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TRANSVERSE AND LONGITUDINAL VARIATION IN WOOIW
 
RIPAHIAN VEGETATI()N ALONG A lvl0NTANE RIVEH
 

Jonathan tv!. Fricdman I, Gregor T Auhle", Edmund D. Andrews I, Gwell KitteF\,
 
Hiehard E 'vlaclolc l , Eleanor H. CriHin l . and 'I),lm tv!. Allred.5
 

ABSTHAcr.-:rhis studv eX[llores hdw the relatiollship he tween How and riparian vegetatioll varies along a nlOntane 
rivel~ 'Ve mapped occurrence of woudy riparian plant ('omnmnities 'Ilong 58 kIll of the San Vliguel Hiver in southwest· 
ern Colorado. 'VI' ddcrrnincd the n'Cln.,.,~nCI, intl""a] of innndation f,lI' each plant eommnnity by combining stcp·back· 
water hydraulic modeling at 4 represent"ti,·!' reaches with Log·Pearson analysis of cl stream gaging stations. Finally. we 
mapped hOllomland surficial geology 'Ind used a Geographic Information System to overlay the coverages of geolog). 
and vegetation. Plant communities were distinctly arrayed al(H1g the hydrologic gradient. The Salix exigua NntlaJl (sand
bar ,,·illow) comlHnnity oCCUlTed lHostly on surElCes with a recurrence interval or inundation shorter than 2.2 years; the 
Betula occidentalis Hooker (river birch) comrnnnit)' peaked on s.ites with recurrence intervals of inundation between 2.2 
and 4.6 years. The hydrologic position occupied by COlllrnlHlities dominated by l'opul/lS imgusti}()lia Jarnes (narrow!ea!' 
cottonwood) was strongly rdated to age of trees and species cOInposi[[on or llllderstory shnlbs. Thc fraction of riparian 
vegetation on ~llrbccs hi.storicall\· inundated hy the river decreased in the llpstream direction li'om almost 100% ncar 
l'nl\',m to <50'if along the South fin'" oj' the San Vligllel River. In upstream reaches much of the physical distnrLmnce 
llCt'C'S~(ll)' to nw.lllL.tlll riparian \'cgetatioll is provided hy valley-side procf:'SSC~ including dehris flows) floods fi·ul'll Hlinor 

lriblltarie,. laudslides, and he,lver activit\. \VI""'e v"lley-side processes arc important, prediction of riparian vegelatiou 
change hased 011 alt(·mtirHls or riVl'r (low will bE' inl·omplete. 

Keyll.'ords. f'opllllls angustillllia, recurrence inlefTul, inundation, trihutary .flood. channel change, gradient analysis. 

Pattern in riparian vegetation is strongly arc high, the underlying eause of the pattern 
related to physical gradients created by the in vegetation at a site may be obscure. As a 
river. The :2 primary dimensions of these gra result, it is diFficult to generalize a relationship 
dients are transverse, or perpendicular to the derived at one site to another location aloug 
channel, and longitudinaL or along the length the sallie or ,l diFferent river; likewise, it is dif
of the channd (Johnson and Lowe 198;'5, Malan ficult to predict the response of vegetation at a 
son 199:3, Bendix Hm4). Many studies have site to environTIlental change. Solutions to these 
{()cused on the transverse gradient at individ problems rt;quire inf(mnation on the variation 
ual sites or river reaehcs. Moisture conditions of the vegetation-environment interrelation
go {i'om hydric to mesic or xeric as distance and ship over time and among sites (Chapin et al. 
elevation increase away fronl the river. Variation 2(00). 
in riparian vegetation a,vay from the channel Longitudinal efleets on riparian vegetation 
is correlated with decreasing intensity and fre range frclIlI the scale of an clIlire watershed to 
quency of flood disturbance (Auble et al. 1994, the scale of an individual rock outcrop or debris 
1997), decreasing anoxia (Bedinger] 979), in tim (Hot C't al. :2(00). At the coarse scale, a 
creasing drought stress (Zimmerman 1969), suite of hydrologic, fluvial geomorphic. and 
changes in fluvial-geOTuorphie surfaces (Hupp clinwtic variables change predictably upstrcam. 
and Osterkamp 1985), and strong but inconsis Along most wcstC'lTl livers, the upstream direc
lent variation ill sediruent particle size (Hobert.. tion is associated with d('crea~ing temperatures. 
son et aJ. 1978), nutrient availability (Day et a1. increasing precipitation, decreasing potential 
1D8b), and light availability (tvlenges and Waller evapotranspiration, increasing strcwlI gradiclIt, 
1983). Because correlations among these factors decreasing watershed size, decreasing stream 
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discharge, and decreasing depth to bedrock 
(Pallen ]fJ9b, Naiman d a1. 20(0). Hipatian plant 
cOHllllunities and individual species may be 
restricted to certain elevational ranges, but these 
ranges are olten broadcr than those of species in 
adjacent uplands (Campbell and Dick-Peddie 
1964, Hastings and Turner 196;3, Campbell and 
Green 1968, Valenciano ]992). Floodplain extent 
often decreases in the upstrealn direction, and 
as a result. species associated with moist fine
textured sediments become less abundant up
stream (Cowles 1901, H upp ] 91)6). 

At a finer scttle, tributary inputs and longi
tudinal variation in geology influenc<.' fluvial 
processes and riparian v('g('tation by ('untl'Ol
ling the delivery ur w;llcI~ woody debris, and 
seclirnen t to the river (Gregory et al. l!J(1). 
Tributary junctions and valley constraints 
influence species occurrence by varying dis
turbance fre(lUency, channel migration, anu 
microhabitat diversity (Nilsson et al. 1989, 1994, 
Decamps and T'abacchi ] 994, Scott et a1. 19m, 
Benda et al. 2004). Longitudinal varialion in 
uepth to bedrock alters the interaction between 
surf~lce and subsurhlce flows, influencing avail
ability of nutrients and water to riparian plants 
(Zimmerman 1969, Naiman et aJ. 2000). hlley
side landslides and alluvial fims can provide a 
substrate ror establishment of' distl1l'banee
dependent species and may impede surface 
flow, thus promoting the ueveloprncnt of wet 
meadows (Chambers et aL 20tH). 

Several investigations have considered the 
interaction of combined transverse and longi
tudinal gradients. At the watershed scale, the 
transverse gradient and separation hetween 
riparian and upland vegetation bccol'JC less 
distinct upstream. 'Webb anu Brotherson (190,'» 
I(JUnd thal as clcvaliuninereased Ii'om 775 III 

to 2G:35 111 along:3 streams in Ut<dl. the trans
verse grmlient becarne less distinct as nJore 
species in the riparian zone were shared "vith 
surrounding uplands. Similarly, Valenciano 
(1992) dernonstTated that increasing elevation 
lessened distinctioIlS between eham;el, terrace, 
and upland vegetation in a sample or riparian 
trees from 4 streams in southern Arizona span
ning an elevational range from 677 III to 294b HI. 

This trend reflects the increased precipitation 
and decreased evapotranspiration at higher 
elevations, which make hig;h-c1evaLion nplands 
more mesic than low·elevation uplands. Along 
tribntarics of the Santa Clara T{iver in Cah!(lr
nia. Bcndix (1994) showcd that the transverse 

and longitudinal gradients wc~re hoth impor
tant in explaining overall vegetation pattern, 
"vith neither gradient dominant. 'Vasklewicz 
(2001) f(llll1d that measures of channel mor
phology and geometry that varied on both gra
dients were the most powerful determinants 
of riparian vegetation on cross sections from 
an elevational range of 1200 m to 2:300 III in 
central Arizona. At a more local scale in the 
Okavango Delta of Botswana. longitudinal and 
transvcrse vegetatioll gradients mirror each 
other, apparently because sediment <1 n<.1 nutri
ents arc removed from tile flow as watn moves 
downstream or away from the channel (Ellery 
ct al. 20(n). 

