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Chapter 1 - Thesis Introduction:

Deserts are ecosystems that by definition receive < 250 mm of annual rainfall. In the
Sonoran Desert of the southwestern U.S. there are two main periods of rainfall: intense and
focused summer monsoons, and more gentle, longer-lived winter storms. These precipitation
events are variable in time (seasonal, annual and decadal timescales), in space, and in magnitude.
This variation in precipitation patterns interacts with geology and topography to create the
hydrology and the natural flow regime that drives the ecology of rivers in the region.
The natural flow regime consists of five components: magnitude, frequency, duration,
timing, and rate of change (Poff et al., 1997). These components control geomorphology,
sediment transport, temperature, and habitat heterogeneity, making the natural flow regime the
“master variable” that controls much of within-river ecology. The natural flow regime acts as an
environmental filter dictating which species can live in a given habitat and effectively how that
system functions. Flow homogenization by dams changes the natural flow regime of a river by
increasing the base-flow (low flows) and decreasing the flood frequency (high flows) which can
have strong effects on the organisms that occupy the riverine habitat (Poff & Ward, 1989).
Certain components of the natural flow regime must be maintained so that a regulated
river system can continue to function for both human and ecological benefits. When dam
managers design specific aspects of the flow regime for ecological purposes such as to promote
the recruitment of riparian vegetation, by opening and closing dams to manipulate the
magnitude, duration and timing of flood events, this is known as an environmental flow.
Environmental flows often require extensive research to determine the most effective way to
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implement them and to ensure they serve a specific function for the environment. Flood
experiments are conducted to quantify the effects of these environmental flows, focusing on the
changes in populations of multiple riparian and riverine organisms (Warner, Bach & Hickey,
2014). Ecological flows often attempt to mimic the changes to a river’s hydrology that occur
under a natural disturbance regime. These flood events have a strong influence on the physical
habitat, which determines which organisms can live there.
An example of a management goal for environmental flows is the removal of beaver
dams in rivers where they come to dominate the riverscape due to excessive flow
homogenization. Beaver dams can create novel habitats that increase habitat heterogeneity,
increase riparian plant richness, provide habitat to juvenile fish, and protect against drought
(Wright, Jones & Flecker, 2002; Pollock et al., 2004; Hood & Bayley, 2008). If left unchecked,
however, these changes to the physical habitat by beaver can alter the types of organisms that are
able to persist in the environment due to losses of other important habitat types such as flowing
riffles and runs.
The Bill Williams River (BWR) is the largest tributary of the Colorado River in westcentral Arizona. It is formed by the confluence of the Big Sandy and Santa Maria Rivers. This
confluence has been impounded at Alamo Lake by Alamo Dam, which was built in 1968 for
storage, flood control and recreation. The outflow from Alamo Dam constitutes the entirety of
the BWR, which flows for 58.5 km west to Parker Dam and Lake Havasu. At 13,470 km2, BWR
has the third largest drainage basin in Arizona, encompassing diverse terrain that ranges from
high elevation forested mountains to low elevation desert.
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The Bill Williams River was historically a dynamic desert river with extremely variable
flows. The largest maximum peak flow from the late 1800s was estimated at 5600 m3s-1, and
multiple floods that ranged from 400-700 m3s-1 occurred from the 1940s until the construction of
Alamo Dam in 1968 (Shafroth & Beauchamp, 2006; Konrad, 2010). The maximum outflow from
the dam is now limited to 198 m3s-1 due to structural constraints. Only three flood releases during
1993, 1995, and 2005 have come close to this upper limit, with 1993 being the largest (Shafroth
& Beauchamp, 2006). In addition to reducing the magnitude and timing of peak flows normally
seen in winter, the construction of Alamo Dam has also reduced the number of days with low
flow during the summer months of May through October. The outflow from Alamo Dam has
increased average daily base-flow from 0-0.3 m3s-1 to 1.4 m3s-1, which was uncommon before
the dam. Now, the typical base-flow from Alamo dam is 0.7 ft3/s throughout much of the year,
except in summer when it is increased to 1.4 m3s-1 to offset higher evapotranspiration rates
(Wilson & Owen-Joyce, 2002).
From 2006-2010, an environmental flood was released each spring on the Bill Williams
River to mimic natural floods. In 2006, 2007, and 2008 we measured the ecological impact of
these floods as a management technique by sampling the aquatic invertebrate communities
before and after each flood event below Alamo Dam and also above the dam (Santa Maria River)
as a reference site. We resampled the aquatic invertebrate communities again in 2016 after six
years passed without any environmental flows, to quantify the effects of flow homogenization
and subsequently the effects of habitat change by beaver dams. We compiled a trait database of
the aquatic invertebrates found in the system to understand what shifts in communities could
mean for the entire system. Additionally, we measured the depth of the above-dam and below-
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dam sites to quantify the influence of beaver dam construction on aquatic invertebrate
communities.
Changes in the traits that a community possesses have implications for how an ecosystem
functions. Nutrient cycling and energy transfer are ecosystem processes that occur most
efficiently when there is functional redundancy within an ecosystem (Reich et al., 2012). The
efficiency of these ecosystem processes is predicated on the fact that the organisms present have
traits that overlap to allow for natural variation to the inputs and outputs of the system. The
reduction of aerially dispersing aquatic invertebrates can upset this transfer of energy from the
riverine habitat to the riparian consumers that depend on these invertebrates as an energy source.
If managers desire to effectively manage for animals that occupy riparian habitats, they should
consider the effects of flow homogenization and beaver dams on the aquatic invertebrate
communities that feed these consumers.
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Abstract:
Flow homogenization of rivers by dams threatens ecosystems by removing disturbances, which
are important in creating a mosaic of lotic and lentic microhabitats. North American beaver
(Castor canadensis Kuhl) can exacerbate the effects of flow homogenization by capitalizing on
steady base-flows to further transform the mosaic of habitats into a homogenous lentic habitat.
Implications of this increase in lentic habitat include a reduction in taxa with an aerial adult
stage (mayflies, caddisflies, etc.; available for riparian consumers) and an increase in pondspecialist invertebrate taxa with no aerial stage (snails, amphipods, etc.; unavailable for riparian
consumers). We examined how a 6-year period of flow homogenization with only steady baseflows affected aquatic invertebrate communities on the regulated Bill Williams River, Arizona,
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a river that historically experienced extreme flood and drought events. We predicted that flow
homogenization would decrease aquatic invertebrate species diversity overall, and that habitat
