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ABSTRACT

Comparative analysis of factors influencing benthic macro invertebrate (BMI) assemblages in unregulated
tributaries can inform management about tributary to mainstream discontinuities (TMDs) with adjacent
regulated mainstream rivers. Tapeats Creek is a cool-water tributary of the highly regulated Colorado
River ecosystem in Grand Canyon downstream from Glen Canyon Dam, having similar geochemistry, water
temperature, and annual relative flow variability compared to the mainstream. The creek supports a diverse
BMI assemblage, including Ephemeroptera, Plecoptera, and Trichoptera (EPT) that are absent in the
mainstream. We used field measurements and experiments in six microhabitats around the creek mouth to
test the impacts of water quality (temperature, geochemistry), flow variability, and substrate embeddedness
impacts on BMI distribution, particularly during stepped hydropower-related mainstream stage shifts. The
Tapeats Creek TMD was not attributable to temperature, geochemistry, or contemporary low-level
hydropower flow fluctuations, but rather to natural embeddedness in mainstream substrata. Tap eats Creek
is floored with gravel and cobble, with much interstitial space, whereas the mainstream benthos was
composed of cobble/boulders embedded in fine sand, with marginal to suboptimal EPT habitat. The TMD
was likely more pronounced in pre-dam time and from 1964-1990 due to larger seasonal and daily flow
fluctuations and more prolonged confluence inundation, respectively. The Colorado River in Grand Canyon
is adaptively managed to balance hydropower production, fine sediment mass balance for recreational
camping and shoreline habitat, as well as native and recreational fisheries. However, strategies to promote
both fine sediment storage and an optimal mainstream food base for fish are not be mutually compatible.
Thus, not all desired river ecosystem conditions may be simultaneously achieved.

Keywords: Benthic macro invertebrate ecology, discontinuity, Colorado River, embeddedness, EPT, Glen
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INTRODUCTION

Tributaries modify fluvial ecosystems by
structuring geomorphology, creating abrupt
reach breaks and discontinuities, increasing
suspended sediment load, altering water quality
(temperature, geochemistry), and by influencing
both downstream and upstream ecological
contributions and processes (Bruns et al. 1984;
Stevens et al. 1997;Rice et al. 2001; Kiffney et
al. 2006; Meyer et al. 2007; Wilson & Mc
Tammany 2014; Connolly &Pearson 2018).
Benthic macroinvertebrate (BMI) assemblages
are indicators of fluvial ecosystem and fisheries
foodbase integrity, and often are altered by flow
regulation, fine sediment deposition, and other
anthropogenic activities (Campbell et al. 1982;
De Jalon et al. 1994; Sennatt et al. 2006;Katano

et al. 2009; Cross et al. 2013; Wharton et al.
2017). Among BMI, Ephemeroptera, Plecoptera,
and Trichoptera (EPT) often are regarded as key
indicators of stream ecological integrity. BMI
discontinuities (sensu Stanford &Ward 1983)
naturally — exist between tributaries and
mainstream rivers, a phenomenon we refer to
here as a tributary-to-mainstream discontinuity
(TMD). TMDs arise from differences in Strahler
stream order, hydrogeology, anthropogenic use,
and other factors, and can be exacerbated by
flow regulation, but the frequency and causality
of such discontinuities are insufficiently studied.
Tributaries can serve as refugia and can mitigate
dam-generated physical &biotic discontinuities.
Comparative measurements and field experiments
on BMI assemblages inregulated mainstream
rivers and selected unregulated tributaries can

Annals of Ecology and Environmental Science V4 e 12 2020 1



Benthic Discontinuity between an Unregulated Tributary and the Dam-Controlled Colorado River,

Grand Canyon, Arizona, USA

reveal the factors influencing TMDs, and
improve understanding of fluvial ecosystem
ecology, habitat structure, food base, and
fisheries stewardship options (Campbell et al.
1982; Ward &Stanford 1983; Bruns et al. 1984,
Vincent 2001; Connolly &Pearson 2018).

TMDs are ubiquitous among the BMI
assemblages in Grand Canyon perennial
tributaries of the Colorado River (Hofknecht
1981;0berlin etal. 1999), but the array of factors
precluding successful mainstream colonization
by BMI are debated. Colorado River and other
TMDs have been attributed to differences in
watershed characteristics (Oberlin et al. 1999),
mainstream flow variability (Hofknecht 1981;
Kennedy et al. 2016), sediment deposition and
water quality (Newcombe &MacDonald 1991;
Stevens et al. 1997; Wood& Armitagel997),
mainstream failure of key life history phases
(Kennedy et al. 2016), fish predation (Shaw
&Richardson 2001), and other mechanisms.

Kennedy et al. (2016) emphasized the negative
impacts of mainstream hydro peaking flows on
BMI egg survivorship, limiting mainstream
colonization primarily to nematoceran
Dipteraspecies that lay eggs on the water surface
and thus avoid desiccation related to fluctuating
flows. While that explanation may partially
explain the long-recognized depauperate condition
of the mainstream BMI assemblage (Blinn
&Cole 1991; Stevens etal.1997; Cross etal.2013),
the high frequency of TMDs in Grand Canyon
suggests that mainstream colonization failure
occurs among larvae and some adult BMI (e.g.,
elmid beetles) that drift from tributaries into the
mainstream, rather than suppression of egg
survivorship by fluctuating mainstream flows.
Additional research is needed to identify

potential flow and/or non-flow management
options to improve foodbase production and
fisheries management in the Colorado River and
other regulated rivers.

Figurel. Aerial image and inset map of Tapeats Creek and the six microhabitats sampled in 2017: DOC -
downstream outflow channel, LCR - lower Colorado River (downstream from the creek mouth), TC - Tapeats
Creek, UCR - upper Colorado River (control not influenced by Tapeats Creek), UOC - upstream outflow
channel, and UVC - upper varial channel.

