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Abstract.  River damming and (ow regulation can aller disturbance and stress regimes
that structure ripacian ecosystems. We studied the Bill Williams River in western Arizona,
USA. to understand dam-induced changes in channel width and in the areal extent. structure,
species compasition, and dynamics of woody riparian vegetation. We eonducted paralfel
studics along a reference system, the Santa Mara River, an unregulated najor tributary of
the Bill Williamms River. Flood magnitude on the Bill Williams River has been dramaucally
reduced since the closure of Alamo Dam in 1968 the 10-yr recurrence interval {lood in
the pre-dam era was 1397 m'7s vs. 148 im'¥/s post-dam. Post-dam average annual flows were
kigher due to increased precipitation in a few ycars, but increases in post-dain May~
September flows are laygely atiributable to dam operation. An analysis of a Lime seres of
aerial photographs showed that channels along the Bill Wiiliams River narrowed an average
ol 111 m {71%) hetween 1953 and 1987, with most narrowing ocewrring after dan closure.
Mulriple vegression analysis revealed significant relationsbips among flood power, summer
flows, intermittency (independent variables), and channel width (dcpendent variable). The
patlern of channel widih change along the nuregulated Santa Maria River was different,
with iess narrowing between 1953 and 1987 and considerable widening between 1987 and
1992, Woody vegelation along the Bill Williams River was denser than that along the Santa
Maria River (27 737 stems/ha vs. 7559 stems/ba, £ = 0.005), thongh basal areas were
similar (14.3 m%ha vs. 10.7 m%ha, P = 0.42). Patehes dominated by the exotic Tamariy
ramostssima were marginally (P = 0.05) inore abundant along the Bill Williains River than
along (he Santa Maria River, whereas the abundance ol patches dominated by the nalive
Populus fremonrii or Salix gooddingii was similar across rivers (£ = (0.30). Relative to
Papulus and Salia, Tamariv dominates floodplain vegetation along the Bill Williams River
(P < (.0001}. Most stands of the dominant pioneer wees on both rivers becaime established
10 the 1970s and 1980s. Recent seedling establishment occurred in wider bands along the
Santa Maria River (15.3 m wide vs. 3.4 m wide on the Bill Wilhams River, P = 0.0009),
likely due (o larger Roeds and associated seedbed formation along the Sunta Maria River.
Scedling survival rates were generally higher along the Bilf Williams River, perhaps due
to higher summer flows.

Kevwords,  channel narrowing: disturbanee; plant invasion: Populus; riparian vegetarion, Salix;
veedling estublishment; species compoaiiion; strewnflow regudution; stress; Tamarix; vegetation stric-
iMre.

INTRODUCT [ON perieds of tow flow influences plantsurvival (Aibertson
and Weaver 1947, Stromberg and Paten 1992, Raod
ctoal. 1995), growth (Reiy and Johnson 1982, Stroni-
berg and Patten 1991), and species composition (Zim-

Physical disturbance and environmental stress play
central roles in determining the spatial and wmporal
dynamics of a vaniety of plant comununities (Grime 5 i
1979, White 1979, Pickett and White 1985, Osinond  Merman 1969, Busch and Smith 1995, Swomberg ctal.

’ . ’ 1996).

et al. 1987). The principal disturbance and stresses in- i )
Dams often have profound effects on patterns of

fluencing 1pacian vegetadon i aid and sewmiarid re- .
gions are assovialed with streamflow. Disturbance by ~ Sueamflow (D’ynes.ms and Nilsson 1994, Graf 1999),
large floods influences the establishment (Stromberg et thereby changing dlslturbance and stress regiones. These
al. 1991, Hughes 1994, Scott et al. 1997), mortality cffcccs can be especially pronounced in arid and semi-
(Schamm and Lichty 1963, Stramberg et al. 1997), ang ~ 411d settings wheve natural Bow is highly variable (Da-
patch structure (Sale et al. 1986, Friedman et al, 1996)  vics et al. 1994) and reservoir storage capacily is large
of riparian vegetation. Drought stress associated with  (Graf 1999). Responses of riparian vegetation o dam-
induced flow changes have been studied 1n some semi-

Manusenpt recerved 7 August 2000: revised 6 March 2001,  arid systems (cf, Williams and Wolman 1984, Friedman
accepted |5 Marciz 2001, final version recerved 11 Aprit 2001, el al. 1998), bul questions remain regarding the Uming
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aind nature of response and the resulting areal extent.
structure, species composition, and dynamics of veg-
etation. Studies of channel amd vegetation changes
downstream of dains can reveal impacts of dams on
physical and tiological systems and can further our
kuowledge of gencral relationships berween streamflow
and vipariun vegetalion and the effects of altered dis-
tarbance and stress regires on native and exotic plant
populations (D’ Antorio et al, 1999). These insights
may improve management and restoration of down-
stream ecosystermis (Stanford et al. 1996, Polf et al.
1897).

The effects of dams on the arcal extent of down-
stream vegetarion and the character of stream channels
vary among rivers, reflecting complex interactions be-
tween regulaied fows and the fluvial geomorphic set-
tng (Peus 1979, Witliams and Wolman 1984, johnson
1968) Along braided channels. a reduction in flood
magniiide and assceiated distiebance cffects often
cause chanvel narrowing and an increase in riparian
vegelation that colonizes the (ormer channel bed (Wil-
lains and Wolman 1984, Johnson 1994, Friedman el
al. 1996, 1998). Along ncandering channels, reduc-
rions in flood magnitude may result in reduction of bath
channel migration and pioneer speeies recruiurnent
{(Fohnson et al. 1976, Bradley and Smith 1986, Fned-
man et al. 1998).

The rate and nature of channel and vegetation re-
sponse to flow regulaton should differ between peren-
vial and intermitient or ephemeral reaches, though
these nonperenmal systems have oot been well studied.
Ephemeral and intermittent streams and rcaches are
chavacterized by higher flow variability (Davies et al.
1994) and deeper und more variable water tables than
perennial counterparts (Swomberg 1998a, Shafroth et
al. 2000V, hoth of which tend to retard vegetation de-
velopment (Zimmerman 1969, Stromberg 1998¢) In a
dry elimate. aunual or seasonal reductions in siream-
flow resulting from Jow regulation can similarly reduce
the arcal extent ol riparian vegetation (Stramberg and
Patren 1992, Rood et al. 1995). Conversely. How in-
creases from reservoirs during normally dry scasons
can increase the extent of niparian vegetation (Nadler
and Schumun 1981).

Effeets of dams on the extent, survival, and growih
of vegeration should be reflected in within-patch struc-
tural metrics such as stem density and basal area. Veg-
clation structure can have important feedbaeks, influ-
encing fuwdre susceptibility to disturbance. For exam-
e, high-deusity vegetation 1s more resistant to flow
than low-density vegetation, resulung in decrcased
flow velocities and increased sedimentation, both of
which muay veduce the disturbance effects of {uture
Hoods. Dense vegelauon and the accumulation of litter
have beerr implicated in promoung fire in southwestern
U.S. nipariac ecosystems (Busch 1993). Finally. chang-
e an vegelauon structure assoviated with dams are like-
ly to alfect wildlile use, especially in arid and semiarid
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riparian forests (Ohmart and Anderson 1982, Saab
1999).

Alleralion ol disturbance and siress regimes may in-
fluence the species composition of plant commanities.
Of particular tnterest in riparian systems of the south-
western United States is the abundance of the exoric
shrub Tamarix rumostssima relative to nalive trees 1
the genera Populus and Salix. The widespread estab-
lishment ol Tamarix in weslern North Amerwcan ri-
pacian ecosystems has been attributed, in part. o Aow
regulation (Everitt 1998, Smith et al. 1998). Altered
uming ol flood events may lavor Tamarix recruitment
because it has a louger period of seed dispersal and
secd viability than the native Popudus and Salix spp.
with which it compeles {Warren and Turner 1975, Shaf-
roth et al. 1998). Some authors have suggested that
Tamarix is relatively intolerant of Rood disturbance and
extended inundation (Gladwin and Roelle 1998, Strom-
berg 19984, but see Wairen and Turner 1975) and there-
fore may be more abundant ulong reguiated rivers.
Compared to the native Populus and Salix, Tamarix is
more salt tolerant (Jackson et ul. 1990) and more (0l-
erant of low soil moisture conditions (Busch and Snuth
1995, Stromberg 19984, Skafroth et al. 2000). which
sometimes are tormed by flow regulation. Few studies,
however, have eompared Tamaric populations along
regulated and unregulated portions ol river systems
{Merritt and Cooper 2000); therefore. inferences re-
garding the role of flow regulation on the invasion pro-
cess are weak.

