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ABSTRACT

Aim To (est the hypothesis thal anthropogenic alleration of stream-tlow regimes is
a key driver of compositional shifts from native to introduced riparian plant species.

Location The arid south-western United States; 24 river reaches in the Gila and
Lowcr Colorado drainage basins of Arizona.

Methods We compared the abundance of three dominant woody riparian taxa
{(native Populus fremontii and Salix gooddingii, and introduced Tamarix) between
river reaches that varied in stream-flow permanence (perennial vs. intermittent),
presence or absence of an upsirecam flow-regulating dam, and presence or absence of
municipal effluent as a stream water source,

Results Popufirs and Salix were the doniinant pioneer trees along he rcaches with
perennial flow and a nataral tlood regime. In contrast, Tanarix had high abundance
{patch area and busal arca) along reaches with intermittent streain tHows (Laused by
natural and cultural tactors). as well as those with dain-regulated Hows.

Main conclusions Strcam-flow regimes arve strong determinants of riparian
vegetation structure, and hydrological alterations can drive dominance shiits to
introduced species that have an adaptive suite of traits. Deep allavial groundwater
on intermittenr rivers favours the deep-roored, stress-adapted Tumarix over the
shallower-rooted and more compelitive Populus and Safia. On flow-regulated vivers,
shifts in flood timing favour the reproductively opportunistuc fanarix over Populis
and Salix, both of which have narrow germination windows. The prevailing hydro-
logical conditions thus favour a new dominant pioneer species in the riparian
corridors of the American Southwest. These results reaffum the importance ol
rejnslating stream-low regimes (inclusive of groundwater flows) for re-establishing
the native pioncer trecs as the dominant forest type.

Keywords
Aridity, flood disturbance, hydrology, invasion, novel ecosystems, riparian,
stream-flow regime, vegetation.

INTRODUCTION

transporiation routes has provided new sources of seeds. Thus,
many introduced species occur In riparian landscapes (Stohlgren

As frequently disturbed corndors whaose community composition
is largely driven by immigration processes, thete are many
oppartunitics for new species to become established in riparian
ccosystems (Brown & Peet, 2003 ). Flooding and drought create
Haxes 1 resource availability, while high connectivity between a
river and its watershed provides for continuous inflow and out-
flow of seeds via Nood waters, wind or migrating animals (Davis
et il., 2000, Tabacchi ef al., 2005). At the same time, the intensive
use of riverine habitats as agricultural lands, urban aeas and
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et al., 1998; Hood & Naiman, 24900}, However, the processes that
atlow for the establishment of new species differ kom those that
drive changes n species dominance, and meost introduced
species remain relatively rare.

Hydrological and geamorphic processes are key drivers of
vegetation dynamics in riparian ecosystems and, as these physical
factors change, so does the biota (Poff et al, 1997; Nilsson &
Svedimark, 2002; Stesger et af., 2005). Shifis i hvdrological and
geomorphic regimes can alter water resource levels, and tmung of
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resource availability and disturbance regimes; these m turn can
alter competitive hicrarchies and favour speaies with a different
suite of Life-history traits {Tickner et al. 2001). For example,
reduced groundwater levels can select for deeper-rooted or more

ss-Lolerant species, while reduced Rood frequency ov intensity
can shift species composition towards later-successional species.
The cownpositional shifts can arise due to in siru conversions,
with subdominant species becoming dominani, or can arisc as a
resuil of migration of species from other locales. Indeed. many
introduced equatic, wetland or riparan plant species have been
observed o increase in association with riverine alterations
including reductions in permancnice of flow, river channcliiza-
tion, stabilized water levels, reduced frequency of inundation and
altered timning of waler and sediment flows (Howell & Benson,
2000; Aguiar et al., 2001; Taylor & Ganl, 2005).

One introduced taxon that has become dominant aloug the
rivers of weslern North America is Tamacix (Fatnarix ramosis-
stmta, lamarix chinensrs and their hybrid). Introduced 1o Lhe
United States from Asia in the Tate 1800s for the cantrol of soil
erosion and landscaping purposes, it is how the third most
prevaient woody viparian species 1nthe western United States
{Fricdman et al., 2003). Tt is also present 1 western Australia and
aorthern and central Mexico (DUp://www.issg.org/database/).
A plethora of articles have been published 1n the popular and
scientific press about the causes and consequences of the spread
of Tamarix. In part because of its notoriety, scientific findings
an this species have wide-ranging implications both for river
restoration and management of invasive species.

A key question underpinning research on species invasions
is, ‘Whal site factors, and what species factors, are associated
with range expansions and population increases?’ Far Tamarix
in western North America, altered flood cycles below dams,
reservoir development above dams, reduction of stremn {low
(rom groundwater pumping and stream diversion, salinization
of floodplain seils and livestock grazing all are implicated as
contributing factors {Harris, 1966; Everitt, 1980; Gral. 1982;
Di Tomaso, 1998; Stromberg, 1998; Zavaleta, 2000; Ladenhurger
et al.. 2006). These same site lactors have contributed to the
declme of Poprius and Salix dlong many rivers in western North
America (Rood & Mahoney, 1990: Howe & Knopf, 1991; Busch
& Sinith, 1995; Pataki ¢t al 2003). A fortuitous suite of physio-
logical and morphological traits, in concert with the ‘bottor-up’
changes in tesource levels and “top-down’ changes in levels of
herbivory, have contributed Lo the population increase of Tamarix.,
Like ather members ol 1ts genus (He er al., 2003), T ramostssina
is a slress-toleran, reproductively opportunistic pioncer species.
Although not particularly competitive against Popidus and Safix
under well-watered couditions (Sher et al., 2000}, Tamar ix's deep
roots, drought tolerance, salt lolerance, prolonged period of seed
dispersal and unpalatability to livestock allow it to occupy sires
that ro longer sustain the native, shallow-rooted, hydromesic
pioneer trees (Glenn & Nagler, 2005).