changes due to beaver activity would increase the prevalence of lentic taxa. We sampled aquatic
invertebrates above and below Alamo Dam following a series of prescribed flood events (prehomogenization; 2006-2008) and again after six years of continuous baseflow conditions (posthomogenization; 2016). Contrary to our first predictions, overall invertebrate diversity did not
decrease following flow homogenization. However, multivariate community analysis showed
that communities changed significantly relative to unregulated control sites, and that the
prevalence of lentic taxa increased following flow homogenization as predicted. We also
detected a shift in community structure across all sites, possibly due to an increase in beaver
activity even in free-flowing control sites. Our data provide a measurement of the ecological
deficit incurred from flow homogenization by dams and how that deficit can be exacerbated by
the presence of unchecked habitat engineers.
Keywords: flow homogenization, beaver dam, aquatic macroinvertebrates, ecological deficit,
community structure, habitat change, aerial availability
Introduction:
Globally, the majority of rivers are dammed (Graf, 1999; Nilsson et al., 2005), and their
dynamic nature governed by the natural flow regime has been removed and replaced with
homogenized flow (Poff et al., 2007). Flow homogenization occurs when the frequency and
magnitude of drought (low flow during summer months) and flood events (high flows during the
rainy seasons in spring and fall) are decreased. Flow homogenization is one of the strongest
anthropogenic factors affecting river health because it directly affects organism population
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dynamics (McMullen et al., 2017), facilitates the proliferation of non-native species (Mims &
Olden, 2012, 2013), changes habitat composition (Poff & Ward, 1989b; Moyle & Mount, 2007;
Merritt & Poff, 2010), alters ecosystem structure (Resh et al., 1988), and homogenizes networks
of species interactions (Tonkin et al., 2017). Flow homogenization has an especially large effect
on rivers in desert ecosystems. Free-flowing desert rivers in the southwestern United States are
extremely dynamic or “flashy” systems subject to highly variable flows at seasonal, annual and
decadal time scales. Periods of low flow and flood events are important disturbances that serve
as system resets (Naiman et al., 2008) that maintain heterogeneity in the environment. Removing
the forces that physically structure habitat can also homogenize biological communities spatially
and temporally. This community homogenization may reduce the breadth of functional traits
adapted to disturbance, decreasing ecosystem services such as nutrient cycling and energy
transfer (Schriever et al., 2015).
The North American beaver (Castor canadensis Kuhl) is an ecosystem engineer known
to influence many aspects of riverine ecosystems through physical habitat modifications
(Naiman, Melillo & Hobbie, 1986; Naiman, Johnston & Kelley, 1988). Beaver respond to aural
cues from the sound of running water by building dams (Jenkins & Busher, 1979; Baker & Hill,
2003). These dams affect the hydrogeomorphic character of streams by trapping sediments, and
by decreasing stream velocity and discharge (Meentemeyer & Butler, 1999). Typically, beavers
and their structures are thought to benefit riparian environments in a multitude of ways that
include protection against drought (Hood & Bayley, 2008), increased habitat heterogeneity at the
landscape scale which increases riparian plant species richness (Wright et al., 2002), increased
fish abundance and productivity (Pollock et al., 2004; Kemp et al., 2012), and increased species
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richness and abundance of birds (Rosell et al., 2005). However, some studies have found that the
effects of beaver can be negative under certain conditions. For example, selective beaver
foraging has been shown to affect forest succession and dynamics by decreasing tree density of
the species preferred by beaver (Johnston & Naiman, 1990). In eastern Montana, beaver
preference for cottonwood trees has been shown to indirectly increase the growth of tamarisk
(Lesica & Miles, 2004), an invasive riparian plant that can homogenize riparian plant and insect
communities (Di Tomaso, 1998).
Although the majority of studies of beavers in temperate forests have found them to have
positive impacts on their environment, are these impacts consistent across regions and habitat
types? In both temperate and arid-land streams, beaver distributions are limited to their proximity
to water sources and riparian vegetation (Johnston & Naiman, 1990; Gibson & Olden, 2014).
However, the consequences of beaver dams in arid-land streams can be more detrimental
because of importance of riparian and aquatic habitats and the concentration of biodiversity in
these habitats compared to the whole region (Gibson & Olden, 2014). Beavers build dams that
create lentic habitats, facilitating lentic-adapted plants and animals (Andersen et al., 2011). For
fish communities in arid rivers, beaver ponds are primary habitat for non-native green sunfish
(Lepomis cyanellus) and western mosquitofish (Gambusia affinis), which can be detrimental to
native fish communities through predation on larvae and juveniles, shifts in resource use, and
aggressive behavior towards native species (Gibson, Olden & O’Neill, 2015). As beavers expand
their range in these systems due to an artificially perennial water supply and abundance of
riparian vegetation, they could facilitate the decline of native species. Over time this could
homogenize the community composition and functional trait diversity of aquatic invertebrate
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communities similarly to how flow homogenization taxonomically and functionally
homogenizes fish assemblages (Olden et al., 2004).
Ecosystem services are dependent on diverse groups of organisms that possess a variety
of traits (Cardinale et al., 2012). As aquatic invertebrate communities are homogenized, the
functional traits they possess could also become homogenized, potentially removing specific
traits that serve ecosystem functions such as nutrient cycling, and energy fluxes between habitats
(Schriever et al. 2015). In deserts, riparian habitats are home to greater biodiversity of multiple
taxonomic groups than the surrounding habitats, with higher richness and abundances of species
(Soykan et al., 2012). Because of this high biodiversity there is a high amount of energy
exchange between the riverine and riparian habitats (Currie, 1991; Hawkins et al., 2003). This
energy exchange is enhanced by the fact that desert streams experience warm temperatures that
increase the rate of insect development and contribute to high annual production of emergent
insect biomass (Jackson & Fisher, 1986). A myriad of riparian consumers from bats and birds to
spiders and lizards rely on emergent aquatic insects with an aerial adult life stage to subsidize
their energetic demands (Baxter, Fausch & Saunders, 2005). With this dependency of riparian
consumers on aquatic energy subsidies, any changes to the aquatic invertebrate community could
affect riparian consumer population trajectories (Epanchin et al., 2010).
We hypothesize that flow homogenization coupled with beaver dam construction could
shift aquatic invertebrate community composition away from that seen under the natural flow
regime. This change could undermine conservation management goals for other organisms in
this system. In this study, we quantified how six years of flow homogenization in a desert river
facilitated beaver dam construction, and how this subsequently altered aquatic invertebrate
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communities. We predicted that flow homogenization would lower aquatic invertebrate
taxonomic diversity and also reduce the proportion of aerially available invertebrate taxa.

