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Abstract Inregulated rivers, dams alter longitudinal
gradients in flow regimes, geomorphology, water
quality and temperature with associated impacts on
aquatic biota. Unregulated tributaries can increase
biodiversity in regulated environments by contributing
colonists to the main channel and creating transitional
habitats at a stream junction. We assessed whether
unregulated tributaries influence macroinvertebrate
communities in two mainstem rivers during summer
low-flows. Three tributary junctions of upland cobble-
gravel bed streams were surveyed in an unregulated
and a regulated river in the Sierra Nevada Mountains,
California, USA. We found distinct physical habitat
conditions and increased macroinvertebrate abun-
dance and diversity in unregulated tributaries on the
regulated river, but macroinvertebrate diversity did
not increase downstream of tributary junctions as
predicted. On the unregulated river, macroinvertebrate
diversity was similar in upstream, downstream and
unregulated tributary sites. Our findings highlight that
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unregulated tributaries support high macroinverte-
brate diversity and heterogeneous communities com-
pared to the mainstem sites in a regulated river, and
thus likely support ecological processes, such as spill-
over predation, breeding and refugia use for mobile
taxa. We suggest unregulated tributaries are an
integral component of river networks, serving as
valuable links in the landscape for enhancing biodi-
versity, and should be protected in conservation and
management plans.
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Introduction

Hydropower dams and other river impoundments have
fragmented river ecosystems with associated declines
in habitat heterogeneity, biodiversity (Vorosmarty
et al, 2010; Reidy Liermann et al., 2012) and
ecological and hydrological connectivity (Pringle,
2003). The successive flow pulses from regulated
hydro-peaking operations alter the natural flow regime
through decreasing peak flow magnitude and increas-
ing annual baseflows and rates of flow change (Junk
et al., 1989; McLaughlin et al., 2014). Frequent and
rapid flow fluctuations impact physical conditions,
including channel geometry (i.e. slope, channel
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width), sediment composition and trigger shifts in
physicochemical parameters (Bunn & Arthington,
2002; Smith et al., 2017). Flow modifications can also
indirectly cause loss or declines in suitable habitats for
aquatic biota (Vehanen, 2000). The combined effects
of altered flow and other abiotic factors triggered by
dams alter ecological processes and shape the struc-
ture and functioning of downstream communities
(Bunn & Arthington, 2002; Ellis & Jones, 2013).
Many studies have investigated the effect of flow
regulation on benthic macroinvertebrates (e.g. Jones,
2011, 2013; Patterson & Smokorowski, 2011; see Ellis
& Jones, 2013 for review). Macroinvertebrate abun-
dance or biomass can increase or decrease nearest a
dam’s discharge depending on flow variability and
resource subsidies, but taxonomic diversity is charac-
teristically low (Cushman, 1985; Camargo & Voelz,
1998; Bruno et al., 2010; Ellis & Jones, 2013).
Changes in functional feeding groups (FFGs) and
taxonomic orders typically occur for many kilometres
downstream (Céréghino et al., 2002). Filter-feeders,
such as Simuliidae (Diptera) and collector-gatherers,
including Orthocladiinae (Chironomidae; Diptera) are
often abundant near dams with constant baseflow
conditions due to increases in fine particulate food
supplies from upstream reservoirs (Petts, 1988; Munn
& Brusven, 2004; Jones, 2011). However, other filter-
feeders including Hydropsychidae (Trichoptera) are
intolerant of rapid rates of flow changes (Troelsup &
Hergenrader, 1990; Boon, 1993), and appear to favour
stable flows for feeding nets to function (Hauer et al.,
1989; Boon, 1993). Therefore, filter-feeder abun-
dances near dams vary depending on the advantages
of a plentiful food source (seston) from the upstream
reservoir versus the energy expenditure of repairing
net damage due to variable flows (Boon, 1993). While
FFG patterns are valuable in identifying benthic
community modifications downstream of dams, dis-
tinct longitudinal trends in taxonomic order often
occur in regulated rivers. Ephemeroptera abundances
vary below dams depending on a specific taxa’s
habitat requirements, while Plecoptera density and
diversity are normally low below dams with variable
recovery downstream (Jones, 2011; Ellis & Jones,
2013). Plecoptera density appears to decrease due to
temperature, sediment and food resources modified by
the hydro-peaking operations of a dam. In contrast,
Dipterans and oligochaetes frequently occur in large
abundances immediately downstream of dams (Ward,
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1975). Simuliids often use silk pads to hook onto the
bed substrate in order to avoid high shear stress
associated with flow pulses (Moss, 2010). Many
oligochaetes (e.g. Naididae) may burrow into the
hyporheic zone to avoid high hydraulic stress (Jones,
2011). While previous work (e.g. Céreghino &
Lavandier, 1998; Céréghino et al., 2002; Patterson &
Smokorowski, 2011; Kjerstad et al., 2018) has
examined changes in macroinvertebrate community
structure below dams, fewer studies have explored the
potential ameliorating effects of unregulated tribu-
taries on benthic invertebrate communities in regu-
lated rivers.