Here we present data from field measurements
and experiments at the confluence of a large,
cool water, nearly pristine tributary in central
Grand Canyon to improve understanding how
and why BMI assemblage composition,
structure, and development differs from the
adjacent, intensively regulated Colorado River
(Fig.1). A smaller stream than the Colorado
River, Tapeats Creek nonetheless has water
guality and relative flow variability that closely
match water released from Glen Canyon Dam,
making it the only tributary in Grand Canyon at
which such an ecological comparison can be
made. Similar in temperature and geochemistry
to water released from the dam, Tapeats Creek
has elevated EPT density, a benthic fauna greatly

contrasting that in the adjacent mainstream
(Hofknecht 1981;Blinn &Cole 1991; Stevens
etal. 1997;Oberlin et al. 1999; Cross et al.
2013). However, the causal factors for this
abrupt discontinuity remain unclear.

Although unique among the approximately 50
perennial tributaries to the Colorado River in
Grand Canyon, these patterns make the Tapeats
Creek confluence a compelling site at which to
understand the mechanisms creating a biological
discontinuity from an unregulated stream to a
regulated river, and to advance understanding of
why and where TMDs may be expected to
occur, as well as implications on foodbase and
fisheries management in regulated rivers.
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METHODS

Tapeats Creek is a 4th order, cool stenothermic
stream draining a 214 km2basin on the North
Rim of Grand Canyon, located at Colorado
River Mile 134R (Rkm 215.6R; N 36.3705°, W
elevation),

112.4694°, 590 m 240  km
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downstream from Glen Canyon Dam (Fig. 1).
Tapeats Creek is fed by three main springs
complexes (Crazy Jug, Tapeats, and Thunder
River Springs). Flooding typically contributes to
discharge during springtime (February-May)
snowmelt spates and summer monsoon storms
(Cooley et al. 1977).
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Figure2. Flow of the Colorado River mainstream at Lees Ferry from 1 January through 31 December 2017,
spanning the duration of this study

Debris flow floods in Grand Canyon tributaries
commonly deposit large boulders in the center
of tributary channel mouths. Consequently, the
mouths of most large tributaries in Grand
Canyon develop a low-gradient upstream
outflow channel and a steeper downstream
outflow channel (e.g., Cooley et al. 1977; Melis
1997; Fig.1). This geomorphic configuration
influenced our sampling design.

We sampled six aquatic microhabitats in and
near the Tapeats Creek confluence:1) Tapeats
Creek (TC) upstream from the impacts of
normal Glen Canyon Dam operations; 2) the
lower gradient upstream varial channel (UVC)
microhabitat lying immediately above the creek
mouth area, which is stalled and inundated when
mainstream flows exceed 500 m3/s; 3) the low-
gradient upper outflow channel (UOC)
microhabitat in lower Tapeats Creek, which is
inundated by mainstream flows >250 m3/s; 4)
the high-gradient downstream outflow channel
(DOC) microhabitat in lower Tapeats Creek,
which carries approximately two thirds of
Tapeats Creek outflow and, like the UVC begins
to be inundated when mainstream flows exceed
500 ma3/s;5) the lower Colorado River (LCR)
mainstream microhabitat downstream from the
DOC and which receives BMI drift from
Tapeats Creek; and 6) the upper Colorado River

(UCR) mainstream microhabitat, a control site
lying upstream from and is not influenced by the
creek.

DATA COLLECTION AND ANALYSES

We conducted four expeditions to the
confluence study area in 2017. The mid-April
2017 visit was a reconnaissance to determine
confluence microhabitat distribution. A 12-day
May-June site visit was timed to characterize
microhabitats and BMI assemblage characteristics,
and specifically to observe the May-June
mainstream monthly hydropower flow regime
shift. A22-day June-July site visit was
conducted to re-measure physical and biological
characteristics,  conduct  fluctuating  flow
simulations, and observe the June-July mainstream
monthly flow regime shift. During a five-day
mid-September site visit, we measured physical
and biotic characteristics after the return of the
mainstream to low autumn flows.

We estimated mainstream Colorado River flow
at Tapeats Creek by establishing a staff gauge
and modeling the stage-to-discharge relationship
between the study site and the mainstream flow
at the U.S. Geological Survey Lees Ferry stream
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flow gauge (USGS station 09380000); model
R2 = 0.975). While several large tributaries
potentially influence flow between that gauge
and Tapeats Creek, mainstream water year
(WY) 2017 was strongly dominated by clear
water and few tributary floods. The Lees Ferry
period of historic flow records extends back to
1922 ,allowing us to back cast mainstream
inundation frequency at the TC confluence in
pre-dam time. Hydro peaking peaking flows
were greatly reduced after 1991 to 0.5 m/day to
conserve fine sediment mass balance for
recreational river running and native fish
shoreline habitat conservation (U.S. Department
of the Interior 1995, 2016). Oblique photographs
taken by the senior author reveal little evidence
of geomorphic change of the confluence since
1980, but backcast flow estimates should be
interpreted with caution. Tapeats Creek peak
flow was estimated by the National Park Service
on 15 April 2017. We measured Tapeats Creek
flow 150 m upstream from the mouth in
May,June, July, and September in 2017 using a
wading rod and SwofferTM flow meterat 0.5 m
intervals across the creek, with data integrated
to estimate flow during each sampling visit.

We measured water temperature, pH, specific
conductance, salinity, and alkalinity in TC and
mainstream  microhabitats  during  each
expedition using a calibrated Hanna Combo
meter and a LaMotteTM alkalinity test kit. Both
Tapeats Creek and the mainstream are cool,
whitewater streams with near-saturation levels
of dissolved oxygen.