Methods:
Study System
The Bill Williams River (BWR) is a tributary to the Colorado River in western Arizona
originating from managed discharge at Alamo Dam (Fig. 1). Its headwaters are comprised of the
Big Sandy and Santa Maria rivers. It flows into the Colorado River at the southern portion of
Lake Havasu, near Parker Dam. The BWR was once one of the most dynamic rivers in the
United States with historical peak flows between 1927 and 1939 ranging from 1980 to 3400
cubic meters per second (m3s-1) during flood events and periods of drought at other times. One
extreme event in 1916 was estimated near 5100 m3s-1 (Patterson & Somers, 1966; House, Wood
& Pearthree, 1999). This history of variable, high-intensity flows prompted the construction of
Alamo Dam to control flood inputs into the Colorado River. Construction was authorized by
Congress and the Flood Control Act of 1944, and the dam was constructed by the Army Corps of
Engineers in 1968 to conserve and store water, and promote recreation activities on Alamo Lake.
Throughout the year, base-flow releases from Alamo dam are managed between 0.71 – 1.42 m3s1

, with the majority near 0.28 m3s-1 (Wilson & Owen-Joyce, 2002), a base-flow increase from

historical natural flows. These base-flows were established to prevent cottonwood (Populus
fremontii) seedling mortality due to desiccation, because cottonwood is an important foundation
species in desert riparian habitats (Shafroth et al., 1998). These recommended base-flow
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modifications for the health of cottonwoods were the beginning of ecological flow (e-flow)
management on the Bill Williams River.
In 2002, the Sustainable Rivers Project (SRP) began, which was a partnership between
the US Army Corps of Engineers and The Nature Conservancy. The SRP consisted of a
collection of eight rivers that were used to investigate how to restructure dam operations
nationwide to benefit the associated ecosystems using prescribed e-flows (Warner et al., 2014).
Each of the rivers were managed voluntarily by local agencies across public and non-profit
sectors, which then independently decided which conservation goals to achieve. The Bill
Williams River was one of the rivers chosen for the project. The specific goals for the BWR,
decided upon by the consortium of scientists and stakeholders, were the maintenance of riparian
vegetation, including cottonwood trees, beaver dam removal, habitat maintenance, and not
disturbing threatened species that reside in the habitats found in the riverine and riparian
environment (Konrad et al., 2011). To achieve these goals, there were e-flow releases in the
spring from 2006 to 2010. Then six years passed without a prescribed e-flow release from Alamo
Dam, referred to in this study as the period of flow homogenization.
Field Sampling
From 2006 to 2008 aquatic invertebrates were sampled between the end of March and
the beginning of April, before and after prescribed flow releases from Alamo Dam at two sites
downstream of the dam (Alamo and Rankin) and one reference site upstream of the dam on the
Santa Maria River (Fig. 2). These samples represent the pre-homogenization time period, when
the BWR experienced regular flooding events. Beaver dams had been eliminated from the
system by large flood releases from Alamo Dam exceeding 189 m3s-1 for two weeks during high
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rainfall events in 2004 and 2005. The Santa Maria site was only sampled during 2006 and 2007.
In 2006 samples were taken 20 days after the prescribed flood due to a 2-week long drawdown
period. The prescribed floods for 2007 and 2008 had short drawdown periods and sampling took
place twice after the flood in 2007 (1-2 days and two weeks) and three times after the flood in
2008 (1-2, 16, and 33-34 days). For the 2006 samples three transects were measured at each site
per sampling date. In 2007 and 2008 five transects were measured at each site per sampling date.
Transects were spaced 50 meters apart and were taken in shallow riffle and run habitat as no
deep pools were present during that time period. To sample the aquatic invertebrate assemblages
at each transect, a kick-sampling technique was used, allocating effort in proportion to the
microhabitat types present, including edge vegetation (McMullen, 2011). From the prehomogenization period, we analyzed a total of 9 samples for Alamo Dam (below dam), 9
samples for Rankin Ranch (below dam), and 5 samples for Santa Maria (reference).
From 2010 to 2016, a 6-year period of flow homogenization occurred where no
significant flood releases were conducted on the river for ecological purposes. During this posthomogenization period in 2016, sites were resampled using comparable techniques as with
previous samples. An additional unregulated reference site on the Big Sandy River was also
included. Because beaver had created lentic habitats at all sites to some degree, we identified and
sampled both lotic and lentic sections within each site except at Rankin Ranch because there was
no lotic habitat available. At each site we sampled five transects within a 100 m lotic reach and
five samples within a 100 m lentic reach, for a total of 10 samples at each of the four study sites
except for Rankin Ranch which had 5 samples. Pool habitats were included in this sampling to
ensure all microhabitat types were sampled, as the habitat characteristics had changed below the
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dam due to extensive beaver activity (Andersen & Shafroth, 2010). To capture invertebrates
from all microhabitats, we used a 250-micron D-net and allocated sampling effort in proportion
to microhabitats present within a transect (60 s effort total per sample).
Physical habitat was measured on each 100-m reach with canopy cover, water chemistry,
and substrate measurements. Canopy cover was measured with a densiometer for the four
cardinal directions at three instream positions (river right, middle and river left) along three of
the five transects. Water chemistry measurements included temperature, pH, dissolved oxygen,
conductivity, and turbidity. Substrate measurements included depth (cm), flow (m/s), and subsurface streambed substrate size (cm) measurements for each transect along the 100m reach.
Depth and flow measurements were made using a Hach FH950 Handheld Flow Meter (Hach,
CO, USA). Streambed substrate was measured utilizing the Wolman method (Wolman, 1954).
As a proxy for beaver activity which creates deep pools with low flow, sites were classified as
lotic or lentic using a maximum depth cutoff value of 50 cm, where lotic habitats were <50 cm
and lentic habitats were >50 cm. This depth proxy was calculated as an average from the three
largest depth values per reach.
Aquatic invertebrate samples were subsampled in the laboratory using a Caton tray.
Randomly chosen square representing 1/30th of the Caton tray were picked, where all plant
material and streambed substrate was removed, until at least 300 organisms had been sampled.
Large and rare taxa were included by visually scanning the sample (Vinson & Hawkins, 1998).
Specimens were identified to the lowest reasonable taxonomic level, typically genus for most
taxa (except for Chironomidae).
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Data Structure and Analysis
Two-way ANOVAs were used to compare the main effects of year (2006-2008 & 2016)
and site (Rankin, Alamo, Santa Maria, and Big Sandy) on the mean richness of aquatic
invertebrate taxa, as well as on log (x+1) transformed aquatic invertebrate abundances. Welch’s
t-test was used to compare the wetted width of sites from 2006-2008 to the same sites in 2016.
Invertebrate community structure was analyzed using PC-ORD (McCune and Mefford, 1999)
and R (R Studio, 2015). The following community structure metrics were quantified: taxonomic
abundance, taxonomic richness, diversity (α and β) and evenness. Abundances for transects were
averaged per site to account for different numbers of transects in 2006 and this matrix were log
(x+1) transformed because the matrix contained many zeros and the lowest nonzero value was
equal to one (McCune and Grace, 2002). The program PC-ORD was used to perform a nonmetric multidimensional scaling (NMDS) ordination to characterize both species community
diversity (using average taxa abundance by site from an average of all transects) and functional
trait diversity in the above and below dam sites before and after flood releases. This ordination
method is well-suited to community data since it does not assume linearity among the
relationships of variables and uses ranked distances to relate species to environmental variables.
Sorensen distance was used because it is robust to heterogeneity in community data (McCune
and Grace, 2002).
To examine the relationship between species traits and sample units (SU) in species
space, a SU x Trait matrix was calculated with weighted averages. No standardization of the
matrix was necessary because the trait matrix was composed of binary values for each trait state
(McCune, 2015). The resulting matrix elements represent average abundance of species with
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each trait per SU. The SU x Trait matrix was overlain on a two-dimensional NMDS plot from the
original scores generated utilizing Sorensen distance. An aquatic invertebrate trait matrix was
compiled for all 85 taxa (for six taxa, no trait data could be found so they were added to the most
closely related group) from multiple sources (Poff et al., 2006, Schriever et al., 2015, Schriever
and Lytle, 2016). Traits (with number of categorical trait states in parentheses) were: body size
(3), voltinism (3), dispersal (4), respiration (3), functional feeding group (FFG) (7), diapause (3),
and locomotion (6) (See Supplemental Table 3).