Certainly, Tamarix is nol restricted to sues in North America
with a high degree of human influence. But, despite the many
review articles and river-specific studies. multiriver cornparisons
of the abundance patterns of Tamarix, Populus and Salix within a

region have not been undertaken. The hypothesis that alteration
of flow reginse is a key driver of compositional shifts from Popudus
and Safix {the historically common rtiparian trees m the desert
Southwest) (o introduced Taninrix remains untested. The goal of
this study was Lo test this hypothesis by interpreting vegetation
patterns of riparian pioneer Lree species as a function of natural
and altered hydrological patrerns of rivers in the Sonoran Desert
region of south-western United States, Qur specific objective was
1o determme whether the abundance of Tamarix, Populus and
Salix vanes between reaches with 1) perennial versus intermiticat
flow (resulting from stream diversion, groundwater pumping or
hydrogeomarphic setting) and between reaches with {2} unregu-
lated versus regulated How (resufting from dam operation).
Additionally, we explored the effects of nunicipal e(fluent as a
streamn-waler source. We expected (hat Popudin--Salry would be
the dominant forest type along hydrologically unaltered rivers,
and that Tamarix would dominate along vivers with reduce
water avadiability anc with altered temporal flow patterns.

We present (s as a regional case study, emblematic of an
approach for embedding invasive species issucs mto the larger
context 0f ecosvstem restoration. Feosystem restoralion projects
are under way on snany rivers, many with a goal of replacing
introduced plant species with tae historically common vegetation
types. In the western United States, for example, many ot the
river resloration projects strive to increase the abundance of
Popudus—Salix forests and reduce the abundance of Tamarix,
Reinstating hydrological regimes and other key drivers of eco-
system structure and (unction is recognized as important for the
success of restoration (Ward er af., 2001; Rood ef al., 2005) bul is
not always considered in invasive species managemenl projects.
We intend our study to contribute information that can be used

i a restoration context.

METHODS AND STUDY SITES

Study sites

Data wete abtained for 24 river reaches distributed among 10
rivers (Table | & Eig. 1). The reaches were selected 1o span a
range of hydrological alterations. Al are within the Sonvran

Desert (o Sonoran/Chihuahuan or Sonoran/Mozave transition

zones) of Arizona, Eight rivers are in the Salt Gila dramage
basin: two (1l Williams and Santa Maria) are in the L ower
Colurado dranage basin, inmediately 1o the north. The elevaion
ol the reaches1anges from )52 (Bill Williams) 1o 1288 {uppo San
Pedro) m as.l. Mean annual romfall ranges among reaches fr

14 ¢cm {(Bouse station, pcar Bil Williams River) o 42 cm
{Nogales station, pear upper Santa Cruz River). River raachos
were not abways spatially contiguous (i.e. some perenniai stretches
were separaied by intervening intennirtent strerches) but were
uniform with respect to stremn hydrology. Tamarix becanie
established on Lie study reaches as early as the 1910s (Gila River)
1o as lare as the 1950 (San Pedro; Stromberg, 1998).

River reaches were classified into stream-llow permanence
categories (perennial vs. intermittent} using data from USGS
stream gauges or coliected by study authors or preserve inanagers.
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Altered stream-flow regimes
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Figure 1 Location of the 24 study reaches in Arizona, USA. Also shown are the locations of major dams. (The map is based on templates

provided by Arizona Geographic Alliance)

Pervennial streams by definiizon have surface flow vea -round; we
aiso ncluded quasi-perennial reaches (thase with flow at least
$0% ol the ime) in thix category. Intermitlent streams can have
surface flow for several months but are dry for much of the year;
no-fow days in Sonoran desert rivers are mast copumon in carly
summer (May, June) and late autuinn {Qctober, November).
Some reaches were dry due to their hydrogeomorpbic settings
others have become intenmittent due 10 groundwater pumping
or stream-flow diversion for irrigated agriculure, municipal use
01 Mining activities.
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The reaches were classified as fow-regulated if an upstream
damn influenced their flows. The nature and extent of the alterations
to a river’s hydrograph vary depending on the intent of a dam
(e.g. hydropower production, water supply) and the starage
capacity ol its reservoir, but we treated this as a dichoromous
variable (flow-regulated vs. free-flowing). Sixteen of the 24 reaches
were free-flowing (nine with peremmal fow and seven with inter-
muttent Huow). Eight of the 24 reaches were flow-regulated 1five
with perennial flow and three with intermitient flow). These
incleded two reaches of the Bill Willlams River, downstream ol
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Table 1 Attributes of the 24 study reaches

River name Dam-mvencedi Stream-low regime

Elfluent-influenced?

Reach elevation (my} Mean transect width (m)

San Pedeo-Lower No Perennlal
San Pedeo Mudklie No Perensial
San Pedro Upper No Perennial
Santa Mana Nuo Perennsal
Agua bria No Perennial
Hassayampa No Perennial
Cienega Creek No Perenmal
Santa Cruz, Lower Ne Perepnial
Santa Cruz, Upper No Perennial
San Pedio, Lower No Ditersltent
San Pedro, Msddle No luternutrent
San Pedio, Upper N Lotermsttent
Sartta Maria No Intermttent
Agna [z No Intermttent
Hassayampa No Intermitient
Santa Cruz, Upper No Intermttent
Ball Willsams Yes Perennial
Verde Yes Perenmal
Szll. east of Phoenia Yes Perennial
Sall. west of Phoenix Yes Perenpial
Gile, west of Phoenis Yeu Perennial
Bl Williams Yes intermiutent
Gila- Winkeloan Yis Intermirtent
Agu Fria Yes Inlermittent

