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Abstract. River regulation can modify natural flow regimes with deleterious effects on aquatic commu-
nities. While the effects of flow manipulation on the physical environment and populations and assem-
blages of aquatic organisms have been described thoroughly, how and to what extent river regulation
influences ecosystem processes like food web architecture is less studied. Emergent aquatic insect prey can
provide an important food resource to riparian consumers like birds and bats with concomitant conse-
quences for nutrient cycling through aquatic–terrestrial food webs, thus potentially increasing the spatial
influence of river regulation into the riparian zone and beyond. We used naturally abundant stable iso-
topes of carbon and nitrogen to compare food web architecture (trophic position and reliance on an aquatic
nutritional pathway) leading to birds and bats between a regulated river, the Tuolumne River downstream
of Hetch Hetchy Reservoir, and an adjacent unregulated river, the Merced River, located in Yosemite
National Park on the west slope of the Sierra Nevada, California, USA. We found that both birds and bats
derived >50% of their nutrition from food webs originating in photosynthesis by algae. In addition, birds
and bats occupied a similar trophic position to predatory fish in other systems. Both birds and bats seemed
to rely more strongly on an aquatic nutritional pathway during the dryer year of our study period, under-
scoring the potential importance of emergent aquatic prey as a water subsidy in dry systems and in dry
years. In the Tuolumne River, reservoir managers strive to simulate characteristics of the natural flow
regime, including seasonal scouring flows and prolonged floodplain inundation. Although we found no
conclusive evidence of an effect of river regulation on food web responses, our study suggests that nutrient
cycling through aquatic–terrestrial food webs expands the potential influence of river regulation to organ-
isms and ecosystems typically characterized as terrestrial.
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INTRODUCTION

Dams reduce annual river runoff by 15% glob-
ally (Nilson et al. 2005), resulting in catchment-

scale impacts that include upstream and down-
stream inundation, flow manipulation, and chan-
nel fragmentation. Flow manipulations in
particular modify aquatic communities (Nilson
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et al. 2005) adapted to natural flow regimes (Poff
et al. 1997). These effects have prompted attempts
by land managers to replicate natural flow
regimes and restore natural river processes (e.g.,
Chen and Olden 2017, Poff and Olden 2017). Most
restoration efforts that focus on elements of
ecosystem structure typically consider species
diversity or population size of taxa of interest (Pal-
mer and Febria 2012). However, describing these
structural elements does not answer the question
of why an ecosystem is in trouble. Furthermore,
structural responses to environmental conditions
do not always correlate with functional responses.
Researchers have therefore begun to complement
traditional studies of ecosystem structure by
describing aspects of ecosystem function such as
trophic networks and nutrient cycling (e.g., Bell-
moore et al. 2017, Sullivan et al. 2018).

Dynamic processes such as river runoff and
flooding deliver sediments, nutrients, and
organic matter from upland and riparian zones
to streams (Junk et al. 1989, Vannote et al. 1980).
Nakano et al. (1999) identified the importance of
prey items originating from the riparian zone for
delivery to aquatic consumers; and Baxter et al.
(2005) described the value of aquatic insects as
prey for riparian consumers. Although river reg-
ulation can reduce the magnitude of emergent
aquatic insect biomass and abundance (Jonsson
et al. 2013, Kennedy et al. 2016), few studies have
considered whether this reduced prey subsidy
leads to a change in food web structure or nutri-
ent cycling through riparian consumer organ-
isms (but see Sullivan et al. 2018). Although the
spatial extent of emergent aquatic insect disper-
sal can extend from meters to kilometers into the
upland environment (Muehlbauer et al. 2014),
riparian consumers like birds and bats may
transport energy and nutrients derived from
aquatic primary production much farther upland
—and thereby increase the spatial envelope of
stream ecosystems. Therefore, understanding
nutrient cycling through highly mobile riparian
consumers may expand our understanding of
the spatial influence of river regulation on linked
aquatic–terrestrial ecosystems.

Food chain length is a measure of food web
architecture and is related to the complexity of
trophic interactions leading to a top consumer
(Sabo et al. 2009). Longer food chains tend to
have more biodiversity and resilience to

environmental changes (Pimm and Lawton 1977,
Pimm 1984), though this depends on degree of
omnivory, species richness, and individual life-
history traits (Downing and Leibold 2010, Woot-
ton and Stouffer 2016). Environmental controls
on food chain length include ecosystem size, dis-
turbance, and resource availability (Post 2002).
Smaller ecosystems tend to have shorter food
chains (Post 2002). Although river regulation
increases inundation extent above dams (i.e.,
reservoirs), on the whole, river regulation
reduces inundation extent by reducing dis-
charge, resulting in decreased functional ecosys-
tem size (Waddle and Holmquist 2013).
Furthermore, in aquatic ecosystems, the func-
tional attribute linking ecosystem size to food
chain length tends to be flooding (Sabo et al.
2009, Sullivan et al. 2015, Jackson and Sullivan
2018), and regulated rivers generally have less
frequent and lower magnitude floods than
unregulated rivers (Poff et al. 1997). Reduction in
flow variability and flood magnitude is associ-
ated with shorter food chains (Sabo et al. 2010,
Takimoto and Post 2013, Jackson and Sullivan
2018). For example, in the Eel River in California,
scouring floods tend to lengthen food chains by
removing predator-resistant, late-successional
taxa (e.g., armored caddisflies), which releases
algae from grazing pressure and promotes sec-
ondary production by mobile early-successional
taxa (e.g., mayflies) susceptible to predation
(Power 1992, 1995, Power et al. 1995).
Stable isotope analysis is a valuable tool for

revealing trophic position and diet (Collier et al.
2002, Hicks et al. 2005). The ratio of 13C to 12C
(d13C) can vary between terrestrial and aquatic
primary producers (Finlay 2001). This distinction
is retained in consumer organism tissues (DeNiro
and Epstein 1978) so that the source of the carbon
(e.g., from stream algae or riparian deciduous
shrubs) can be determined by comparing d13C of
consumers to d13C of primary producers. In
addition, nitrogen isotope signatures can resolve
the trophic position of a consumer organism as
there is, in general, a 3–4& enrichment of d15N
(the ratio of 15N to 14N) with each trophic step
(Post 2002).
We compared reliance on an aquatic nutri-

tional pathway by, and trophic position of, ripar-
ian birds and bats between a regulated river
system and an adjacent unregulated river, both
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located in Yosemite National Park on the western
slope of the Sierra Nevada in California, USA.
Recognizing the importance of interannual dif-
ferences in precipitation to these systems, we also
compared response metrics between a relatively
wet year and a relatively dry year. We used
trophic position of bats and birds as a compara-
tive measure of food chain length. We predicted
that birds and bats foraging within a regulated
river system would rely less on an aquatic nutri-
tional pathway and that river regulation would
reduce food web complexity and therefore
trophic position of riparian consumers. In addi-
tion, we predicted that these effects would be
exaggerated in a relatively dry year.