Results:
Site Descriptions
From the pre-homogenization period in 2006-2010 through 2016, the hydrograph of the
Bill Williams River below Alamo Dam remained at constant base-flow (Fig. 2). The overall
character of both sites downstream of Alamo Dam changed since sampling was first conducted
in 2006-2008. The dominant habitat type sampled during the pre-homogenization period was a
series of lotic riffles, whereas by 2016 the character of BWR below Alamo Dam had shifted to a
lentic, pool dominated system due to the presence of near-continuous beaver dam structures. The
reference sites above Alamo Dam, by contrast, remained as sandy, braided channels due to the
regularity of flood events in this free-flowing river segment (Fig. 4). From 2006-2008, the
below-Alamo Dam sites did not have noticeable beaver activity, but upon resampling in 2016,
beaver dams were present and well-established continuously below Alamo Dam. In 2016 we did
observe evidence of some beaver dam activity in the above-Alamo reference sites as well,
although recent floods had completely breached the dam habitat at the Big Sandy site. At the
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Santa Maria site, lotic habitats associated with this beaver activity were sampled along with the
dominant lentic habitats.
Substrate
Primary substrate composition at the below Alamo dam sites changed from the pre-flow
homogenization to post-homogenization time period. During 2006-2008, the substrate at Alamo
and Rankin consisted of cobbles/boulders and gravel/sand, respectively. When resampled again
in 2016 the substrate at Alamo and Rankin was primarily silt/sand, characteristic of depositional
lentic habitats. The primary substrate at the reference sites did not change in character between
2008 and 2016. The braided, flowing streambeds of the Big Sandy and Santa Maria Rivers were
composed of sand/gravel, with little silt present.
Wetted width
Due to the novel presence of beaver dams, the average wetted width (m) for both Alamo
and Rankin downstream of Alamo Dam significantly increased (Welch’s t-test, p-value < 0.001
& < 0.001, respectively) from the time of pre-flow homogenization (2006-2008) to post-flow
homogenization (2016). Average wetted width of the channel at Alamo from 2006-2008 was
16.2 ± 4.0 m and in 2016 it was 22.8 ± 4. 8 m. The wetted width at Rankin from 2006-2008 (8.7
± 5.6 m) increased roughly 8 times by 2016 (65.3 ± 4.6 m). The Santa Maria riffle sites did not
differ significantly in wetted width from pre to post flow homogenization, even within reach
segments impacted by beaver.
Depth
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Depth increased significantly at all sites from pre to post-homogenization, even at the
above-Alamo Dam reference sites, which had experienced some beaver activity but not nearly to
the extent as below-Alamo Dam sites (Fig 3). From 2006-2008 the average depth at the Alamo
site was 20.0 ± 7.9 cm and by 2016 it had increased to 45.0 ± 28.5 cm. The riffle section at
Alamo in 2016 also increased in depth from 2006-2008 to 2016, to 31.1 ±20.3 cm from 16.21 ± 4
cm. At Rankin the average depth from 2006-2008 was 27.4 ± 2.6 cm; it increased to 63.8 ± 39.3
cm.
Richness and abundance
Aquatic invertebrate mean richness did not change significantly above vs. below Alamo
Dam over time. A two-way ANOVA was conducted to compare the main effects of year (20062008 & 2016) and position above or below the dam, and the interaction between year and
position on the mean richness of aquatic invertebrate taxa (Table 1). None of the effects were
significant at the 0.05 significance level, but year was suggestive at p = 0.062. The general trend
shows richness decreasing after 2008 for both above and below dam sites (Fig. 5). However,
when using a two-way ANOVA to compare the effects of year and site (Alamo & Rankin) and
the interaction between the two on the mean richness of aquatic invertebrate taxa, a significant
difference was only found for the effect of site p = < 0.001, although the significance of the
effect of year was suggestive at p = 0.07 (Table 1).
The abundance of aquatic invertebrates decreased significantly through time. A two-way
ANOVA was used to compare log (x+1) transformed aquatic invertebrate abundances through
time. The effects were year (2006-2008 and 2016) and site (Rankin, Alamo, Santa Maria, and
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Big Sandy) and the interaction between the two main effects on log median abundances. The
only significant effect found was year (p = 0.005) (Table 1).
NMDS ordinations
Ordination plots were used to visualize the amount of change the aquatic invertebrate
communities experienced through time (Fig. 6). The best solution for the ordination was a twodimensional ordination with final minimum stress of 13.8, p = 0.004, final instability = 0.0,
iterations = 40. The cumulative percent variance represented for this 2-D ordination was 84.9 %
(cumulative R-squared value), with axis 1 representing more than half of the variance (Axis 1 =
64.9%, Axis 2 = 20.0%), with a non-metric fit value of 0.98. A high association value, A=
0.3709, suggested that there is a relationship among species abundances (columns) that would
not be expected by chance.
Trait overlay
Trait values were overlain on a 2D NMDS ordination with matrix elements representing
average abundance of species with each trait per SU (Fig. 7). In general, axis 1 corresponded to
pre vs. post-flow homogenization samples, and axis 2 corresponded to sites located above vs.
below Alamo Dam. For the pre-homogenization samples, Pearson’s r coefficient along axis 1
was strongest for the traits attach/cling (-0.86), volt2 (1 generation/year) (-0.75), disp4 (aerially
active) (-0.73) and diapause3 (no diapause known) (-0.65). The strongest correlation scores
related to the post-homogenization samples on axis 1 were swim (0.85), volt3 (>1 gen/year)
(0.76), Diapause2 (possible diapause) (0.71), and disp1 (aquatic passive) (0.63). Along axis 2
the strongest relationships oriented towards the below Alamo Dam samples were filter feeding (-
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0.83), diapause1 (presence of diapause structures) (-0.76), collector/gatherer (-0.74), and
sprawling locomotion (-0.71). Traits oriented with above Alamo Dam samples included Resp3
(external breathing structure) (0.69), Volt1 (<1 gen/year) (0.66), Diapause 3 (no diapause) (0.64),
and engulfer (0.59). All correlations are presented in the Supplemental Table 2 with trait
metadata in Supplemental Table 3.
To visualize the how the trait for active aerial dispersal changed between the 2006-2008
to 2016 sampling periods, a contour overlay of the weighted averages showing total abundance
of species with the aerial trait in a given sample was overlain on the original ordination (Fig. 8).
The red color indicates higher proportional trait averages on the right side of the ordination more
closely associated with the 2006-2008 samples. This contour overlay showed that aerially
available taxa decreased through time, with the largest decrease for the 2016, below dam sites
To further analyze how the proportion of aerially dispersing invertebrates was changing
across sites and through time, a scatterplot was made of the proportion of aerially dispersing taxa
and the average of the three greatest depth measurements per sample site (Fig 9). A regression
line showed a correlation between decreasing proportions of aerial taxa and increasing depth (r2
= 0.48). The proportion of aerial taxa by site and by year showed how the proportion of each
site’s aerial dispersers changed after the period of flow homogenization (Fig. 10). Santa Maria
showed no change between 2006-2016, or with the proportion of aerial dispersers from the other
reference sites on the Big Sandy River. Below Alamo Dam the sites were more variable, with
Alamo showing an increase in 2008 but then decreasing after the period of flow homogenization.
While Rankin had the largest proportion of aerial dispersers in 2006, it decreased to the lowest
proportion in 2016. When looking at the Alamo site, there were two signals: one that there is not
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a significant difference between the 2006, 2007, and 2016 samples. There was a significant
difference between 2008 and 2016, however, which is the pre and post flow homogenization
periods. When looking at the Rankin site there was a large decrease in the proportion of aerial
adults. The proportions were fluctuating during the period of e-flows but then the period of flow
homogenization showed a dramatic decrease in the proportion of aerial taxa.