Disturbance strongly influences [orest stand dynam-
1es (White 1979, Johnson 1992). The distribution of
riparian forests of vacious successional stages oflen
reflects the spatial and temporal vanation of past flood
events, as flooding tends 1o reset the successional cycle
and promote the establishment of pioneer species (Salo
clal. 1986, Swomberg 19984). Changes within existing
starids of riparian vegzlation are strongly influenced by
abiotic changes assoclated with overbank Rovding and
floodplain sedimentation (Johnson et al. 1976, Salo w1
al. 1986, Boggs and Weaver 1994). processcs that are
frequentiv disrupted as a conscquence of flow regula-
tion. Shilts toward later seral stages are ¢ typical re-
sponse to flood reduction (JTohnson et al. 1976, Johnson
1992).

The central objective of our research was to quantily
ripanan vegetation and stream channel responses to
allered disturbance and stress regimes resulting (rom
dam constraction and operation. In pacticular, we
soughc to determine whether changes in channel widih
and in the extent, stucture, species compositton. and
dynamics of nafive and exotic woody riparian vege-
tation were related to dam-induced streamflow changes.
We stndied these respoases along the dammed Bill Wil-
liams River, & major tributary of the lowey Colorado
River in western Arizona, USA We conducrted parallel
studies along a reference sysiem, the nnregulated Santa
Maria River. a major (ribwary of the Bill Wifliams
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Fig. | Map af the Bili Williams and Santa
Maria rivers, siudy area (Arizona, USA). Nnm-
bers along the vivers indicate stady (ranseet lo-
canens; & symols indicate localions of six for-
me: or cuntently operating USGS suream gages
used nthis swrdy: (A) #09426000, Bill Wil-
liams River near Alamo. Arizona, 1940-1968,
{B) #19426000. Bl Williams River below Ai-

amo Dam. Avvoad, 1968—present.  ((7)
#092263500, Bill Wilhiams River al Planer. Ar- Colorado
pzona, 19281941, (D) #09425500, SantaMana  River

River near Alamo, Arizona, 1939-1966, (E)
#09424900, Santa Maria River near Bagdad,
Arizona,  1967-1985,  1989-present.  (F)
#00424450, Big Sandy Ruver near Wikieup, Ar-
izona, 1966—-present.

River. While we examined zll woody vegetation, we
focused our work on the dominant Hoedplain species
Popufus fremontii, Salix gooddingii, aud Tamarix ra-
PIOSES VI,

Study area

The Bili Wiliiams River drains ~ 13700 km- in west-
central Arizona, with headwaters (n the central high-
tands of Arizona at ~ 1829 m and downstream reaches
in ihe basin and range landscape of the northern Son-
oran Deserl. Principal tributaries are the Big Sandy and
Santa Maria rivers (Fig. 1). The Santa Maria River
drains -~ 3937 km=, and the Big Sandy River drains
=7278 km? (Patterson and Somers 1966, Garrett and
Crelienbeck 1991) Flow in the Bl Williamys and Santa
Mana vivers resulls principally from Irontal winter rain
events combined with small amounrs of spow at the
lughest elevations, convectional monsoonal rain, which
talls in lale summer and early (all. and occasional wop-
ical storms (Ely cual, 1994). Average annual precipi-
tation in the watershed ranges from ~45 em in the
headwaters to 22 cm near Alamo Dam (National Cli-
matic Data Center station Alamo Dam 6ESE and Alamo
Dam) to 13 em near the Colorado River (National Cli-
matic Data Cenler station Parker 6NE).

Riparian vegetation along the Bill Williams and San-
ta Muaria rivers 1s dominated by several woody species
cormmon W low elevation southwestein ripanan ceo-
syaiems, incleding Populus fremontii S, Watson (Fre-
mont coltonwood), Salix gooddimpid Balt (Goodding
willow), Twmuriv ramosissung Ledebour ¢salt cedar),
Bacchariv salicijolin (R. & ) Pers. {(seep willow), Pro-
soply spp. (mesquite). Tessaria xericea (Nuil.) Covile
tarrowweed). and HAvmenoclea monogyra Torr. and
Gray (burro-byush). Sonoran desertscrub dominates the
uplands adjacent to the swudy area.

The Bill Williams River extends ~61.5 km, its up-
stremmmost 6,5 km now consisling of water imponnded
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Big Sandy River

Bill Williams River

Santa Maria River

7 g Alamo Dam

Arizona

behind Alamo Dam, a lood control structure that was
completed in 1968 and has a reservoir storage capacity
of ~1233 X (0° m". Downstreamn of the dam, the Bill
Williams River flows 35 ki with a gradient of 0.002-
0.004 ro its confluence with the Colorado River (Lake
Havasu) at an elevation of 137 m (Fig. 1) The Bl
Williams River passes through canyons interspersed
with alluvial basins, including the 9.5 km long Planet
Basin, a significant hydrological conuwol on flows in
the 17.7 km of river between the basin and the conflu-
ence with the Coleorado River. No perennial (ributarics
enter the Bill Williams River dowastream of Alamio
Dam. Channel bed and floodplain sediments are dorn-
nated by coarse particles (81%), primarily sand (67%),
and are generally low in electrical conductivity (10
dS/m: Shalroth 1999). Flows of 35 m‘s and larger
readily transporl the poorly consolidated sand.

The study segment of the Santa Maria River extended
~42 km. (tom the Arizona State Highway 93 bridge
crossing (elevation ~539 m above sca level [asl])
downstream to the eonflnence with the Big Saudy River
televation ~341 m asl; Fig. 1). In the stndy segment
the Santa Maria River flows through a 24-km canyon
and then into 4 broad basin jnst downstream of the
USGS stream gage #094 249060 (Santa Maria River near
Bagdad; Fig. 1). This basin extends 7 km before the
valley beeomes slightly more constrained for its hnal
11 km. No perenniai tribuiaries enter our study seg-
ment. Channel bed and Aoodpliin sediments are dom-
inated by coarse particles (824%), primarily sand (39%),
and are generdlly low io clectrical conductivity (-~ 0.5
dS/im; Shafroth 1999).

Human mse is minimal in both river comdors. Al-
though extensive alfalfa farming and associated
gronndwater pumping occurred within the Planet Basin
historically and as recently as the early 1990s, agri-
culture is cnrrently limited 1o a single cotton farm elong
a 2-km reach of the Bill Williams River, On the Bill
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TanrLe 1. Dae, scale, loczuoa, and sonrce of serial photographs interpreted for this srudy.

Dalc Scale Rives Source
Tuly 1953 1-20 000 Bl Williams River, Santa Marta Rever Soil Conservation Service
Avgust 1964 134 000 Bl Williams River, Santa Mana River L.S. Geological Sut vey
August 1970 1:12 000 Bl Williams River .S Aimy Carps of Bngincers
Seprember 1976 124 000 Santa Maija River Burean of Land Management
August $9875 1:4800 Bilt Wilhams River, Santa Mana Ruver Burean of Land Management
Maneh 1688z 1 7920 Bill Withams River U.S, Fish & Wildlite Service
September 1992 140000 Bl Wiiliams River, Santa Maria River Nationad Aerial Photography

Program

October 1996 1:4500 Bill Williams River U.S. Army Corps of Engineers

+ Photography iroim 1987 covered six of the Bitl Williams River reaches and both of the Santa Maria River reaches.
= Photography from 1988 covered the two Bill Williams riaches not covered in 1987

Williams River, catde graze only a small area within
the Planet Basin Limited winter cattle grazing occurs
along part ol the Santa Maria. Feral burros are present
throughout the study area, bul their grazing and brows-
ing impacts appear o be minor.,

METIHODS
Surface water hydrology

We used records of surface water discharge (peak
imstantancous Now, average daiity Aow) from six U.S.
Geologicul Survey gaying stations o swmnmarize flood
fows and average flows for periods of vecord before
and after the compleuon ol Alamo Dam, on both Ihe
Santa Maria and Ball Williams rivers (Tig. J). To eval-
vute the erfect of Alamo Dam on peak and average
seasonal (October—April, May-Sepiember) flows, we
compared the differences in flow between the Santa
Maria (Contoly and Bill Williams (Tmpact) vivels dur-
ing the pre-dam period (Before) to those from the post-
dant period tAfter) using 1 tests (Before- After-Control-
Impaci design. Stewart-Qaten et al. 1986, 1992). Be-
cause differences m sweamflow belween the rivers
should be multiplicanve (based on watershed area), we
log;. translorined the values before conduvting statis-
tcal unalyses, In the rare case when How was zero, we
set the flow value (o 0.001 mYs to enable the log trans-
formation. We excluded the period duing dam con-
stuction (March 1963-July 1968) from the analyses.