We characterized physical conditions and BMI
assemblages using a Hess sampler (0.5 mm
mesh, basket diameter 21.4 cm, area 0.036 m2),
documenting benthic substrate composition and
benthic invertebrate abundance(humber of
individuals/m2), species richness, and species
density (number of species/m2) in each
microhabitat. The Hess sampler was placed at
randomly selected points in each microhabitat,
and the bed was vigorously disturbed for one
minute. Six or more Hess samples were
collected in each microhabitat during daytime
during each site visit, velocity was measured
with a Swoffer™ flow meter, and depth and bed
sediment characteristics were recorded as the
visually estimated % cover (VE%C) of silt,
sand, fine gravel, coarse gravel, and small to
large boulders. We calculated embeddedness as

the VE%C of sand or finer particles at each
Hess sampling point. Embeddedness data were
relegated to ordinal classes consonant with
definitions by Platts et al. (1983), Sylte
&Fischen rich (2002), and Sennatt et al.
(2006).Invertebrate samples were stored in 85%
ethanol in separate Whirlpak™ bags and
returned to the laboratory for sorting under 10X
magnification, identification, and enumeration.
We sampled during specific mainstream
hydropower flow transition periods, which were
scheduled according to monthly hydroelectric
power contracts. Two of the largest stepped
increases during the growing season occurred at
springtime and early summer monthly flow
transitions. Given the 1.5-day lag in the
kinematic wave arrival from Glen Canyon Dam
to Tapeats Creek (Wiele &Smith 1996), and the
occurrence of low flows on weekend days and
holidays, we planned on, and sampled the suite
of  microhabitats  before, during, and
immediately after monthly transitions at 15:00
on the 2nd of June, and on the 4thof July in
2017. Sampling during those periods provided
insight into whether and how stepped mainstream
flow changes directly affected benthic and
drifting BMI in the creek and mainstream.

Following the recommendations of Muehlbauer
et al. (2017), we conducted a preliminary insitu
analysis of drift in relation to sampling duration
using a LaMotte 153 pm nylon plankton tow
net, with a throat diameter of 12.7 cm and net
area of 127 cm2. The net was deployed at the
top of the DOC, and we drift sampled over
intervals of 60 to 1200 s. Tapeats Creek has
highly transparent water, but the net clogged
with fine organic matter after 1000 s, so we
standardized drift sample duration at 500 s.We
sampled Tapeats Creek drift with four replicates
during day and night each visit, focusing on the
mainstream flow shift periods. We measured
current velocity using a SwofferTM flow meter
for each sample. Drift samples were stored in
85% ethanol and returned to the laboratory for
sorting under 10X magnification, identification,
and enumeration.

We investigated benthic colonization and BMI
responses to simulated fluctuating flows using
artificial basket samplers constructed of 12 mm
mesh hardware cloth, and measuring 10 x 20 x
15 cm.Each basket was filled with a measured
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volume of sterilized gravel-cobble stream
substrata (1 to 20 cm in diameter). We tested
BMI colonization in five microhabitats, except
the UCR due to safety concerns, deploying six
samplers for 20 d during the June-July sampling
period. After 20 days, each sampler was
surrounded by netting and carefully removed
from its location. BMI were flushed from each
basket, placed in 85% ethanol in separate
WhirlpakTM  bags, and returned to the
laboratory for sorting, identification, and
enumeration. We calculated BMI abundance/L
of rock substrata and species richness/L of
substrata from each artificial sampler. Eight
additional baskets were placed in the UVC to
test BMI colonization rate, with four UVC
baskets were harvested after one week, after two
weeks, and for the original six baskets after 20
days.

We experimentally simulated flow fluctuations
in TC, testing the impact of flow variation on
BMI assemblage abundance and species
richness. We deployed four replicates of six
basket baskets in the TC microhabitat, with
treatments including: 1) a control set of six
baskets placed at approximately 0.5 m depth
that was not moved for 20 d; 2) another control
set that was moved twice daily to near the
surface and back to the bottom depth of 0.5 m;
3) a set moved from 0.5 m depth at night up to
just under the surface during the day; and 4) a
set that was kept near the surface at night and
lowered to 0.5 m depth during daytime.
Samplers were moved slowly over the course of
several minutes to prevent flushing of BMI. One
day of treatment interruption occurred during a
crew change during the 20-day experimental
period. Baskets were retrieved and processed
after 20 days, as described above. Field surveys
and experiments were analyzed using Kruskal-
Wallis, simple linear regression, and other
descriptive statistics (Zar1984).

RESULTS

The flow of Tapeats Creek is not regularly
monitored, but we assembled available data to
depict its hydrograph in 2017. The mid-April
2017 snowmelt spate elevated Tapeats Creek’s
flow to approximately 14 m3/s, larger than the
historic flood of 11.2 m3/s in December 1966
(Cooley et al.1977). Flow decreased by mid-
June to 2.3m3/s, reaching a base flow of
approximately 1.5 m3/sin mid-September. Daily
stage flow variation was negligible in Tapeats

Creek, except for a brief 0.25 m stage change
that occurred during mid-July. As a result,
Tapeats Creek water transparency remained
high for nearly the entire growing season.
Overall, Tapeats Creek discharge ranged over an
order of magnitude during the course of the
year, with little non-spate flooding disturbance
during our sampling and experimentation.

Mainstream  discharge in 2017 varied
predictably in relation to hydroelectric power
production releases and the location of Tapeats
Creek in relation to the daily kinematic wave
produced by Glen Canyon Dam releases (Fig.
2). Daily mainstream flows at the mouth of
Tapeats Creek ranged from 240-440 m3/s in
May 2017, stepping up to a range of 285-485
m3/s in June, and up to 300-560 m3/s in July
and August, then stepping back down to 240-
440 m3/s in September. Due to the distance
downstream from Glen Canyon Dam (240 km),
the daily flow peak arrived in the early evening
hours.

Daily low flows arrived in the mid-morning,
lasting several hours. Weekend low flows
dropped to near the minimum monthly range.
The May-to-June and the June-to-July stepped
increases arrived on schedule, providing the
maximum daily mainstream stage changes that
occurred during 2017. Daily mainstream flows
at Tapeats Creek consisted of, on average, 0.5 m
of stage change, with the exception of the 2 June
and 4 July monthly flow regime up-steps when
daily flow stage increased to 0.75 m. Using the
modeled relationship between the Lees Ferry
gauge and our study site gauge, we back cast
mainstream flow hydrography from 1922-2017,
using water years (WYs) 1958, 1979 under pre-
1990 regulated and highly fluctuating flows, and
2017 as example years (Table 1). Hydrograph
modeling indicated that predam annual high
flows frequently inundated or stalled flow
throughout lower Tapeats Creek, and inundated
the UOC microhabitat 33% of the time. During
the early post-dam period from 1965-1991,
including the time of Hofknecht’s (1981) study,
Glen Canyon Dam was managed to maximize
hydroelectric power production. Hydropower
peaking flow sent daily “tides” of up to 3 m/day
passing through the Colorado River corridor.
Flows during that period (e.g., WY 1979) would
have ponded and inundated the UOC
microhabitat nearly 39% of the time, an increase
over pre-dam inundation due to increased post
dam base flow. Except for rare, brief post-1996
planned high flows for sediment management,
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post-1990 mainstream flows stalled flow and/or
inundated the UVC microhabitat only 9.4% of

the time, although the UOC was inundated
nearly 35% of the time.