Discussion:
We found that aquatic invertebrate communities above and below Alamo Dam were
different compositionally and possessed different functional traits than communities found
during the e-flow experiments from 2006 to 2008. Influence from anthropogenic land use change
is unlikely at these locations because the only area impacted by significant human use is a cotton
farm occupying a 2-km stretch along the river (Shafroth, Stromberg & Patten, 2002).
Compositional changes to the aquatic invertebrate community are therefore likely due to the
interaction of flow homogenization and the construction of beaver dams along the Bill Williams
River. When flow homogenization from dams remove floods and increases river base-flow, this
facilitates the proliferation of beaver in habitats that were historically unsuitable for colonization
by replacing naturally intermittent portions of the river with more perennially flowing reaches
(Andersen & Shafroth, 2010). This finding is congruent with the increase in channel depth we
documented following the period of flow homogenization.
Flow homogenization has been shown to homogenize instream physical habitat, life
history strategies of aquatic invertebrates (Bunn & Arthington, 2002), riparian plant community
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composition (Stromberg et al., 2007a), and communities of other riverine organisms such as fish
(Moyle & Mount, 2007). Flow homogenization also simplifies the entire community structure of
riparian ecosystems (Tonkin et al., 2017). As whole communities and networks are
homogenized, the functional traits that ensure ecosystem functions are also changed, potentially
making the system less resilient to environmental variability (Olden et al., 2004).
Beaver dams affect the channel morphology of desert rivers by converting intermittent
and lotic reaches into perennial and lentic habitats (Gibson & Olden, 2014). Although the river
may gain more perennial aquatic habitat in this way, the conversion of a heterogenous reach into
a single habitat type is a form of habitat loss, which is known to cause species loss (Tilman, et
al., 1994). Beaver ponds simplify food web structure by reducing the diversity of aquatic
invertebrate functional groups in systems where they are non-native and have no natural controls
on their populations (Anderson and Rosemond 2010). Both flow homogenization and beaver
dams support the proliferation of non-native species and can cause shifts in dominance toward
non-native fish and riparian plants (Stromberg et al., 2007b; Gibson et al., 2015). These shifts in
dominance towards non-native species can alter the flux of energy from the riverine to riparian
habitats (Benjamin, Fausch & Baxter, 2011) which can result in a reduction of function diversity
at the ecosystem level (Olden et al., 2004).
Based on our data we constructed a conceptual diagram to describe the relationship
between flow homogenization and beaver dams (Fig. 11). Flow homogenization will generally
have a negative effect on aquatic invertebrate communities. As flow homogenization increases,
the proportion of aerial available taxa will likely decrease because the dynamics of floods and
droughts are necessary for maintaining an abundant and diverse community of aquatic
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invertebrates. Beaver, on the other hand, will have a positive or negative effect on the ecosystem
at different ends of the flow homogenization spectrum. In free flowing rivers, beaver dams exist
in a state of dynamic equilibrium with flooding; beaver dams may create novel habitat for lentic
organisms, as well as providing other benefits, but they never come to dominate the riverscape.
Under flow homogenization, however, beaver dams can dominate the landscape, creating
uniformly-lentic habitat. Lentic habitats favor species that do not possess an aerial stage, such as
snails, amphipods, and micro-crustaceans, leading to a decline in aerially available taxa. These
effects of beaver are counter to the majority of the literature citing the benefits of physical habitat
modifications by beaver. Although beaver dams can create habitat heterogeneity, without natural
floods, their numbers and residence times increase until they produce negative effects in desert
riverine communities.
Desert biodiversity across all taxa including plants, terrestrial invertebrates, lizards, birds,
rodents and mammalian predators is highest in riparian areas along rivers and decreases as
distance from the river increases (Soykan et al., 2012). High biodiversity areas are linked to
ecosystem functions such as nutrient cycling and energy transfer (Cardinale et al., 2012; Tilman,
Isbell, & Cowles, 2014). Nutrient cycling and energy transfer inextricably link the riverine and
riparian environments. One way that energy transfer manifests itself is through emergent aerial
insect production which impacts a variety of riparian consumers from terrestrial insects to bats
and birds. Terrestrial insect biomass is linked to the biomass of emergent aquatic insects
(Jonsson, Deleu & Malmqvist, 2013). These emergent insects account for a large range of energy
inputs from carabid beetles which utilize them as a subsidy (Paetzold, Bernet & Tockner, 2006)
to tetragnathid spiders which acquire 80-100% of their energy from aquatic emergent insects

