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ABSTRACT

MULTI-SCALE DRIVERS OF RIPARIAN VEGETATION FORM AND FUNCTION

IN EPHEMERAL STREAM NETWORKS OF THE SONORAN DESERT

To identify the drivers of riparian vegetation form and functlmoughout ephemeral
watershed®sf the Sonoran Desert, | investigated factors that congtamt responses to
hydrologic fluxes across spatial scales ranging from watersbedtsub canops.Community
composition and tree water relatiomere examineavithin theframeworkof a hydrogeomorphic
stream classification defined by channel planform, boundary materialitarad confinement
Thecover and density gferennialplant species and functional grouppfered among stream
types Compositional differencdsetween stream classesresponded to variation in channel
gradient highlighting the role of fluvial disturbance in structuring riparian plant conitnes
Seasonal patterns of watdress andubsurfacevater sourcefor the four most abundant tree
species also differed among stream typ¥ater stress was ratsevere and persisteint
headwater streasnwherethin alluviumlimited water storageReriodic flood recharge was
stored in deep alluviurg>1 m) alongdownstreanthannelkegmentsreducingseasonal water
stresdor extended perioddn these stream types, riparian treglged on shallow watesources
(<50 cm) throughout much of the year, batessed deeper wasgrurces during summer
droughts Subsurface water sources were more variable in headwater stream types.
Ecohydrological processa&s thesearid stream networkeeredriven by rainfall and streamflow
pulses, but mediated by alluvial characteristics.

| alsoconducted a twgear factorial field experiment to understdhd factors limiting

riparian tree establishment, and clarify how facilitative mechamsmswith annual rainfall



Seedling survival was most strongly dependent on herbivore protection provided by nurse
shrubs, regardless of precipitation amounts. In conttestmportance of facilitation through
canopy shadingariedwith increasing annual rainfalDespite strong &cts on survival,

seedling growth rates were insensitive to annual rainfall.
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1 Introduction

Classification systems across a range of spatial scales are widely usedudyransdt
management of physical processes in stream networks (Church 1992, Thorne 1997, Montgomery
and Buffington 1998)Differences in hydrogeomorphic processes among stream types are
believed to produce distinctive ecological dynanfMsntgomery 1999, Thorp et al. 2006), but
this hypothesis is rarely test@daiman et al. 1992).

A hydrogeomorphic stream classification for ephemeral streams in arid mawstain
watersheds descel five channel types: piedmont headwater, bedrock, bedrock with alluvium,
incised alluvium, and braided (Sutfin et al. 2QI#)ese stream types were defined by
differences in channel planform, composition of boundary materialsjegrde of lateral
confinementBedrock streamareincised into cohesive rocks, and lack persistent alluvium.
These steep and tightly confined channels drain mountain slopes, and support sparsanvegetat
Bedrock with alluviunmstreamsare also confined iween bedrock valley walls, btiteycontain
thin (typically < 1 m) alluvium that forsipersistent lateral and point bdrarger bedrock with
alluvium channelsnaycontain discontinuous narrow floodplain benchdsese streamsccupy
narrow montane valleysyhere iparian vegetation occurs in narrow bands along channel
margins.Piedmont headwatestreamsare incised int@onsolidated Plio-Pleistocene alluvium.
Lateral confinement is moderate to high, and channels contain thin (<50 cm) moagacmall
Riparian vegetation on the bed and bapikihese channelgrades into open shrublands on
adjacent uplandurfacesincised alluvium streamare entrenched infeiedmont surfaces and
montane valley floorsThese channels contdimck (> 1 m)alluvial depositswith overbank
surfaces rangg from narrow benches to wide floodplains, dependintataral confinement

Riparian vegetation forms dense bands along channel margins and lower floagifémess



which grades into more open and xeric communities on outer floodplain suBaa&ked

streams contain multiple channels underlain by deep alluvium. They exhibit low toateoder
confinement, andccupy alluvial valley floorsExtensve floodplain surfaces occon channel
margins and island topgegetationis concentrated along the banks and lower floodplains, but
dense patches shrubs and trees occur on channel beds.

The five hydrogeomorphic stream types possess distinctive geomorphic aadlieydr
characteristicgSutfin et al. 2014)as well as alluvial depth and stratigraphic structure (Harry et
al.,in prep). Variation among stream types in the magnitude, frequency, and tning
streamflow (Faulconer et ah prep.) interact with alluvial characteristics to produce different
subsurface moisture dynamics (Kampf etialreview). Riparian ecological dynamics are driven
by interactions betwedmydrologicregimes(Fisher et al. 2007, Larned et al. 2010) and
geomorphic disturbance (Gregory et al. 1991, Montgomery 1999, Benda et al. T2tf)éjore,
the five stream types may support distinctive ecologicglenees and process@dontgomery
1999, Thorp et al. 2006).

The distribution otreesin arid environments extremely limitedShreve and Wiggins
1964, Shmida and Burgess 1988, Gibson 1996), but has profound effects on physical and
biological processes. Riparian trees in the Sonoran Desert provide habitatsnerous plant
and animal taxaand influence physical amatological processes across a range of spatial scales
(Burquez and Quintana 1994, Suzan et al. 1996, Drezner 20id9rstanding the limitations to
tree ecophysiological performance and regeneration is critical to nmaeagand restoration of
desert landscapéMerritt and Bateman 2012).

| tesed the ecological significance of an ephemeral stream hydrogeomorphic
classification by comparing spatial patterns in riparian vegetation@atan tree water

relations aarss stream types in arid watersheds of the Sonoran Desert. This classificat



framework was used to identify reasbale physical drivers of plant community composition
and ecohydrological dynamics. A twyear factorial field experiment was performedderitify
the limitations to riparian tree establishment, and understand how facilitative nsechaary

with annual rainfall.



2 DoesaHydrogeomorphic Stream Classificati@xplain Riparian Plant Community
Composition?

2.1 Introduction

Stream channel classifications have been widely used in geomorphology (Church 1992,
Montgomery and Buffington 1998, Montgomery 19883 aquatic ecologfNewson and
Newson 2000, Thorp et al. 2006), but few riparian ecologists have adopted this apprahel. Stu
of riparian ecosystems have focused on the roles of lateral and longitudis@igblgyadients in
shaping spatial patterns of vegetat{dank et al. 1989, Ward and Stanford 19@8)well as
hydrogeomorphic processes that support riparian plant establishment andnmergldtgp and
Osterkamp 1996, Scott et al. 1996, Bendix and Hupp 2000)eWbibtic gradients form the
habitat templates that constrain ecological processes, incorporating gelhéatream reach
types into riparian ecology can facilitate the understanding, management, araticesof these
ecosystemgGregory et al. 1991, Naiman et al. 1992, Newson and Newson 2000).

Existing channel classifications have been developed laigehyanalyses of perennial
riversin temperate regions, with a focus on rivers draining forested mountainous (feei@nran
et al. 1992). byland ephemeral streams are the most common, but tedsdfluvial
environment on earth (Bull and Kirkby 2002, Nanson et al. 200@)ever, a recent channel
classification forephemeral stream networkkentified five distinctive geomorphic environments
in the Sonoran Desert (Sutfin et al. 201A¢reasedocus on dryland riparian ecosystems in
recent years has led to a growing global data set, Inatzaler understanding lwingitudinal
biotic patterns has been hampered by a lagkcohceptual framework for iarpreting these

data Application of process-based hydrogeomorphic stream typologies to theisnalysarian



vegetation dynamics can clarify the physical drivers of ecological eseand provide context
to biotic patterngNewson and Newson 2000).

Stream networks may be divided irsioeamtypes (also known as functional process
zones or process domains), which exhibit similar hydrogeomorphic processes e patt
(Montgomery 1999, Thorp et al. 2006). Thdleundance ansbatial arrangemewf streamypes
within watersheds are determinedrbgny factors, including geologic discontinuities and
network structure (Montgomery 1999, Benda et al. 2004, Thorp et al. 2006, Poole 2010).
Differences in the magnitude, frequency, and duration of sediment and water fhows r@@ach
types produce flual environments with distinctive landforms, hydraul@sdalluvial
characteristis (Montgomery and Buffington 1998, Montgomery 1999, Benda et al. 200éke
properties affect the frequency and duration of hydrologic connections, whichtalfima
determine nutrient cycling dynamics, erosion and deposition of geomorphic sugade
subsurface moisture regime (Gregory et al. 1991, Fisher et al. 2007, Poole 2010gtatned
2011).

Ecological patternsral processes within drylarsream networks are shaped by the
spatial and temporal distributions of hydrologic fluxes (Fisher et al. 2007, Laraéd2010)
and geomorphic disturbance (Gregory et al. 1991, Montgomery 1999, Benda et al. 2004).
Hydrologic connections govern the availability of water and nutrients, influgtice
distribution of resources for plant growth (Poole 2010, Larned et al. 2010). Fluviabdistes
produce habitat heterogeneity, drive plant community succession, and modify population
dynamics(Gregory et al. 1991, Thorp et al. 2006, Larned et al. 201@) gatial distibution of
riparian plants within stream networks reflect differing tolerances aladjemts of water
availability and disturbance, in addition to the diffusive effects of biotic inierec(Hupp and

Osterkamp 1996, Bendix and Hupp 2Q@Dpmpositional shifts in relation to these abiotic



drivers lead to distinctive community types associated with particular rgamoay phic settings
(Bendix 1994, Shaw and Cooper 2008, Angiolini et al. 2011).

While species are the fundamental unitplamtecology, analysisf plant functional
traitscanprovide additionainsight intoecological pocesses and yield more broadyplicable
relationships (Shmida and Burgess 1988, Merritt et al. 2010). Plant growth formeee.g. t
shrub, grass) characterize broad differences in woodiness, canopy anshitotroot
distributions that relate to patterns of spatial resource partitigSimgpida and Burgess 1988,
Stromberg 2013). Differences in rooting depth and lateral spread among grawsiiGanadell
et al. 1996, Schenk and Jackson 2002a) correspond to distinctive patterns of w@earisse
and Mooney 1986, Shmida and Burgess 1988). Such morphological gisaxhibit
differenes in flood disturbance tolerance (Sandercock and Hooke,2fiidhavedistincive
regeneration niches (Cornelissen et al. 1996, Flores et al. 2004, Butterfield arsd2Bddy
Subdivisions of growth forms based on photosynthetic habit and leaf phenology (e.g. evergreen,
winter deciduous, drought decidug) reflect differences in physiological rates and responses to
variation in resource availability that relate primarily to temporal partitioningobfes(Chabot
and Hicks 1982, Smith et al. 1997, Sperry and Hacke 2002).

Identifying thereachscalehydrogeomorphic drivers that influengknt community
characteristics among streaypescan clarifyecological patterns and processes occurring at
watershed and landscapealegNewson and Newson 2000, Thorp et al. 2006nfing these
relationships in tens ofplant functional groupcanenhance their utilityShmida and Burgess
1988, Merritt et al. 2010PRrocesshased hydrogeomorphic stream types are expected to
correspond to distinctive spatiotemporal biotic patterns (Montgomery 1999, Thorp et a). 2006)
but these linkages are rarely tesfddiman et al. 1992)o determine if differences in physical

environments among stream types prodiisgnctiveriparian vegetation (Thorp et al. 2006), |



assessed the ecological significance of an arid ephemeral stream classif#atfioret al.
2014). laddressethe following questiong1) Doesreachscale species and functional group
composition of perennial riparian plant communities differ among hydrogeomaitpéaen
types?(2) Which geomorphic characteristics drive variation in ephemeral streamamipa
community composition at the reach scale?
2.2 Methods

The composition of perennial ripariaagetation was measured in 86 stream reaches at
US Army Yuma Proving Ground'PG) and 15 reaches BiS Air Force Barry M. Goldwater
Range BMGR), in the Sonoran Desert of southwestern Arizona, USA (Figure 2.1). Regional
topography consists édw igneous mountain ranges with gently sloping piedmaafsarated by
broad alluvial valleys (Shreve and Wiggins 1964, McAuliffe 1998)dy watersheds at YPG
range from60 to 845 m, and those at BMGR range from 260 to 1250 m. Modern alluvium is
grawel to cobbles in a sandy matrix, while piedmont surfaces are consolRlatdtleistocene
alluvium (Eberly and Stanley 1978, McAuliffe 1998iseaonal rainfall is derived fromdeific
frontal storms from November to Maradmdconvective thunderstorntisatoccur from Jiy to
Septembe(Sellers ad Hill 1974). Mean annual precipitation increases with elevation, and
ranges from 93 to 103 mm at YPG, and from 156 to 213 mm at BMGR (NCDC di$ion
#29654, 26865, 23393, 20080). Temperatures throughout the region are more uniform, with
mean annuadaily minima and maxima of 13°C and 32°C. Aside from the allogenic Colorado
and Gila rivers, streamflow throughout the region is ephemeral. Upland vegetatimtscohs
scattered microphyllous shrubs and subshrpbmarily Larrea tridentata (creosotejpnd
Ambrosia dumosa (white bursage(Shreve and Wiggins 1964, Turner and Brown 1994).
Riparian plant communities ademinated by xerophytic shrubs suchAaacia spp.,Ambrosia

spp.,Lycium spp.,Encelia farinosa (brittlebush), and.. tridentata. Common riparian tree



includeOlneya tesota (ironwood),Parkinsonia microphylla (foothills paloverdg and
Parkinsonia florida (blue paloverde), whil®sorothamnus spinosus (smoketregandProsopis
velutina (velvet mesquiteare locally abundant along larger alluvial streams. EXeeqginosus,
these treesazupy upland surfaces within wetter portions of their ranges (Turnerl&od,
Smith et al. 1997).

Study reaches were selected to maximize geographic distribution aneénepinesrange
of geomorphic conditions within accessible areas, without regard to vegetatiortafstres.
Reach lengths were scaled to four channel widths in braidegmsand twelve channel widths
in all others Vegetation was surveyed throughdu entire active fluvial corridor of smaller
reaches. In larger reaches (primarily braidé@)m wide belt trasects spanning the fluvial
corridor were surveyed along two to four cross sectioms.eyed areasanged from 50 nf to
1700 nf. Variably-sized sample areagere necessary to adequately sample plant communities in
proportion to plant density and physiognorin smallbedrock or piedmont headwateaches,
fluvial corridor widths were as small as 2 m, while channel characteristicsraath/pe often
changed over distances of <50 m. Conversely, patchy vegetation and variable landtbm
large braided reachegere not adequately characterized in plots sized for headwater reaches
(<100 n?). In alluvial streamsthe active fluvial corridor consisted of channel and floodplain
surfaces below relict terracesctive fluvial corridorsof streamsncised intobedrock or
piedmont surfaces wedelineated by the elevatio ftuvial landforms or staining on bedrock
canyon walls.

Individuals of all perennial plant species were countedagch active fluvial surface
(bed, bank, floodplain/overbank), and the petage of total canopy coverage by species was
obtained by averagingsual estimate from two independent observers. To standardize errors in

counting rhizomatous grasses and shrubs, plants were considered to be individuals when



separated by at least 1 nr filiscrete patches of grass and shrubs and 3 m for trees, unless
connecting lateral roots or prostrate stems indicated othebs@dances (densities) were
derived by dividing counts by sampled area. Vegetation surveys were conduatgduduleaf-
outin spring months (March-May) in 2011 and 2012.

| derived 18& priori plant functional groups consisting of major growth forms subdivided
on the basis of photosynthetic habit and leaf phenology (Table 1), similar to tt®lsewd and
Wiggins(1964),Lavorel et al(1997) andScholes et a(1997). These groupings comprise
functional trait combinations affecting resource acquisition and use, and shouldrtherdfibit
distinctive responses to disturbance and resource availgBiéitghey and Gaston 2006)
Functional groups were assigned based on published species accounts and fieldatsservat
over two years (Appendix 1).

Geomorphic and hydraulic characteristics provide&bifin et al.(2014)were derived
from topographic surveys alomgur equallyspacedrosssectionsan each study reacWariables
included channel gradient and entrenchment ratio (Rosgen, E39dell as bankfull measures of
width:depth, boundary shear stress, and stream power. Mean elevation was deriairfrom
DEMSs, and Solar Analyst in ArcMap 10.1 was used to estimate total annual insolatiord (Fu a
Rich 1999).

Differences in community composition among stream types were assessgd u
nonparametric permutational MANOVA (PerMANOVA) and distabesed testof
homogeneity of multivariate dispersion (PermDISP) (Anderson 2001, .ZD@é3e tests were
performed on Brayzurtis similaity matrices relativized by sample unit totals for both cover and
densities of species and functional groups. Relative cover and density valuesoseresquare
root transformed, and rare species occurring in less than 5 % of sites weeel gMaCune and

Grace 2002)Nonmetric Multidimensional Scaling ordinations were used to illustrate



multivariate differences in location and dispersion among reach types (Kamské/ish 1978).
Species and functional groups responsible for compositional dissimilarity ameag sipes,
and similarity within stream types, wadentified by partitioning variance components of
similarity matrices with the SIMPER procedyf@arke 1993). Abiotic drivers of compositional
differences among stream types were identified as the subset of vanabldhd environmental
similarity matrix that optimized the Spearman rank correlation with biotic ma{tase and
Ainsworth 1993) The environmental matrix was calculated from Euclidean distancesign log
transformed and normalized abiotic variabEsvironmental gradients were illustrated as
vectorson ordinations, scaled proportionaltycorrelations with axis scores.
2.3 Reaults

A total of 88 perennial plant species were observed in the study reaches. The 86 study
reaches at YPG contained 72 species, and 60 species were found in the 15 r&Mds. at
Only one exotic specie§dmarix aphylla) was found, consisting of one individual each in two
braided reaches. Twentliree species occurred in less thé 5f study reaches, and were not
used in the statistical analyses.
231 Species Cover

The composition and variability of species coveraddtl significantly among the five
stream types (Tab22; Figure2.2A). Bedrock, piedmont headwater, and braided streams each
had distinctive floristic composition. However, the vegetation of incised alluvium anockedr
with alluvium streams was simil@fable2.3). Variability was highest in bedrock streams and
lowest in braided streams, but similar in other stream types (Z&l)lDifferences in the
relative cover of eight species drove 53 % of the dissimilarity among stypas(Figure.3A).
Olneya tesota andParkinsonia microphylla produced the largest sources of variation, while

Encelia farinosa, Larrea tridentata, Ambrosia dumosa, Lyciumtorreyi, Hyptis emoryi, and
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Acacia greggii each contributed 7.9 to 4.9 % of compositional dissimilarity. Although they did
not substantially contribute to differences between other stream Bgy&msonia florida and
Ambrosia salsola were useful in distinguishing braided streams. Relative cover of
microphylla, E. farinosa, L. tridentata, O. tesota, andA. dumosa, provided 70 % of
compositional similarity within stream types, althougiacia greggii was also important in
braided streams (Figu&3B).
2.3.2 Fpecies Density

The composition and dispersion of species density differed between strearfT aldes
2.2; Hgure2.2B). Each stream type exhibited a unique composition (Table 2.3), and bedrock
streams had significantly greater variability than other stream types@dplFloristic patterns
of species density were largely driventbyfarinosa, which provided 9.9 % of dissimilarity
among stream types (Figu2etA) and 27 % of similarity within stream types (Figure 2.4B).
Larrea tridentata, A. dumosa, Fagonia laevis, andL. torreyi contributed 6.3 to 4.8 % of overall
dissimilarity. Braided streams were also distinguished by relative derdiflesalsola (5.7 %)
andBebbia juncea (5.3 %), while bedrock streams were differentiate@lihaeral cea ambigua
(4.3 %)andP. microphylla (4.2 %). In addition to contributions frobn farinosa, similarity
within stream types was driven by varying densitied.@umosa (13 %) L. tridentata (12%),
andP. microphylla (6.8 %).
2.3.3 Functional Group Cover

Community composition defined by the relative cover of functional groups differed
among stream types (Tal#€; Figure2.5A). Bedrock with alluvium and incised alluvium
streams were not significantly different, but all other stream types had ws&gatation (Table
2.3). Beta diversity was highest bedrock streams and lowest in braided streams, but was

similar among other stream types (TabKk). The relative cover of evergreen trees,
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photosynthetic stem trees, and drought deciduous subshrubs each contributed 14 % to
compositional differences among stream types (Figuga). Shrubs with evergreen, drought
deciduous, and winter deciduous foliage provided 11 to 10 % of dissimilarity. Relativeo€over
drought deciduous subshrubs provided 26% of compositional similarity within stream types
followed by evergreen shrubs (18 %), photosynthetic stem trees (17 %), and eveege it
%) (Figure2.6B).
2.3.4 Functional Group Density

Stream types were significantly different in the composition and dispes§ifunctional
group densities (Table2.Figure 2.5B). Relative densities of functional groups in bedrock with
alluvium streams was similar to that of bedrock and incised alluvium streams, buéall oth
pairwise comparisons were significantly different (Tab8.2Beta diversity was similar among
all stream types, except for bedrock streams, which had the greatest dispasier?(4).
Relative density of drought deciduous subshrubs provided 19 % of compositional differences
among stream types, and much of the remaining dissimilarity was caused ¢iytdteciduous
shrubs (13 %), evergreen shrubs (11 %), herbaceous plants (9.2 %), and photosynthetic stem
trees (8.2 %) (Figur2.7A). Similarity within stream types arose primarily from the density of
drought deciduous subshrubs (47 %), with lesser contributions from evergreen shrubs (15 %) and
drought deciduous shrubs (13%) (FigureB).
2.3.5 Reach Scale Geomorphic Drivers of Community Composition

Compositional variation in the cover and density of species and functional groups
occurred primarily along eearying gradients of channel slope and width:depth (Figures 2.2 and
2.5). Piedmont headwater, incised alluvium, and bedrock with alluvium streams occupiad simi
portions of this gradient, but distinctive community composition of piedmont headiaterss

was associated with lower stream power. Channel slope occurred in all of thet-ragked
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subsets of abiotic variables corresponding to floristic differencea@steeam types (Table
2.5). Variation in species cover was best explained by channelasidpeach elevations@
0.51). The most parsimonious subset of predictors for differences in species denstedohs
channel slope, width:depth, and elevatian=(0.48), since the inclusion of stream power or
shear stress yielded negligible impements. Similarly, channel slope provided the most
explanatory power for variation in functional group cover(0.46). Differences in functional
group densities among stream types were best explained by channel slopéthridpth (§=
0.47).
2.4 Discussion

The five hydrogeomorphic stream types supported distinctive riparian plant ctiorposi
Relative cover and density of species and functional groups differed sublstéetiakeen
braided, bedrock, and piedmont headwater streams. Incised alluvium and bedrock with alluvium
streams, while different from other stream types, supported similar vegdtaitovas
distinguishable only by species density. A comparison of channel geometry aadlicydr
variables showed a comparable pattern of distinctive pdlysivironments occurring in braided,
bedrock, and piedmont headwater streams, while incised alluvium and bedrock with alluvium
streams were similg6utfin et al. 2014).

