tation were reldled to daill-induced ~treaml1<lw change\. 
We studied rhese respom.es along the dammed Bill V,[il· 

liam, River. n majol (flbutary of Ihe lov,·cr ColorJdo 
River in weSle[lJ Arizona. USA We conduered parallel 
,lUdiC:> ,dung a reference: sY~lem, th:: Llnregulated Santa 
Maria River. a major tributary or the Bill Willi~lIm 
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FIG. I ~'fap oll1>e Hili Williams allJ Sama 
rvlal'la ri~er~, .>lud)' area (Arizona. liSA). Nnm­
bel" along the L"'lOrs indlcat.e Slndy l.ram,eel 11)­
C':l!I(':I1S; ® $Ylllol~ indicale local ions of six f0I­
mc! or cu.nenUy operating. USGS s,ucanj gages 
used 1rI lhi, ,mely: (A) #OS!42olJOlJ, Bill Wil­
lian" River "eM Alamo, Ari/ona. 1940-1968. 
iB) W19416000. Btll W,lilarr" Rivel helnw Ai­
"Ill" IhllL A rl/ond. 1965-present. Ie) 
';09~265iJO, lid! \.\!dlr"nli. R,y", al Pi;lIwr. Ar­
ILOlla. 192s···1941, (D I #O'J425500. Sallta ""lana 
Rl~l'l nl'ar Ah'"ll), Ar!Lolla. 19J9-1966, (E) 
#(}9424900. S;illla ~hrr a Ri vel ncar B"gd"d. 
Ari/OI)a, J967-1 9H5, 1%9-presenl, (F) 
409424450. Blg Sllldy River ncar Wiklellp, A r­
izona, 1966-present. 

River. y.,'11Ik wt: e'\amined all woody vegeL,llion, we: 
('oc'lI,>nl ULlr V\·ork Illl Lhe dominant [j()odplai n SpcTJes 
PUPUilf'f ji t ;nDnrii, SolLr go()ddlll}:ii, and T()Jna.rix. ra­
/)1o.,i.\ \1:Jli/. 

Stud)' area 

The BiH Wrliialll" River drains ~ 13 700 kill: in we~L­
ccntral A.nzona, with headwaters in lhe central high­
I,!IHI, of Arizona ill '-l829 In and downstream reaches 
in tbe ba;,in and range landscape of the nOrLhe:rn Son­
oran Desert. PrinciralLribularies are Lhe Big Sandy and 
S;Jmu Maria ri yers (Fig. J). The Santa Maria River 
drains " 3937 kill", and Lhe Big Sandy River drains 
-727'8 km 2 (PuLlcr"HI and Sorners j 1)66. Gurrett nnd 

(ic'!knhe<.:k I ill) I) I-'l()\v in ,he Rill Willian1> and SunL~ 

V1ana ,Her, I'e\u!ls pl'inClfJ~llly {'mill j'rontal Wlllln rain 
evenls combined wilh snwll :11110U1HS of snow at [he 
l\Jghe~t ekvntJOl'Is. convectional mOllsoonal rHin, whieh 
(all;, in 1~lle "ummel' and early ['all. Hnd occa,ionaltl'Op­
ical ~l(lrrns (Ely CL a1. 1(94). Average annual prceipi­
tatiou in the watershed range~ from ~45 em )n the 
hc;idwatcrs to 22 Clll ncar Alamo Oam (National Cli­
matic Dala CenLer sla(iWT Alamo Dam 6ESE and Alamo 
Dam) Lo I] em near thc Coloracl<l Ri vel' (National Cli­
lllaLic Data Center stati()n Parker 6NE). 

Rlpn;ian v~gelaLion along (he Bill \Villiams and San­
1.1 \'L!l'ia nvcrs I~ dornin:ued by 5everal woody spccie5 
cornmllll W 10",. ckvat!Oli ,(Julhwe~leln rJpanan cco­
,Y~l~I1l<;, lIlcluJlI1g POfJulus j'remontii S. Wa[\OI1 l,Fre­
mom COltoL1wood), Salix go"ddmgli BaH (Goodding 
wi Ilow). Tu!/wri \. i'(.I1710,0HIII1.(.1 LedeboLlr (salt ec:dar), 
fJaLciwril' \'oliciJ()liH (1<. & P.) Pen.. ("eep willow). Pm­
wjJi.\· "pp. (me,quite). T{,.l'sur;a sericea (NUll.) Cov)11e 
(arr(ll\!weed), and HvmeT/ociea I/Iollogyra Torr. and 
Gray (burro-brush). Sonoran dcscrtsclUb dominatcs [he 
uplaJld~ adjacent to rhe study area. 

The Bill William:; River eXlelH.ls -'01.5 km. its up­
,trealllnUhl o,S km now consisting or ,valer imponnded 

Bill Williams River 

e:C 
Santa Maria River 

7 

t o 10 
~ 

N km 

Arizona 

behind Alamo Dam, " flood conlrol slructure LhaL w~1'> 

completed ill 1968 and has a re'ervoir ,torage capacity 
of - 1233 X 1W m '. Downstream of the dam, the Blli 
Williams River flows 55 kin with a gradicnt of O.OO~­
0.OU4 ro iLS conlluenee wirh tht Colnrado River (LakE' 
Havasu) ;'1 an elevation of 137 In (Fig. 1) The BIll 
William~ Ri vcr passes Lhrough calryons illlerSfler~ed 

with alluvial baslns, including the 9.5 kin long PlaneL 
Basin, a significant hydrological comrol on l1ow~ in 
Lhe 17.7 knl of river beLween the basin and the conllu­
ence with tht:: Colorado River. No perennial Iributari"" 
ellter thc Bill Williams River downstream of Alamo 
Dam. eha'nnel bcd and floodpl aill sedi rncnts arc dorn­
inated by coarse panicles (81 %), primarily sand (67% l­
and are generally low in electrical conductivity (\ 0 
dS/m: ShafrcHh 1999 J. Flows of )5 nlJ/s and larger 
readily transporl the poorly consolidated sand. 

Tht:: study segmem of the Santa Maria Ri vel' extended 
---42 krn. (rum the Ariwna SLale Highw~i)' (')3 bridge 
cros,ing (e1evalion -·539 m above ~ea level [a~l]) 

downstream to the eonflnence with the Big Sandy Ri ver 
(c]ev:1rion - )41 rn asl; FJg. 1). In the stndy segmenl 
{he Santa Maria River flows lhrough a 24-krn canyon 
and [hen into a broad basin jn.~t downstream of the 
USGS .,lream gage #09424900 (Sallla Maria River near 
Bagdad; Fig. I). This basin cxt<~nds 7 km before the 
valley becomes slightly morc con5trainecl for its hnal 
II km. No perennial Lribularies enLer our ~(uJy ~e:g­

ment. Channel bed ,lIld tl()oJpbin sed'l1lents are dom­
inated by C()alV: panicle, (82 Ck), primarily \1Ind (59'7c), 

and arc gCIlc:r"l1y low in declrica.\ conductivily (-,n.S 
dS/ITI; ShafroLh 1999.\. 

I-luman mc i, minimal in both river CO!TH.lors. AI· 
though extensi l'e al falfa rClrm ing and associateJ 
gronndwater pllmping occurred within the Planer. Basin 
hi~lorically and as re:eently as the early j 990s, ag,ri­
cLllLurc is CH!TenLI)' limited lo a ~jngle colton farm ~Iollg 

a 2-km r~ach of the Bill Williams River. On lh.: Bill 
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T ·\Hl .. f I, DaLe, ~c,t1e, IO(ijtlon. and SNlrcc: 01 ~eri81 phOtogrHphs illLerpr"ted ror this study. 

Dal:; Scale Sourc-c 

rul" 19.'>3 
Ali;~tlSI 1964 
AuguSt 1976 
S~prember J976 
AugU'i:1 19B7t 
fvLllch 1'i88= 
ScpleLl1beL 1992 

UC\Qbel L<)<)6 

1'20000 
I' 34 000 
1: 12 000 
J 24 uno 
1:4800 
j 792(l 
1 ~f) (lOO 

1:4~OO 

8111 \l,I"liafll~ RivCt, Sanw Mana R,ver 
Bill WLll1311ls River. Sallla Mana RI\'''r 
B ILi Wi..ll"tnl~ River 
Sama t-hJia Rivn 
B.i1i \\/dllams River. SanUI J\.1(1na Rlv~r 

Rill \'iiillarr" River 
8dl WiiliJln, Ri\'er. Sanl~ ",faria RI\'~r 

BiJJ Willi;.ullS River 

Soil \on:-.crvation Ser\'H:.c 
U.S. Gw[oglcal SUI"":
 
U,S AI my Corp. of Engineer,
 
Burean of Land Managcm~1J[
 

Bureau of Land Managcment
 
L'.S. Fish & \VilJlite S",rviCf
 
NatHmal Aerial PI1OLography
 

l'rogram 
l',S, Army Corp,- of Engin"ers 

-; Photography irom i9S7 covclcd six of the Bdl WillIams River reaches and both 01 the Sanla 1\')ana River r,;achcs. 
=Phot()graphy trom ;981> covered Lhc [WO Bill Wi1harn~ rCdch,,~ DOl cnve'red in 1987 

Wdllal1l, Hiver, cauic gra7e only a SIlI.III are] wirhin 

the PLmet Basin Limited """inter c,HL!e grazing occurs 
alung. pure 01 the Sunta Mana. Feral burros are present 
throughollt the study are:a, but their graring ,lI1d bro\Y~­
ing impan, appear [0 be minor. 

METllOOS 

Swja('" waler hydr%s)' 

Wc u,cd records of ~urfacc water di~cb<lrge (peak 
inswnuweoui> nuw, average dally fluw) from six U.S, 
Gelliogical Survey gaging statiuns :0 olllTlmarize flood 
11llW, ,lIld I\\crage Ilow~ for period, or r~cord before 
;ind alter the complelloll or i\ lamo Dam, on both Ihe 
53m3 \-1aria ;111(\ FlJiI WilJi::Iln5 rivcrs (fig. J), To eval­
U"l~ the effecl of Alallh) Dam on pcnk and average 
'<'.1"onal (October-April, May-Seplember) (Jaw." we 
compaled lhe Jiflerenc~,~ in flow between the Sallta 
.\1aria (ContlP!) and Bi.1I Williams (Impact) rivel" dur­
ing [11" prc-d.:lm pnit.H1 (Beforel w those from thc pa,[­
darn p~riaJ l,Afler) USltlg f test~ (Before-After-Control­
Imp'LCl design. Stewart-Oaten ~t al. 19R6, 19(2). Be­
calEe dl rference~ In slreamf!o\'.· betwe~n the rivers 
should be lTIUlliplicauve (based 011 watershed a.rea), we 
log,,, Iram,fanned tile values before condut:ling ~«lti.'.­
tical analyses. In the rare case v.,hen lIow wa~ z",ro, we 
,ct Ihe 11<m· val ue to 0.00 i nl '/<; to l::llahk the log tran,,­
fOnJ1<\tion. We excluded the period dtll ing dam con­
struction (l'"larch 1965-July 1(68) fronl the analyse~. 

We ,Ll,u eqirnafed what flow condilion~ wuuld have 
been Oil Ihe Bill W\llia1ll~ River in the ahsence or Al­
"1110 Datn u~ing "ream gage< on the two pnnlllpal up­
Strel1.11l i.ribulal'ici>, the Big Snndy and Santa l\.Jaria riv­
cr~. \-Ve c8lculated. the annual peak a~ the largest 
'llnlmeJ In~tanlaneOII" Hows rrom the Big Sandy River 
and the Santa Maria RivCl' for a given clay within each 
walel yeal. \Ve <,unJmed the daily flow, on the Dig 
Sandy Ri vel' ilnrJ I.he Santa Maria River lO estimcltc 
lLlL'<Lr' flow on the Bill 'vVillialIls River. No 110\" c1ata 
are a"ailabk fill' the Sanw Maria River for the year~ 

1986--1988. To e,li mate May-September 1!<lw\ ('or 
these years, we developcd a linear regression bdween 
lllC'll1 dally f10Wl> Oll the Big Sandy l<ivcl ,1Iltt those on 
the Santa M"na River u,ing the ycar~ /966-191\5 and 
I 'JX9- 1996 (Santa Mana Riv~r May-S-::ptcmber mean 

110w fin ~UbIC meters per second] C~ -0, II - 0.94 X 

Big Sandy May-September mean flow fin cubic rneterl> 
pel seconcl!; n = 27, R' = 0,73, P < 0.0(01). 

Chanllel widrh (lild VPfielaliori exrell.l 

We interpreted a time ~eries of aerial photographs to 
quantify ehannel width and the areal extent, :;(ructure, 
and species composition of woody vegetation along Lhc 
Bill Williams River. We delineated 13 cover types on 
mylar overlays of eight rcache~ (lOtal of 29 river km) 
along the Bill Willial1l~ River on pholOgraphs fTlJrn the 
yew's 1953 \pre-dam), 1964 (pre-dam), 1976, 1987/ 

1988, and 19CJ(i using a Bausch and Lomb :::'40 ~tere()· 

scope (Bansch and Lomb, RO<.:hester, New York, USA l. 
\Ve excluded the 9.5 km narrow eanyon llnmcdlaiel:v 
downstre,ilTI o( Alamo Dam, tile Planet Basin (9 5 "m), 
and the 4.5 km reaell immediately up:<tream of the L'on­
flucLlce with the Colorado River in Lake Havasu . 