23

(Krell et al., 2015). Vertebrate riparian consumers also utilize emergent insects as subsidies to
varying degrees. Lizards rely on this subsidy to a degree that restructures the associated
terrestrial invertebrate community (Sabo & Power, 2002). Some riparian bat distributions are
completely dependent on the abundance of emergent taxa (Fukui et al., 2006). Riparian birds
derive up to 25% of their energy budget in some cases (Nakano & Murakami, 2001), and where
there are increases in emergence due to increase habitat complexity, insectivorous riparian bird
abundances increase (Iwata, Nakano & Murakami, 2003).
Complex riverine habitat, found in braided rivers under the natural flow regime and in
riparian habitats comprised of willow, cottonwood, and mesquite forests, is important for neotropical migratory birds that use the Bill Williams River (Konrad, 2010). These biodiversity
hotspots found along the riparian habitat of the river are stepping stones important for long
distance dispersal networks (Saura, Bodin & Fortin, 2014). Riparian and riverine areas are
important for the management of resident threatened and endangered species found in the Bill
Williams watershed. The riparian area of the Bill Williams River and its headwater tributaries is
critical habitat for Southwestern willow fly catchers (Empidonax trailii extimus), Yellow billed
cuckoos (Coccyzus americanus), Yuma clapper rails (Rallus longirostris yumanensis), and
Mexican garter snake (Thamnophis eques), all of which are threatened and endangered species.
While not all of these threatened and endangered species are consuming aerial insects directly,
the indirect linkages between the riverine and riparian habitats have strong influences on the
dynamics of terrestrial invertebrate and vertebrate populations through release of competition
stemming from the energy subsidy provided by the emergent aquatic insects (Baxter et al.,
2005). Since managers in this watershed desire to protect these federally listed animals, more
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study should be conducted on how to manage these populations in the presence of flow
homogenization and the proliferation of beaver dams.
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Figures:

Figure 1. Sampling sites along the Bill Williams River below Alamo Dam (bar at the base of
Alamo Reservoir) and the above dam sites on the Santa Maria River and Big Sandy River
upstream of their confluence. Latitude/longitude for the sites are- Rankin: 34.237734, 113.7534425; Alamo: 34.231352, -113.6113327; Santa Maria: 34.309657, -113.5170864; Big
Sandy: 34.330561, -113.5198083. Top left image from
https://www.edf.org/sites/default/files/BillWilliamsRiverFactSheet.pdf and bottom images from
Google Earth.
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Figure 2. Hydrograph of the Bill Williams River from 2000 to 2016 based on daily discharge
data from USGS gage 09426000 BILL WILLIAMS RIVER BELOW ALAMO DAM, AZ. The
period of prescribed environmental flood (e-flow) events for the (2006-2010) prehomogenization period are shown, along with the period of flow homogenization (2010-2016).
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Figure 3. Habitat depth between the pre (2006 to 2008) and post flow homogenization (2016)
periods at each site. Depth was used as a proxy for beaver activity, with our cut-off value of 50
cm shown by the horizontal lines.
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Figure 4. Photos of a free flowing reach above Alamo Dam subject to the natural flow regime
(bottom) and a heavily beaver influenced reach below Alamo Dam that is primarily pool habitat
due to flow homogenization and beaver dam construction (top). The stark contrast between the
two reaches shows the effects of beaver dams that have been allowed to persist by not being
subjected to flood events strong enough to remove them, as would occur under natural flow
conditions.
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Figure 5. Boxplot showing mean aquatic invertebrate richness above and below Alamo Dam
through time. The red boxes signify the above Alamo Dam site (Santa Maria). In 2016 Big
Sandy (shown as a single dot point estimate) was added as an additional reference site. The blue
boxes signify the below Alamo Dam sites (Alamo and Rankin). Using a two-way ANOVA on
the effects of position and year showed no significant difference between mean richness through
time, however year was suggestive (p=0.062).
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Figure 6. NMDS plot showing aquatic invertebrate communities through time. Circles represent
the below dam sites, triangles are the above dam sites, and colors represent sites. Although the
axes are unitless, axis 1 is associated with pre- vs. post-flow homogenization and axis 2 is
associated with below Alamo Dam vs. above Alamo Dam reference sites. The position of each
point represents the relative relationship of that site to other sites in multi-dimensional
community space. The blue lines are successional trajectories connecting all of the 2006-2008
community samples through time and by site, showing that the aquatic invertebrate communities
are changing but are staying in the relatively same community space. The points on the left side
of the ordination, not connected by blue lines, are the community samples from 2016.
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Figure 7. Joint-plot overlay on the community ordination with trait vectors overlain as black
lines. The angles and lengths of the radiating lines indicate the direction and strength of
relationships of the variables with the ordination scores. Values less than a 0.4 correlation score
were excluded. The trait for active aerial dispersal, flight, was of interest because of its
relationship to the aquatic invertebrate communities that experienced e-flows and the above dam
sites on the Santa Maria.
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Figure 8. A heat map showing the proportion of aerially-available specimens. The initial
ordination from Fig. 5 is shown with a contour overlay for the trait flight (active aerial dispersal).
Warm colors correspond to a greater proportion of active aerial dispersal trait at a site, and cool
colors correspond fewer aerially-available specimens.
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Figure 9. Scatterplot showing the relationship between the proportion of aerially available taxa
based on abundances vs. depth in centimeters (depth is a proxy for beaver activity). Each point
represents the proportion of flight-capable individuals at each site. There is a strong negative
relationship between the proportion of aerially available taxa and the average depth of the three
deepest depths for each reach (r2 = 0.48), which suggests that as habitats get deeper the
proportion of aerial taxa available decreases.
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Figure 10. Histogram representing the proportion of aerial dispersers by site and by year. The
above dam reference sites (top panels) exhibited a consistent and high proportion of aerial
dispersers through time. The bottom two panels show the below dam sites, which exhibited more
variability through time.
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Figure 11. Conceptual diagram showing the interaction between beaver presence and flow
homogenization. In free-flowing rivers, beaver can have a positive effect by facilitating water
retention in rivers and creating habitat diversity. Flow homogenization generally causes a
decrease in aerially available taxa. When beavers are present, the interaction between flow
homogenization and beaver activity manifested as dam construction could cause the proportion
of aerially available adult invertebrate taxa to decrease.
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Tables:
Table 1. Results from two-way ANOVAs examining differences in α =
average taxonomic richness and log-median abundances on the Bill
Williams River. Position is in reference to above or below Alamo dam.
α
Log-median abundance
Year

F(1,26) = 3.81, p=0.06

N/A

Position

n.s.

N/A

Year x Position

n.s.

N/A

Year

F(1,17) = 3.73, p=0.07

F(1,72) = 8.19, p=0.005

Site

F(1,17) = 23.5, p=<0.001

n.s.

Year x Site

n.s.

n.s.
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Supplemental Table 2. Pearsons's r for the relationship between
species traits and site in species space.
Axis:

Resp3
Volt1
Diapause3
Engulfer
PiercerPred
Disp4
Swim
Skate
Burrow
Body.size2
Body.size3
ScrapeGraze
Volt3
Climb
PiercerPlant
Resp2
Body.size1
Shredder
Disp1
Diapause2
Volt2
Attachcling
Disp2
Disp3
Resp1
Sprawl
Collector
Diapause1
FilterFeed

1

2

r

r-sq

r

r-sq

0.246
-0.269
-0.649
-0.487
0.382
-0.726
0.848
-0.014
-0.576
0.247
0.267
0.546
0.763
0.514
-0.592
0.3
-0.293
-0.364
0.629
0.714
-0.745
-0.861
0.589
0.361
-0.539
-0.296
-0.041
0.06
-0.077

0.061
0.072
0.421
0.238
0.146
0.528
0.719
0
0.332
0.061
0.071
0.298
0.583
0.264
0.351
0.09
0.086
0.133
0.396
0.51
0.555
0.741
0.347
0.131
0.291
0.087
0.002
0.004
0.006

0.692
0.655
0.637
0.594
0.515
0.482
0.434
0.302
0.215
0.18
0.166
0.056
0.036
0.02
-0.171
-0.181
-0.197
-0.25
-0.263
-0.286
-0.292
-0.298
-0.311
-0.697
-0.697
-0.707
-0.737
-0.759
-0.827

0.479
0.429
0.406
0.353
0.265
0.233
0.189
0.091
0.046
0.032
0.028
0.003
0.001
0
0.029
0.033
0.039
0.063
0.069
0.082
0.086
0.089
0.097
0.486
0.486
0.5
0.543
0.576
0.685
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Supplemental Table 3. Metadata on trait category designations. Adapted from
Poff et al., 2006; Schriever et al., 2015, Schriever and Lytle 2016.