The distinctive physical environments and perennial plant composition of braided,
bedrock, and piedmont headwater streams correspond to their placemeniresrérets along
the fluvial continuum of ephemeral watersheds in the Sonoran Desert. Braided stidamthe
study area occur in flat lowlands, where wide, low-gradient channels have lovegrotential
(Sutfin et al. 2014). Bedrock streams represent the opposite end of the continuum, with steep and
highly-confined channels draining mountainous uplands. Piedmont headwater streass poss

moderate gradients that reflect the topography of mountain pediments, butlisetargs in
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these headwater segments generate low stream power and sediment transport Sepienity
physical environments and plant communities in bedrock with alluvium and incigenal
streams arise from their @xcurrence along the transition zone from mountainous uplands to
lowland valleys.

Despite general similarities among bedrock with alluvium and incised alluvium d¢fianne
fundamental differences in boundary materglggest differing sensitivities to disturbance,
processes of geomorphic adjustmy and ecohydrological dynamics that warrant separate
treatment. Channel incision and lateral adjustment of bedrock with alluviuamstie largely
constrained by resistant channel boundaries. In contrast, flood disturbance andachaaé g
changes inediment and streamflow regimes could result in bed incision, channel widening, and
avulsion within incised alluvium strear(isnighton 1998). The thickness of alluvial deposits
within bedrock wih alluvium streams is typically less than those of incised alluvium channels
(Harry et alin prep), and would likely induce different rates of streamflow transmission losses
(Goodrich et al. 1997) and subsurface moisture dynamics (Shaw and Coopdf&tp8et al.
in review). The resulting disparity in the magnitude and frequency of streamflow, andhpatte
root zone water availability, are expected to produce differences in the timirgtand of plant
establishment and mortality, amcter relationsAggregation of abiotic and biotic characteristics
across the reach scale may hprecluded the detection of geomorphic and ecological
differences among these stream types that occur at finer scales.

24.1 Species Composition

Differences in floristic composition between stream types witiestudy area are driven
by the most common species in the regional flora of the northern Sonoran Bebeosia
dumosa, E. farinosa, andL. tridentata (Shreve and Wiggins 1964, Turner et al. 199%)ese

were among the most influential components of variation between riparianticeyefall
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stream typesEncelia farinosa commonly occurs on rocky slopes (Parker 1988, Smith et al.
1997) and its tolerance for the low water availability typical of coarse thimseds allows it to
attain the greatest relative cover in bedrock streams. In coitrdsitnosa andL. tridentata
occupy sandy soils and allaisedimentgShreve and Wiggins 1964), resulting in their higher
abundance in piedmont headwater, and braided and incised alluvium streams, regpectivel
Olneya tesota andP. microphylla are the most abundant and widespread trees in xeroriparian
communities of the Lwer Colorado Valley, and commonly occur on upland surfaces in less
xeric portions the northern Sonoran Desert (Shreve and Wiggins 1964, Turner et alTheB5)
prevalence throughout tistudied watersheds reflect the ability to inhabit a wide range of
substrates and geomorphic settings (Parker 1888}heir scarcity in bedrock streams is likely
due to lower moisture availability during dry seasons. Although occurring at lbensities than
other species, the larger stature of these trees heavily impacted relativen@bstream types.
Secondary differences among stream types arise from more localized sigeaiesnces,
according to their affinity for specific substrates and facilitative intemas. Species typical of
braided and incised alluvium streams sucB.gancea, A. salsola, P. florida andP. spinosus are
found on thick unconsolidated sediments and active alluvium throughout their (@aggsbell
and Green 1968, Turner et al. 1995, Baldwin et al. 2002).
2.4.2 Functional Group Composition

The dominance of drought deciduous subshrubs throughout ephemeral watersheds of the
northern Sonoran Desert, particularly in the more xeric bedrock and piedmont headwater
streams, results from their ability to rapidly utilize brief moisture pulses and rmeiwater
demands during drought periods by shedding photosynthetic tissue (Shreve and Wiggins 1964,
Smith et al. 1997). A similar strategy for coping with environmental variatroherbaceous

perennials is reflected by a comparable spatial pattern of relative abundaneelavget
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drought deciduous shrubs follow the same temporal pattern of resource acquishin as t
subshrub counterparts, they were most abundant in downstream alluvial portions of stream
networks, suggesting that greater rooting depth enables them to accessenoidéeper strata
(Davis and Mooney 1986, Shmida and Burgess 1988). Gas exchange and growth rates of woody
evergreen and photosynthetic stem plants are lower than those of drought decidutus grow
forms,but they require more persistent soil moisture to meet the metabolic demands of
maintaining photosynthetic tissue throughout the {®arith et al. 197). The greater
importance of these functional groups within incised alluvium and braided streamsstigates
lower rates of resource acquisition provides a competitive advantage in ldwerknpositions,
where infrequent flow events may only recharge deep alluvium once every erey@ars. In
dryland settings, cacti of all sizes and perennial grasses are most alwinel@nteliable warm
season moisture occuiShmida and Burgess 1988, Smith et al. 19@/hjch probably explains
their relative scarcity within ephemeral watersheds in a region of highigble monsoon
rainfall.

Differences in the frequency and intensity of periodic flood disturbance atheng
channel types corresponds to variation in the relative density of growth faterse flood
disturbance associated with high channel gradient and bankfull shearrstsedsoick streams
favors the compact and flexible canopies of subshrubs. In contrast, the dreatgraund
biomass and rigid stem¢$ arborescent growth forms makes them more susceptible to flood
damage, and slower growth rates could limit their ability to recolonize betfieds. Although
the flexible and multstemmed canopies of shrubs are less susceptible than trees to flood
disturbancgSandercock and Hooke 2010), both growth forms exhibited similar spatial
distributions. This patte suggests that access to stable water supplies in deep alluvium exerts

greater influence than disturbance regime on the occurrence of larger woudyirpkrid
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watershed¢Shreve and Wiggins 186 Balding and Cunningham 1974, Shmida and Burgess
1988, Lite and Stromberg 2005).
2.4.3 Reach Scale Geomorphic Drivers of Community Composition

Channel slope&vas theprimaryreachscale driver of riparian community composition in
ephemeral streametworks of the Sonoran Desérhe influence of channel slope oparian
ecological patternarises frondirect effects on disturbance potential, and indireffects on
alluvial storage andubsurface water availabiliths the primary determinant of streamflow
velocity and sediment transport capacity (Knighton 1998), channel gradient governsl eimahn
floodplain hydraulicsand the associated disturbance regimes that directly shape riparian
communitiegHupp 1982, Baker 1989, Bendix 1997). Spatial variation in sediment transport and
deposition controls the distribution and character of fluvial landformdgectly influencing
patterns of flood inundation that are associated with the distributions of plant spetigarian
community typs (Hupp 1982, 1986, Bendix 1994, Bendix and Hupp 2080)arger spatial
scales, channel slope aredated covaates (e.g.stream power, width:deptdetermine sediment
deposition, and the thickness amdent of active alluviumSediment thickess limits subsurface
moisture storage capacity, aiscafundamental control on desert plant community composition
(Kassas and Imam 1954, Shreve and Wiggins 1964, McAuliffe 1999).

Stream reach elevation was a secondary determinant of spegipesition Similar
patterns have been recognized in mountainous agethwatersheds of higher reli@aker 1989,
Bendix 1994, Sieben et al. 2009), but the limited range of elevationagthe study reaches
(460 m) is unlikely tareatesubstantiakonation intemperature or rainfall regimemstead
elevation likely serves as a proxy for changes in substrate type. Withimdyeaséa, bedrock
streams occur at the highest elevations@admont headwats occur at moderate elevations,

while incised alluvium and braideddreams are found at the lowest elevatidmsolation or heat

17



load, typically quantified by indices of slope aspect, strongly influteaog moisture dynamics
and plant community composition in upland desert environments (Shreve and Wiggins 1964,
Noy-Meir 1973, Parker 1988Thefinding that total annual insolation did not covary with
riparian composition likely reflects compensation for evapotranspiratiorsdpdue to
substantial run-on water subsidies from contributing watersheds and tree daadipg svhich
is not typically available in upland sites.
2.4.4 Application of the Hydrogeomorphic Stream Classification

Although the hydrogeomorphic stream types presented here have not been previously
applied in vegetation studies, analogous patterns of riparian species anohilrgroup
composition occur in dryland stream networks around the world. Distinctive plant corypmunit
types in the equivalents of bedrock, incised alluvium, and braided streams have béen wide
observed in ephemeral watersheds throughout Saudi Arabia (Al Wadie 2002, A#ht2042,
Al-Rowalily et al. 2012, Abdel Khalik et al. 2013, El Ghazali et al. 2CE§ypt(Kassas and
Imam 1954, Ali et al. 2000and AlgeriaBenhouhou et al. 2003)s avell as along perennial and
intermittent rivers in South Afric@/an Coller et al. 1997and Italy(Angiolini et al. 2011, Nucci
et al. 2012). Bedrock with alluvium and incised alluvium streams isttity areasupport
broadly similar vegetatin, but compositional differences among the equivalents of these stream
types have been recognized in other ephemeral stream networks of the soutHu@At#Shaw
and Cooper 2008) and northern Africa (Kassas and Imam 1954, Benhouhou et aM20i@3).
specificphysical and biological attributesry with regional climag, geolog, and
biogeographyconsiderable evidence indicates that these stream types comprise distinctive
hydrogeomorphic and ecological process domains.

The ephemeral stream classificatiorSaoitfin et al.(2014)characterizespatial patterns

of riparian plant communés andohysicaldrivers of ecological dynamics at the stream reach
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scale, and &s many potential applicationmsresearch, management, and restorafioe.
classification can be useddelectappropriate reference sitks restoratiortargetsand to

identify suitable controls and replicatesmanipulative experiment$n observational studies, it

can provide a defensible basis $ample stratificatiorand be used to identify portions of fluvial
gradients for procedsased investigationS&ince these stream types appear to be broadly relevant
to dryland fluvial environments around the world, they rzaylitate scientific communication
asconcise and meaningfdescriptors of physical and biological process domains. Although the
specific attributes of these stream types will likely vary between regloagypologyhas the
potential to provideich physical and biologicahformation from simple visual inspectiar

gualitative features
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Table2.1.Apriori plant functional groups. Functional groupings for each spaogsssociated

references are in Appendix 1.

Functional Group

Species Examples

Evergreen Trees
Photosynthetic Stem Trees
Winter Deciduous Trees
Columnar Cacti

Evergreen Shrubs

Drought Deciduous Shrubs
Photosynthetic Stem Shrubs
Winter Deciduous Shrubs
Shrubby Cacti

Evergreen Subshrubs
Drought Deciduous Subshrubs
Photosynthetic Stei8ubshrubs
Winter Deciduous Subshrubs
Low Cacti

Vines

Herbaceous

Grasses

Epiphytic Parasites

PoONNORNEONOMOOBOR MW

Olneya tesota; Condalia globosa
Parkinsonia spp.;Psorothamnus spinosus
Prosopis spp.;Chilopsislinearis

Carnegiea gigantea

Larrea tridentata; Smmondsia chinensis
Lycium spp.;Fouquieria splendens
Krameria spp.;Ephedra aspera

Acacia spp.;Colubrina californica
Cylindropuntia spp; Opuntia spp

Ambrosia ambrosiodes; Tiquilia canescens
Encedlia farinosa; Ambrosia dumosa
Carlowrightia arizonica; Porophyllum gracile
Ayenia microphylla

Mammillaria spp.;Opuntia basilaris
Sarcostemma cynanchoides; Cottsia gracilis
Sphaeralcea ambigua; Eriogonum inflatum
Hilariarigida; Aristida purpurea
Phoradendron californicum
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Table2.2. Tests for global differences among stream types in riparian plantwotym
composition (PerMANOVA) and compositional variance (PermDISP).

Source Per MANOVA PermDI SP

R? F P F P
Species Cover 0.239 6.27 <0.001 12.0 <0.001
Species Density 0.230 5.96 <0.001 7.84 <0.001
Functional Group Cover 0.252 6.73 <0.001 13.8 <0.001
Functional Group Density 0.284 7.94 <0.001 5.85 0.002
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Table2.3. Pairwise comparisons for differences in riparian plant community conppo@#rMANOVA) among stream types. Bold
P-alues araignificant at o. = 0.05.

Species Cover Species Density Functional Functional
Group Cover Group Density
Comparison t P t P t P t P
Bedrock vs Bedrock with Alluvium 1.75 0.004 1.55 0.024 2.13 <0.001 1.53 0.064
Bedrock vs Incised Alluvium 2.43  <0.001 2.07 0.001 2.82 <0.001 2.27 0.004
Bedrock vs Piedmont Headwater 250 <0.001 2.35 <0.001 2.14 0.002 1.59 0.041
Bedrock vs Braided 3.41 <0.001 3.22 <0.001 3.71 <0.001 4.20 <0.001

Bedrock with Alluvium vs Incised Alluvium 1.40 0.079 1.44 0.033 1.42 0.087 1.41 0.092
Bedrock with Alluvium vs Piedmont Headwat{ 2.48 <0.001 2.53 <0.001 2.01 0.002 1.88 0.007

Bedrock with Alluvium vs Braided 2.81 <0.001 2.91 <0.001 2.45 <0.001 3.87 <0.001
Incised Alluvium vs Piedmont Headwater 2.22 <0.001 2.26 0.001 2.56 <0.001 2.58 <0.001
Incised Alluvium vs Braided 2.32 0.002 2.34 <0.001 2.34 <0.001 3.04 <0.001
Piedmont Headwater vs Braided 3.67 <0.001 3.73 <0.001 4.07 <0.001 5.22 <0.001
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Table2.4. Pairwisecomparisons for differences in riparian plant community compositional variBecenDISP) among stream types.

Bold P-values are significant at o= 0.05.

Species Cover Species Density Functional Functional
Group Cover Group Density
Comparison t P t P t P t P
Bedrock vs Bedrock with Alluvium 2.72 0.021 2.08 0.049 2.71 0.023 2.31 0.043
Bedrock vs Incised Alluvium 4.54 0.001 3.43 0.001 5.10 <0.001 3.30 0.004
Bedrock vs Piedmont Headwater 4.17 0.002 4.21 0.001 3.46 0.008 3.58 0.002
Bedrock vs Braided 7.44 <0.001 5.50 <0.001 7.98 <0.001 4.89 <0.001
Bedrock with Alluvium vs Incised Alluvium 1.80 0.11 1.30 0.25 1.88 0.087 0.851 0.42
Bedrock with Alluvium vs Piedmont Headwat| 1.66 0.14 2.12 0.052 0.619 0.59 1.06 0.31
Bedrock with Alluvium vs Braided 4.55 <0.001 3.16 0.005 4.56 <0.001 2.17 0.035
Incised Alluvium vs Piedmont Headwater 0.007 0.99 0.849 0.45 1.25 0.27 0.192 0.86
Incised Alluvium vs Braided 2.71 0.016 1.86 0.084 3.70 0.002 1.39 0.21
Piedmont Headwater vs Braided 2.30 0.051 0.933 0.40 4.10 0.002 1.22 0.27
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Table2.5. Ranked subsets of reach scale abiotic variables corresponding to differences in
riparian plant community composition among stream types. rs = Spearman rafratioorr
correlations were significant at= 0.01.