Unregulated tributaries can modify physical and
ecological conditions in a main channel via influxes of
water, coarse sediment, nutrients and organic matter
(Bruns et al., 1984). The hydrological and sediment
inputs can trigger changes in channel geometry,
substrate characteristics, hydraulics, water quality
and alter physical habitat availability (Rice & Green-
wood, 2001). These geomorphic transitions at tribu-
tary junctions induce physical habitat heterogeneity to
environments affected by flow regulation and may
reduce the biotic effects of impoundments on the main
channel through changes in ecological processes and
patterns (Ward & Stanford, 1995; Johnson, 2002).

Tributaries allow bi-directional filtering (i.e. move-
ment of aquatic biota from mainstem to tributary
habitats) that influences organism dispersal and pop-
ulation persistence (Thornburgh & Gido, 2010; Wil-
son & McTammany, 2014; Czeglédi et al., 2016),
which strongly affects metacommunity dynamics and
biodiversity patterns (Tonkin et al., 2018). Key aquatic
dispersal mechanisms include invertebrate drift from
tributary to downstream mainstem populations (i.e.
direct mass effects; Wilson & McTammany, 2014),
larval upstream dispersal over short distances (Elliott,
2003) and upstream directional dispersal as adults
(Hershey et al., 1993). Therefore, tributaries provide
opportunities for mobile taxa, and support ecological
processes, such as spill-over predation (Power &
Dietrich, 2002), breeding and refugia use. Tributaries
can also increase primary productivity by adding
nutrients, organic matter and inorganic sediment to
recipient channels, which is likely to modify food
availability and habitats, thus leading to a higher
diversity of macroinvertebrates (Knispel & Castella,
2003; Wallis et al., 2009), and creating biodiversity
‘hotspots’ in river systems (Power & Dietrich, 2002;
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Benda et al., 2004; Clarke et al., 2008). However, not
all previous work has found a tributary effect in
regulated and unregulated river systems. Stevens et al.
(1997) explored tributary influences on benthic inver-
tebrate communities in regulated Colorado rivers, and
found that dam-related impacts on water clarity, flow
and water temperature overrode geomorphological
drivers (i.e. tributary effects) on habitat availability
and benthic invertebrate communities. In contrast,
Vinson (2001) found macroinvertebrate taxon rich-
ness in the regulated Green River below Flaming
Gorge dam in Utah increased downstream of an
unregulated tributary. Similarly, Katano et al. (2009)
found that a tributary in the Agi-gawa River, in central
Japan increased taxon richness and diversity, but
decreased benthic invertebrate density downstream of
a tributary junction. Thus, the role of unregulated
tributaries in attenuating the effects of river regulation
on benthic macroinvertebrate communities remains
uncertain.

Our study examines the potential role of unregu-
lated tributaries in influencing benthic macroinverte-
brate community diversity in two Mediterranean-
montane rivers, one unregulated and one regulated by
a hydro-peaking dam. Our first two hypotheses were
(1) unregulated tributaries will change physical habitat
downstream of junctions in the regulated and unreg-
ulated river, and (2) unregulated tributaries will alter
macroinvertebrate diversity and community composi-
tion downstream of junctions in both rivers. In
addition, we tested a third hypothesis that FFG
patterns will vary longitudinally in the regulated river
such that predators would decrease with increasing
distance downstream from the dam, while collector-
gatherers and filterers would increase. We expected
physical habitat to change downstream of a junction
due to additions of water, coarse sediment, nutrients
and organic matter from a tributary, and that inverte-
brate communities would respond to this habitat
transition. Whilst many filter-feeders and collector-
gatherers are often enhanced below dams to an
increase in fine particulate food supplies (Patterson
& Smokorowski, 2011; Ellis & Jones, 2013), we
hypothesise that the rapid rates of flow changes will
override this potential food benefit and cause low
abundance of filter-feeders and collector-gatherers
with communities recovering further downstream.

The results of this observational study will con-
tribute to understanding the magnitude of ecological

impacts due to flow regulation and provide a prelim-
inary assessment of the contribution of unregulated
tributaries to biotic patterns in regulated and unregu-
lated river environments.