Percent of time that lower Tapeats Creek (TC), the upper varial channel (UVC), and the upstream
outflow channel (UOC) microhabitats were stalled or inundated by mainstream Colorado River flows in
representative Water Years 1958 (predam), 1979 (early post-dam), and 2017 (contemporary).

Water Year uoC UvC TC
1958 33.3 24.3 22.6
1979 38.8 26.9 18
2017 34.5 9.4 1.24

Water quality was similar between Tapeats
Creek and the mainstream Colorado River
throughout our study (Table 2). Springs that
feed Tapeats Creek source at approximately
10° C (Tobin et al. 2017), warming slightly
during summer as the stream flows
approximately 4 km to the mainstream. There,
creek water averaged 15° C during the course of
our study. Mainstream Colorado River water
temperature also was relatively constant during
the study, averaging 15.5° C. We did not
measure water temperature during the winter
months in this study; however, water
temperatures in lowermost Tapeats Creek were
12° C in November 2015, and 13° C in April
2018 (LES, unpublished data), indicating a

slight cooling of the tributary during winter. A
similar level of cooling occurs in the
mainstream (Wright et al. 2008).

Tapeats Creek average pH and alkalinity also
were strikingly similar to that of the
mainstream, while specific conductance was
higher in the mainstream (741uS) than in the
tributary (294uS; Table 2). Exploratory field
experiments with dominant Tapeats Creek EPT
revealed no obvious mortality effects due to
exposure to mainstream water or experimentally
elevated water temperature, and other recent
studies have shown negligible negative proximal
responses of BMI to mainstream water
geochemistry or temperature (C. McDaniel,
Brockport SUNY, written commun.)

Average water quality and BMI data by microhabitat in the Tapeats Creekconfluence area in
2017.Abbreviations: DOC — downstream outlet channel; LCR — lower (downstream) Colorado River; TC -
Tapeats Creek; UCR — upstream Colorado River; UOC - upstream outflow channel; UVC - upper varial
channel; VE%C - visually estimated % cover. Mean embeddedness habitat condition definitions follow Sylte and

Fischenrich (2002).

Microhabitat
Variable TC uvC DOC uoC LCR UCR
Water Quality
pH 8.5 8.4
Elect. Cond. (US) 294.2 740.8
Total dissolved solids (ppm) 147.4 371.7
Water Temperature (°C) 14.8 155
Total Alkalinity (mg/L) 160.9 142.2
Velocity (m/s) 0.86 0.69 0.62 0.59 0.19 0.15
Sampling Depth (m) 0.32 0.25 0.2 0.28 0.34 0.33
Substrata
Mean VE%C Silt 0 3 0 0 0 8.8
95% CI % Silt 0 0.128 0 0 0 0.194
Mean VE%C Sand 7.9 9.1 6.9 5 29.4 46.3
95% CIl % Sand 0.21 0.114 0.101 0.095 0.485 0.467
Mean VE%C Fine Gravel 19.8 26.4 19.2 15.2 5.2 0
95% Cl1% Fine Gravel 0.193 0.124 0.14 0.11 0.115 0.203
Mean VE%C Coarse Gravel 29.1 36.6 32.9 39.4 2.9 0.4
95% CI1% Coarse Gravel 0.212 0.181 0.199 0.192 0.087 0.144
Mean VE%C Small Boulder 43.2 24.5 32.6 40.4 47.1 44.6
95% CI % Small Boulder 0.352 0.235 0.281 0.256 0.577 0.535
Mean VE%C Large Boulder 0 0 7.1 0 15 0
95% CI % Large Boulder 0.193 0.433
Mean VE%C Embeddedness 7.9 12.1 6.9 5 29.4 55
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Mean Habitat Condition Optimal Optimal Optimal | Optimal | Sub-optimal | Marginal
V, D, Substrata, Hess N 36 54 70 60 26 30
Hess Samples
Total No. Specimens 2350 4668 5877 3724 896 291
Mean Total density/m’ 1813.3 2401.2 2332.1 | 1724.1 777.8 336.8
Mean Species richness/sample 4.8 5 5.2 3.7 2.3 1.1
Mean density EPT/m’ 369.8 373.2 317.3 121.5 29.3 0
Mean No. EPT 13.6 13.7 11.6 45 1.1 0
Total No. EPT 424 702 747 271 26 0
Gravel Basket Samplers
Total No. BMI Specimens 362 194 299 28 74
Mean No. BMI/Sampler 42.5 22 51.6 8.1 34.1
Mean BMI Richness/Sampler 3.1 3.5 6 1.7 3.1
Mean No. EPT/Sampler 15.1 19.4 33.2 4.7 9.3
Mean EPT Richness/Sampler 1.2 1.1 2.6 0.7 1.3
% EPT/L of Gravels 34.3 14.2 40.5 18.8 44.2
Gravel basket N 6 6 6 6 6 0
HESS SAMPLES 0.0004; H1=13.02, N=58, P = 0.0003,

Microhabitat Assemblage Structure

We collected 276Hess samples among the six
microhabitats (Table 2). Physical habitat factors
varied to some extent among the Tapeats Creek
microhabitats, but substantially  between
tributary and mainstream micro habitats.
Velocity and depth were greatest at TC,
decreasing to the UOC as creek outflow reached
the mainstream. Kruskal-Wallis  analyses
revealed that the UVC sustained significantly
reduced flow velocity and significantly
increased depth with the onset of July
mainstream flows (H1 =12.52, N= 58, P

respectively).