No

604 - 643 350
Gl 949 314
1212 -128% 250
314-539 370
499 17
570-59§ 164
1019~ 1060 113
375578 136
956 -1030 238
FEI-B) Y 324
W51-1132 213
1122-1166 263
34339 305
490 115
GO7 332
1077--1140 2032
152--271] 82
455 464 4R
408--409 415
290-291 1224
264-283 785
i52-271 401
536 - 680 495
140 237

Alamo Dam, which is operated for flood control, reservorr recreation
and nparian conservation tShafroth er al., 2002); one reach of the
Salt River below Stewart Mountain Dam and one on the Verde
River below Bartlett Dam, both operated mainly for water storage
and controlled delivery 1o downstrearn urban aud agricultural
users; and one reach of the Gila River below Coolidge Dam vperated
primarily as an agricultural water supply dam. Also included In
this category was a reach of the Agua Fria below New Waddeli Dam,
This dam is a diversion structure and the enire stream flow
{mcluding water nmported from the Colorado River) 1s routed
o canals The study reach just dosnstream of New Waddell Dam
was dassified as intermitient, due to seepage from the dam. In
addition, there were bwo effluent-dominated flow-regulated reaches.

Reaches were classified as efluent-dominated if most or all of their
dry-scason flow was derived from the velease of treated municipal
waslewater direclly into the stream channel, The four effluent-
dominated reaches were: (1) the free-flowing Santa Cruz River
near Tubac, flows of which have been augmented by effluent clis-
charge since 1948, {2) the historically dewatered but undammed
Santa Cruz River north of Tucson into which effiuent has been
discharged smce the 1970, (3) a 7-kan reach of the Salt Rives west of
Phoenix and downstrearn of the Mulii-cities Wastewater Treatment
Plant into which effluent has been discharged since the 1958s, and
(4) a 12-km reach of the Gila River iocated downstreamn of the Salt-
Gita confluence. These latter two reaches were classified as flow-
regulated, because upstream dams influence their Hood regimes.

Data were obtained on two other site factors that can influence
forest composition. Elevation above sea level was determined for

384

each reach [rom topographical maps. Mean values [or speaific
conductance of strean water (a measure of salimty) were
obtained from USGS strcam gauges located in or near study
reaches for representative 2-year time periods taverages of 11 to
27 values per station). Water quabty dala were not available
for all gauges and periods of record varied, and the data do not
provide a direct measure of the water used by ripanan trees.
Because of these limitations, salinity data were summanized but
not included in siatistical apalyses.

Most of the study reaches are not currently grazed by livestock,
hoewever, all heve been grazed al surne pointover the past century,
some at very high stocking rates. Other rotabic Jand manage-
ment actions nclude the clearing of Tamarix from the perennial
reach of the Hassavampa Rives by the Nature Conservancy.
Data for this reach are graphically porirayed but not included
in statistical analyses.

Vegetation sampling

in each river reach. two to 10 transects were established. J'he
transects were perpendicular to the drainage and eucompassed
the river and its floodplain, We defined the floadplain as that
portion of the riparian zone that includes fluvial surfaces built of
sediments deposited in the present regnme of the river and that
are periodicdly inundated under the present vegime, This
encompassed the area vegetated by pivneer trevs and shrubs and
by young, successional tees such as Prosopis veluting, but excluded
the terraces that are no Jonger inundated by the river. The transects
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were separated by a mimimum of 100 . Data were collected in
different years anong rcaches, during the period 1996 to 2003,

Riparian vegetation consists of a mosaic of patches, with each

patch developing afier some disturbance event and each reflect-
ing dilferences in tluvial conditions at the time of establishment
{Bagstad et al, 2006 ). The various trees and shrubs can form single-
species patches or can grow in multispecies stands, often with
one species dominating. Vegetation was sampled along the
lransecls o oblain data on (1) the percentage of the patches in
the floudplam dominated by each tree species and {21 the basal
arca of cach tree species. A spectes was considered to dominate a
patchf it had the greatest basal arca am the sainpied quadrat that
represented the patch. o abtain the data, the transects were sub-
jectively delineated into patches based ou observed differences in
woody vegetation structure (Le. canopy covel, species composition,
iree age as inferred from trunk diameler. Quadrats were then
sampled along the transect line in stratified randons fashion
(one 100-n” quadrar per patch or one 40-m” quadrat per patch,
depending on the river). Stem diamete, by species, was meas-
ured in each quadrat 10 obtain basal area valucs, The basal arca
data were scaled to the tloodplam level by weighting plot values
by the relative Iength of the patch along the transect hine, To
obtatn patch area values, the lengths of a1l the patches dominated
by a particular species alony the transect ne were summed and
expressed as a percentage of the transect length We report basal
arca and patch arca data fot the three inost prevalent piancer tree
species (Populus fremontii, Sabx gooddingri and Tumai ix spp.).
Patch areas of P fremontil and S. gooddingii were combined
because both trees have sumilar morphology, life history and
environmenial tolerances. Basal area data were not obtained for one
intenaittent, flow-regulated river reach (Gila River—Winkelman).
Here, patch dominance was defined by the specics with the greatest
canopy cover (as visually estimated).

Data analysis

Six dependent variahles were analysed, representing absolute aud
relative abundance of Tinarn and Populus—Salne Tamarix paich
area (% ol floodplain), Popilus—Salix patch area, paich area
of Tamarix relative to that of Populus-Salix, Tamarix basal arca
(m? ha™), Populus-Salix basal area, aud Tariarix basal area relative
to that of Poptlys-Salix. The measures of relative abundance
provide indicators of dmninance. Because of small sample size,
nonperamelric lests were used w make comparisons belween
river reach types. Within the subset of free-flowing non-effluent

Altered stream-flow requmes

rivers, the Wilcoxon signed rank test was used Lo compare the six
variables between pairs of intermittent (1 = 5} and perennial
reaches (7 = 5). For this test, each pair was located on the same
river; these matchec-pair comparisons were made because they
controlled for river-scale factors that might influence the vegetation.
Sample size was too small to allow for analysis of matched above-
dam and below-dam pairs within rivers. Thus, within the subsct
of perennial reaches, the Kruskal—Wallls test was used to compare
vanables between free-flawing (v = §) and (law-regulated (21 = 5)
reaches (these samples cach indude two effluent-tdominated perennial
reaches). The significance level for these tests was setat P = 0. 10.