Helationships between vegetatioll and now 
can be used to predict vegetalion change rol
lowing flow alteration (Franz and Bazzaz 1977, 
Auble et a1. 1994, Primack 20(0). For example, 
Auble et a1. (1994) combined plot sampling of 
vegetation with hydraulic Hlodeling in a 0.5
kIll reach of the Gunnison Hiver to relate plant 
community occurrence to inundatioll duration 
along the transverse gradient. Assuming that 
these flow.vegetation relationsllips arc i;lvari
ant, the authors assessed how an tici pated 
changes in the flow-duration curve would re
distribute plaut cOlunlunities among their sam
pled plots. Because or the difIlclllty in collecting 
the large amount or topographic data neecssary 
f(JI' hydranlic modeling, such analyses are usu
ally limitcd to short river rcaches and do not 
consider longitudinal changes in flow-vegeta
tion associations. 

The goal of this studv was to ({uantih' a re
lation b~tweell ±low and woody ripariar: vege
tation in order to explore huth transverse and 
IO!lgitudirw] vegetation patterns. This work is 
t>art of a rcsearch program uevelopiug quanti
talive methods to assess effeds of flow rc~gula
tion on riparian vegetatioll i/\uble et al. ] 9D4, 
Hi!J7, 20U;3, Friedman and Auble HlD!J'j, Our 
study integrates :3 common activities along rivers 
that arc typica]]y carried out in isolati;m: in
ventory of riparian plant comrnunities. mapping 
of surficial sediments, anc! hydraulic Inodcling. 

STUDY AHEA 

The San \liguel Hiver draillS approxirnate
Iv 400U k1ll 2 of the Hockv .Mountains and 
C:olorauo Plateau in soutll~vestern Colorauo. 
From its headwaters above 'H.dluride in the 
San Juan Mountains, the river flows northwest 
to its confluence with the Doloresl\ivcr ncar 
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a - San Miguel River at Uravan, CO. (09177000)
 
b - San Miguel River at Naturita, CO. (09175500)
 
c - San Miguel River near Nucla, CO. (09174000)
 
d • San Miguel River near Placerville. CO. (09172500)
 

Fig. I.. San \liglH·1 J{iVCL InaJO}' tributaries and walcrslwd hOllmlar\' in )(JlIlhw('stern C'Jlorado, CSA, with lo('ations 
of vegetation in"""lory n·'lChl.'s. hydraulic rcadH's, and C.S, Cco]ogica] Sur,,,y gaging slations. Flow is to th" northwest. 

the Utah border (Fig. 1). Underlying bedrock 
trends from Tertiary volcanic rocks in the head
waters to sandstone and shale of Pennsylvan
ian to Jurassic ages downstream (vVilliarns lD&l) , 
Lateral mil"rration along much of the San Migllel 
River is constrained by bedrock walls. Our study 
area was the 1:34-krn river section hom the 
moutb of the San Miguel Hiver upstream to 
the headwaters or the South Fork (Fig. I), In 
this watershed, temperature' decreases and pre
cipitation increases with increasing elevation. 
At Uravan. near the river mouth (gage u in 
Fig. 1). elevation is 1;330 III. annual precipita
tion is 320 HUll, average daily maxilIIum tem
perature in July is 34.9°C, and average daily 
minimum temperature in January is -9.2°C. 

At Telluride Ileal' the upstream end of the 
study area, elevation is 2670 Ill, annual precip
itation is .59.5 mIn. average daily maximum 
temperature in July is 2.5.1°C, and average 
daily mininnllll temperature in January is 
-16.8°C (Western Ikgional Climate Center. eli
rnate normals T(lr 1971-2000). The San Miguel 
is one of the last relatively unregulated rivers 
remaining in th(~ Colorado River basin. The 
river has no large reservoirs or major diversions, 
and the flow regime is essentially natural. Parts 
of the bottomland, however. have lJeen altered 
hy placer mining, gravel mining, storage and 
disposal of mine tailings. highway construc
tion, residential development. agricultural cul
tivation. ancllivestock grazing. Sites \Vh(~re the 
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vegctation has hcel\ greatly altered hy recent 
human disturbance werc avoided in this study 

ivfETIIODS 

Our approach is an application of dircct
gradient analysis (Whittaker 1956, 1967. Franz 
and Bazzaz 1977, Beuinger 1979, Jongman et 
a1. 191)7, Auble ct al. 19L)4, 1997), which de
scribes the position of vegelation along envi
ronmental grauients. Gradients examined in
cluded the recurrcnce interval uf inundation 
and distance upstream from the mouth of the 
San ~liguel River. \Ve f()cused on the influ
cnce of 'high flows because flood-dependent 
species are dominant along the San Miguel and 
because most of the woody species occur out
sidc tbe zone inundated bv moderate flows. 

Following the protocol'of Kittel et al. (1999), 
we mapped the woody riparian vegetation in 
15 inventory reaches along the San Miguel 
H.iver, including most of the riparian land in 
excellent or pristine conJition (Fig. 1). These 
15 reaches il1duded 260 ha and 58 river kill, 
()]' --13% of the study area. \Iaps were drawn in 
the field on enlargements of U.S. Geological 
Survey 7.S-minute topographic rnaps \vith the 
aid of aerial photographs. Within the 15 reaches, 
the riparian zone was divided into polygons, 
each occupied by ] of 72 vegetation types de
fined on the basis of dominant woody species 
(Kittel et al. 1999). We mapped 699 polygons, 
ranging in area from -10 m2 to 66,376 m2 

(medial! = 1432 rn2). The mapped area began 
at the channel's edge and extended frOJll the 
channel to the highest tluvial surface occupied 
by obligate riparian species. At a point repre
sentative of the mean elevation within each 
delineated polygon we used a rod allCl level to 
measure height above the lowest perennial 
vegetation (active channel shelf reference level 
of Hedman and Osterkamp] 982). 

Most of the 72 vegetation t!1)es did not occur 
frequently enough to define a relationship be
tween occurrence anel now. Therefore, wc 
grouped these types into communities using 
key dominant overs tory and understory species. 
]«)r exalnp1c, the Populus aHf;usli}()!i1l / Salix 

exigua community includes all types with P 
anguslifolia James (narrowlcaf cottonwood) as 
an overstory dominant and S. exiguli Nnttall 
(sandbar willow) as an understory dominant. 
The S. exigua community includes all types 
dominated by S. exigua with no ovcrstory. 

fn our investigation of the relationship be
tweell vegetation and flood recurrence inter
val, we ftK'used OIl thl' 6 communities that 
were abundant in most inventory reaches: S. 
exiglla, 148 polygons covering 19.1 ha; Alnus 
incana (L.) Moench subsp. tenui{o[ia (Nuttall) 
Breitung (alder), 92 polygons covering 12.2 ha; 
Belllla ()('cidenill/islfooker (river birch), H)tl 
polygons covering 1.5.1) ha; P aHgus/ifolia / S. 
exigua, 62 polygons covering 22.:3 ha; P unglls
lifolia / A. incmw, 102 polygons covering 57.7 
ha; and P angustifolia / B. oedden/alis, 24 
polygons covering 14.0 !-ta. For occurrences of 
all vegetation types dominated by P. allgusti!i;
lia (25:1 polygons covering] 6,\ ha), we charac
terized thc cottonwoods as young, rnature, or 
mixed-age. This allowed us to relate cotton
wood age class to flood recurrence interval. 

\Vc rnaele detailed investigations of 4 hy
draulic re,ldles along the San Miguel, each 
within 1 of the 1:'5 inventory reaches (Fig. I), 
The Uravan hydraulic reach is upstream 01' the 
confluence with 'Hlbeguache Creek, ncar U.S. 
Geological Survey gage 09177000 (San Miguel 
[liver at lJravan. Colorado), whieh has a drain
age <[rca of :3882 km 2 . The Nucla hydrauliC 
reach i, upstremn of gage 09174000 (San Miguel 
Hiver near Nuda, Colorado); its drainage area 
covers 1G8] km 2. The Placerville hyclraul ic 
reach is at gage om 72;JOO (San \1 iguel I\iver 
near Placerville, Colorado), with a drainage 
area of 798 km2. 'fhe I11ium hydraulic reach, 
on the South Fork San ~v1ignel Hiver at Illium 
Valley, upstream of the town of ll1iuJll, has a 
drainage are,l of 122 km2. These hydraulic 
reaches were chosen to represent the range of' 
scclimeut transport conditions along the river, 
to take advantage of proximity to long-term 
U.S, Geological Survey stream gages, and to 
overlap with the areas of mapped vegetation. 
In addition, the hydraulic reaches were locateJ 
to minimize the occurrence of features that 
can lead to error in hydranlic models, including 
supercritieal flow, sharp bends, and sudden 
changes in width. At the Illium, Nucla, and 
Uravan reaches (Fig. 1), we made a detailed 
topographic snrvey of a O,5-km sectiou of the 
river aud flood plain, interpolated a series of 
cross sectiuns, alld used a I-dimensional step
hackwater hydraulic model to dl'lcrminc the 
slage over a range of' clisc1larges (Allred and 
A,lldrews 20(0). The hydraulic models were cal
ibrated by measurements of stage at low and 
moderate discharge. A single) stage-discharge 
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relation was developed for each reach by avel'
aging the relations for all modeled cross sec
tions and fitting an exponential curve to the 
average values. At the Placerville reach (Fig. 1), 
we used the stage-discharge relation developed 
by the U.S. Geological Survey for the stream 
gage at that site (San ~ifiguel River near Placer
ville, 09172500). 11> extend the stage-discharge 
relations to the river as a whole. we assigned 
each of the 15 inventory reaches to 1 of the 
hydraulic reaches: invl,utory n;achcs 1-4 to 
UravarL illvcnlory rc<!chc:s S-G tn Nucla, illven" 
tory reaches 7-12 to Placerville, aml invc'utory 
reaches 1.3-15 to Illium. 

