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[1] Interactions among flow, geomorphic processes, and riparian vegetation can strongly
influence both channel form and vegetation communities. To investigate such interactions,
we took advantage of a series of dam-managed flood releases that were designed in part to
maintain a native riparian woodland system on a sand-bed, dryland river, the Bill Williams
River, Arizona, USA. Our resulting multiyear flow experiment examined differential
mortality among native and nonnative riparian seedlings, associated flood hydraulics and
geomorphic changes, and the temporal evolution of feedbacks among vegetation, channel
form, and hydraulics. We found that floods produced geomorphic and vegetation responses
that varied with distance downstream of a dam, with scour and associated seedling mortality
closer to the dam and aggradation and burial-induced mortality in a downstream reach. We
also observed significantly greater mortality among nonnative tamarisk (Tamarix) seedlings
than among native willow (Salix gooddingii) seedlings, reflecting the greater first-year
growth of willow relative to tamarisk. When vegetation was small early in our study period,
the effects of vegetation on flood hydraulics and on mediating flood-induced channel
change were minimal. Vegetation growth in subsequent years resulted in stronger
feedbacks, such that vegetation’s stabilizing effect on bars and its drag effect on flow
progressively increased, muting the geomorphic effects of a larger flood release. These
observations suggest that the effectiveness of floods in producing geomorphic and
ecological changes varies not only as a function of flood magnitude and duration, but also
of antecedent vegetation density and size.

Citation: Wilcox, A. C., and P. B. Shafroth (2013), Coupled hydrogeomorphic and woody-seedling responses to controlled flood
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1. Introduction

[2] Riparian vegetation and morphodynamics can be
tightly coupled along river corridors. Vegetation produces
both below-ground and above-ground effects that
strengthen banks, stabilize bars, trap sediment, and alter
local hydraulics [Petryk and Bosmajian, 1975; Hey and
Thorne, 1986; Nepf, 1999; Micheli and Kirchner, 2002;
Green, 2005; Corenblit et al., 2007; Schnauder and Mog-
gridge, 2009; Rominger et al., 2010; Sandercock and
Hooke, 2010; Dean and Schmidt, 2011; Edmaier et al.,
2011]. These effects can in turn influence channel pattern
by, for example, promoting the evolution of anabranching
[Tooth and Nanson, 2000] or single-thread, meandering
channels instead of braided channels [Williams, 1978;
Gran and Paola, 2001; Tal and Paola, 2007; Braudrick
et al., 2009; Davies and Gibling, 2011]. Flow and sediment

regimes, water availability, and channel morphology can
strongly influence distribution patterns and population
dynamics of woody riparian vegetation [Hupp and Oster-
kamp, 1996; Scott et al., 1996; Cooper et al., 2003; Stella
et al., 2011]. Many investigations into hydrogeomorphic
effects on riparian vegetation have focused on the estab-
lishment of pioneer riparian trees and the role of site crea-
tion, soil moisture, and the timing of floods compared to
seed-dispersal timing [Scott et al., 1996; Mahoney and
Rood, 1998; Cooper et al., 1999; Stella et al., 2006;
Asaeda et al., 2011]. A more limited number of studies
have examined how the subsequent fate of seedlings estab-
lished within or near the active channel is affected by
flood-induced scour, burial, or breakage [Stromberg et al.,
1993; Johnson, 1994; Auble and Scott, 1998; Friedman
and Auble, 1999; Johnson, 2000; Levine and Stromberg,
2001; Dixon et al., 2002; Polzin and Rood, 2006; Asaeda
and Rajapakse, 2008].
[3] Feedbacks between morphodynamics and vegetation

may be strongly time dependent, as a result of changes in
vegetation characteristics, flow variability, and other fac-
tors. As vegetation grows with time since establishment,
plants both exert a greater influence on physical processes
and become more resilient to them. Increases in plant diam-
eter and height produce greater vegetation drag [Freeman
et al., 2000], reducing the proportion of total shear stress
applied to grains on the bed and thereby reducing the
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erosional effects of floods of a given magnitude. Time since
establishment can also influence the strength of roots, their
cohesive effect, and their resilience to scour [Edmaier
et al., 2011]. The shifting strength and direction of feed-
backs once vegetation becomes well established produces a
‘‘ratchet effect’’ whereby such vegetation becomes progres-
sively more difficult to remove as it grows [Tal et al.,
2004]. Seasonal variations (presence or absence of leaves)
may also alter vegetation drag by increasing or reducing
frontal area [Freeman et al., 2000]. A conceptual model
proposed by Corenblit et al. [2007] suggests four stages in
the temporal evolution of feedbacks: an initial period fol-
lowing a channel-setting flood in which geomorphic proc-
esses dominate; a second stage in which pioneer vegetation
is recruited on bare surfaces; a third stage in which ecogeo-
morphic feedbacks are strongest; and a fourth stage in
which vegetation is mature and dense enough that it
strongly controls channel planform and is insensitive to all
but the largest floods.
[4] Efforts to restore riparian zones and manage nonna-

tive riparian vegetation would benefit from improved
understanding of hydrogeomorphic effects on vegetation.
Multiple species and hybrids of tamarisk (Tamarix spp.,
aka saltcedar), shrubs and small trees native to Eurasia,
have become the dominant riparian vegetation along many
rivers in the southwestern United States, often replacing
native cottonwood-willow (Populus-Salix) woodlands
[Friedman et al., 2005; Nagler et al., 2011]. Tamarisk
invasions have altered riparian habitat [Shafroth et al.,
2005] and contributed to reductions in channel width,
increased sediment storage, and other geomorphic changes
along western rivers [Graf, 1978; Hereford, 1984; Allred
and Schmidt, 1999; Grams and Schmidt, 2002; Birken and
Cooper, 2006; Dean and Schmidt, 2011]. Millions of dol-
lars have been spent on controlling tamarisk by chemical,
mechanical, and biological control methods [Shafroth
et al., 2005], sometimes with unintended geomorphic con-
sequences such as increased erosion [Vincent et al., 2009].
[5] Shifts in the magnitude and timing of peak flows and

other anthropogenic alterations of flow regimes can favor
tamarisk over native pioneer species [Stromberg, 2001;
Stromberg et al., 2007; Merritt and Poff, 2010]. Compari-
sons of tamarisk and native pioneer trees (cottonwood and/
or willow) at the seedling stage have found that tamarisk is
more vulnerable to the effects of burial [Levine and Strom-
berg, 2001] and inundation [Gladwin and Roelle, 1998]
and that cottonwood seedlings can outcompete tamarisk
seedlings when grown in mixtures [Sher et al., 2000,
2002]. Tamarisk recolonizes rapidly following floods [Sha-
froth et al., 2005], however, and beyond the seedling stage,
tamarisk becomes highly resilient to hydrogeomorphic
forces as well as to drought [Everitt, 1980; Cleverly et al.,
1997]. Identification of flows and fluvial processes that
adversely affect tamarisk relative to native taxa could assist
efforts to prescribe flows downstream of dams for manag-
ing tamarisk.
[6] Although to our knowledge, managed flood releases

have not been used as an explicit tool for tamarisk control,
manipulation of flow releases from dams by mimicking
natural flows has been implemented to achieve other eco-
system objectives [Poff et al., 1997; Arthington et al.,
2006; Merritt et al., 2010; Konrad et al., 2012]. Tools are