Corretation analysis (Pearson product-moment) was used (o
cxplore the relationships of Tamarix relative paich area (1 = 23)
and basal area {17 = 22) (o site elevation. Multiple regression
analysis was used to test for significant effects on relative patch
cover (11 = 23) and relative basal area (11 = 22) of Tamarix of three
independent variables: reach clevation, flow permanence
{categorical variable) and flow regulation (calcgorical variable).
Because of the larger sample size and greater statistical power, the
sipnificance levet for these tests was set at P~ 005,

RESULTS

Perennial vs. intermittent flow

Populus fremoritiy and S. goeddingsi were the dominant trec
species in the fioodplains of the perenmal, free-flowing river
reaches (Fig. 2). Populus—Sahx patches had significantly greater
cover on perennial reaches than on matched intermittent reaches
{n = 3 P=Q.05), and Populus and Salix had greater combined
basal arca on perennial than inlermittent {(n = 5, P = 0,03)
reaches (Fig. 3, left panel}. Tamarix showed the opposite trend,
but patterns were more variable. Tmrarix patches had gieater
cover on the intermitient reaches than on the matched perenmal

reaches (1 = 3, P — 0.08), but differences for basal arca wae
weaker berween the mtermittent and perennial reaches (72 = 5
P = 0.13). Tamarix patches covered less than 10% of the flood-
plain at all perennial, free-flowing reaches excepr ane (middle
San Pedio, 18%). The relative Tarnarix patch arca was significantly
greater on the intermittent reaches than perennial reaches, as was
the relative Taminrex basal area (Table 2}, Forest patterns on the
two effluent-dominated, free-flowing perennial rivers were sim-
tlar (o thbose on the non-effluent, free-flowing perennial rivers:
Populis-Salix was the dominant patch type and Tamagrix patches

had low cover.

Table 2 Abundance of Tamarix, relanve to the combined abundance of Populus and Salix, within hydrological veach types. Values are means

plus or runus one standard deviation. P values midicate the difference between reacl types (1.e between perenniat and internmtient reaches,

within the free-tlowing subset, and between free: lowing end regulated veaches, within the perennial subset)

Free-flowing Free-flowing Free-llowing Regulated

peremmial n mtermittent n P value perennial n perennial n Pvalue
Relavve lamarix patch area 16410 5 46+ 27 5 0.08 12= 10 & 59122 5 <l
Relarive Jannrs basal aiea 129 ] 3%+ 3 5 0.08 849 8 33+78 5 0.01
© 2602 Tire Aulnors
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Figure 2 Top: Percentage of the floodplam eccupicd by
lamarixe-donmunated patches plotted against the percentage of the
flondplain accupied by Populis—Salix~-dominated patches, Bottom:
Rasalarea of Tamarix on the flondplain plotted against the cornbined
basal arca of Populies and Saltx Fach data point represents a study
site (24 sites on the top panel, 23 on the bottom panell, Sites above
the diagonal tine have greater relative abundance of Tamarix, those
belowe the line have greater relative abundance of Populus—Salix.
‘Cdenates a site from which Tamiarix has been cleared. ¢’ denotes
sn effluent-dominated site.

Regulated vs. unregulated flow

Populus—Salix patches had significantly greater cover on the free-
flowing perenniat reaches (han on the regulated perennial
reaches (1 = & and 5. respectivelys P < 0.01) (Fig. 3, right panel).
Simularly. Populus and Safix had significantly greater combine
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Figure 3 Comparison of abundance of Populiis-Salix and Tamarix
between hydrological reach types. Values ate means plus one

standard deviation. The left panel shows differences between
perennjal and itermistient seaches, within the free-Nowing subset;
the right panei showsifferences between lrec-flowing and regulated
reaches, within the perennial subset. The two abundance measures
are the percentage of the floodplain occupied hy cach (oresl type and
the bagal area of the trees on the floodplain,

basal area on the (ree-flowing than regulated perennial reaches
(P < 0.01;. Tamarx showed the reverse pattern, with less patch cover
on the free-flowmg than regalated perennial reaches (£ = 0.06),
Haowevel, Tamarie basal area did not differ significanily between
the free-tlowing and regulated perenmal reaches (P — 0.46). Rela-
we Tamnarix patch area was significantly greater on the regulated
than free-flowing perennial reaches, and this paltern persisted
for refative Tamarix basal area {Tabie 2}

The intermmittent, regukited reaches had very high patdi cover
of Tamarix (37 3 26%, n = 3} compared to Populus-Sahx (3 =
3%), wath relative patch cover of Tamarix averaging 77 b 18%.
Forest composition in the effluent-dominated vegulated reaches
was similar 10 (hat i the non-effluent regulated reaches.

Elevation and salinity

The relatrve patch area of Tamarix was negatively corvelated with
site elevation {r= =0 44, n =23, 7 = 0.04), as was s relanve basal

S101) and-

area (r=-0.41, 1= 22, = 0.06). In the multiple reg

lysis, clevation (P = 0.69) was not related to reiative Taniorix
patch arca, while fow permanence (P = 0.013} and flow regula-
tion {P = 0.002) were both significantly related (overall model
of 0.61, F ratio of 15.9). Trends were sumilar for the Tanmarix rel-
ative basal area model, with elevation not significant (£ = 0.86}
but fiow permancnce (P = 0.04} and flow regulation {P = 0.02)
both significant (overall inodel 7 of 0.48, Fiatio of 3.6).