Variable Subset I's
Species Cover  Slope, Elevation 0.505
Slope, Shear Stress, Elevation 0.504
Slope, Stream Power, Elevation 0.504
Slope, Shear Stress, Stream Power, Elevation 0.501
Slope, Width:Depth, Shear Stress, Elevation 0.501
Species Density  Slope, Width:Depth, Stream Power, Elevation 0.485
Slope, Width:Depth, Elevation 0.482
Slope, Width:Depth, Shear Stress, Elevation 0.474
Slope, Width:Depth, Shear Stress, Stream Pdileration 0.468
Width:Depth, Shear Stress, Elevation 0.455
Functional Group Slope, Shear Stress 0.461
Cover Slope, Shear Stress, Elevation 0.460
Slope 0.460
Slope, Shear Stress, Stream Power, Elevation 0.451
Slope, Elevation 0.444
Functional Group Slope, Width:Depth 0.468
Density Slope, Width:Depth, Stream Power 0.458
Slope, Width:Depth, Shear Stress 0.445
Slope, Width:Depth, Stream Power, Elevation 0.443
Slope, Width:Depth, Elevation 0.442
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Bedrock

Bedrock with Alluvium
Piedmeont Headwater
Incised Alluvium
Braided

Figure2.1. Location of study reaches at Yuma Proving Ground and Barry M. Goldwater, Range
in the Sonoran Desert of southern Arizona, USA.
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Figure2.2.Nonmetric Multidimensional Scalinordination of (A) species relative cover (stress
= 0.145), and (B) species relative density (stress = 0.169). BK = bedrock; BA =kedtioc
alluvium; 1A = incised alluvium; PH = piedmont headwater; BD = braided.
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Olneya tesota
Parkinsonia microphylla
Encelia farinosa
Larrea tridentata
Ambrosia dumosa
Lycium torreyi

Hyptis emoryi

Acacia greggii
Bebbia juncea
Krameria grayi
Parkinsonia florida
Ambrosia salsola
Fagonia laevis
Sphaeralcea ambigua
Lycium parishii
Lycium andersonii
Calliandra eriophylla
Eriogonum inflatum

B

20 40 60 80 100 20 40

Dissimilarity Similarity
Figure2.3. Ranked contribution of species relative cover to Brastis dissimilarity between
stream types (A), and similarity within stream types (B). Only the 18 siigaheked species are
shown.BK = bedrock; BA = bedrock with alium; 1A = incised alluvium; PH = piedmont
headwater; BD = braided.
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Encelia farinosa

Larrea tridentata
Ambrosia dumosa
Fagonia laevis

Lycium torreyi
Argythamnia lanceolata
Bebbia juncea

Fagonia pachyacantha
Parkinsonia microphylla
Hyptis emoryi
Eriogonum inflatum
Krameria grayi

Olneya tesota

Acacia greggii
Ambrosia salsola
Sphaeralcea ambigua
Porophyllum gracile
Phoradendron californicum

B

30 60 90 120 30 60
Dissimilarity Similarity
Figure2.4. Ranked contribution of species relative density to Brangis dissimilarities between
stream types (A), and similarity withstream types (B). Only the 18 highestked species are

shown. BK = bedrock; BA = bedrock with alluvium; IA = incised alluvium; PH = piedmont
headwater; BD = braided.
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Figure2.5.Nonmetric Multidimensiaal Scaling ordination of (A) functional group relative
cover (stress = 0.132), and (B) functional group relative density (stress = 044 Eig8re 2.2
captionfor symbols.
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Evergreen Tree

Drought Deciduous Subshrub
Photosynthetic Stem Tree
Evergreen Shrub

Drought Deciduous Shrub
Winter Deciduous Shrub
Photosynthetic Stem Shrub
Herbaceous

Grass

Shrubby Cactus
Photosynthetic Stem Subshrub
Low Cactus

Epiphytic Parasite

Evergreen Subshrub

Winter Deciduous Tree

Vine

Columnar Cactus

Winter Deciduous Subshrub

B

30 60 90 120 30 60 90
Dissimilarity Similarity

Figure2.6. Ranked contribution of functional group relative cover to Brastis dissimilarities
between stream types (A), and similarity within stream typesBB)- bedrock; BA = bedrock
with alluvium; IA = incised alluvium; PH = piedmont headwater; BD = braided.
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Drought Deciduous Subshrub
Drought Deciduous Shrub
Evergreen Shrub
Herbaceous

Photosynthetic Stem Tree
Winter Deciduous Shrub
Photosynthetic Stem Shrub
Evergreen Tree

Grass

Photosynthetic Stem Subshrub
Epiphytic Parasite

Shrubby Cactus

Low Cactus

Evergreen Subshrub

Vine

Winter Deciduous Subshrub
Columnar Cactus

Winter Deciduous Tree

B
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Figure2.7. Ranked contribution of functional group relative density to average@rdis
dissimilarities between stream types (A), and similarity within stream typeBKB}.bedrock;
BA = bedrock with alluvium]A = incised alluvium; PH = piedmont headwater; BD = braided.
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3 Seasonal Ecohydrology of Riparian Trees in Ephemeral Stream Neiffides Among
Hydrogeomorphic Stream Types

3.1 Introduction

Substrate properties and geomorphic setting profoundly influencewstert availability
in arid regionsFine-textured sediments and shallswil profiles magnify plant water stress
during drought periodsyhile deep unconsolidated alluvium and fractured bedrock can provide
persistentvatersupplies (Shreve and Wiggins 1964, McAuliffe 1994, 1999, Busch and Smith
1995). Numerous studies from upland settings have shown that differences in sedinmeabdept
subsurface hydrauligropertiesamonggeomorphic surfaces produce divergeaiterns of water
stressat seasonal to multiear timescalefHalvorson and Patten 1974, McAuliffe 1994, 1999,
Smith et al. 1995, Hamerlynck et al. 200Phese processasiggest thatariations in streamflow
regime and subsurface teastorage capacity throughout ephemeral stream networks give rise to
distinctive patterns of water stremsd water useAdditional support for this hypothesis comes
from comparisons of foliar §!°C along an intermittent desert stream, which showed that yearly
water stress in riparian trees declines with increasing drainage area apeiffoanence
(Sponseller and Fisher 2006).

The dominant riparian tree species in ephemeral watersii¢ials Sonoran Desert have
photosynthetic stems or evergreen leaves that rgphaitosynthetically active throughout the
year, despite chronic water limitatiand intense summer drougli®zarek and Woodhouse
1977, 1978, Nilsen et al. 1989hese includ®lneya tesota (desert ironwood) anBarkinsonia
microphylla (foothills paloverde) which occur throughout stream networks, and localized
populations oParkinsonia florida (blue paloverde) anBisorothamnus spinosus (smoketree)

along larger alluvial streams. All dig¢setreeshave extensive root systentBought to be
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capable of accessing both shallow and deep water squinoe®r and Brown 1994, Turner et al.
1995, Gibson 1996), althougheir maximum rooting depths are unknown (Stromberg 2013).
Previous investigators have speculated that thesenr@esainhigh water potentials and active
transpiration during drought periodg usng deep vadose (Smith et al. 199r)phreatic water
sourcegNilsen et al. 1984, Gibson 1996). However, populatior@. éésota andP. microphylla
occurring along headwater streams with thin allaviunderlain by bedrock or consolidated
sediments may not have access to deep water solakersfying seasonakatersources,
particularlyduring droughts, and hothese sources are partitioned among dominant species
remain key topics in dryland ecohwptlvgy (Smith et al. 1998).

Physiological functioning of riparian trees maytlghtly coupledo streamflowevents
where subsurface water availability is limitgdbrton et al. 2001, Gazal et al. 2006). Tae f
studieshathave investigated the water sources of riparian trees in epHestneaangocused on
groundwater use by phreatophytes (Kolb et al. 1997, Snyder and Williams 2000l0€ etal.
2008), and a information is available on seasonal water sources of riparian trees walére sh
groundwater does not occur. Upland woody plants in arid settings rely primarilypsake
water, but can opportunistically use shallow water sources following weasnn rainfall
(Williams and Ehleringer 2000, Schwinning et al. 2002, 2003, West et al. 20bidse
observatios support the assumption that riparian trees along ephemeral desed stigam
primarily on deep water sourcé€Smith et al. 1997).

Understandinghevariation in ecohydrological relations of riparian trees throughout
ephemeral stream networks is necessarinformed management and restoration, and
predicting potential responses twanging climate and land use. Distinctpeatterns of plant
wate stress and physiological functioninghongstreamtypes can be usedd identify the

relative sensitivitiesf different specieto hydrologic alterationdJnderstandinghe relative
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importance of seasonal water sounces/ shed light on how tree poputats will respond to
changing precipitation patternbo clarify these issuekgxaminel the ecohydrological
relationships othefour most abundaniparian tree species in ephemeral watersheds of the
westernSonoran DeserOlneya tesota, P. microphylla, andP. florida occur throughout the
northern Sonoran Desert and occupy upland surfaces within less arid portions ohtjesr ra
(Shreve and Wiggins 1964, Turner and Brown 1994, Turner et al..183ntrastP. spinosus
is an obligate riparian species endemitharid Lower Colorado Valley of the Sonoran Desert.
Differences in the geographic ranges of these sp€tigrer et al. 1995), and their distributions
within ephemeral stream networks of the study area (Shaw and Goqpep.), suggest that
they occupy distinctivaydrologic nichesl tested four hypotheses to understand the
ecohydrologecal dynamics of riparian trees in dryland ephemeral stream&dasonal patterns
of water stress and water use for each species differ among hydrogeiarstrgdm types,
corresponding to variations in alluvial characteristics.¥¢asonal water relahs differ among
species within stream types, with widespread facultative riparian spehiegieg greater
variability and localized obligate riparian species occupying habitats thdtreximal water
stress. B Riparian trees along arid ephemeral streams lacking shallow groundeater
primarily on deep water sources that are stable over timé&Vheter sources are partitioned
among ceoccurring species to minimize competition.
3.2 Methods

Ecohydrological dynamics @. tesota, P. microphylla, P. florida, andP. spinosus were
examined at eight stream reaches within two ephemeral water¥heda,and Mohave washes,
on the U.S. Army Yuma Proving Ground in southwestern Arizona, U8Aharacterize the
gradient of fluvial environments supporting riparteges, study reaches in each watershed were

located within representative hydrogeomorphic stream types descril3dflyet al.(2014)
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piedmont headwater, bedrock with alluvium, incised alluvium, and braided streams. These
stream types epitomize longitudinal variation in geomorphic charg@uéiin et al. 2014),
alluvial thickness (Harry et aln prep.), streamflow and subsurface moisture regimes (Faulconer
et al.in prep.; Kampf et alin review), and riparian plant composition (Shaw and Coaiper,
prep.) found in mountainous desert terrg8easonal ecophysiological measuremeseise
performed during winter (January), spring (March), summer (June), an8daliember) in 2012
and 2013, on five permanentiyarkedmatureindividualsof eachspecies imeachesvhere they
occurred. Concurrent measurementalbfvial volumetric water contenstream stagend
rainfall wererecorded at 15 minute intervafseach reacfKampf et al.in review).
3.21 Seasonal Water Stress

Xylemwaterpotentialwas measured with Model 1505D pressure chamber (PMS
Instruments Inc., Albany, OR), using &btively-growingterminal shoots for each plant.
Predawn water potential was measured between 0:00 and 4:00 during 2012 and 2013. Midday
water potential was measured in 2013, using shoots collected from sunlit branches betwee
12:00 and 16:00. Samples were refrigerated in sealed plastic bags containingedqsiger
towels until analysis{30 min).
3.2.2 Seasonal Water Sources

Isotopic composition of xylem and alluvial waters were used to determine a#art w
sources. Hlly suberizederminalshoots(~2 cm diameter) were taken from activgowing
branchegEhleringer and Osmond 198®lant samplewere stored in glass vials sealed with
Parafilmwrapped Teflon caps. Concurrent with plant tissue collection, defgbrated samples
of shallow alluviumwere take from the uppeb0 cmof the active channel. At incised alluvium
and braided channels, where alluvial fill is at least 4 m deep (Harryiepadp.), isotopic

profiles weredeveloped from trenches dug in January and September 2012, and May 2013.
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During trenching, deptimtegrated alluvium samples were collected at 50 cm intervals, to a
maximum depth of 4 m. Alluviureamples were stored in 1 L Natgebottles sealed with
Parafilm.Plant and sedimesamples were frozen until analysis.

Azeotropic distillation of xylem and alluvial waters was performed at the Eec&table
Isotope Laboratory at Colorado State University, using the distillation dppanad methods
outlined in Revesz and Woods (1990) &elesz et a[2012). Since isotopic fractionation
likely occurs within photosynthetic tissue beneath the bark of suberized stPar&iimsonia
spp andP. spinosus, the bark and cambium of all plant samples were removed prior to
distillation. Isotopic composition of extracted waters was determined usingrend IScientific
Delta V Plus run in continuous mode, connected to a tagiperature conversion elemental
analyzer (TCEA) via a Conflo IV. A Thermo AI 1310 autosampler injected three 1.0 pl aliquots
of each sample into the TCEA column, and the measurements were averaged .vigsult
normalized using a linear equation derived from theiberatory reference materials, and
reported as §°H ands®0 relative to WVSMOW (Gonfiantini 1978, Coplen 1988)ongterm 26
uncertainties for §°H and$'®0 using this procedure are +5.0 %o and +0.8 %o, respectively.
Isotopic analyses were performed at the University of Wyoming Stadifape Facility.

Similarity of alluvial isotopic compositions at depths >50 cm allowed us to lump these
samples into one water soulgtillips et al. 2005). Results showed that ryl@aters were at
times more enriched than the corresponding depéwrated shallow alluvial waters, suggesting
that plants were using water from surficial sediments. Shealluvial samples do not represent
discrete endnembers, quantitative mixing rdels(e.g.Phillips and Gregg 2001) were not used
to determine the proportions of water sources used by plants. Instead, isotopic compbsit

xylem waters relative to shallow alluviahters §'80rel = 6*80xyiem - $*¥Oshallow alluviun) Was
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analyzed Since root water uptake 6y tesota and other woody xerophytes can fractiorigte
(Ellsworth and Williams 2007), oniy*%0 wasanalyzed
3.2.3 Daily Water Use

Daily water use washaracterized with sap velocitlyeasurements at the four reacimes
Mohave Wash, from January 2013 to May 2014. One sensor was installe@.itessta and P.
microphylla at each reach, and irPaflorida andP. spinosusin the braided reach. Sap velocity
was quantified using 8eedle sensoi&ast 30 Sensors, Pullman, WA). The outer needles
measured temperature differentials at&,dnd 30 mm below bark, above and below a heat
pulse introduced by a line heater within the center neblasurements were averaged from 60
to 100 s following an 8 s heat pulse, and stored at 15 minute intervals using AM16/32B
multiplexers and CR1000 data loggers (Campbell Scientific, Logan, UT). In ordanttaslize
errors frominsolationand circumferential variation in flow ratensors were installedithin 1
m of the ground undensulatechousings on the north side of stem&olincrement cores
collected from eactree in May 2014 were used to estimate sapwood depth and moisture
content. Thermal diffusivity was estimated followiigndegehuchte and Steppe (2012), apd s
velocity wascalculaed using the Heat Ratio Meth@Burgess et al. 2001). Sap flow rates in
individual trees vary circumferentially due to complex xylem architectuydraulic
redistribution, and variable refilling of stem capacitafi@ergess and Bleby 2006, Kume et al.
2012, Shinohara et al. 2013). Because these sources of variation can introduce considerable
errors in wholetree sap flux estimated from a single sensor, seasonal patterns of watenogse
species and stream typeere comparedsing relative sap velocities.
3.2.4 Satistical Analyses

Seasonal variations in water potential &HtDrel were compared using repeated

measures ANOVAs. Separate analysesXaesota, P. microphylla, andP. florida included the
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effects of season, stream type, watershed, and all interactionsPSspa@sus occurred in
multiple stream types only in Mohave Wash, the effects of season and stpeawete
examined only for that watershed. Interspecific diffeesna water potential and isotopic
composition were examined using 2-way ANOVAs for each study reach, with se@son a
species as factors. Factors in all models were considered fixed effects, divigual plants
were treated as random effects. The cavere structures of repeated observations within
individuals were modeled with heterogeneous compa@ynaimetry, and multiple comparisons
used TukeyKramer adjusted confidence intervals.
3.3 Reaults

Annual rainfall at study reaches in Mohave Wash ranged from 130 to 165 mm in 2012,
and 145 to 192 mm in 2013. In Yuma Wash, annual rainfalls were 136 to 161 mm in 2012, and
96 to 108 mm in 2013. Different patterns of rainfall, streamflow, and alluvial watgent
occurred in each watershed. Monsoon storms produced three streamflow evenitesti@ll s
Mohave Wash, during July and September 2012, and September 2013 (Higjuser8&amflow
was more frequent in the piedmont headwater reach, where eight events ocegured3FA).
The upper 50 cm of alluvium in all reaches was saturated for less than onesdagpélit flow
event. Relative water content in shallow alluvium was most variable at theckendth
alluvium reach, and ranged from 7 to 30 %g(ife 3.1C). Water content below 50 cm at the
braided reach was more stable, and only varied in response to streamflow refiganmge (
3.1G). A siltstone aquitard underlying the incised alluvium reach maintainedateaated
conditions at ~200 cm depth from July 2012 to December 2013 (not shown).

Greater variation in streamflow frequency occurred between stream typamia \Wash
(Figure3.2). On 14 July 2012, monsoon thunderstorms produced up to 86 mm of rainfall,

resulting in overbank flooding in all study reaches. In the following month, two floozsred
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in the piedmont headwater and bedrock with alluvium reaches, but only one flow occtined at
incised alluvium and braided sites. These monsoon floods and smaller winter stontasneai
relativewater contents in the upper 50 cm of alluvium between 20 and 35 % through the
following spring. A modest streamflow event occurred during July 2013 at the pieda@nt w
incised alluvium, and braided reaches, raising shallow alluvial water conteféssSdhan one
month.

3.3.1 Seasonal Water Stress

Predawn plant water potentials followed a similar seasonal pattern at all stpesnmty
Mohave Wash (Figure 3.1). Minimum water potentials occurred during June in baghlyatar
increased water availability folving monsoon rainfall and streamflow reduced plant water
stress in late summer and fall months. Winter streamflow events improved planstatits
through the following spring at the piedmont headwater reach, where predawn watgalgote
ranged from2.3 to -1.2 MPa (Figure BB). Greater variability occurred at the bedrock with
alluvium reach, where water potentials ranged fr@r to -1.0 MPa foO. tesota and -3.0 to -
1.1 MPa forP. microphylla (Figure3.1D). Predawn water potentials varied betweki@ and
0.3 MPa at the incised alluvium reach, and seasonal variation was comparablespates)
(Figure3.1F). Similar dynamics occurred at the braided reach, and water potentiad feorg
-2.0 to -0.6 MPaKigure3.1H).

The stream types in Yuma Wash exhibited divergent seasonal patterns oftreaeisit
species within sites followed broadly similar patterns (Fi@2e Predawn water potentials
ranged from2.1 to -0.8 MPa at the piedmont headwaterh€&ayure3.1B), and -2.5 to -0.8
MPa at the bedrock with alluvium reach (Figurgld. At these sites, plant water status
remained high throughout the winter and spring of 2013, but did not recover from summer

drought during fall 2013. In contrast, recharge from monsoon floods in 2012 and 2013
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maintained elevated water potentials at the incised alluvium and braided reacitdsedst one
year. Water potentials ranged from -2.2 to -0.8 MPa at the incised alluvium regate (F2F)
and -2.4 to -0.4 MPat éghe braided reach (FiguB2H).

Seasonal patterns of water stress for all species differed among streanbtyydiffering
rainfall and streamflow inputs caused these patterns to vary between weaéisigd3.1;
Figure3.3). In both watersheds, the greatest disparities among stream types occumged dur
summer drought period®lneya tesota within Mohave Wash experienced similar water stress in
all reaches during winter, but had significantly higher water potentials atdised alluvium
reach dung summer and fall (Figur&3A). Water status d. tesota did not differ among
stream types during winter and spring in Yuma Wash, but summer water petentiedided
and incised alluvium reaches exceeded those in piedmont headwater and bedraltiwiith
reaches (Figurd.3B). Across all seasong, tesota in both watersheds experienced similar water
stresses in bedrock with alluvium and piedmont headwater strBarksisonia microphylla in
Mohave Wash experienced the greatest water stressnockeaith alluvium and piedmont
headwater reaches during summer and fall respectively (BR@, while the piedmont
headwater reach in Yuma Wash had the lowest water potentials in these season8.Gjyu
Water potentials dP. florida were similaracross stream types in both watersheds during fall and
winter months (Figure 3.3E, F), but water stress in the Yuma bedrock with alluvicmweaa
greater than other stream types during summer.

Interspecific differences in seasonal water stress occwitboh most of the study
reaches (Figurd.4). Olneya tesota experienced lower predawn water potentials than
microphylla along piedmont headwater streams in Mohave (p = <0.001) and Yuma Wash (p =
0.014). These differences varied seasonally in Mohave Wash (p = 0.042), and were greatest

during winter. In bedrock with alluvium streams, seasonal water statusimiéa among

40



species in Mohave Wash, HDt tesota had lower water potentials th&afloridain Yuma Wash

(p = 0.031). Water stress differed among species (p = <0.001) and followed d#fmeanal
patterns for species (p = 0.011) at the Mohave Wash incised alluvium reach. Predaxvn w
potentials were consistently highest Rorspinosus and lowestor P. microphylla. In contrast, no
interspecific variation in water stress was detected at the Yuma incised allkeach (p =

0.094). At the braided reach in Mohave Wash, species water stress differed (p = <0.001) but
followed similar temporal patterns. Except during summaswyothamnus spinosus hadthe

highest water potentials, whif@. tesota had the lowest.

3.3.2 Seasonal Water Sources

Isotopic composition of deep alluvium samples (>50 cm) from incised alluvium and
braidedreachesveresimilar to precipitation samplemdicating that deeper alluvial waters were
recharged by rapid infiltratiofFigure3.5). Shallow alluvial waters<60 cm) showedreater
variation ind'0 andd?H due to evaporative enrichmentyl¥m watersof the four speciewere
all within the range of shalo and deep alluvium, suggesting that plants were not accessing
exogenous water sources (e.g. the regional aquifer). Profié&from deep alluvial waters
varied by less thad %. before and after monsoon flooding in 2012, and reflected minimal
evaporate enrichment below 50 cm depth between samples (Figure 3.6).

Seasonal variation &0 of shallow alluvium differed between stream types within each
watershed. In Mohave Wash, the most posii¥® values typically occurred during summer in
all reachs (Figure3.7). Shallow alluvium at Yuma Wash exhibited greater variability,
particularly in spring and fall samples from piedmont headwater and bedrdcilvitium sites
(Figure3.8). During the winter and spring after the large September 2012 8dadof shallow

alluvium from the Yuma braided and incised alluvium reaches were similarpatde@um.
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In both watersheds, seasonal variation in isotopic composition of xylem waters wa
similar among species in each reach. In Mohave Wash, »/f@nvdues frequently equaled or
exceeded those of shallow alluvium, but xylem waters from braided and incisedrali@zches
were 3 to 11 %o lower than shallow alluvium during summers (Figures 3.7F, H). Seasonal
dynamics were considerably different at Yuma Wafs the piedmont headwater reach, xylem
5180 exceeded shallow alluvium by 5 %o during the winter of 2013, but were otherwise 3 to 11
%o lower (Figure3.8B). Xylem waters were 9 to P& lower than shallow sediments at the
bedrock with alluvium reach, but were within 3 %o of shallow alluvium from September 2012 to
March 2013 (Figure 8D). Xylem§®0 values from the incised alluvium and braided reaches
were similarlyless enriched prior to the September 2012 flood, but equaled or exceeded shallow
alluvium until the following summer (Figur&8F, H).