Our direct-gradient analysis was based on 
the recurrence interval of inundation for poly
gons in the riparian zone, Hrst. the discharge 
necessary to inundate a polygon (inundating 
discharge) was dctennincd by comparing its 
height above the lower limit of perennial veg
etation to the appropriate stage-discharge rela
tion, Then the recurrence intl'l'val of imlildation 
for the polygon was dctenninedusili:_~ Ihe re1a" 
tion between discharge and recurrelJce intervaL 

\Ve surveyed the elevation of the lowest 
extent of pcrennial vegetation at several points 
along the Uravan hydraulic reach. On average 
this level was inundated 2G'Y" of the time (i.e., 
~)5 days of inundation [Jer year; Friedman and 
Auble lD99) , On the hasis of this result at LJra
van, we assumed that the lowest extent of per
ennial vegetation occurred at approximately 
the 26% flow cxcecdanee level in all inventory 
reaches. Stage was then expressed relative to 
tbe lowe,t extent of [lc,renuial vegetation. 
makin,\!; it possihle to determine the disclwrge 
necessary to iuundate cach ulappcd vegetation 
polygon. 

At Uravan, Nucla, and Placerville, we ap[Jlicd 
Log-Pearson type TJI analysis to the record of 
peak instantaneous annual discharge from a 
nearby stream gage to determine the discharge 
at recurrence intervals ranging from 1,00,5 to 
SOO years. 'T'hc periods of record for these 
gages ranged in length b'om [) to 59 year~, For 
inventory reach]. we nsed the relatiullsl,ip 
betweell J'('CIIITeIH:e interval ,uld e!isc!larl;l' at 
the Uravan gage, For inventory reaches 2, :3, 
and 4. tht} record at Uravan was adjusted to 
remove the discharge of 'Elheguache Creek 
whieh enters the San Miguel just downstream 
of inventory reach 2 (Fig. 1; Allred and Andrews 
2(00). For inventory reaches 5-12 we esti
Inatcd the discharge for a given recurrence 

interval using linear interpolation and extrapo
lation based upon the distance along the river 
between Nuda and Placerville, Because there 
'vvas no stream gage near the Illium hydraulic 
reach, we used a regional relation based on 
topographic relief and mean annual precipita
tion (Surian and Andrews 1999) to estimate 
discharge at recurrence intervals ranging from 
1.2-5 to 100 years, We applied these results 10 
inventory reache~ 1:3-1.'5, To develop a eontin
uom relationship between recurrence interval 
amI discharge at each inventory rC'aeh, we 
used a regression of the form 

]n(H] - 1) = a*Q +b*ln(Q) + c, 

where In is the natural logarithm, R] is recur
rence interval in years, Q is discharge in m:3 , 
s-1, and a, b, and e are constants. 

It W<lS also necessary to consider the geo
morphic and ecological dIeds of a flood re
sulting from Eii]ure of dams on Middle Heser
voir and 'frout I,ake on the South FI)]'k San 
M igucl lliver ou 5 September 1909. AI] that is 
known about this flood is that the duration 
was short and the peak discharge was roughly 
estimated as 283 m3 . s-1 at Plaeerville (Wells 
1954). We did not include the dam-break flood 
in our calculatiou,s of recurrence interval be
cause it was not part of the populatiou of Tlat

ural high flows and because the longitudinal 
variation in peak discharge of this event is 
unknown, How(~ver, becmlse a flood of this 
magnitude is likely to klve influenced the vegc
tatiOIJ, we calculated the area of mapped vc,~c
latiol1 inundated by the estirnatcd 28:3 rn:3 , s--j 
magnitude of the dam-break flood but nol by 
historic natural flows-defined as tlows with a 
recurrence interval < 1.50 years, the approximate 
life span of stems of tbe dominaut species, l' 
angllst!fc)lia, 

In order to rel<lte plant community occur
rence to geomorphic processes. we mapped 
landforms along the San Miguel Itivcr in 4 
reaches ccntered on the ,( hydraulic reaches, 
Lviaps were drawli using mylar overlays on aerial 
photographs with an image ,calc of I AO,OOO 
or larger taken ou the f()llowing dates: Ura
van, 6 June 1882; Nucla, 8 June 1982; Placer
ville, 27 August 1965; and fllium, 24 Septem
ber 1988, \Ve divided the bottomland into 
polygons occupied by the ft)llowing lanclf<mns: 
present channel, Quaternary alluvium (flood
plain and low terraces of the San Miguel and 
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South Fork San Miguel River inundated by 
natural flows during the historic period), Pleis
tocene terrace (no longer inundated by the 
river), Quaternary frlll (deposited bv streams 
and debris nows at the liiouths or tributaries). 
QUdtermuy colluvium (deposited chiefly by mass 
wasting of hillslopes hy processes olher than 
landsliding), Quaternary landslide (carly Holo
cene or late Pleistocene in age), beaver im
poundmen t (organic-rich sediment deposited 
behind beaver darns along tributaries within 
the San Miguel River bottomland), catastro
phiC nood deposit (apparently deposited by 
the dam-break flood of HJ(9), and artificial fill 
(e.g., from highway construction). Overlays 
were scan-digitized and n:ctified to U.S. Cco
logical Survey 7..S-Tninllte lopographic m<lps 
nsing the ARC/INFO Geographic Inf(mnatio!l 
Systcrn (CIS). Maps of landJc)nns and vegela
tion were overlain within AHC/I N FO. Valle\ 
lengths and area (excluding channel) of th~ 
rcaches with landf(lrm and vegetatio!l cover
age were 7.t>:> krn and :32.9 ha at Uravan, 6.02 
km and ;"57.7 ha ,It Nucla, 7.40 km and 3:3.3 ha 
at Placerville, and :3.37 kIn and 27.:3 ha at Illium. 
Within each of these 4 areas, we calculated 
the total area of" each hll1dJrmll type. 

\Ve used the CIS to f(·late channel change 
10 coUonwood rcprudllction. AI l'ravan, \fuch, 
and Placerville:, we prepared :3 additional cov
erages consisting of' the channel location in 
t1lt: 'lU60s (29 June J960 at U ravan, :3 October 
1965 at Nucla, and 27 August 1965 at Placer
ville). in 1982 (6 June at U!"avan. 8 Jnne at Nucla, 
and 9 Jnne at Placerville), and in 199:3 (2 July 
at Uravan and Nucla and 14 Sl:'ptemher at 
Placerville). The Jllium reach was excluded 
from this part of the anal ysis because there 
were no availahle photos horn the earlv lUSOs. 
\Ve sllhdivided the areas with ovc;lapping 
Iandfc)rl1l and vegt'lation coverage into l-krll 
subreaches. Within each subreach, we related 
the area of" f(mncr channel (total area that was 
channel in the 1960s or 1982 but not ill 199.3) 
to the quantity Y + \112, where Y is the area 
of cottonwood agc class "young" and VI is the 
area of cottonwood age class "mixed age." 