@ 2007 The Authors
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The strean water of ali free-fiowing reaches had low electrical
conduclivity: representative 2-year mean values were (.4 dS m™
(San Pedro-Tombstone, USGS gauge no. 9471550 and Santa
Cruz-Nogales no. 9480500}, 0.3 dS m™ (Hassayampa-Box dan
sile, no. 9513500), and 0.6 dS m™ (Agua bria-Rock Springs
no. 95128007, Mean values on the flow-regulated reaches ranged
widely, and were 0.5 d8 m” for Verde-below Bartlett Dam
{1n0. 9510000% 0.8 d5 m™ for Sait-below Stewart Mountain Dam
{no. 9502000), 1.2 dS ™ for Gila-Winkieman (no. 9470000)
and 4.5 &S m™ for Gila-Gillespie (no, 9518000),

DISCUSSION

Rivers in many regions have undergone changes mn their flow
regimes, leading to changes in the composition of riparian vege-
tation {Patren, 1898; Tockner & Stanford, 2002; Yoshimura er af.,
20035, Fo: the aid rivers addressed in this study, key anthro-
pogernc changes 1o How regimes include reduced streain water
avallability (from gromndwater pumping and low diversion) and
altered flood regimes and flow patterns (from damming and flow
regulation for water supply). These changes i the flow regime
have created conditions that favour a new co-domirant to dom-
inant woody species in the riparian forests. River reaches with
perennial How and a natural flood regime had a Ligh abundance
of Populus and Salix, the historically dominant pioneer riparian
trees in the region, and a Jow abundance of Temarix, In contrast,
rives reaches with intermittent stream flows {caased by natural
and cultural Gactors), as well as those with dam-regulated flows,
were dominaled or co-domimated by Tamarix, an introduced
shrub/tree that is comparatively inore stress-adapted and more
reproductively opportunistic than Populies and Sahx. These
changes 10 flow regime have facilizated the development of a novel
ecosystem {[Hobbs ¢t af., 2000}, al least with respect o [(orest
composilion at the species level,

These compositional shifts are consistent with wends for
introduced species to become abundant following anthro-
pogenic habitat changes, induding changes o stream-flow regimcs
{e.g. Bunn & Arthington, 2002). Similarly, they are consistent
with trends [or altered disturbance regimes or altered resource
lesels to favour new plant species (Hobbs & Hucnneke, 1992
Sher & Hyatt, 1999). Increases or decreases in resource fevels can
both drive composition shifts, with the latier bemg at play in the
shift from Popudus W Tamariz along dewatered rivers. [he abun-
dance of Liomarie on the naiurally intermitient river reaches sug-
gosts that it s intrinsically adapted to the dry conditions that
develop on strecams of the semi-arid region of the south-western
United States. However, water-tables in the floodplains of many
formerly perennial river reaches have deepened, thereby favonring
stress-adapted species sach as Tamarix and areating conditions
fess suitable for drought-intoierant species such as Populus and
Safix. This provides an example of dominance shitts to a new
species under conditions of reduced resource availabiiity. The
mechamsms for the changes in vegetation on the flow-regulated
rivers are more complex, and in part reflect the influence of
altered flood regimes on the establishment and survivorship of

ripanan Lree species.
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Certainly, physical habitat change is only onc of many nech-
anisms that have been postulated as causes of increased abundance
or range expansion of immigrant plant specics. For example, a
new species may become abnndant af 1t has intrinsically greater
fitness than other species (which may secur il introduced mto a
phylogenetically constrained flovstic regron), if it produces alle-
lopathic cornpounds that :ncrease its competitive ability, or if it
has escaped fromn specialized herbivores. Additonally, a species
may become abundant il its seed sources bave increased (e.g,
because ol intentional plantings) or because il is able w0 utilize
new and increasing dispersal vectors (such as motor vehicles).
However, alteration of the physical environment, which is wide-
spread in riparian corridors of the south-western United States,
appears o be a prime driver of the high abundance of Tamariz,

Stream dewatering

Many of the rivers in the Basin and Range province of the American
Southwest are spatially intermuttent, characterized by alternatng
stretches of pereunial and intermittent t ephemeral flow. As the
rivers emerge from mountains ino dry basing, many lose flow
mto deep and permeable aliuvium, retaining year-iound flow
only where shallow bedrock forces water to the surface, where
major (ributaries augment flows or where there Is sufficient
groundwater mflow from the regional aguifer. The high abun-
dance of P. fremountit and S, goodidingii on the perennial reaches
reflects the presence of sufficient water to sustain these tall,
broad-leaved, hydromesic trees. The inflowing groundwater that
often naintains the perennial Jows also maintains the high
water-table in the stremn aquifer that allows for survivorship of
Populus and Salix throughout the Hoodplain (Busch & Smith,
1995; Scott er al., 1999).

In tandem with increased growth of the human population,
the spalial extent of perennial reaches has decreased on many
rivers in the arid Southwest as a result of streamn-tlow diversion
and groundwater pumping, Where stream flows are tntermitteny,
the water-table {s typically lower and shows more interannual
(Fig. 1) and intra-annual fluctuation. As the water-1able dechines
to <epths ol approximately 3 m or wnore below the floodplamn
surface, Poprdus and Selix, but not tamaric, are shufted out
of their tolerance ranges for roal-zone sml moisture {Lite &
Stromberg, 2005). Tamarix 1s less susceptible than Popudus and
Salix o diought-imduced xyvlem cavitation and canopy dicback,
and 1s mare of a faculiauve phreatophyte {Horton er al, 2001,
2003). The tamarix genus s characterized by deep and extensive
root systems (Gries ef af., 2003), with rooting depths much
greater than £ fremontii ov S, gooddingii. Thus, it can dominate at
dry sites where the enviroumental tolerance ranges ol Populus
and Salia have been exceeded,