lacking, however, for providing managers with site-spe-
cific, quantitative information about the magnitude, dura-
tion, frequency, rate of change, and timing of flows
sufficient to achieve such objectives [Rood et al., 2005;
Palmer and Bernhardt, 2006]. One avenue for developing
the information to address these questions, and more gener-
ally to develop new insights into relationships between
hydrogeomorphic processes and ecosystem functions, is
conducting large-scale flow experiments [Konrad et al.,
2011].
[7] Here we report on a series of dam-managed flood

releases on a dryland river that we used as a multiyear flow
experiment to investigate geomorphic changes, flood
hydraulics, woody seedlings, and their interactions. At the
outset of our study, we used a planned flood release to test
the hypothesis that this event would cause greater mortality
among a cohort of small (1 year old) nonnative tamarisk
seedlings than among native willow (Salix gooddingii)
seedlings, as well as to evaluate associated flood hydraulics
and geomorphic changes. Our study evolved and broadened
in subsequent years, as additional managed floods that var-
ied in magnitude and duration were released in our study
system, into an investigation of the evolving nature and
strength of vegetation-hydrogeomorphic feedbacks as a
result of spatial and temporal variations in coupled geomor-
phic and vegetation responses to controlled floods. We
apply these inquiries to develop guidance regarding the
effectiveness of flow prescriptions in dammed rivers, where
high-flow releases are small compared to predam floods,
in achieving downstream geomorphic and ecological
objectives.

2. Study Area

[8] The Bill Williams River (BWR) historically flowed
65 km from the confluence of the Santa Maria River and
Big Sandy River into the Colorado River in western Ari-
zona, USA (Figure 1), draining 13,800 km2 and alternating
between canyon and alluvial valley reaches. Because the
hydrology of the BWR is influenced by wetter conditions
in its mountainous headwaters, where average annual pre-
cipitation exceeds 40 cm yr�1, and arid conditions in the
lower basin (12 cm yr�1 precipitation) [Shafroth and Beau-
champ, 2006], we characterize the river as ‘‘dryland’’ rather
than arid or semiarid. Both the upstream and downstream
limits of the BWR are currently submerged within reser-
voirs. Alamo Dam, a U.S. Army Corps of Engineers flood-
control facility that was completed in 1968 and impounds
Alamo Lake, now forms the upstream limit of the BWR. At
its downstream end, the BWR flows into Lake Havasu, an
impoundment on the Colorado River that is the source for
the Central Arizona Project Aqueduct and the Colorado
River Aqueduct, which supply water to several large cities
in the southwestern United States.
[9] Alamo Dam has substantially reduced peak flows in

and sediment supply to the BWR (Figure 2). For example,
the ratio of the postdam 2 year flood (Q2) to the pre-dam
Q2 is 0.04, based on Log Pearson III analysis of peak-flow
data from the U.S. Geological Survey BWR below Alamo
Dam, AZ gauge (#09426000). This ratio, a metric known
as Q� [Magilligan and Nislow, 2005; Schmidt and Wilcock,
2008], provides an indication of the extent to which a dam
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has reduced transport capacity; the 0.04 value for the BWR
is indicative of extreme peak flow reduction. The upper
85% of the basin’s drainage area is effectively discon-
nected from the BWR by Alamo Dam, blocking the supply
of bed-material from the upper basin. Further, there are no
perennial tributaries downstream of Alamo Dam.
[10] The BWR’s alluvial valleys, the largest of which is

the 13 km long Planet Valley, exert a strong control on the
routing of both flow and sediment through the BWR, caus-
ing gains and losses of surface flow and storing large vol-
umes of sediment. The alluvial aquifer in Planet Valley
(Figure 1) acts as a sponge, such that all of the river’s base
flow typically infiltrates at the upstream end of the valley
and emerges at the downstream end, where valley width

and depth to bedrock decline [Jackson and Summers, 1988;
House et al., 2006]. Planet Valley and its antecedent water-
table elevation also influence routing of high flows down
the BWR [Shafroth et al., 2010; Simpson et al., 2013], as
discussed further below.
[11] The severe reduction of both transport capacity and

sediment supply in the BWR has been accompanied by the
spread of tamarisk and other floodplain vegetation as well
as by channel narrowing [Shafroth et al., 2002]. This chan-
nel narrowing trend started in the 1950s, before Alamo
Dam was built [Shafroth et al., 2002], likely as a result of
regional climatic shifts [Sheppard et al., 2002] that reduced
peak flows along many rivers in the southwestern United
States [Hereford, 1984].

Figure 1. Bill Williams River in western Arizona, USA. The two study reaches identified in the bottom
plot, Rankin and Mineral, are 18 and 48 km downstream of Alamo Dam, respectively (flow is from right
to left).
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[12] Whereas many river corridors in the southwestern
United States are dominated by nonnative tamarisk, the
BWR has a diverse riparian flora that includes tamarisk but
also Goodding’s willow (S. gooddingii), Fremont cotton-
wood (Populus fremontii), seep willow (Baccharis salcifo-
lia), arrowweed (Pluchea sericea), mesquite (Prosopis
spp.), and cattail (Typha spp.). Plant species richness is
lower in the BWR than in its unregulated upstream tribu-
tary, the Santa Maria River, however, likely as a result of
flood reduction [Stromberg et al., 2012]. In an effort to sus-
tain the native riparian woodland habitat in the BWR, flow
management at Alamo Dam has been guided in recent
years by collaborative efforts between the Army Corps of
Engineers and other stakeholders [Shafroth and Beau-
champ, 2006; Shafroth et al., 2010] and has followed the
Environmentally Sustainable Water Management frame-
work [Richter et al., 2003; Konrad et al., 2012]. Environ-
mental flow releases have included base flows designed to
provide summer and fall irrigation for cottonwoods and
willows as well as flood releases, as water availability
allows, to promote cottonwood and willow recruitment.
Dam operations for environmental purposes on the BWR
are facilitated because competing water uses such as
hydropower production or irrigation are absent or limited,
because the downstream floodplain is sparsely populated,
and because water released from Alamo Dam is
delivered to and impounded by Lake Havasu (Figure 1).
Communication among scientists and managers has
allowed scientists to provide input into the design of flow
releases and to capitalize on planned flood releases for data
collection. These factors combine to create a unique field
laboratory.
[13] This study investigates a series of floods released

from Alamo Dam into the BWR (Table 1, Figure 2). Dur-
ing the winter of 2004 and 2005, high runoff associated
with El Ni~no caused multiple high-flow events in the range
of the dam’s maximum outlet capacity (approximately
200m3s�1). These events, although they occurred before
the data collection effort described below, were significant
to our study because they scoured vegetation from low-ele-
vation bars and created bare surfaces for seedling establish-
ment. The falling limb of the last of these events, in spring
2005, was managed to promote seedling recruitment by
drawing down flow releases from Alamo Dam at a rate of

approximately 0.5m3s�1day�1, subsequently resulting in
the widespread establishment of riparian seedling patches
initially codominated by tamarisk and willow, some of
which we subsequently monitored. In March 2006, a con-
trolled flood was released from Alamo Dam in which dis-
charge was ramped up to an instantaneous peak of
69m3s�1, maintained at that peak for 7.5 h, and then
dropped and held at 56m3s�1 for 2 days, followed by a
gradual drawdown of approximately 1m3s�1day�1.
Smaller pulse flow releases occurred in 2007 and 2008 (Ta-
ble 1). In 2010, another El Ni~no year in which inflows to
Alamo Lake were large, the highest-magnitude, longest-du-
ration flood since 2005 was released (Table 1).
[14] Flows at the downstream end of the BWR were

lower than those released from Alamo Dam during these
floods as a result of infiltration and associated flow attenua-
tion within Planet Valley and other alluvial valleys. Flows
measured downstream of Planet, at the BWR near Parker,
AZ gauge (# 09426620), were most similar to those
measured at Alamo when antecedent water-table levels in
Planet Valley were high and flood durations were longer

Figure 2. Flow data for the Bill Williams River below Alamo Dam gauge. Left plot shows annual
peak discharges for the period of record and illustrates the postdam reduction of high flows. Right plot
shows mean daily flows from late 2004 to mid-2010, with annotations of flood events around which our
data collection was completed; note difference in y axis scale compared to left plot.