REsur:rs AND DISC:USSIO\" 

The San Migllcl watershed shows the typi
cal pattcfIl of decreasing dischargc ill the 
upstream direction li)r a given now l:eclllTcnce 
interval (Fig. 2); however, the hydrologic pro
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Fig. :2. Peak instantaneOlls annual dhel1arge V~. recur
rence interval f(,r 4 Ilvdranlic reaehcs. The lJravan ("llIYC 

is l,ased on tbe Urav;\f1 gage with the inHlIence of 'nJw
guache Creek removed; the Nucla curve is based Oil the 
Nucla gage; the Placervillc clIrv/, is bascdllpon the Plac
erville gage; and the Illiu[)) cnrve is based llpon a rcgiorHll 
relatioll. The horizontal line indicates the estimated dis
charge resulting from bilure of dams at "'liddle Heservoir 
and Ti'CllJt Lake' on .'5 September 1909. 

cesscs responsihle fc)r flooding vary longilll
dinal1) The intensity of SUlIlmer lTloIlSoon,d 
thunderstorms deercases with increasing ele
vation Uarrett 1990). Upstream at Placerville, 
snowmclt has produced most of thc annual 
peak instantaneous discharges. while dOWTl
sLream at Uwvan, snmmer rainblJ has produced 
:3 of the 10 largest flows iucluding the flood of 
record in HJ70 (Flcener 1997). Because the dis
charge of a given recurrence interval decreases 
strongly upstream (Fig. 2), while the height or 
,I given disdwrge does not change progres
sively (Fig. 3), the height of a surface with a 
given recurrence interval of inundation alslJ 
decreases upstream. Unit discharges of the 
natural peak flows along the San Miguel River 
arc roughly half the magnitude of" !lows of thc 
same recurrence iuterval in streams draining 
the foothills of the Rockv VI ollntains in caster;) 
Colorado, which are s~bject to more intense 
rainfall (\'<ollansbee and Smvver ] D48,Flceller 
1997). The estimated peak instantaneous dis
chargc) of the daln-break flood of UJOg (2::1:3 rn3 

s····I) was 1.1 times the 100-year flood at Ura
van. 1.:3 tilncs the 10()-ycar flood at Nucla, 2.8 
tinH~, the 100-year flood at Placerville, and 9;") 

times the lOO-ycarflood at IlliuIJI (Fig. 2). 

, 
I 
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Fig. 3. Stage-disch,uge rdatiulls If)r the hvdmulic 
reaches. Stage is the hei,ght ahove the estimated lower 
limit of perer;niJI vegetati,;n. 

H.iparian communities along the San Miguel 
River are dominated by cottonwood (Populus 
spp.). Seventy-three percent of the mapped 
riparian area was identified as being among 
the :31 cOTTnnunity types dllminated by cotton
wood, mostly the montane specics Populus 
lmgustij(l{ia. The lowland speeies POllulus del
toirles Marshall subsp. wislizenii (Watson) 
Eckcnwalder (Rio Grande co!tllnwood) is a 
co-dominant as hlr upstream as the 4th inven
tory reacb (river kIll 20). Other irnportant 
dominants are Alnus incana, Betula occiden
talis, Salix exigua, and Picea pungens Engel
mann (blue spruce). Salix geyerla)la Andersson 
(Geyer willow) is common upstream along the 
South Fork. TIlc shrubs flhus /rilobala Nuttall 
(sku nkhmsh SII mac'!, l'()res/icra pllbescens Nil t
tall (N ew Mexican privet), Shepherdia argentea 
(Pursh) Nuttall (silvcrberry). and Comus scricea 
L. (red-llsier dog>volld) are also common along 
the San Mignel Hiver. 

Plant comnmnities were distinctlv arraved 
along the transverse hydrologic gra(lient l'~'t'n 
when data fl"Om all sites were pooled (Fig. 1). 
Relative positions of the diHerent communi
ties along the transverse gradient were consis
tent with ecological requirements of the domi
nant species. Closest to the water was the S. 
exigua cOlnmunity. 1\;lost occurrences of this 
COflllfll,wity were on surfaces with a recurrence 
interval shortcr thau 2.2 years (Fig. 4). A stYwl1
seeded species \vith high l'equirements Jill' 
moisture and light, S. exigua has the ability to 
fClfln abuudant sprouts froul roots anc! buried 

sterns. This vegetative reproduction allO'Nsit 
to survive and spread in the heavily disturbed 
zone near the channel, and its numerous slTlali 
sccds are dispcrsed quickly by wiud and water 
to SIlrfaces rccently filrmed by nood distur
bance. However, because it is a poor competi
tor tllr light amI moisture it docs not pcrsist 011 

oldcl; driel; or shaded sites (Auble et a!. 1994, 
Hansen et al. 199;'5, Friedman et al. 1996). For 
these re<lSons, S. exigI/a is restricted to ,urf:lces 
with a short reCUITcnce interval of inundation 
(Fig. ,"I). A low-elevatio[] species, S. exigI/a he
comes less important on the San Miguel HiveI' 
upstream of Leopard Creek (2220 lll; Fig. 1). 

/\lllus illca"ll£1 aud 13. occidentalis, Jike S. 
exiguf1, typically colonize sites recently dis
turbed by the river. Intermediate in size be
tween S. exigua and Popl/ll/s allgus/i{olia, these 
large shrubs can persist on sitcs with a longer 
recurrence interval of inunclation than those 
occupied by S. exigua (Fig. 4). Their relative 
inability to form root sprouts may limit their 
oceurrcnce on siles with the shortest recur
rence intervals of inundation. As a result these 
species were dominant at intermediate recur
rence intervals, above sites occupied hy sand
bar willow. Commnnitics dominated by A. 
il/cana and B. occidentalis reached their peak in 
relative abundance on sites with recurrence 
intervals of inulidatioTl between :2.:2 and 4.6 
years (Fig. 4). 

Populus angusl!f()lia, a memher of the same 
funily as S. exigua (Salicaceae), has a similar 
abilily to colollizc recentJ~· dislllrhcd sites and 
similar requirements fi)!' li,ght and moisture. 
Its deep roots, however. ,tlln\\' it to persist on 
sites high aL)o\'t:, the channel. and its tall stelll 
allows it to conlpcte for light for rllany decadcs 
after a disturbance. The posi tion of' the colton
wood-dominated communities along the recur
rellee interval axis was drier thall the position 
of the most important associated species. For 
example, the P angustijolia IS. exiglla commu
nity occurred at longer recurrence intervals 
thall the S. exi[.;lw communitv. This difference 
reflects the b~;t that S. eXigua can maintain 
dominance over cottonwood only at hydric, 
frequelltly disturbed sites. in the same way, 
the P angus/iiolia I A.lnus incana cornrnunity 
occmrcd at longcr recurrence intervals tha~ 
the A, incana community, and P. rmgustij'olill I 
Betula occidentalis occurred at longer reCIJ r
rcnce intervals thall B. occidentalis (Fig. ·f). 
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Fig. 4. I·bclion of area occllpiecl by COlflfnllllities as a fimetiolf of reCLIIT('\\Ce interval of inundation. The height of each 
bar is the total area of polygons occupied by occurrences of the specified cOlllJllunity within the speciJled bin of recur
rence interval, dividcd by the total area of all polygons within that bin. The histogram If)r each community includes data 
oilly from the range of inve\\tory reaches in which that "omlllllility ol.'eulTecl. Full nam"s of species used in community 
nan,,"s are So/i.x exil!.uo NI\ttClJl, Almrs inearw (L.) Moench sul"p. /.el/III!olio (Nuttall) Ilrpitllng, Betula oecidell/.o/i." 
lIooker: and Populus alfl!.lIS/' ifalia James. 