Differences betweed8O of xylem and shallow alluviun®t®Ore) varied seasonally
among stream types for all species (T&b®. Across both watershed3, tesota andP.
microphylla in piedmont headwater streams used more water from deep strata during fall, and
from surficial sediments during winter, than conspecifics in other strgags.tipuring summer,

O. tesota andP. microphylla relied more heavily on deep alluvial waterdraided reaches than
other sites. Seasonal variation in water sources among stream typesfated biétween
watersheds (Figur.9). Olneya tesota in piedmont headwater and bedrock with alluvium
reaches in Yuma Wash accessed water sources below 50 cm, but trees in these reaches at
Mohave Wash used shallow alluviuRarkinsonia microphylla §*0reivalues in piedmont
headwater and incised alluvium reaches were lower throughout the warm seasora at/ash
than at Mohave Wash, indicating a stronger dependence on deep water sourcdar Aatietin
occurred folP. florida along incised alluvium streams. Although water sources differed among

stream types for each speci&$0re values indicatedhat ceoccurring species did not use
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different water sources (Figu810). None of the 2vay ANOVAs for§'®0re in each study
reach contained significant effects fqrecies or season*species.
3.3.3 Daily Water Use

Sap velocities measured from January 2013 &y D14 illustrate differing temporal
patterns of water use across stream types in Mohave Wash (BigjlyePatterns of water use
by O. tesota andP. microphylla was similar at the piedmont headwater reach, where summer
streamflow resulted in two sustathtranspiration pulses (Figure 3.11B). Maximum daily sap
velocities forO. tesota (6.0 cm ht) andP. microphylla (3.2 cm h') occurred two weeks after the
first summer flow event. Regardless of season, relative sap velocitieslést 10 % forO.
tesota and 20 % folP. microphylla after two months without precipitation. At the bedrock with
alluvium reach, maximum sap velocities@ftesota (3.5 cm ht) andP. microphylla (1.9 cm h)
also occurred after monsoon streamflow (Fighildl D). Higher subsurface storage capacity
allowedO. tesota to maintain relative sap velocities up to 60 % of maximum through the
following spring, despite a lack of rainfall. Water use of both species gsmshian 20 %f
maximumduring summer droughtseimporal water use patterns differed between species at the
incised alluvium site (Figur8.11F).Olneya tesota sap velocities were more uniformly
distributed, ranging from 50 to 90 % of maximum (13 cth throughout much of the study
period. Maximum daily sap velocity & microphylla (1.1 cm h') occurred after the September
2013 flood, and water use through the following spring averaged 60 %.

Bimodal patterns of water use occurred at the braided reach in Mohave Wasé (Figur
3.11H). Relative sap veloo#s of bothParkinsonia species an®. spinosus exceeded 90 %f
maximum after rainfall events in winter and summer. Maximum daily sap velocities of
microphylla (1.6 cm h') andP. spinosus (3.2 cm ht) occurred during spring, while those©f

tesota (14 cm ht) andP. florida (14 cm h) occurred after the September 2013 flow. Water use
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of P. microphylla andP. spinosus declined to less than 20 % during the following winter and
spring, butO. tesota andP. florida maintained relative sap velocities between 30%heéo.
3.4 Discussion

Seasonal patterns of drought stress and water sources of riparian trees am S@sert
ephemeral streams differed among the hydrogeomorphic stream types. Fairig gr bedrock
with alluvium and piedmont headwater channels expee@ithe greatest seasonal water stress,
despite more frequent rainfall and streamflow inputs, while braided and incisedrallstreams
provided more mesic habitats for riparian trees. Relative sap velocities iddicatevater use
and gas exchange wezpisodic and more strongly limited by seasonal water availability in
piedmont headwater and bedrock with alluvium streams than in braided and incised alluvium
channels. Differences among stream types were most pronounced during suougletsdbut
were mnimal during the comparatively mild winter and spring months. Periods of reduced pla
water stress after large floods also persisted longer in incised allumthbraided streams.
These disparities in riparian tree water status among stream types padiiffetedces in
seasonal water sources. Plants in braided reaches accessed the deepest subsudacecest
during summer drought periods. During winter months, trees growing along piedradniater
streams foraged from the uppapst surficial sdiments, while conspecifics in other stream
types relied on water down to 50 cm depth.

Differences in seasonal water relations among stream types corrésp@mthtion in
alluvial characteristics along the riverine continuum. Deeper unconsolidiiedra in braided
and incised alluvium channels provides greater subsurface storage ctpacity headwater
stream segments (Harry etia prep., Kampf et alin review). Low infiltration rates and water
holding capacity of consolidated sediments undeglpiedmont headwater streams lead to

higher water stress during summer droughts, compared to plants growing orolidatets

44



alluvium (McAuliffe 1994, Smith et al. 1995, Hamerlynck et al. 2002). Despite more frequent
streamflow events in piedmont headwater and bedrock with alluvium re@ehdsoner et ain
prep.), limited subsurface storage resulted in greater seasonal water stregssaaitc water use
that was tightly coupled to moisture inputs. Differences in channel morphology aradiligyd
properties among stream typ&utfin et al. 2014nteract with these ecohydrological dynamics
to produce distinctive riparian plant communities (Shaw and Cooparep.).

Riparian trees alluvial stream reacheaglied primarily on waterfrom the upper 50 cm
of activealluvium during winter and spring months. They accessed deeper water sounegs duri
summer droughts and rainless autumn months. Following winter and spring rainfall, and
occasiondy after latesummer floods, all species extracted enrickater from thesurficial
sedimers. Studies from less arid regions have describegboraryuptake of shallow soil water
aftersummernainfall by woody plants that rely primarily on water from pgessil layers
(Williams and Ehleringer 2000, Schwinning et al. 2002, 2003, West et al. 2@7iilar
opportunistic use of shallow soil water by dryland woody phreatophytes have be¢ead &mon
ephemeral streafKolb et al. 1997, Snyder and Williams 2000) and valley floor settings
(Chimner and Cooper 2004, Kray et al. 2012)all cases, these shifts have been attributed to
increased water potential in nearrface sediments following infiltration. However, riparian
trees at some sites ukehallow water sources despite higher watailability in underlying
sediments.

Water usdrom shallow and surficial alluviutmay allow woody plant® maximize
nutrient uptake. Desert soils typically have low N content, and nuaneiiability is highest in
nearsurfacesedimentgNoy-Meir 1973, Collins et al. 2008). Streamflow pulses provide N and
labile C inputs to ephemerstream ecosystems, throustimulation of microbiahctivity as well

as nutrient imports from throughout the watershed (Belnap et al. 2005, Harms and Zexi®,
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Larned et al. 2010, Collins et al. 2014). Although nitrotpeimg bacteriacanoccupy root
nodules inO. tesota (Felker and Clark 1981) arRl spinosus (Jenkins et al. 1988), nutrient
pulses associated with periodic floods may provide critical resource subsidies

Riparian tree water sources were more variable in bedrock with alluvium andoptedm
headwater streams. Trees in piedmont headwater reaches, where active alltypicalig <50
cm deep, relied more heavily on deep water soufiase low infiltration rates minimize deep
wetting of consolidated sediments in these landforms (McAuliffe 1994, 1999, Smitli@95)
Hamerlynck et al. 2002)t seems unlikely that increased water availability promotes deeper
foraging. Irstead, accumulation of windblown salts or elevated surface temperatures hay lim
shallow root development (McAuliffe 19943easonal water sources and drought stress were
most variable between bedrock with alluvium reachiesly due to differing lithologies of the
underlying bedrocKTreesexperienced greater water stress and relied exclusively on shallow
alluvium at the Mohave Wash site, but plants in Yuma Wash maintained higher watergh®t
and used deeper water sources for much of the Alavium at the Mohave Wash site is
underlain by thick rhyolite sequences, while the Yuma Wash bedrock with alluvium clsannel
bounded by faulted granodiorite and gneiss (Eberly and Stanley 1978, Tosdal et aMb9&9).
extensive bedrock fracturing at the Yuma Wash site may have allowed greater adeegset
water sources underlying the active alluvium.

There waso evidence for water source partitioning amongceurring species. The
similarity of hydrologic nicheamong species at each sitaidds withthe differences in
spatial distribution and seasonal water status. Extreme droughts or othercpssratitions not
present during thstudy maycontribute tadistributional differences.

Despite similar water sources, interspecific differences in walkaions within stream

types were apparer®sorothamnus spinosus experienced the highest predawn water potentials,
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likely due to lower water demands associated with small leaf @¥dasn et al. 1984, 1989) and
dense leaf hair€sibson 1996)0OIneya tesota maintains the greatest leaf area throughout the
year, and typically had lower wateotentials than c@ccurring photosynthetic stem trees at sites
with shallow alluvium Parkinsonia microphylla had the lowest predawn water potentials of all
species in braided and incised alluvium streams. Differences in water statachegs with deep
alluvium may correspond to the spatial distribution of species within the fllonadlior.
Psorothamnus spinosus occurs exclusively on active channel sediments, whiteicrophylla

are often restricted to higher floodplain positions. Differing rechardevaerholding capacity

of shallow sediments between fluvial surfaces may underlie the divergent $gmdtaras of

water stress among species at these sites.

Minimum observed predawn watestpntials for the species in thegady sites were
comparable to values reported from other locatibfesan summer predawn water potentials of
P. spinosus fell to -1.9 MPa, and trees from similar habitats in southern California regularly
experienced predawn water potentials as low2&MPa (Nilsen et al. 19840 neya tesota
leaves lose turgor aB.7 MPa(Monson and Smith 1982, Nilsen et al. 1984), and minimum
reported predawn water potentials in field studies range from -2373dHa(Szarek and
Woodhouse 1977, Monson and Smith 1982, Nilsen et al. 198 species experienced
predawn water potentials down to -2.3 MPa in piedmont headwater reRahessonia
microphylla maintains positive assimilation at predawn water potentials aBav&Pa(Szarek
and Woodhouse 1978nd experiences complete xylem embolisrb &t MPa(Pockman and
Sperry 2000). In uplancettings,P. microphylla withstands predawn water potentials of -3.6
MPa(Halvorson and Patten 1974t studysitesin Mohave and Yuma Washmean predawn

water potentials during summer ranged fré@ to-2.0 MPa. Differences between observed
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water status and estimated physiological tolerances suggest that these wspeeinot strongly
limited by water availability in any stream type where they occurred.

Woody plant mortality during historic droughts in the Sonoran Desert was highest
marginal habitatthat experienced chronic water stréBswers and Turner 2001, 2002Yithin
the study areasevere or prolonged droughts are mosliko cause tree mortality in xeric
piedmont headwater and bedrock with alluvium streams. In all stream types)riateer
streamflow exerted strongand more persistent effects on ecophysiological performance than
winter storms. Changes to monsoon precipitation patterns will likely be a cretemhdnant in

riparian tree responses to climatic variation.
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Table3.1. Effects of season, stream type, and watershed on predawn water potential durimgl 203 aBold pralues are
significant ato. = 0.05. *2-way ANOVA for Mohave Wash only.

O. tesota P. microphylla P. florida P. spinosus*
Effect df F p df F p df F p df F p
Season (T) 3 47.0 <0.001 3 42.0 <0.001 3 38.0 <0.001 3 35.3 <0.001
Stream Type (S) 3 40.0 <0.001 3 9.18 <0.001 2 13.0 <0.001 1 23.1 <0.001
Watershed (W) 1 82.0 <0.001 1 60.3 <0.001 1 24.2 <0.001
T*S 9 5.18 <0.001 9 5.96 <0.001 6 2.70 0.023 3 2.03 0.15
T*W 3 4.20 0.009 3 1.65 0.19 3 5.16 0.004
S*W 3 8.04 <0.001 2 9.92 <0.001 1 17.1 <0.001
T*S*W 9 2.28 0.024 6 1.61 0.16 3 5.00 0.004
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Table3.2. Effects of season, stream type, and watershed on référeuring 2012 and 2013. Boldvalues are significant at=

0.05. *2-way ANOVA for Mohave Wash only.

O. tesota P. microphylla P. florida P. spinosus*
Effect df F p df F p df F p df F p
Season (T) 3 52.7 <0.001 3 25.5 <0.001 3 157 <0.001 3 44.0 <0.001
Stream Type (S) 3 3.01 0.034 3 15.2 <0.001 2 3.26 0.045 1 16.2 <0.001
Watershed (W) 1 7.30 0.008 1 14.8 <0.001 1 0.78 0.38
T*S 9 28.7 <0.001 9 34.7 <0.001 6 5.11 <0.001 3 18.8 <0.001
T*W 3 1.46 0.23 3 1.83 0.15 3 6.68 <0.001
S*W 3 6.29 <0.001 2 38.3 <0.001 1 8.62 0.005
T*S*W 9 9.69 <0.001 6 7.85 <0.001 3 2.21 0.10

50



Jan  Apr Jul Oct Jan  Apr Jul Oct

L i 1 1 i 1
—8— O. tesota

A — L
28 zm —O— P. microphylla i gg £
180 cm O P.florida L 40 £
300 cm @ P spinosus | o0 O
A TV S A Y W
T 1B
o
=
[m]
o
B
. E
> =
o
©
o
=
[m]
o
B
. €
S =
o
©
o
=3
[a]
o
>
. €
> E
a
‘©
o
=
[m]
o
=

Jan  Apr Jul Oct Jan  Apr Jul Oct

Figure3.1 Rainfall (P), relative water content (6r) and predawn plant water potential (Ypp) in
Mohave Wash during 2012 and 2013. Rainfall at piedmont headwater (A); predawn water
potential at piedmont headwater (B); rainfall avater content at bedrock with alluvium (C);
predawn water potential at bedrock with alluvium (D); rainfall and water corttertised
alluvium (E); predawn water potential at incised alluvium (F); rainfall and watgent at
braided (G); predawn water potential at braided (H). Points are mearecfospecies and error
bars are 1 S.E. Asterisks indicate streamflow events.

51



Jan  Apr  Jul Oct Jan  Apr  Jul Oct

1 1 1 L 1 1
—&— O. tesota

A — 20cm : - 80
B0/ —— P. mfcrophyﬂa [ 60 E
—O— P. fiorida L e
300 cm A - 40 —
—@— P. spinosus I o
| - 20
. A | P I
* *k * *
@ 1B
a  -11
g %ﬁﬁ
[a) =2
o |
> .3

OR
P (mm)

04 {C - 80
03 e | [ 60
02 ] - 40
0.1 1 [ I - 20
4]P

9

-3 4

Yo (MPa)

BR
o OO
N Wb
L 1 |n1
5 5 igs
o oo
P (mm)

0.1 = L 20
1 ar | N [}

Ypp (MPa)
(RN
; *

BR
o
N

04 {G - 80
0.3 1 N\ 50
2 | ] - 40

- 20
[}

P (mm)

Yop (MPa)

Jan  Apr Jul Oct Jan Apr Jul Oct

Figure3.2 Rainfall (P), relative water content (6r) and predawn plant water patial (Wep) in
YumaWash during 2012 and 2013. Rainfall at piedmont headwater (A); predawn water potential
at piedmont headwater (B); rainfall and water content at bedrock with allu@umrédawn

water potential at bedrock with alluvium (D); rainfall and water content at indisstiLian (E);
predawn water potential at incised alluvium (F); rainfall and water contendided (G);

predawn water potential at braided (H). Points are means for each speciesiabdrsrare 1

S.E. Asterisks indicate siamflow events.
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Figure3.3.Seasonal variation in predawn plant water potential (Wpp) Of Species across stream
types. Points are means of each species and error bars are 1 S.E. PH = piedmarteh&w
= bedrock with alluvium, 1A = incised alluvium, BD = braided.
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Figure3.7.Rainfall (P), relative water content (6r) and 580 values in Mohave Wash during

2012 and 2013. Rainfall at piedmont headwater (A); 6*%0 at piedmont headwater (B); rainfall

and water content at bedrock with alluvium (C); §'80 at bedrockvith alluvium (D); rainfall and
water content at incised alluvium (E); §'80 at incised alluvium (F); rainfall and water content at
braided (G); 580 at braided (H). Points are means for each species and error bars are 1 S.E.
Filled squares indicate shalldw50 cm) alluvium, open squares indicated deep (>50 cm)
alluvium. Asterisks indicate streamflow events.
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Figure3.8.Rainfall (P), relative water content (0r) and 580 values in Yuma Wash during 2012
and 213. Rainfall at piedmont headwater (A); 5§80 at piedmont headwater (B); rainfall and
water content at bedrock with alluvium (C); §*%0 at bedrock with alluvium (D); rainfall and
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braided (G); 520 at braided (H). Points are means for each species and error bars are 1 S.E.
Filled squares indicate shallow (<50 cm) alluvium, open squares indicated deem(>50
alluvium. Asterisks indicate streamflow events.
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4 Relative Importance of Abiotic arféiotic Limitations to Seedling Establishment

4.1 Introduction

Facilitation of seedling establishment by nurse plants is a widely reportaedméeon in
dryland ecosystem$iolmgren et al. 1997, Flores and Jurado 2003, GOomez-Aparicio 2009).
However, understanding the importance of this process along gradients of enwtiadrstress
in arid regions has stimulated considerable debate (Maestre et al. 2005, 2066ricrt
Callaway 2006)Addressing this controversy requires quantifying the effects iitdéige
mechanisms in alleviating environmental stresses, including abiotic restresse(s.g.water
limitation), abiotic norresource stress (e,g@xcessive solar insolation) and biotic stress from
herbivory (Maestre et al. 2009, Soliveres et al. 2014). Further clarification cirasl by
separate consideration of important fitness mmgssuch as survival and growMaestre et al.
2005, He et al. 2013).

Advancing our understanding of the mechanisms that facilitate woody plant
establishment in drylands requires knowledge of dlegtive effects of biotic and abiotic
stressors and their interactions, but relatively few studies have addressddanaee
environmental stressgBmit et al. 200, Soliveres et al. 2014). Previous field experiments have
found that canopy shading is the dominant facilitative mechanism for woody pkilistshent
in semiarid grassland and forest communit@allaway 1992, Castro et al. 2004, Gémez-
Aparicio et al. 2008, Good et al. 2018ut herbivory was identified as the primary limitation on
seedlng survival in a semiarid Australian woodland (Maher et al. 2010). Other studies have not
produced definitive results (Flores et al. 2004, Louthan et al. 2014). No manipulative

experiments have assessed the relatiyrtance of abiotic and biotic limitations on woody
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plant establishment in desert plant communities, where intense herbivory and clatemnic w
limitation create extreme environmental stresses.

In drylands around the world, pulses of woody plant recruitment occur during raisy year
that are driven by periodic climate events such as El-Smathern OscillatiofSwetnam and
Betancourt 1998, Holmgren et al. 2006b). In the most arid regions, anomalous wet periods may
be the only opportunities for perennial plant establishment (Ledn et al.. 20drEased water
availability can modulate seedling survival responses to herbivore prédsliregren et al.
2006a) and nurse plant shading (Tielbérger and Kadmon 2000, Barchuk et al. 2005, Padilla and
Pugnaire 2009, Butterfield et al. 2010). However, little is known about the potentially gomple
threeway interactiondetween herbivory, shade, and rainfall.

Survival and growth rates of woody plant seedlings often respond differently taabioti
stresg{Maestre et al. 2005, He et al. 2013). In dryland settingsendteading led to increased
seedling survival rates, growth responses have been highly variable (HastivEkcelli 2003,
Castro et al. @04, Gomez-Aparicio et al. 2005, Jefferson and Pennacchio 2005, Good et al.
2014). Similarly, the reported effects of annual rainfall on growth rates haee cansiderably
(Holmgren et al. 2006a, Squeo et al. 2007, Matias et al. 2012). Variation in growth responses to
abiotic stress may be driven by functional traits of both nurse and protégé spleicits stress
levels, and age of the proté@allaway and Walker 1997, Holmgren et al. 1997).