We alvo estimated what flow conditions would have
been on the Bill Williams River in the absence of Al-
amo Dam using stream gages on the (wo principal up-
stream Lributaties, the Big Sandy and Santa Maria riv-
crs. We calculated the annual peak as the largest
sumined instantaneous flows (rom the Big Sandy River
and the Santa Maria River Tor a given day within each
wale: year, We summed the daily flows on the Big
Sandy River and the Santa Mariu River to estimate
mears flow on the Bill Williams River, No flow data

are available {or the Santa Maria River for the years
1986-1988. Ta esimale May—September Hows lor
these years, we developed a linear regression between
mean daly flows on the Big Sandy River aud those on
the Santa Mana River using the years 1966~1985 and
19%9- 1996 (Sanla Maria River May—Scpiember mean

Row fin cubic meters per second] =—0.11 — 0.84 X
Big Sandy May-September mean flow [in cubic meters
per second); = 27, R? = (.73, P < 0.0001).

Channel width and vegelation exrent

We interpreied a time series of aerial photographs Lo
quantily channel widih and the areal extent, struciure,
and species composition of woody vegetation along Lthe
Bill Williams River. We dclineated 13 cover types on
mylar overlays of cight reaches (total of 29 river km)
alorrg the Bill Williams River on photographs frum the
vears 1953 (pre-dam), 1964 (pre-dam), 1976, 1987/
1988, and 1996 using a Bausch and Lomb 240 stereo-
scope {Bausch and L.omb, Rochester, New York, USA).
We excluded the 9.5 kim narrow eanyon wmmediately
downstream ol Alamo Dam, the Planet Basin (9 5 hm),
and the 4.5 kim reach immediately upstream of the con-
flucnce with the Cotorado River in Take TMavasu.

Photograpb dates for two Santa Marwa River reachces
(total of 8.2 river k) were 1953, (064, 1976, 1987,
and 1992 (Table 1). The two reaches were located with-
in the first 10 km upstream of the cen(luence with the
Big Sandy River. Gn the Santa Maria River, our anal-
ysis was himited to estimaton of channel area due to
the photography scale (m 1992 and lack of complete
sels of stereo pairs {or some years, On both rivers, we
distinguished rcaches based on differcnces in valley
morphology {canyon ys. alluvial basin) and seasonality
of low flows {perennial v, intermittent).

To minimize error from lens and fAight angle distor-
tion, we only interpreled features in the ceater ol the
photo (19 X 19 cm of 23 X 23 ¢im). Qualitative error
checking suggested that interpretation error (e.g., in-
accurate detineation ol palches, pen width vs. photo
scale) and processing error (transfer from mylar to AR-
CINFQ) were minor and unhiased.

The 13 cover types were hicrarchieal in namire: most
could be collapsed into a single, combined cover type
(Tahle 2). The combhined cover types were discernahie
on all phatos, whereas the individual cover Lypes were
anly discernable on the finer scaled photos. The dif-
fereni geomorphic surfaces associated with covel lypes
were based on elevation (relative 1o the thalweg), as
visible on the aerial photography, and included (fram
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TanLr 2. Cover (ypes delincared oa aerial photography of the Bill Williams River, Arizona, USA, 1953~1996.
Combined covet type Descripion
Channge! 1) Low Gow channel, mctuding vegetated channel margies and 1slands
2) Essenually hare sediment (<2% vegerated) within low floodplain.
Sparse Noodplain vegerarion 1) Low Roodalsin surface. Towal cover >2% with juvenjle woody plants deninant.

2) Woody vegetation on Haodplain surtace. Toral cover 2-530%. with Populis andfor
Salia dominant and other woody species subdomimant.
3) Woody vegetation on floodplain surface. Total cover 2-50%. with Tumarix dow-
nant and other woody specizs subdominant.
Dense foudplain vegetauon 11 Woody vegelation on {loodplain surlace. Tolal coverr >50%. with Popufus end/or
Saiin dominant and other woody species snbdominant.

2) Woody vegetation on floodplaia surface, Totai cover »>350%, with Twnai iy dom-
nant and other woody subdominant
Sparse terrace vegelanon 1) Woody vegetation on high floodplain or terrace Total cover 2-50% with Prosopis

dorainant,

2) Woody vegemnnn o high floodplain or rerrace. Total cover 2-30% with xenc
riparian shrub species (e g . Hymenoclea manogvra, Tessarig sevicea, Atnplea
sp, Lycnwn sp.) dominant.

Denye terrace vegelation 1) Woody vegetation on high Goudplam or terrace Towud cover >50% with Prosopsiy

dorminant.

2) Woody vegetation on high floodplain or terrace. Total cover >30% wilth xeric
ripartan shrub species (e.g.. Aymenoclea monegyra, Tessaria sevicea, Aniplex
sp., Lveiwm sp.) domivant.

Bare or cultivated terrace 1) Essentially bare sediment (<22% vegelated) on high floodplain or terrace.

2y Cultivated land.

Note: “Combined cover lypes” were visihle on all sets of aerial photographsy and were created by combining cover types
that accurred on s:mular surfaces and with the same range of total cover, but withont particular species idenriied.

lowest o highest relauve elevauon) channels, flood-
plains, and terraces.

To oblain digital images we scanned the myiar over-
luys using a UMAX Astra 12008 scanner (UMAX. Fre-
mont, California, USA) at a resolution ol 600 dpi. We
teansferred the digital iinages o ARCINFO version
7.1.1 (Envirenmental Systems Research Insutute, Red-
lands. California, USA), assigned a cover type to each
delineated pulygon, and calculalted the area of cover
types. We conducted paired 7 tests on the difference in
the average pre-dam vs. post-dam proportions for each
of the seven combined cover (ypes.

We determined average channel width lor every
teach-year, First, we estimated the photographic scale
within cach reach-year by comparing the total rcach
area to the same region on a 1:24000 U S. Geological
Survey 7.5 min topographic map. We then calculated
the area (in sguare meters) of the reach occupied by
the “‘channel” combined cover type (Table 2) and di-
vided this area hy the stream length (in meters) through
the reach (0 obtam channel widih {in melers).

To assess (he relationship between channel width and
flood flows (disturhance) and summer Rows (drought
sress), we condncred a multiple regression analysis
relating chunne! width o three independent variables:
maxinuin lood power, surnimier low Now, and seasonal
intermittency. To meet the assumption of homoscedas-
ticily. we log, transiormed the dependent variable,
channel width. We used SAS version 8.01 for this and
all other staristical analyses (SAS 1999), except where
spectfied. We applied the regression coefficients (o the
reconstrucied values of Aood power and low flow fre-

quency under unregulated condiiions {Fig. 3) 10 esli-
mate channel width 1n the absence of Alamo Dam,

We derermined maximum total fluod power (£2) with-
in five years of the dale of ¢ach photo (or each reach
using the equation: 2 = pg QS in walls per meler. where
p is the density of water in kilograms per cubic meter.
¢ the acceleration due to gravity in mclers per square
second. @ the maximmum instantaneous dischurge within
5 yr of the photograph date, and § the dimensionless
energy slope tor which we subsututed the bed slope
measured on 1:24 000 topographic inaps. Flow values
for the upstream-most six reaches were determined
from USGS gage #09426000. (Alamo gage, Fig. 1;
Gaging recotds indicate that peak flows are somewhat
attennated downstteam of Plunet Basin Therefore, we
developed a lincur regression between a former gage
just downstream of Planet Basin (gage #09426500) and
the Alamo gage to estimate the peak flow values {or
the study reaches downstream of Planet Basin: ow at
Planet Basin (in cubic nielers per second) = —2.136
+ 0.86 X (flow at Alanmo [in cobic melers per second]);
n = 350, R? = 0.96, P <2 0.00C1.