Table 1. Summary of High-Flow Characteristics for 2005–2010
Flood Releases From Alamo Dam on Bill Williams River, AZ,
Based on Measurements at the Alamo Gauge, Immediately Down-
stream of Alamo Dam (USGS #09426000), and the Parker Gauge,
50 km Downstream (BWR near Parker, AZ, # 09426620)

Datea USGS Gauge Peak Magnitude (m3s�1) Duration (h)

21 Feb 2005 Alamo 205 Multidayb

Parker 208
14 Mar 2006 Alamo 69 7.5c

Parker 66
9 Apr 2007 Alamo 29 16

Parker 5.1
31 Mar 2008 Alamo 65 8

Parker 1.6
7 Mar 2010 Alamo 85 36d

Parker 63

aDate of initial flood release from Alamo Dam, passage of peak at
Parker gauge may differ.
bThe peak magnitude reported for this event is a daily average. Flows

remained >100m3s�1 for approximately 3 weeks during this event.
c69m3s�1 maintained for 7.5 h, followed by 2 days at 56m3s�1.
d85m3s�1 maintained for 36 h, followed by 56m3s�1 for 5 days.
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(e.g., 2005, 2006, 2010). In contrast, when antecedent
water levels were low and/or flood durations were short
(2007 and 2008), flood peaks were substantially attenuated
in downstream portions of the BWR. For example,
peak flows measured at Parker were 19% and 2% of
the upstream peaks in 2007 and 2008, respectively
(Table 1).
[15] The magnitude and duration of the releases were

constrained by water availability, dam release capacity, and
concerns over potential impacts to other downstream land
and water management interests. Consequently, the events
were small compared to historic floods on the BWR (Fig-
ure 2). These events were substantial, however, when con-
sidered within the context of the postdam hydrologic
regime; the 2005 event was the largest since dam construc-
tion. The observed flood releases were timed to overlap
with the seed-release period of willow and cottonwood,
although tamarisk also releases seed concurrently with wil-
low on this river system [Shafroth et al., 1998].

3. Methods

[16] We conducted a multiyear field campaign that com-
bined measurements of vegetation, topography, bed sedi-
ment, and flood hydraulics in two study reaches (Figures 1
and 3). The first reach is 18 km downstream from Alamo
Dam and is referred to hereafter as the Rankin reach (after
a nearby ranch). The second reach is 48 km downstream
from the dam and is referred to as the Mineral reach (after
a nearby ephemeral tributary, Mineral Wash). These
reaches were selected for detailed study because of (1) the
presence of bars with cohorts of seedlings that established
on bare surfaces in 2005, as indicated by our observations
during multiple field visits between November 2004 and
February 2006, (2) differences in flow, sediment supply,
and bed-material size, as a result of relative positions
downstream from Alamo Dam, allowing assessment of spa-
tial variations in ecogeomorphic interactions, and (3)
access; these are among a small number of reaches of the
BWR with road access.
[17] Our field measurements focused on the 2006, 2007,

and 2010 flood releases and their effects. Data collection
among years varied as a function of the amount of advance
notice we had for floods, personnel and equipment avail-
ability, and study objectives. Our most intensive data col-

lection effort surrounded the 2006 event, which we used to
investigate (1) differential seedling mortality among willow
and tamarisk (the most frequently occurring species in our
study plots) and associated changes in the size distribution
of seedlings, (2) spatial variability in flood-induced
changes in channel morphology and grain size, in relation
both to the presence of vegetation and proximity of study
reaches to Alamo Dam, and (3) flood hydraulics. Elements
of these analyses were continued for the 2007 and 2010
event, which, in combination with the 2006 flood, were
used to study the evolution of vegetation-hydrogeomorphic
feedbacks over a multiyear, multiflood period. Whereas the
2006 and 2007 flood releases were planned well enough in
advance to permit detailed preflood measurements, the
2010 flood was an El Ni~no-driven event with minimal
advance notice.

3.1. Vegetation Sampling

[18] Starting in late February 2006, we sampled woody
seedlings in 1m2 plots within belt transects aligned perpen-
dicularly to the long axis of the sample bars. These trans-
ects align with the geomorphic surveys of cross-section
topography and bed-material texture described below. At
Mineral the plots were arrayed along four transects, spaced
20–30 m apart, ranging in width from 10 to 24 m, and dis-
tributed along one vegetated bar with a surface area of
approximately 1500m2, as measured in ArcGIS (Figure 3).
At Rankin the plots were arrayed along eight transects,
spaced 10 m apart, ranging in width from 2 to 14 m, and
distributed along two vegetated bars with surface areas of
approximately 500m2 and 300m2 (Figure 3).
[19] At the time of our first vegetation sampling effort,

all woody plants in our study plots were less than 1 year
old seedlings that established in association with the 2005
floods. Ninety percent of all measured woody seedlings
were tamarisk, 9% were Goodding’s willow, and< 1%
were arrowweed or seep willow. Herbaceous vegetation
cover in our plots was 5.96 9.8% at Mineral and
16.06 18.3% at Rankin (mean6 standard deviation).
Sixty-one and 38 plots at Mineral and Rankin, respectively,
contained seedlings of either tamarisk or willow at the be-
ginning of our field study. Of these 99 plots, 48 contained
both species, 28 contained willow but not tamarisk, and 23
contained tamarisk but not willow. The elevations above
the base-flow water surface of these groups of plots were

Figure 3. (left) Mineral (right) and Rankin study reaches (September 2005 aerial photographs), show-
ing data collection transects. Topography was measured along all transects ; grain size and vegetation
data were collected along transects denoted with thicker line (grain size was also measured at upstream-
and downstream-most transects). Flow is from right to left.
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similar : 0.216 0.07 m (mean6 standard deviation) for
mixed tamarisk and willow plots, 0.196 0.07 m for wil-
low-only plots, and 0.256 0.08 m for tamarisk-only plots.
[20] Within each plot, the diameter at the ground surface,

total height, and species identity of every woody seedling
were recorded, and stem density (number of woody plants
per square meter). The same variables were measured in all
plots ten weeks later (in early May 2006) following the
March 2006 pulse flood.
[21] In April 2007, we remeasured the same variables in

all plots immediately before that year’s flood release. Sev-
eral days later, after the 2007 flood recession, we resur-
veyed stem density in all plots at Rankin; plant size was
not resurveyed because the short time since the previous
surveys precluded likely plant growth. At Mineral, because
of flood attenuation and the previous year’s aggradation,
the vegetated study plots were not inundated by the 2007
event, so we did not complete postflood vegetation surveys.
Field measurements associated with the 2010 event
(described below) did not include vegetation surveys
because of time and personnel limitations.
[22] We calculated seedling mortality as the change in