The Sonoran Desert of North America is an ideal system fesimgating the relative
importance of environmental stressors on woody plant seedling survival anti.graaiitation
by nurse plants has been studied for decades in this region and is known to be critical to the
reproduction of many plant taxa (Flores and Jurado 2003, Butterfield et al. 2010). As in other

deserts, nurse plants reduce extreme solar insolation and thermal stresslamdtarohronic
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water stress for protégé seedlii@allaway 2007). Herbivory by leporids (McAuliffe 1986,
1988) and ungulatg®\bella 2008)may also limit seedling survival.

To understand the processes limiting woody péstdblishmenand the relative
importance of facilitative mechanisms in arid ecosystéraddressed the following questions:
(2) Is microclimatic amelioration through shadirg protection from herbivores, the dominant
facilitative mechanism for seedling survival and grow@)?How do infrequent wet years
interact with shade and herbivoryatiect seedling survivand growth¥3) What is the relative
importance of herbivory by large and small mammals? (4) How does seedéimflsience
survival and growth responses to biotic and abiotic stressors? | answereguibstsens through
a twoyearfactorial field experiment examinirtge relative importance of herbivory, shade,
rainfall, and seedling size thesurvivaland growthof threecommon xeroripariatree species
of the Sonoran Dese®Ineya tesota A. Gray(desert ironwooy Parkinsonia microphylla
(Torrey) Rose & I.M. Johnston (foothills paloverde), &adkinsonia florida (Benth. ex A.
Gray) S. Watson (blue paloverde). To isolate the effects of facilitativeanestns from
competitive interactions and localized substrate alterations, artificial plarsiswere
constructedo mimic the shade and herbivore protection provided by natural benefactors
(Callaway 2007).

4.2 Methods

Experimental plots were establishedumvegetatedloodplain surfaces aloran
ephemeral tributary of the lower Colorado River in southwestern Arizona, USA (N 33.456123°,
E-114.492205°; 210 relevation). The study areslocated on the U.S. Army Yuma Proving
Ground within the Lower Colorado Valley subdivision of the Sonoran Desert, the most arid
portion of the Sonoran Desert (Shreve and Wiggins 1964, Turner and Brown [#@34)annual

precipitation ranges from 93 to 103 mm and mean daily temperasamgs from 130 32° C at
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nearby climate stations (NCDC cooperative stations 29654, 26865). In this hypertiedm
region, monthly potential evapotranspiration exceeds precipitation throughout tti8elézrs

and Hill 1974). Seasonal rainfall is derived froacKic frontal storms from November to

March, while convective thunderstorms of the North American Monsoon may occurdipto J
September. Upland surfaces are sparsely vegabgteow shrubs, but ephemeral streams support
comparatively dense xeroriparian communities containing diverse herbaceuss gilaubs and
trees(Shreve and Wiggins 1964, Turner and Brown 1994).

Experimental factors of shade and herbivory were applied in a randomized complete
block design, with four replicate blocks located on separate floodplain surfageks Bbnsisted
of eight 24 n plots, where all treatment levels of herbivand shadevere crossed. Herbivory
treatments consisted tifree levels, which excludefl) only small anima such asepus
californicus (blacktailedjackrabbit3 andSivilagus audubonii (desert cottontail rabbits); (ii)
only large mammals such Bguus asinus (feral asss), Equus ferus caballus (feral horses)and
Odocoileus hemionus (mule deer)({iii) all animals and a controlSmall animal exclosures
consisted of 60 cm tall fencing (6 mm mesh) around plot perimeters, buried 30 cm lmiad, gr
following Brown and Munger (1985).drge animals were excluded syspending
polypropylene deer fencing (Tenax Corp., Baltimore, MD, Ufsén 60 to 150 cm above
ground. Full exclosures used both types of fencing. Shadasgecomplished by covering plots
with 90 % shade cloth on wooden frames suspended 2.4 m thiemreund. The shade
treatmentevel was determined by averaging photosynthetically active radiation rapssus
(n = 20) under twoegionallycommon nursshruls, Bebbia juncea var. aspera Greene
(sweetbush) andmbrosia salsola (Torrey & A. Gray) Strother & B.G. Baldwircheesebugh

Each plot wasgit among two irrigation treatment levels, randomly assigned as irrigated

and ambient rainfallrrigation wasappliedby hand watering as monthly additions to ambient
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rainfall in 2012, to achieve an annual total of 175 mm, correspondigpi@ximately & yea
recurrence interval. This amount was determined by frequency analysisual aminfall totals
from a 55year record (1902013) in Quartzsite, Arizona (NCDC ID 26865; 265 m elevation)
located 33 km northwest of the study site, and was distributed following averagdymont
proportions of annual rainfall for those years. Irrigated subplots received aftdlamm in
addition to ambient rainfall, applied on 19 February (12 mm), 11 March (6 mm), 25 April (14
mm), and 16 August (12 mm). During 2013, all seedlings received ambient rainfafalRand
other meteorological variables were measured within 1 km of the experimexied.bl

Olneya tesota, P. microphylla, andP. florida were randomly assigned to spediea's
within eachsubplot.Eight large seedling®55 ml pots) and 24 small seedlings (164 ml pots)
wereinter-planted in each species row, allowing 90¢ emd 225 crafor each large and small
seedling respetively. Seeds collectedom the study area were sownequal parts composted
wood byproduct, peat, and perlite (QMell Brands, Inc., Tempe, AZ) at a nearby nursery
(Signature Botanica, Morristown, AZ). Large seedlings were grown fonfweaths inD40
deepots, while small seedlings were grown for four months in SC10 conet®learsinitial
heights of each plant size are shown in Table 4.1. All plants received two appBaafti21-5-20
fertilizer and one application of mycorrhizal inoculum (MyRcench, TriC Enterprises, Chino,
CA) while at the nursery.

A total of 6144plants were installed intihne experimentgblots during 11-14 January
2012, consistingf 512 large and 15386mall seedlings of each speci€s.minimize
transplanting shock, all seedlings were watered in with 11 mm over thre®Hiawysng
planting, after which time the irrigation treatments were imposedi&l rates were recorded
during approximately monthly censuses between January 2012 and Januaryr@@sihdsby

leporidsimmediately after plantingffectedall seedlings in unprotected plotminitial stem
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heights were measured oribr seedlings withirsmall animalnd fullexclosures (= 3072).
Changes in stem height were measured annually during January 2013 and&20érh traps in
each study block were used to document the principle agents of herbivory.

Experimental effest onseedlingsurvival and growth ere assessed by comparing least
squares means of generalized linear mixed models using Proc GLIMMIXSOSK(SAS
Institute Inc., Carey, NC, USA). Analyses of yearly survival and ve&agrowth rates (change in
stem height + initial height at the beging of each year) were performed separately for each
species. Categorical variables of ‘treatment’ (shade x herbivory), iongatnd seedling size
were used to model the logit of binomial survival responses, allowing for up tonthyee-
interactionsSince growth rates typically vary with plant size, relative growth rates wer
compared in ANCOVA models using the covariate of initial height (pooled acresslasses),
measured at the beginning of each year. Low survival rates resulesd ieglicatesvithin most
treatments, so seedlings were pooled into ‘shaded’ and ‘unshaded’ plots to zeakagriees of
freedom for growth comparisons. This decision was supported by preliminaygesiahowing
that ‘treatment’ was not significantly related to relatgrowth rates of any species (p > 0.54). In
both analyses, experimental factors were considered fixed effects, whitdkiokls and their
interactions with experimental factors were treated as random effects. Mattipfgarisons
were made using Tukegramer adjusted confidence intervals, and all reported differences were
significant at o = 0.05.

4.3 Reaults

Ambient precipitation during 202#as B0 mm, correspondini@ a longterm recurrence
interval of 2.2 yr (exceedance probabili/= 0.46; Figire 41). A lack of winter and spring
rainfall caused the first half of 2012 to be abnormally dry, but monsoon thunderstoeds rais

cumulative precipitation above the long-term median after July. In iedgasubplots, monthly
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additions to rainfall during the dry winter and spring months resulted in an annualf tb7&l
mm, with a recurrence interval of 5.5 ® £ 0.18). A streamflow event lasting 1 hour occurred
on 13 July 2012, but stage indicators showed that none of the experimental plots were inundated.
In 2013, when irrigation treatments stopped and all seedlings received ambierit rainfal
precipitation followed a more typical annual distribution and totaled 136FPm10(43), and no
streamflow occurred at the study sites. Total potential evapotranspilonlated using the
PenmarMonteith method (Allen et al. 1998), was about 2500 mm in each year.
4.3.1 Seedling Survival

Overall survival rates after onear were 3.6 % foDlneya tesota, 6.3 % forParkinsonia
microphylla and 6.6 % foP. florida. The effects of herbivgt shadeirrigation and plant size on
survival rateovertime were similaamong species (Figurds2-4.4. Small mammal herbivory
killed the majority of seedlings that were accessible soon after planting. Whérarsmals
were excluded, desiccationduced mortality during spring and summer constrainedyeat-
survival.

Regardless of irrigation treatment or plant size, intense loegbby leporids killed all
seedlings in plots accessible to small animals during the first yearirgsddlunshaded plots
open to small animals were all dead by June 2012, while those in shaded plots died by January
2013. No large animal herbivory oceed in any othe experimental plots, and 3187
photographs from camera traps indicated that seedlings were consumed dydbydiepus
californicus andSlvilagus audubonii.

Shading significantly increased firgear survival of all species (‘treatmesffect, Table
4.2). Overall survival rates ranged from 20 to 31 % in shadedl animal exclosures, while
only 0 to 3.1 % of seedlings survived in unshaded plots. Survival in shaded full exclosures was

lower forO. tesota (9.0 %) andP. florida (18 %) tha in shaded small animal exclosures.
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Mean survival rates in irrigated subplots exceeded those in ambient raibfalbts by a
factor of 2.7 to 3.0 (Table 2). Significant treatment x irrigation effects indicate that annual
rainfall modified the survivalesponses of all species to shading (Figure 4.5). The highest
survival rates occurred in irrigated subplots within shaded small animal exeddSutesota, 32
%,; P. microphylla, 38 %;P. florida, 50 %), which exceeded survival of unirrigated seedlings in
the same plots by factors of 3.6 fortesota, 1.7 forP. microphylla, and 3.0 folP. florida.
Comparable increases occurred within shaded full exclosures. In unshaded ple¢sllings
lived beyond the first summer without irrigation, while up to%.8f irrigated seedlings
survived.

Survival rates were higher for lar@e tesota andP. florida seedlings compared to small
seedlings, and plant size mediated the effects of irrigation and shademacesgTabld.2). In
ambient rainfall subplots, survival of lar@e tesota andP. microphylla seedlings exceeded that
of small seedlings by factors of 5.0 and 1.8. Differences among size classdswasrin
irrigated subplots, but large seedling survival was stildc620 % higher. Survival rates of large
seedlings were always higher than small seedlings in shaded plots, but déferemne less
consistent in unshaded plots. Treatment X irrigation x size effects \gaikcaint for each
species (Figurd.6). Surwal of large seedlings was generally highest in all treatment
combinations, while unirrigated small seedlings had the lowest survival rates.

Overall survival rates were substantially higher during the second year, andf@béo
remainingO. tesota (n = 74), 84 % oP. florida (n = 135), and 80 % d¢¥. microphylla (n = 128)
lived until January 2014. Since the surviving seedlings were protected from srhalbhes,
mortality was caused exclusively dgsiccation during summer (Figures 4.2-4.4).cise
survival responses to experimental factors diverged during the second year, witbfrthec

mortality occurring in plots with high firstear survival.
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Survival rates of each species differed among shade treatments during titkyseco
(Table4.3). In unshaded exclosures, all of the remaifingesota (n = 1) andP. florida (n = 9)
seedlings survived, but only 29 %RBfmicrophylla survived (n = 7). Seedling survival in
shaded exclosures was between 78 and 91 %, a@dtetiota andP. florida mortality occurred
in these plots.

Overall O. tesota andP. florida survival was not affected by irrigation during the
previous yearbutP. microphylla survival was 13 % lower in irrigated subplots (Table 4.3).
Interactions between firgtear irrigation ad shale differed among species (Figur@y Survival
rates of irrigated. tesota andP. florida seedlings was highest in unshaded plots, but irrigated
microphylla survival was 65 % lower in unshaded plots.

As during the first year, overall survivdl large seedlings was higher than small
seedlings (Tabld.3). Relative to small seedlings, large seedling survival differed by < 3 % in
shaded plots foD. tesota, but was 10 to 12 % higher fBr microphylla and up to 23 % higher
for P. florida. Significant treatment x irrigation x size effects for each species describe complex
variation in survival responses among experimental factors, but lack of tepladewed only
coarse distinctions mhin multiple comparisons (Figue8).

4.3.2 Seedling Growth

Meanstem height of surviving. florida seedlings (n = 135) increased by 109 + 6.2 %
(mean = SE) during the first year, while tesota (n = 74) and®. microphylla (n = 128) heights
increased by 79.8 + 7.8 % and 47.4 + 4.1 %. Unlike survival ratesydiasggrowth rates of all
species were unaffected by supplemental irrigation (Ta#B)e The mean relative growth rate of
P. florida in shaded plots (1.13) was twice as large as in unshaded plots (0.553), but shading did
not affectP. microphylla growth. The effect of shade @ tesota growth was not evaluated,

since only one seedling survived in unshaded plots. Relative growth r&etesdta andP.
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microphylla declined at similar rates withcreasing initial height (Figuré.9A, 4.9B).
Significant shade x initial height interaction reflected differences indg@pendent growth rates
between shaded and unshaded plots (Table 4.4). Growttlofida seedlings decreased with
initial height in shaded plots, but growth rates increa$igtitly with seedlig height in
unshaded plots (Figure 4.9C).

During the second year, relative growth rates of the remaining seedlerg
substantially lower and similar among species. Mean stem height inttpa$6.2 + 3.6 % for
O. tesota (n = 63), 21.7 + 2.7 % fd?. florida (n = 113), and 17.7 = 2.6 % fBr microphylla (n
=102). Irrigation during the previous year did not affect growth of any spe@bi(45). In
contrast to the first year, growth ratedoflorida seedlings were not influenced by shade, and
the effect of shade dD. tesota andP. microphylla growth was not tested due to scarcity of
seedlings in unshaded plots (n = 1 and 2, respectively). Seedling height at the begitireng of
second year was not related to growth rates of any species in ANCOVA madeisiog
interactions.

4.4 Discussion

Variation in annual rainfall can influence the relative importance of abiotic atid bi
stressors on woody plant seedling survival in arid environments. Under appedyimatiian
annual rainfall, 100 % mortality occurred in plots lacking shade or protection frolin sma
herbivores, reflecting equal influence among abiotic and biotic strefsamtrastpiotic stress
from herbivory outweighed abiotic resource stress (water limitation) andesonsce stress
(excessive solar insolation) under conditions of enhanced rainfall. Previous worlstidisedke
seasonal variation in the relative importance of biotic and abiotic facilitativeamisafs to tree

establishment in semiarid to subhumiddverranean foresi{®erea and Gil 2014). This study
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expandg our understanding of these processes by documenting the role of annual rainfall on
facilitative mechanisms in an arid xeroriparian ecosystem.

The stresgradient hypothesis suggests that facilitation becomes increasingly important
as environmental stress increa@@srtness and Callaway 1994 he greater importance of
shade to seedling survival under higher abiotic stress (lower annual raofgbrts this notion.
It has also been suggested that associational resistance is weaker under hogstralsstand
becomes increasingly important as abiotic stress de¢fsmi et al. 2009)My data contradict
this assertion, by showing the critical need for herbivore protection under tiogtedsotic
stress levelsThe use of dificial nurse plants to provide shade and herbivore protection neglects
potential negative plant interactions, such as competition for water. Outcomasvigea
interactions with living nurse plants may be less positive with higher rainfall, somspetition
likely increases with lower abiotic stre€3allaway and Walker 1997, Holmgren et al. 1997).

Periodic years with abovaverage precipitation are critical windows for woody plant
establishment in the Sonoran Desert (Butterfield et al. 2010) and other dryland (8gietrsam
and Betancourt 1998, Holmgren et al. 2006b). For all species, enhanced precipitatiothduring
first year increased survivorship under shade and allowed the survival of unshatliedsee
which otherwise died. Previous work has also highlighted the role of rainfall in modutlai
facilitative effect of nurse plant shadifigitzberger et al. 2000, Tielbérger and Kadmon 2000,
Barchuk et al. 2005, Padilla and Pugnaire 2009). However, intense herbivory by leporids
precluded seedling survival regardless of rainfall amounts, and the interdstaeen climate,
shade and plant size were only apparent when these abundant herbivores were excluded. This
finding is supported by work in South American drylands showing that high herbivore pressure

can imit tree establishment even during infrequent rainy y@4dodmgren et al. 2006aY he
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overwhelming importance of herbivory in constraining tree seedling establshas also been
reported from less xeric regions in the Sonoran Desert (McAuliffe 1986, Betvals2004).

In contrast to the initially positive effects of shade and irrigation, tteeters led to
slight reductions irD. tesota andP. florida survival during the second year. Low replication due
to very high first year mortality, particularly in uregted plots, may have limited my
understanding of second year effects. However, lower root : shoot ratios and gtielogical
tradeoffs in shadacclimated seedlings may have made them more susceptible to subsequent
drought stress (Smith and Huston 1989, Holmgren et al. 1997).

Lepus californicus andSlvilagus audubonii appear to be the primary biotic agents of tree
seedling mortality within the most arid portion of the Sonoran Desert. These commadsiepor
North American drylands consume woody vegetation during droughts and in winter months,
when preferred grass and herbaceous forage is unavdlden 1966, Westoby 1980,
Anderson and Shumar 1986, Hoagland 1992, Wansi et al. 286&)liffe (1986)also
observed that leporid herbivory was a primary constraimt. onicrophylla seedling survival,
and leporid exclosures in the Chihuahuan Desert significantly increased suatagabfrwoody
plantseedlings (Martinez and Lop€ortillo 2003, Roth et al. 2007). Leporid population
densities can vary due to disease and predation (Lightfoot et al. 201etatasno evidence
that leporid abundance was abnormally high during the study. Although native and feral
ungulates commonly browse larger saplings and mature trees within theastadJ. Shaw,
unpublished data), they had no effect on seedling survival exgrerimental plotlneya
tesota andParkinsonia spp. are known to be important dietary components for n@tieeoileus
hemionus (Marshal et al. 2004, 2012, Alcala-Galvan and Krausman Zf\djeralEquus asinus
(Abella2008, Marshal et al. 2012). The lack of ungulate herbivory on seedlings may reflect their

vertical browsing preferences for taller vegetation (Crawley 1983, Ward 2006).
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Growth responses to rainfall and shade diverged considerably from seedlinglsurviva
(Maestre et al. 2005, Brooker et al. 2008, He et al. 2013). While enhanced rainfall improved
survivalrates of all specieg,did not affect above-ground relative growth rates. A similar lack of
sensitivity in growth rates to annual rainfall, despite significant effec survival, has been
observed in woody plants from the Spanish Mediterrafatias et al. 20123nd the Atacama
Desert(Squeo et al. 2007). Shading resulted in a doubling ofyfeat-stem growth in
Parkinsonia florida, but its congend?. microphylla grew at similar rates in open and shaded
plots. In contrast to the substel interspecific variation in mean stem growth rates during the
first year, all species exhibited similarly low stem growth rates during tbadeear. The
declining effects of facilitative mechanisms on survival and growth during toadgear may
reflect ontogenetic shifts in sensitivity to abiotic stres§Gedlaway and Walker 1997, Callaway
2007).

The spatial distribution and ranges of the three dominant tree speciesdiffese
xeroriparian commnities(Shreve and Wiggins 1964, Turner et al. 1995t my analyses
suggest that they possess broadly similar regeneration niches. Seedivej suall three
species is strongly depdent on the shade and herbivore protection afforded by nurse plants.
Interspecific differences in stem growth rates did not persist into toedeear, suggesting that
above-ground growth rate does not comprise a substantial axis of differentiatiog amo
regeneration nicheRecruitment rates are likely greatest during years of high precipitation,

whenfewer seedlings are killed by abiotic stressors.
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Table4.1. Sedlinginitial stem heights (cmafter planting.

Species Size Mean S.E.
O. tesota Large 21.4 0.72
Small 12.1 0.44
P. florida Large  31.9 0.84
Small 17.8 0.33
P. microphylla Large 20.1 0.46

Small 13.6 0.36
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Table4.2. Effects of treatment, irrigation, and plant size on seedling survival duringsthe fir
year. Bold pvalues are significant at o = 0.05.