PhOtograph dMes for two Santa .\1art<J River reaches 
(total of 8.2 river km) were 1953, 1%4, 1976, [987, 

and 1992 Crable I). The two reallhes wer~, located Wilh­
in thE: firSl lO km upstreum of the conOuence with lht" 
Big Sandy River. On the Santa Marin River. our anal­
y,IS was Illnited to e~{illlalioll of channel area due to 
the pholography seale In 1'1<)2 and lallk 01 lI11mpkte 
sel~ or ~l",reo pairs [or "ome yean. On both ri vcr" we 
distj ngui.~bed reachllo ba,ed on differcnccl> in vaJJcy 
morphvlogy (canyon vs, alluvial basinl and seasonality 
uf 10v. ftow~ (perennial V~. intermiw:nt). 

To minimize elTor from lens and flight angle dislor.. 
tion, we only interpreted I'eatures in lhe lIenter 0" lhe 
pholo (--19 X 19 lim of 23 X 23 cm). Qualltiltive ,;rror 
checking suggested that interpretation error (e.g., in­
allCUra{e delilleation or paldlt:s, pen width vs. photo 
scalc) and pro.:essillg error ltran~rer from mylar to AR­
CINFO) were minor and ul1hias,~d, 

The 13 cover types were hierarchieal in narure: most 
coulJ be collap~ecl inlO " ~ingle, combined cover typc 
(Tahle 2). The c'omhlned cover types were Jlsc~rn<lhle 

on all photos, wherl"as lhe individual cover Iype~ \"er~ 

on Iy diseernabk on the finer scaled photos. Thc dl1'­

rerenl geomorphic sur(ace~ a~socliHi:d wilh COvel type~ 

\~ere ba~ed on elevation (relative to the thalweg), as 
\'Isible Oil the aerial photography, and included (frolJl 
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T ATH.L". 2. ('o""r lypeS delincared on aeri.ll phmography of the Bill Willi"m, River, Arizona. CSA. 1953-1996.
 

Combl1l~d COVel lype DC~Cl'JplJOn 

C.ltalln~! 

Spdr,c lloodpluin vege[;..rion 

[)el1,e O,mdpJa;1l yegelatlOn 

Bare or <:llJl\"'.lH:~d [OtT£1ce 

I) Low Iic)\l.° charlO~l, IIlclud:ng vegetated ChanlH:1 margln~ and l~lands 

2) E"enll,Iily hare s~dilTIent «2'7C vegcrated) wilhin low floodplaill. 
I) Low l100dplain surfacc. TCllal cover >20/< with Juvenjle woody phull~ dOIO;ndnl. 
2) Woody vegetation on Hoodplain ~lIrface. Toral cover 2-50<k. wilh Populus and/or 

Sali,. dOlTIlnam and mila woody ,;pecies subdoullnam. 
3) Woody vcg.:tatiol1 on floodplain surface. Total ,'over 2-50%, with Tunwrix dOIn'­

nan I and other woody 5pecie~ .,uhdominan\. 
I) Woody vegel.atinu on iloodpla.in sur[a('e. TOlal C(lver >50%. wit.h Populus ~nd/or 

Sali) domlltanr and other \Yoody species ~nbdomjnnlll. 

2) Woody vegetation on floodplain snrfa('e. Total eovc.r >50%. WIlh Tamm i.1 dor",­
nan I and olher wood)' ,uhdolllinunl 

I) Woody vCl(elalion ,)11 high Doodpldill Or [errace Tolrd cO~cr 2-50~{' wllh Pro\Opis 
dprnil1::!.\ll. 

2) We.od) Vtg.el;lllnn on high iloodplalll or rerrace. Total cover 2-50'l With xen.; 
npanan shru.b SreCICS (e g.. HY1HellOclea mouoKvra. TI./,5s(j.ria st.'neea. AinpleJ 
'p. LynUJll -"p.) domi1l3nt. 

I) W('ody YCl!.etallon ,)11 tllgh floudplalll or terrace Tol~1 C(l~er >50% wilh Pro.fOjls/.\' 
uomJnanl. 

2) Woody ~eg"laII(Hl on high floodpldjn nl' terrace. Total co~er >50% wilh xer,.: 
ripanao shrub ~pecjes (e.g .. H}JIl£'Hocieu mOl/.ogvra, T,'ssaria senCell, Allip!e'x 
5p., LVCIUIII sp.) domiualli. 

I) E,,,enlially bm-.:: ,;edJlTlent «2% Yegelated) on high 1100dplain or larac.::. 
2) Cuillvated land. 

Nole: "Comhll1ed coye, Iypes' were \ i,ihle on all ~C[, of aerial pholograplh and were crealed by ~ol1lhinlllg cover lype" 
that occurred 011 '.m.dill surface, and I),.,Ih rhe same range of IOtai .;oyer, QU[ without panicular species Idenllried. 

I,;\\'e" u, highc,1 relallve eleV<lllon) chanlleJ,;. 11oud­
phi liS, and ten ac¢,. 

To Obl:lin digital images \I.. e scanned Ihe myiar over­
bys using a lJMAX A;,lr::t 120()S scanner CUMAX. fre­
mol'll, Cd.Liforni'l. USA) at a re,olution or 600 dpi. We 
transferred the digital images [Q ARCINFO versiun 
7.1.1 (Environmcmal Systems Research Institute. Rcd­
land.;, Ctlifornia. USA). assigned it cover type to <'<leh 
JC'line,Hed pulygon. :.lnd cakulaled the area of cover 
type,;. Vlre conducled p,tircd f tests on the difference in 
the average pre-dam '·s. post-dam proportions for each 
uf the ,,('ven combmed cover types. 

We: dl'ICnmllcd ::ll'clagc channtl widlh for o;;very 
leach-year. fir,l, \o\'<' e~l!l1laled the photographic scale 
\VJthin l'ach leach-year by comparing the t.otal rcach 
ncc" l,) the ,ame region on a 1:24 000 U S. Gc,)logical 
Survey 7.5 mil) topographic map. We then ealculated 
the area lin square meter,;) of the reach oC('upied by 
the "channel" combined cover type ~Table 2) and di­
vided this area by the stream length (in meter,) through 
lh~ reach to Qb[am channel width (in meters). 

To ""es, the rc'latiol1,l1ip between channel Width and 
[lood Ilow, (di'lurIJance) and ,umlller Ilows (drought 
'I.re".;;), we condncied a multiple rcgre.;;sion <1I1alysis 
rdmillg channel width io chrco': indcpclldcnl variable.>: 
rI1<,XllllUln f100t.! pUWCI. ,UJnllit'r low Ilow, and "e<lsonal 
Inl.ermlllenCY. To me.:-I the assumption of hOlTJoscedas­
licity. we logl" tran,i'ofllJcd the dependent y,mable, 
channel WIdth. We used SAS version !1.01 for this and 
all mher staliSlieal analyses (SA::; 1999), except whcre 
,pecified. We applied the regre&sion coefrkients to lhe 
recon.structed values of Rood power and low flow fre­

4uency under unregulated t:ond.llions (Fig. 5) to esti ­
mate channel width In the absence of Alamo Darn. 

We deTermined maximum total flood plower (n) with­
in Ii ve years of the t.!ate of each photo lor each reach 
USillg the e4uation: n = pgQS in walls per meier. where 
p is the density of water in kilograms per cubic metcr, 
g the acceleration due to gravity in rncters pCI' sqnare 
second. Q the maximum inqantaneous discharge within 
5 yr of the ph olOgraph date. and S the dimensionless 
energy slupe for wh.ich we substituted the bed slope 
measured on J :24 000 topographic Inaps. Flow values 
ior the upHream-mo$t six reache$ were determined 
from USGS gage #09426000. (Alamo gage. Fig. I) 
Gaging record" indicate that p~ak flow;; .lIe somewhat 
attenuatcd downstleam or PI.anet B'lsi.n Therefore. we 
devcloped a linear regression bctween it former g.ag~ 

just downstre.:trll of Plane[ Basin (gage #0942.65(0) and 
the Alamo gage to esr.imare the peak How values for 
the study reaches downstream of Planet Bas.in: now at 
Planet Basin (i n cubic meters per second) '"' -2.1-'6 
+ 0.86 X (flow at Alamo fin Cllbic meters pcI' se<'ondll: 
n = 350, R) = 0.96, P <: 0.0001. 

\Ve user..! average l10w from I May (0 J() September 
in the rt~g:rc~,ion model because ripari.ilJl vegetation in 
the SonOCln DC'scrt typically exhibits ,;ymptoins of 
droughl stress duri ng tht'se rnonths. Because [here IS 
.;ome re.ach-to-reach variation HI low flow. the final 
intlependen I vanahle III the regression model '~as a 
binary classification of ¢;[o.::h reach as enher intermittelH 
or perennial. which we d.:-terrnined based on the pres­
ence or <lbsence of 110w on those aerial photo dates lhat 
were taken during low flow, and on our knowledge or 
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till, faclor from numcrous site VISHS during the years 
IY9S-i997. 

Vegelll{/{l11 ~/rLlUun' alld .~pe( leI" (,()III,'JiHi/irJl! 

To addre~s the effccts of Alamo Dam all vegctal.ion 
structure and specics composition. wc sampled woody 
vegetation along 16 reloc;ltable tran't::cls. II on th~ Bill 
Williams River and R on Ihe Sanla Mari;J River (Fig. 
J'I. \Ve chose the transects to represent typical geo­
Illorphic (e.g., boilomlilnd morrhology, parr.ieJe sizes). 
hydrologjc (c.g .. perenIlla( vs. intermitl.cnr flow). and 
YegelaLi\c conditions present allll1g the nvers. \Ve e);­
,'!lHkd ,iLe, thaI had obviously heen cultivated in recent 
dC'C~H.l~:.-.. 

We ";;JJnpl.:d tranSCt~t;; t)n the Rill Wiliiarns River 
betweC'!l January clOd March of 1996 and on the S;JI1{;J 
'Ylaria River between September 1996 allli Aprtl 1997. 
E,,,'h transeCL ,,·as oriented perpendicular 10 Ihe low 
flow channel and c);tcndeJ from vaJky wall to valley 
"'·all. We ,ubdjvidell transects into patcl\i~s: hllmoge­
neou;; areas based on over,>Lory vegeLalion composiliUII 
and geOinorrhic landform. 'Ne Identified tel sp<:cJe~ and 
mcal>ured the diumeter of every woody srem (ncar the 
g, ound surface l in :5 X 2.0 rn rectangular quadrats (long 
axi, parailel ro ,he <I<;li\'1.' river channel) f<1l1dumly 10­
c:,ted wiLhin ea~h patch (227 qlladrat~: I J7 Oil the Bill 
\VJil!ams River ;Inc! i 10 on lhe Santa \1aria River). H 
a puch covered >50 m of a transect, we randomly 
p1<1l'cd alld ~ampled a Second quadrat. \Ve eakuiale.d 
oa,al arca (In s4u<lrt:: mele.r~ per henale) and stem den­
~IlY (number pi qClns pel hectare) or live and dead 
,telm of all woody >pecic;; in e"eh quadrat and cla,­
sificL! quadrats and associated patchcs into patd types 
ba·,ed on Ihe species with the largest basal are;J. 

We cakula(ed the live and dead basil! area and stem 
dcnsily per hectare or e,lcIJ lransed by summing the 
valu('s for an patches within a transect. We compared 
the transecl-scal<:> b;)sai area and stem d<:ilslty between 
ri\'o;;rs U.lllg I lesls. WO;; also lesLed for ba~al are;) and 
.'teill uensHy dirrercllces between nver, wilhin roul 
p:ltch types: (I) dOlHin;Jll:d hy Populus or Salix. (2) 
donunmcd by TaJilarix. f:\) darn inated by ProSOPIS spp., 
anJ l4i dOlTlindted by xeric ~hrubs (e.g, Te,Hllrill, Hy­
men()r1~o. Lw:ium). FinalJy. we te.sted for betwee.n-riv­
er JllTerences in the PI'l.'pol'[lon of tran~ect \)L'curied hy 
the.c f<lur pal.eh IYPO'S. 

VegelCIIUlI'I dY!1amic.\ 

A:;>c srruClur,'.---10 addre.~~ the effecl of AlanlO Dam 
Oil "gc ,1Iucture of pioneer riparian f0reSls. we ;Jgcd 
most pmches dc)nlln3ted by PO{llllu.\, Salix. or TrlT/wl'lx. 
In mixed-species slands w<: u1!ed individu;Jb from more 
than one specie.,. \l,'e l'ollecLed core.s 3nd/or stern ('ros~­
sectillll' frolll enuugh lrees wlthin ,\ paLch 10 yield aL 
leas( three samples Ihat were aged with reasonable con­
fidcncc ("2 yr). Wi? i?xe;Jvated saplings and poles to 
.:n,ure thal we oblillneLi :; scl1nple Irom the oldesL por­
tion of Ihe sl<:rn. Fell' ml.lll.irle-stemlTI.:d Tamori,\ in­

dividuaJ.s. we e);cavalcd deep enough tl) obtain a ~amp1e 

below the ..,urficial cluster or multiple <,lems. In lhe: 
lab(walOry. \l>e sanded the enrcs aod stem CfO\,-.,ccuon. 