The age of' P angust4()!ia trees \vas strongly recurrence interval of inundation and were 
related to position along the recurrence inter commonly associated with S. exigua, A. incana, 
val axis. Patches of young P (/.ngustUtlli(/. or B. occidclltalis (Figs. 4. 5). ivIature stands of 
occurred mostly at lTcurrl'IICC iJilcrva]s of P ungu.<;U{olia occurred 011 rarely inundated 
inundation shorter than 22 years. mature P sites and were often associated with A. incana 
(mgusti!()lia occurred mostly at recnrreTlCC in or B. occidenlalis, but not S. exig/la (Figs. 4, 5). 
telvals of inundation longer than 22 years, and There are 2 probable reasons j()r this pattern. 
mixed ages occurred acnhS a broad range of First. there is a successional process in which 
recurrence intervals (Fig. 5). P all{!,/lstijc)lia is established on low, recently 

Thc distribution of different-aged cotton deposited surfaces in association \vith S. exigull, 
wood stands along the transverse hydrologic A. incuna, or B. occidentalis. As these surfaces 
gradient mirrored the distribution of cotton age, sediment is deposited, surfaces hecome 
wood-dominated community types. Young P drier, P angustijolia matures. and S. exigurl 
angHst~folia occurred on sites with a short drops out. Second, c:oUollwoocl may bcconlC 
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lus angu,IdU;)lifl JeUlle" ,lS d funchuTi lJf n-'ClllTcnCe interval 
of inund~ltjnll. Axes \""ere COlbtrudl;d a:-. ill Figure·J. 

established high above the channel f()]]owing 
large floods (Scott et al. 1997). Since no major 
floods have occnrred along the San .'vtiguel 
Hiver since the 1909 dam break, all such 
stands of P. angllst~foli(l are novv mature, and 
the associated vegetation reflects the recent 
absence of flood disturbance and tbe relatively 
dry surface. 

The proportion of' riparian ve,\,;etation on 
surfaces itlUllcLttec1 hy the San Miguel [liver 
clecTeascd upstream (Fig. 6). III all inventory 
reaches fi'Olll river knl 1.4 to (j,'j,:2, at least Ss';c.: 
of the vegetation mapped a~ riparian occUlTed 
on surbC'es innndated by flows \vith a recur
rence interval shorter tban 150 years (Fig. 6). 
l]pstreatll of river km 65.2. the proportion of 
riparian vegetation inundated by the 150-ycar 
flood declined, falling below 4% at rivcr kill 
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Fig. 6. Percellt of mapped riparian vegctahon that has 
been inundated in the 1mt 1.50 years vs. liver dLstall(," 1'1'
stream li'om the eontIlJenee with the Dolores HiveI'. Each 
)loinl summarizes the data fmlll a single inventorv wach. 
The ,bshcd line ind1ldes onlv natuml How" the solid line 
al", incl1H.!'" th,' dalll-brcak flood of 1909. 

1:20.7. When the dam-break flood was included, 
this decline did not begin until upstream of 
rivc:r kill 1(n.o (Fig. m 

The longitudinal Ircmd in the relation be
tween recnrrence interval of inundation and 
community occurrence varied amon~ commn
nities (Fig. 7). 'rhe range of recurrence inter
vals occupied by the S. exiguf1 COtlllllUldty was 
stable throughout the study area, This COTt!

munitv was restricted to wet sites with short 
recnrr'ence intervals of inundation in all inven
lopt' reaches. 011 thc other ham], the P angllsl!

.fc)lia eormnunity extended to longer reCtllTenCe 
intervals in the upstream direction. In the lower 
:30 km of the river, P. aHgu.\'Ii}()lia was essen
tiallv restricted 10 surfaces that have rCCllr
rem:e intervals of inundation shurter than 1:30 
years. Upstream of river km 70, 1'. (/llgust(fCJ
lla commonly occurred on snrbces with recur
rence intervals longer thaT! 1.'50 years. 'I'hese 
surfaces are not known to have been inundated 
bv natural flows [i'om the San ~Iigllel. The 
t'("spotlse of the A. !neana and 13. occidentalis 
COTllTlllinitics W<lS intermediatc between thosc 
of s. exigua aud P angllsU{oliu (Fig. 7), 

The extension of some communities u!.Jove 
the zone of inundation along upstream reaches 
of tllC' San Miguel Hivcr can be cxplaincd in 
part lJy greater \vater availability; rainfall in
creases and evaporation decreases \vith increas
ing elevation. The greater Illoisture availability 
allows Iiparian plants to sUlvive in the ahsence 

6 
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Fig. 7. IkcLirrence interval of inuudalion of polygons occupied hy selected connnunities \'s. distance upstream li'mll 
the cmd!uence with the Dolon;s HiH'r. Each cross SLinHllarizes data from 1 inventory reach. Vertical lines indicate the 
rangu of recurrencc intervals 1,)1' a eOlllTIll.mity at an invu"t"ry reach. Short horizontal lines are th" area-weighted mean. 
fu.ll ll'lTIH'S of s[lucics used in cOTIlmunity nal1les are Salix "xiglla 'Juttall, A{,l/Is illclIlla (I .. ) \'loench sub,p. tellllijr,{ia 
('-'uftam BreHung, Betllill occirl"nta!is Hookel: and Pr'lillius ungustijo[;" J'\[li('S 

of a Sur£lC'C water subsidy fi'om the river (\Vebb 
and Brotherson I~)88). '11) the extent that ripar
ian vegetation depends upon physical distur
bance, huwevel; causes of disturbance other than 
natural mainstern floods JlJust be adequate f(Jr 
ripariall plant establishment and survival in 
upstream readics. Thcsc agents of dislurlJallCC 
iucludc floods and debris flovvs from small 
tributaries, the clam-break flood of 190ft, and 
heaver dams on low terraces. Such disturbances 
are apparently frequent enough to allow the P. 
a/lgl1stifolia cOTlImunity, but not the S. exigua 
conununity, to occur on surflccs that havc not 
bcen historically flooded by natural nows of 
the San Miguel River. 

Our maps of gcomorrhic surbces along the 
San IvtigueJ Hiver showed that deposits fi-om 
valley-side processes lll'lke up a larger propor
tion of the arca occupied by riparian vegeta

lion at IJliuTll and Placervi]]e than downstream 
at Nucla and Uravan. Flood plains anclterraccs 
deposited by natural flows of the San Miguel 
HiveI' made up 87% and 98% of the area occu
pied by riparian vegetation in the Uravan and 
N uela reaetws, but only 64% and -53% of the 
arca occupied by riparian vegetation in thc 
Placerville and !Ilium reaches (Table 1). Imror
tant valley-side deposits induded tributary bns 
li-mn floods and dehris £lows, landslide deposits, 
and beaver ponds Cfable 1). The dam-break 
flood of ID09 f()nncd terraces across ] I% of 
the area occupied by riparian vegetation in the 
n!ium reach (T:'lble 1). This evidence suggests 
that the dam-bn,ak 1100d is an irnportant, but 
not dominant, Lll'tor explaining the occur
rence of riparian vegetation above the level of 
historic inundation at llliurn. Ages of P. ollgus
tiJolia from a site ncar the Illium reach (G. 
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TABU: ]. Relative area occupied hy 8 geomorphic surhlee tn"'s .It 4 locatious aloug tl", Sail \-1igucl Hiver, Colorado. 
Val",'s an~ percentage, of the area occupied by riparian vegetation. 

!,andlclrm lJravan Nuda Placerville lilium 

qual,~mary alluvium 860 97.0 (i4.2 528 

Quaternary ELI I 129 13 30.4 (is 

Pll"lslocelle Il>rrace 0.:2 0 0 0 
Qualernarv colluvium 0 0 49 0 

Qualcrnary landslide 0 0.1 () 17.1 
Beaver impouulhnent 0 0 () 120 

Cat,strophic flood dl~posit 0 0 () 11.:3 
ArtHldal fill 0 () 0,5 ° 
Auble unpublished data) did not show a large 
proportion of the population dating to H)09 or 
the subsequent decade. 

The abundance of valley-side deposits in 
the Placerville and IlIium reaches resulted £i'Olll 

the sle~ep terrain, Ihc presence of' weak maril1l: 
shale containing expansive clay minerals, and 
the limited sediment transport capacity of the 
upper San Miguel alll] South F!Jrk San Migucl 
Rivers. Debris ±lows have increased the height 
of fluvial deposits by temporarily damming the 
San Miguel HiveI' iu t11e IlJiUln reach as recently 
as the interval bctween our aerial photographs 
in 1965 and 1988. Chapin et al. (2000) also 
observed riparian vegetation at unusually long 
reeUITcnec intervals of' illundatiun along a 
recently incised stream ill Owgon. 