O. tesota P. microphylla P. florida
Effect df F p F p F p-value
Treatment (T) 9 2.39E5 <0.0001 957 <0.0001 | 4.30E5 <0.0001
Irrigation (1) 12 1.04E5 <0.0001 | 4.14E3 <0.0001 | 1.93E6 <0.0001
TxI 12 3.71E3 <0.0001 | 1.64E3 <0.0001 | 1.12E5 <0.0001
Size (S) 984 | 4.01E4 <0.0001 0.00 0.99 Infty <0.0001
TxS 984 68.6 <0.0001 25.3 <0.0001 Infty <0.0001
I xS 984 | 1.34E3 <0.0001 158 <0.0001 Infty <0.0001
TxIxS 984 110 <0.0001 98.7 <0.0001 Infty <0.0001
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Table4.3. Effects of treatment, irrigation, and plant size on seedling survival during tmelsexar. Bold pralues are significant at o
= 0.05.

O. tesota P. microphylla P. florida

Effect df F p df F p df F P
Treatment (T) 2 Infty <0.0001 4 1.77E4  <0.0001 3 62.3 0.0042
Irrigation (1) 2 4.05 0.18 5 3.33E3  <0.0001 3 2.30 0.23
T x| 2 Infty <0.0001 5 40.4 0.0014 3 Infty <0.0001
Size (S) 57 28.0 <0.0001 105 2.87E3  <0.0001 115 80.8 <0.0001
TxS 57 Infty <0.0001 105 17.1 <0.0001 115 Infty <0.0001
I xS 57 Infty <0.0001 105 Infty <0.0001 115 4.03 0.047
TxIxS 57 Infty <0.0001 105 Infty <0.0001 115 Infty <0.0001
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Table4.4.Effects ofshadejrrigation and seedling initial heigb relative growth rateduring the firsyear. Samplewere pooled
acros shaded and unshaded plots and plant sizesinitilt height (H, cm) as a covariate. Bolevplues are significant at= 0.05.

O. tesota P. microphylla P. florida
Effect df F p df F p df F p
Shade (Sh) * 116 0.41 0.52 123 6.34 0.013
Irrigation (1) 3 1.80 0.27 3 0.07 0.80 3 0.00 0.97
Initial Height (H) 41 10.7 0.002 116 5.79 0.018 123 0.53 0.47
ShxH * 116 1.01 0.32 123 3.92 0.050
| x H 24 0.82 0.37 116 0.07 0.79 123 0.00 0.97

* shade effect excluded due to lack of replicates in unshaded plots.
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Table4.5. Effects ofshadejrrigation and seedlingnitial height onrelative growth rate during the second ye&amplesvere pooled
acrosshaded and unshaded plots and pdargs with initial height for second year fHcm) as a covariate

O. tesota P. microphylla P. florida
Effect df F p df F p df F p
Shade (Sh) * * 1 0.22 0.72
Irrigation (1) 2 0.06 0.83 3 0.24 0.66 3 0.17 0.71
Initial Height (H) 54 1.75 0.19 92 2.02 0.16 100 2.27 0.14
Shxh * * 100 0.02 0.88
| X Hz 54 0.19 0.66 92 0.07 0.79 100 0.15 0.70

* shade effect excluded due to lack of replicates in unshaded plots.
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error bars are 1 SE. Letters indicate significant differences amongtpeses means o =
0.05. See legend in Figure 4.6.
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5 Synthesis

The preceding chaptestied light on fundamental issues in dryland riparian plant
ecology Analysis of spatial patterns in riparian vegetation witheancontext of a
hydrogeomorphic stream classification identifted physical drivers of reaebcale
compositional variation, and the species and plant functional groups undénksegspatial
patterngChapter 2)Examination of seasonat@hydrologicadynamics inriparian trees along a
fluvial gradient highlighted the rolef alluvial characteristics in mediating the responses of plant
water relations to hydrologic variations (Chapter 3). A-txgar factorial field experiment
showed that herbivory owreighed abiotic stressors in limiting woody plant estabfient, and
clarified how annual rainfall influences the importance of facilitative mechanismsdtrsg
survival (Chapter 4). These findings can be used to inform management andioeséctatties
by clarifying the relative sensitivities of stream types to disturbance alrdlbgic alteration,
facilitating the identification of appropriate reference conditions, and provadbasis for
sample stratification

My results also revealed noveladydrological processes that contradict current ideas on
how large woody plants use available water in arid ecosysterhabitats with deep sediment
profiles, all four of the dominant riparian tree species in the western Sonorait i2éed on
shallow water sources throughout much of the year, despite higher watebifityaifadeeper
sediments (Chapter 3). Theentrass with previous investigationsom a broad range of
habitats which found that large woody plants rely on deep water sources, rioriefly access
shallow soil water during favorable conditions (Kolb et al. 1997, Snyder and Williams 2000,
Williams and Ehlanger 2000, Schwinning et al. 2002, 2003, Chimner and Cooper 2004, West et

al. 2007a, Kray et al. 2012). Throughout the ephemeral stream continuum, | also showed that c
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dominant tree species did not partition water sources, even in stream typefdubjebtonic
water limitation (Chapter 3). These findings provide new avenues for futuexalgssendhelp to
refine our understanding of how plamsgeract withtheir environment-urther clarification
could be gained by testing the following hypottseg&) Nutrient (e.g., nitrogen) uptake is
maximized during seasons when shallow alluvial water sources are usedd{@logi niche
partitioning among species is greatest during severe and prolonged drought periods

Variation in riparian vegetatiotmroughout ephemeral stream networks of the Sonoran
Desert corresponded to differences in channel planform, substrate typateaaldconfinement
(Chapter 2). Hydrogeomorphic stream types defined by these qualitatorgothes suppoed
distinctiveplant species and functional groagsemblages. Spatial variation in plant compasitio
within these arid watersheds svdriven by abundances of the most common species and
functional types in the regional flora. Vegetation differences amongrstygees correspored
primarily to variation in channel gradient. The importance of this physicalrdaflects the
direct influence of fluvial disturbance, atiteindirect effects of substredmediated water
availability, in shaping riparian ecological dynamics.

Seasonal patterns of water streasd the sources of water that sustain riparian,trees
differed among hydrogeomorphic stream types (Chapter 3). Water stressstasevere and
persistent in distal portions of Sonoran Desert ephemeral stream networlesthumatiuvium
limited subsurface water storage. In these stream types, water use wasadighled to periodic
rainfall and streamflow inputs. Trees growing in downstream segmengsrengtthick alluvium
reliedlargelyon water derived from the upper 50 cm of alluvium, but aeces=eper water
sources during summer droughf®asonal water stresss lowest and riparian tree water use
was leasvariable in these stream types. Acrdss gradient of riparian habitgtso-occurring

species did not partition subsurface water sources.
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Riparian tree seedlgnsurvival in these watersheds was most strongly dependent on
herbivore protection provided by nurse shruwisile the importance of facilitation through
canopy shading varied with annual rainfall (Chapter 4). Herbivory by leporidd &ille
accessible seedlings within months of planting, regardless of shading all mmmbdunts. When
protected from small herbivores, no seedlings survived beyond one year without shading under
approximately median anabrainfall. In contrast, up to 6 % of seedlings receiving the same
rainfall survived in shaded small animal exclosures. Survival rates werkcsigtly higher
under enhanced annual rainfall corresponding to a 5.5-year recurrence interval, argl\sbadi
not required for seedling survival. Despite significant effects on survived|isg growth rates
were not significany affected by shade or rainfall amounts. Establishment of Sonoran Desert
riparian trees is strongly dependent on herbivore protection and canopy shading provided by
nurse shrubs, but the importance of shaateedwith annual rainfall.

These studiebighlighted critical elements of the physical environment, across spatial
scales ranging from watersheds to shrub canopies, which condition vegetationeg$pons
hydrologic fluxes in an arid ecosystem. Variation in network position and althaahcteristics
give rise to distinctive ecohydrological responses to rainfall and st@araflentsCo-varying
gradients of fluvial disturbance and channel morphology, superimposed on contrastiregesubs
types, interact witlhthesewater stress regimes to prodwsatial variation imiparianvegetation
composition At finer spatial scalesyurse shrub canopies mediate the survival response of
woody plant seedlings to climatic variation and biotic disturbance.

These analyses alsemonstratehat hydrogeomorphic stream classificaticas provide
a valuable conceptual framewdik understanding spatiotemporal dynamics in dryland riparian
ecosystems. The ephemeral stream classification descritsaatfioy et al.(2014)characterizes

segments of the fluvial continuum that correspond to dift@eimecohydrological process
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domains. Pecific physical and biotic attributes of each stream type will likaly acoss
regions with differing geology, climatic patterns, biogeography, and landHosesver,
consistent biotic attributes of stream types within the study area, ande@umsajmatterns reported
from arid regions across the globe, indicate that this conceptual approach is bpmdidigble.
5.1 Implicationsfor a Changing Climate

Projectedncreass intemperatures and reducethter precipitation are expected to
result in vegetation changes throughout the southwestern United States (NataPOER).
Considerable uncertainties remain in predicting changes in precipitation deareth& North
American Monsoon (Farrara and Yu 2003) and El Nino-Southern Oscillation ¢@&eiitst al.
2013).However, significant decreases in the magie or frequency of rainfall, andcreases in
evapotranspiration rates, will amplify seasonal drought stress.

Plant communities ipiedmont headwater, bedrock, and bedrock with alluvium streams
are likely to experience the most immedietiects fromclimatic shifts.Less frequent hydrologic
pulsesin these stream typ®&all cause greater reductionsplantavailable water, due tanited
subsurface water storage capacity (Kampf ahakview). The ability to access more stable
water sources in deeper alluvium can buffer riparian trees atorsgd alluvium and braided
streams from shotterm drought¢Chapter3), but reduced neaurface water availability may
cause declines in the abundances of shattmted plants such as herbs, cacti, and subshrubs
(Jackson et al. 1996, Schenk and Jackson 2002b). Although trees and other deep-rooted plants in
these stream type®uld minimize drought stress by using deeper water squacesss to
nutrient pools in shallow alluvium would decline. Woody plant mortality due to short but severe
droughts would likely benost extensive idistal network positions. Over longer tiraeales,

increased ariditgould result in compositional shifts throughout ephemeral stream networks.
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Establshment of the dominant riparian tree species in this regimost successful
during years of abovaverage rainfall (Chapter 4). Therefgpegjected cimate changes will
likely resultin less frequent reproduction of large woody pla@tger decadal time scalghis
could lead to reduced structural complexity in riparian plant commurnities.densityvould
decline asnature individuals die, but are not replaced.

The effects of more frequent and intense storm events on channel morphology and
riparian vegetation are expected to differ among stream types. Increasedistoooance will
probably not cause significant changes in bedrock streams, where chanmariesuare
resistant to erosiomut alluvial stream segments could experieamoee extensig vertical and
lateral adjustment to changing water and sediment fl(ieghton 1998). Channel widening
and bank erosion may have the greatest impact on riparian vegetatiomaised alluvium
streams, particularly where channel confinement is high and floodplain susi@ckmited to
narrow benches. Lateral channel adjustment from periodic floods is a commoa &éditaided
streamqGraf 1981, Merritt and Wohl 200330 lesser changes are likelythis stream type.
Infrequent flood events provide deep recharge in braided and large incisednalgireams,
whereas direct precipitation typically does not infiltrate below 100 cm (Katrgdfin review),
so increased storm severity could benefit dexted vegetation in these downstresegments
5.2 Management I mplications

Since thehydrogeomorphic stream types charactedizéinctivephysical and bilmgical
environments throughosgtream networkéChapter 2)theyprovide a mechanistic basis for
samplestratification in resource assessitseand mapping. €ésource managers can also make
inferences on ecological processes and properties, based on the quédi#tines of channel

confinement, planform, and boundary materials. By identifying the hydrogeomorphitetha
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type of a given stream reach, managers can infer the composition of ripariari»egetd
seasonal water relations of large woody plants.

Differences inecohydrologicaprocesseand riparian vegetaticeamong stream types
suggestliffering sensitivitiego disturbance and land use. Bedrock with alluvium and piedmont
headwater streams are liketybethe most sensitive stream types to hydrological alterations
from land use and infrastructure development. Plant ecophysiological functioningen the
streams are tightly coupleéd streamflow pulses, where seasonal variations in water availability
and plant water stress are greatest (Chapter 3). Similatyrlmancdo vegetation in piedmont
headwater streams will likely have lofagsting effects, since limited water availalyilib these
channelsouldimpair plant establishmef€hapter 4. Ecological impacts can be minimized by
considering these ecohydrological dynamics whlanning the location and types of land use.
5.3 Restoration Implications

The hydrogeomorphistream types can be used to determine reference conditions for
ephemeral stream restoration. Appropriate plant community composition and déhaipyer
2), as well aghannel dimensions and hydraulic geometry, can be estimated from unimpacted
reachedrom the same stream type. This approach will provide realistic restoratietstarg
enhancing the likelihood of success.

Revegetation efforts will also be facilitated by understanding the limitations toywood
plant establishmenPBrotection from herbivoresnd shading are critical requiremefdstree
seedling survival in the western Sonoran Desert (Chapter 4). Multiple approaaltebe used
to provide these conditions, ranging from shaded cages and tree shelters,d@fards®) plans
beginning with pioneer shrubs before tree seedlings. Plantings should consist @fdsie la
seedlings possible, since they have the highest survival rates under albcsnd@tipplemental

irrigation is needed to maximize transplant survival under typical climatidtcaors] but

94



logistical constraints and additional costs may limit the feasibility of this technigemate or

extensive siteRRevegetation projesturinginfrequent wet years are likely b2 most effective.

95



6 References

Abdel Khalik, K., M. EI-Sheikh, and A. El-Aidarous. 2013. Floristic diversity and vegetation
analysis of Wadi ANoman, Mecca, Saudi Arabia. Turkish Journal of Botany 37:894—
907.

Abella, S. R. 2008. A systematic review of wild lgrazing effects on Mojave Desert
vegetation, USA. Environmental Management 41:809-19.

Alatar, A., M. a EI-Sheikh, and J. Thomas. 2012. Vegetation analysis of Wddfa#tf; a hyper
arid region in Najd, Saudi Arabia. Saudi Journal of Biological Sciences 19:357-368.

Alcala-Galvan, C. H., and P. R. Krausman. 2012. Diets of desert mule deer in altered habitats in
the lower Sonoran Desert. California Fish and Game 98:81-103.

Ali, M. M., G. Dickinson, and K. J. Murphy. 2000. Predictors of plant diversityhgperarid
desert wadi ecosystem. Journal of Arid Environments 45:215-230.

Allen, R. G., L. S. Pereira, D. Raes, and M. Smith. 1998. Crop evapotranspiration - Guidelines
for computing crop water requirements. FAO Irrigation and Drainage Paper 56. Food and
Agriculture Organization of the United Nations, Rome, Italy.

Al-Rowalily, S. L., M. |. EIBana, and F. A. R. Al-Dujain. 2012. Changes in vegetation
composition and diversity in relation to morphometry, soil and grazing on a asiger-
watershed in the central Saudi Arabia. Catena 9491

Anderson, J. E., and M. L. Shumar. 1986. Impacts of black-tailed jackrabbits at peak population
densities on sagebrush-steppe vegetation. Journal of Range Management 39:152-156.

Anderson, M. J. 2001. A new method for nmerrametric multivariate analysis of variance.

Austral Ecology:3246.

96



Anderson, M. J. 2006. Distance-based tests for homogeneity of multivariate dispersi
Biometrics 62:245-53.

Angiolini, C., A. Nucci, F. Frignani, and M. Landi. 2011. Using multisgeianalyses to assess
effects of fluvial type on plant species distribution in a Mediterranean kivetlands
31:167-177.

Baker, W. L. 1989. Macraand micrescale influences on riparian vegetation in western
Colorado. Annals of the Association of AmencGeographers 79:688.

Balding, F. R., and G. L. Cunningham. 1974. The influence of soil water potential on the
perennial vegetation of a desert arroyo. The Southwestern Naturalist 19:241-248.

Baldwin, B. G., S. Boyd, B. J. Ertter, R. W. Patterson, T. J. Rosatti, D. H. Wilken, and M.
Wetherwax. 2002. The Jepson Desert Manual: Vascular Plants of Southeastern
California. University of California Press, Berkeley, California.

Barchuk, A. H., A. Valiente-Banuet, and M. P. Diaz. 2005. Effect of shrubs anchakaso
variability of rainfall on the establishment of Aspidosperma quebracho-blaneo in t
edaphically contrasting environments. Austral Ecology 30:695-705.

Belnap, J., J. R. Welter, N. B. Grimm, N. Barger, and J. A. Ludwig. 2005. Linkages between
microbialand hydrologic processes in arid and semiarid watersheds. Ecology 86:298—
307.

Benda, L., N. L. Poff, D. Miller, T. Dunne, G. Reeves, G. Pess, and M. Pollock. 2004. The
Network Dynamics Hypothesis: how channel networks structure riverine tsabita
BioSciene 54:413-427.

Bendix, J. 1994. Among-site variation in riparian vegetation of the southern California
Transverse Ranges. American Midland Naturalist 132:136-151.

Bendix, J. 1997. Flood disturbance and the distribution of riparian species diversity.

97



Geographical Review 87:468-483.

Bendix, J., and C. R. Hupp. 2000. Hydrological and geomorphological impacts on riparian plant
communities. Hydrological Processes 14:2977-2990.

Benhouhou, S. S., N. Boucheneb, Q. Kerzabi, and O. Sassi. 2003. Plant consrofisieral
wadi types in the Tassili N'Ajjer, central Sahara, Algeria. PhytocoersoB®)49-69.

Bertness, M. D., and R. M. Callaway. 1994. Positive interactions in communities. Thends i
Ecology & Evolution 9:191-193.

Bowers, J. E., and R. M. Turner. 2001. Dieback and episodic mortality of Cercidium
microphyllum (foothill paloverde), a dominant Sonoran Desert tree. Journal of the Torrey
Botanical Society 128:128-140.

Bowers, J. E., and R. M. Turner. 2002. The influence of climatic variability on local populati
dynamics of Cercidium microphyllum (foothill paloverde). Oecologia 130:105-113.

Bowers, J. E., R. M. Turner, and T. L. Burgess. 2004. Temporal and spatial patterns in
emergence and early survival of perennial plants in the Sonoran Desert. BlagiyEc
172:107-119.

Brooker, R. W., F. T. Maestre, R. M. Callaway, C. L. Lortie, L. A. Cavieres, G. KunBtle
Liancourt, K. Tielborger, J. M. J. Travis, F. Anthelme, C. Armas, L. Coll, E. Corcket, S
Delzon, E. Forey, Z. Kikvidze, J. Olofsson, F. Pugnaire, C. L. Quiroz, P. Saccone, K.
Schiffers, M. Seifan, B. Touzard, and R. Michalet. 2008. Facilitation in plant
communities: the past, the present, and the future. Journal of Ecology.

Brown, J. H., and J. C. Munger. 1985. Experimental manipulation of a desert rodent community:
food addition and species removal. Ecology 66:1545-1563.

Bull, L. J., and M. J. Kirkby. 2002. Dryland river characteristics and concepts. Pages 8-16

J. Bull and M. J. Kirkby, editors. Dryland Rivers: Hydrology and Geomorpholbgy o

98



Semtarid Channels. John Wiley and Sons, West Sussex, England.

Burgess, S. S. O., M. A. Adams, N. C. Turner, C. R. Beverly, C. K. Ong, A. A. H. Khan, and T.
M. Bleby. 2001. An improved heat pulse method to measure low and reverse rates of sap
flow in woody plants. Tree physiology 21:589-98.

Burgess, S. S. O., and T. M. Bleby. 2006. Redistribution of soil water by lateral rootgadedi
by stem tissues. Journal of Experimental Botany 57:3283—-3291.

Burquez, A., and M. A. Quintana. 1994. Islands of diversity: ironwood ecology and the richness
of perennials in a Sonoran Desert biological reserve. Pages®&2®. Nabhan and J.
L. Carr, editors. Ironwood: An Ecological and Cultural Keystone of the Sonoran Desert
Conservation International Occasional Paper 1, Washington, DC.

Busch, D. E., and S. D. Smith. 1995. Mechanisms associated with decline of woody species in
riparian ecosystems of the southwestern U.S. Ecological Monographs 65:347-370.

Butterfield, B. J., J. L. Betancourt, R. M. Turner, and J. M. Briggs. 2010. Facilitatiors é%ve
years of vegetation change in the Sonoran Desert. Ecology 91:1132-1139.

Butterfield, B. J., and J. M. Briggs. 2011. Regeneration niche differentiates fuhsti@tegies
of desert woody plant species. Oecologia 165:477-87.