Materials and methods
Study area and sites

The unregulated North Fork American River (NFAR)
and the regulated Middle Fork American River
(MFAR) in the Sierra Nevada Mountains, California,
USA were chosen for this study (Fig. 1). The unreg-
ulated NFAR and regulated MFAR possess a drainage
basin 601 km? and 1572 km? respectively. Both rivers
are tributaries of the American River (drainage basin
of 5568 km?), which flows south-west into the Sacra-
mento River. The American River drainage basin
experiences a spring snowmelt flow regime, typical of
a Mediterranean-Montane climate. Most precipitation
(> 90%) falls during the winter and spring months
(November to April), followed by a spring snowmelt
pulse (April to June), and a dry low flow season during
summer and early fall (July to October; Anderson
etal., 2012). The NFAR possesses a mean annual flow
of 26.11 m> 7! (1987-2015), measured at the North
Fork American gauging station (United States Geo-
logical Survey [USGS], 2017; Fig. 1). The unregu-
lated NFAR exhibits a natural hydrograph such that it
responds to increased flow conditions post precipita-
tion and runoff events (USGS, 2017). In contrast, the
regulated MFAR has a mean annual flow of
31.86 m® s™' (1987-2015), recorded at the Middle
Fork American River gauging station that is posi-
tioned downstream of the Oxbow Powerhouse and
Ralston Afterbay Dam (Fig. 1). The regulated MFAR
experiences decreased flow magnitude and variability
during winter, but elevated daily flow changes of
greater magnitude and frequency compared to the
NFAR in spring and summer due to hydropower
operations. In the MFAR, flow fluctuations vary
between approximately 2 m* s~ ' (minimum instream
flow requirements) and 34 m® s™' across a 4-8 h
period (Placer County Water Agency, 2007). Hydro-
peaking varies annually (i.e. from January to July)
depending on antecedent weather conditions, but
usually occurs from April to September/October,
which elevates the magnitude of daily flow discharges
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Fig. 1 Map showing the location of the study sites in the NFAR (North Fork American River) and the MFAR (Middle Fork American
River). A black filled triangle symbol denotes the positioning of gauging stations on each river

throughout the summer months compared to the
NFAR (Fig. 2). In 2012 (the year of the study period),
hydro-peaking took place from early May to late
September. On the MFAR, hydro-peaking is the main
alteration to the flow regime occurring downstream of
the dam. The flow regime responds to precipitation
and runoff events typically from October to April.
The two drainage basins are upland in character
with the study sites positioned between 201 m to
384 m in elevation, occurring on moderate to steep
slopes, in confined valleys with intermittent bedrock
outcrops, coarse substrates and upland channel mor-
phologies comprising cascades, steps, riffles and
pools. Both rivers have a meandering planform,
characterised by few vegetated islands and

@ Springer

predominantly cobble-gravel point, medial and lateral
bars. Land use in both drainage basins is dominated by
a mature mixed oak forest with chaparral present on
drier slopes (99% and < 90% for the NFAR and
MFAR respectively) with smaller occurrences of
urban dwellings in the lower part of the watershed
(1% and ~ 7%% for the NFAR and MFAR; Califor-
nia Protected Areas, 2018).

For this study, an approximate 9.3 km of the NFAR
and 30.4 km section of the MFAR were chosen to
assess three tributary junctions each, based on acces-
sibility (Fig. 1). Each tributary junction was split into
three zones; with one study site located on the tributary
(T) and two sites on the mainstem upstream (U) and
downstream (D) of the junction, respectively. The
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positioning of the study sites was based at set distances
in channel-width units, whereby one channel width
was defined as the width of the mainstem at the
tributary (MacNally et al., 2011). All study sites (i.e.
U, D and T) were located at 0.5-1 channel widths of
the apex of the tributary. On the MFAR, site 1 (i.e. U1)
was located 0.1 km downstream of the Oxbow

Powerhouse and Ralston Afterbay Dam and immedi-
ately upstream of the North Fork of the MFAR
(referred to as the NFMF tributary; Fig. 1). Site U2
(18.1 km downstream of the dam) was positioned
upstream of Otter Creek, and site U3 (30.3 km
downstream of the dam) was placed above American
Canyon Creek. Sites on the NFAR were determined by
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tributary location and accessibility. Approximately
7.1 km separated Robber’s Ravine and Indian Creek
tributaries, whereas Indian Creek and Shirttail Creek
tributaries were 1.9 km apart (Fig. 1). Study sites were
located in riffles due to the presence of this habitat at
all mainstem and tributary sites.

Macroinvertebrate sampling and environmental
data collection

Fieldwork was carried out over a three-week period in
July 2012. On the regulated MFAR, sampling
occurred at the base flow (i.e. 3.5-7.1 m’ sfl) of the
flow pulse generated by hydro-peaking operations
(Fig. 2). Velocity was measured with an electromag-
netic flowmeter (Marsh McBirney Flo-mate 2000,
Maryland, USA) at 0.6 depth for 30 s at regular
intervals across a cross-section profile at each site
along with water depth. Grain size distribution of the
bed sediment was characterised by measuring the
width of 100 randomly selected particles using
Wolman’s method (Leopold et al., 1964).