METHODS

Site description
We conducted this study on a regulated sec-

tion of the Tuolumne River downstream of Hetch
Hetchy Reservoir and on an unregulated section
of the Merced River as part of an ongoing holistic
study of the ecological impacts of river regula-
tion. Dam operations have reduced annual peak
discharges of the Tuolumne River by an esti-
mated 35%, the duration of high flow periods by
40%, and average monthly discharge by 65%
(McBain and Trush 2007, Russo et al. 2011). The
Merced River is unregulated until downstream
of the study section. The regional climate is
Mediterranean-type and characterized by dry–
wet seasonality and high interannual variability
in precipitation (Dettinger et al. 2011). We con-
ducted this study from 2016 to 2017. Mean daily
discharge was 469% and 241% higher for the
Tuolumne and Merced Rivers, respectively, in
2017 compared to 2016 (USGS 2018). Further-
more, 2016 was the last year of a multi-year
drought that began in 2012 (Luo et al. 2017).

We focused our sampling efforts on the Tuo-
lumne River in an area known as Poopenaut Val-
ley, an approximately 0.25-km2

floodplain
meadow system situated 4 km downstream of
O’Shaughnessy Dam at ~1000 m asl (Fig. 1).
Poopenaut Valley provides important habitat for
riparian taxa and is the largest riparian area in
Yosemite National Park impacted by river regu-
lation. We chose the Merced River as a reference
study location because the climate is similar and
the two watersheds drain parallel western

aspects of the Sierra Nevada. There are two
major differences between the rivers aside from
regulation. Although unregulated, the Merced
River has other infrastructure including riprap,
bridges, roads, and other development. The Tuo-
lumne River flows through wilderness until it
reaches Hetch Hetchy Reservoir. In addition, the
Merced River flows through the much larger
floodplain meadow system of Yosemite Valley.
We attempted to minimize the impact of the lat-
ter by sampling at two reaches approximately
10 km apart along the Merced River. We sam-
pled at Yosemite Valley, a 15-km2

floodplain
meadow system located at ~1200 m asl; and far-
ther downstream at the confluence of the Merced
River and Cascade Creek—a 0.35-km2 braided
floodplain system located at ~1000 m asl (Fig. 1).
We selected these reaches based on historic bat
and bird surveys with a high rate of capture, as
well as the existence of habitat elements such as
composition and structure of riparian vegetation,
channel-reach morphology, and bed composition
similar to those found in the regulated study
reach.

Sample collection
We captured bats in Poopenaut Valley (here-

after referred to as the regulated study reach)
along the Tuolumne River and at the upper and
lower unregulated study reaches along the
Merced River over four separate sampling efforts
(one or two nights per reach) in May, June, and
September 2016, and in September 2017. We
caught 16 bats across five sampling nights in
May and June of 2016, compared to 53 over two
sampling nights in September 2016. Therefore,
we concentrated our 2017 effort in September
and caught 68 bats over five sampling nights. We
deployed multiple bat-specific mist nets (38 mm
mesh) during each sampling effort including five
or six single-high (three meter) nets and a single
triple-high (10 m) net. We deployed nets over
and along waterbodies including side-channels,
oxbow ponds, and the main channel of the river
to maximize capture success. We typically
opened nets around dusk and closed them when
we reached our target sampling number, temper-
atures dropped below 5°C, or capture rates
diminished. We checked nets frequently to mini-
mize escape and stress of captured bats (Mac-
Carthy et al. 2006). After extracting bats, we
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placed them individually in clean, disinfected
cloth bags. We identified all captured bats to spe-
cies.

For the morphologically cryptic but acoustically
distinct species pair Myotis yumanensis/ Myotis
lucifugus, when possible we confirmed species
identification by the characteristic frequency of
that bat’s echolocation calls (Parsons and Szewc-
zak 2009) recorded from tethered or hand-released
flight (Weller et al. 2007). We recorded calls using
a USB-powered ultrasonic microphone (Binary
Acoustics Technology, Tucson, Arizona, USA, or
Pettersson Elektronik AB, Uppsala, Sweden) con-
nected to a Microsoft Surface Pro computer run-
ning SonoBatLIVE (SonoBat Software for Bat Call
Analysis, Arcata, California, USA). Of the 49
recordings where we obtained a clean characteris-
tic frequency, all confirmed our in-hand identifica-
tion of M. yumanensis, with forearm lengths also
consistent with this determination (Weller et al.
2007). We thus made the simplifying assumption
that all other yumanensis/lucifugus samples were
from M. yumanensis. Yosemite is within the range

of M. lucifugus, and we have recorded M. lucifu-
gus activity in both watersheds, although rarely.
We therefore recognize that some of our M. yuma-
nensis samples may includeM. lucifugus.
From bats, we collected hair and blood sam-

ples. We used small blunt-end scissors to take
two-to-three hair snips from the dorsal region
(~30 mm2). We stored hair samples in 0.5-mL
microcentrifuge tubes containing silica desiccant
beads. To determine whether a bat was a recap-
tured individual, we looked for missing fur left
by fur sampling. We did not have any recaptures.
We drew blood (approximately 10–50 µL) from
the interfemoral vein using a sterile beveled syr-
inge needle (27–29 ga, depending on bat size;
Wimsatt et al. 2005) and collected the beaded
blood into a 50-µL non-heparinized capillary
tube for transfer to a 0.5-mL microcentrifuge tube
containing 70% ethanol. It is important to men-
tion that preservation of blood samples in etha-
nol can lead to fractionalization of stable isotopes
compared to dried or frozen samples (e.g.,
Bugoni et al. 2008). We used bat weights to

Fig. 1. Map of Yosemite National park and the study areas located at (A) unregulated upper, (B) unregulated
lower, and (C) regulated. Within each study area, we collected epilithic algae and detritus from 8 to 13 sites along
each river reach (black dots). The position of Yosemite National Park (latitude/longitude: 37.8, �119.5) in Califor-
nia is shown in the bottom left corner.
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determine maximum blood sample volume, with
a target of no more than 0.5–1% of the individual
animal’s body weight (6–10 µL/g), in accordance
with recommended maximum sample volume
(Sikes 2016). We conducted all bat capturing,
handling, and processing in accordance with
methods described by Kunz et al. (2009) and the
most current White Nose Syndrome decontami-
nation protocol available at the time (USFWS
2016).