Callaway, R. M. 1992. Effect of shrubs on recruitment of Quercus douglasii and Querc¢as loba
in California. Ecology 73:2118-2128.

Callaway, R. M. 2007. Positive interactions and interdependence in plant commungess. Pa
419. Springer, Dordrecht, The Netherlands.

Callaway, R. M., and L. R. Walker. 1997. Competition and facilitation: a synthetioagpto
interactions in plant communities. Ecology 78:1958—-1965.

Campbell, C. J., and W. Green. 1968. Perpetual succession of stiaanel vegetation in a

samiarid region. Journal of the Arizona Academy of Science 5:86—98.

99



Canadell, J., R. B. Jackson, J. R. Ehleringer, H. A. Mooney, O. E. Sala, and E. D. Schulze. 1996.
Maximum rooting depth of vegetation types at the global scale. Oecologia 108:583-595.

Castrg J., R. Zamora, J. A. Hodar, J. M. Gomez, and L. Gomez-Aparicio. 2004. Benefits of
using shrubs as nurse plants for reforestation in Mediterranean mountayeatasudy.
Restoration Ecology 12:352—-358.

Chabot, B. F., and D. J. Hicks. 1982. The ecology of leaf life spans. Annual Review of Ecology
and Systematics 13:229-59.

Chiang, F., and L. R. Landrum. 2009. Solanaceae, part three: Lycium L. wolf beewt, tthern.
CANOTIA 5:17-26.

Chimner, R. A., and D. J. Cooper. 2004. Using stable oxygen isotopes to quantify the water
source used for transpiration by native shrubs in the San Luis Valley, Colorado U.S.A.
Plant and Soil 260:225-236.

Christie, K., M. Currie, L. S. Davis, M.-E. Hill, S. Neal, and T. Ayers. 2006. Rhamnaceae
buckthorn family. CANOTIA 2:23—46.

Christy, C. M., D. Z. Damrel, A. M. Henry, A. E. T. Nare, R. Puente-Martinez, and G. M.
Walters. 2003. Lamiaceae, mint family: part one. Agastache Gronov., Hyptis Jacq.,
Lamium L., Leonurus L., Marrubium L., Monarda L., Monardella Benth., Nepeta L.,
Salazaria Torr., Stachys L., Teucrium L., and Trichostema L. Journal of tenAfi
Nevada Academy of Science 35:14869.

Church, M. 1992. Channel morphology and typology. Pages 126rP13alow and G. E.

Petts, editors. The Rivers Handbook: Hydrolagend Ecological Principles. Blackwell
Scientific Publications, Oxford, UK.
Clarke, K. R. 1993. Noparametric multivariate analyses of changes in community structure.

Australian Journal of Ecology 18:117-143.

100



Clarke, K. R., and M. Ainsworth. 1993. A methof linking multivariate community structure to
environmental variables. Marine Ecology Progress Series 92:205-219.

Van Coller, A. L., K. H. Rogers, and G. L. Heritage. 1997. Linking riparian vegetgpes aind
fluvial geomorphology along the Sabie River within the Kruger National Parkh Sout
Africa. African Journal of Ecology 35:194-212.

Collins, S. L., J. Belnap, N. B. Grimm, J. A. Rudgers, C. N. Dahm, P. D’Odorico, M. Litvak, D.
O. Natvig, D. C. Peters, W. T. Pockman, R. L. Sinsabaugh, and B. O. Wolf. 2014. A
multiscale, hierarchical model of pulse dynamics in-&aml ecosystems. Annual
Review of Ecology, Evolution, and Systematics 45:397-419.

Collins, S. L., R. L. Sinsabaugh, C. Crenshaw, L. Green, A. Porras-Alfaro, M. Stuasovia.

H. Zeglin. 2008. Pulse dynamics and microbial processes in aridland ecosystera. Jour
of Ecology 96:413-420.

Coplen, T. B. 1988. Normalization of oxygen and hydrogen isotope data. Chemical Geology
72:293-297.

Cornelissen, J. H. C., P. Castro-Diez, and R. Hunt. 1996. Seedling growth, allocation and leaf
attributes in a wide range of woody plant species and types. Journal of Ecology 84:755—
765.

Costelloe, J. F., E. Payne, I. E. Woodrow, E. C. Irvine, A. W. Western, and F. W. Leaney. 2008.
Water sources accessed by amixhe riparian trees in highly saline environments,

Australia. Oecologia 156:43-52.

Crawley, M. J. 1983. Herbivory: The Dynamics of Animal-Plant Interactions. siiyef
California Press, Berkeley, California.

Davis, S. D., and H. A. Mooney. 1986. Water use patterns of four co-occurring chaparral shrubs

Oecologia 70:172-177.

101



Drezner, T. D. 2010. Nurse tree canopy shape, the subcanopy distribution of cacti, and
facilitation in the Sonoran Desert. Journal of the Torrey Botanical Society 137:277-286.

Eberly, L. D., and T. B. Stanley. 1978. Cenozoic stratigraphy and geologic history of
southwestern Arizona. Geological Society of America Bulletin 89:921-940.

Ehleringer, J. R., and C. B. Osmond. 1989. Stable isotopes. Pages 281R300. Pearcy, J.
Ehleringer, H. A. Mooney, and P. W. Rundel, editors. Plant Physiological Ecolodyy: Fie
Methods and Instrumentation. Chapman & Hall.

Ellsworth, P. Z., and D. G. Williams. 2007. Hydrogen isotope fractionation during wateeuptak
by woody >erophytes. Plant and Soil 291:93-107.

Farrara, J. D., and J.-Y. Yu. 2003. Interannual variations in the southwest U.S. monsoon and sea
surface temperature anomalies: a general circulation model study. Jou@hatate
16:1703-1720.

Felker, P., and P. R. Clark. 1981. Nodulation and nitrogen fixation (acetylene reduction) in
desert ironwood (Olneya tesota). Oecologia 48:292-293.

Fisher, S. G., J. B. Heffernan, R. A. Sponseller, and J. R. Welter. 2007. Functional
ecomorphology: Feedbacks between form and function in fluvial landscape ecasystem
Geomorphology 89:84-96.

Flores, J., O. Briones, A. Flores, and S. Sanchez-Colon. 2004. Effect of predation and solar
exposure on the emergence and survival of desert seedlings of contrastomgrige
Journal of Arid Environments 58:1-18.

Flores, J., and E. Jurado. 2003. Are nurse-protege interactions more common among plants from
arid environments? Journal of Vegetation Science 14:911-916.

Fryxell, P. A. 1993. Malvaceae, mallow family, part one: all genera excepe&tea StHil.

Journal of the Arizon&devada Academy of Science 27:2236.

102



Fu, P., and P. M. Rich. 1999. Design and implementation of the Solar Analyst: an ArcView
extension for modeling solar radiation at landscape scales. Proceedings ohthe 19t
Annual ESRI User Conference. San Diego, California.

Gazal, R. M., R. L. Scott, D. C. Goodrich, and D. G. Williams. 2006. Controls on transpiration in
a semiarid riparian cottonwood forest. Agricultural and Forest Meteorolog$&3y7.

Geil, K. L., Y. L. Serra, and X. Zeng. 2013. Assessment of CMIP5 model simulations of the
North American monsoon system. Journal of Climate 26:8787—8801.

El Ghazali, G. E. B., A. R. A. Al-Sogeer, and G. E. A. El Tayeb. 2013. Floristic and e@blogic
studies on the plant cover of Wadi Al Rummah, Qassim Region, Saudi Arabia.
International Research Journal of Plant Science 4:310-318.

Gibson, A. C. 1996. Structure-function relations of warm desert plants. Spviadag, Berlin,
Germany.

GbomezAparicio, L. 2009. The role of plant interactions in the restoration of degraded
ecosystems: a metmalysis across liflorms and ecosystems. Journal of Ecology
97:1202-1214.

GomezAparicio, L., F. Valladares, R. Zamora, J. L. Quero, and F. I. Pugnaire. 2005. Respons
of tree seedlings to thabiotic heterogeneity generated by nurse shrubs: an experimental
approach at different scales. Ecography 28:757—-768.

GomezAparicio, L., R. Zamora, J. Castro, and J. A. Hédar. 2008. Facilitation of treegsaplin
nurse plants: microhabitat amelioratianpootection against herbivores? Journal of
Vegetation Science 19:161-172.

Gonfiantini, R. 1978. Standards for stable isotope measurements in natural compounds. Nature
271:534-536.

Good, M. K., P. J. Clarke, J. N. Price, and N. Reid. 2014. Seasonalitgalrdtion drive tree

103



establishment in a serarid floodplain savanna. Oecologia 175:261-271.

Goodrich, D. C., L. J. Lane, R. M. Shillito, S. N. Miller, K. H. Syed, and D. A. Woolhiser. 1997.
Linearity of basin response as a function of scale in a semiarid watershed. Water
Resources Research 33:2951-2965.

Graf, W. L. 1981. Channel instability in a braided, sand bed river. Water ResoureascRes
17:1087-1094.

Gregory, S. V, F. J. Swanson, W. A. Mckee, and K. W. Cummins. 1991. An ecosystem
perspective ofiparian zones. Bioscience 41:540-551.

Halvorson, W. L., and D. T. Patten. 1974. Seasonal water potential changes in Sonartan Dese
shrubs in relation to topography. Ecology 55:173-177.

Hamerlynck, E. P., J. R. Mcauliffe, E. V Mcdonald, and S. D. Smith. 2002. Ecological responses
of two Mohave Desert shrubs to soil horizon development and soil water dynamics.
Ecology 83:768-779.

Harms, T. K., and N. B. Grimm. 2010. Influence of the hydrologic regime on resource
availability in a semarid streanriparian caridor. Ecohydrology 359:349-3509.

Hastwell, G. T., and J. M. Facelli. 2003. Differing effects of shade-induceddacit on growth
and survival during the establishment of a Chenopod shrub. Journal of Ecology 91:941—
950.

Hayden, P. 1966. Food habitshd@cktailed jack rabbits in southern Nevada. Journal of
Mammology 47:42—-46.

He, Q., M. D. Bertness, and A. H. Altieri. 2013. Global shifts towards positive species
interactions with increasing environmental stress. Ecology Letters 1G:@885—

Hoagland, D. B. 1992. Feeding ecology of an insular population of the talidet#{ackrabbit

(Lepus californicus) in the Gulf of California. The Southwestern Nattizfi280—-286.

104



Holmgren, M., B. C. Lépez, J. R. Gutiérrez, and F. A. Squeo. 2006a. Herbivory andrplath
rate determine the success of El Nifilo Southern Oscilldtimen tree establishment in
semiarid South America. Global Change Biology 12:2263—-2271.

Holmgren, M., M. Scheffer, and M. A. Huston. 1997. The interplay of facilitation and
competition inplant communities. Ecology 78:1966—1975.

Holmgren, M., P. Stapp, C. R. Dickman, C. Gracia, S. Graham, J. R. Gutierrez, C. Hice, F.
Jaksic, D. A. Kelt, M. Letnic, M. Lima, B. C. Lopez, P. L. Meserve, W. B. Mitst€&a
A. Polis, M. A. Previtali, M. Richter, S. Sabate, and F. A. Squeo. 2006b. Extreme
climatic events shape arid and semiarid ecosystems. Frontiers in Eaatbtjye
Environment 4:87-95.

Horton, J. L., T. E. Kolb, and S. C. Hart. 2001. Leaf gas exchange characteristicarddfey
Sonoran Desert riparian tree species. Tree Physiology 21:233-241.

Hupp, C. R. 1982. Streagrade variation and riparigiorest ecology along Passage Creek ,
Virginia. Bulletin of the Torrey Botanical Club 109:488—499.

Hupp, C. R. 1986. Upstream variation in bottomland vegetation patterns, northwestern Virginia.
Bulletin of the Torrey Botanical Club 113:421-430.

Hupp, C. R., and W. R. Osterkamp. 1996. Riparian vegetation and fluvial geomorphic processes.
Geomorphology 14:277-295.

Jackson, R. B., J. J. Canadell, J. R. Ehleringer, H. A. Mooney, O. E. Sala, and E. D. Schulze.
1996. A global analysis of root distributions for terrestrial biomes. Oecologia 108:389—
411.

Jefferson, L. V., and M. Pennacchio. 2005. The impact of shade on establishment of shrubs
adapted to the higlrght irradiation of semarid environments. Journal of Arid

Environments 63:706—716.

105



Jenkins, M. B., R. A. Virginia, and W. M. Jarrell. 1988. Rhizobial ecology of the woody legume
Psorothamnus spinosus in a Sonoran Desert arroyo. Plant and Soil 105:113-120.

Junk, W. J., P. B. Bayley, and R. E. Sparks. 1989. The flood pulse concept in river-floodplain
systems. Canadian Journal of Fisheries and Aquatic Sciences 106:110-127.

Kassas, M., and M. Imam. 1954. Habitat and plant communities of the Egyptian DieSére
wadi bed ecosystem. Journal of Ecology 42:424—-441.

Kearny, T. H., and R. H. Peebles. 1960. Arizona Flora. University of California Bezkgley,
California.

Kitzberger, T., D. F. Steinaker, and T. T. Veblen. 2000. Effects of climatidoégian
facilitation of tree establishment in northern Patagonia. Ecology 81:1914-1924.

Knighton, D. 1998. Fluvial Forms and Processes: A New Perspective. Oxford UyifRzess,

New York.

Kolb, T. E., S. C. Hart, and R. Amundson. 1997. Boxelder water sources and physiology at
perennial and ephemeral stream sites in Arizona. Tree Physiology 17:151-160.

Kray, J. a., D. J. Cooper, and J. S. Sanderson. 2012. Groundwater use by native plants in
response to changes in precipitation in an intermountain basin. Journal of Arid
Environments 83:25-34.

Kruskal, J. B., and M. Wish. 1978. Multidimensional Scaling. Sage Publications, Bevesly Hill
California.

Kume, T., K. Otsuki, S. Du, N. Yamanaka, Y.-L. Wang, and G.-B. Liu. 2012. Spatial variation in
sap flow velody in semiarid region trees: its impact on staadle transpiration
estimates. Hydrological Processes 26:1161-1168.

Larned, S. T., T. Datry, D. B. Arscott, and K. Tockner. 2010. Emerging concepts in temporary-

river ecology. Freshwater Biology 55:717—738.

106



Larned, S. T., J. Schmidt, T. Datry, C. P. Konrad, J. K. Dumas, and J. C. Diettrich. 2011.
Longitudinal river ecohydrology : flow variation down the lengths of alluvial rivers
548:532-548.

Lavorel, S., S. Mcintyre, J. Landsberg, and T. D. A. Forbes. 1997. Plant functional
classifications: from general groups to specific groups based on resporsteartoadice.
Trends in Ecology & Evolution 12:474-478.

Ledn, M. F., F. a. Squeo, J. R. Gutiérrez, and M. Holmgren. 2011. Rapid root extension during
water pulsegnhances establishment of shrub seedlings in the Atacama Desert. Journal of
Vegetation Science 22:120-129.

Levin, G. A. 1995. Euphorbiaceae, spurge familty: part 1. Acalypha and Cnidoscolus. Journal of
the ArizonaNevada Academy of Science 29-P4.

Lightfoot, D. C., A. D. Davidson, C. M. McGlone, and D. G. Parker. 2010. Rabbit abundance
relative to rainfall and plant production in northern Chihuahuan Desert grassland and
shrubland habitats. Western North American Naturalist 70:490—499.

Lite, S. J., and J. C. Stromberg. 2005. Surface water and ground-water thresholdstéonimz
Populus—Salix forests, San Pedro River, Arizona. Biological Conservation 125:153-167.

Lortie, C. J., and R. M. Callaway. 2006. Realysis of metanalysis: support for the stress-
gradient hypothesis. Journal of Ecology 94:7-16.

Louthan, A. M., D. F. Doak, J. R. Goheen, T. M. Palmer, and R. M. Pringle. 2014. Mechanisms
of plantplant interactions: concealment from herbivores is more important than abiotic
stress mediation in an Afan savannah. Proceedings of The Royal Society B
281:20132647.

Maestre, F. T., R. M. Callaway, F. Valladares, and C. J. Lortie. 2009. Refiningetb®- st

gradient hypothesis for competition and facilitation in plant communities. Journal of

107



Ecology 97:199-205.

Maestre, F. T., F. Valladares, and J. F. Reynolds. 2005. Is the change gigtamiteractions
with abiotic stress predictable? A metaalysis of field results in arid environments.
Journal of Ecology 93:748-757.

Maestre, F. T., F. Vallades, and J. F. Reynolds. 2006. The Stress-Gradient Hypothesis does not
fit all relationships between plaptant interactions and abiotic stess: further insights
from arid environments. Journal of Ecology 94:17-22.

Maher, K. A., R. J. Hobbs, and C. J. Yates. 2010. Woody shrubs and herbivory influence tree
encroachment in the sandplain heathlands of southwestern Australia. Journal of Applied
Ecology 47:441-450.

Marshal, J. P., V. C. Bleich, N. G. Andrew, and P. R. Krausman. 2004. Seasonal forage use by
deset mule deer in southeastern California. The Southwestern Naturalist 49:501-505.

Marshal, J. P., V. C. Bleich, P. R. Krausman, M.-L. Reed, and A. Neibergs. 2012. Overlap in diet
and habitat between the mule deer (Odocoileus hemionus) and feral ass (Equusiasinus) i
the Sonoran Desert. The Southwestern Naturalist 57:16-25.

Martinez, A. J., and J. Lopez-Portillo. 2003. Growth and architecture of small honeyteesqui
under jackrabbit browsing: overcoming the disadvantage of being eaten. Annals of
Botany 92:365-75.

Mason, C. T. 1999. Fouquieriaceae, ocotillo family. Journal of the Ariklmvada Academy of
Science 32:5556.

Matias, L., R. Zamora, and J. Castro. 2012. Sporadic rainy events are moritltaitica
increasing of drought intensity for woody speciesruitment in a Mediterranean
community. Oecologia 169:833-44.

McAuliffe, J. R. 1986. Herbivorémited establishment of a Sonoran Desert tree, Cercidium

108



microphyllum. Ecology 67:276—280.

McAuliffe, J. R. 1988. Markovian dynamics of simple and complexrtigsant communities.
The American Naturalist 131:459-490.

McAuliffe, J. R. 1994. Landscape evolution, soil formation, and ecological patterns and
processes in Sonoran Desert bajadas. Ecological Monographs 64:112—-148.

McAuliffe, J. R. 1999. The Sonoran Desert: landscape complexity and ecologicaltgiversi
Pages 68114in R. H. Robichaux, editor. Ecology of Sonoran Desert Plants and Plant
Communities. University of Arizona Press, Tucson, Arizona.

McCune, B., and J. B. Grace. 2002. Analysis of Ecological Communities. MjM SoftwaignDe
Gleneden Beach, Oregon.

Merritt, D. M., and H. L. Bateman. 2012. Linking stream flow and groundwater to a\baatha
in a desert riparian system. Ecological Applications 22:1973—-1988.

Merritt, D. M., M. L. Scott, L. N. Poff, G. T. Auble, and D. A. Lytle. 2010. Theory, methods and
tools for determining environmental flows for riparian vegetation: riparegetation
flow response guilds. Freshwater Biology 55:206-225.

Merritt, D. M., and E. E. Wohl. 2003. Downstream hydraulic geometry and channel adjustment
during a flood along an ephemeral, arid-region drainage. Geomorphology 52:165-180.

Monson, R. K., and S. D. Smith. 1982. Seasonal water potential components of Sonoran Desert
plants. Ecology 63:113-123.

Montgomery, D. R. 1999. Process domains and the river continuum. Journal of the American
Water Resources Association 35:397-410.

Montgomery, D. R., and J. M. Buffington. 1998. Channel processes, classification, and response.
Pages 1342in R. J. Naiman and R. Bilby, editors. River Ecology and Management.

SpringerVerlag, New York.

109



Naiman, R. J., D. G. Lonzarich, T. J. Beechie, and S. C. Ralph. 1992. General principles of
classification and the assessment of conservation potential in rivers. Pagesif3-124
Boon, P. Callow, and G. E. Petts, editors. River Conservation and Management. John
Wiley and Sons, West Sussex, England.

Nanson, G. C., S. Tooth, and A. D. Knighton. 2002. A global perspective of dryland rivers:
perceptions, misconceptions, and distinctions. Pages 1i+54. Bull and M. J.

Kirkby, editors. Dryland Rivers: Hydrology and Geomorphology of Semi-arich@ia.
John Wiley and Sons, West Sussex, England.