Water temperature, conductivity (at local temper-
ature), total dissolved solids (TDS), pH and dissolved
oxygen (DO) were recorded at each site using a
handheld multi-parameter YSi probe (YSi v.556).
Water temperature was measured at 15-min intervals
at each tributary and at either an upstream or
downstream mainstem site (i.e. the same location as
biological sampling) using a temperature logger
(Hobo Pro V2 and Solinst Levelogger; see Table 1
for the location of the temperature loggers). Daily
mean, minimum and maximum summer water tem-
peratures were determined for a 69-90 day period
(depending on site access and logger installation)
between the beginning of June and the end of August.
Our main interest was to detect temperature differ-
ences between mainstem and tributary sites. A stage
data logger (Solinst Edge Levelogger Model 3001)
was also installed on the mainstem of the MFAR and
the NFAR (i.e. at sites D1, D2 and U4) and on the
NFMF and Shirttail Creek tributaries.

Three cross-sectional profiles were established per
study site (i.e. within a riffle). Benthic macroinverte-
brates were collected by kicking substrate within a
0.5 m x 0.5 m area for one minute, so that dislodged
organisms were washed into a 500 pm kick net.
Sampling points were positioned at four equidistant
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locations across each of the cross-section profiles. All
12 one-minute kicks were combined into a single riffle
sample. We sampled benthic macroinvertebrates only
from riffles to decrease small-scale habitat variability.
Invertebrates were preserved with 70% ethanol in the
field and passed through a 250 pm sieve to separate
invertebrates and organic matter in the laboratory
(Stubbington et al., 2015). Efforts were made to
sample comparable habitat (e.g. similar substrate,
depth and flow) to decrease variability in other
potentially confounding factors. Ephemeroptera, Ple-
coptera, Trichoptera, Odonata, Coleoptera, Diptera
and Gastropoda were identified to genus, with the
exception of Chironomidae and Acari, which were
typically identified to family and order respectively.
Identification was made using the keys of Wiggins
(2000) and Merritt et al. (2008).

Statistical analyses

Total invertebrate abundance (TIA; i.e. the number of
individuals), taxon richness and Shannon—Wiener
diversity index were determined for all sites on both
rivers using the Diverse function in PRIMER 6
(Clarke & Gorley, 2006). Prior to the tests, the faunal
indices (e.g. TIA, taxon richness and Shannon—Wiener
diversity) and the physical habitat data were examined
to ensure compliance with the underlying assumptions
of parametric statistical tests (e.g. a normal distribu-
tion and homogeneity of variances). We used a
Shapiro—Wilk W test to examine the data distribution,
and a Levene’s test for homogeneity of variances
(equal variance can be assumed where P > 0.05).
Faunal indices and physical habitat data were square-
root transformed where necessary. Variation in faunal
indices and physical habitat among grouped upstream,
downstream and tributary sites were identified using a
one-way analysis of variance (ANOVA) with the use
of Tukey post hoc tests to examine where any
statistical differences between sites were present. Site
(i.e. all upstream, downstream and tributary sites) was
included as a fixed factor and tributary junction group
(i.e. the upstream, downstream and tributary site at
each tributary) was incorporated as a random effect.
The analysis was conducted in SPSS (version 24, IBM
Corporation, New York).

Differences in macroinvertebrate community com-
position between upstream, downstream and tributary
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sites on each river were tested using a one-way
permutational multivariate analysis of variance (PER-
MANOVA) and summarised visually using a Princi-
pal Co-ordinates Analysis (PCoA) ordination
(Anderson et al., 2008). For the PERMANOVA
analysis and PCoA ordination, sites were combined
to form three groups (upstream, downstream and
tributary) within each river, and the community
composition between each group was analysed.
Before the analyses, a fourth-root transformation
was applied on the invertebrate abundance data to
reduce the effect of the most abundant taxa. Bray—
Curtis distance between sites was used to form
similarity matrices for the invertebrate data. Monte
Carlo P-values were employed to identify significant
differences between groups because of the low sample
sizes (Hladyz et al., 2012). When significant differ-
ences were present, post hoc comparisons were
undertaken to determine differences in invertebrate
community composition between upstream, down-
stream and tributary sites. PERMANOVA and PCoA
were run in PERMANOV A+ for PRIMER (Anderson
et al., 2008).