the number of live stems in each plot (postflood minus pre-
flood stem density) associated with the 2006 and 2007
events. We equate stem-density reductions to mortality
based on the associated geomorphic mechanisms, as dis-
cussed below, and the absence of standing dead stems in
our plots. We then completed several tests of the signifi-
cance of these changes as a function of species (tamarisk
versus willow), reach (Rankin versus Mineral), year (2006
versus 2007), and antecedent plant conditions. First, we
completed a two-way ANOVA on species and reach for the
2006 data only (the test on differences between reaches
was restricted to 2006 because we did not measure density
changes in 2007 at Mineral). Second, using the Rankin data
only, we completed a two-way ANOVA with species and
year as factors. Third, to test the effects of drag associated
with seedlings on observed stem-density differences, we
added antecedent vegetation density [Nepf, 1999] as a
covariate. Vegetation density, the projected plant area per
unit volume (m�1), can be approximated, treating plants as
cylinders, as stem density times average stem diameter. In
our case we calculated vegetation density for each plot as:
(stem density)tamarisk� (average diameter)tamariskþ (stem
density)willow� (average diameter)willow. For plots with
other woody seedlings (e.g., seep willow, arrowweed), this
equation was modified accordingly. This approach neglects
details of how plant architecture and flexibility influence
drag but provides a reasonable approximation of vegetation
drag [Nepf, 1999; also see Kean and Smith, 2005].
[23] Stem-density-difference values included zeros (no

change in density) and negative values, where stem density
increased as a result of addition of flood-trained stems from
upstream of the plot and/or burial of the main stem, leaving
multiple secondary stems protruding from the ground surface.
Because these negative values resulted from our methods
rather than from real increases in the numbers of plants, we
set them to zero for statistical tests. We applied a log10(xþ1)
transformation to the density-difference values to better sat-
isfy normality and homoscedasticity assumptions.
[24] To compare the size distribution of seedlings before

and after the 2006 flood and to test for significant differen-

ces, we performed two-sample Kolmogorov-Smirnov (K-S)
tests on diameter and height. The K-S test is suited to com-
paring distributions and, as a nonparametric test, does not
require normally distributed data. Quantile-quantile plots
(not shown here) confirmed that seedling size for the stems
sampled was not normally distributed.

3.2. Geomorphic Change Surveys

[25] Topographic surveys of the Mineral and Rankin
reaches were completed in 2006, 2007, and 2010 to mea-
sure flood-induced topographic changes and channel evolu-
tion. At the outset of our field campaign, in February 2006,
we surveyed 23 and 15 cross sections in the Mineral and
Rankin reaches, respectively, a subset of which contained
the plots in which vegetation was sampled, as well as thal-
weg profiles. In May 2006, both reaches were resurveyed.
We used Trimble Real Time Kinematic (RTK) GPS units
for these surveys. To characterize topographic change asso-
ciated with the March 2006 event, we calculated differen-
ces in the average May (postflood) versus February
(preflood) bed elevation for each cross section. Calcula-
tions of elevation differences were performed for all por-
tions of the bed inundated by the 2006 event (according to
water surface elevation surveys at the flood peak) and for
subsets of transects along our vegetated study bars. To gain
additional insight into scour and fill dynamics, we deployed
scour chains longitudinally along vegetation study bars in
the two study reaches in February 2006 [see for example
Powell et al., 2006, for details on methods of interpreting
scour chains].
[26] We resurveyed topography along varying subsets of

our cross sections, as well as longitudinal profiles, in subse-
quent years. Following the 2007 high-flow release, we
resurveyed six cross sections in the Rankin reach using a
Pentax PCS300 total station. Because of the substantial
attenuation of the 2007 flood (Table 1), we did not resurvey
topography at Mineral after this event. Before and after the
2010 flood, 13 and 15 cross sections were resurveyed in the
Mineral and Rankin reaches, respectively, using RTK-GPS.
[27] Bed sediment samples were collected before and af-

ter the 2006 flood to measure flood-induced changes in
grain size, inter-reach differences, and the mediating effect
of vegetation on grain size changes. We used a ‘‘can on a
stick’’ bulk sampler [Edwards and Glysson, 1999], which
was suitable for the sand- and fine-gravel-dominated sedi-
ments in our study reaches, that penetrated to a depth of
7 cm and collected 0.4–1 kg of sediment per sample.
Between 80 and 93 samples were collected in each reach
during each sampling period at evenly spaced intervals
along selected cross sections, some of which overlapped
with our vegetation transects. All samples were dried and
sieved at 1/2–’ intervals (from 0.063 to 32 mm) to deter-
mine grain size distributions.
[28] For statistical comparisons, we composited grain

size samples either by cross section, for unvegetated cross
sections, or into unvegetated and vegetated portions of
those cross sections that contained vegetation plots. This
resulted in 56 composite samples (10 in Mineral, 18 in
Rankin, measured both before and after the 2006 event).
For each of these, we calculated the D50 and the fraction of
the composited sample mass within five grain size catego-
ries : >8mm (’<�3), 2–8mm (�3<’<�1), 1–2mm
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(�1<’<0), 0.5–1mm (0<’<1), and 0.0625–0.5mm
(1<’<4); the categories that encompass a smaller range of
’ classes are those in which bed materials are most preva-
lent on the BWR. We first tested whether the 2006 flood
produced a change in grain size distributions using two-
way ANOVAs, with D50 and fraction of sample mass
within grain-size categories as response variables and time
(preflood versus postflood) and reach (Rankin versus Min-
eral) as factors. We then calculated the postflood minus
preflood difference in grain size (for D50 and within each of
the size categories), and using these differences as response
variables, we applied a linear model with reach and vegeta-
tion (vegetation versus no vegetation along transects) as
factors. We also represented vegetation as a continuous
variable, using the average preflood stem density along the
transect (0 for unvegetated transects) as a covariate, but
this did not change results compared to using vegetation as
a categorical variable. Tests for autocorrelation of grain
size responses among transects, using the acf function in R
[R Development Core Team, 2012], showed that autocorre-
lation was not significant for lag¼ 1 (i.e. among adjacent
transects) and therefore did not need to be accounted for in
subsequent significance testing.

3.3. Flood Hydraulics Measurements

[29] In addition to the surveys described above of pre-
flood and postflood ecogeomorphic characteristics, we also
measured several components of high-flow hydraulics dur-
ing our study floods. To determine the arrival time of floods
released from Alamo Dam at Rankin, we deployed pressure
transducers (in 2006 and 2010); in 2007 we visually
recorded the arrival of the flood pulse at Rankin. These
data were used to calculate the reach-average velocity for
the 18 km between Alamo Dam and Rankin. Flood timing
and duration at Mineral were largely inferred from the
BWR near Parker gauge (<2 km downstream).
[30] We also measured local velocities during the 2006

and 2007 floods along our study transects, including meas-
urements within vegetation patches, at positions near (2 m
from) the edge of patches, and at positions further away
from (>4 m) patches. In 2006, we completed 15 velocity
measurements (n¼ 7 within, 4 near, 4 away from vegeta-
tion patches) at Mineral and Rankin, and in 2007, we com-
pleted 18 velocity measurement, 6 in each location type, at
Rankin. We used a SonTek FlowTracker acoustic Doppler
velocimeter, at 0.4 times the flow depth and recording for
40 seconds. Velocity samples were limited to wadeable
areas; depths at measurement positions were 0.506 0.27 m
(range of 0.2–1.2 m). Velocities did not vary significantly
with the flow depth of the measurement position (p¼ 0.09).
To evaluate the effects of measurement proximity to vege-
tation patches on velocity, we performed two-way analysis
of variance, where year (2006 and 2007) and location (in,
near, and away from vegetation patches) were factors, and
a Tukey HSD multiple comparison test was applied.