We captured birds at the regulated study reach
and the upper unregulated study reach over five
separate sampling efforts (1–2 mornings per
reach)—spring (April–June) 2016; summer (late-
July) 2016; fall (September) 2016; and spring
(May–early July) 2017. We captured birds at the
lower unregulated study reach in September
2016 only. We used species-specific playbacks to
target captures of the most commonly occurring
riparian-associated breeding species: warbling
vireo (Vireo gilvus), yellow warbler (Setophaga
petechia), song sparrow (Melospiza melodia), and
black-headed grosbeak (Pheucticus melanocepha-
lus). We also collected samples from incidental
captures of species with similar life-history traits
or feeding ecology. We identified each bird to
species, and applied a uniquely numbered band,
according to standard protocols (Ralph et al.
1993, Owen 2011).

From birds, we collected feather and blood
samples. We collected approximately two-to-four
breast feathers from each bird and stored them in
key envelopes containing desiccant beads. We
drew blood (approximately 10–50 µL) from the
brachial vein located on the ventral side of the
humeral-radial-ulnar joint. We punctured the
vein using a 26-ga beveled syringe needle and
collected the blood in a 50-µL non-heparinized
capillary tube for transfer to a 0.5-mL microcen-
trifuge tube containing 70% ethanol. Blood sam-
ples were, at most, 0.6% of the bird’s total body
weight, well below the maximum 1% of total
body weight recommended (Owen 2011). When
we captured an individual more than once, we
took tissue samples each time if captures were
more than 10 d apart; however, recognizing that
whole blood turnover occurs over ~26–44 d
depending on animal mass (Thomas and
Crowther 2015, Vander Zanden et al. 2015), we
only used the most recent blood sample for anal-
ysis.

We collected blood samples from 127 individ-
ual bats belonging to eight species, and hair sam-
ples from 115 individual bats belonging to eight
species across both years and all sampling sites.
We collected blood samples from 146 individual
birds belonging to 27 species, and feather sam-
ples from 141 individual birds belonging to 26
species across both years and all sampling sites.
Target species comprised 90 independent blood
samples, including song sparrow (35), black-
headed grosbeak (27), warbling vireo (22), and
yellow warbler (6), and non-target species com-
prised 56 samples. Only song sparrow, black-
headed grosbeak, and warbling vireo had a suffi-
cient sample size to warrant comparison between
study systems. Because we only collected birds
from the lower unregulated site in the fall, we
eliminated birds captured from this site from our
comparison between study systems and focused
on birds captured during the breeding season.
We collected epilithic algae and stream-condi-

tioned leaf litter (i.e., detritus) from upstream,
mid-reach, and downstream locations along each
study reach to use as basal resources (~10 sam-
ples per study reach; Fig. 1). We used stream-
conditioned leaf litter rather than green terres-
trial plants to holistically represent the riparian
plant community (Finlay 2001). We recognize
that detritus likely underwent some microbial
processing prior to uptake into the food web by
consumers and this may have led to a small 13C-
enrichment (Finlay 2001). We also opportunisti-
cally collected spiders belonging to the family
Tetragnathidae along all three study reaches
(n = 21). Tetragnathids build their webs directly
adjacent to or spanning waterways to feed
opportunistically on emergent aquatic insects
making them an ideal riparian consumer to com-
pare with birds and bats which have been less
well-studied. Therefore, we used tetragnathid
metrics to confirm the validity of our methods.
All algae, detritus, and tetragnathids were col-
lected in early August of 2016 and 2017 and
stored in 70% ethanol.

Sample processing
We freeze-dried blood, hair, and feather sam-

ples from bats and birds and entire bodies of
tetragnathids in the laboratory. We ground
tetragnathids (one-to-three individuals per sam-
ple) into a fine powder using a mortar and pestle.
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We then packed a small amount of each compos-
ite sample into tin capsules. After freeze-drying,
blood samples were sufficiently homogenous
and powdery for packing into tin capsules, and
we packed one-to-three entire feathers and entire
hair samples into tin capsules. We sorted epilithic
algae and detritus from other materials and
rinsed the samples with distilled water. After
oven-drying at 60°C for 24–48 h, we homoge-
nized epilithic algae and detritus into a fine pow-
der using a Pica Blender Mill (Cianflone
Scientific Instruments Corporation, Pittsburgh,
Pennsylvania, USA) or mortar and pestle before
packing samples into tin capsules for analysis.
Mean sample size was 0.63 � 0.09 mg (SD) for
tetragnathids, 0.53 � 0.13 mg for bat blood,
0.59 � 0.16 mg for bird blood, 0.53 � 0.11 mg
for bat hair, 0.63 � 0.12 mg for bird feathers,
1.27 � 0.13 mg for algae, and 3.34 � 0.16 mg
for detritus.

We used continuous-flow isotope-ratio mass
spectrometry (EA-IRMS) to determine d13C and
d15N for all samples at Washington State
University’s Stable Isotope Core (Pullman, Wash-
ington, USA). We reported results in d (&) nota-
tion defined as: d13C or d15N = [(Rsample/
Rstandard) � 1] 9 1000 where R is 13C/12C or
15N/14N for the sample or standard with Vienna
Pee Dee Belemite as the standard for C and atmo-
spheric N2 as the standard for N. Delta values
were calculated using a multi-point normalization
by fitting a regression line through the running
standards (acetanilide, yeast, and keratin). Typical
analytical precision was <0.2& for both d13C and
d15N determination.