COltonwood reproduclion along the: San 
\o1iguel Hiver is associated with channel migra
tion. The area of young cottonwoods ill 22 of 
the 1-krn subreaches is correlated with the 
rate of channel migration (Fig. 8). This rela
tionship is stronger in the downstream reach 
(Uravan, r = 0.92) than in the upstream reaches 
(Placervi]]e anel Nucla, r = 0.69). Cottonwood 
seedlings require a bare, moist surhce 1'01' 

establishment. At 1Jravan such surbCl;S arc 
essentially restricted 10 purliuus of' the fimll('J' 

channel lwei. and varjatil)]] iu the ablllHhnel' 
of young cottonwoods on thl; l-km scale is 
mostly related to f'aclors prornoting or restrict
ing channel rnigration. At Placerville and Nucla, 
processes other than channel migration also 
appear to be providing surLlces suitable l(lr 
cottonwood reproduction. Sp(~eifically, young 
cottonwoods occur on bars that have been dis
turbed by floods or other factors but have not 
bCC'll part of the cll<Ulnel beel in recent decades. 
This longitudinal contrast is consistent with 
the increasing influence of valley-side processes 
in the npslrealll directioll. Also important lIIav 

be the fact that Uravan was dominated by P 
delloirles, a species that reproduccs alrnost 
entirelv f)'om seeds, while sites further upstream 
vwre dominatL'd lly P angusti!i;{ia, which rc
produces b). bUlh root sprouts and seeds (COIII 
and Hood 1999). Dependence of P delloides 
reproduction OIl channel migration has been 
documented along a variety of channel typcs 
in the western United States (Bradley and 
Smith 1986, Friedman and Lee :2002). 

In the upper I,Jarnath Basin, Oregon, the 
upper limit of rip8rian plant communities along 
the transverse gradient is typically between 
the levels of the :3- and 7-year recurrence in
tervals of inundation. but it can extend above 
the level of the 25-year recurrence intl"rval 
wllCre bed elevation has fluctuated in the past 
or where groundwater is all important mois
ture source (Chapin et al. 20(0). Along the San 
VI igue] River. the S. exigI/a, A. incmw, and B, 
occidentalis communities were all most fre
<luent between the levels of the :3- and 7-year 
recurrence intervals of inundation, but COlll

munities dominated by P angustif(lZia were 
typically on surfuces with longer ~ecurrenc:e 
intervals. Upstream of rivcr krll 70, most oeCllr
!'t'nce.s oj' P Ull!!.l/stij(J[ia comlTlunitics were on 
sllrLces tJlat klvC' not been inundated by his
toric I iatu ral flows and would not 1)(' 1II11 ndatcd 
by a flow vvith a recurrence interval of L50 
years (Fig. 7). It is unknown how many of the 
occurrcnces of lhe P angllslij'o[ia commtmity 
would have becn classified as riparian hv 
Chapin et a1. (2000). At least along the uppe'r 
Sau !Vliguel Hiver, however, P U/lgllst~(olio corn
mon1y occurs ahove: the level of natural Ilood
ing by the river. 

i\tost hydrologic gradient analyses of ripar
ian vegetation relate specics oceurrcnee in 
small plots to hydraulic: infonnatilHl derived by 
modeling a sliort reach of the river (Auble ct a1. 
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Fig. 8. Area of eo((onwood reproduelion in l-km reaches 
aloug the San "·!igue! Hiver as a function 0(' the area of the 
fonner chanue\. Former channel consists 01' surfaces that 
were channel in the J9(){)s or 1982. but n<,t in 1993. The 
area uf cotlouwood reproduction is the area of eoltun
woods in age class "voung" plus half of the area iu age 
class "mixed-age." The :3 hydraulic reaches are indicakd 
by cirel('~ (Ura~'an\ ,,({narcs (:'\ucla). alld triallgles (Ph-H.'('I"
ville). Tll(~ "'olic! l't'j!,n::"i:-iofl linc i~ fiJr Lravan, :uHI llw 
(bsht::cl n.::J!:H.";-;:-.ioll lilJl~ [,S [()r \' uda i.lCld PL('(~>lyi1k' t'l)llIlJil1cd. 

Sp<-.:'civ,:, ,11"(' PUJ->ulns (U1g.'l.ISt{~)lill .rarn('~ and Pe)/IVins ,fl'/. 
toides \'larsh"l1 snhs)'. I/;;sli.:('nii (\Vahnn) E"k,,"w.ddet: 

] U94). 'fhis approach allows precise quantifi
cation of the flow-vegetation relation for a 
srnall part of the rivcr.Littie knowledge is 
gained, however, about how this association 
varies along the river. Prediction or impacts of' 
proposed changes in management may require' 
the assumption that the small reach investi
gakd accLll'atel~' repn;sl"nts a llllleh larger area. 
i\ strength of the present study i.s our use of 
data from long reaches of river representing 
diverse conditions, Achieving this broad cov
erage required us to sacrifice some precision, 
For cxarllple, because the mapped polygolls 
arc large, their inundatioll frequency call1lot 
be as precisely specificd as that of' a small plot. 
In addition, although we had hydralllic inJ(Jr
malion lin 4 diHi:rcnt reaches, it was still nec
essary to apply stage-discharge intimnatioll fi-om 
these hydraulic reaches to the louger inventory 
reaches, a process that introduced c<J11siderall[e 
errOl: Tlwrehmc, in this study we have traded 
IOUtl precisiou f(Jr a broader coverage to ex
plore upstream variation in the relationship 
between flow and riparian vegetation. 

S t VI \'1.\ IW A\; I) Co\:c LUSI ON S 

Plant communities along the San Miguel 
HiveI' were distinctly arrayed along the hydro
logic gradiellt. 'rhe Salix exigull communily 
occurred mostly on surbces with a recurrence 
interval of inundation shorter than 2.2 years; 
Betula occidelltalis and Alnus iY/caY/a peaked 
on sites with recurrence intervals of inunda
tion between 2.2 and 4.6 years. Tlte hydro
logic position occupied by communities domi
nated by Populus angust(fl)lia was strongly 
related to the age of the trees and tbe species 
cOlltposition of tlle understury shrubs; yonug 
cottonwoods occurred at much shorter recur
rence intervals than mature cottonwoods, and 
the P. angust~tlJ!ia / S. exigull community 
occurred at much shorter recurrence intervals 
of inundation than the P. angusli!olia / B. occi
denlalis andl~ angusl{!I)lili / A.. incalla commu
nities. Position of the cottonwood-dominated 
communities along the recurrence interval axis 
was drier than would be predicted on the basis 
of dominant understory species. For example. 
the I' (fr!,'~llslij()Ii(l i S. exigua COllllTluuit, 
IJCculTcd at longer recurrence intervals than 
the S. exigu(/ community. This difference re
flects the abilit~7 of p IJllgllsli~)li(l to overtup S. 
exigull, 13. orcirlenlalis, and A.. il/callIJ 01t inf're
qllently disturbed sites. 

The !i'action of tipmian vegetation on surbces 
historically inundated by the river decreased 
in the upstream direction from alrrrost lOW:!) 
ncar Uravall to below StYX along the South 
Fork or the San Miguel River. In upstrcam 
reaches a wetter climate reduces the reliance 
of riparian vegetatiun un water £i'om the rive'l; 
dnd much uf thc pbysieal disturbance neccs
sary to maintain riparian vegetation is provided 
by valley-side proccsses including debris flows, 
fluods hom minor tributaries. landslides, and 
beaver activity. 

The observation tbat vallcy-side processes 
influence riparian vegetation is not nt'\" (Gre
gory et a1. 1991, Chapin et a1. 2(00). Such pro
cesses. howevel; are often assumed to he nnim
portant relative to Hu\" in the main stern. In 
the case of the upper San :'vligucl and Soutb 
l<lnk San VI igucJ !livers, valley-side [lIocesst's 
may he the dominant influence on riparian 
vegetatiun along sOl1le reaches. \Vhert' vegeta
tion is strungly iutluenceu by valley-side pro
cesses, predictions of vegetation change based 
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on analysis of changcs in lTI.ain stern nows 
(Auble et a1 H)94, 2(05) will he incomplete. 