10 400 (Tamara) or 600 grit. (Popul1u ant'! S,.llJ:) and 
determined a minimum age of cach sample by counting 
the annual growth rings under a rnicroscope. Stund ;Jge, 

by species, was estimated as the age of the oldeSL sarn­

rle within a paLch. On the Bill Williams River, we 
obtained minimum sland ages of Populus in 17, Salix 
in 20. and Tamarix in 30 patches. On the Santa Maria 
River we ohtained minimum sLand :.tge~ of POjJulu.l' in 
10, Salix in 8, and Tomara in 16 patches. 

Sf'J'ol spf'cil's rerruitml'lU.-To e.'(amine effccls Df 
flow regulation on the recruilmenl or later M1Cc<:s.'l()na) 

sp.:eies in pionc:er foresls (e.g .. Pr(JSVj}O spp., Acat ia 

Rregli) we compared, hetween rivers, Ihe propoJ'llon 01 

pat.c:hes cla".,ified as Tamarix, Salix, or POjJulu.\ thal 
contained later sueeessjl1nal speei.::;. Wo;: te;;red for dIf­

ferences in proportions using Fisher'.., exacL te,l on Ihe 

2 X 2 contingency Lable of latel' ;,ucces<,;oflal ~peeies 

YS. river. To tesl whether Iherc was a greater density 

of later successional spe"ies in older aged <;lands, we 
conLluelcd simple linear regression of the successional 
species density vs. stand age. 

Seedling eSlahlishment.-To assess differcnce, be­
twecn rivers in the width of establtshlllell( zonos, we 
eomp:lred the widlh of patches comainlng woody pI­
oneer seedlings (of any species) in Septcmber 1995 
using a r test. To assess dIfferences herween rivers in 
the ~p<.\lial distrihution of ~cedling patches, we com­

pared t.he horizontal distance from plots to the thalweg 

for an plots containing woody pioneer seedlings (of 
any species) In September 1995 using a r re,L alld abo 
examined the coefficient of variation in distance to thal­
weg aSSOL:iaLed with eaL:1l river. 

To assess seedli ng survival over time, we counred 

the number of woody sccellings, by ~pccies. in Septen.l­
bel' or October 1995,1996, and 1997, in permanent I 

X 2 TIl quadrals. ncsted within lhe 5 X 20 TIl quaLlra(!> 
that were sampled for vegeration structure and "peci,'s 
compo,illon. We compared se<:L1!:ng survivaJ between 
rivcrs and within species for the periods 1995-1996 
and 199)-1997 usillg lTlulti-rc'ponse permutation pro­
cedures (MRPP), a distribution-free ')[<ltistical anCilysi~ 

that can rest for dIfferences e.....en \-vhen the daJa conlaw 

a large number or zero values, a~ our survival data did 
(Biondini et al. 1988) 

RE.<;UL TS 

SwjGi'e waleI' hvdrolof!,Y 

Flood j/ow.I.-Pre-dall1 peak now, Dn the Brll WtI­
IJallls Riv.:r were larger than those 011 the Sallla Mari;] 
River. .;on)JSlenL with dirTerenee.'i In walet,hed area 

lFig. 2.). A lall10 Daln ha, dramaLically reduced Ihe mag­
Jllt.ude of peak flows on the Bill Williams River (Table 
3, Pig. 2). and in the pml-dam era, peak in~tanl:Jneoll~ 
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FIG.J :\i)n,,~1 flood ,ene', Bill Willialll,' and Santa Manu river'. Data arc from [he following USGS ~rrcalTl gage,. 
!t(N4:06000, DIll \Villi"m, [{'V,;,,. n,~i\r "'amo, Anzona. J939-19riR; #09426000, Btli WlIllam, River below Alamo D~m, 

.'\1: 10lld, 1969-·1997; Jl09·12S500, S~IlL,' Mdri" Ri vcr lleM Alamo, Ari/.on:<, J939-\96(,; #{)9424900. S~nt~ Maria River n~al 

nagdad. AliIMI,\. 1l)(,7-1'!85, 1'!8'!-I')9'!, Alalllo 1);1111 W:iS eonstruc,ed between March 1965 ~nd July 19611, 
-:-I'e::ll,::' when dara were n(>l. ~~olkcLed. 

t10w;; ,)1.1 the Santa Maria Ri ve( have generally ex­ Channel widlh and \'(!ReWlion extenl 
('t;eded [ho,,<:: on the Bill William" Rivc( (Fig. 2). 

Chat/I!el wid/h.-Channels along [he BIll Williilru~A\'el(lge Jiows.--The mean annual flow in the po,'\l­

d:.lIl1 era was cnn,idcrably higher than pre-dam (4.4 V~. River narrowed an average of 111 1lJ (71 %) between 

2.(, In 'Is), rei1t~cung the strong effee[ of ;l few panic­ 1953 and 1%7-1988, after which some mi rwr widening 

ula:ly we[ years ill the lale 1970s and eariy 1990s. occurred (Fig:. 4a, b). Ch;.mnel width iu [953 and the 

lncrea~~.s in ~unJli'ler flow~ (May-September) call be pattan or narrowing differed somewhat between ill­

fMrllany attributed to the operation or AbJno Dam (Fig. tCrLIlittent and peren!Lial reaches, with channeh in in­

3. Table 3, Frg. 5b). whct'cas winter and ~prilJg flows termittent reaehes [ending (0 be wider (Fig. 4a, bl. The 

~October-Apriljhave risen due [0 precipiration l1Jercas­ channel of the SHnta Maria River narrowed between 
e" ill lhe post-dam era (Fig. 3, Tabk 3). 1953 and 1976 on both reaches, {hen WIdened ,lightly 

T.~ llLE ~ [I'f(,cr "I' A Idrno Dam on annual peak alld ,~a,ml11l mean {h,,,,, On rhe Bill Willi"m, RlV~r. AriLona (mean .:,. 
~[ ). 

Pre-d~]1) Posl-dam 
SLfeamtlow van able- difference dl rference df p 

P\:~ak In~lanl:1n~(JU,) nov.- (mJl.q 238.1 :!: 81 ;. -IR3.9 c' 16.7 28.1 -4 O~ <0.0001 
A,.cnlge now. CkLobe,-Apnl Im'lsl 2.~ ~ l.n ~.5 =14 25.9 O,<J·~ 0.16 
Ah'rogc l1ow. May·-Seplcmr,C[ (j1)J/s) 0.5 =0.1 2 3 ::: 1 0 2(,.6 2.41 0.02 

._---:-------:-----~-------------
.1':ote~· We ilsed ! LCSt; [I) cllillpared pre- "S posl-dam tlow djffefeJl~e~ helween fivers (i.e .. flow un [he Bill W.llJartls Ri,·er 

lTllnUS flo\;· on [he Sanla Man. R,vcr). JIl at! ~~'cs d~grce, or' I'rccdortl were adju,tcd u,ing Lhc SatlcnlJwattc (1946) method 
to ",(count I"or llrle4ual v~.ri~!ncc"l. Reponed Jiffer('nc~s were calculaH.'d rrOlTt t.he raw oala. The ( H~Sl~ were condw..':lcJ 1)11 
Ipg,'l-tran:-.[unned d<Jl(l. 
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FIG. 3. IvloTJlhly flnw <:tJmparisuIlS. Bdl Williams and 
Sanl" J\'!ana rivers. Ariz",.,a (means :!: 1 SF:) Key' rerer 10 

names 01 USGS gagll1g >t"li(ms wher" data were obtained 
(~ec FIg. I) Data from {he period of d'iIl.l rOllslrlr;;liQ[) (Maceh 
1')(i5-July I96H; arc excludcd. 3S are waler years 1986-1988 
when dala \\·er~ not .:olkct~d OTJ Ihe Santa 1\iari~f R ivcr. 

or. une' bc[\\ cell 1976 ~111t1 1987. <Hld wldeil~d markedly 
un bUlh reaches oet\vcen 1987 and 1'>92 (Fig . .:leI. 

Flood puwer un Ihe Dill \Nilltam~ River wa, highesl 

in Ihe pre- J953 photograph inlendl (avcrage o( :'i0.7 
\V/m). the Ic:-ult nf <I peak flow of 1843 m'ls in Augw.t 
1951 ,Fig. Sa). Flood power d.id not exceed 10 Wlm 
fl'r any of thE' other I nlervab. F1uud puwer un the Sanla 

:'..'Iaria River was ~Jlllilar to Ihal on the Bill \Villi;lrTIS 

I'or lhe rrc-1953 and 1964 interva]'; bUI was higb¢/' [han 

the Bill Williams for the pre-1976. 1987, and 1992 
in(E'rval, (FIg.. Sa). 

On til" Ddl Williams River, average r-,·by-Sepiember 
fiow \Va, < t.5 m'/~ during the:; yr pn~L'ed:ng lhe 1YYJ. 
t9(),.1. "nd 19;6 phutug'<lph., and ",;..:2.5 m'/s dunng the 
:) yl pr~.,;eding the IY8711988 and 1996 phOlOgraph, 
(Fi;; . .5b) Un the S,mla Maria River, averagE' May­
September {Iow<, were alwayl. lower than lho.<.e lIn lhe 
Bill \Villi"ms River, h\ll thi:- difference was especially 
pronounced in Ihe 5-yr intervals preceding the 1987 
and 1992 pholograp1Js (Fig. 5b). 

The Illlilllple regre;,sion model c:umainiilg the inde­
peDden I variuble, flood power. May-Septemocr aver­
age ftnw. aod ilJlnmittcllcy explulrJcd 57% of the V011'­

iation in Jog", channel width on the Bill \Villiams Riyer 
anJ was the lJIudel with thc lowest value of Mallo\v',; 
C:p ,lamlJC The COel'flc'l<,:nt" 1'01 lhe lhree indt"pendelll 
vHrhlble\ \\/crc all Slal1~(tCiltly signi 1;,:aIlL and the signs 
of ,.Ill:: c"d·lil.:icnts Il1djcal~ th"l chaone1.; Wen.' Wider 
wtlen Ileed power W:'li, h:ghel, O1vera1!.e summer fluws 
wcr~ ll'wa. and where Ilow wao IllkrllJltlClll (Tahle 4). 

Po-;l-dam challllcl~ under ul1r-:glliuled I:onditinus 

lpredicted by the regression model) wOlild have been 
milch wider than thosc ob~erved (Fig. 4a, b), due to 
high flood power values associated with rec<)ll.srruL'led 
peak flows in 1976 (1005 III 'Is), 1983 (796 In 'Is). and 
199J (2389 :n ;/~; Fig. Sa), and reeonstructed May~Sep­
tClIlbcr tlows thut were <50% of actual flows in tht: S 
yr precedll1g lhe [9871 J 988 and 1996 pholc)gr<lph~tFlg. 
50). 

Vegetation extenl.-Between 1953 and J996, tht to­

laJ life" of floodplain vegetation in OUf eight study 
reaches 011 the Bill Williams River increased 61 %. from 
315 to 509 ha. Terrace vcgetation i I)crca~ed 230/, _f['(lIn 
54? to 667 ha. over the same time period. Comparisons 
01' rhc ~lVerage vulues within the prc- and post-darn 
periods indic~He lhat the proportion of the bQ[wmland 
o~cupicd hy channel was significantly less in the posr­
dam era, while rhe proportion ot'demc floodpluill vcg­
et.Jtion "'JS marginall), greater (Table )). 