4. Results

[31] We observed differences in vegetation and geomor-
phic responses to flood releases both temporally, between
the 2006, 2007, and 2010 events, and spatially, between
our upstream (Rankin) and downstream (Mineral) study

reaches. Evolution of vegetation and morphology are evi-
dent in repeat photographs of the study reaches (e.g., Fig-
ures 4 and 5) and are illustrated by the data presented
below on seedling mortality, shifts in seedling size distribu-
tions, topographic and textural changes, and flood
hydraulics.

4.1. Vegetation Responses to Controlled Floods

[32] Both the 2006 and 2007 floods caused substantial
seedling mortality. Stem density reductions associated with
the 2006 flood differed significantly between species (Fig-
ure 6) and reaches (Table 2).
[33] Preflood stem densities of tamarisk seedlings

exceeded willow densities in both study reaches (Figure 6;
F1,143¼ 96, p<0.001), but tamarisk experienced signifi-
cantly greater flood mortality. The 2006 event produced
85% reductions in tamarisk density in both reaches, com-
pared to reductions of 26% and 64% for willow seedlings
in Mineral and Rankin, respectively. Tamarisk was elimi-
nated from 33% of plots that originally contained tamarisk
at Mineral and 30% at Rankin postflood, whereas willow
was eliminated from 17% of plots that originally contained
willow at Mineral and 23% at Rankin. Flood-induced seed-
ling mortality was limited to low-elevation bars in the
active channel (<1m above the thalweg); no changes were
observed on higher vegetated surfaces.
[34] Measurements completed before the 2007 event

indicated differences in vegetation evolution since 2006
between reaches. At Rankin, stem densities of both willow
and tamarisk had increased since the post-2006 event meas-
urements (Figure 6), suggesting that some new colonization
and resprouting had occurred in this reach. Whereas willow
densities exceeded pre-2006 levels (at Rankin), tamarisk
densities did not. At Mineral, in contrast, stem densities
showed little change since the post-2006 measurements,
suggesting that new colonization or resprouting had been
minimal.
[35] Stem-density reductions associated with the 2007

event were significantly lower than in 2006 (Table 2). As in
2006, flood-induced mortality was greater for tamarisk
than willow (Table 2, Figure 6), which continued the trend
of an increase in the ratio of willow to tamarisk, from
0.07 at the beginning of the study period (pre-2006) to
0.55 after the 2007 event. The 2007 event did not inundate
study plots in the lower (Mineral) reach, and field observa-
tions confirmed that plant mortality was minimal at
Mineral.
[36] For both the 2006 and 2007 events, antecedent vege-

tation density (projected plant area per unit volume) had
highly significant effects on flood-induced mortality (Table
2). The mean (6 standard deviation) of antecedent vegeta-
tion density was 0.16 0.09m�1 at Rankin in 2006,
0.066 0.05m�1 at Mineral in 2006, and 0.126 0.08m�1

at Rankin in 2007.
[37] The average diameter and height of willow seed-

lings was 2–5 times greater than tamarisk during all field
measurement periods (Figure 7). These seedlings were
recruited during the 2004–2005 floods and thus show very
high growth rates. By the time of the 2007 event, vegeta-
tion that had established in 2005 and survived the 2006
event had grown sufficiently (Figures 4c, 5c, and 7) to
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mediate the geomorphic effects of that event and to in turn
influence flood-induced seedling mortality. This dynamic,
whereby seedlings surviving one flood grow and produce
greater drag in subsequent floods, continued in the 2010
event, as discussed further below.
[38] Comparison of histograms of plant height between

survey periods illustrates flood effects on vegetation struc-
ture, whereby the greatest mortality occurred among seed-
lings <40 cm in height and <4mm in ground diameter, as
evidenced by a dramatic reduction in the numbers of those
smaller plants (Figure 8). In contrast, plants >70 cm in
height and >6mm in diameter showed little change as a
result of flooding. Two sample K-S tests show that the shift
in seedling size distributions associated with truncation of
smaller sizes was significant for the 2006 flood (p<0.001
for both diameter and height; D¼ 0.47 for diameter and
D¼ 0.49 for height, where D is a test statistic describing
the maximum distance between the preflood and postflood
distribution functions). These results suggest a threshold of
plant resistance to flooding for these events and antecedent
conditions.

4.2. Flood-Induced Geomorphic Changes

[39] Despite similar bed gradients (0.0028 in Rankin,
0.0026 in Mineral), the two study reaches experienced dif-
ferent geomorphic responses to floods, which in turn con-
tributed to the different vegetation responses described
above. In the reach closer to the dam (Rankin), the 2006

flood caused scour and shifting of bars and changes in the
position of the base-flow channel. Along our 15 cross sec-
tions, local erosion and deposition offset each other later-
ally, such that the average of postflood minus preflood
elevations was small (�Z¼ 0.096 0.04 m; range¼ 0.02–
0.14 m). Of our two vegetation sample bars in the Rankin
reach, the upstream one that supported the majority of
seedlings surveyed preflood was scoured and trimmed
(�Z¼�0.096 0.09 m for vegetation transects along this
bar, e.g., cross section 90 in Figure 9) such that only a nar-
row line of vegetation remained. On the downstream bar,
net elevation change was limited (�Z¼ 0.056 0.09 m for
vegetation transects along this bar, e.g., cross sections 30
and 50 in Figure 9), even in areas with substantial reduc-
tions in stem density. Scour chains that were recovered
indicated mean scour depths of approximately 0.3 m on the
bar surface and subsequent fill. Some of the scour chains
could not be relocated, possibly as a result of deeper scour.
[40] In the Mineral reach, we observed differences in

topographic response between vegetated and unvegetated
areas of the bed. In February 2006, our sample bar had two
distinct levels: a lower, vegetated surface bordering the
channel, and a higher unvegetated surface (e.g., cross sec-
tions 70, 90, and 110 in Figure 9). Surveys after the 2006
flood showed aggradation on the lower, vegetated surface
of the bar (�Z¼ 0.206 0.11 m for vegetated portions of
eight cross sections; range ¼ 0.07–0.33 m). This aggrada-
tion buried smaller seedlings and produced the mortality

Figure 4. Repeat photographs of central portion of Rankin study reach, from left bank looking to
north: (a) February 2006, (b) May 2006, (c) April 2007, (d) December 2010. Sequence illustrates lateral
movement of bars, growth of seedlings that have survived floods, resilience of larger woody plants to
floods, and presence of cattail (along far bank).
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described above. The upper surface of the bar changed lit-
tle, such that the vegetated and unvegetated surfaces had
similar postflood elevations but were perched higher above
the low-flow channel (Figure 9). This difference in relative
elevation was exacerbated by incision of the low-flow
channel bed adjacent to the vegetated sample bar
(�Z¼�0.136 0.03 m for the same eight cross sections
noted above). Aggradation of the vegetated portion of the
bar and channel incision were offsetting in terms of average
elevation change in the Mineral reach (�Z¼�0.066 0.04
m for 24 cross sections).
[41] The 2007 flood produced only limited geomorphic

changes in the Rankin reach (�Z¼ 0.046 0.04 m, for the
average of post-2007 cross-section measurements minus
May 2006 surveys). As noted above, the 2007 event had

almost entirely attenuated by the time it arrived at Mineral
and therefore did not alter channel morphology there.
[42] The 2010 flood, despite being the largest of the