Longitudinal trends in benthic invertebrates with
each river (i.e. main channel sites: U1, D1, U2, D2, U3
and D3 for the MFAR and U4, D4, U5, DS, U6 and D6
for the NFAR) were assessed by classifying inverte-
brates into taxonomic orders and functional feeding
groups (FFGs). Taxonomic orders included Coleop-
tera, Diptera, Ephemeroptera, Plecoptera, Trichoptera
and Oligochaeta and FFGs comprised filterers, graz-
ers, collector-gatherers, shredders, scrapers and preda-
tors according to Merritt et al. (2008). Data on
invertebrate abundance for each taxonomic order
and FFG category were scaled from 0 to 1.0. Scaling
the data permits comparisons of rivers with varying
productivity (invertebrate abundance) to be contrasted
via the use of a common scale (Jones, 2011). Simple
linear regression identified the significance, slope and
changes in invertebrate orders and FFG with distance
downstream. Linear regression was carried out in
SPSS v24.
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Results
Physical habitat conditions between sites

Physical habitat conditions varied between rivers, and
between upstream, downstream and tributary sites
(Table 1). In both drainage basins, one-way ANOVA
revealed differences in discharge (NFAR F = 21.36,
P <0.01; MFAR F =9.97, P <0.05), velocity
(NFAR F =6.12, P <0.05; MFAR F =12.88,
P < 0.01) and mean grain size (NFAR F = 8.41,
P <0.05, MFAR F=6.3, P <0.05 between
upstream, downstream and tributary sites. On both
rivers, post hoc analysis indicated upstream and
downstream sites possessed higher discharges (NFAR
P < 0.01; MFAR P < 0.05) and faster velocities than
tributary sites (all P < 0.05), but no significant
discharge or velocity differences existed between
upstream and downstream sites on the NFAR or the
MFAR (both P > 0.05). Mean grain size was coarser
in upstream and downstream sites compared to
tributaries (all P < 0.05), but not between upstream
and downstream sites in both rivers (both P > 0.05).
Overall, all tributaries had significantly slower veloc-
ities (NFAR 0.08-0.21 ms™", MFAR
0.048-0.2 m s~ ') and finer mean substrates (NFAR
1-64 mm, MFAR 2.8-64 mm) than upstream and
downstream sites.

On the regulated MFAR, mean, minimum and
maximum daily summer water temperature, TDS and
pH did not differ between sites (all P > 0.05).
However, upstream and downstream sites possessed
higher DO concentrations (ANOVA F =5.3,
P < 0.05) than tributaries. On the unregulated NFAR,
all sites were characterised by low conductivity and
TDS values, and slightly alkaline conditions
(Table 1). Mean, minimum and maximum daily
summer water temperature (all P > 0.05) did not vary
significantly between sites.

Macroinvertebrate diversity and community
composition between sites

A significant difference in mean TIA among upstream
(x = 286.3), downstream (x = 674.7) and tributaries
(x = 878.7) was identified on the MFAR (ANOVA
F =6.29, P < 0.05; Fig. 3a). Post hoc tests demon-
strated that TIA was significantly greater in tributaries
than upstream sites (P < 0.05), but no difference in
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TIA occurred between upstream and downstream sites
or tributary and downstream sites (both P > 0.05).
MFAR tributaries showed significantly greater mean
taxon richness (x = 40.3; ANOVA F = 5.3, P < 0.05)
than upstream (X = 19.7) or downstream sites
(x = 28.3). However, the effect of tributary junction
group (i.e. a random factor) was significant (P < 0.05)
and explained 87.9% (Partial Eta Squared value) of the
variance in taxon richness, denoting a strong within
group correlation (Fig. 3a). The Shannon-Wiener
index also varied between upstream, downstream
and tributary sites on the MFAR (ANOVA F = 0.42,
P > 0.05). Tributary sites (X = 0.83) possessed a more
diverse invertebrate community structure than
upstream and downstream sites (P < 0.05), while
upstream (¥ = 0.69) and downstream sites (x = 0.74)
were not statistically different from each other.

On the unregulated NFAR, mean TIA was higher in
tributaries (x = 583.7) and lower in upstream
(¥ = 295.3) and downstream sites (x = 353; Fig. 3a),
whereas mean taxon richness was very similar
between all sites (¥ = 31.0, 31.3 and 31.3 taxa for
upstream, downstream and tributary sites, respec-
tively; Fig. 3b). ANOVA revealed no significant
difference in TIA between upstream, downstream
and tributary sites (F = 0.88, P > 0.05). The ANOVA
tests also indicated taxonomic richness (F = 0.003,
P > 0.05), and Shannon—Wiener index (F = 0.003,
P > 0.05) did not differ between NFAR sites (mean
Shannon—Wiener values 0.86, 0.77 and 0.88 for
upstream, tributary and  downstream = sites,
respectively).