Vegetation srnlcfllre alld species composition 

Field .I'ompling.-The per-transecllivc ba~al areas o( 

14.3 -:: 3.7 m~/ha (mean:!:: I SE) on the Bill Williams 

300 a) Bill Williams River, perennial 
• Observed 

- - - • - - - ·Reconstructed200 

"/~ 
100 .... ' -.,.,+ 

0+--..,---..,---..,---..,-----, 
1950 1960 1970 1980 1990 2000 

FtG 4 Ob'e.rved and r~eon'lrUClcd(predieled) ,'hang" III 

channel ,"dlh Ihrongll lime lmeun, :!: I "I.') FOI the Blii 
'W'dhalTls Rlver. 11 = 4 tor pcrellnIal Jnd Illlerrnitleni reaches. 
lor lhe Salll3 t\.·laria R ,vel. /] ~ I lor perenn,al and Hllerm'llcn! 
reach",. AI,tr"" Ddlll \Va, C()J'Islrl'cted bel"",'"'' March 19h5 
and July! %8 
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FIG. 5. ValuC?s for indC?pendenl regression vari'1bks, Bill 
William~ IBW) and Santa Marill (51\.'1) rivers, Arizona. (al 
\1axllnurn ~Crcarn power In fiv,' year" prcccdlng acrial pbo· 
IO;l"LLP!; <laU! (means = I sr. wht''rl- glvenl. fh) Mean npw 
:",", May to Septcmbel in five yo:,Jr, preCeding aerial pho­
ln~.raph da( ...~. :\l:':IITIO [):lrtl W:\$ CGnstruc{cd helween March 
jl)65 tjr!(J JHlv 196X 

r~lver and 10.7 :': 2.4 on rhc Santa Maria River wen~ 

nor sigIlificamly differel1l (/1 = 8, I = 0.8, P = OA2l. 
On the Bill \VilIimlJs I~i\'er, live basal area wa, ('on­

celltrated on 'L1rrace~ at rel«.tivd) low posh ions within 

the bottomland (12.5 ::: 4.0 m 2Jl1<J. on slIrfaces <3 In 

above The th:ll weg vs. 1.8 ::!: 0.5 m~fha On sn rfaces > 3 
m abuve the thalweg; II = 8, I = 2.68, P 0.(3). On=0 

lhe Sarna :Ylaria River, live b:.sal area wa~ distributed 
iciaiively evenly (4.1 =1,() m'lha on surl'aces <3 m 

alwve the thai\', eg vs. 6.:' :': 2,1 m'/ha on surfaces> 3 
III above tho:: lhalweg; f/ =. 8. 1= 0.9 J. P = 0.38'). Dead 
b'hal area on ih<: Blil Willlam\ RIver (5.6 ->- O.X Ill'! 
hal \Va, great~r lhan on tlK Santa Maria RJ vcr (1.1 ::!: 

0.2 m"/ha; ,., =- 8. ( = 5.6, P = 0.0004). 
Stem dCIIsities were greater along the B ill Williams 

River Iran~ect~ (27737 ::: 5124 live stem~Jhaj thlH1 

'llong the Santa \!laria River transecL, 0559 -= 1882 
live 'tems!ha; n = 8, t = 3.7, T' =- 0.005). The difCeJ­
cnce III live src'ln dc:nsity was most pronounced on high 
surface; (Iuw .surfaces, Bill Williams River = 14839 
_. <; I! g qem:\!ha: Santa Maria River = 5816 "' 1(17 I 

'l,:ms/ha: II ~. H. t = 1.64, T' = 0.1'3: high \LlI'race~, 

Bill Will iall1s River = 12898 ::!: 4576 stems!ha. Santa 
Marin River = 1743 :!: 708 stem~!ha; n = 8. I =0 2.4. 
P = 0.04l. Dead stem density wa~ greater on the Bill 
Williams River (33725 ::!: 8682 stems/ha) than on the 
Santa Maria (3593 :'::. 1291 stems/ha; n = 8. t == 3.4. 
P == 0.01). 

Live basal area on both rivers tended to be highe"t 
in \lands or Populll.\· and SalIX, and li,~ ,tem denslli~s 

were hjghe~1 in xenc shrub [1alche~ (TJble 6), Basal 
area was highc'! within Populus/Sail), and Tanwn:r 
pa\che~ along th~ Bill Williams River than ulong Ihe 
Santa l\-1ari:l River, and Tamari:r stands were <J.lso denser 
lliong the Bill Williams River (Table 6), 

Pa[cbes dominated by Tama,.;.\: Of XeriC shrub, oc­

('\tpied proportionally more of the nansects on the Btl1 
William, River than un the Sanl.a Maria River Crable 
6). The relative abundance of TW/l.arix (i.e.. proportion 
of Tamar;x: Populus/Salix) was also greater on the Bill 

Williams River (n = 8 tran~ects. t = 2.59, P = 0.02). 
P"osopis spp. woodlands were mere extensive along 
Ihe Santa Maria River transcctS, whlie Saht- and Po­
pulus-dominated paich~\ o(;l'l:pied ,imilar proportlOlh 

nf the transel'!S along 11mb rivers (Table (;). 

Aeri.al phutograph.v.-Thc proportion of TfinUlnx­
dominated floodplain was signiflc'anrly greater tban Po­
pulus/Salix-dominated fluodplain on the 1996 aerial 
ph()(Ographs or the Bill Williams River (Fig. 6a; II = 

8 r~aehes, f = - 5.63. P < 0.0001). Prosapis spp_ stands 
dominaled terrace vege[ation relative to xeric shrub 

colllmunities (Fig. 6b; n = 8, r = 4.63, P = 0.0004 J 
Floodplain vegetation with a dense canopy cover wa~ 

more abundant than that with a sparse callopy cover in 
perennial but HOt intermittent reach"'s (Fig. 6a; peren­
nial, n = 4. ( = 3.13, P = 0.02; inrerminenl. I! == 4. I 

'2.36, P = () 91). On terrace\, canopy cover den,i!" 
did not dll fer a.' a t'ul\cuon of perenniallty (FIj;. 6b; 
perenniaL n == 4. t = 1.1 I, P = 0.31: InlerminenL rl 

= 4, t = - 2.36, P = 0.06). 

Vegelariol1 dynamics 

Agf' stri/Uure.-Only 6 of the 44 stands of pj(1necr 

tree speci;:s along tbe Bill W!lliams River that we aged 

pre-dated Alamo Darn. The oldest Tanlllrix dated to 

Dep""dcllC lntkpen(l.::n! PdraJnet~r 
vanahle ~~,.i:thle CSlIl1liile P 

log," (Channc:J 1100<1 powe, a.OOR 0.0001 
width) slimmer flow -0.152 0.0004 

Inll~rn1iLten~y 0.229 0.0052 

Nol':S: Number of obscrvati()n~ = 40. c,rmr df = 36. Inodel 
,." = 0 S7, moJel P < O.DOOI. Tho: Jo:pende.llt Yll.nahle ,s (be 
log,o of tbe -:hallnel wiJlh. whieh was mea~urcll wllhln el8hl 
reaches on aeria.! phOTographs, "Flood power" i, the maxi· 
murn Slream power In the 5 yr preceding a phorng-raph; "sum­
mer 110'\'" I~ the lnean May-Septcmber now ill the 5 )'1 pre· 
ccdlng tl phutograph: arid '·inlenniu(.'n~y·· r(;'-fer~ to \""!1cther 
a re,\ch ha, .,.;aslIl)ally il)lennillellL or pert"nnial n,"V. 
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I \1'1..1. 5 Chang~ '11 I.he prOPOfll011 or Ihe bnllomlalld occupied hy ·,e'en cover types, pre- \,. l'0st-d,Jln, Bill Willi:ll1l' 
RI\'e[, ArJzonR. 

Pr~-d"rn Po,l-o"rn 

C<wer type Mean SIC Mean Sf P Adjus~ed P 

ChalJl1d 0.29 0.05 0 II 0.02 4.90 n.002 O.OJ 
Small .!Joodplain v(4g~(a(ion 0.08 0.02 0.06 0.02 0.74 0.48 0.99 
Spar,,, f10Ntpldin vt'geL~tJoJl 0.10 0.03 009 0.0) -0.31 0.77 0.99 
Dc''"'' r,oodpldin \.'~gcUittOn 0.09 O.OJ 0.20 0.07 2.J5 OJJ5 0..11 
Spar"e rel'r~{;e- vcg~(aLiol1 0.24 0.07 0.27 0,06 0.85 0.44 0.98 
Del,se lerrat:e vegetal.ion 0.13 0.04 0,17 0.04 2.16 0.06 0.36 
Cu Il. valecl/bJ rrell telTace (Un 0.03 0.09 0.03 2 19 0.07 0.38 
._---.-­

No(n: Th" mcan Jnd SI:: 31"C thosc of [hc prop<))"lion of the bottomland occuplcd by each covel lype. Palrcd He,1 ,111~lys" 

,v,,, ["cd in tc"1 Ihc dirrc.n;nc<.O b,,!wc,'u [he ,nc"n pre-dam (195'3, 1964) and mean p(hl-dam (1976, 1987-198R, 19')6) 
pmjJOrlions of Ihe covel typ"~. :\' = s. S~~ TJhle 2 for more detailed de~crip[ion~ "I' cov~r [ypc~. .\djllSl~d l' ""i1Ji::' "'~re 

cdkulalcd !J>ing I.h" 5,d,lk method ror nllll'ipie t,,~t~: J - (I - "y'. where l' is the roll-'." P value and /I IS rhe number of Lc,'h 

i 7) Va!ue, ,n ,t.~llc lype ;tr" "gl1,hc~J1l nr th~ I' <0 0.05 level 

l'l5<!. and the oldehl Popull/.I tll :910 Few ,1'lIIli, be­ Seedling esrahiishmelll.---PatclJ~s containlllg new 
,:ame L',rabh,hcd ill Lh'" ljr~[ 6 yr following the con­ wooo1' pion~n seedlings in Septemher J995 were wid­
sln.Inion or Alamo Darn (1969-1974), but lnan)" he­ er on [he Sama Maria River (15.3 :: 2.7 en, n = 351 
e,IIY1\: estl!bIished i,erer (Fig. 7a). Bel"':een I 975 and [han on the BiIJ Williams RiVEi' (5.4 :c U.6 U1, n = 22; 
19i\9, many Tamarix (:Dhort~ lecmiLed retati ve to Sali;x I = ,. >.6, P = O.OO{)lJ; Fig. 8). Be~ause of higher sur­
and Populus. III Ih<' early! 990s more Sali.>. and Populus vivorship, lh<: average widlh or lhes<' seedling parches 
,land" became estabbshed than Tam.arrx. On [he Sanw was greater on the Bill Willi<:lIns River by 1997 (Fig. 
f'v1aria RIver, kwer stands ong.inaled prior IO the mid­ R). The disulIlce rrom woody pJoneer seedling patches 
197u;; than on the Bill V.'il1l'nm River (Fig;. 7b) From lo the thalweg in September 1995 did nol dJfkr be­
[he m id-197(l<; 10 the mid- 1980:;, more nev" 'l'.lIld, were [ween ri\'crs (Bill Willil.lIns River, 80 6 ~ 29.S1ITl, It = 
cornpo,ed of P(Jpuhl~ or Salix ,han Tml1uri.:r: (Fig. 7h). 22: Santa Maria Rivcr, 66.9 = ltd m. n = 35; I :: 

S'eu;/ Spel"it'" rl'cruilmenr.-Seral speclcs ""ere more 0.4, P = 0.(9). The eocff:cicm of variation 011 [he Bill 

rrc'q\lt~nt:v pr-'::'fnl ill the understory ur \rand, domi­ Williaills River was slighlly high('r ( t. 73) [han on the 
naled hy PlJjJufrll, SaliX, or TUI11llrlx 310ng the Bill Wil­ Santa 'vlaria RivCf (1.44). 

liam> Ri\'er than along the Santa Maria River (Bill F,fsl-ytar ~eedling den~ilies (September r995) pl' all 
\V1l1,llrD> RIver, J7 or 46 stands: Sanli] Maria River. 7 species were higher 011 tbe Bill Williams River thaJJ on 
uf 44 51,lmb; Fisher's exaCl reSl !' = U.03). There was lhe Sanla Maria River (Fig. 9), Twnarix densities were 
noi a slgn:!ieant Itnear relationship between ~land age the hIghest after I and 2 1'r on both rivers, but numbers 
(Illdependeill variable) ,tnd later succes~iona' ~pecie\ or survi\- ing Tamari.>. in Octoher 1997 were compamble 
denSIty Ickp(:ndenL variable; mode.! R' == U.02, Jl =. 24, to other srceie~. Oil [he Bill WiJ.l.iam~ River. some ~ced­
P .," U.49). In all bot one stand, Pro50pis wa, the only lings Of ull species survIved. and, except for Sarit, 
lare w('<:e~sional genus pre.sen!. uccurred at averuge densities > 1.3 ~eedlings!Ill' In Oc-

T ·\/HI. 11. EXlenl LlHd "'lnh:~lJrc 01 '(lUr woody rijldnan veg.Cl",nioll pakh Lype' ~:ong the Bill Will,ams Hnd Slll"lla M~na '"IVers 
l rn~;'l:h r ,:\l,)-

___R" __~ 

8>11 \Vll~iam.,> S:.Hlla M~ri" Adjustcd 
Vm'labJc P~ll.ch type River River /I P P 

B.:-l,'al dl;ta (111'/hal l'oI'1I1ils/S<1IU. 45 _\ :!: 7.1 24.1 :!: 6:[ 13, 28 2.08 () O-J 0 15 
Tamaro. 23.9 :!: 3.7 7.5 ::: 2.3 3). tG 3.13 /).{)OO5 0.U1)2 
Prosol' 10 J3.6 + 3.9 10.5 ... 3.0 7, 22 -0.55 059 0.91 

ol- ..Xeric ~hrub 8 I) 1.5 5.7 2.5 25. 13 1.14 026 070 
$IC111 dnhlly (: noo .tlcm,iha) POi>ulu.\IS(jII~ ~I 3 :!: 7A 16 I 3.LJ 13, 28 0.70 0.49 0.9.1 

Tam(/Ill;: 25.1 ::t \9 137 :!: 2.2 1(, 2 )(, 0.01 0.04"" Prosopis 267 96 4.5 1.2 7.22 2.29 0,1)6 022 
Xeric shnJb 598 ::: 12.0 41.7 :t 19.1 25, 13 () ~4 O.4J o ~8 

F~!Cnl l.pcrcclItag..: ufO P/lI"~'u,,/SlC'it 6 .5 :!: 2.5 1.6 - (J.S R, R -! .11 0.30 () 76 
lrali'~ct) Tunwru: .10.6 ,. 9.5 7.4 2.1 R, 8 2 ..10 n.05 0 19 