Analytical methods
After processing, we used the two-source food

web model from Post (2002) to estimate bat, bird,
and spider trophic position; TP = k + {dc �
[db1 9 a + db2 9 (1 � a)]}/Dn where k is the
trophic position of the basal food sources (i.e., 1
for primary producers); dc is the d15N signature of
the consumer; db1 and db2 are the signatures of the
two basal food sources; a is the proportion of N
from basal food source one; and Dn is the enrich-
ment in d15N per trophic level (i.e., 3.4&; Post
2002). We used a two-end-member Bayesian iso-
topic mixing model to determine the proportion of
N derived from basal source 1 (i.e., a) with the R

software package simmr (Stable Isotope Mixing
Models in R; Parnell and Inger 2019).
Epilithic algae and detritus were the basal food

source end members. We used d13C and d15N
data to estimate the contribution from each food
source to the consumer. We estimated trophic
discrimination factors for bats, birds, and spiders
using the per-trophic-step discrimination
described in Post (2002; i.e., 3.4& � 0.98& for
d15N and 0.39& � 1.3& for d13C) multiplied by
the estimated number of trophic transfers
between the consumer and basal resources (esti-
mated a priori as the difference between the con-
sumer d15N and mean basal resource d15N
divided by 3.4&), which is consistent with other
aquatic food web investigations (e.g., McHugh
et al. 2010, Sullivan et al. 2015). It is important to
note that recent studies have questioned the use
of a single, fixed trophic discrimination factor
(TDF; Caut et al. 2009, Martinez del Rio et al.
2009). However, Vanderklift and Ponsard (2003)
found that TDF for d15N in blood and feathers of
birds, blood and hair of mammals, and whole
bodies of insects were indistinguishable. In the
absence of laboratory-derived TDF estimates for
our specific taxa and tissues, we decided to use
the TDF suggested by Post (2002) which allowed
us to directly compare our results to many previ-
ous studies. The Post (2002) d15N TDF is within
one standard deviation of several laboratory-
based estimates found in the literature for insec-
tivorous bats and songbirds (e.g., 2.6& � 0.09&
for Myotis myotis hair; Siemers et al. 2011, Frick
et al. 2014; and 1.8–2.7& for Setophaga coronata
blood Pearson et al. 2003). The d13C TDF sug-
gested by Post (2002) is low compared to labora-
tory-based TDF (e.g., 3.6& � 0.28& for Myotis
myotis hair, Siemers et al. 2011; and 1.5–2.2& for
Setophaga coronata blood, Pearson et al. 2003). We
expect 13C discrimination in animals feeding at a
higher trophic position to be disproportionately
affected by using a lower estimate of TDF for
d13C (Ben-David and Flaherty 2012). To evaluate
the ramifications of this effect, we also estimated
reliance on aquatically derived nutrition using
taxa- and tissue-specific diet-dependent discrimi-
nation factors (DDDF) for d13C derived from
Caut et al. (2009; 0.72 � 0.58 for bat blood,
1.63 � 0.62 for bat hair, 0.86 � 0.25 for bird
blood, 2.16 � 0.35 for bird feathers, and
0.94 � 0.15 for spiders) and taxa-specific TDF
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derived from the literature (3 � 0.5 for bats,
2 � 0.5 for birds, and 1 � 0.5 for spiders; Pear-
son et al. 2003, Siemers et al. 2011, Frick et al.
2014, Kautza and Sullivan 2016). We then com-
pared these estimates to those using Post (2002)
TDF.

We determined mean, standard deviation,
minimum, and maximum values of d13C and
d15N for epilithic algae, detritus, spiders, bats,
and birds. We used d13C and d15N of blood sam-
ples to reflect dietary trends on the scale of one-
to-two months (Thomas and Crowther 2015,
Vander Zanden et al. 2015) and d13C and d15N of
hair and feather samples to reflect longer-term
dietary trends. We visually inspected stable iso-
tope signatures of blood collected from each tax-
onomic group and basal resources using a bi-plot
of d13C and d15N. We compared d13C and d15N of
blood collected from bats and birds between
study sites and years using ANOVA and fol-
lowed this with Tukey’s HSD to identify differ-
ences between pairs. We also used ANOVA to
compare reliance on an aquatic nutritional path-
way and trophic position of Yuma myotis
between sites and years. We determined whether
short-term individual dietary trends of bats and
birds were correlated with long-term individual
dietary trends within each site using ANCOVA
followed by linear regression. We used a step-
down technique to identify the most parsimo-
nious model by comparing AIC values among
models (Crawley 2007). We considered the most
parsimonious model within 2 AIC units from the
full saturated model to be the best model (Craw-
ley 2007). We log-transformed data to meet
assumptions of normal distribution and homo-
geneity of variance when appropriate. We had
insufficient sample size to include season in our
analysis, so for all comparisons between study
systems, we only considered birds captured dur-
ing the breeding season (May to early July) and
bats captured in September.

RESULTS

There was sufficient separation between d13C
values of epilithic algae and detritus at the regu-
lated and lower unregulated study reaches to use
them in our mixing models; however, epilithic
algae and detritus d13C signatures overlapped
significantly at the upper unregulated study

reach (Fig. 2). Therefore, we only estimated
riparian consumer reliance on an aquatic ener-
getic pathway and trophic position at the regu-
lated and lower unregulated reaches. We did not
sample any birds at the lower unregulated study
reach during the breeding season; therefore, we
were unable to compare reliance on an aquatic
nutritional pathway by breeding birds between
systems.
Among the three taxa, bats exhibited the high-