Although clear patterns were evident, there was high variability
in tree abundance patterns within hvdrological reach tvpes For
exanple, Tamarix had moderately high abundance at one perennual,
lree-tlowing reach (muddle San Pedrol. This variability may
rellect different relationships between stream-flow permanence
and levels of the water-table among sites, with some perennial-
flow sites having deeper water-tables than others. The vanability
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Frgure 4 Depth to saturated soit within the floodplain of
perennial-flow and intermictent-flow reaches of the upper San Pedro
River. Values shown are mean, maxamu: and minimum values
(phus and muuy one standard deviation ) meeasured durmg the 20602
water year. Values are floodplainsweighted averages, based on
multiple wells per site (sec Leenhouts er al.. 2006), fov seven
perennial-llow sites and cight intermittent-flow sites. Stream How at
the mtenoittent-tow sites was present for 69 = 13% of the vea,

may also reflect differing hydrological tustories. Poptdus, Salix
and Tarnarre live for ac least a century, and their populalion
stracture reflects the influence of past and present eovironimental
conditions. Somne of the sites classified as perennial sites are likely
to have had deeper water-tahles during past decades of drought
and meepsive apricultural groundwater pumping, conditions
which wauld have favoured swrvivorship of fasnarix over Populus

and Sakix.

Flood regime alteration

Iloods :n Sonoran Deser! rivers reflect the largely bimedal rainfoll
pattern. [n late ssummer, “flashy’ Joods of short daraton follow
localized thunderstorms associated with the moensoonal moisture
flow northward from the Gulfs of California and Mexico. Tropical

storms cause occasional floods in late sumimer or autumn Gentie
rains associated with Pacific frontal starm systems periodically
saturate the watershed and produce winter floods of high magm-
tude and long duration. The episodic large autumn and winter
Aoods rework Roodplain sediments, crealing a patchwork of sced
beds on which tree seedlings can establish, without competinon
from an overstorey. Receding flows (n spring mossten the bare
sediments during the short period when viable Poprdus and Salix
seedls are present ([ig. 5), and slow recession of the flood wateis
and the waler-table allows seedling roots to inainlain contact
with wet soil (Mahoney & Rood, 1998). Over time, subseguent
floods cause the channel to migrate or avulse, creating more seed
beds. As a resull of these dynamic river processes, Pepulus—Salis
palchies can be abundant on free-flowing. perenmai reaches.
Tariarix, like Pepuius and Safix. 1s also a pioncer plant that
produces abundant small seeds and establishes on moist nuneral
souls. Several factors may expiain why it reinains subdominent o
Populus and Salix on perenmal nvers with unaliered flond
regimes. Fuest, because Populus and Salix begin dispersing seeds
earlier 1n the growing seasen, thewr seedlings can pre-empl space
and out-shade and overtop the later-seeding Tamarx, Second,
Tamarix seedlings are suppressed by Popudis and Salia through
competitive inieractions. Although Tamarix begns dispersing
seeds Tater in the season, ils dispersal period does overlap with
that of Popuhus and Salix, and mixed-species seed beds are com-
moen. However, duc to evolutionary tade-offs, plants such as
Tamanix hatare stress adapted often bave low competitive ability

ander conditions of high resource avartability. Thaus, as a scedling,
larnarix is not a strong competitor agamst co-establishing Popudis
and Safee (Sher et al, 2000) and the plants do poorhy under a
Popufus canopy (Lesica & Miles, 2001).

As flood waters continue o recede, Tarmiarx seedhngs can
esteblish in midsuminer on newly exposed surfaces {alter Popo-
lus and Salix have ceased germinating). Addiuonally, they may
establish in late sumimer on surfaces weited by the often-flashy
summer monsoon floods. However, seedlings on near-channel

surfaces have a high risk of mortality from flood scour or
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sedimentaaon (Levine & Stromberg, 2001, In general, ploncer
tree seedlings have greatest survivership on surfaces that are suffi-
clentiy high 1o escape mortality from food scour and that are

sufficiently low to avoid mortality from desiccation (Stromberg
et ad, 1991},

independent of differences in phenelogy and spatial establish-
ment zones, 1115 possibic that Jamar:x s intrinsically less tolerant
ol flood scour, particularly if competitively suppressed by Populis
or Salix (Everitt, 1980; Stromberg er al., 1993). High investment i
adaptanons fot stress tolerance (such as deep roots) can reduce
a plant’s abibty to survive disturbances, Rea (1988, p. 1399}
provides anecdotal evidence: “The 1965-1966 Chrisumas New
Year floods {on the Gila River| scoured oul much of the vegetation,
mcluding most of the impeneirable salt-cedar { Tamaria] thickets
established in carlier years. The resulting ... sandbars ... proved
wleal for establishment ol cottonwood and willow stands’
Subsequent flooding in the winlers of 1973, 1978, 1979 and late
1983 ‘scoured salt-cedars slong the chavnels .. feaving most of
the willow and cattonwaod groves intacl. Studies are needed Lo
compare resisiance 1o Hooding of similar-aged populations of
Popidits, Salix and Famarix, snd more generally of plants adapred
for wetter versus drier riparian environmeinis.

Many rivers in the south-western United States have been
damnmed for water storage andior {lood cantrol (Graf, 1959).
Reductions in flond {requency, shifts in flood timing and abrupt
decline of flood waters, together with changes in river geo-
maorphology, have contributed to reduced recruitment of Popudus
and Salix (in the short term or long term) along many danimed
rivers in western Nor(h America (e.g. Rood & Mabioney, 1990;
Howe & Knopt, 1991 Merritt & Cooper, 2000: Coaper et al.,
20035 In this study, as well, Popuius - Salix were less abundantin
impounded reaches than i free-flowing river reaches, albeir with
high variabiliry within hydrological 1each types. Complex inter-
relationships between oods and droughts structure riparan
plant populations and conununities, and recruttment and mortabty
razes of Popufus and Salix vary widely among regulated reaches
due o the indwiduslistic nature of rivers and of dam manage-
ment. For example, in rivers with a low ratio of reservoir storage
capacity o watershed runofl (such as on the Verde River), the
reservoir can be overwhelmed i wet yeaws, thus allowing the
passage of large floods. This can allow for ‘run-of-the-river’
spring-season hydrographs and successtul establishment of
Poprlus and Selue (Zamore-Arroyo ef af., 2001; Stromberg ef af.in
press). Following these episodic lows that shmulaie the estab-
lishrient of seedlings, reservoir releases that sustain high stream
flows and shallow groundwater through the growing scason can
miligate the effects of natural drought on seedling rmorlality
(Lytle & Meruit, 2004).