-0­Pr(J"upn, 5.n "2. ) 34.2 :!: R1, 8. 8 '·'3.3R n.009 n.04 
Xer,c ,hruh ')1 2 :!: R.I !O 7 ::: 3.4 R, 8 255 003 I) II 

iV,,/r>" The ft,'Sl I-alue III the rr column rda< to rhe 'lumber of patches alung the BIll Wilhams River. [he Se,OOlhl 10 tho~e 

;;!ong thc S~IH.\ '\-lana River. We:. u~ed I tc~tf, to tC~1 for dlflcrcncc, berween l"Ive:.r~. AdJuMed l' \'~1tl", \.\."l:r~ calcu);Hcd u~,ng 

the Sldllk lllcth"d f,), lnullipk tC>l~. I - (I - P)". wh"r" P i, Ihe r"I\' P valuc ~nd II " the numb"r or IC~b (4). Value, in 
,(aii~ lype ale ~ignificant al th" P <. 0.05 level. 
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l.,:t,nh'n {H.. l'tlPH~J hy dtl'fcr ..... nl (;{lVc,r l-YpC\ In ICJ96, BIll \'hl­
tWITi .... l~l ..·c·l, ArIJQn:l !meall\ :. I "ir). "Sp;'it":,c" cover lypes 
\V~fI:: c!):-t:-d~lt"';.n!ed by 2-·50~, ItHal cover, Whered\ '\icl1~e'''' 

cover lvpe!-. \\·e.rt:'" ~ h~r~lcleI"J7<td l.'1y >50~( coveL D:lra arc fron"'l 
~a:ria' phulograph tntcrprclatiOn. ror percnnlai and iotenrllt· 
[erlt l(°aches, 11 ":-:: 4. 

lObe] 1997 (Fig. 9). On [he Santa Maria Riyer. by Oc­
tober I Y97 lhere were no surviving Populus or J'l's.\'a,.,:a 
.,eedling, ,n the quadrats, and dcn,ilies of B(lccharil'. 

Sa/h. and Tanwri;. were all < 1 seedling/m 2 (Fig. 9). 
Suryival ,ilr"s ,:lJrfer"d b"twecn riYe,.~ for Sa/Ix and 
Bar:, han \. hlr 1995-1996 and for Bacclwri:i r'or 1995­
1'197 IJ~'g 9). 

D1SCl.SSION 

ChwlIie/ wldlh (J/1</ ,'egerariun n(c-l1l 

Flow reguiullon a~~uclaled with Ihe c'OI1~lrllcLi<)n and 
operation of Ahun0 D3.Ol has had prorollnd effects on 
flood dislUrban"" and drought stre"s regimc" along the 
Bi:l WillJams River. As a response (0 [he~e cbang.:s, 
Sirtaru channels have narrowed drarnatiL:illly, and lhe 
an~al eXk'll of riparian vt:gcLation has increased. Thi, 
g.eneral paLLern has been (lb~er'ved along 'lther braided, 
<:llld-bed nv.::rs III ,)I id and ~ellllarid WCSI.:rt! North 
A 1TH"IICa Jno h'b been atlnbll ted mOM oflen l.O de­
\.:f""'<;;(\ iluod l11agnlitlde (Schumm and LiL'hly I f)6J, 
Burkham 1972, Johmon 1994, Friedm,rrl eL al. 19Y()). 

Typically, the narrowing proccss is accomplished by a 
combination of vegetation establishment on [onner 
channel and sedilT1t:nt deposition, which Illay be en­
hanced by [he increased hydraulic roughness prOVIded 
hy the vegetation. EXlcnsiye riparian forest C:1Il fonn 
during periods with relatively smail Hoods and low 
flows lh;;t are high enough to sustain tree growLh. Hi,­
torically, exlemive forest dt:velopment along the Bill 
Williams River wa~ likely short-lived a, Olany lrees 
were eliminated by frcquent, Imgc floods. FOI cX:lInp!e, 
ehmmcls were wide and vegetation sparse in the J953 
aerial pholOgr:Jphs thaI we-re taken following dis<;harg­
es of 1843 and 1064 mJis in 1951 and 1952 (Fig, 2). 
A period of narrowing ueeurred betwccn 195) and 
1964. We speculate th3.t the channel widened in 1966 
:Jnd J967 in rcsponse to flows of I 186 and I J0 1 rn!J" 
and thell narrowed ~Iightly in e'lrly post-dam year" 
hefore eXlensive narrowing HI the laLe 1970s and 198(b. 

Our resul [S also point LO the itnpormnce of I ncrcascd 
sUlIlmer discharge in proJnorillg vegellition e;,labIJsh­
Illenl and channel lIarrowillg ::tlong tht: Bill Wil1JaOl~ 

River, all aspcn of (low regulalion that !la' reccl\-ed 
less attention in the !.iL<::ra[Ure than flood alteration 
(Nadler and Schumlll 198 J), In arid cl1vironrncnl.s, ri­
parian plan( survival and growth arc highly dependent 
on rnoisrure. supplement~ provided by streamflow and 
as~()<:ialed high water tablcs (Zimmerman 1969). The 
e.xlent of riparian vcgetat.iofl growth may be naillrally 
limited by epi~odic or st"asonal drou!!hl (Albert.son and 

12 
a) Bill Williams River 

o 
Ol -.:t Ol -.:t Ol Ol -.:t 
lf) to to ro- ro- tili IXl Ol 
0> 0> OJ OJ OJ 0> OJ 0> 

~ I' 
0 

I' -2, I' -2, I' 2,It) It) It),....(0 to ro- IXl IXl Ol 
Ol Ol Ol 0> Ol OJ Ol OJ 
~ -

Years of stand establishment 

FI(j. 7. Age dis{t'lbution of [luCl.' dOl11lnant lree spe"·It.;~ 

wltllln flOllUrlClIrI ycgcrULtun p"tdH~~ ill ~tuuy lran~t'(l' illl)llg 

rhe Bill \Villiam, and Santa Maria rivers, An/onn. 
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FIG ~ Width or parches containing fivc woody species ,haL gcrruin3lcd In 1995 along the Blii W,lliam, (BW) and Sa"«, 
\·Ial"l" tSMI river'. i'\ri~()nd (mtan~ ~. I S~). Mean "alue~ for all year\ arc c"kulatcd as Ihe total patch width lXlnialn,ng lIV,· 
,cedling' dIvided by the 101,,1 Iltl III hel of plllChc, c"nta,nlng \eeJling:; ,n OC«Jna 1995. which i' nmed W\Lllill edch panel 

W<:avt:r 1947, StrOTuberg 1993) or by spaLlal variallon 
In the extent or perennial flow or m,lgnllude ()( low 
110\\>,' tRopd eL al. 1995), On the Bill William~ River, 
(h.: cxtrcrnely !ow ilowo; ill the. carly 1970~ apparently 
associaled with reservoir nlling may explain why the 
,'hann",1 h'ld nN narrGwed (·onsidC'r:.tbly by 1976. Since 
1976. however. "ummer i1ow~ have heen highe-r. uamp­
eni ng or el!tnlll;lti ng sea~{)n~l1 and all Il ll:" I urought, and 
··perellll!alizing" formerly intertnittcnt portlons of the 
stream. thereby permitting the establishment and 
growLh of woody vegetaLion on ronner chani1el~. 1n­
LTea~eu average ~limlller (J()w.~ during. the last [wo de­
C"adc~ have been a function of higher ha~e !tows. Future 
rC~C~lI eh should C:XplOl e the effccts of penouic SUlnmer 
tllJ0d puhes lIn ~oillTloisture, grounuW<:ler level,. and 
a,,(,~ialeu plant vigor. 1-'urther, quantifying the rela­
lion~hir between releases ['rom Alamo Dam and 110w 
witlllil different rcat.:hes, especially those d()wn~trcam 

flom PI,met Brhlil, wonId clanJy the influence oi snm­
Iller rt'·kasc.' 011 nparian vegetation 

A ,urge in tree re-:rultm-:Ilt along the Bill \Villimm 

River in the post-dam environmcnl was corroborated 
by [lUI' ~lalld age dala (Fig. 7). Most ~tanus along the 
Santa f\:[aria River also estahlished during the 197()<' 
and 1980s, a period whcn rcgiona.l weather pattern~ 

resnlted in streamflow conditions favorahle for riparian 
vegetation establi&hrne/H (Stromherg 1998£/). ~C'ver­

thele-ss, decre[!seu flooding and increased summer t!ows 
as~oeiated with Alamo Dam led to more pronounced 
channel narrowing and a larger expansion ()f pioneer 
trees on the Bi II WiJhams Hi ver (han on the unrcgulmec! 
Sama Mana Ri'·er. PrcdieLillns 01 wider channel, ill the 
abscllce of flow regnlation (FIg. 4a, b) further highlight 
dam-relatcd changes on Lhe Bill Williams Rivel 

Vegerorioll ~frLtcfure un" species composIlion 

The pre-dam nparian vegela(:Dn along [he Bill Wil­
lIams River consisted 01 fewer, smaller, and more open 
stands of floodplain vegetation than that of the post­
dam era. The increase in Taman:x along the post-ualn 
river h:..s producc:d "hortcl', shrubbier woodlands that 
arc reLllively dense compared to those on the unreg­
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Tamarix 
BW: n= 16 
8M: n=24 D
 Bill Williams River 

• Santa Mana River 

P= 0.71 

8M; n= 6 

Salix 
BW: n=10 
Populus 

BW; n=8 
SM; n= 6 

1995 1996 1997 1995 1996 

Tessana 
BW; n=6 
8M; n = 1 

1997 

he; 9 Densl!Y Qi ,eeJ!1I1~' oj Inc woody "peCIC' Ih~l gernlinakd In 1995 "long the I3i11 Vvilhalll~ !I3W) "no Sama 
M,:H!;.! {S\") liv;:r"J. ;\ri/.:ona (irle,iHI ... .t.. J "';Cl. f'\,uk' ~<':.lk Jjner~n;,.~c for Tanw.rix. P valul'::-O an: ih)lcJ abl)\'(: h.:u:., fronl 1996 
and 1947 Jnd Jrc- bu ....ed ~}Il d \TiUlll-r~ ... pon ... t:' pcrn,ulauon procedure comparing lhe '\urvi val t aLe:-.. bet\vecn 1995 ~UH.t 1996 
~\l1d hel'\\!~~I1 ]":J<)"; ;)nd t99'7, re.r,peCl.iveiy. No ..:;tari ... ric,dl le:--I W<l.':- conducted Oil TeSSQI ia hecaLP,e or the ~r\l:J.lt ;'\'-.Lrnple ,,,ize (In 

Baccharls 
BW; n= 16 
8M: n= 16 

P = 0.01 

l.he Sanla f\..1'1I'1i"l Rl\'er. 

ul:lled Sanla Maria River. Th~ aVerage ba~al area in 

PopuluslSalix stands along the Bill 'Ni Iliams River was 
somewhatlugher than [har reponed for other deciduous 

lioodplain forest Iypes in Norrh America (Brinson 
!9901, perh.:ips duc. in parI. lO Ihe relalively sma!1 quad­
lal si/e Ike u,cd Stem dellslues In OUI qudy ...-ere no­
t:lbly higher than lhose in mher floodplain r·orests (Br\n­
>l)1l 19Y(J), dUI: to I he prev~!knee of shru b~. Rela[ive 10 

Po{"liu.1 an.L! Tamanx woodlands tl[ thc unrcgnLIleJ 
San "Pntltl RI\Cr:n Al"llOna, basal drea and ,Iem density 

\'aJnc~ 00 the Sauul Maria Rivcr were slighLly lower 
vvhilc [bose on the Bill Williams River were higher 

(Stromberg 1998b). 
Our results suggesl thai Tamarix was prcsent in. rel ­

auvcly low den.sitles prior 10 flow regulation on the 

Bill Willii\lm River :lnd that flow regula lion facilitated 
ils cxpallsion. In other examples of Tamari.x Invasion. 
llll,) po;,(-dal1l M)uthweslern npanan eC()~Y~lems, Tu­
ilWl'ix I!1trodudion and flow r~gulation oC~l.lrred witbin 

J-2 decades 01' eac:h other (e.g" Rohinson 1965, Gt·al" 

1932), making the effects of flow regUlation and thc 
speclcs' invasive ahility difficult to separate. In [he case 

of the Bill Williams River, TUl!wrix ~eed had het~n 

available froln the lower Colorado River ,inee lh,~ 

1920s IOhlllan el al. 1977)~ yet eXlell~iw stand' ap· 

parently did not exist befolc thc completion of Ali\ml) 
Dam. 

The abnndum:e of Tamarix on Ihe 8111 Wilhams Riv­
er likely resulted ["rom lrs opportunislic colonization ()f 
largc area~ of bare \ubstra[C following dam eons[ruc­

lIOll (Everitt 1998), its rcsistance [Q mortality factors 
such as drought and fire (Busch 1995, Smith el a1. 