U4 T4 D4 US T5 D5 U6 T6 D6
Site

One-way PERMANOVA indicated that macroin-
vertebrate community composition differed signifi-
cantly between upstream, downstream and tributary
sites on the regulated MFAR (F-ratio = 1.7,
P < 0.05). Pairwise tests showed upstream and down-
stream sites differed from tributary sites in macroin-
vertebrate community composition (both P < 0.05),
while upstream versus downstream sites possessed
similar community composition (P > 0.05). On the
unregulated NFAR, macroinvertebrate community
composition was similar between upstream, down-
stream and tributary sites (F-ratio = 0.95, P > 0.05).
The PERMANOVA analysis is visually supported by
a PCoA ordination (Fig. 4). Upstream and down-
stream sites on the MFAR cluster together in the
ordination and separate from the cluster of MFAR
tributary sites (Fig. 4a). However, the ordination of
site U1 was dissimilar to these two clusters, diverging
from all other sites on PCOI1. Site Ul is located
immediately downstream of the Ralston Afterbay
Dam and had lower abundances and taxonomic
richness. Most NFAR samples grouped together in
the PCoA ordination (Fig. 4b), indicating very similar
macroinvertebrate assemblages (as demonstrated by
PERMANOVA). However, the positioning of site T4
(i.e. Robber’s Ravine tributary) on the left side of the
PCoA ordination revealed a different macroinverte-
brate composition to the other NFAR sites. Robber’s
Ravine was characterised by low abundance and low
taxonomic richness, which may be due to low
discharges (i.e. 0.553 m> s~!) associated with river
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Fig. 4 Principal co-ordinates analysis (PcoA) ordination plots of macroinvertebrate community composition on the MFAR (a), and the

NFAR (b)

contraction that created unfavourable habitat condi-
tions (i.e. higher water temperatures).

Longitudinal patterns in benthic invertebrates

In the MFAR, Plecoptera and Ephemeroptera [partic-
ularly Baetis sp. (Baetidae), Rhithrogena sp. (Hepta-
geniidae), Ephemerella sp. (Ephemerellidae),
Serratella sp. (Ephemerellidae) and Calineuria cali-
fornica (Banks, 1905) (Perlidae)], both sensitive taxa
groups, increased downstream (R2 =0.68, P < 0.05,
and R? = 0.86, P < 0.01 respectively; Table 2). Other
key taxonomic groups, such as Coleoptera, Diptera,
Trichoptera and Oligochaeta showed no abundance
variations with distance downstream (all P > 0.05). In
the unregulated NFAR, no significant longitudinal
trends in macroinvertebrates classified by order were
present. At mainstem sites on the regulated MFAR,
feeding guilds varied longitudinally with increases of
filter-feeders and collector-gatherers with distance
downstream  (R°=0.67, P <005 R =0.65,
P < 0.05, respectively), while no change occurred in
grazers, shredders, scrapers or predators (Table 2).
The unregulated NFAR demonstrated no significant
longitudinal differences in any other proportions of
feeding guilds (Table 2).
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Discussion

Influence of tributaries on physical habitat
conditions downstream of junctions

This observational study is a detailed snapshot of the
ecological importance of tributaries on physical habi-
tat and benthic invertebrate communities in an unreg-
ulated and a regulated river in the Sierra Nevada
Mountains. Earlier work has found some tributaries
can increase physical habitat heterogeneity in main
channels by delivery of coarse sediment that either
causes slope decreases and sediment fining upstream,
or slope increases and sediment coarsening down-
stream (Rice & Church, 1998; Benda et al., 2004;
Hanks & Webb, 2006). Our study revealed tributaries
in the summer were characterised by lower discharges
and finer substrates than upstream or downstream
mainstem sites in both rivers, but there were no
differences in mean discharge or substrate composi-
tion between upstream and downstream sites, imply-
ing little evidence of tributary effects on mainstem
physical habitat. However, not all tributaries cause
geomorphic or hydraulic adjustments in recipient
channels (Benda et al., 2004; Rice et al., 2006; Rice,
2017). The studied tributaries possessed low dis-
charges (i.e. 0.11-1.09 m® s™"), typical of summer
months and thus, did not add a substantial volume of
water or sediment to the main channel unlike previous
studies (e.g. Rice & Greenwood, 2001; Rice et al.,
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Table 2 Longitudinal

. Drainage basin MFAR NFAR

patterns in abundance of

macroinvertebrates Significance R? Slope Significance R? Slope

classified by order and

FFGs in the regulated Order

MFAR and the unregulated Coleoptera 0.249 0.312 + 0.269 0292  +

NFAR Diptera 0312 0251 — 0.466 0139  —
Ephemeroptera 0.008** 0.86 + 0.704 0.04 +
Plecoptera 0.044* 0.678 + 0.089 0.555 —
Trichoptera 0.278 0.282 + 0.172 0.408 +
Oligochaeta 0.176 0.403 — 0.869 0.008 —