est d13C and d 15N, followed by birds, then
tetragnathids across all years and sites (Fig. 2;
Appendix S1: Tables S1, S2, S3, and S4). d13C in
Yuma myotis blood was significantly lower at
the regulated study reach (�22.68 � 1.64) com-
pared with either of the unregulated study
reaches (unregulated upper � 24.28 � 1.15;
unregulated lower �23.16 � 1.89; F = 5.40,
P = 0.006; Appendix S1: Table S5, Fig. S1), but
did not differ between years and the interaction
term was also insignificant (Appendix S1:
Table S5, Fig. S1). d15N in Yuma myotis blood
did not differ between sites or years
(Appendix S1: Table S5, Fig. S1). d13C in song
sparrow and black-headed grosbeak blood did
not differ between sites or years (Appendix S1:
Table S5, Fig. S2). d15N in black-headed grosbeak
blood was lower in 2017 (4.66 � 0.92) compared
to 2016 (5.61 � 0.62; F = 7.47, P = 0.013;
Appendix S1: Table S5, Fig. S2), but did not dif-
fer between sites. Song sparrow blood d15N was
significantly higher at the regulated reach
(6.19 � 0.28) compared to the upper unregulated
reach (5.07 � 0.34; F = 24.44, P < 0.001;
Appendix S1: Table S5, Fig. S2), and the interac-
tion term between site and year was also signifi-
cant (F = 5.11, P = 0.040; Appendix S1: Table S5,
Fig. S2). Warbling vireo blood d13C was signifi-
cantly higher in 2016 (�23.33 � 0.54) compared
with 2017 (�23.91 � 0.30; F = 7.37, P = 0.014;
Appendix S1: Table S5, Fig. S2); however, d13C
differences <1& are typically not ecologically
meaningful. d15N of warbling vireo blood did
not differ between sites or years (Appendix S1:
Table S5, Fig. S2).
For Yuma myotis, d13C and d15N in blood and

hair were positively correlated (Appendix S1:
Fig. S3); however, both the slopes and intercepts
at each study location differed (Appendix S1:
Table S6, Fig. S3). For song sparrow, blood and
feather samples were also correlated with respect
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to d13C but not d15N, and this was unrelated to
study site (Appendix S1: Table S6, Fig. S3A, B,
C, and D). For black-headed grosbeak, d13C and
d15N in blood and feathers were unrelated to
each other (Appendix S1: Table S6, Fig. S4C, D,
G, and H). Due to insufficient sample sizes, we
omitted warbling vireo and yellow warbler from
this analysis.

Our estimates of reliance on an aquatic ener-
getic pathway using taxa- and tissue-specific
DDDF and taxa-specific TDF were within one
standard deviation of estimates derived using
Post (2002) TDF (Appendix S1: Table S7). Here-
after, we report estimates derived using Post
(2002). Among bats, mean reliance on an aquatic
energetic pathway estimated from blood samples
ranged from 0.61 (long-eared myotis, n = 1) to
0.82 � 0.09 (SD; Yuma myotis, n = 95; Table 1),
and mean trophic position ranged from 2.38 (big
brown bat, n = 1) to 3.59 � 0.70 (Yuma myotis,
n = 95; Table 2). Mean reliance on an aquatic
energetic pathway by riparian bird species esti-
mated from blood samples ranged from 0.61
(MacGillivray’s warbler, n = 1) to 0.67 � 0.09
(song sparrow, n = 26; Table 1), and mean

trophic position ranged from 2.17 (black-throated
gray warbler, n = 1) to 4.16 (Brewer’s sparrow,
n = 1; Table 2). Mean tetragnathid trophic posi-
tion was 2.66 � 0.32, and their reliance on an
aquatic energetic pathway was 0.57 � 0.07
(Tables 1 and 2). Estimates of trophic position
and consumer reliance on an aquatic energetic
pathway estimated from hair and feather sam-
ples are reported in Tables 3 and 4 along with
estimates from all species collected.
Yuma myotis relied more heavily on an aqua-

tic energetic pathway in 2016 (0.82 � 0.09) com-
pared to 2017 (0.80 � 0.10; F = 3.36, P = 0.070),
and this difference was primarily attributable to
more variable and overall decreased reliance on
primary production by algae at the lower unreg-
ulated site in 2017 (2016 0.84 � 0.08; 2017
0.78 � 0.11; F = 5.90, P = 0.017; Fig. 3;
Appendix S1: Table S5). Trophic position of
Yuma myotis did not differ between sites (unreg-
ulated lower 3.62 � 0.76; regulated 3.56 � 0.64;
F = 0.07, P = 0.786) or years (2016 3.65 � 0.74;
2017 3.52 � 0.65; F = 1.06, P = 0.307), and the
interaction term was also insignificant (F = 1.87,
P = 0.175; Fig. 3, Appendix S1: Table S5).

Fig. 2. Bi-plot of d13C and d15N for bats, birds, spiders (tetragnathids), epilithic algae, and detritus. Sites are
represented as (L) lower unregulated, (R) regulated, and (U) upper unregulated.
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DISCUSSION

We compared aquatic–terrestrial food webs
leading to riparian birds and bats between a regu-
lated river system and an unregulated river sys-
tem over two years—one wet and one dry. We
found significant overlap between d13C signatures
for epilithic algae and terrestrially derived detritus,

which limited estimation of trophic responses at
one of the unregulated reaches and our ability to
make comparisons between systems in birds
(Fig. 2). However, we obtained preliminary evi-
dence that bats and some birds relied more
strongly on an aquatic nutritional pathway during
the dry year. Furthermore, we observed that birds
and bats foraging along both rivers are highly

Table 1. Riparian consumer reliance on an aquatic nutritional pathway estimated from blood or whole-body
samples.

Taxonomic name Common name n Mean SD Min. Max.

Songbirds
Melospiza melodia Song sparrow 26 0.67 0.09 0.5 0.85
Vireo gilvus Warbling vireo 21 0.67 0.08 0.53 0.81
Pheucticus melanocephalus Black-headed grosbeak 16 0.63 0.07 0.49 0.79
Vermivora celata Orange-crowned warbler 9 0.53 0.09 0.36 0.65
Melospiza lincolnii Lincoln’s sparrow 8 0.71 0.07 0.61 0.82
Setophaga petechia Yellow warbler 6 0.62 0.09 0.47 0.73
Dendroica coronata Yellow-rumped warbler 4 0.66 0.03 0.62 0.70
Passerina amoena Lazuli bunting 3 0.49 0.03 0.45 0.51
Troglodytes aedon House wren 3 0.77 0.01 0.76 0.77
Vireo cassinii Cassin’s vireo 3 0.71 0.01 0.69 0.72
Contopus sordidulus Western wood-pewee 2 0.73 0.01 0.73 0.74
Pipilo maculatus Spotted towhee 2 0.63 0.09 0.56 0.69
Cardellina pusilla Wilson’s warbler 1 0.45 . . . . . . . . .