ACKNOWI,EI)(;''vlENTS 

This work was supported by the u.s, Geo
logical Survey and the Bureau of Land \:faI1
agement. D. Paco VanSistine georegistered the 
m:ria] photography and digitized the geomor
phic data. Jennifer Zoerner and Tom Stephens 
of the Colorado N atuml Heritage Pwgnllll 
mappcd the vegelatioll types. AnHlllda Clemcnts 
and Dennis ,'v1 mphy initiated the study anet 
reviewed a dmft of the manuscript. Laura Perry: 
Michael Scott, and 2 anonymous referees pro
vided eOBstructive reviews, 

LlTEHATUHE CrrED 

ALLRED, TM" AND LD. ANDREWS, 2000, Hydrolo~y, 

channel characteristics, amI sediment transport of 
the San Miguel Hivel; southwest Colorado (USA), 
U,S, Geological Survey \V"ter-HeS'JllITeS IUI',"sliga
tions Heport 00-4075, lloulder, CO, 

AUIlLc:, GT, J,\lL FlliUlMAN, ANIl I>'1,L ScmT, HJ94, netl
ling ripariun vegetation to present and flilure strearn
Hows £c"lo,gical Applications 4:544-,')')4, 

Al'IlU:, CT, \ILL SCOII: ANI) .1,:\1. FlilEIl\HN, 200!), Use 
of individualistic strearnflow-vegelatio\l relation,s to 
assess irnpacts of How alteration 0\1 wetland and 
riparian areas, VVetlands :2,'):]4:]-154, 

AI.'BLE, C;:r., \ILL SCOIT .1,\1. FHIf"Il\lAN, J, HAC~, ANIl 
V.I, LI':E, 1997, C:ollStraints 0\1 establishment of 
plains cottonwood in an urban riparian prt'!'Jerve. 
Wetlands 17:1:38-148, 

BEI>INCEH, :vl.5. 1979, J'brests and Hooding with special 
rdi~r('nce to th," \Vhitt' l\(""r and Ouachita Hi""r 
basillS, Arkansas, U,S, (;cu]ogical Sur",v, \V:,kl

Hesources l"vc,tigatioflS 01''''' File I",porl 79-68, 
L"h"" lilid, (,: ( ), 

BI<"ll,\, L '\.L Pill-I" D. \'111.1,1':11. C, ]{I':I,:I'I'>, C, f',<ss, ~NIl 

\'1. Pnu.oCK, 2004, Tbe network dynamics hyputlw
si>: how channel networks struetun~ riverine klhi
tats, Biosciencc .')4AI:3~j27. 

131':NIlIX, J, ](JfJ4, Scale, directilin, and pattern in ripariau 
\'cgetatlon-environnwnt rclatiOllships. :\.nllals of the 

r\ssociation of American (;cligraph"rs 84:11:):2-(;6.5, 
Bll,VIlLl:Y, C,E-, ,VNIl D,G, SV1ITII, W8fi, Plains cottuuwood 

recruitment and survival on a prairie nW:-lIh]pring 

river Iloodplain, Milk Hiver. southern Alherta and 
northern Montana. Canadian JOlmhll lir Botany 64: 
14:3~3-1,j·I:2, 

CAVlI'BI-:U" C,J., ,INIl 'IVA, DICK-PUlIllI-:, 1911·1. COnlpari
Slin of phreatophyte comullloitics ou thc Hio Grande 
in '\ew Mexico, Ecology 4SA~J2-.502, 

C V\II'I\I':II, Cj,..INIl vV (;nl':I':N, WriS, Pcrpetnal succ'cs
sion of st~'c:lIl1-dlamH:~l vegct:ttioll in ,l semiarid region 
Journal of the Arizol1a Academy of Scicnc" ,,):SG-H8, 

CHA\11\1<:l\o, J,e., B,J. TAUSCH,./.I" KOI:f'\I,\CIIUl, D, CI':I\
,\W\()S~I,./.I\ \>11111'.1:, ,VNI) D, .11'\\,1:'1'1, ~004. Elk,,!s 
of gcomorpllic processes and ll~;druloglc regirrH''i Oil 

ripariau v"getation, Pages Wb-2,31 in J,e. Chamlwrs 

and t,R \-\ i11,,1', editor", Grc'lt Il'lsin Iiparhlf1 ecosys
t"m;---t~,'ology, m:magement and restoralilnL Island 
Press, Washington, DC 

CIlAI'IN, D,\-\., 1tL. BESClIT,'\. ANIl H,W SHEN, 2000, Flood 
!iT'lll('l1ci"s rf"]1lired to sustain riparian plant COnl
I1l1l11ities in tlw lIpper Klamath Basin, Oregon, Pages 
17.-22 in 1I,lE'rnalio",J Conference on lliparian £c,)l
ugy and \'lanag"rnent in \Iulti, L,md l'sc vVatf'!',hefk 
r\rnerican 'Vatcr Besourees Asso"iation, \'liddleburg, 
VA, 

COWLES, H,C, 1901. The physiographic ecology of Chic'lgn 
,md vicinity' n stud), of the origiu, ,kvcloplllent, and 
c1assihcatiun of plant so"ieties, Botauicnl Cazette 
3l:Tl-I0S, 

n\\', ItT, I~A KEJ)I)\,.I, .\lcNELLL, ,INl) T CAHLET(J", 198M, 
Fl'rtdity and dis(urb:lllcc gradients: a sumnl:lry model 
tor l;vcrim' marsh \'cgelation, Ecology 69: 1044-1 054. 

DEC,V\1I'S, H" A:-;Il E. T~IJ.\CCHI. 19D4, Spt'cit's richuess in 
vegetation ali)llg river lnargins, Pages 1-2U in PS. 
Gillcr, A,G. H ildrcw, and D,C, Halliwlli, editors, 
!\'luatie <'eology, ""lk- pattern 'lf1d pn)(TS", IJlack
W[°ll Scieulihe Pllblication" London, 

ELLEHY, W'\" TS, \lICCAHTHY. AND N,D. S\IfTH, 20m, 
Vegetation, h),dro]ogy, llfld sedimeotation p'ltterns 
on the major distributary system of the Okavango 
F'ln, Hotswana, Wd[;nll], 2:.l,:}.')7-37Z>. 

FI.f:f:NJ:H, G,B, HJ97. Ilvdro]ogic "nd g(~omorphie aspeds 
of riparian j,)I'esl ecology on the lower San \'1i,gld 
HiVe!: ColiJrado, Doctoral dissertation, University of 
Colorado, Bonld"r, 

FOI.I.ANSBI·:E, 1\., AND L.lt S"WYEH, 1945, Floods in Colo
rado, u.s, Geologica] Survey Water-Supply I'aper 997, 
[leston, VA 

FI(,VNZ, LH,. ,VNIl FA, B.\zzAI.. 1977. Sinllllation of vege

tation re'pol1st: to modified hydrologic regimt:s: a 
pro[,abilLstic model bused on niche diH,'rentiatioll in 
a [Joodplain f(ll't~sL Ecology ::,8, 176-18:3 

FIIIFD\I,VN, J,\L ,\,"Il G.T AliIJlY, 1999, \'Iortality otripar
i,m box "Id,"r from s"dinlent ""lililizatioll cUld ieX

tended illlllidalillll, HeguLikcl Hivers: Hest'arch Hlld 
\lan,l,gemcnt 13AG:3·····-176, 

FIUI':Il\l,\N, J,\L ,VNII VJ, 1,1;:1:,2002, E,tn'll1e floods, ch:lu
utd change, <.11](1 rip£lrLHl i()rt.-'sh aloIlg (-'phemeraJ 
strt'aIllS, I':cll]ogil'al \'\ollographs 72:409-42;), 

Flill':DV\V\, J,\L W,H, OSTFHK,\\lI: .\ND vV:vL [,I'\\'IS, JII, 
199b, ChallTwl narrowing and vegetation develop
ment f(lll<lwing 11 C;rcat Plains Hood, Ecology 77: 
21(i7-:21,~1 

C:O\I, LA" AND S,B, [(OOD, 1989, Palterns of c!ollal OCCllr
renee ill a matul'e e,)lton\\,ood grove along the Old .. 
man Hi",,!, Albc'rta, Canadian Jomn:l] of Botany 77: 
W95-1lO.,), 

GRECOHY, S,\!, FJ, S\\ANSON, WA, \lcKEE, AND K,W, 
CU\'I\II "IS, 1991 ..'In eeosystt'nl l'erspcetiVl' of I'ipar .. 
iarl /.Uncs, llioSeiellce 41540-.551, 