FFG

Positive slopes indicate an Filter-feeders 0.046* 0.671 + 0.862 0.164 +

increase with distance Grazers 0.672 0.05 + 0.118 0497  +

downstream, while a Collector-gatherers  0.032%* 0645  + 0.726 0034  +

negative slope indicates a

decrease downstream. Shredders 0.592 0.078 — 0.301 0.067 +

Probabilities are significant Scrapers 0.523 0.109 + 0.751 0.028 +

at **P < 0.01 and Predators 0.608 0072 - 0.487 0238 -

*P < 0.05

2001, 2006). The small size of the tributaries (indi-
cated by the low discharges and the drainage basin size
i.e. 7-87.5 km?) may partly account for the observed
pattern in our data. Although our first hypothesis that
tributaries will change physical habitat downstream of
junctions in both rivers was not supported, the distinct
physical habitat between tributaries and mainstem
sites has ecological impacts for mobile taxa (Power &
Dietrich, 2002). Taxa able to colonise tributaries from
mainstem locations through larval upstream dispersal
(Elliott, 2003) and upstream flight dispersal as adults
(Hershey et al., 1993) may benefit from differences in
illumination, shading, substrate stability, lower dis-
charges and turbidity. Tributaries may offer a velocity
refuge and a more favourable habitat for breeding for
sensitive species of macroinvertebrates from the
successive flow pulses from regulated hydro-peaking
operations in mainstem habitats.

Influence of tributaries on macroinvertebrate
diversity and community composition downstream
of junctions

Tributaries can increase diversity and alter macroin-
vertebrate community composition downstream of
junctions through additional habitat variability, which
has effects on river ecosystem functioning and health
(Benda et al., 2004; Rice et al., 2006, 2008; Rice,
2017). However, we found no differences in mean

faunal indices (e.g. TIA, taxonomic richness and
Shannon-Weiner diversity) or community composi-
tion between upstream, downstream and tributary sites
on the unregulated NFAR. Similar mainstem and
tributary communities may be due to (1) comparable
habitat conditions between tributary and mainstem
locations leading to a lack of species sorting (i.e.
habitat preference), (2) mass effects (source-sink
dynamics) via invertebrate drift from tributary to
downstream locations and (3) potentially upstream
adult dispersal and colonisation of tributaries from
mainstem locations (Wilson & McTammany, 2014).
However, our results did indicate mean faunal indices
(e.g. TTIA and Shannon-Weiner diversity) were higher
and macroinvertebrate community composition was
significantly different on tributaries than mainstem
sites on the regulated MFAR. A strong longitudinal
trend in taxonomic richness was present on the MFAR
and overrode a tributary effect. Differing mainstem
and tributary communities (e.g. TIA and Shannon-
Weiner diversity) on the MFAR may be due to
different flow and sediment regimes caused by
upstream hydro-peaking operations. The regular flow
pulses from hydro-peaking operations often cause
declines in macroinvertebrate abundance, taxonomic
richness and diversity nearest a dam’s discharge
(Céreghino & Lavandier, 1998; Patterson & Smoko-
rowski, 2011). Hydro-peaking operations may also
cause transport of loose bed material and fine sediment
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from areas near a dam, creating more homogenous
substrates and reducing habitat availability for
macroinvertebrates, which further contributes to low
abundance and diversity (Nilsson et al., 1997; Beisel
et al., 2000). Therefore, this study does not support our
second hypothesis that unregulated tributaries will
modify invertebrate diversity and community compo-
sition downstream of tributary junctions in these
regulated and unregulated rivers. Future studies would
benefit from additional sampling around each tributary
junction at multiple channel-width locations (e.g. 0.5,
1 and 2 channel widths from the junction) to increase
the statistical power of the data.

Previous studies have identified varying effects of
tributary junctions in differing flow conditions. Lower
densities of macroinvertebrates were found in tribu-
taries compared to mainstems during low-flows in the
Acheron River, Australia, but densities were more
similar in tributaries and mainstems during high flows
(Mac Nally et al., 2011). Taxonomic richness was
similar in tributaries and mainstems during low-flows,
but increased in mainstems more than tributaries
during high flows (Mac Nally et al., 2011). These
findings revealed that flow magnitude at tributary
junctions, which is influenced by the slope of the
tributary to the mainstem, the angle of intersection,
drainage basin size and precipitation levels (Benda &
Dunne, 1997; Benda & Andras, 2004; Benda et al.,
2004), are key factors in shaping macroinvertebrate
community composition downstream of tributaries.
We also found tributaries had similar faunal patterns
and community composition with upstream and
downstream sites during low-flows in the unregulated
NFAR. In summer low flow periods, tributaries (i.e.
low order headwaters) may not support high inverte-
brate abundances and diversity due to river contraction
(Clarke et al., 2008, 2010), which decreases the
amount of available habitat for most aquatic biota
compared to conditions found at higher flows (Lake,
2003). Patterson & Smokorowski (2011) found sig-
nificantly higher abundances of drifting macroinver-
tebrates from tributaries to the mainstem Magpie
River (Canada) in a spring season (i.e. high flows), but
no difference in taxonomic richness. These findings
indicate important seasonal influences (i.e. different
flow conditions) of tributary effects on invertebrate
communities and imply the influence of tributaries on
downstream physical habitat and invertebrate com-
munities varies temporally. Further research would

@ Springer

benefit from identifying the seasonal patterns of
tributary inputs on benthic invertebrate communities
in regulated rivers.