Carduelis pinus Pine siskin 1 0.78 . . . . . . . . .

Geothlypis tolmiei MacGillivray’s warbler 1 0.61 . . . . . . . . .

Geothlypis trichas Common yellowthroat 1 0.77 . . . . . . . . .

Icterus bullockii Bullock’s oriole 1 0.70 . . . . . . . . .

Phalaenoptilus nuttallii Common poorwill 1 0.63 . . . . . . . . .

Piranga ludoviciana Western tanager 1 0.64 . . . . . . . . .

Setophaga nigrescens Black-throated gray warbler 1 0.53 . . . . . . . . .

Spizella breweri Brewer’s sparrow 1 0.92 . . . . . . . . .

Turdus migratorius American robin 1 0.68 . . . . . . . . .

Zonotrichia leucophrys White-crowned sparrow 1 0.64 . . . . . . . . .

Agelaius phoeniceus Red-winged blackbird 0 . . . . . . . . . . . .

Cinclus mexicanus American dipper 0 . . . . . . . . . . . .

Euphagus cyanocephalus Brewer’s blackbird 0 . . . . . . . . . . . .

Junco hyemalis Dark-eyed junco 0 . . . . . . . . . . . .

Bats
Myotis yumanensis Yuma myotis 95 0.82 0.09 0.66 0.98
Myotis californicus California myotis 4 0.72 0.02 0.70 0.75
Myotis thysanodes Fringed myotis 2 0.75 0.12 0.66 0.83
Eptesicus fuscus Big brown bat 1 0.65 . . . . . . . . .

Lasionycteris noctivagans Silver-haired bat 1 0.72 . . . . . . . . .

Myotis evotis Western long-eared bat 1 0.61 . . . . . . . . .

Parastrellus hesperus Canyon bat 1 0.62 . . . . . . . . .

Tadarida brasiliensis Mexican free-tailed bat 1 0.67 . . . . . . . . .

Invertebrates
Tetragnathidae 21 0.57 0.07 0.48 0.74

Notes: Number of samples (n), mean, standard deviation (SD), minimum (Min.), and maximum (Max.) values are presented.
Data are shown by taxa and are inclusive of all years. Species in bold are the riparian focal species chosen for this study. Only
those animals caught at either the regulated or unregulated lower study reaches are included. Tetragnathidae values are
derived from samples that included their entire bodies. We use ’...’ to indicate when data was not available for that taxa.
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reliant on an aquatic nutritional pathway, and
food chains leading to birds and bats are compara-
ble in length to other stream-riparian food chains.
Although we were unable to provide clear evi-
dence of an effect of river regulation on food web
architecture leading to birds and bats, we
observed that bats depended more on an aquatic
nutritional pathway in the dryer year but only

along the unregulated river (Fig. 3, Appendix S1:
Table S5).

Comparison between the regulated and
unregulated rivers and between years
Regulated river hydrology can alter both func-

tional and structural components of river and
riparian ecosystems (Poff and Zimmerman 2010,

Table 2. Riparian consumer trophic position estimated from blood or whole-body samples.

Taxonomic name Common name n Mean SD Min. Max.

Songbirds
Melospiza melodia Song sparrow 26 3.03 0.22 2.55 3.53
Vireo gilvus Warbling vireo 21 2.89 0.27 2.21 3.29
Pheucticus melanocephalus Black-headed grosbeak 16 2.77 0.32 2.07 3.24
Vermivora celata Orange-crowned warbler 9 2.39 0.41 1.70 3.06
Melospiza lincolnii Lincoln’s sparrow 8 3.03 0.16 2.79 3.25
Setophaga petechia Yellow warbler 6 2.79 0.21 2.49 3.10
Dendroica coronata Yellow-rumped warbler 4 2.75 0.10 2.63 2.87
Passerina amoena Lazuli bunting 3 2.37 0.05 2.31 2.41
Troglodytes aedon House wren 3 3.26 0.02 3.25 3.28
Vireo cassinii Cassin’s vireo 3 3.05 0.05 3.00 3.11
Contopus sordidulus Western wood-pewee 2 3.11 0.02 3.09 3.12
Pipilo maculatus Spotted towhee 2 2.84 0.01 2.83 2.85
Cardellina pusilla Wilson’s warbler 1 2.03 . . . . . . . . .

Carduelis pinus Pine siskin 1 3.26 . . . . . . . . .

Geothlypis tolmiei MacGillivray’s warbler 1 2.73 . . . . . . . . .

Geothlypis trichas Common yellowthroat 1 3.24 . . . . . . . . .

Icterus bullockii Bullock’s oriole 1 2.95 . . . . . . . . .

Phalaenoptilus nuttallii Common poorwill 1 2.82 . . . . . . . . .

Piranga ludoviciana Western tanager 1 2.77 . . . . . . . . .

Setophaga nigrescens Black-throated gray warbler 1 2.17 . . . . . . . . .

Spizella breweri Brewer’s sparrow 1 4.16 . . . . . . . . .

Turdus migratorius American robin 1 2.96 . . . . . . . . .

Zonotrichia leucophrys White-crowned sparrow 1 2.89 . . . . . . . . .

Agelaius phoeniceus Red-winged blackbird 0 . . . . . . . . . . . .

Cinclus mexicanus American dipper 0 . . . . . . . . . . . .

Euphagus cyanocephalus Brewer’s blackbird 0 . . . . . . . . . . . .

Junco hyemalis Dark-eyed junco 0 . . . . . . . . . . . .

Bats
Myotis yumanensis Yuma myotis 95 3.59 0.70 2.92 6.50
Myotis californicus California myotis 4 3.09 0.04 3.06 3.13
Myotis thysanodes Fringed myotis 2 3.10 0.49 2.75 3.44
Eptesicus fuscus Big brown bat 1 2.38 . . . . . . . . .

Lasionycteris noctivagans Silver-haired bat 1 3.00 . . . . . . . . .

Myotis evotis Western long-eared bat 1 2.75 . . . . . . . . .

Parastrellus hesperus Canyon bat 1 2.63 . . . . . . . . .

Tadarida brasiliensis Mexican free-tailed bat 1 2.75 . . . . . . . . .