1998). and from the absence of other mortality agen.ts 
web as large magnitude n{)(ld,~ and herbivory (DeLoach 

1997). Finally. the cOl1lemporary relative abundance of 
Tllmorix could have been influenced by mortality of 
Pop"IIIS [hat resulled from \)roiongeL! Jnullda\lOll be­
Iween 1S178 and 1980 (Hunta Cl al. 19B7)~ howcver. 
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our IlllClprctatiom of aCI ial photography beforc and 
arter this eVent did not reyeal la~ling compo;,itiollJl 
shifts exc<:pl ncar the: conl1uence with the Color~do 

River. 
Some lJo\',:-rel~Lcd faclor~ thar may favor Tamari.~ 

do not appcar to be itnponant jn the case of the Bill 

WdlialllS River. For cx~rnple, thae was fIl)[ " change 
in flooe! timing t'O periods when 7anwriJ.. seed would 
he !TIOfe abundanl than Populus or Salix lei" Shafroth 
<::1 al.'il)9g); winler "{]oods" pr,,'dominaLc<i l!l theposl­
cI~'ln ,~ra (Shai"roth 1999) The (JDlJl1g of peak flows 
alone may nul Imllcall> lhe Inning of il"w n:ce",ion and 
J\'<lIlahdilY of bare. mUI,L 'edimenL. though. FOI ex­
anlple. 111 the lalC t9701-. and early 1980". higher low 
flows afwr the seed dispersal period of Populus and 
S,,/;). may have perrniu<:d Tomar;:.. establj,hint'.nL. Tu­
mOr/x establi~hme:nt wa~ correlaled wirh wimer !l(wJs 
and high winler flow, along the San Pedro River, Ar­
!D.Hla (Stromberg i 998a). Finally, although Tan/arix is 
kno\.l'T1 to be more s.:llt tolerant than eilher I'opulus or 
Soiix, the iloodplain wjl eleL'lrical condliClivity ievds 
,)b,u\-~d 'n (lur slud) "ites wel'l:': generally LOO lov.' 10 

.lffecL rdative \llrviv,;[ rates ot Tomarix, POplt/flS, or 
5uliJ (Locksun cr;iI 1990. Sh;,fro,h ct a!. 1998 i 

l\:riudlc lire.' hd ve also affected ripanan fl'JTst cum­
plh;itiun a!llng the Bill William, River. Fire rends ttl 
kill Pop,tlus, \"hereas Tamarix, Tessa ria, and Lo a lesser 
extent Solix are able f.O resprout (Busch and Smith 
19Q3. Buseh 1995) Tanwrix may perpetuale lire dis­
turbance due to the large quantity of standing dead 
,telns it produces '1I1d iLS higbly combustible, mulup1e­
'temmed form (Ohman and Anderson (982). Altered 
disturbancc regimes are a product of invasive species 
III other ,;co,ystems l \1ilCk and D'Anlonio 1998). Plow 
rcglli~11()1i ;nclire(,tly prl)lTl()le~ ;'ire in J'iparian CCtlsy'" 
,em" hec,lll~e dead, comhusl ible \ egetalion lend, to 

accumulate wJ[.ho\ll floods thal transport and export this 
rna(erlal and promote its decomposititlJl (Elli5 eL a!. 
i 998). On lerrac.:,. lire i a \'or~ the xt.\l'ie ~hrub Tc,\saria 
H'rirea over Pmwp;.\·-;pp. (B L1~ch 199:;). 

\/CRetatlOn dYl1aIJllcs 

Seral specit·,\ recru;tment.-Plow regula.ion ha$ 
been "hO\VI1 ill alte:r -;uC'c¢s~jon in nparian eClIsY~lems 

(John~(ln CI aJ. 1976, Bravanl el al. 1986, Johnson 
1992 i. Prosr'pi\· GoknilCS the understory of Populus 
!;'l'moI71i, {ll(eSrS in Arizon<i (S(Tombt'1 g d ([1. 1997. 
Slrombng 1998b). but othn sllcce,sional trajectol'lcs 
h~lve J1()l bc.:n \'Veil de~crihed. Even le~s is kno\vn of 
,ucccs,ion'li pathway, In Tumarix stands, largely hc­
cau,e Tamar-ix generally hJS not occupied sites on [his 
cOlll'inenllong t,nough to senesce, In th¢ Grand C<lnyoll, 
~Lands of Tanlarix that cohlnized the Colorado Ri\'er 
bottomland rolJowing the Gon,'lrucLion of Glen Canyon 
Darn are heginrllng 10 senesee and are being replaced 
by a Inix of upland alld clonal riparian species (Stevens 
I lJS9). On the San Pedro River in southeastern Arizona, 
(kn,ilie' or hiler sllcc¢,'siol1..1i ~pecie, were similar in 

T(lInari{ and Populus stands, but thc relationship (Q 

stand age differed. wilh a tendency foj' higher densitie~ 

in older Populus stands and no apparent sland age­
related pallern in Tall1ar;.\ stands (St.romherg 1998b). 
On the Bill WiLliams River. we speculate that former 
I~oodplain arcas that are not reworked by the river will 
continue to be colonized hy typical terrace laX,1 such 
a.~ Prosopis, reHaria, and Atriplex. The rate llf colo­
nl7.ation of PrOIOpis may he slowed by rhe lack of 
summer uverbank floods and associated seed scurifi 
carion and burial (Strombt'rg et [II 1(91); however, Olil' 

I e~uhs did nul re:vca[ greater re<:ruiUTlCnL of I'ru\o/JI\ 
ah)ng the unregulaL~d SanLa Maria River. 

Sel,dlillg eSla/;/ishmenr.-Our ,ccdl ing eSlablt'h­
n1Cr1t results suggest thar differences in flood magni­
tude, ilnd summer 110ws between the Bill \Villi,llm and 
Santa ~:raria rivers produce di fferent seedling estab­
lishlJTcnl patlerns. Smaller floods on Lhe Bill \Villiams 
River created less bare substrate suitable for pioneer 
~eedling gelll1inaLion rhan on the Sanla Maria Rlva 
(Pig. 8) Init:al seedling derrsitie, "·ere higher on the: 
Bill Williams River. perhap\ becau..;e or the large; ,eed 
ruin assocjatcd with the densc fI oodplai n vcgdalioll 

Seedling survival was gcnerally higher on the BiJi \Vil­
harm River. likely (\ re,ult of more slable low /lows 
and a,sociated alluvial groulldwater levels, and perbap" 
lack or sub~equenL Hood., (Fig. 9; Shalroth et a!. 1998). 
Tn the pre-dan] era, there was ..I greater [cildency for 
multiple flood peaks in a year and more late summer 
(monsoonal) noods (Shal'roth 1(99), either or which 
Illight remOl'e seedlings lSlromberg el a!. 1991 I. 

Systf'm dYIll.1Iflics.-Flow reguhltioo may cau,e a 
shift in channel and riparian Yegetatioll from a prc­
regulation clyn,IlTlic throL1gh a transicnr rcsp,>nse pha1-.c 
lo ..I new dynamic equilibrium (PetLs 19H7. John.,on 

1997. I \)98). We suggest thai challnel.' and vcgda,ion 
along the Bill Williams Riverexhibil.ed noncqllili\munl 
dynillfiic:> prior [0 the COil:> lrucrion of Alamo Dam. be­
came the rccnrrence I nlerval (If de";Lrm:II\'e nooc!s or 
ralal drought (-.. 10 yr) was much shorter than the gen­
eration time of thc dorni nant lrees (~l 00 yr; PicKelt 
(980). During the first ':!O yr followjng dalll construc­
tion, vegetation colooized f,.rmer channels and grew 
rapidty, representing a transienl respoll,'r. to re.duced 
Ilood disturbance "nd droughl sLre..;s. As the Sland~ 01 
pioneer vegetation age nnd are replaced by seral ~pe­
cie~, a new. dynamic equilibrium lTIay be reached, wiih 
a larger propoflioll 01' lhe bouomland occupied by rei .. 
alively st,lbk anti XCIIC laLe seral COn1niUllltie, (l\:lt:rrlll 
and COl.lper 2000). 

The relative irnportancc of faLtO,l'S controll ing a new 
dynclrnic equilibriuJJI iTlay change. Now thai \'egeralion 
has e.'-labli"hed on many f'londplain ~udaces, larger 
fl()od~ may be required 10 widen channe.ls bec:1u,e of 
increased bank stability and greater resistance of ma­
ture vegetation to flood darnage As stands of e,<j:;ting 
vegetation sen¢sce, bank rc1-.lslJ.nce and surl'ace rough­
ness may decrease, effectively increa~ing the erosi ve 
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pOlcn(lnl of a partlcular magnJtlIde flow (Johnson 

1997j. Forther. lhe Cuture lIlay be characterized bv 
chilnge~ in driving vanables, with tire incrl'aSlng In 
Iinportal1ce and ~lream(\ow-driven disturbance and 
drOllght ~trc'ss r(';gJrne~ dccrca~ing ill importance 

STreamflow I1wnagl'mel1I impllcilfiolls 

Streaml10w 1, in,Tea~ingly being managcd to effect 

the restoration or riparian plant communities (Sc(lli. et 
al. 1997, Rood et ill. 1998) and other riverine ecosy<;­

te'j·n, (St.anf'lrd et aL 19<)6. Poff et al. 1997). The dense 
riparian vcget<Hion along the Blil William.) RlVer i~ of 

rc:gional imponance b~cal1~e it i., con"idereu the besl 
remalTling cX<\l11ple of this lyre of hahital in the highly 
degraded lower Colorado River system (HuHtcr et al. 
19S7). TillIS, dcspile evidencc th,it its abundance i~ 

largely attributable t\) regulatcd streamllow conditions, 

IllCllntaltling thi~ rcgipnalIy unique habi(al is d plionty 

for 1110Sl land anrl watcr manager" including th~ C.S. 
Army Cal ps of Engineers, tbe a!loency that operates 
AldnJo Dam. We ~llggeSI prosp~ClS :lnu hmi[s for mall ­

aging vegetallon via slreamnow managemcnL The 
11.1dXlmUIlJ now lck;l\e of -··200 m'/\ from Alamo Dam 

limits thl; potential crcatlon of ,lrcas suil.abJc for es­
tabllsl"illlenl of ne'l\' riparian vegelation. Howeve"'r, fol­
lilWillg re!ea.,es of the maximum controlled di~charge 

In 199~ and 1995. ~ome areas of ch'lI1llel. secdlings, 
<lIJd saplings \"I.'cre crcilt.ed (Shafroth e{ a!. 1998), and 

!'oPI!Ir~_\ and Salix now dominate many of the~e cohorts 
(hi.!. 7a: P. B. Shafloth, per;O/wl obserl'ation). If a 
m<lnagelnt'llt goal \~ere lO ~:<pand regc:neratioll of pi­
ollcn [[CC.', mechanical clearing of !-e!ccll:d stands (If 

'Woc'dy vegclat;oll prior to a manag-:d flOW rcleasc could 
be dfectwe (Taylor ct a!. 1999). If Increa~ing the pm­
ponion 01' PII!l/I!U.\· and Salix ",cre (l managt'mc'11l goal, 
lhell relea.>t, lIlay be timed anu controlled in a manner 

to favor the esrablishmen!. of these species over Ta' 
marix (Shafroth et at. 1998). Augmenting lhe supply 
01' Popull/.r seed may pr(l~ide it a compelllive edge in 
mix.ed. Tnmnnx/Poj)u{lIs ,eed!ing paiche.> (Sher et al. 
2000). 

rvlanagemclit of summc:r flows also will ha\'(: an im­
~'orl<lnt erteel on future v.::getal.\un alullg lht' Bill Wil­
ham' River Higher ~UlTlmer now reka,e~ ,IHluld en­
,ure maintenance of exi,;ting vegetation while pro, 
moting relatively vlfwroU& growth and perhap" slighlly 
ex.paneled vegetated area~ within interrniltenl reache~. 

J-!Ight'r ~lil1lmer J1uw, may mainl<illl c'(!<;tlng ratio,; O( 

Popl/lus/Salillo Tamanx, \\'her~H~ lower ,umm~r flows 
could jnLrea~c the proportion of Tamarir and 10 a lesser 
c'({t:ll( Salix (Busch ,md Smjrh 1995, Sha.froth Ct ,11. 
2000). 

The "bove 1low management ('onsidera{jon~ havc 
certain llmilai.ion~ In the ll)ug term, managed flows ;lrc 
unlIkely tIl maintain Cllnenl qunmilies of Populus and 
Salix In the Bdl William, Ri"er bOilOmland. as many 
"rca\ \~ III II kcl y >uccee.d lO lalel .,el <II ~tage,\ or be 
elinllndLcd hy lire. COnLrolkd ,trcamf]ow.', how<:\."er. 

can be used to promotc periodic regener~tJon and con­
tinued survival of pioneer vegetation in a portion of 
the bottomland. Th~ abilily to manage vegeL.. tlon 
through controlled flow relea~e~ would benefit from 

further ,rudy of strcamflow--vegeralion interaction'_ i.n­
cluding the influenccs of monsoonal floods and differ­

en!. multiyear now ~cqlle"'nces (Hooke"' 1996), as ~:e!1 itS 

imp]cmentatinn of experimental flow release\ In COIl­

junl't!(ln with well-planned, interdisciplinary research 

and monitoring (NIoHes el a!. 1998. Schmid{ et aJ 
1998). 