Benthic habitat structure, measured as VE%C of
substrate particle size in the creek were
composed of gravels and cobble (Table 2; Fig.
3). Embeddedness (VE%C of sand and finer
sediments from Hess samples) in Tapeats Creek
microhabitats was low and optimal (sensuSylte
& Fischenrich 2002); however, embeddedness
in the UOC increased over the growing season.
Fine gravel dominated that microhabitat
following the April spate and through May, but
increased summertime  mainstream  flows
deposited fine sediment across the UOC surface.
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Figure3. Particle size distribution among the six Tapeats Creek confluence microhabitats: DOC — downstream
outlet channel in TC, LCR — lower Colorado River, TC — Tapeats Creek, UCR — upper Colorado River, UOC —
upper outlet channel in TC, UVC — upper varial channel in TC.

Velocity and depth of Hess samples were lower
in the mainstream wave-washed habitat that
dominates the shorelines. In contrast to Tapeats
Creek, mainstream particle size distribution was
distinctly bimodal, with large cobbles and
boulders embedded in fine sand (Table 2; Fig.
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3). Mainstream cobbles and boulders in the
nearshore habitat displayed dorsal cover by
Oscillatoria, with a lateral fringe of filamentous
green algae that supported chironomid larvae (as
described by Stevens et al. 1997). Fine and coarse
gravels and small cobbles were conspicuously
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absent throughout the UCR and the lower LCR,
a pattern that did not vary seasonally except a
brief episode of upstream tributary-derived silt
deposition in mid-summer.

We collected 17,805 BMI specimens in 15
families among 276 Hess samples. BMI total
abundance varied from 0 in mainstream samples
to 15,639 individuals/m2in creek samples
(Table2;Figs. 4a, b). BMI were strongly dominated
by larval Chironomidae in all settings; however,
both abundanceand species densityof EPT taxa,
larval Odonata, larval and adult elmid beetles,

and Tipulidae were consistently higher in
Tapeats Creek than in the mainstream. Kruskal-
Wallis tests revealed differences among EPT
species across microhabitats(excluding the
UCR) from Hess sample data [H4=55.932,
N=246, P = <0.0001).The creek BMI assemblage
included relatively high density, richness, and
percent of EPT species, and EPT density was
consistently lower or absent in the LCR. The
only BMI arthropod taxa detected in the
mainstream UCR upstream from the confluence
area were Chironomidae, Simuliidae, and rare
introduced Gammaridae (Gammarus lacustris).

Mean BMI Abundance/m?
8
g
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IO000 J.
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Microhabitat

Mean BII Speces Richness/’

voCc
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Figure4. a) Mean Hess sample BMI and EPT abundance/m2, and b) mean BMI and EPT species
richness/sample among six creek and mainstream microhabitats. DOC — downstream outlet channel in TC, LCR
— lower Colorado River, TC — Tapeats Creek, UCR — upper Colorado River, UOC — upper outlet channel in TC,
UVC — upper varial channel in TC.N> 6 replicates/microhabitat/site visit. Error bars represent 95% confidence

intervals.

The UOC and DOC diverge around the Tapeats
Creek mouth island, and the DOC flows for an
additional 35 m before mixing with the main
stream in the LCR microhabitat. The UOC was
frequently inundated by the mainstream, while
the DOC remained relatively unaffected by the
Colorado River until mainstream flows
exceeded 425 m3/sin mid-summer. Mean EPT
abundance, density, and species density were
low in the UOC, but remained high in the DOC
(Table 2, Figs. 4a, b). Mean EPT abundance
decreased from 1165/m2 at the upstream end of
the DOC downstream to 0 to 25/m2 at its
confluence with the main stream, and to 0/m2
downstream, as that microhabitat became
increasingly subject to mainstream sediment,
flows, and wave action. Tapeats Creek BMI and
EPT abundance, density, and species density
varied through the growing season, increasing
through the growing season in all creek

microhabitats except the frequently-inundated
UOC. Ephemeroptera dominated there in April
and May (240 individuals/m2), but decreased
over the growing season to 25-50 individuals
/m2, a change attributed to increasing
embeddedness and life history phenology. Thus,
BMI abundance, species richness, and species
density declined in the UOC through the
growing season, in contrast to the DOC.
Mainstream BMI species richness and density
remained low throughout the growing season
(Table 2). Slightly decreased mainstream BMI
occurred during higher mid-summer flows,
which increased suspended sediment loads, and
shoreline velocity and wave magnitude.

Drifting BMI taxa are subject to increased
probability of mortality (Brittain & Eikeland
1988), and we expected and found BMI drift
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rates to be low under the steady flows in Tapeats
Creek. The grand mean BMI drift rate was
0.0007BMI/L, with one standard deviation of
0.0009 BMI/L (N=46; Table 3). High variability
resulted in non-significant differences among
drift sampling period across microhabitats and
sampling periods (H4 = 6.356, N=47, Kruskall-
Wallis P = 0.174).Chironomid midge larvae
were the dominant drifting BMI, and the grand
mean EPT drift rate was 0.00007 (1 sd =

0.0002), <11% of the total drifting BMI. Drift
rate increased by 3.9- to 7.9-fold during the
June-July monthly stepped flow increase as
compared to that immediately prior. Diurnal
drift was 1.4- to 4.1-fold higher during day than
at night during the flow transition, and was up to

7.9-fold higher during nighttime for all metrics

in September during normal

conditions.

autumn flow

Mean (N, 95% CI) of diurnal and nocturnal drift of total BMI and EPT abundance/L and species
density/L at the upstream end of the downstream outlet channel at the mouth of Tapeats Creek in June, during
the June-July stepped flow increase, and in September, 2017.