We used average Aow from 1 May (o 30 September
in the regression model because riparian vegetation in
the Soneran Desert typically exhibits symptoins of
drought stress during these months. Because there 1§
some reach-to-reach variation n low flow, the final
independent variable tn the regression model was a
binary classification of each reach as cither infermittent
or perennial, which we determined based on the pres-
ence or absence of flow on those aerial pholo dates that
were Laken during low fows and on our knowledge of
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this factor fram numerous site visits during the years
1595~1997.

Vegetantem structure and species composition

To address the etfects of Alamo Dam on vegetation
struetare and specics compaosition, we sampled woody
vegetauon along 16 relocarable transects. 8 on the Bill
Williams River and 8 on the Santa Maria River (Fig,
1. We chose the transects Lo represent typical geo-
morphic (c.g., bottomland morphology, particle sizes).
hydrolagic (e.g.. perenmial vs. iatermitrent flow), and
vegelalive conditions present along the rivers. We ex-
cluded siles that had obviously been cultivated in recent
decades.

We sampled rranscets on the Bill Wilitars River
between Janaary and Muwrch of 1996 and on (he Santa
Maria River between September 1996 and Anri] [997.
Each transect was oriented perpendicular (o the low
flow channel and cxtended from valley wall to valley
wall, We subdivided transects inte patches: humoge-
necus areas based on overstory vegelalion composition
and geomorphic landform. We identified wa species and
measuced the dizmeter of every woody srem (near the
around surface)in 5 X 20 m reclangnlar quadrats (long
axis parailel to the aclive river channel) rundomly lo-
cated within each patch (227 quadrats: [!7 on the Bilt
Wiiliamms River and 110 on the Sanwta Maria River). 1/
a pateh covered »350 m of a wransect, we randomly
placed and swiupled a second gquadrat. We calcuialed
busal area (i syuare meters per hectare) and stem den-
sity (number of stens per hectare) of live and dead
stems of all woody species in cach quadrat and clas-
sificd quadrats and associated patches into patch types
based on the species with the largest basal areu.

We calculated the live and dead basal area and stem
density per hectare of each (ransect by summing the
values for all patches within a wansect. We compared
the transecl-scale basal area and sten density between
rivers using f lests. We also tested Tor basal area and
stein densiy dilferences between rivers within low
patch types: (1) dominated hy Populus or Salix, (2)
dominated by Tamariy, (3) dominated by Prosopis spp.,
and (45 dominated by xeric shrubs (e.g , Tessaria, Hy-
menoclea, Lyeiunt). Finally, we tested for between-viv-
cr differences in the proporiion of transect vecupied hy
these four patch types.

Vegetation dynantics

Age structire.—-To address the efTect ol Alamo Dam
on age suucture of pioncer riparian forests.we aged
most patches dominated by Populus, Salix. oy Tamarix.
In mixed-species stands we aged individuals from more
than one species. We collected cores and/or stem cross-
sections from enough (rees within a patch o yield at
least three samples that were aged with reasonable con-
fidence {2 yr), We excavated saplings and poles to
ensure that sve oblained & sample lTrom the oldest por-
tion of the stem. For multiple-stemmed Tamarix in-
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dividuals. we excavated decp enough to obtain a sample
below the surficial cluster of multiple stems. In the
laboratory, we sanded the cores and stem cross-sccuons
W 400 (Tamarix) or 600 gril (Populus and Safir) and
determined 2 minimum age of cach sample by counting
the annual growth rings under a inicroscope. Stand age,
by specics, was estimaled as the age of the oldest sam-
ple within a patch. On the Bill Williams River, we
obtined minimum stand ages ol Populus in 17, Salix
in 20, and Tamarix in 30 patches. On Lthe Santa Maria
River we obtained minimum stand ages of Populus in
10, Salix in 8, and Tamarix in 16 patches.

Seral species recruitment.—To examine effects of
flow regulation on the recruitment of later suceessional
species in pioneer forests (¢.g.. Prosopes spp., Acedia
gregi) we compared, between rivers, the proportion ol
patches classificd as Tamarix, Salix. or Populus that
contained later successional specics. We tesred for dif-
lerences in proportons using Fisher's exact test on Lhe
2 X 2 contingency lable of later successional species
vs. river. To test whether therc was a greater density
ol later successiondl species in older aged stands, we
conducted simple linear regression of the successional
species density vs. stand age.

Seedling esiablishment —To assess differences be-
tween rivers in the width of establishment zones, we
compared the width ai patches containing woody pi-
oneer seedlings {of any species) in Seprember 1995
using a 7 test. To assess differences berween rivers in
the spzhal distribution of seedling patches, we com-
pared the horizontal distance fron plogs to the thalweg
for all plots containing woody pionect scedlings (of
any species) 1n September 1995 using a ¢ test and also
examined the coefficient of variation in distancc ta thal-
weg associaled with each river.

To asscss seedling survival over ume, we counted
the number of woody scedlings, by species. in Septem-
ber or October 1995, 1996, and 1997, in permanent |
# 2 m quadrats, nested within the 5 X 20 m quadrats
that were sampled for vegeration structure and specics
composition. We compured seedling survival between
rivers and within species for the periods 19951996
and 1995-1997 using multi-response perrutation pro-
cedures (MRPP), o distribution-free statistical analysis
that can test for differences even when the dala contain
a large number of zera values, us our survival data did
(Biondini et al. 1988)

RESULTS
Surface water hvdrofogy

Fivod flows —Pre-dam peak Nows on the Bilt Wu-
hhams River were Jarger than those on the Sania Maria
River. consistent with differences in waleished area
tFig. 2). Alamo Dain has dramatically reduced the mag-
nitude of peak flows on the Bill Williams River (Table
3. Fig. 2). and in the past-dam era, peak instanlanecus
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Annuzal Mood senes, Bl Williams and Santa Mana zivers. Data are from the following USGS siream gages.

#O9426000, Bl Williams River near Alaro, Arnizona. 1939-1968; #09426000, Buli Williams River below Alawo Dum,
Alizota, 1969-1997; 4094253500, Santa Maria River near Alamo, Arizona, 1939-1966; #19424900., Santa Maria River neat
Raodad, Arizoaa. 19071985, 1989-1997, Alamo Dam was constructed berween March 1965 and July 1968.

“Yeals when data were not collected.

flows on the Santa Maria River have genevally ex-
ceeded those on the Bl Williams River (Fig. 2).

Average flows~—The mean annual Qow in the post-
dam cra was considerably higher than pre-dam (4.4 vs.
2.6 m¥/s), reflecung \he strong cffeet of a few parric-
ularly wer years in the late 1970s and early 1990s.
Increases in summer flows (May-September) can be
paruaily attributed to the operation ol Alamo Dam (Fig.
3. Table 3, Tz, 5b). whereas winter and spring flows
(October—April) have risen duc to precipitation mncreas-
es in the post-dam era (Fig. 3, Table 3).