Longitudinal patterns in functional feeding groups
and taxonomic orders

On the MFAR, filter-feeders and collector-gatherers
significantly increased with distance downstream
(Table 2). High shear stress associated with flow
pulses near dams can directly remove insects or
damage their silk nets (Novotny, 1985; Troelsup &
Hergenrader, 1990; Boon, 1993). Hydropsychidae
feeding nets can be broken at high velocities and
appear to need a stable flow to function (Hauer et al.,
1989). Collector-gatherers (including Caenis sp.,
Baetis sp. and Ephmerella sp.) also increased longi-
tudinally in the MFAR. Patterson & Smokorowski
(2011) similarly found collector-gatherers increased
with distance downstream on the regulated Magpie
River. Possible mechanisms include the contribution
of invertebrates and resources from tributaries and a
more physically diverse habitat downstream. The data
partly support our third hypothesis that filter-feeders
and collector-gatherers would increase with distance
from the impoundment. However, despite finding high
abundances of predators near the dam, no longitudinal
change was present as we predicted.

Ephemeroptera (including Ameletus sp., Acentrella
Sp., Baetis sp., Rhithrogena sp. and Paraleptophlebia
sp. [Leptophlebiidae) and Plecoptera (dominated by
Calineuria. californica, Suwallia sp. and Sweltsa sp.
[Chloroperlidae]) significantly increased longitudi-
nally on the MFAR (Table 2). Although Ephe-
meroptera vary in feeding strategies, morphologies
and exhibit differing hydraulic preferences, specific
taxa such as Baetis sp., Acentrella sp. and Ameletus sp.
prefer stable substrates not embedded with fine
sediment (Wooton et al., 1996), and faster-flowing
habitats typical of sites with increasing distance from
impoundments (n.b. mean discharge increased longi-
tudinally on the regulated MFAR; R? =0.93,
P < 0.01). Downstream sites were also characterised
by increased Plecoptera (largely Calineuria. califor-
nica). Plecoptera distributions are typically low or
absent near dams due to modifications in temperature,
substrate and food resources (Ward & Stanford, 1995).
The unregulated NFAR did not show any significant
longitudinal trends in macroinvertebrates grouped by
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order or FFG. Longitudinal differences were not
expected in the NFAR because of our relatively
smaller sampling resolution (9.3 km) compared to the
MFAR (30.4 km). In hindsight, it would have been
preferable to sample comparable distances on both
rivers. However, we believe our unregulated river
would have demonstrated longitudinal trends in order
and FFG if tributary inputs had had a distinct effect on
macroinvertebrate communities downstream of junc-
tions. The changes in FFGs and taxonomic order with
distance downstream on the MFAR suggest biologic
tributary inputs can be important for attenuating the
ecological effects of river regulation. However, we are
cognizant that community composition alters with
natural longitudinal gradients, although stream order
did not vary within our study area in the MFAR.
Therefore, management activities should aim to
protect the range of physical habitats and benthic
assemblage structures unregulated tributaries provide
to aid improvement of regulated river ecosystems.

Conclusion

The study revealed unregulated tributaries possessed
higher mean TIA and diversity and a different
invertebrate community composition compared to
upstream and downstream mainstem sites on the
regulated MFAR during summer low-flows. In con-
trast, tributaries had similar faunal patterns and
community composition to upstream and downstream
mainstem sites on the unregulated NFAR. The studied
tributaries did not contribute a large volume of water
or sediment to recipient channels contrary to previous
work (e.g. Rice & Greenwood, 2001; Rice et al.,
2001, 2006), which explains the lack of distinct
hydrological and sedimentological transitions
between tributaries and downstream sites. While our
data did not statistically support the hypothesis that
river sites immediately downstream of tributary junc-
tions exhibit greater faunal patterns than upstream, our
data did demonstrate changes in FFG composition as
distance downstream increased from the flow impair-
ment point on the regulated river. Filter-feeders and
collector-gatherers increased with distance from the
Oxbow Powerhouse and Ralston Afterbay Dam,
implying biologic inputs from tributaries may help to
attenuate the negative ecological effects of river
regulation. Our initial findings indicate unregulated

tributaries should be safeguarded through conserva-
tion management and be promoted as valuable links in
the landscape for enhancing biodiversity conservation.
Studying the effects of unregulated tributaries across
different seasons with attendant flow changes may aid
further understanding of benthic invertebrate patterns
in environments experiencing varying flow distur-
bances and contribute to increased understanding on
the magnitude of ecological impacts due to flow
regulation.
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