Functional
Feeding Groups:

Body size
1 <9mm
2 9-16 mm
3 is =>16mm
Voltinism
1 < 1 gen/year
2 1 gen/year
3 >1 gen/year
Dispersal

1
2
3
4
5
6
7

collector/gatherer
shredder
scraper/grazer
filter feeder
piercer - plants
piercer - predator
engulfer - predator

1
2
3
4
5
6
7

burrower
interstitial
sprawl
attached/cling
swim
skate
climber

Locomotion:
1
2
3
4

aquatic passive
aquatic active
aerial passive
flight

Respiration
1 tegument
2 gill
plastron, spiracle,
3 vesicle

Diapause
presence of structures
1 of diapause
possible diapause or
resistance (inferred in
2
studies or found in
closely related)
no diapause or
3 resistance known
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Chapter 3: General Conclusions and Suggestions for Management

On the Bill Williams River (BWR), years of flow homogenization have simplified the
habitat, allowing the construction of beaver dams to go unchecked. While beaver dams are not
inherently detrimental to ecosystems, when there are no floods to periodically remove them the
cumulative effects of their ecosystem engineering has the potential to completely shift the habitat
from a lotic to a lentic dominated system. When the physical habitat changes, the environment
filters taxa that would be found here under the natural flow regime, which can alter the way the
system fundamentally functions. The composition of taxa is a collection of overlapping
functional traits that give redundancy to the system and ensures that services provided like
energy transfer and nutrient cycling function even under variable environmental conditions
found in a dynamic system naturally structured by floods (Rosenfeld, 2002; Reich et al., 2012;
Bruno et al., 2016; Teichert et al., 2017).
The consequences of flow homogenization and beaver dam construction are not only
limited to areas located below Alamo Dam. We observed beaver dams and associated deep,
lentic habitats in our reference sites the Big Sandy and Santa Maria Rivers, where beavers had
not been found prior to flow homogenization below Alamo Dam. This could indicate that beaver
populations are dispersing above Alamo Dam due to overcrowding or reduction of available food
resources on the Bill Williams River below Alamo Dam. Without management of populations of
beavers in this system the threatened and endangered species that occupy the riparian areas
above the dam could be also be adversely affected.
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Future recommendations for managers on the Bill Williams River concerned with
riparian and riverine ecosystem health should focus on how flow homogenization and the
proliferation of beaver dams are affecting this system because the BWR was not suitable habitat
for beaver before the construction of Alamo Dam (Andersen et al., 2011). First, managers should
begin building baseline data on how ecosystem engineering by the North American beaver
population is affecting the system, and second, they need to reconsider the importance of
environmental flow (e-flow) releases as both a means to address the effects of flow
homogenization and the over-dominance of beaver, while also considering the effects of
changing hydrologic conditions under climate change. Additionally, when implementing these
changes to water management for this system, these techniques should be paired with clear
scientific hypotheses to help develop mechanistic models based on the eco-hydrologic responses
of the communities here (Gibson & Olden, 2014; Tonkin et al., 2019).
Historically, the North American beaver was found in the desert Southwest. Trapping
began in Arizona in the 1820s when Anglo-Americans came from New Mexico until the 1830s.
Trapping by ranchers still continued and while beaver distribution still covered the state, in the
late 1900s wildlife management practices began to prevent beaver from being extirpated. Since
these early management practices, which included reintroductions, there have been no clear ideas
about how beaver will impact the habitats in which they live (Carrillo et al., 2009). There have
not been any studies quantitavely linking beaver activity and ecological responses, especially in
desert landscapes. Additionally, knowledge about density and distribution of dam building in
desert streams is lacking (Gibson & Olden, 2014). This knowledge gap presents an opportunity
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for managers to understand how these ecosystem engineers are influencing these desert
environments.
In 2003, the Bill Williams steering committee decided on how to prescribe flow releases
to ensure the health of the river and the benefits the human populations that utilize it; the goals
were centered around habitat maintenance and restoration due to riparian vegetation change and
beaver dam removal (Konrad et al., 2011). Since then sustainable management using e-flows as
a management tool exclusively for restoration has begun utilizing them as an adaptation tool to
changing hydrologic baselines under climate change (Poff & Matthews, 2013). As precipitation
patterns shift, the timing and magnitude of the seasonal monsoons could become more variable,
and this will influence how dam managers allocate water for the downstream habitats on the Bill
Williams River. Therefore, e-flow releases should not only be prescribed with the intention of
restoring the environment to some baseline state, but with explicit monitoring before and after
events to directly link the ecological responses of communities to the prescribed flow. By
explicitly monitoring the survival of species, physical and hydrologic data, this will help
managers develop mechanistic models that can better predict how species will respond under
future scenarios (Tonkin et al., 2019).
The Bill Williams River was subject to a long period of flow homogenization under
constant base-flow from Alamo Dam. This period was finally broken in 2018 by a 142 m3s-1
flow release to accommodate scheduled maintenance on the dam. Bringing flow releases back
into the conversation of how the dam is managed is vital to the future health of the system. But to
best utilize these flow releases they need to be paired with rigorous hypothesis testing that can
inform river managers about biological processes under different flow scenarios. With these new
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models based on accurate ecological response data and periodic re-evaluation of the models
based on this data we are better prepared to manage this system under uncertain future climate
conditions (Tonkin et al., 2019).
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Appendix 1.

In 2018 the U.S. Army Corps of Engineers performed flow release of 142 m3s-1 to
accommodate scheduled maintenance on the dam. We sampled the Big Sandy, Santa Maria,
Alamo and Rankin sites as sampled previously in 2016, with the addition of one more
downstream site at Rankin. Each site had a downstream and upstream subsite consisting of 100
m reach, with the exception of Alamo, which was 50 m due to limited habitat. At each subsite 5
transects were taken for each reach. For each transect, a 250-micron “D-net” was used to sample
the aquatic invertebrate taxa. The sampling regime was 60 sec timed effort proportionate to
habitat types to ensure all microhabitats were accounted for.
Physical habitat measurements were taken at each reach which included: substrate, water
depth (cm), velocity (m/s), canopy cover, and wetted channel width (m). Substrate measurements
were taken using the Wolman walk method, 100 points per transect. Water depth was measured
with the depth staff on the flow meter, 10 points per transect. Flow was measure with Hach
FH950 Handheld Flow Meter (Hach, CO, USA), 10 points per transect. Canopy cover was
measured using a densitometer, 4 directions (upstream, river right, river left, and downstream) at
3 positions (river right bank, middle of reach, and river left bank) at three transects per 100 m
reach (subsite). Wetted width was measured using a meter tape with the dry islands subtracted
from the measurement.
Water chemistry measurements were taken for temperature, dissolved oxygen and pH at
each subsite or reach. Conductivity and turbidity were unable to be measured in 2018 because
our probe ceased functioning in the field.