TasLeg 3

Channel width and vegetation extent

Channel widih.—Chaancls along the Bill Williams
River narrowed an average of 111 m (71%) between
1953 and [9%7—1988, alier which some minor widening
occurred (Fig. 4a, b). Chunnel width in 1953 and the
paltern of narrowing dilfered somewhal belween in-
termittent and perennial reaches, with channels in in-
termittent reaches tending to be wider (Fig. 4a, b). The
channel of the Sunta Muria River narrowed beiween
1953 and 1976 on both reaches, then widened slightly

Effect of Alamo Dam on annual peak and scasondl mean fows on the Bill Williams River. Arizona (mean |

ST ).
Pre-damn Post-dam
Streamtlow variable diffcreace difference df ! P
sak instantanzous fow (mifs) J38.1 = 81 S —183.9 + 36.7 28.3 —4 63 <0.0001
ge Now, October—Aprd (mYs) B I ) 25 =14 259 0.94 0.36
Average low. May-September (m*/s) 3.5 .= 0.1 23=10 26.6 2.43 0.02

Notes- We used f tests o compared pre- vs post-dam How differences hetween rivers (i.e.. low on the Bill Williams River
ms fow an e Santa Mana River). In ail cases degrees of Ireedom were adiusted using the Satierthwatte (19465 method
to aecount lor unequal variances. Reported difierences were calenlated from the raw data. The ¢ tests were conducted on
log ~transf{ormed data.
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15 - a) Pre-dam:
1241-1964

Bilt Williams River
near Alamo
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_ Sanla Mana River
near Alamo

b) Post-dam:
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20 Bill Williams River
below Alamo
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Manlhly flow rale (m¥s)
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near Bagdad
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Fig. 3. Monthly flow comparisons. Bill Williains and

Santa Mana rivers, Arizona (means = 1 sE) Keys refler to
names of USGS gagmg stations where daia were obtlained
(¢ze Fig. 1) Data from the periad of dam construction (Macch
1965-July 1968} are excluded, as are waler years 1986—1988
when data were not collected on the Santa Mariz River

on voe beiween 1976 and 1987, and widened markedly
on both reaches between 1987 and 1992 (Fig. de).

Flood power ui the Bilt Wilhiamis River was highest
in the pre-1933 photograph interval (average of 50.7
W/m), the 1esult of a peak Gow of 1843 m'¥/s in August
1951 (Fig. 5a). Flood power did not exceed 10 W/m
for any of the otherintervals. Flood power on Lhe Sanla
Manra River was similar to that on the Bill Williams
[or the pre-1953 and 1964 intervals but was higber than
the Bill Williams for the pre-1976, 1987, and 1992
intervals (Frg. 3a).

On the Bl Williams River, average May—Sepiember
fow was < 1.5 mY< during the § yr preceding the 1953,
196, and 1976 photographs and 2.5 m/s during the

5 viopreceding the 1Y87/1988 and 1996 photographs
{Fig. 3b) Oa the Santa Maria River, average Mav—

Septentber (lows were always lower than those on the
Bill Williams River, but this difference was especially
pronounced in the 5-yr intervals preceding the 1987
and 1982 photographs (Fig. 3b).

The muluple regression model containing the inde-
pendent varnables {lood power, May—-September aver-
age flow, and imermittency explaxned 57% of the var-
iationin Jog,, channel width on the Bill Williams River
and was the model with the lowest value of Mallow's
Cp statsuce The coefficients o the three independent
variables were ail stztistically signihcant, and the signs
of the coeflicients ndicate that channels were wider
whe [lood power was higher, average summer fows
were fower, and where low was mterniitent {Tahle 4).

Post-dam channels under unregujated conditions

Econlogical Applcauons
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{predicted by the regression modcl; would have been
much wider than those observed (Fig. 4a, b), due to
high flood power values associated with reconstructed
peak flows in 1976 (1005 mYs), 1983 (796 m¥/s). and
1992 (2389 m'/s; Fig. Sa). and reeonstructed May-Sep-
teiber flows that were <<30% of actual flows in the 5
yr preceding the 198771988 and 1996 photographs (Jag.
5b).

Vegetation extent.—Between 1953 and 1996, the to-
tal area of floodplam vegetation in our cighi swmdy
reaches on the Bill Williams River increased 61%. rom
315 to 509 ha. Terrace vegetation increased 23% . from
542 10 667 ha, over the sume time period. Comparisons
ol the asverage values within the pre- and post-dam
periods indicate that the proportion of the bertomland
occupicd by channel was significantly less in the posr-
dam cra. while the proportion of dense foodplain veg-
etation was marginally greater (Table 3).

Vegetation structure and species composition

Field sampling —The per-transeci live basat areas of’
14.3 = 3.7 m*ha (mean * | se} on the Bill Williams

3009 ay Bill Williams River, perenniai
—&—— Observed
200 ~~-®--- ‘Reconstructed
100 —
0 T T T T 1
465 1 L
£ b) Bill Williams River, intermittent ~ $
= 4
£ 300 ;
2
©
=
§ 200
£
8]
100 ~
0 T T T T }
200 4 ¢) Santa Maria River ——@—— Perennial
Intermittent
100
0 T T T T 1
1850 1960 1970 1980 1990 2000
Fic 4 Observed and reconstructed (predicted) change in

channel width through tme (means = | sr) Fat the Baii
Wilhams River, 7 = 4 for perennial and intermittent reaches,
for the Santa Maria River, n = 1 ler perenmial and intermiitent
reaches. Alumo Dam was constructed between March 1965
and July 1968
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F1G. 5. Values for independent regression variables, Bill
Williams (BW) and Santa Maria (SM) rivers, Arizona. (a)
Maximum stream power in five years preceding aenal pbo-
tograph dawa (means = | S, where given). (h) Mean flow
Jom May o September in five vears preceding aerial pho-
tngeaph date. Alamo Dam was constructed herween March
1965 une July 1968

River and 10.7 = 2.4 on the Sanla Maria River were
not significantly different (n = 8,1 = 0.8, P = 0.42).
On the Bl Willizgms River, ive basal area was con-
centrated on surlaces at relatively low positions within
the bottomland (12.5 = 4.0 m¥ha on surfaces <3 m
above the thalweg vs. 1.8 = 0.5 m%ha oo snrfaces >3
m gbove the thalweg; n =8, 1 = 2.68, P = 0.03). On
the Santa Maria River, live basal area was distributed
iciaiively evenly (4.1 = 1.6 m*ha on surlfaces <3 m
above the thalweg vs. 6.5 = 2.1 m¥ha on surfaces >3
m above the thalweg; n = 8.7 = 0.91. P = 0.38). Dead
basal area en ihe Bidl Williams River (5.6 + 0.8 m”/
ha} was greater than on the Santa Maria River (1.1 =
0.2 m¥yhay #n = 8§, 7= 3.6, P = 0.0004}.

Stem deusities were greater along the Bill Williams
River transects {27737 = 5124 live steins/ha) than
along the Santa Maria River transecls (7559 = 882
live stems/ha; 2 = §, 1 = 3.7, ' = 0.005). The difler-
ence tn live stemn density was most pronounced on high
surfaces (low surfaces, Bill Williams River = 14 839

= 5118 stems/ha: Santa Maria River = 5816 + 1971
1.64, ' = 0.13; high surfaces,

slemsthar n = 8, (=
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Bill Williams River = 12898 * 4576 stems/ha, Santa
Maria River = 1743 = 708 stems/ha; n = 8§, 1 = 2.4,
P = 0.04). Dead stem densily was greater on (he Bill
Williams River (33725 = 8682 stems/ha) than on the
Santa Muria (3592 = 1291 stems/ha; n = 8. ¢ = 3.4,
P = 0.01).

Live basul area on both rivers tended to be highesr
in stands of Popuins and Salix, and live stein densilies
were highest in xerie shrub paiches (Table &). Basal
area was higher within Populus/Salix and Tamarix
patches aleng the Bill Williams River than along (he
Santa Maria River, und 7amarix stands were also denser
along the Bill Williuis River (Table 6).

Parches dominated by Tamarix or xcric shrubhs oc-
cupied proportionally more of the wansects on the Ball
Williarns River than on the Santa Maria River (Table
6). The relative abundance of Tamarix (i.e.. proportion
ol Tamarix : Populus/Satixy was also greater on the Bill
Williams River (# = 8 transects, £ = 2.59, P = 0.02).
Prosopis spp. woodlands were more extensive along
the Santa Maria River transcctls, while Safiv- and Po-
pulus-dominated paiches occupied similar proportions
of the transects along both rivers (Table 6).