Newson, M. D., and C. L. Newson. 2000. Geomorphology, ecology and river channel habitat:
mesoscale approaches to bassale challenges. Progress in Physical Geography 24:195
217.

Nilsen, E. T., F. C. Meinzer, and P. W. Rundel. 1989. Stem photosynthesis in Psorothamnus
spinosus (smoke tree) in the Sonoran desert of California. Oecologia 79:193-197.

Nilsen, E. T., M. R. Sharifi, and P. W. Rundel. 1984. Comparative water relations phreatophyes
in the Sonoran Desert of California. Ecology 65:767—-778.

Notaro, M., A. Mauss, and J. W. Williams. 2012. Projected vegetation changes for thealime
Southwest: combinedynamic modeling and bioclimatenvelope approach. Ecological
Applications 22:1365-1388.

Noy-Meir, I. 1973. Desert ecosystems: environment and producers. Annual Review of Ecology
and Systematics 4:251.

Nucci, A., C. Angiolini, M. Landi, and G. Bacchetta. 2012. Influence of bedatiakial
transition on plant species distribution along a Mediterranean river corridor. Plant
Biosystems 146:564-575.

Padilla, F. M., and F. I. Pugnaire. 2009. Species identity and water availabilityishete

110



establishment success under the canopy of Retama sphaerocarpa shrubs in a dry
environment. Restoration Ecology 17:900-907.

Parker, K. C. 1988. Environmental relationships and vegetation associates of colummiar cacti
the northern Sonoran Desert. Vegetatio 78:125-140.

Perea, R., and L. Gil. 2014. Shrubs facilitating seedling performance in ungulatet#omina
systems: biotic versus abiotic mechanisms of plant facilitation. European |Jafurna
Forest Research 133:525-534.

Petchey, O. L., and K. J. Gaston. 2006. Functional diversity: back to basics and lookind.forwar
Ecology Letters 9:741-58.

Phillips, D. L., and J. W. Gregg. 2001. Uncertainty in source partitioning using stable isotopes
Oecologia 127:171-179.

Phillips, D. L., S. D. Newsome, and J. W. Gregg. 2005. Combining sources in stable isotope
mixing models: alternative methods. Oecologia 144:520-527.

Pockman, W. T., and J. S. Sperry. 2000. Vulnerability to xylem cavitation and the distribution of
Sonoran Desert vegetation. American Journal of Botany 87:1287-1299.

Poole, G. C. 2010. Stream hydrogeomorphology as a physical science basis forsadvance
stream ecology. Journal of the North American Benthological Society 29:12-25.

Revesz, K. M., B. Buck, and T. B. Coplen. 2012. Determination of the 62H and 6180 of soil
water and water in plant matter; RSIL Lab Code 1798&. M. Revesz and T. B. Coplen,
editors. Methods of the Reston Stable Isotope Laboratory: U.S. Geologicay Surve
Techniques and Methods, Book 10. U.S. Geological Survey, Reston, Virginia.

Revesz, K., and P. H. Woods. 1990. A method to extract soil water for stable isotope analsis.
Journal of Hydrology 115:397-406.

Rhodes, S., J. Beasley, and T. Ayers. 2011. Fabaceae, legume family. Part ongaErraz

111



Phillips, Marina Liebm., Parryella Tor& A. Gray, and Psorothamnus Rydb. CANOTIA
7:1-13.

Rosgen, D. L. 1994. A classification of natural rivers. Catena 22:169-199.

Roth, G. A., W. G. Whitford, and Y. Steinberger. 2007. Jackrabbit (Lepus californicus)
herbivory changes dominance in desertififdhuahuan Desert ecosystems. Journal of
Arid Environments 70:418-426.

Sandercock, P. J., and J. M. Hooke. 2010. Assessment of vegetation effects on hydraulics and of
feedbacks on plant survival and zonation in ephemeral channels. Hydrological Processes
24:695-713.

Schenk, H. J., and R. B. Jackson. 2002a. Rooting depths, lateral root spreads and below-
ground/above-ground allometries of plants in wétaited ecosystems. Journal of
Ecology 90:480-494.

Schenk, H. J., and R. B. Jackson. 2002b. Rooting depths, lateral root spreads and below-
ground/above-ground allometries of plants in wétaited ecosystems. Journal of
Ecology 90:480-494.

Scholes, R. J., G. Picket, W. N. Ellery, and A. C. Blackmore. 1997. Plant functional types in
African savannas and graastls. Pages 255-268T. M. Smith, H. H. Shugart, and F. I.
Woodward, editors. Plant Functional Types: Their Relevance to Ecosystem iesopert
and Global Change. Cambridge University Press, Cambridge, UK.

Schwinning, S., K. Davis, L. Richardson, and J. R. Ehleringer. 2002. Deuterium enriched
irrigation indicates different forms of rain use in shrub/grass species obtbea@o
Plateau. Oecologia 130:345-355.

Schwinning, S., B. I. Starr, and J. R. Ehleringer. 2003. Dominant cold desert plants do not

partiion warm season precipitation by event size. Oecologia 136:252-260.

112



Scott, M. L., J. M. Friedman, and G. T. Auble. 1996. Fluvial process and the establishment of
bottomland trees. Geomorphology 14:327-339.

Sellers, W. D., and R. H. Hill. 1974. Arizona Climate 1931-1972. 2nd edition. University of
Arizona Press, Tucson, Arizona.

Shaw, J. R., and D. J. Cooper. 2008. Linkages among watersheds, stream reachesaand ripari
vegetation in dryland ephemeral stream networks. Journal of Hydrology 350:68—82.

Shinohara, Y., K. Tsuruta, A. Ogura, F. Noto, H. Komatsu, K. Otsuki, and T. Maruyama. 2013.
Azimuthal and radial variations in sap flux density and effects on stzald-
transpiration estimates in a Japanese cedar forest. Tree physiology 33:550-8.

Shmida, A., and T. L. Burgess. 1988. Plant growth-form strategies and vegetatioin &ypes
environments. Pages 211-241IM. J. A. Werger, P. J. M. van der Aart, H. J. During,
and J. T. A. Verhoeven, editors. Plant Form and Vegetation Structure: Adaptation,
Plasticiy and Relation to Herbivory. SPB Academic Publishing, The Hague, The
Netherlands.

Shreve, F., and I. L. Wiggins. 1964. Vegetation and Flora of the Sonoran Desert. Stanford
University Press, Stanford, California.

Sieben, E. J. J., L. Mucina, and C. Boucher. 2009. Scaling hierarchy of factors controlling
riparian vegetation patterns of the Fynbos Biome at the Western Cape, South Afric
Journal of Vegetation Science 20:17-26.

Smit, C., M. Rietkerk, and M. J. Wassen. 2009. Inclusion of biotic stress (consuessure)
alters predictions from the stress gradient hypothesis. Journal of Ecology 97:1215-1219.

Smith, S. D., D. A. Deuvitt, A. Sala, J. R. Cleverly, and D. E. Busch. 1998. Water relations of
riparian plants from warm desert regions. Wetlands 18:687—696.

Smith, S. D., C. A. Herr, K. L. Leary, and J. M. Piorkowski. 1995. Blait water relations in a

113



Mojave Desert mixed shrub community: a comparison of three geomorphic surfaces.
Journal of Arid Environments 29:339-351.

Smith, S. D., R. K. Monson, and J. E. Anderson. 1997. Physiological Ecology of North
American Desert Plants. Springéerlag, Berlin, Germany.

Smith, T., and M. A. Huston. 1989. A theory of the spatial and temporal dynamics of plant
communities. Vegetatio 83:49-69.

Snyder, K. A., and D. G. Williams. 2000. Water sources used by riparian trees asaong
stream types on the San Pedro River, Arizona. Agricultural and Forest Metgorol
105:227-240.

Soliveres, S., C. Smit, and F. T. Maestre. 2014. Moving forward on facilitation research:
respmse to changing environments and effects on the diversity, functioning and
evolution of plant communities. Biological Reviews 90:297-313.

Sperry, J. S., and U. G. Hacke. 2002. Desert shrub water relations with respect to soil
characteristics and plant functional type. Functional Ecology 16:367-378.

Sponseller, R. A., and S. G. Fisher. 2006. Drainage size, stream intermittency, anggcosys
function in a Sonoran Desert landscape. Ecosystems 9:344-356.

Squeo, F. A., M. Holmgren, M. Jimenez, L. Alban, J. Reyes, and J. R. Gutierrez. 2007. Tree
establishment along an ENSO experimental gradient in the Atacama desed! dbu
Vegetation Science 18:195-202.

Stromberg, J. C. 2013. Root patterns and hydrogeomorphic niches of riparian plants in the
American Southwest. Journal of Arid Environments 94:1-9.

Sundell, E. 1994. Asclepiadaceae, milkweed family. Journal of the Aridemada Academy of
Science 27:169-187.

Sutfin, N. A., J. Shaw, E. E. Wohl, and D. Cooper. 2014. A geomorphic classification of

114



ephemeral chambs in a mountainous, arid region, southwestern Arizona, USA.
Geomorphology 221:164-175.

Suzan, H., G. P. Nabhan, and D. T. Patten. 1996. The importance of Olneya tesota as a nurse
plant in the Sonoran Desert. Journal of Vegetation Science 7:635-644.

Swetram, T. W., and J. L. Betancourt. 1998. Mesoscale ecological responses to climatic
variability in the American Southwest. Journal of Climate 11:3128-3147.

Szarek, S. R., and R. M. Woodhouse. 1977. Ecophysiological studies of Sonoran Desert Plants.
Il. Seasonal photosynthesis patterns and primary production of Ambrosia deltoidea and
Olneya tesota. Oecologia 28:365-375.

Szarek, S. R., and R. M. Woodhouse. 1978. Ecophysiological studies of Sonoran Desert plants.
IV. Seasonal photosynthetic capacities oaéia greggii and Cercidium microphyllum.
Oecologia 37:221-229.

Thorne, C. R. 1997. Channel types and morphological classification. Pages liftb€2R2
Thorne, R. D. Hey, and M. D. Newson, editors. Applied Fluvial Geomorphology for
River Engineering and Management. John Wiley and Sons, West Sussex, England.

Thorp, J. H., M. C. Thoms, and M. D. Delong. 2006. The riverine ecosystem synthesis:
biocomplexity in river networks across space and time. River Research andafippb
22:123-147.

Tielborger, K., and R. Kadmon. 2000. Temporal environmental variation tips the balance
between facilitation and interference in desert plants. Ecology 81:1544-1553.

Tosdal, R. M., G. B. Haxel, and J. E. Wright. 1989. Jurassic geology of the Sonoran Desert
region, southern Arizona, southeast California, and northernmost Sonora: Construction of
a continentamargin magmatic arc. Arizona Geological Society Digest 17/33%4.

Turner, R. M., J. E. Bowers, and T. L. Burgess. 1995. Sonoran Desert Plants: An Ecological

115



Atlas. University of Arizona Press, Tucson, Arizona.

Turner, R. M., and D. E. Brown. 1994. Sonoran Desertscrub. Pages 18t-E22H. Brown,
editor. Biotic Communities: Southwestern United States and Northwesteiindviex
University of Utah Press, Salt Lake City, Utah

Vandegehuchte, M. W., and K. Steppe. 2012. Improving sap flux density measurements by
correctly determining thermal diffusivity, differentiating between bourddiarbound
water. Tree physiology 32:930-42.

Al Wadie, H. 2002. Floristic composition and vegetation of Wadi Talha, Aseer Mountains,
southwest Saudi Arabia. OnLine Journal of Biological Sciences 2:285-288.

Wansi, T., R. D. Pieper, R. F. Beck, and L. W. Murray. 1992. Botanical content oftaiksck-
jackrabbit diets on semidesert rangeland. GreairBNaturalist 52:300-308.

Ward, D. 2006. Long-term effects of herbivory on plant diversity and functional typad in ar
ecosystems. Pages ¥%9in K. Danell, P. Duncan, R. Bergstrom, and J. Pastor, editors.
Large Herbivore Ecology, Ecosystem Dynamind &onservation. Cambridge
University Press, Cambridge, Massachusetts.

Ward, J. V, and J. A. Stanford. 1995. The serial discontinuity concept: extending the model to
floodplain rivers. Regulated Rivers: Research and Mangement 10:159-168.

West, a G., K. R. Hultine, T. L. Jackson, and J. R. Ehleringer. 2007a. Differential summerer wat
use by Pinus edulis and Juniperus osteosperma reflects contrasting hydraulic
characteristics. Tree Physiology 27:1711-1720.

West, A. G., K. R. Hultine, K. G. Burtch, and J. R. Ehleringer. 2007b. Seasonal variations in
moisture use in a pifion-juniper woodland. Oecologia 153:787—798.

Westoby, M. 1980. Black-tailed jack rabbit diets in Curlew Valley, northern Utah. Jaidirna

Wildlife Management 44:942—-948.

116



Williams, D. G., and J. R. Ehleringer. 2000. Intaad interspecific variation for summer

precipitation use in pinyon-juniper woodlands. Ecological Monographs 70:517-537.

117



7 Appendix

7.1 Designation of Plant Functional Groups

Table7.1.Plant species amalpriori plant functional groups. EGTR = evergreen tR8TR =
photosynthetic stem tre@/DTR = winter deciduous tre€OCA = columnar cacty&GSH =

evergreen shryDSH = drought deciduous shryBSSH =photosynthetic stem shrud/DSH

= winter deciduous shrulASH = shrubby cactu&GSS = evergreen subshrii)SS =

drought deciduous subshrub; PSSS = photosynthetic stem subshrub; WDSS = winter deciduous

subshrubCASS = low cactusVINE = vine;HERB = hebaceousGRAS = grassPARA =
epiphytic parasitel =Baldwin et al. 20022 = Chiang and Landrum 2008 = Christie et al.
2006;4 =Christy et al. 20035 =Flora of North America Editorial Committee 1993%+=

Fryxell 1993 7 = Kearny and Peebles 1960; 8evin 1995 9 =Mason 1999; 10 = Rhodes et al.

2011; 11 = Shreve and Wiggins 1964; 12 = Sundell 1994; 13 = Turner et al. 1995.

Species Growth  Sources
Form
Acalypha californica Benth. DDSH 1,7,811
Acacia constricta Benth. WDSH 7,11,13
Acacia greggii A. Gray WDSH 1,7,11,13
Adenophyllum porophylloides (A. Gray) Strother DDSS 1511
Ambrosia ambrosiodes (Cav.) W.W. Payne EGSS 5,7,11,13
Ambrosia deltoidea (Torr.) W.W. Payne DDSS 5,7,11,13
Ambrosia dumosa (A. Gray) Payne DDSS 15,7,11,13
Ambrosia salsola (Torrey & A. Gray) Strother & B.G. Baldwin DDSH 5,7,11,13
Argythamnia lanceolata (Mill. Arg.) Pax &K. Hoffmann DDSS 111
Aristida purpurea Nultt. GRAS 111
Argythamnia serrata (Torr.) Mull. Arg. DDSS 1,711
Ayenia microphylla A. Gray WDSS 11
Bahiopsis parishii (Greene) E.E. Schilling & Panero DDSH 15,7,11,13
Baccharis sarothroides A. Gray PSSH 157,11
Bebbia juncea var. aspera Greene DDSH 15,11
Brickellia coulteri A. Gray DDSS 7,11
Carlowrightia arizonica A. Gray PSSS 157,11
Calliandra eriophylla Bentham WDSH 7,11,13
Carnegiea gigantea (Engelm.) Britton & Rose COCA 1511,13
Cdtispallida Torr. EGSH 7,11,13
Chilopsislinearis (Cav.) Sweet WDTR 1,7,11,13
Colubrina californica I.M. Johnston WDSH 1,3,7,11,13
Condalia globosa var. pubescens I.M. Johnston EGTR 7,11
Cottsia gracilis (A. Gray) W.R. Anderson VINE 711
Commicarpus scandens (L.) Standl. DDSS 711
Cylindropuntia acanthocarpa var coloradensis (L.D. Benson) D.. CASH 5,11
Pinkava
Cylindropuntia ramosissima (Engelm.) F.M. Knuth CASH 15,7,11,13
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Daucus pusillus Michx.

Echinocactus polycephalus Engelm. & J.M. Bigelow
Enceliafarinosa A. Gray ex Torrey

Encelia frutescens (A. Gray) A. Gray

Ephedra aspera Engelm. ex S. Watson

Eriogonum inflatum Torrey & Fremont

Euphorbia polycarpa var. polycarpa

Fagonia laevis Standley

Fagonia pachyacantha Rydberg

Ferocactus cylindraceus (Engelm.) Orcutt

Fouquieria splendens (Engelm.)

Heteropogon contortus (L.) P. Beauvois ex Roem. & Schult.
Hibiscus denudatus Bentham

Hilariarigida (Thurb.) Benth. ex Scribn.

Horsfordia newberryi (S. Watson) A. Gray

Hyptis emoryi Torrey

Justicia californica (Bentham) D.N. Gibson

Krameria erecta Willd. ex Schult.

Krameria grayl Rose & Painter

Larrea tridentata (Sesse & Moc. Ex DC.) Coville
Lycium andersonii A. Gray

Lycium berlandieri Dunal

Lycium fremontii A. Gray

Lycium macrodon A. Gray

Lycium parishii A. Gray

Lyciumtorreyi A. Gray

Mammillaria dioica K. Brandegee

Menodora scabra A. Gray

Mirabilis laevis var. villosa (Kellogg) Spellenberg
Muhlenbergia microsperma (DC.) Kunth

Muhlenbergia porteri Scribn. ex Beal

Olneya tesota A. Gray

Opuntia basilaris Englem. & J.M. Bigelow

Opuntia echinocarpa (Engelm. & Bigelow) F.M. Knuth
Opuntia leptocaulis (DC.) Knuth

Parkinsonia florida (Benth. ex A. Gray) S. Watson
Parkinsonia microphylla (Torrey) Rose & I.M. Johnston
Peniocereus greggii (Engelm.) Britton & Rose
Penstemon parryi (A. Gray) A. Gray

Peucephyllum schottii A. Gray

Phoradendron californicum Nuttall

Pleurocoronis pluriseta (A. Gray) R.M. King & H.E. Robinson
Porophyllum gracile Bentham

Prosopis velutina Wooton

Psorothamnus spinosus (A. Gray) Barneby
Sarcostemma cynanchoides ssp Hartwegii (Vail) R. Holm

HERB
CASS
DDSS
DDSS
PSSH
HERB
HERB
DDSS
DDSS
CASH
DDSH
GRAS
DDSS
GRAS
EGSH
EGSH
PSSH
PSSH
PSSH
EGSH
DDSH
DDSH
DDSH
DDSH
DDSH
DDSH
CASS
DDSS
DDSS
GRAS
GRAS
EGTR
CASS
CASH
CASH
PSTR
PSTR
CASS
HERB
EGSH
PARA
DDSS
PSSS
WDTR
PSTR
VINE

1

1,5,11,13
7,11,13
5,13
1,5,7,11,13
1,5,7,11
157,11
7,11

7,11
1,5,11,13
1,7,9,11,13
1,11
1,6,7,11
1,11,13
6,13
1,4.7,11,13
1,5,7,11,13
1,7911
1,7911
1,7,11,13
1,2,7,11
2,711
1,2,7,11
2,711
1,2,7,11
1,2,7,11
1511
1,711
157,11
1,11

1,11
1,7,11,13
11,13
1511
511,13
1,7,11,13
1,7,11,13
11

7,11
1,5,7,11,13
1,7,11,12
1,11
15711
7,11,13
1,7,10,11,13
7,11,12
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Salazariia mexicana Torrey

Sebastiania bilocularis S. Watson

Senna covesii (A. Gray) H.S. Irwin & Barneby

Smmondsia chinensis (Link) C.K. Schneider

Fohaeralcea ambigua A. Gray

Sephanomeria pauciflora (Torr.) A. Nelson

Tetracoccus fasciculatus var. hallii (Brandegee) Dressler
Tiquilia canescens (A. DC.) A.T. Richardson

Trixis californica Kellogg

Tridens muticus (Torr.) Nash

Xanthisma spinulosum var. gooddingii (A. Nelson) D.R. Morgan
& R.L. Hartman

Ziziphus obtusifolia var. canescens (A. Gray) M.C. Johnston

DDSS
EGTR
HERB
EGSH
HERB
DDSS
DDSH
EGSS
DDSH
GRAS
DDSS

PSSH

7,11

7,11

7,11
1,7,11,13
1,7,11
1,5,7,11
1,7,11
1,711
1,7,11,13
1,11
15711

1,3,5,7,11,13
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