Variable Time June July pre- | July transition high September
rise flow

Mean BMI abundance/L | Diurnal | 0.71(14,0.21) |0.19 (4,0.38) 1.36 (10, 1.12) 0.23 (6, 0.26)
Mean BMI abundance/L |Nocturnal 0.33 (6, 0.19) 0.33 (6, 0.19)
Mean EPT abundance/L | Diurnal | 0.01 (14, 0.02) |0.01 (4,0.00) 0.08 (10, 0.18) 0.04 (6, 0.07)
Mean EPT abundance/L |Nocturnal 0.03 (6, 0.07) 0.33 (6, 0.33)
Mean BMI no. spp/L Diurnal | 0.23(14,0.06) |0.11 (4,0.21) 0.57 (10, 0.29) 0.16 (6, 0.15)
Mean BMI no. spp/L  |Nocturnal -—- 0.21 (6, 0.13) 0.22 (6, 0.17)
Mean EPT no. spp/L Diurnal | 0.01 (14, 0.02) |0.01 (4,0.00) 0.04 (10, 0.09) 0.04 (6, 0.07)
Mean EPT no. spp/L  |Nocturnal --- 0.03 (6, 0.07) 0.14 (6, 0.16)

BASKET SAMPLER RESULTS

BMI abundance in the UVC was variable, but
stabilized during the latter half of the basket
experiment, varying non-significantly between
weeks (P>0.05). Proportional representation of
EPT in each of the samplers averaged 10%of
total BMI detected after 20 days, roughly

equivalent to Hess sample results. Total mean
BMI species richness/L of substrata increased
across the interval, while EPT abundance
stabilized, averaging 20% of the total BMI.
Comparison of Hess and basket sampler data
among microhabitats (below) indicated that 20
days was sufficient for equilibration of BMI
colonization.

Mean BMI
Abundance/L of Rock

30
2¢
) j
(4]
TC

a
- AlBv
B cer
vocC

uvce

DOoC LCR

Zone

Mean BMI Species
Richness/L of Rock

b
- Alen
N EPT

3
‘ i
o

TC UV

»OC

U0

Microhabitat

Figureb. Artificial basket sampler results after 20 days by Tapeats Creek microhabitat in June-July 2017. a)
Mean BMI and EPT abundance/L of gravel and b) species richness/L gravel. DOC — downstream outlet channel
in TC, LCR — lower Colorado River, TC — Tapeats Creek, UOC — upper outlet channel in TC, UVC — upper
varial channel in TC. Error bars are 95% confidence intervals.
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Artificial basket sampler and Hess data were
similar, with maximum BMI and EPT
abundance/L and species density/L of gravel in
the DOC (Figs. 4a, 4b, 5a, 5b). BMI and EPT
colonization were high in all Tapeats Creek
microhabitats except the UOC, likely in response
to fine sediment deposition under high summertime
flows (Figs. 5a, 5b). Experimental introduction
of non-embedded gravel habitat in the upstream-
most LCR sites where drifting EPT colonization
potential was elevated resulted in BMI and EPT
abundance/L and species density/L roughly
equivalent to those in TC.

The flow variation experiment in TC revealed
mean BMI density (1025 individuals/L rock m2)
was 43% of the average abundance/L detected

using the Hess sampler, well within the 95%
confidence interval for that period, indicating
that the 20-day time period was adequate for
analysis of fluctuating flow simulations (Table
4). However, the experiment failed to reveal
clear differences among treatments in either
BMI or EPT abundance/L of rock or species
density/L of rock (H3 = 3.934, N = 23,
Kruskall-Wallis P = 0.269 for abundance; and
P>0.05 for EPT species density/L).Slight but
non-significant differences of greater BMI
abundance/Loccurred in the control treatment,
and slightly greater species density in the day-up
treatment, the latter possibly in response to
increased  photosynthetically  active  solar
radiation and benthic productivity (e.g., Yard et
al. 2005).

Experimental artificial basket sampler flow variation results on benthic macro invertebrates (BMI) and
combined Ephemeroptera, Plecoptera, and Trichoptera (EPT) abundance/L of rock and species richness/L of
rock after 20 days of exposure to four treatments in Tapeats Creek, Grand Canyon, Arizona (N = 6).

Mean Abundance/L No. Spp/L

Assemblage Treatment Abundance/L 95%Cl Mean No Spp/L 950/5&

All BMI Control 126.01 48.94 3.84 0.64
EPT Control 23.38 24.08 1.6 0.978

All BMI Move/replace 76.81 31.03 4.1 0.82
EPT Move/replace 29.29 21.06 2.07 0.572

All BMI Day up 93.96 35.51 5.27 0.6
EPT Day up 37.86 11.54 2.52 0.463

All BMI Night up 73,51 33.36 4.35 1.24
EPT Night up 29.26 21.62 1.83 1.272

DISCUSSION adult BMI emergence in either Tapeats Creek or

Water temperature, geochemistry, and other
variables are widely known to affect BMI
assemblages  (Campbell ~ 1982;  Wilson
&McTammany 2014). We selected Tapeats
Creek for this study specifically because of its
similarity to the water temperature and
geochemistry of the Glen Canyon Dam tail
water (Stevens et al. 1997; Table 2). Water
temperature variation in Tapeats Creek is
similar to that in the cool stenothermic
mainstream throughout the year, and thus is
unlikely responsible for the BMI TMD.
Seasonal water temperature variation can
stimulate for completion of the life cycle among
temperate BMI (e.g., Ward &Stanford 2003;
Csercsa et al. 2018). However, photoperiod
canbe more influential than temperature on BMI
life cycles (Stoks et al. 2014). Thus, seasonal
warming does not appear to be astimulus for

the adjacent Colorado River mainstream.
However, other, large, low-gradient tributaries
in Grand Canyon, such as the Paria River, and
Nankoweap and Kanab Creeks undergo large
seasonal changes in water temperature. For
example, Stevens et al. (unpublished data)
measured water temperature in the lower Paria
River on 10 July 2005 at 37°C, and
summertime fish kills are regularly observed
there and in Kanab Creek. Temperature
extremes in such tributaries likely influence
BMI life cycles, but few of the BMI species
there co-occur in either Tapeats Creek or in the
mainstream (Oberlin et al. 1999; Stevens et al.
1997; Cross et al. 2013).

The geochemistry of several other Colorado
River tributaries in Grand Canyon (e.g., the
travertine-depositing Little Colorado River and
Havasu Creek) also differ strongly from that in
Tapeats Creek and the mainstream (Oberlin et
al. 1999). While BMI assemblages in those
tributaries similarly are slightly richer than the
mainstream, tributaries with more chemically
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enriched water and embeddedness is due to
travertinesealing of interstitial space support
fewer and less abundant BMI and EPT than do
cool stenothermic streams with low embeddedness,
such as Bright Angel, Shinumo, and Tapeats
Creeks(Oberlin et al. 1999).Overall, neither
water temperature nor geochemistry are
responsible for the striking TMD of BMI from
Tapeats Creek into the mainstream.