Aerial photography.—The proportion of Tamarix-
dominared Roodplain was significantly greater than Po-
pulus/Safix-dominated floodplain on the 1996 aerial
photographs of the Bill Williams River {Fig. 6a; n =
8 reaches, r = —5.63, P < 0.0001). Prosopis spp. stands
dominated terrace vegetation relative to xeric shrub
communities (Fig. 6b; n = 8, 7 = 4.63, P = 0.0004)
Floodplain vegetation with a dense cunopy cover was
more abundant than that with a sparse canopy cover in
perennial but aot internmittent reaches (Fig. 6a; peren-
nial, n = 4.+ =313, P = (.02; intermitent, n = 4, s
= -2.36.P = 093). On terraces, canopy cover density
did not difler as a function ol perenniality (Fig. 6b:
perencial, 7 = 4, ¢+ = .11, P = 0.31: wtermittent. n
=4 1= -236. P = 0.06).

Vegetarion dynamics

Age structure—Only 6 of the 44 swands of pioncer
tree species along the Bill Williams River that we aged
pre-dated Alamo Dam. The oldest Tumarix dated 0

TaBiT 4. Results of muliple regression analysis.

Dependent Independent Parameter

viriahle varizthle cshimale P
log,, (Channel Mood powes 4.008 0.0001
width) sutnmer flow =152 0.0004
mermittency 0.229 0.0052

Noies: Number of observations = 40, error df = 36, inadel
1 =057, model P < 0.0001. The dependent vanable is tbe
log,, of be channel width, which was measured withsn eight
reaches on aerial photographs. “‘Flood power”™ is the maxi-
mum sieeam power 1n the 3 yr preceding a photngraph; “sum-
mer flow’" 1z the mean May—September flow in the Sy pre-
ceding a photograph: and “intermittency™ refers to whether
4 reach has seusonally intermittent or perennial Mow.
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TanLe. 3 Change i the proportion of the hotlomland occupied by seven cover types, pre- vs. post-dam, Bill Williaums

River, Arjzona.

Pre-derm Post-dam
Caver type Mean SE Mean sE 1 P Adjusied P
Channel 0.29 0.08 Ol 0.02 4.90 9.002 0.01
Small doodplain vegsetation 0.08 0.02 0.06 0.02 0.74 0.48 0.99
Sparse floodplain vegelanon Q.10 0.03 009 0.0) -0.31 077 0.99
Dense Roadplain vegelation .09 0.03 0.20 0.07 2.3 0.03 0.1
Sparse terrace vegetalion 0.24 0.07 0.27 .6 0.85 0.44 0.98
Dense tervace vegelalion 013 0.04 0.17 0.04 2.16 0.06 0.36
Culavaled/barren (errace 0.07 .03 .09 0.03 219 (.07 0.38

Notes: The mean and sk are those af the proportion of the bottomland occupted by each cover type. Parred (-iest analys:s
was used (o lest the dillerence belweeu the mean pre-dien (1953, 1964) and mean post-dare {1976, 1987—1988, 1996)
proportions of the cover lypes. & = 8. Ser Tahie 2 for more detailad descriptions of cover types. Adjusted P valugs were
caleolated using the Sidak method for multipte tests: 1~ (1 — Py where P is the raw 2 value and # (s rthe number of Lests

{1 Vulues s stalic type are signifhcant at the 7 < 0.05 level

£95v and the oldest Popudus o 1910 Few stands be-
came cxtablished in the fArst 6 yr following the con-
struction of Alamo Dam (1969-1974), but many be-
came established fater (Fig. 7a). Between 1975 and
1989, muny Tamarix cohorts tecvuited velative to Safix
and Populus. 1o the early 1990s more Safia and Populus
stands became established than Tamarix. On the Santa
Mariu River, fewer stands originated pricr 1o the mid-
19705 than on the Bill Wilitains River (Fig. 7b) From
the mid-1970s 10 the mid-1980%, more new stands were
composed of Populus o Salix than Trunarix (Fig. 7h).

Serad species recruitment —Seral species were morce
frequentiy present in the understory of scands domi-
nated hy Popudies, Salix, or Tamariy slong the Bill Wil-
liams River than along the Santa Mana River (Bili
Willrams River, 17 of 46 stands: Santa Maria River, 7
of 44 stands; Fisher’s exact test 7 = 0.03). There was
not a sigmficant hnear relationship between stand age
(mdependent variable) and later successional species
density tdependent variable; model R? = 0.02, n = 24,
P = 0.49) In all but one stand, Presopis was the anly
late successional genus presenl.

Tanii 6.

&

Seedling establishmeni-—Pawches contlaining new
woody pioncer seedlings in September 1995 were wid-
cr on the Santa Maria Riwver (13.3 £ 2.7 m, n = 35)
than on the Bill Williams River (5.4 = 0.6 mi, n = 22;
r= 136, P =0.0009; Fig. 8). Because of higher sur-
vivorship, the average width of these seedling palches
was greater on the Bill Willtains River by 1997 (Fig.
8). The distance from woody proneer seedling patches
o the thalweg in September 1995 did not differ be-
tween rivers {(Bull Williums River, 806 = 299 m, =
272 Santa Maria River, 66.9 = 6.3 m. n = 35; 1 =
0.4, P = 0.69). The cocfticicnt of variation on the Bill
Willtains River was siightly higher (1.73) than on the
Santa Maria River (1.44).

Fiest-year seedling densities (September [993) ol all
species were higher on the Bill Williams River thaa an
the Santa Maria River (Fig. 9). Tamnarix densilies were
the hughest after 1 and 2 yr on both rivers, but numbers
of surviving Tamarix in October 1997 were comparable
to ather species. On the Bill Williams River. some sced-
lings ol all species survived, and, except for Safiy,
occwrred at average densities > 1.3 seedlings/m-= in O~

Extent and ~iructare ol tour woody ripdnan vegeralion patch types along the Bill Willianis and Santa Maria vivers

umeans Tl osty)
Bill Whiti Santa Mariu Adjusted

Vanahle Putch wype River River ” 1 P P

Baszl mea (u'/ha) Populies/Sealix 453 = 7.1 24.1 % 6.1 13, 28 2.08 G0+ 015
TFamaria 23.9 = 3.7 7.8 =23 33,16 3.73 v.0005  0.002

Prosopis 136 = 39 1.5 & 3.0 322 ~0.55 039 0.97

Xerie shrub 8% * 1.5 a7 £ 25 25,13 114 026 0.70

Stem density (HOO0 dems/hay  Populus/Salia 2374 161 =39 13,28 0.70 (.49 0.93
Tanmiciix 280 < 39 137 £2.2 13, 16 2456 0.0 0.04

Prosopis 26796 4.3 = 1.2 Jq 22 2.29 .06 (=2

Xeric shrub 598 = 120 4.7 x19.1 25, 13 084 0.4! 0 58

cal (pereentage of Populus/Salix 63 235 1.6 = 0.8 & 8 111 0.30 076
ransect) Tuniarix NG 9.5 T4 =23 R, 8 2.36 0,05 01%
Prosopns S0 23 342 £ R1 8.8 ~3.38 0,009 .04

Xeric siuh 332 8.1 107 = 34 K, 8 255 .03 N1l

Notes: The hest value m the s column refers w the number of paiches along the Bill Wilhams River. the second o those
along the Santa Maria River, We used ¢ tests to test for dillerences between nivers. Adyusted P values were caleulated vsing
tie Sudak method for wmuliiple tests. 1 — (1 — Py where Py the raw P value and 215 the sumber of tests (43, Values in
itatic type are significamt at the P < 0.05 level.
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Frg 6 Preporuon or (a) Aeodplain and {b) errace veg-
ctaion occupied by duferent cover types m 1996, Biil Wil-
baims River, Anzona tmeans = | sr). "Sparse’ cover Lypes
were characterized by 2-30% (ol cover, whereas “dense’”
cover typss were characterszed by >50% cover. Dara ave from
acrial photograph tnterpretation. For perenmial and interin-
entaeaches, n = 4,

wber 1997 (Fig. 9). On the Santa Maria River, by Oc-
tober 1997 there were no surviving Populis or Tessaria
seedlings 1 the quadrats, and densities of Baccharis.
Salix. and Tamariz weve all <1 seedling/m? (Fig. 9).
Survival rates <:Hfered between rivers for Safn and
Bac haris for 1995-1996 and for Baccharis tor 1995—
1997 (Fig 9).