2006–2010 period (Table 1), produced little topographic
change. Cross-section surveys documented small amounts
of localized scour and fill (e.g., Figure 9) but no reach-wide
patterns of net topographic change (�Z¼ 0.026 0.06 m,
for the average of post-2010 minus pre-2010 cross-section
elevations in Rankin). In both reaches the larger
magnitude of the 2010 flood was offset by the increases in
vegetation size and density, limiting its geomorphic
effectiveness.
[43] An additional source of geomorphic change during

the latter years of our study period was the expansion of
beaver, especially in the Rankin reach. Beaver activity

Figure 5. Repeat photographs of vegetation study bar in Mineral reach, looking from channel toward
river left : (a) February 2006, where mix of 1 year old tamarisk and willow seedlings are visible, (b) May
2006, where willow seedlings now dominate as a result of flood-induced burial of the smaller tamarisk,
(c) April 2007, where willow seedlings that survived the 2006 flood have grown and stabilized the bar.
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produced variability in longitudinal profiles, with dams and
impoundments producing up to 1.2 m high steps in the pro-
file by 2010 in Rankin (Figure 10). In both reaches, thal-
wegs were more entrenched relative to surrounding bars by
2010 compared to February 2006, in part as a result of bea-
ver activity (Figures 9 and 10).
[44] Neither reach experienced changes in active

channel width in any of the floods. Bank erosion potential
is limited in these reaches by vegetation, including armor-
ing of steeper banks by mats of arrowweed and energy dis-
sipation by dense, near-bank stands of cattail. Early in the
study period the effects of these species were confined to
the banks (in the case of arrowweed) and within a few
meters of the banks (in the case of cattail ; e.g., Figure 4),
although cattail had expanded further into the channel by
2010.

[45] With respect to bed-material size, bed sediments at
Rankin are coarser than at Mineral throughout their size
distributions (Figure 11). At the beginning of the study pe-
riod D50 values averaged over each reach were 2.7 and
0.7mm in Rankin and Mineral, respectively. The Rankin
reach includes many gravel lenses and patches, whereas
bed sediments were more unimodal in the coarse sand
range in Mineral (Figure 11). Initial (preflood) differences
in D50 between vegetated and unvegetated portions of
transects were not significant (F1,25¼ 0.4, p¼ 0.5),
although fractions of finer sediments (0.0625–0.5 mm)
were higher in vegetated transects. The 2006 event did
not produce significant changes in grain sizes, in either
D50 or fraction of sample mass within different size
categories. Tests of how postflood minus preflood dif-
ference in grain size varied among reaches and as a

Figure 6. Stem densities of willow and tamarisk before and after 2006 and 2007 floods. Left plot
shows distributions of measured densities, with 2006 data from Rankin and Mineral combined and 2007
data from Rankin only (boxes bound 25th and 75th percentiles, solid lines in boxes illustrate medians,
and whiskers bound 10th and 90th percentiles). Right plot shows mean and standard error of stem den-
sities, differentiated among species and reaches. Densities for post-2007 in Mineral were not measured
because the 2007 event did not inundate vegetation plots in that reach.

Table 2. Results of Statistical Tests of Flood-Induced Reductions in Stem Density as a Function of Species (Tamarisk, Willow), Reach
(Rankin, Mineral), Year (2006, 2007), and Antecedent Vegetation Density (Stem Density�Stem Diameter)
Model Factor Degrees of Freedom Sum of Squares Mean Square F Value P Value

2006a Species 1 79.4 79.4 138.6 <0.0001
Reach 1 5.4 5.4 9.4 0.003
Vegetation density 1 43.2 43.2 75.4 <0.0001
Species�vegetation density 1 14.4 14.4 25.4 <0.0001
Residuals 101 57.9 0.57

Rankinb Species 1 35.4 35.4 30.9 <0.0001
Year 1 7.2 7.2 6.3 0.014
Vegetation density 1 22.7 22.7 19.8 <0.0001
Residuals 73 83.6 1.1

aSpecies�reach, reach�vegetation density interactions not significant.
bModel testing for effects of year (2006 versus 2007) applied to Rankin only, because 2007 event did not inundate plots at Mineral. Two-way interac-

tions not significant.
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function of vegetation found that these factors were not
significant for D50 and most size categories. The post-
flood minus preflood fraction within the fine tail of

grain size distributions (0.0625–0.5 mm) did show sig-
nificant variation between reaches (F1,25¼ 7.1,
p¼ 0.013) and between vegetated and unvegetated

Figure 7. Seedling height and diameter (mean and standard error) measured in February 2006 (pre-
flood), May 2006 (postflood) and April 2007 (preflood), for willow and tamarisk, in Rankin and Mineral
study reaches. Because vegetation measurements following the 2007 event were taken within 1 week of
the preflood measurements, a time period in which minimal plant growth would have occurred, diameter
and height were not measured after the 2007 event.

Figure 8. Histograms of plant heights (top) and diameters (bottom) measured in February and May
2006, before and after the 2006 flood, with reaches (Mineral and Rankin) and species (tamarisk and wil-
low) combined. Data are based on repeat measurements of the same study plots. The histograms illus-
trate size-dependent mortality during the 2006 flood, primarily occurring among plants <40 cm in height
and <4mm diameter.
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transects, with the reduction being greater in unvege-
tated than in vegetated areas (F1,25¼ 9.5, p¼ 0.005).
4.3. Flood Hydraulics

[46] Velocity data collected at multiple scales provide
evidence of vegetation effects on flow conditions during
BWR floods. Velocities averaged over the 18 km reach
between Alamo Dam and our upstream reach for the 2006,
2007, and 2010 events, based on the time between flow
releases at the dam and arrival at Rankin, were 0.8, 0.6, and

0.5 m s�1, respectively (Figure 12). These velocities do not
show the expected relationship with Q (i.e., hydraulic ge-
ometry would suggest a power-law relationship with a posi-
tive exponent). We attribute this discrepancy to the
increasing height and density of both woody seedlings and
cattail, from 2006 when plants were small and sparse to
2010 when vegetation was dense and tall. Although we did
not quantitatively survey vegetation in the 18 km reach
between Alamo Dam and the Rankin reach, field and aerial
photo observations of that reach show a similar pattern to

Figure 9. Changes in morphology across the study period for representative cross sections at Rankin
(XS 30, 50, 90; left) and Mineral (XS 70, 90, 110; right). Cross-section numbers refer to their distance
in meters from downstream end of each reach (also see Figures 3 and 10). Water surface elevation for
2006 flood and location of vegetation transects within cross sections (veg bar) also shown. The Rankin
cross sections show lateral shifting, erosion, and deposition resulting from the 2006 flood and subsequent
(March 2010) beaver-influenced morphologic adjustments. The Mineral cross sections show vegetation-
influenced aggradation and leveling of the bar (on the left side of the cross sections) resulting from the
2006 flood, as well as increased elevation differences with time between the bar and the base-flow chan-
nel (on the right side of the cross sections).
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our Rankin reach: a steady increase in the size and density
of both woody plants and cattail from 2006 to 2010. Vege-
tation dynamics also contribute to variations in the lag
between peaks of the different flood events at the Alamo
and Parker gauges. However, flood travel times and attenu-
ation between Alamo and Parker are affected by not only
changes in vegetation density and size, but also by surface
water-groundwater interactions.
[47] Velocity data collected in and around vegetation

patches showed a significant two-way interaction between
year and measurement location (F2,27¼ 6.7, p¼ 0.004),
indicating that the magnitude of the location effect (within,

near, or away from vegetation patches) depended upon
year. Pairwise comparisons among factors showed that in
2006, differences were not significant at �¼ 0.05 among
velocities within, near, and away from vegetation patches
(�u¼ 0.906 0.35 m s�1, 0.876 0.27 m s�1, and 0.746 0.12
m s�1 within these three groups, respectively). In 2007,
however, velocities were significantly lower (at �¼ 0.05)
within vegetation patches (�u¼ 0.676 0.26 m s�1) than in
positions near vegetation (�u¼ 1.06 0.22 m s�1) and away
from vegetation (�u¼ 1.36 0.13 m s�1).