Predam mainstream discharge varied nearly two
orders of magnitude monthly, seasonally, and
among years, but little within days (Topping et
al. 2003). Mainstream high flows prior to
1963inundated and ponded the Tapeats Creek
confluence for prolonged periods during
springtime and summer spates (e.g., WY 1958
in Table 1). LES witnessed extensive ponding of
the Little Colorado River, Tapeats Creek and
other Grand Canyon tributary mouths during the
June-August high flows of 1983, observations
documented at the Little Colorado River
confluence by Protiva &Yard (2000
unpublishedU.S. Geological Survey report).
Collectively, those observations indicate that
high mainstream flows ponded tributary mouths
up to the mainstream high flow stage, turning
tributary mouths in wider reaches into low
velocity habitats. Large changes in velocity and
flow direction, such as occurred under predam
high flows would have limit BMI occurrence
and density.

For example, many net-spinning lotic system
Trichoptera require consistent, unidirectional
flow to capture drifting detritus (e.g., Tachet et
al. 1992; Feio et al. 2005; Merritt et al. 2008).
Therefore, flows that inundate tributary
confluences or create wave-washed shorelines
likely strongly reduce Trichoptera foraging
success, abundance, and assemblage
composition in Tapeats Creek, other tributary
mouths, and along the mainstream shoreline.

Large daily hydropower production tides
characterized the mainstream Colorado River in
Grand Canyon from 1965 through July 1990
(Topping et al. 2003). Flow variability during
that period exceeded 500 m3. s-1 . day-1 every
month of the year, ponding and draining
tributary confluences on a daily basis in mid-
summer and mid-winter (e.g., WY 1979, Table
1). Those mainstream hydrographic conditions
were encountered by Hofknecht (1981), who
first reported numerous TMDs. Thus, during
both predam times and the first half of the

postdam period, less than half of the growing
season was available for BMI assemblage
development due to tributary or mainstream
flooding and confluence ponding. Reduced
postdam daily flow fluctuations after 1990
reduced fine sediment export and hydrographic
impacts on tributary mouth habitats, and
although contemporary planned floods briefly
pond tributary mouths, the area and duration of
benthic habitat stability of tributary mouths is
now far greater than ever before.

During our study, mainstream flows ranged
from 240-440 m3/s in May 2017, stepping up to
a June range of 285-485 m3/s, and to 300-560
m3/s in July and August, then steppedback
down to 240-440 m3/s in September (Fig. 2). In
contrast, daily flow variation was minimal in
Tapeats Creek, changing slowly after the end of
the springtime spate, except for one brief, flood-
related 0.25 m stage change in mid-July.

Thus, the Tapeats Creek BMI assemblage was
subject to essentially steady flow conditions,
while that in the mainstream sustained regular
minor flow variation of half a meter of stage
change/day. Repeated daily dewatering flows of
the UOC, springtime emergence phenology of
Ephemeroptera, and increasing embeddedness
reduced the BMI assemblage in that
microhabitat during the 2017 growing season. In
relation to our previous work (Stevens et al.
1997) and in terms of the Thorp &Delong
(1994) and Thorp et al. (2008) river productivity
model, mainstream flow regulation in Grand
Canyon likely has increased the productivity
and ecological interactivity of often highly
productive tributary confluences.

Drift operates in complex, often species-
dependent ways (Brittain &Eikeland 1988;
Wilson &McTammany 2014). For example,
experimental leaf litter packs in artificial
streams revealed rapid, curvilinear drift-based
colonization, but with BMI diversity maintained
by turnover rather than simple accumulation
(Connolly &Pearson 2018).

Also, BMI may move by crawling both
upstream and downstream, rather than risking
entrainment in the water column. We measured
low levels of drift in Tapeats Creek, with
chironomid larvae9.1-fold more abundant than
EPT. June-July mainstream stepped flow
increases stimulated only a brief, minor increase
in drift (Tabled 3). While Tapeats Creek BMI
drift in low densities into the mainstream, BMI
colonists, particularly EPT do not persist there.
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Basket sampler results and flow variation
experiments results corroborated Hess survey
results, and high levels of BMI abundance and
species richness in non-embedded creek
microhabitats, with rapid colonization of
experimental samples in the creek, but not in the
mainstream. Simulated daily flow fluctuation
experiments in Tapeats Creek demonstrated no
strong differences in BMI or EPT abundance or
richness among fluctuating flow treatments

versus the control treatments (Table 4),
indicating that EPT occupied and readily
colonized available habitat in the creek.

However, BMI, including Trichoptera colonized
artificial samplers in the regulated main stream
LCR microhabitat at the upper end of that reach,
EPTrichness decreased sharply to zero over
distance from the creek mouth in the artificial
samplers.

On the basis of the above measurements and
experiments we conclude that relatively minor
daily flow fluctuations, such as those occurring
under contemporary dam operations do not
account for the conspicuous difference in the
BMI assemblage between Tapeats Creek and the
regulated Colorado River mainstream. The area
of creek and mainstream shoreline dewatered
under contemporary low fluctuating flows is
relatively trivial in relation overall channel
areas. However, mainstream flows during
periods of high suspended sediment loading
reduce aquatic PAR and BMI density and
composition (Stevens et al. 1997; Yard et al.
2005).