DiscussioN
Chamiel width and vegetation «alent

Flow reguiation associated with the construction and
operation ol Alamo Dam has had prolound elfects on
flood disturbance and drought stress regimes along the
Biill Willlams River. As a response to these changes,
strearu channels have narrowed dramatically, and the
aveal extent of ripavian vegelation has increased. This
general pattern has been observed along other braided,
sand-bed rivers moarid and seouarid westeru North
Amenca and has been attributed most often (o de-
creased ood magnuude (Schumm and Lichty 1963,
Burkham 1972, Johnsan 1994, Friedman et al. 1996),
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Typically, the narrowing proccss is accomplished by a
combination of vegetalion establishment on [ormer
channel and sediment deposition, which may be en-
hanced by the increased hydraulic roughness provided
hy the vegeration. Extensive riparian forest can form
during periods with rciatvely smail tioods and Jow
flows that are high enough o sustain tree growth. His-
torically, extensive forest development along the Bill
Williams River was likely short-lived as many (rees
were eliminated by frequent, large floods. Fot example,
channels were wide and vegelation spuarse in the 1953
aerial photographs that were taken [ollowing discharg-
es ol 1843 and 1064 m?s in 1951 and 1952 (Fig. 2).
A period of narrowing occurred between (953 and
1964. We speculate that the channel widened in [966
and 1967 in respense to flows of 1186 and 1101 mi/s
and then narrowed slightly in early post-dam years,
helore extensive narrowing 1n the lute 1970s und {980,.

Our results also point to the iinportance of ereased
summer discharge in promoting vegetation establish-
ment and channel narrowing along the Bill Williams
River, an aspcet of flow regulation that has received
less atrention in the literatuse than flood alteration
(Nadler and Schumm 1981). In arid environrments, ri-
parian plant survival and growth are highly dependent
on moisture suppiements provided by streamflow and
associaled high water tables (Zimmerman 1969). The
extent of riparian vegetation growth may be naturally
limited by episodic or seasonal drought (Albertson and

12 i .
a) Bill Williams River
B_
W Populus
7, Salix
2 | ] Tamarix
£ 4
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z by Santa Maria River
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FiG. 7. Age distabution of three donmnant tree species

within floodplam vegerativn patehes at study wansects along
the Biill Williums and Santa Maria rivers, Arizona.
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D Bill Williams River
- Santa Maria River

Tessaria
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Baccharis
BW: n=16
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1997

1985

Width of parches contaiming five woody species that germinated in 1995 along the Bilt Williaras (BW) and Sania

Marz (SMi oivers. Avizona (means = | sg). Mean values Tor all years are culculated as the total paich width contatning tive
seedlings divided by the o] numher of patches contmming seedlings :n Geober 1995, which is noted within each panel

Weaver 1947, Stwroniberg 1993) or by spaual variation
in the exteni of perenmial (low or magnitude ol low
{lows (Rood ec al. 1995), On the Bill Williams River,
the extremely low flows tn the carly 1970y apparently
associated with reservoir filling may explain why the
channel had not sarrowed considerably by 1976, Since
19746, however. summer flows have been highev. damp-
ening or elnunating seasanal and annual drought, and
“perenmalizing” formerly intermittent portions of the
stream. thereby perinitting  the establishment and
growth of woody vegelation on former chanaels. In-
creased average summer {lows during the last two de-
cades Bave been a function ot higher base flows. Future
research should explore the effects of periodic summer
ived pulses on soil moeisture, groundwater levels, and
associated plant vigor. Further, quantifying the rela-
tionship between releases (rom Alamo Dam and Tow
withun different reaches, especially those downstream
from Planet Basin, wouid clanfy the influence of suin-
MET rejeases on nparian vegetation

A surge in tree recruitment along the Bill Williaing

River in the post-dam environment was corroborated
by our stand age data (Fig. 7). Mos! stands along the
Santa Maria River also established during the 19705
and 1980s, a period when regional weather patteros
resulted in streamflow conditions favorable for riparian
vegelation establishment (Swormberg 1998a). Never-
theless, decreased looding and increased summer tlows
associaled with Alamo Dam led to more pronounced
channel narrowing and a larger expansion of pioneer
trees on the Bill Wilhams River than on the unregulated
Santa Mana River. Predictions ol wider channels in the
absence of flow regulation (Fig. 4a, b) further highlight
dam-relaled changes on the Bill Williams River

Vegetation structure and species compostiion

The pre-dam mipavian vegetation along the Bill Wil-
liams River cousisted ot iewer, sinaller, and mare open
stands of floodplain vegetation than that of the post-
dam era. The increase in Tamarix along the post-dain
viver has produced shorter, shrubbier woudlands thai
are relatively dense compared o those on the unreg-
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Density of seedbngs ol bve woody species that germinated 10 1995 aiong the Bill Wilhams (BW) and Saata

Maria (SN rivers. Arizona (incans 11 Sk Note acale difference for Tamarix, P values are noted gbove bars from 1994
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and are bused s a muali-response permutanon procedure comparing the survival rates between 1995 aad 1996

and berween 1995 and 1997, respectiveiy. No swristical lesl was conducied on Tessaria hecaunse of the small sample size on

the Savta Mama River.

uliated Sama Maria River. The average basal area in
Populus/Salic stands along the Bill Williams River was
somewhat hugher than that reported for other deciduous
Moodplain forest (ypes in North America {Brinson
1990V, perhaps due. in part. o the relatively small quad-
12t size we used Stem densives in owr study were no-
tably higher than those in other floodplain forests (Brin-
son 1990), dee w the prevalence of shrubs. Relative Lo
Populus and Tamariy woodlands of the unregulated
San Pedio Ruver in Arizona, basai area and sten density
vaiues on the Santa Maria River were slighily lower
while those on the Bill Williams River were higher
{Stromberg 19984).

Qur results suggest that 7Tamarix was present in rel-
auvely tow densities prior to flow regulaton on the
Bill Williams River and that flow regulation facilitated
its expansion. In other examples of Tamarix invasion
o posi~-dam southwestern riparnan ecosystems, Tu-
imariy introduction and flow regulation occurred witbin

1-2 decades of cach other {e.g., Robinson 1963, Gral
1932), making the effects of flow regulation aud the
spectes’ invasive ability difficult to separate. [n the cause
of the Bill Williams River, Twmariv seed had been
available from the lower Colorado River since the
19205 (Ohmart et al. 1977); ver extenvive stande ap-
parently did not exist before the completion af Alamo
Dam.

The abundance of Tamarix on the Bill Williams Riv-
er likely resulted from its opportunistic colomzation of
large areas of bare substcate following dam construc-
non (Everitt 1998). 1ts resistance to mortality factors
such as drought and fire (Busch 1993, Smith et al.
1998). and from the absence of other mortalily agents
such as large magnitude floods and herbivory (Del.oach
1997). Finally. the contemporary relative abundance of
Tasmaorix conld have been influenced by mortality of
Populus that resulted from proionged mundavion be-
tween 1978 und (980 (Hunter ev al. 1987); however.
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our 1nterpretations of aevial photography pefore and
alter this event did not reveal lasting compositional
shills except near the confluence with the Colorado
River

Same flow-relaed factors that may favor Tamaric
do not appear to be tmportant in the case of the Rill
Willians River. For cxumple, theve was not o chunge
in flood timicg to periods when Tamaria seed waould
he maore abundant than Populus or Salix (¢’ Shafroth
et al 1998y, winter “floods” preadominated 11 the post-
durt era (Shalvoth 19993 The voung at peak Rows
alone may notindicate (he uming of low recession and
avariahility of bare, moist sediment. though. For ex-
ample. in the late 1970s and carly 19805, higher low
flows afrer the seed dispersal period of Populus and
Sali may have permitted Fomaria establishinent. Ta-
meerie establishmenl was correlaled with winter floods
and high winter flows ulong the San Pedro River. Ar-
1zona {Stromberg 1998a). Finally, although Tamarix s
known to be more salt tolerant than etther Populus or
Selix, the Qoodplain soil electrical conductivity ievels
shserved at our study sites were generally o low 10
affect retative servival rates of Tamarix, Populus, ov
Sty Jeckson er ul 1990, Shafroth et al. 19985

Pericdie fires have also altected ripanan forest com-
positon along the Bill Williams River. Fire tends to
Kill Popitlus, whereas Tumarix, Tessaria, and (o alesser
extent Salix are able to resprout (Busch and Smith
1993, Busch 1995) Tamarix may perpetuate fire dis-
wrbance duc to the large quantity of standing dead
stems 1 produces and its highly combustible, multiple-
scemmed form (Ohmart and Anderson [982). Altered
disturbance regimes are a product of invasive species
1 other ccosystems (Muck und D Antonio 1998). Flow
regulation indivectly promotes fite 1 riparian ecosys-
tema because dead, combuslible vegelaiion tends o
accumniale without floods thal transport and export this
maierral and promote 1ls decomposition (Ellis et al.
L9YB). On terraces. lire favors Lhe xeric shrub Tessaria
sericea aver Prosopis spp. (Busch 1995).