‘The presence of a low-regulating dam in this study was asso-
ciated with abundant patch area (but nol high basal area) of
Tamarix. Many factors may allow for high patch coverage of
Tamarx on regulated rivers. The reduced abundance of Peprius
and Salix may velease fumanx [rom competitive reduction.
Additionally, because Tamiarix disperses seeds over a longer
penad than do B fremontizand 8. gooddrngir and has less stringent

water regquiranents for seediing survivorshap, it can establish

© 2007 The Aunors
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where the river flow pattern differs from the climatic norm with
respect to flood timing and recession rate. On rivers managed for
delivery of irrigation water, opportunities are periodically cre-
ated for the establishment of late-seeding species on surfaces
exposed during late surnmer drawdowns (Fig. 4). Il floods are
suppressed for a few years (as is comsmon on regulated rivers), the
Tamarix scedlings that germinate on the low sw faces can grow to
a size that evables high survivorship of subsequent disturbance
events {Cooper ef al, 2003). 1f a narrow germination window
can be considered as a specialist trait, and a wide germinaton
window as a gencralist trait. then the shifts from Populius-Salix o
Twnarix on flow-regulated rivers 1s an example of a specalist
species giving way (o a generalist species where environments
have shifted from the climatic norm, »

Flow-regulating dams also can influence vegetation by chang-
ing soil salinity fevels. Many rivers in the south-western Unsted
States have a relatively low solute content, whiie others, such as
some reaches of the Salt and Gila Rivers in Arizona, have hugh
salimty due to passage through ancient marine salt deposits. [ns-
charge of mumapal effluent or agriculiural il water, interbasin
transport of salty water and an increased rate of evaporaton of
water due to passage through multiple dam- reservoir systems
can [urther contribute to salinization of stream warter, Where
floods are reduced in frequency, the salis can accumulate 1
foodplains, reaching particularly high levels il the source water
has a high salt coutent. Salinity influences riparian vegetation
patteros, with salty conditions favouring halophytic species such
as ‘lapsarix while reducing the germination, productivity and
survivorship of glycophytes such as Popudus and Salix {Shalroth
et al, 1995, Vandersande ef al,, 2001; Pataks er al, 2005). Shifts
from glycophytic (Salre spp.) to halophytc (fmmarix africana)
riparian species nave been observed in the European Mediterranean,
1y association with increased salinity of the watercourse soils
{from agricultural activities (Salinas et al, 2000}, Our study did
not include any free-Aowing, salty river reaches. bul did include
1egulated, salty reaches. The high elecirical conductivity ol the
suean water for such reaches may have contributed to the high
relative abundance of Taomarix.

Stream nutrient levels

Many rivers throughout the world have undergone changes 1in
waler quality due to urban, agricnltural and industrial aciivities,
and some riparian and wetland vccosvsterns  have become
cutrophic. Rivers in the Sonoran Deserl Lypically have low con-
centrations of nitrogen and phosphorus but nutrients can
increase when effluent is discharged fromn municipal svastewater
treatment plants. Eutrophication can modify competitive inter-
actions and favour species with high nitrogen productivity {i.c.
high relative growth rate per unit plant iirogen). In some wetlands,
cutrophilic species, some of which are intioduced, have become
the community dominants (Lake & Leishinan, 2004}, However,
in this study (based on a very small samiple of reaches), release of
muncipal effluent into river channels was not associated wilh
shafts in iree species composition. Although there may be subie
mterspecific differences m nutnent uplake and utihzation, Popuiis,
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Saliw and Tamaric seedlings all respond positively to nutrient
augmeniation {Marler e al.. 2001; Adaur & Binckiey, 2002). The
response of the ripaman (orests in the semi-arid Southwest to
elfluent discharge appears to be driven more strongly by changes
10 water quantity rather than by changes in water quality.

Other influences

Some of the variability in abundance of Popedus, Sulix and Tanarix
within Lydrofogical react types may have been caused by land-
use factors. For example. reach differences in livestock grazing
hustaries may be a cause of some of the variability, By selectively
Hforaging on the more palatable Poprdus and Sabx, livesiock can
shift [orest composition owards Tartarx domindnce even al
fres-flowing perennual rivers. [atense Lvestack grazing i past
decades at some sites may have produced a higher refative
abundance of Tomarix than would be the case had cattle been
exciuded from the riparian zone.

Past episodes ol riparian land clearing may also have shaped
the riparian forests. Popufus and Salix were cleared from the
floodplains of some rivers in the Southwest at varicus times
throughout the 20th century, setting the stage for large-scaie veg-
etation replacement. The composition nf the colonizing species may
have been deterinined by the iming, of the post-clearing flood cvents
relative to the availability ol seed sources at the time {Everitt, 1998).

On same nvers, Tamariz increases in abundance with distance
dow nstream of the headwaters (Campbell & Dick-Peddie, 1964,
The relative abundance of Tarrarix in this study mercased with
decreasing elevation, vonsistent with the general regional trend. Ihe
pattern in this study appears to be explained by the tendency for
hydrological alterations to Increase at lower clevations. However,
itnay alsa occur because the upstream reaches are farther from

source populations or because they are fess favourable climatically.