5. Discussion

5.1. Ecogeomorphic Feedbacks

[48] Our observations illustrate an evolution of the
strength and nature of vegetation-morphodynamic feed-
backs between 2005 and 2010. Early in the study period,
one-way effects of hydrogeomorphic processes on vegeta-
tion were evident. The 2005 floods reset channel form,
scoured vegetation from the active channel, and resulted
in recruitment of a cohort of new pioneer vegetation.
The 2006 flood, although much smaller than the 2005
floods, encountered a river system with only small
seedlings in the active channel (Figures 4a and 5a). As
a result, the 2006 flood was geomorphically effective,
exceeding sediment transport thresholds, producing asso-
ciated channel change by scour or aggradation, and
causing vegetation mortality. Evidence of vegetation
feedbacks was mixed for the 2006 event. On the one
hand, antecedent vegetation density strongly influenced
seedling mortality, and aggradation occurred in vege-
tated portions of the Mineral reach but not in unvege-
tated areas. On the other hand, vegetation effects on
local (ADV-measured) velocities and grain size changes
were not significant for this event.
[49] The survival of some seedlings in the 2006

event and their subsequent growth, combined with new
recruitment, strengthened vegetation effects on channel
morphology and later flows. Although the small size of
the 2007 flood makes it difficult to tease out influences
of hydrogeomorphic processes on vegetation and vice
versa for this event, our observations of flood-induced
mortality of small seedlings (as in 2006) but persistence
of larger plants, limited geomorphic change, and signifi-
cant vegetation effects on local velocities are suggestive

Figure 11. Grain size data from Rankin and Mineral before and after 2006 flood: left plot shows size
distributions of composited bulk samples, and right plot shows median grain size (D50) for all samples.

Figure 10. Longitudinal profiles of (top) Rankin and
(bottom) Mineral study reaches at start (February 2006)
and end (March 2010) of study period, where 0 on the x
axis is the downstream end of each study reach.
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of increasingly bidirectional vegetation-hydrogeomorphic
effects. By the time of the 2010 flood, vegetation was
large and dense enough to have been relatively insensi-
tive to scour and burial. The competitive advantage
shown by willow in the 2006 and 2007 events per-
sisted; the willow that recruited in 2005 and survived
the 2006 event were many meters high as of late 2010
(e.g., Figure 4d). Moreover, cattail density greatly
increased along the BWR after 2007. The net effect of
increases in cattail density and larger woody seedlings
was to produce substantial drag that mediated the geo-
morphic effectiveness of the 2010 event, which caused
minimal topographic change despite its 30% larger
magnitude than the 2006 flood.
[50] Corenblit et al. [2007]’s conceptual model describ-

ing the temporal evolution of feedbacks between hydrogeo-
morphic processes and riparian vegetation applies well to
the BWR. The 2005 floods triggered a ‘‘geomorphic phase’’
in which the effect of vegetation on channel form was lim-
ited. The period surrounding the 2006 floods corresponded
to a ‘‘pioneer phase’’ ; pioneer vegetation was present but
small enough to have limited feedback effects. Seedlings
that survived the 2006 event then shifted the system toward
an ‘‘ecogeomorphic’’ phase by the time the 2007 flood
occurred, with more bidirectional vegetation-hydrogeomor-
phic effects. Observations of the 2010 flood suggest that by
then the system had moved toward a phase in which vege-
tation strongly influenced physical processes, analogous to
the fourth stage described by Corenblit et al. [2007]. Tran-
sitions among these phases may be especially rapid in the
BWR, where dam-released base flows contribute to high
growth rates of riparian vegetation.
[51] The trend of increasing biotic influences in the ab-

sence of large floods has not been restricted to vegetation;
beaver activity has also expanded substantially in the BWR
[Andersen and Shafroth, 2010; Andersen et al., 2011].
These conditions will likely persist until a large flood (anal-
ogous to the 2005 floods) can scour cattail and other vege-
tation, remove beaver dams, induce avulsion, or otherwise
reset the system. The observed cattail encroachment and

expansion of beaver highlight several other complexities of
ecogeomorphic feedbacks, including the influence of shifts
in the composition of the vegetation community and the
potentially significant role of nonwoody (but dense and
stiff) vegetation.
[52] Our observations also illustrate how feedbacks can

vary spatially. The mechanism of stem-density reductions
differed longitudinally (between reaches) as a result of geo-
morphic processes (aggradation-induced burial versus
scour) and flood attenuation, helping explain differences in
response between sites. In the Mineral reach, aggradation
of the vegetation study bar produced by the 2006 flood
increased the elevation difference between the bar and the
base-flow channel, perching the bar above the water surface
elevation of the 2007 event. Seedlings that survived the
2006 aggradation were those that were tall enough not to
have been buried; although we expected resprouting of
buried seedlings, we did not observe this. In contrast, in the
Rankin reach, erosion of the bed and low-elevation bars
removed seedlings. This highlights the legacy effects of
geomorphic changes caused during one flood on the mor-
phodynamics of subsequent events.
[53] The effects of the flows we observed were limited in

lateral extent, such that flow forces exceeded thresholds for
bed erosion and seedling mortality within the active chan-
nel but did not erode banks. Banks along our study reaches,
although rich in sand and therefore lacking the cohesion of
more clay-rich banks, are armored by vegetation that pro-
duces drag and focuses flow energy along the bed of the
active channel. This vegetation growth along banks, which
has been facilitated by dam-related flow reductions, shifts
the threshold for bank erosion and channel widening to
larger flood events and results in a scaled-down, equilib-
rium channel form compared to the predam condition.
Other studies from the region have evaluated relationships
between vegetation, bank strength, and floods. In Canyon
de Chelly, AZ, an undammed system where tamarisk re-
moval occurred, the presence of clay in streambanks lim-
ited flood-induced widening [Jaeger and Wohl, 2011]. In
contrast, flooding that followed tamarisk removal along the
Rio Puerco, NM produced massive bank erosion [Vincent
et al., 2009].
[54] Surface water-groundwater exchange dynamics also

produce spatial variations in morphodynamics and their
feedbacks with vegetation [e.g., Webb and Leake, 2006].
Discontinuities in surface flows during base-flow condi-
tions are common features in arid and semiarid rivers [Da-
vies et al., 2009], but gain or loss of surface water to
groundwater can also alter high flows and associated sedi-
ment dynamics. The attenuation of high flows by Planet
Valley, and associated flow differences between the
upstream (Alamo) and downstream (Parker) gauges in the
BWR (Table 1), illustrate linkages among routing of high
flows, antecedent water-table levels, and flood duration.
The resulting variations in geomorphic and vegetation
changes among our upstream and downstream reaches
highlight how releases from dams can have vastly different
downstream effects as a result of flow losses.