Invertebrates
Tetragnathidae 21 2.66 0.32 2.24 3.23

Notes: Number of samples (n), mean, standard deviation (SD), minimum (Min.), and maximum (Max.) values are presented.
Data are shown by taxa and are inclusive of all years. Species in bold are the riparian focal species chosen for this study. Only
those animals caught at either the regulated or unregulated lower study reaches are included. Tetragnathidae values are
derived from samples that included their entire bodies. We use ’...’ to indicate when data was not available for that taxa.
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Kennedy et al. 2016), but aquatic–terrestrial food
web linkages are less studied (Dynesius and
Nilsson 1994). Regulated river systems export
lower quantities (biomass) of emergent aquatic
insects to adjacent upland forests, particularly
during peak emergence (Jonsson et al. 2013). This
has been attributed to reduced magnitude and
frequency of floods, and reduced flow through-
out the year (Jonsson et al. 2013). In addition, the
magnitude of emergent insect subsidies at the
landscape scale depends on the proportion of
lentic versus lotic habitat (Bartrons et al. 2013).

Aquatic invertebrate production is generally
higher in streams than in lakes, so turning lotic
habitat into lentic habitat may in itself reduce
emergence (Gratton and Vander Zanden 2009).
River regulation may also create temporal asyn-
chrony between breeding cycles of birds and bats
with emergence events (Carey 2009). Therefore,
we expected to observe greater reliance on an
aquatic nutritional pathway in the unregulated
river system. However, we were limited in our
ability to test this hypothesis and what analyses
we performed indicated greater reliance on an

Table 3. Riparian consumer reliance on an aquatic nutritional pathway estimated from hair or feather samples.

Taxonomic name Common name n Mean SD Min. Max.

Songbirds
Melospiza melodia Song sparrow 26 0.67 0.13 0.43 0.89
Pheucticus melanocephalus Black-headed grosbeak 17 0.77 0.11 0.56 0.92
Vireo gilvus Warbling vireo 17 0.82 0.10 0.57 0.93
Melospiza lincolnii Lincoln’s sparrow 7 0.76 0.11 0.56 0.89
Vermivora celata Orange-crowned warbler 7 0.61 0.11 0.39 0.73
Setophaga petechia Yellow warbler 4 0.72 0.02 0.70 0.74
Carduelis pinus Pine siskin 2 0.86 0.03 0.84 0.88
Contopus sordidulus Western wood-pewee 2 0.95 0.01 0.94 0.96
Dendroica coronata Yellow-rumped warbler 2 0.75 0.17 0.63 0.87
Pipilo macalatus Spotted towhee 2 0.76 0.00 0.76 0.76
Troglodytes aedon House wren 2 0.73 0.05 0.69 0.76
Turdus migratorius American robin 2 0.70 0.05 0.66 0.74
Vireo cassinii Cassin’s vireo 2 0.67 0.06 0.63 0.71
Cinclus mexicanus American dipper 1 0.90 . . . . . . . . .

Geothlypis tolmiei MacGillivray’s warbler 1 0.71 . . . . . . . . .

Geothlypis trichas Common yellowthroat 1 0.81 . . . . . . . . .

Icterus bullockii Bullock’s oriole 1 0.94 . . . . . . . . .

Phalaenoptilus nuttallii Common poorwill 1 0.76 . . . . . . . . .

Piranga ludoviciana Western tanager 1 0.87 . . . . . . . . .

Setophaga nigrescens Black-throated gray warbler 1 0.60 . . . . . . . . .

Spizella breweri Brewer’s sparrow 1 0.94 . . . . . . . . .

Zonotrichia leucophrys White-crowned sparrow 1 0.70 . . . . . . . . .

Agelaius phoeniceus Red-winged blackbird 0 . . . . . . . . . . . .

Euphagus cyanocephalus Brewer’s blackbird 0 . . . . . . . . . . . .

Junco hyemalis Dark-eyed junco 0 . . . . . . . . . . . .

Passerina amoena Lazuli bunting 0 . . . . . . . . . . . .

Bats
Myotis yumanensis Yuma myotis 100 0.85 0.07 0.68 0.98
Myotis californicus California myotis 5 0.79 0.04 0.74 0.84
Lasionycteris noctivagans Silver-haired bat 2 0.90 0.02 0.88 0.91
Myotis thysanodes Fringed myotis 2 0.81 0.13 0.71 0.90
Eptesicus fuscus Big brown bat 1 0.79 . . . . . . . . .

Myotis evotis Western long-eared bat 1 0.70 . . . . . . . . .

Parastrellus hesperus Canyon bat 1 0.72 . . . . . . . . .

Tadarida brasiliensis Mexican free-trailed bat 1 0.72 . . . . . . . . .

Notes: Number of samples (n), mean, standard deviation (SD) minimum (Min.), and maximum (Max.) values are presented.
Data are shown by taxa and are inclusive of all years. Species in bold are the riparian focal species chosen for this study. Only
those animals caught at either the regulated or unregulated lower study reaches are included. We use ’...’ to indicate when data
was not available for that taxa.
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aquatic nutritional pathway by bats in the regu-
lated river system, but only in the relatively wet
year (Fig. 3, Appendix S1: Table S5).

Yuma myotis relied more on an aquatic nutri-
tional pathway in 2016 compared to 2017 at the
unregulated site (Fig. 3). In addition, d3C values
for warbling vireo were higher relative to detri-
tus values in 2016 compared to 2017
(Appendix S1: Table S5, Fig. S2), indicating
greater reliance by both species on an aquatic
nutritional pathway in 2016. Riparian con-
sumers are known to respond more strongly to

water subsidies in dry systems and dry seasons
compared to wet systems and wet seasons
(Allen et al. 2014). Therefore, birds and bats
may preferentially consume emergent aquatic
insects in dryer years and dryer systems in
response to the water subsidy (i.e., in the bodies
of their prey) as much as the prey subsidy. The
importance of a prey subsidy is often mediated
by the availability of in situ prey (Marczak et al.
2007), and terrestrial invertebrate abundance
may have been diminished in the dryer year.
Alternatively, scouring flows in both systems in

Table 4. Riparian consumer trophic position estimated from hair or feather samples.

Taxonomic name Common name n Mean SD Min. Max.