Patterns in other regions

I'his study demonstrated that where rivers remain perenmial and
free-Howing, the native tipanan pioneer trees {Populus and
Salixy have lugh abundance and the introduced pioneer species
{Tarmarexi has low abundance. These results may or may not be
represcntative of other river basins in North America. Birken
and Caeper (2006), for example, describe a case of extensive
colonization of Tamarrx along a river in Utah, prior to wajor
dam construction. Whileman (2006) found Ianiarix to be
abundant along an unregulated river in Mew Mexico. A study
m south-cast Montana, however, concluded that the spread of
Tamarix could he minimized by managing for factors that
sustain Populus (Lesica & Miles, 2001).

Patterns may vary regionally because of differences in traits of
the lacal species. Populus tremontii and S. gooddings nave a
taurly small geographical range, limited to the south-western
Uintted States and northern Mexico, whereas T, rarnosissina s
more broadly distributed in westeni North America. In much of
western Morth America, Tamnrix co-occurs with a different
species of cottonwood (Populiss deltoides). Additionally, along
sotne rivers {and lakes), Tamarix grows In areas that formerty

supported ripanan grasslands or shrublands rather than riparian
forests (Ladenburger ef al,, 20006; Sexton ef af., 2006},
The degree to which Tamarx esrablishes along free-flowing

and undiv :ading on

sred rivers may vary between reglons
tocal soil condiuons, land uses and ow regumnes. For example, i
riparian soils in a particelar region have very high sall contens,
Tariarix may dominate regardless of flow regime. Or, uf the
intensity of livestock grazing has been high in the riparian corrider
and watershed, Truuix may become very abundant, independent
ol direct hydrological alteration. Additionally, Tamarix abun-
dance may vary regionally with characteristics of the flood regime.

Floods ir Sonoran Desert rivers are very powertul, uansport

his

much sediment and oecur in mulliple seasons of the year.
frequent scour and sedimentation auy contribute to low abun-
dance ol Tasarix along (ree-flowing rivers of the Senoran

s are

Descrt. Tamarix may have greates survivership where flog

less intense, ranspurt fewer sediments and ave restricted to carly
sumrmer; corparative studies with regrons ty pifizd by snowmuli-fed
rivers and iess arid catchments wanld be beneficial.

Implications for river restoration

‘The resuits af this study imply that vestoration of Popujus-Sala
forest ecosystems, m the strict sense, will require the return of
perenpial stream flows. shallow groundwater, and flood wming
and mtensity 1 keeping with clitnatic norins. The study alse bas
imphcations for the management of fariarix, Effarts at remeval
of lamarix are under way on many western North American
rivers, including those that are free-flowing and perennial, How-
evey, under such hydrological conditions our results suggest that
Tanarix will ranain subdominant within the plant community.
We draw this conclusion even though Popufus, Salixand Tamaria

dlibvium at some af our study

may not have reached quasi-eg
reaches. For example. e upper San Pedro River is typified by
refatively low rates of floodplam turnover and the 1elatvely
recent mureduction of Tasmarix; many ol the pioncer forest
stands established pricr to the arrival of {amarix {(Suombery,
1998 and irs present density in the floodplain might not be
representative of s potental fulare density. However, tie Jaw
abundance of Tamerex in young age dasses (e.g. cohorls from the
19905 and 1980s) at this and other free-llowing nvers (e Santa
Maria; Shafroth ef al., 2002) suggest that Tanarix will renain a
subdoninant tree where the processes that allow for Popidfis—
Sulix establishment and swrvival remain intact Thus, targeted
plant removal seems unnecessary on perennial, frec-flowing
rivers If the goal is to prevent Tamarix from attaining dominance,

On mary naturally intermittent, free-flowing rivers, Tanmainx
18 co-dominant with Popufus—Salix. Sorne Tarsarix clearing efforts,
in this and other settings, are condocted with the goal of removing
an ‘vmoviled invader. 1f ecosystems are viewed as open svstems,
in which immigiabion 15 an ongomg process and shifting specics
assemblages are the norm, then the mere presence of an mitro-
duced species is not 1 irself a call for action. If the new species i
causing structural or functional changes in the ecosystem, and i1
these changes are perceived as negative, this can motwvate actions
such as clearing {Kennedy et af,, 2005).

@ 2007 Tne Authaors

390 Glonal Ecology and Biogeography, 18, 381-393, Journal comottation © 2007 Blackwel) Fublisning L-d




Large-scale cflorts at Tamarm: removal, mvolving bulidozing,
acrial herbicice application, fire and use of biocontrol insects are
under way al several highly modified vivers m the western
Untted States {McDaniel & Taylor, 2003; Dudley & Deloach,
2004 Haxt er of., 2003; Shafroth et af., 2005). However, on these
nydrelogically alteved nvers, Tamarix may fall within the invasive
species as passenger’ rather than the ‘invasive specics as driver’
model af ecosystemn degradation {MacDougall & Turksngton.
20055, U indeed a passenger, the removal of Timarix, without
simultancous restoration of siveam-flow and sediment flow
regimes, may not restore the desired conditions, On partially
dewatered and How-regulated river reaches, Populus, Safix and
other hydromesic plants may not establish in abundance barring
the restoration of appropriale river flows, and other ecosystem
iraits (such as species diversity) may not change, barring the
restoration of dynamic flood regumes. Nurthermore, clearing of
vegetation, withaut other restorative actions, could reduce habitat
for the tederally endangered south-western willow flycatcher and
other bird species that utilize Tamarix (Zavaleta er ul, 20015
Paradzick & Woodward, 2003). From the perspective of river
restoration in south-western North Ameries, it may be most
fraitful to view Twmarix donminance {not to be confused with
presence) as an indicaror of altered riverine processes. As such, its
domuance could serve as a trigger for the restorauon of sunface
and groundwater Hows, more natwral flood regimes, and, per-

haps, mare suitable livestock grazing practices.
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