5.2. Implications for Flow Management

[55] Our study is representative of the type of large-scale
flow experiments discussed by Konrad et al. [2011],

Figure 12. Velocities averaged over the 18 km reach
from Alamo Dam to the Rankin reach, based on the time
between flow releases at Alamo (from USGS gauge data)
and their arrival at Rankin (from pressure transducer and/or
visual records) ; right axis shows corresponding peak dis-
charges released at Alamo. The pattern reflects increasing
vegetation drag.
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encompassing both manipulative elements, in which we
provided input to the nature and timing of flow releases and
measured specific biological and physical responses, and
mensurative elements, in which we measured system
responses over a longer time period reflecting the effects of
a suite of high and low flows. The results presented above
show that sequenced flood pulses favor native willow seed-
lings over nonnative tamarisk by causing differential levels
of mortality and thus increasing the relative density of wil-
low over tamarisk. This complements findings elsewhere
that increases in relative density of cottonwood seedlings
over tamarisk seedlings provide cottonwood with a compet-
itive advantage [Sher et al., 2000, 2002] and that cotton-
wood seedlings can outcompete tamarisk seedlings
following mechanical manipulations [Bhattacharjee et al.,
2009]. This flood-induced change in seedling composition,
combined with the much larger size of the willow plants,
increases the likelihood that willow will outcompete tamar-
isk and dominate these sites, provided water availability
remains high [Stromberg et al., 2007].
[56] This result suggests that under certain conditions,

flow releases that scour or bury tamarisk seedlings before
they are well established can be an effective tool to provide
native taxa with a competitive advantage over tamarisk.
Such scour-oriented flow releases, combined with flow
management intended to promote establishment of native
vegetation [Mahoney and Rood, 1998], could be an addi-
tion to the suite of tools used to manage tamarisk and
restore native riparian vegetation [Rood et al., 2005; Sha-
froth et al., 2005, 2008; Merritt et al., 2010]. Flow releases
to scour tamarisk would have a limited time window before
tamarisk became large enough to withstand scour. For
example, floods in ephemeral channels in semiarid south-
east Spain that killed herbaceous vegetation and small
shrubs did not cause mortality of tamarisk and other trees
[Sandercock and Hooke, 2010], in agreement with other
studies documenting the resilience of tamarisk to floods
[e.g., Graf, 1978]. Our data on the change in the size distri-
bution of plants caused by floods suggest that tamarisk are
especially susceptible to scour at heights <40 cm in height
and <4mm in diameter, although this threshold of plant
height versus scour potential will vary as a function of
flood discharge and local hydraulic conditions, including
drag associated with larger plants.
[57] In ‘‘labile’’ [Church, 2006] sand-bed rivers such as

the BWR, where thresholds for mobilization of bed mate-
rial and sediment transport are easily exceeded, even small
managed flood releases can achieve geomorphic work of
erosion, deposition, and morphologic change in the active
channel. Because these processes set the template for many
ecosystem processes, this geomorphic work can therefore
make managed floods ecologically effective along low-ele-
vation bars in the active channel. In gravel-bed rivers, in
contrast, where bed materials are close to mobilization
thresholds during bankfull events, larger floods are typi-
cally needed to affect channel change [e.g., Church, 2006]
and/or fully mobilize the bed [May et al., 2009].
[58] Beyond the active channel, small managed floods

are unlikely to cause geomorphic and vegetation changes in
rivers such as the BWR because of both limited lateral
inundation extents and the ratchet effect of vegetation
along channel banks. Managed flood releases are therefore

only effective for achieving ecosystem goals in the scaled-
down context of the active channel rather than the entire
valley bottom [Stillwater Sciences, 2002]. Using flows to
achieve objectives such as floodplain scour, triggering
avulsions, and other forms of channel reorganization that
occur under reference conditions [Trush et al., 2000] is not
likely to be feasible in most dammed rivers. This limitation
has implications for vegetation community structure on
floodplains [Lytle and Merritt, 2004].
[59] Our results illustrate how the geomorphic and eco-

logical effectiveness of a given flood event is dependent
not only on the flood magnitude and duration, but also on
the recent sequencing of high-flow events. Although litera-
ture on geomorphic hydrology recognizes the importance
of recent flood history [e.g., Kochel, 1988], discussions of
the attributes of flow regimes that influence aquatic ecosys-
tems [e.g., Poff et al., 1997] typically do not address
sequencing. Sequencing of flood pulses can influence the
establishment dynamics and evolution of vegetation com-
munities. Releasing pulses in consecutive years, even if
they are relatively small, can provide a competitive advant-
age to natives and prevent choking of the active channel
with vegetation. In contrast, periods of extended base flow
without floods, especially in systems where base flow is
elevated above natural levels by dam releases, can allow
vegetation encroachment in the active channel [Shafroth
et al., 2002]. High base-flow releases designed to benefit
target native species (e.g., cottonwood and willow) can
have unintended consequences by benefitting nontarget
species (e.g., beaver and cattail).
[60] Flood releases can have substantial downstream var-

iations in effectiveness. Such longitudinal variations have
been previously considered with respect to the effects of
tributary inputs on water and sediment, which can reduce
imbalances in sediment supply and transport capacity
caused by dams [Schmidt and Wilcock, 2008]. Groundwater
dynamics and vegetation characteristics can also greatly
influence the downstream effects of a given flood release,
as discussed above, highlighting a challenge of prescribing
a single flow out of a dam for a long reach of river and the
need for variability in flow prescriptions.
[61] An open question in the BWR and other dammed

rivers is how reductions in sediment supply (1) influence
vegetation and its feedbacks with morphodynamics and (2)
should be accounted for in planning managed flood
releases. The influence of sediment supply on fluvial proc-
esses is a fundamental tenet of fluvial geomorphology
[Parker, 2004; Schmidt and Wilcock, 2008] that has been
underlined by research on controlled flood releases on the
Colorado River through Grand Canyon [Hazel et al., 2006;
Wright et al., 2008; Melis et al., 2012]. Manifestations of
reduced supply in dammed rivers, such as coarsening of
bed material and incision, are well documented [e.g., Wil-
liams and Wolman, 1984], but their effects on vegetation
are not. Dam-induced coarsening could influence vegeta-
tion both by altering the capacity of substrates to retain
moisture and by increasing the critical shear stress of bed
materials, thus reducing the frequency of bed (and seed-
ling) scour. Vegetation, in turn, by altering drag and sedi-
ment deposition, can mediate relationships between
sediment supply, flow, and bed material size. In the BWR,
effects of supply limitation are evident immediately
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downstream of Alamo Dam, where the channel is coarse
(gravel-cobble, compared to sand in upstream reaches) and
incised several meters below its floodplain, but the down-
stream extent and ecosystem implications of such changes
are uncertain [Dekker, 2012].

6. Conclusions

[62] We observed spatial variations in mechanisms of
seedling mortality and temporal variations in the strength
and direction of vegetation-morphodynamic feedbacks and
associated responses to managed floods. Our results illus-
trate how the effect of floods or other components of hydro-
logic regimes on riparian vegetation are mediated by
geomorphic processes on both a reach scale, where coupled
vegetation and geomorphic characteristics influence scour
and deposition, and on a basin scale, where spatial varia-
tions of flow and sediment supply may have important
influences on morphologic and vegetation responses. Our
finding that controlled flood releases caused differential
mortality of native willow versus nonnative tamarisk illus-
trates the potential to manage streamflow to influence ripar-
ian vegetation dynamics, including establishment and
mortality of native versus alien species. Our investigations
suggest that in sand-bed rivers, even small flood releases
can affect ecogeomorphic change, albeit at a reduced scale
compared to larger natural floods. Our observations also
show that the geomorphic and ecological effectiveness of
flow releases varies longitudinally, with distance down-
stream, and as a function of antecedent conditions. Dam-
released floods can provide both a means of achieving
downstream ecosystem objectives and of conducting
experiments to develop quantitative insights into relation-
ships between morphodynamics and ecosystem processes.
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