ACK'JOW1..EDGMF:--'l'S 

Num~r()us gr..dume and Ul1(krgratluale ~l.Udents fmlll Ar­
17..ona Slate University and employees or eontra..:tors uf Ihe 
U.S. Geologic,ll Survcy asslstcd with fie!d data collecrlun. 
Including A. P Bradford, \V. D Rce,e, alld P 13 Ander"'l1. 
V. .I. Lee Illannged rhe :\RCTNFO data B S C\dc of!·;;:r,:d 
~\all,lIcal "dv,,:~. Ci T Auble . .I M. Fnedlllun, t....1 L S;;oll 
J B. 7edler. ami Iwo arwnym0U, revi~w~r, provldcd helplul 
COmlnelllS on earlier versions of tillS Illanuscnpl Flnan;;I .. 1 
"UppOrl for hcld work \\·as prOVided by a grant I"rorn rl1,' U.S. 
Fish and Wildlile Sen·ll'e to DTP and JCS F,nanCial >lIpporl 
for the ae·rial photography dnaIY~I~ \\"" pr<JVlded by a grant 
from the /\n%on .. WaLGr Pnltectioll Fund Lv PBS and DTP. 

Lrn::'RATURE ellloD 

Alhert~on. F. WOo and J. E. \Veaver. 1947. Injury and death 
or recovery at trees. In pr·nirie cJirnl'lte:. Ecnloglcal ~0nok 

graph~ 15:395-433. 
Riondlnl, M. E., P. \V. Mielke.•lnt! E F RcJenle. I\JR~ Per­

rnU{illtOr; lcchntqll~s bJsed on Euclidean analysis spaces: a 
nc\\' and puwcrfu! qalisli~al In~lh()d fur ecologIcal rG­

search Cocnoses 3: 155-174 
Bogf.:-., K . and T \Vcavcr ) 994. Changes in "vegchl(tOll :.md 

nlllriGnt I'llob dllnng nparian ~lIcc"s.,i()l1. WeUdlhb 14 9?\-· 
109 

Bradley, C. E, ,'''d D. G Smith 1986 Plain> collol1wood 
n:crl.1junenl Hnd ~un'ival Oil a prairie mcand~ring river 
Iloodplalll, Milk River, soulhcrn Albcrra anel northern Mon­
Lana. Canadian Journal or Bnlany 64: 1-133-1442. 

Bravarel. .r..p, c. Amoros, 3\ld G. Pautol1. 1906. tmpael01 
civil engineering works on the successions of communi lie, 
in a fluvial ,;)',lel11 Oiko.- 47:92-1 II 

Brinson, M. M. 1990. Riverine frm~sls. Pages \\7-141 iii A. 
E. Lugo, M M. Brin~()1\, and S. Un"",,,, cdilor~ Foresk<.l 
wei lands. Elbevier. Amslerdam, The NClherianch. 

BUfkham, D. E. 197~. Chann~l ch'lng<:~ vi (he Gila R,vcr In 
Safford Vailey. Anyona: j 846-1970. lJnltt'.J )tale, Gen­
l[)gJc~J Survey ProfessLofl31 Paper 655-G 

Ru\ch,	 D E. 1995 EnccL' of fir~ on .\[luU,"·.;:\!.ern npaniLn 
pl.lIlt ~t)mmll!lit)' .qnlt"IUre. S(luthwcMern l\drurali" 40· 
259-~67. 

Bu.'eh. DE. and S D. Smith. 1993. Efl·eel., of lire (\11 wale: 
and salillif)' rel"lt01\~ 01 ripar:an ,>,.oody taxa OecoJoglil9.j· 
lii6-19-l. 

Bu'eh, D. E., and S D_ Smith. It)9~ M"dH1nlsms as~ocJale.d 

wilh dcclJllc of woody species in np'lrian ecosystems of 
the souLhw';:,'tern U.S. Ecological M(lnograph~65:347-370 

f)' !"monio, C. M._ T. l. Dudley. and M. C. Mac!.. 1999 
D:stllrbancc and biological invaSiOn,: dirt.Oc[ dfL'Cb anJ 
feedb"cks. Page' 41 )-'~52 in L. R. \\'"Iker, ediL<)1' Eco­
systcms or dislurbed ground Elsevlcr. Am,L .... nlanl. Th~ 

Netherland}, 
Ddvie,. B. R. 1....1 C Thnmas. « F Walker, J. H O·«"e:e. 

and J. A. Gore 1994 Dry/and nvers: tbell Cl'oJogy, ce>n' 
s",-vation dud illdnagement Page., 4~4-51 I III P. Calow and 



Ecological Appl!C3!Jlm"122	 PATRfCK B. SHAFROTH ET AL. 
Vol 12 "in 1 

G. l'. f'eHS. edltol>. The river, llimdbook Volume 2. Bldek­
wdl SCI~n\lfk. Carnbnd~e. Ma'silehu'<:ri" USA. 

Deloach. (' J 19')7. Biological control of weeds in Ihe 
Umt"d States and Canild". Pages J72-19~ In J. O. Lnken 
and J. \V. TIlieret. edilors. Assnsment and managemem of 
plam ilW<1,I<)n,;. Sprongcr-V~rlag, Nc,,· York, New York, 
L:SA. 

DyneSlus.:vI . and C. Ndssol). 1994 haglllcnl.aiion and flow 
regulalion (If river :,-y"'l~m" \n lhe northern third or lh~ 

W"rltl S,i"ncc 266:753-76~. 

Ell". I 1\.(. C. S. em", ford. and M. C. '\lolle, 199~ Cpm­
pJIl"'~~n df lltlel ...1Y"dIT1H..: .... III natlve ;Hid eXoIll' nparian veg­

<'I..llion "long the' Middle R:c, Grande of ccmral New Me~­
:e". US.:, Journal oj I\nu En\iWnmenl, JS ~Ri-2<)6 

Uy. L 1... Y. Enzel. and D. R. Clyall. 1'}94, Anonlaknl' 
North Pacific (Jlmo~rhcnc cin:ul(ltlon and I~rge win\~r 

t1noc!, In Ih,' sou:hwcstern LltlllCG Starcs. loul n,11 or Climatc 
7977-987. 

Evcrill, B. L. 1998. Chr()no!o~y olllll: sprc"d or iamarisk 10 

the centra.1 Rio G(~l1de. Wetlan,1., 18'658-668. 
Friedman. I M. W. R. Ostukamp, and W. M. Lewi.,. 199b. 

Channel t1,lrrowing anc! vegelation devdopmCI)[ following 
a Grein PlainS nON!. Ecology 77:2167-2 J ~ I. 

Fnednwl. .I. .v1.. W R. Osrcrbunp. M. L. SCOlt, <tnd G T 
:'.uhlt: 19lJ8. [)ov,I1~l.rca", cffcet£ of darns regional pal­
Ie, "I~ lit Ihe Gr"«t PI<.li" \Vellac,<.b I B'(, 1q-n~.> 

Gf.• rr.:lL J :....1 ;Ind D. J Gclknbt~ck. Il)Y 1 Bd.~ln ChdnlGter-
1"IC."" ~llld ,1I::.-lInllfl\\ "'Uill:-'llC~ In i\rll.Ona .rJ~ of IQSlJ L .S. 
(}"oJp!:lcal SUtn-y. WashillglOn, nc. USA. Wal",. Re'uurc­
e, In\i<:sllg,ilion, Report I) i -.~I)4 \. 

Glad"in,O N, tlod J. E Roelle 1998. SurVival of plain' 
cottonwood lPopulus d"lJoide~ $ub,p. mOIl!I~ter,,) ~Jld salr­
cedar (Tcwu/ri>.. "amosu~'iJJJa) seedhngs in re~ronse to 
fioodlng. WCliancJs 18:609-674 

Graf. W. L. 1982. Ta01ar:sk ,lotI rJver-~hannel management. 
Environmenl,,1 J'Ii1an"gemenl 6:283-296. 

Gr"f. W. L. 1999. Oal1l natron: a g,:ographic cew,u~ or Amer­
ican daillS and ThcH large-scale hydrologic inlpaCts.. \:Va[c.'~r 

Resource< l{e,e:i1 <:1\ 35 1305-13 I I. 
Gn mt\ J f> \979 Plant '.l.nllegic.' and vcgeu.lli(JIli.d pf<lt.::es,e~ 

W,lc·v. Chid":'lCI. IlK. 
1'10"1.<', 1 \1 19l1(' R,vel "~'lhJn"" to dcc"da1-.~cak.:hartgc, 

.r, dl'ilhltrge ll.."sl':nc. {h~~ GJla Rlver. SF /UlI,l')!l(l P;1gc5 
I '11-:'IH In I Hrdnwn, A G [3r0Wll , 'll'Ll K. J. Gregory. 
edl;or ... GiobJI (;nntJ1H:nl"td chl:ingc:,- the conlexl of palaeo­
hydrology Geologica) Soclely Spc<..-ii.ll Publication Numb~r 

115. Gcological Sodel)'. London, UK. 
Hughes, F M. R. 1994 cnvironmemal eh8nge. diSlurbance 

and n:.generatipil III s~lni-arid ftoodpL:nn forests, P~lges 

321-3'[5 in 1\. C. \1illJnglOn .lnd K. Pye. edilors. Envi­
romncnlal change in dryland~: biogeographical and HCo­
morphological pcrspccllves. John \Viky & SOilS, r-.:"w 
York. ~Cw York, USA 

Hl1nt~I, W C. B W. ,Alll1cr<(ln. and R. D. Ohmarl. IfJ87. 
AVJ~U"I l;tHTlll1Un 1\) "lrtH:lul f" ('h~llg:l:s in a m~~tufe l100tlplain 
tOIT\l .{fl~r C\ll''I'.,L ..:{: fl •.)oulnp. J{lUrll<t1 e,f W'ltll!fe. :'\-lan· 
Clgull~r;t 51 49~ ·:'02. 

Ja~k",n. , ,i. T. B.ili, ''!!d 1'.1 H. Ro,e. i990. As,e',l11en( of 
the- .... ail!lily Lokl'ancc. oi c::i~hl Sonoran dt:.\..:.rl nparian Lree" 
,In(\ ,hn'h, FInal R;:p,jrl. U.S Bllr~"u nlRecl"m,ll1nn ('on­

,r[,Cl :-rllmh;;1 9·CP-3()-07170. BlOlog.ical SeIOIC,", Centcr, 
Des<,·f( Reseil.f\,h [nSlIll1le., UniverSIty ot NeYlltia System. 
Reno. 1(evad... l:SA. 

John<on. W. C. 1992. Dam:, and riparian fore.~l''; ca~e ~l.Udy 

fl,lln rhc uppet MI5'oon River Rivcr, J:229-242. 
JohnslJn, W. C 1994 Woodl:wd expansIon in tk Piau" River, 

'cb,ask3: p~uet'rl., and ca\l"e~. Ecolog.lcal Monograph" 64: 
45-K~ 

J"hn,nn, 'IN C. 1997. EqullJhnum re,pon<e of rip~ri"n ,'eg­

etalioll 1.0 flow reg111,ll:on in lhe Plalle Rivt.r, :-Jebra;Kd 
Reg.ulatcd Rivas: Research alld Man(,gerncnt 13:403-415 

John~on. W. C. 1998. AdJu.'lmenl of 1'1 pal'i"n vegetation 10 

river regui3Hon in the GIC<I( Plains. USA. Wellands .I 8: 
60R-618. 

Johnsoll, W. C., R. L. Burge", and W R Keamn1erer.1976. 
ForeSt overslory vcge(aliol1 and e"\'ironmcl1t on the M1S­
sour, R"er floodplain in :-Vorlh DaK<,ia Ecologlc,d Mono­
graphs 40'59-84. 

Mack. M. C. and C M. D' An(()l1i(~. 1998. [lnpa~'I' of bio­
I 1<)&IC31 IIlV;1.{\(JI1S on di .. lurbanee regimes. Treild~ iii F.~\)I­

"g) and Evolution 13' 195·-1 '}f\. 
MClTln. O. lVI., and D J. ('00 p'-'r. 2000. Ripanan vcgeIH\Il'n 

.and c.hannel ehange III re~r(ln,,,e 10 river regulallnn; il cnrn­
p;1ratlvC'tlld) ot reg·nl,n."d and unregulatcd ,1J'(.'·arn, In l.hc 
Gr~~n Ri"er ba,u), USA. Regulaied River, Re~earch and 
~'lallagcment J 6:543-564. 

Molles, M. c., C. S. Crawford. L. 1....1. Elh .... H. M. Valet(, and 
C. N. Dahm. 1998. Managed floodIng for npanan e<:IH.y'­
Icm restoration. BIOScience 48:749-756. 

:-radler. c. T., and S 1\. $,:hurnm. J9Rl. \1clamorphos.i~ of 
$ou(h Platte and /\rkanSJ~ Rivers, Eastern Colorado. Phl"­
ical Geography 2:95~115. 