Vegetanion dynanics

Seral species recruitment.—Flow regulation has
been shown o alier succession in nparian ecosystems
fJohnson ¢t al. 1976, Bravard ¢l al. 1986, Johmson
19925, Prosopiv colonizes the understory of Fopulus
fremontin torests in Avizona {Stromberg el al. 1997,
Stromberg 199843, but other suceessional trajectores
have not been well descrihed. Even less is known ol
successtonal pathways in Tamarix stands, largely be-
cause Tamarix genevally has not occupied sites on this
continent long enough to senesce. In the Grand Canyon,
stands of Famarix that colonized the Colorado River
bottomland following the construction of Glen Canyaon
Daim are heginning (o senesce and are being replaced
by a mix of upland and clonal riparian species (Stevens
16891, On the San Pedro River in xoutheastern Arizona,
densities of Tater syccessional species were similar in
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Tamarix and FPopulus stands, obut the relationship to
stand age differed. with a tendency for higher densities
in older Papudus slands and no apparent sland age-
relaled pattern in Tamarix stands (Suomherg 19985).
On the Bill Williarns River. we speculate that former
Aoodplain arcas that are not reworked by the river will
continue (o be colonized hy typical terrace laxa such
as Prasopis, Tessaria, and Arriplex. The rate of colo-
mzation of Prosopis may he slowed by the lack of
suinmer overoank floods and associated seed scwrif
cauon and bunal {Sromberg et al. 1991); however, our
results did not reveal greater recruiunenl ot Prosoprs
along the unregulated Santa Maria River.

Seedling  esiablishmenr—Our secdling  cslablish-
ment vesults suggest that differences in flood magai-
tudes and summer Rows between the Bill Williains and
Santa Maria rvivers produce different seedling estab-
lishiment patterns. Smaller loeds on the Bill Williams
River created less bare substrate suttable for pioneer
seedling germination than on the Santa Maria River
(Fig. 8). Inittal seedling densities were highar on the
Bitl Williams River, perhaps because of the largei sced
ruin assocjated with the densc flondplain vegetation
Scedhing survival was generally higher on the Bifl Wil-
liams River. likely a result of more stable low flows
and associated altuvial groundwater tevels. and perbaps
lack of subsequent fleods (Fig. 9; Shafroth et al. 1998).
[ the pre-dam era. there was a grealer tendency for
mutltiple flood peaks in a year and more late summer
(monsoonal) Noods (Shalroth 1999), either of which
might remove seedlings (Stromberg el al. 19911,

Svstem dynamics —Flow regulation muy cause a
shift in channel and riparian vegelation from a pre-
regulation dynairic through a transient response phase
Lo a new dynamic equilibrium (Petws 1987, Johoson
1997, 1998). We suggest that channels and vegelation
along the Bill Williams River exhibiied nonequilibrium
dynainics prior to the construction of Atamo Dan. be-
cause the recuarrence nterval of destrachive floeds or
latal drought (~ 10 yr) was inuch shorier than the gen-
eration time of thc dominant trees (~[00 yr; Pickert
1980). During the first 20 yr following dam construc-
tion, vegetation colonized former channels and grew
rapidly, representing a iransienl response o reduced
{lood disturbance and drought stress. As the stands ol
pioncer vegetation age and are replaced by seral spe-
cies, a new. dynamic equilibrium inay be reached, with
a larger proportion ol the bouomland occupied by rel-
atively stable and xerie late seral communities (Merru
and Couvper 2000).

The relative importance of factors controlling a new
dynamic equilibcium may change. Now that vegetation
has established on many foodplain surtaces, larger
floads may be required (o widen channels because of
increased bank stability and greater resistance of ma-
ture vegetation to flood damage As stands of existing
vegelation senexce, bank resistance and surface rough-
ness may decrease, effectively increasing the crosive
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porential of a partcular magnitude flow (Johnson
1997). Further, the {uture may be characterized by
changes in driving vanables. with fire increasing in
unpartacce and streamflow-driven disturbance and
drought stress regimes decrcasing in importance

Streamflow management implications

Streamfiow 15 increasingly being managed (o effect
Lthe restoration of riparvian plant communities (Scotl et
al. 1997, Rooed et al. 1998) and other riverine ecosys-
terns {Stanford et al. 1996, Poff et al. 1997). The dense
riparian vegetaton along the Bill Williams River is of
regional importance hecaase it is considered the hest
remamning example of this type of habitat in the highly
degraded fower Colorado River system (Huater et al.
1987). Thus, despite evidence that its abundance 15
largely attributable to regulated streamflow conditions.
mantaining this regionally anique habitat is 2 pionty
for most land and water managers, including the U.S,
Army Coips of Engineers, tbe agency thal operates
Alamo Dam. We suggest prospects and hmits for man-
aging vegetaton via streamflow management. The
nraxurum ffow telease of ~200 m™s from Alamo Dam
Limils the potential creation of arcas suitable for es-
tabliskinent of new riparian vegetation. However, fol-
lowing releases of the maximum conuoiled discharge
in 1993 and 1995, some areas of chanoel. seedlings,
and saplings were c¢reated (Shafroth ¢f al. 1998), and
Populus and Salix now dominate many of these cohorts
(Frg. 7a: P B. Shahoth, personal observation). I a
management goal were 1o expand vegeneration ol pi-
oncee (rees, mechanical clearing of selected stands of
woody vegeration priov to a managed flow reJeasc could
be eifective {Taylor et al. 1999). 1t tncreasing the pro-
portion ol Populus and Salix were a management goal,
then releases inay be timed and controlled in a manner
w favor the establishment of these species over 7g-
marix (Shafroth et al. 1998). Augmenting the supply
ot Populus seed may provide it a compeutive edge in
mixed, Temarix/Populus seedling patches (Sher et al.
2000).

Management of sumimer Aows also will have an im-
portant effect on future vegetution along the Bill Wil-
lharne River Higher suminer flow releases should en-
sure maintenance of existing vegetation while pro-
moting relatively vigorous growth and perhaps slightly
expanded vegerated areas within internutlent reaches.
Higher sammer [lows may maintam exisung ratios ol
PopidusiSalivio Tamarix, whereas lower summer flows
could increase the proportion of Tamarix and o a iesser
extent Saliv (Busch und Smith 1995, Shafioth et al.
20001.

The above flow management considerations have
certain Innitations In the loug tlerm, managed flows are
untikely to maintain cunent quantities of Popuius and
ir n the Budl Williams River bottomland. as many

arcas will Likely succeed o later seral stuges or be
elimmated by lire. Coatrolled streamflows, however.
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can be used 1o promate periodic regeneration and eon-
tinued survival of pioneer vegetation in a portion of
the botiomlund. The abiiity (o manage vegetation
through contiolled Now releases woald benefit from
further study of streamflow-vegetation interactions. in-
chuding the influences of monsoonal floods and differ-
ent multiyear flow sequences (Hooke 1996). as well us
implementation ol expenmental flow releases 1n con-
junctton with well-planned, interdisciplinary research
and mounitoring {Molles ef al. 1998, Schmidr et al
1998).
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