Of the three factors tested, the most compelling
explanation for Tapeats Creek BMI transition is
the natural difference in embeddedness between
the creek and the mainstream. The predam
Colorado River was named for its legendary fine
sediment transport. While McKee (1938)
reported turbulent predam flood sediment
stratigraphy at the mouths Grand Canyon
tributaries in narrow reaches, fine sediment
deposition dynamics are more laminar in larger
tributary mouths in wider reaches, like Tapeats
Creek and other major perennial tributaries.
Post-dam fine sediment transport in the
mainstream near the dam has been largely
eliminated, but fine sediments continue to be
delivered by the Paria and Little Colorado
Rivers (Andrews 1991; Topping et al. 2000,
2003), and the mainstream remains sand and
cobble/boulder  floored river. The BMI

assemblage at Tapeats Creek is dominated by
larval Chironomidae, Simuliidae, and non-
native Gammarus lacustris that feed on
epiphytic diatoms on macrophytic growth on the
surface of embedded boulders (Stevens et al.
1997; Cross et al. 2013). As a natural
characteristic of the river, fine sediment mass
balance remains a primary objective for dam
management (U.S. Bureau of Reclamation 1995,
2016). In contrast to the mainstream, the
Tapeats Creek channel has a unimodal grainsize
distribution, dominated by gravel to small
boulder particle sizes with much interstitial
space. Such substrata are required by EPT for
protection from high velocity currents and
predators. Thus, due to natural embeddedness,
the mainstream Colorado River does not provide
suitable habitat for many BMI taxa, particularly
EPT.

The general absence of mainstream EPThas
been attributed to failed BMI egg hatching
success (Kennedy et al. 2016). However, our
findings indicate that the absence of suitable
larval habitat is another important factor
contributing to the depauperate condition of the
mainstream. Our measurements and experiments
demonstrate  that  the  sand-and-boulder
dominated mainstream does not provide
sufficient interstitial benthic space to support
EPT. Oscillatoria-covered mainstream cobbles
and boulders with marginal fringes of
filamentous green algae is the dominant firm
substratum in the mainstream and does not
provide suitable habitat for EPT. Furthermore,
given the large annual sediment transport (60 M
metric tonnes/year, Andrews 1991; Topping et
al. 2000, 2003), there is no evidence that the
predam river provided such habitat. Our
experimental habitat manipulations revealed that
EPT can occupy the main stream when suitable,
non-embedded habitat is provided in the
confluence outflow, but such habitat does not
occur there more than briefly following tributary
floods. A drastic change in mainstream substrata
would be required to support native EPT in the
mainstream, and such a change would be
contrary to contemporary management for fine
sediment mass balance for recreation and
fisheries habitats.

Predation by non-native rainbow trout
(Oncorhynchusmykiss) or other fish, as well as
macro invertebrate life history phenology may
influence BMI in the study area (e.g., Shaw
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&Richardson 2001, Wesner 2010). However,
rainbow trout were observed only in low
numbers in both the mainstream and lower
Tapeats Creek during the study, and the high
densities of BMI in the tributary indicates that
trout predation is unlikely to play a significant
role in EPT distribution there. Other potential
EPT predators or competitors include waterfowl,
American Dipper (Cinclus mexicanus), and
larval Odonata, which occur in low densities.
Gammarus lacustris has been proposed to
compete with Cheumatopsyche oslari(Haden et
al. 1999); however, the experimental samplers
showed that the caddisfly can occupy the
mainstream if appropriate substrata are present.

Life history factors influence BMI assemblage
composition (Merritt et al. 2008; e.g., Wilson
&McTammany 2014). Dispersal strategy
affected BMI assemblage composition in the
Middle Danube River (Hungary), where taxa
with temporally stable strategies exhibited more
robust seasonal structuring than did those with
temporally varying strategies (Csercsa et al.
2018). BMI life history patterns in Tapeats
Creek involved decreasing larval
Ephemeroptera abundance during mid-summer,
and increasing Isoperla density over the growing
season. In contrast, Cheumatopsyche oslari
caddisfly larvae were continuously abundant
during the growing season, with adult
emergence throughout the summer. We found
relatively few larval or adult elmid beetles or
turbellarian flatworms during our studies in
2017, taxa that dominated the UVZ in
November 2015 (Stevens unpublished data).
Such variation indicates inter annual as well as
seasonal life history structuring. Ubiquitous
benthic and hyporheic anoxia in the Glen
Canyon Dam tail waters upstream from Lees
Ferry (McDaniel et al.,inprep.), and the rapidly
advancing non-native quagga mussel (Dreissina
bugensis) invasion throughout the Colorado
River corridor in Grand Canyon may further
limit mainstream EPT colonization.

MANAGEMENT IMPLICATIONS

We selected the Tapeats Creek confluence to
better understand the factors influencing BMI
assemblage limitations in the regulated
Colorado River, and dam management options
for enhancing the tail waters aquatic food base.
Schmidt et al. (1998) concluded that science can
provide adaptive ecosystem managers with
clarity on ecosystem processes and components,
and advisement on feasibility and tradeoffs of

those options. Maintaining a sediment mass
balance in the Colorado River downstream from
Glen Canyon Dam for recreational sandbar area
and native fish habitat integrity are stated

management  goals (U.S. Bureau of
Reclamation2016), and are appropriate to
maintain  the natural fluvial ecological

conditions (Wohl et al. 2015).However, those
goals are at odds with enhancing natural EPT
occurrence in the river ecosystem.

Kennedy et al. (2016) proposed that Diptera egg
survivorship was limited by fluctuating flows
that desiccate egg masses, and that the food base
therefore can be enhanced by steadier flows.
This argument may apply to selected
chironomid and simuliid taxa, which comprise
the bulk of the present fisheries food base in the
tail waters, but not to EPT that require non-
embedded habitat. Outbreaks of nuisance
Smidicrea and Nectopsyche Trichoptera and at
least one mayfly species in the lower Colorado
River basin appear attributable to specialized
deep-water egg-laying behaviors in cobble-
gravel  substrata(LES  unpublished data).
However, natural embeddedness presents an
insuperable barrier to larval EPT presence
upstream in the mainstream in Grand Canyon.
Kennedy et al.’s (2016) thesis allows for
management for both fine sediment mass
balance and an enhanced nematoceran
Dipterafoodbase, while our findings reveal
natural limits to EPT population enhancement.
Furthermore, due to tributary-derived fine
sediment loading, mainstream EPT presence
likely will be restricted to species with
specialized life histories, except in times of
prolonged clear water flows. Thus, not all
desired ecosystem conditions may be technically
and simultaneously feasible. Our results clarify
potential foodbase management options and
limits to improve well-informed stewardship of
the Colorado River ecosystem in Glen and
Grand Canyons.
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