Obmort,	 R. D., and B. W Ander~\)n. 191)2. I"orth American 
desert rip~na:l e.eosysrc:rns. Pages 433-479 til G. L. Bender. 
edilor Rett:renc~ llantJbook on tht." dc.')l~rrS or NorLh A1I1Cr­
i~d. ureeOWt'):HJ, 'W·e~tp()n. C()nl1C"':L!~ll!. USA 

Ohm,lrt, RD., W. 0 Deason. and C Burkc 1977. A nprtrlcn 
ea .. " hi~l.t\ry. Ihe ('olorad" River P,,~e, '5-47 ill R. R 
Johnson and D A.. Jones. technical coord.ill;[wr, Impor­
tan(:L.. pn:serva(lol). and rnandgenH.."lH of ripanan habl(,H a 
sympOSIum USDA Forc~l S~rviC.~ Gen~ral Technical Re­
pon Rj\1.4] 

O"mond, r. B., M. P. ;\u.'lin, J. A. Berry. W. D. BILling'_ J 
S. Hoyel, J. W. II. )):lcey, P. S. Nobel. S. D. Smid1. and W. 
E. Winner. 19S7. Stre~s physiology MId [he di'l.nbUlion ur 
rl"nIS. BioScience 37:38..·48. 

P;ruerson. J. L., au,t W. P. Somers. 1966. M"gniturk and 
frequency or Ilood.' III the Unilcd SWlc,' Pan 9 Color;,do 
River Ha<ln. U.S. Geological Survc)·. Washingron, DC, 
LISA. Waler·Supply Papcr 168..1. 

Pe't,. G E. 11)79. Complex re,pIJll'" or r; .... er ch~llnei mor­
phQlogy sub,cquent to resaYOl( constructIon. Plog;ess )11 

Phy<i"al Gcnt~raphy J.3~9-3(j2. 

Pells.	 G. E. 1987. Time-,cales for ecoipglcal change In ret!­
nl'lled rivers. Pagcs ~57-~66 In 1. F. Craig and J. B. Kemper, 
et!uon". Regulated ~uealn~: advance:, III eC'lJ,)!!y. Plenum, 
New York, New York. USA 

Pickell. S. T /1. 1980. Non-equilrbrinlTI coeXISlCttCe oi planl' 
Bullelin of <he Torrey BOlanical C!tlO 107:2.,8-248. 

Pid:CIL S. T A.. and P. S. Whil~. 1985. The ecology or natural 
disturhance and paieh dyn'llOles. Acadcmie Pr"ss. Orland". 
Fl'lrida, USA: 

PoiL N. L., 1. D. Allan. M. B. Bam. 1. R. Karr, K. L Pres­
l.egaard. B. D Richter. R. E. Sparks. and J. C'. Siromherg. 
1997 The ll~LUral flow regime; a paradigm for rl\·er ~Qn­
SCI valll"l alld rcstor~lllln. Bllhclence 47.769-7li4. 

Reily, P W.. and \V C Johnson 19l:l~. The ei'feets or altered 
hydrologIC rcgJlllc on tr~~ gruwth ah1ng th<: MI~sot!n RI";;\ 
In :"Mlh Dako[a. CanadIan Jon I'll al 01 ArnallY 60·~·11 0 ­
2423. 

R(lbln·,on. T W. 1965. lntrodlleli<.>n. ,plcad and areal ">.lent 
or sallccdar I Tamari() In lh" we'lcrn ~lalC' Unlled Slal", 
Geolog,,'aJ Survey Professiollal Paper 49 J-A. 

Rood. S. Fl .. A. R. Kali,dmk, and 1. M. Mahoney. 1998 
Inil.taJ eoilOnwood ""edling reeruiunenr following Ihe flood 
o( lhe ce11lnry or the Oldman River. Alberta. C:"n"da Wel­
lund:, 18:557-570. 

Rood, S. B., J M. Milhoney, D. E. Reid, and L Zil1l1 1995 
Tn'U'eam flo'l\'s and the decline or riparian c()U(Jnw(J,)d~ 



123 February :!O()2 FLOW REGULATION AND RIPf\RTAN VEGETATION 

,·dung rhe St. \jary River. Alberta C~na,han JOllrn,lI of 
n':ll;my 73'1250··1260. 

S"'lb. V. ,9<)9. Imp<>rtmll:e lot ~P'ltldl ,c;lk to habiul u,e by 
hrccJd1g h~nl,-; In np:::..nan fon:')(o;.," u hierah.:hH..'al ",ntdy.."i'). 
l:culugical .\pplic,'l;on, 9· 135-1 S1. 

S,lle, . .I .. R. l<a:llo1a. [ llakkmcn. Y M~'Jnen, P Niemd~. 

M. PUh:lkk". and P. D. Coky. ! 90(>. R,ve'l dynamic, and 
the ,lIverony 01 .'\m:llOn lowl"l1d ['lrnt. N,lIUI"<~ 322'2S4­
258. 

S,\S 1999. S'i\S/STi\T u:-cr', g.uldc, \Cr'i'1I1li. S.\5 Tn"iIUlC:. 
Cary. North ClI'olina, l'SA. 

Sa(!~l'Ihwailt. F W 1946 An approximatc di~trlhuliun of 
e<.;tlmCJte~ of ",ar;,lllcc cornpOtlent~. BiolTle{j'ic~ Hullelin 2: 
1 Ill--Il--l. 

<'Chr:lidl, J C, R H. Wehb. R A. ValJez, G R. M M:LO Jr. 
~Ln<.l L F S(~'\'~I1;:; 190M Scielh:e a"d \-atlJes jn river re,~­
'C"(F,l!IPrj 111 the Gr~'lrtcl Canyon. Bt<)SclI.;ncc.,tg 735~747 

\, hnrnrn, S f\ .. ...m' X. \V LILhlV 196'> ('hannel widening 
and ilo('JdpL)lJll.Tlll\.Ut.lctic,n along. C,inllIT<.,)1l River tJl soulh... 
\\'c:-"lLrr. Kun"(l) L' S. G ....,l)lngic;.:l! Survl.:y Prnfesf,wnal Pi:.t­

PCl :\~2·n 

'l~l)t~, ;VI. L. G. T. Aubk, ~nd 1. rv1. Fricdman, 1997. FlooJ 
de-pendency or COUOHWOOU eSl~1hll~hmcHI (llong the M1.:'1o­
,olJri Rlver, \inrHana, USA Ecological AppllCalinnS 7: 
677-"'90. 

ShalroLh. P. A. 1999. ])own'lre'\lll ~ff~Ch or dAm, on riparian 
vrgeI3\lon: Hill Williams River, Arizona. Di$,erl.alion. Ar­
ILOllel SIal<.' Unn·crslty. 1~rnp..::, .-\rilona, GSA_ 

Shalroih, P. n., G. T. Auble, J C. Stromhcrg, and D. T Pallen 
1991L Establis!unelll of woody riparian vegclalion III re­
ldl'on I" 'U1niJ,li palle.m, "I" ;Lreaml1",v, 13t11 \Villialll' r~IVe.r, 

AI ,/ona \Vttland~ 18·';77-5'lO. 
StoallOth, f' B. J C. Sllornbcrg, "nu D. T. Palkn. :!OUO. 

n.l~..",p('n"c~ \)1 rlp~.ln,ln vC~t:tatIOI1 10 dirferelll alluvial 
grouIid \vtih..:.r regl1ne$. V\'·t"itC.'i 1"1 Nonh Aml?,rICan N~Huri,llsl 

60' ()()-7() 

ShCI, " A.. [) L. M,lr,hall, and S A. G,lben. 20UD. COil!­
petl(\(Hl bt:l\\'':GH nail\·t: Po/nliHs de/Joidcs ~illJ lnVaSJV~ Ta­
/,j1(~'n). runW.l~~u·i1UU Ltnd (he inIpllcalion., [l)l" re~.)ldbli~hing 

iloodmg d,f.[\lrbanc, Conservalion Blolugy 14 1744­
17~4 

Smith. S. D. D A De'·lIt. A. S~la. J R, ('kverly, "nd D 
C. Bu>ch 1<)<)8. WaLn rC'l,uions of riparian plants from 
warm d"\erl reg.lon;. \V",Uanch 18'687-696. 

Slanfold. J. A., J V Ward, W. 1. Liss, C. A. Fri~sell. R. N. 
\V>l\i~(l\"i. J II L'lhawwlch, anu C C Cnlll''''t. J<)96 A 
~~ncr;j~ ~"'ro[\h.~oi 1\)1' n,:,",:.,loraUl)" oj r~gul:)l.ed fiver,,;, Regll­
kl,...'d Rr.... C1· ... R..:'.;r:u·ch and 1\1a.r1<-lgl:nlcnl J 2.3~ )--4 [3 

SLl~\:cn~_ l~ E lq~9 :V1ech~t11hrn,\. oJ npalUIl plalH {;oTnIUU­
till\,-' orgdnl'l,Jll0n rtnd "''--l(:cc·...siotl ill [he Grand Canyon. Ar-

l7.On". Disserration. Non.hern Arl'.ona Unlve:rsily. fla2swff. 
.A,riZOlla, USA. . ­

Stewart-Oalcn. A , J. R. 13enet. and C W Ostnberg. 199'2 
A'StS'''ll~ efl"ecls of IInreplie"tcd penllrbauoll.\ no ,irnpk 
,o\ulions. ELOlclgy 73: 1396-1404 

Srewari-Oalcn, A .. W W MllrQo("h, alld K. X Parker I <)X(, 
FnvU"onmenlal Impan a,se,,,nem: '·p,ell<1Prep!l("ali,.'n" III 

lirne'l Feology 67:\129-940 
Slromncrg,.T C IQ93. Tll\lrCdm no'" llHJfkh (or ml~ed dc­

LiJuou~ npanall \,regelalion 'Wlihll1 ;\ .r.,emiand. rc~ion Reg~ 

ulateJ Hi'ers. Re.,eareh and MarM~elncnl 8:22~-::3~ 

Siromherg, J C. 199Sa Dynal11J('~ of FremOlll e/lilnllwpod 
(PoJ'u/u"'jrnnonlii) and saltcedar (Ta",ol'1.\ chmell.nsl pop­
ulallon.s ,1long lhe San Pedro River, ArizoJl~. Juurnal of 
l\riJ Environments 40: I.B~155. 

Slwmherg. 1. C 199Rb. Funcl ionai equivalenty "r \allcedar 
(Tamon> chillen,,,,,) and Fremonl Collo"v,ootl (Pj)P"!J.I·\'.t,·~ 

mOOIJi) along (t frcc-flowlng rlVt;r Wet.l.and., 18 675~'hR6. 

Sllomberg, J. C. 1. F,y, and D. T. Pallen 1997 lIhr~h de­
velopment aller large nooJ~ ill all £lllu'rHLi. ~'_rjd-"~nd ri\'cr 
\Vtlland' 17' 292-:100 

Slrolnhtrg, I C .. and 0 T. T'auen. 1991. Tn,mC'lJl1 flow r,'­
quir,'lTIcllh f,H' eOllOnwood~ [,I B"hop Crc:ck, Tny" C,)unly. 
CaJi/llrnla. River, 1: 1-11. 

Slromherg, J. C., ami D. T. Pattcfl. :992, Morta!lly and agc 
of black cOlllm ......ood 5[,1IICh :dong divtrled and undiverlcu 
Slream, III lhe ea'l,:rn Sierra Ncv"dd, CalifornIa. Madrniio 
39:205-2:23. 

Stromberg. J c., D. T. Pallen, and n. D. RichiCr. 1991. Flood 
Rows and dynamics of Sonoran ripnnnn fore,t.s. Ri\'cr" 2· 
221-~35. 

Stromberg, J. c., R T"ler, ~nd B. Richlcr j 9% Et"fcclS ot 
grOHl1dwat~r dcc1I1H: on npalian v~gCltlUOn or" ,;~mlarid. rc v 

glonS. rilc San Pedro, Arizona. EcoiogJclIl Applicll.iOJIO 6: 
1 d-131 

Tn) lor. J. P.. D. B. \Ve~lcr, :lnd L. M. Smll:h 1999. So" ,b­
lurbao(.(-. Mood Ilw.nagclllL·nL and IJpan~ln \"/oody plant C~~ 

[~blJi,l1mcnt In Ihe RJO Grande t100dpialll \Vcll~nd) 19 
J7::-3~2. 

W~nen, D. K. and R. !vI_ Turner 1975 Sall,'cdIlI (7~lIJlIjJi\ 

chluensis) $cecl prnduclioll. seedhng t:slablt~hrneflt. and re­
sponse to lnlllldJllOn Joumal Of lhe Arizona Acaclemy ot 
SCIence JO'135-144. 

Whlie:, P. S. 1979. Pal [ern, proces" and Ilallirul disturbance 
III vegetalion. BotanIcal Xeview 45::'.29-299. 

Williams, G. P.. and M. G. \Voll1lan 1984. DOWIlSlrcam eI­
fects of dalUs 01) alluvial rive:l"s. U.S. Ccological SLirvey 
PrOfcsslonal P"per 1236. 

Zlmmcnnan, R. I. 1969. Plan[ c,:ologj uf an "mi ba"IIl, l'res 
Alalnos-RedlllglOn Are;!. lr.s. (]e()lo~ieal Survey Pr,,!"e.,­
>Ion,,1 Papcr 435-[). 