IIANSf:N, PL.. ltD. PfIS'IEH, K. BI)(;';s, BJ C'lllK, J, Joy, 
AND IJ K, IIINCKLEY, UJ95, C]assiileation and lIIall
agenlell! of Montana's riparitlll and wdland siks, 
:\Iont,ula Forest and Conservation Experiment Sta
tion \'\bcellant'olls Pilblication S4, UniVl'rsity of 
Montana, Missoula, 

tLvSTINCS, ].11" MW R\1. T\lI1NEIL 196.5, Thc ehan~illg 

mile, Uuiver"itv of Arizuna Press, "Jhcson, 
Hf:I)~IAN, LII., ,V,\I; \V,l\, ()STEHUVII', WS2, Stre,un!low 

eharaderistics rclate(} to chanllel geolnetr~' of streaJll~ 

ill westClTl L:nilcd State.), U.S, Gcological SurVl'y 
Wakr-SnpJlly Paper :21fJ3, He,ton, VA, 



20061 \VC)()I)Y HII"\HI,\\ VE,;I,'TATIO;'\	 91 

lIt 1'1; C It 19SG, Upstream variation in b"ttomland v('g('
tulion putterns, northwestern Virginia, llul.lelin of 
the 'I(JlTey Botanical Club 1l:3:411-430, 

Hul'l'. CIL -"''ill \-'liH. O,Tf:HK?'~IE HJ8,s, Bottomland veg
,etation distribuliou aloug Passage Creek, Virginia, in 
rebtiou to fluviallaudf()l'Jns. Ecology ()():G70---DSl. 

jAKHETJ', H.D. 19,)0. Paleohydrologic techniques use,! to 
delllle the spatial occurrence of lIoods. Geomorpho!
ogy;1181-1!:l5. 

J(JIli\SON, JUt, .'ND C.l1. LOWE. 1985. On the develo[Jlllenl 
of riparian ecology. J'ag"s 11:2-116 in H.H. johnson, 
C.D. ZiebelL nR Pattou, PI-: FJ(,!JilJtL and lUI. 
Hamre, technical coordinators, Hiparian ,>cos\stellJS 
and their managcment: reconciling conflictiug uses. 
U,S, Department of ;\grienltm(', Fon"t Service, 
Ccncrall(x~hnicalRepOlt R\I-120. 

jONc\'IAN, RH.G., eJE TEn BltIAK, ;I:'in O,ER V,IN To~· 

ClmEN. 1987. Data mmlysis in comnnmitv and land .. 
seape ecology. Pndoc (Centre Ji,r ,\gri(:ultllral I'\lh· 
hshing and Docnlllentation), \Vagcningen, N,·ther
lands,'	 

KITTEL C., E. VANWIE, \1. 1)"\\1"1, H. 1l0NIlI';'II', S, KLiC 
Tum, A. Me.MuLLEN. ,\NIl J. 8:1NllI':IISON, Hi9H, t\ 
dassiJieation of riparian wetland plant assoei"tium of 
Colorado; uscI' gnid" to the ehl.ssdkalion pn'ject. 
CoJo""do Natnrul Ileritage PrngraIll, C"jol'ud" StulC' 
LJlIiH'rsitv, h,rt Cull il ", 

\LU.AN'O\i, C,'P 188:3, Bipari:L1; Ltnds"alks, Ca"tllrid~(' 
L'liiv(:'r:,il~' Pn>~!'t: \ew YIlrk 

VIL,\in,s. E.S., ANIl I}\'!. \V,.ILLEH, 1983, PlanI stmtc,~ies 

in relutioll t" el'""lti"n uud light il'l floodplain l1(:rbs. 
Amerlc"n Naturalist 122,454~J73. 

NAI'IAN, H.j., RE. BILBY, AND Pi\. BISSON, 1000, Hiparian 
ecology and Ilwnagenlenl in the Pacific cUdslal rain 
/(lrest. BioScience 50:9G6-1011. 

NILSSON, C., A. EKlll.'D, M. DYNESJllS, S. BACKE, \-I, C~n[l· 

FlElL, B. CARLBEnc, S. HELLqVIST, AND H. IANSSON. 
I.9D4. A comparbon of species richness "nd Ir"its of 
riparian plants between a mai.n riyer ch"nnd and its 
tributaries. JOllrnal of Ecology 82:28 [ ..,295, 

NilSSON, C .. G. Cnl':Ls,ON. \-1. JOILIN,S",N, ,\,NIl lJ, SI'I:nFN" 
I,U89, I'alterns of plant species rid",,'ss alollg ";yer" 
b"nks, Ecology 70;77--8'1. 

PXITI:N, D.T J998, l\iparian ecosystems of semi-arid North 
/\nleriea: divcrsity and IlIllllan impacts. vVetlands ,I: 
4H8-512. 

PIlIS'IACK, !\,GB. :200(), Sinllliation ofelimate-ehmll!e clhx:ts 
on riparian vegetation in the Perc \lanjllette Rivcl; 
1vliehigan, \\dhtnds 20:5:3H-.'5-17, 

H(lIl1,IIT'UN. FA., GT \V!-:'-\l'LH, .vm lA. CiWANAllCl1. 1975. 
Vt'gdution and tree species patterns near the north
ern ll'rnlinns of the southern J100dplain J(lI·est. Eco
I"gi"al 'donographs 4S:149-267. 

HIli.	 Il,\\'" n,J. NAI,IL?,;\, AND RE. BILBr. 2000. Stream 
ehaflnel eonflguratiofl, landfclrrn. and riparian fiJl'est 
str1lct1lre in the Caseade M01lntaillS, \V,,,hillgton. 
Cllladian joufIlitl of Fisheries and Aquatic Sciences 
57:6UO-707. 

Scon M,L" C:I: AUIJU:"ND 1..\1. FrUED"'JAN. 1997. f"lood 
dependency of cOltonw~od establishment along the 
\'!issouli HiveI', vlontana, C SA. Ecological Appllca" 
lions Hi77-GUO, 

.5UIII,\N. N., ANI) E, D. ANDHEWS. JD99, Estimation oj' geo
ruorphicalJl' signineant nows in alpine streulIlS of' the 
Roeky ,Vlountains, Colorado (lJS,\). Ilcgulated !livers: 
Research and \1anagement J5:27:3-288. 

VALE"UAN(J. D. 1992. Elevatiollal and cross-sectional gr'l' 
dienls in montane riparian plant conHnnnili,·s of s;,b
,VlogolJon Arizona: a comparison to acljacent uplulld 
eommunitie,s. Master's thesi,', Arizona St'lte Univcr" 
sitl', '.I<e'fIlIX" 

ViASKLFIVICI.. TA. 200!. Hipariall \'('getation variability 
alon.~ perennial .'itrearllS ill central Adzona. Physicrtl 
Cu)graph,' 22~;G 1..,J75. 

WL1111. C,\L 1,\1) II), 11HOIIII';IIS0\, HiSS, E:levatiollal 
dl,Ulgl-'S in \\,();)(Iy \'egt~laliull along three .'Jlrearll.'J in 
\VClshj'l~lon County, UtClh. Creat Basin Naluralisl 
45:o,12,,s2!J 

\VI':I.I,\. JV Il, W,'i·1. COlllpilationofrecords of Sll1t:'lce waters 
of tbe Cniled States lhrollgh September 1950; Part 
G, Colorado HiveI' Basin. U.S, Geological Survey 
Water-Suppl\' Pitper J~J I:3. Heston. VA. 

\VIII'IT,IKl:Il. \V H, Hi56. Vcgetation o( the Creat Sllloh 
Monntains, EcojugicaJ \'Ionographs 2(j;l-bO. . 

___. 1967, Gradient analysis o!' vegetation. Bi<Jlogic,,1 
Il,'views 4D::207..2G4, 

\VILLL\,1·I" 1'1.. 1964. Ccology, structure, and l1I';)ni1ln, de
posits o!' the \'loab Quadrangk, Llah and Colorado. 
U,S. Ceological Survey Miscellallcous JlIveslign!ions 
Sel-ies .\fap 1. .. :3(;0, scalc 1;:250,000, 

ZIII,III-:HllAN, H.C. Hib9. Plant ecology of an arid ba'ill, 
'Ih~, AJarnos-H"dinglon area sOlllheastern Arizona, 
U.S. Geolo,l!;ical Survey Professionaj Paper 48,5-n 
Heston. V:\, 

Her-eived,J Noremher 2003 
Accepted 6 April 200,s 