Songbirds
Melospiza melodia Song sparrow 26 3.00 0.39 2.24 3.78
Pheucticus melanocephalus Black-headed grosbeak 17 3.30 0.47 2.65 4.13
Vireo gilvus Warbling vireo 17 3.53 0.48 2.39 4.34
Melospiza lincolnii Lincoln’s sparrow 7 3.29 0.36 2.71 3.83
Vermivora celata Orange-crowned warbler 7 2.63 0.28 2.24 3.10
Setophaga petechia Yellow warbler 4 3.04 0.04 2.99 3.07
Carduelis pinus Pine siskin 2 3.49 0.02 3.47 3.51
Contopus sordidulus Western wood-pewee 2 4.86 0.36 4.60 5.11
Dendroica coronata Yellow-rumped warbler 2 3.09 0.68 2.61 3.58
Pipilo macalatus Spotted towhee 2 3.22 0.02 3.20 3.23
Troglodytes aedon House wren 2 2.93 0.33 2.69 3.16
Turdus migratorius American robin 2 2.93 0.19 2.80 3.07
Vireo cassinii Cassin’s vireo 2 2.80 0.13 2.71 2.89
Cinclus mexicanus American dipper 1 3.84
Geothlypis tolmiei MacGillivray’s warbler 1 2.84 . . . . . . . . .

Geothlypis trichas Common yellowthroat 1 3.30 . . . . . . . . .

Icterus bullockii Bullock’s oriole 1 4.39 . . . . . . . . .

Phalaenoptilus nuttallii Common poorwill 1 3.14 . . . . . . . . .

Piranga ludoviciana Western tanager 1 3.66 . . . . . . . . .

Setophaga nigrescens Black-throated gray warbler 1 2.43 . . . . . . . . .

Spizella breweri Brewer’s sparrow 1 4.49 . . . . . . . . .

Zonotrichia leucophrys White-crowned sparrow 1 3.00 . . . . . . . . .

Agelaius phoeniceus Red-winged blackbird 0 . . . . . . . . . . . .

Euphagus cyanocephalus Brewer’s blackbird 0 . . . . . . . . . . . .

Junco hyemalis Dark-eyed junco 0 . . . . . . . . . . . .

Passerina amoena Lazuli bunting 0 . . . . . . . . . . . .

Bats
Myotis yumanensis Yuma myotis 100 3.73 0.70 2.91 6.40
Myotis californicus California myotis 5 3.25 0.11 3.12 3.42
Lasionycteris noctivagans Silver-haired bat 2 3.84 0.21 3.70 3.99
Myotis thysanodes Fringed myotis 2 3.37 0.71 2.87 3.87
Eptesicus fuscus Big brown bat 1 3.01 . . . . . . . . .

Myotis evotis Western long-eared bat 1 2.79 . . . . . . . . .

Parastrellus hesperus Canyon bat 1 2.87 . . . . . . . . .

Tadarida brasiliensis Mexican free-trailed bat 1 2.99 . . . . . . . . .

Notes: Number of samples (n), mean, standard deviation (SD), minimum (Min.), and maximum (Max.) values are presented.
Data are shown by taxa and are inclusive of all years. Species in bold are the riparian focal species chosen for this study. Only
those animals caught at either the regulated or unregulated lower study reaches are included. We use ’...’ to indicate when data
was not available for that taxa.
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2017 may have had both direct and indirect
impacts to emergent aquatic insects. Benthic
insect abundance and therefore emergence may
have been suppressed by direct mortality and
displacement caused by scouring floods. Fur-
thermore, algal biomass in both systems was
lower in 2017 compared to 2016 due to scouring
flows (J. G. Holmquist, personal communication).
This may have resulted in cascading effects
whereby benthic insects that consume algae
either were less productive and made up a smal-
ler proportion of available prey to birds and
bats, or that benthic insects relied more strongly
on allochthonous inputs of organic matter
regardless of their feeding preference. However,

this does not explain why the effect in bats was
only realized at the unregulated site.
Bats relied more strongly on an aquatic nutri-

tional pathway in 2016 compared to 2017, and
this difference was largely driven by changes at
the unregulated site. In comparison, we saw no
change in reliance on an aquatic nutritional path-
way at the regulated site between years, and
variation in both metrics was greater across years
at the unregulated site (Fig. 3, Appendix S1:
Table S5). The regulated site is typically charac-
terized by higher algal biomass and dominance
of chironomid taxa in the benthic invertebrate
community (J. G. Holmquist, unpublished data)
presumably driven by relatively warm winter

Fig. 3. Box-and-whisker plots depicting (A) reliance on an aquatic nutritional pathway by and (B) trophic posi-
tion of Yuma myotis compared by site and year. Sites are represented as (L) lower unregulated and (R) regulated.
The black lines represent the median of each variable, boxes represent the first and third quartiles, whiskers rep-
resent the minimum and maximum values, and open circles represent outliers. Significant differences are indi-
cated by lower-case letters. See Appendix S1: Table S5 for full ANOVA.
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water temperature and decreased discharge. In
2017, scouring flows decreased algal biomass
and dominance of Chironomidae in both the reg-
ulated and unregulated system compared to
2016. However, both metrics remained signifi-
cantly higher in the regulated river system com-
pared to the unregulated system. Yuma myotis
consume chironomids (Brigham et al. 1992),
which may in part explain why bats showed con-
sistent reliance on an aquatic nutritional pathway
at the regulated site in both the wet and dry year.

We expected to observe greater reliance on an
aquatic nutritional pathway by birds breeding
in the unregulated river system because of
increased access to aquatic prey. Subsidies may
be muted if recipient consumers have generalist
feeding preferences (Uesugi and Murakami
2007, Royan et al. 2013) and/or lack the mobility
to take advantage of localized insect emergence.
This may be particularly important for breeding
birds compared to bats because some birds,
such as black-headed grosbeaks and song spar-
rows, consume both plant material and insects
and generally remain within their territories to
minimize time away from nests (Arcese and
Smith 1988, Martin et al. 2000). For example,
yellow warblers prey on emergent aquatic
insects in proportion to their relative abundance
rather than exhibiting exclusive preference
(Busby and Sealy 1979). Opportunistic consump-
tion of abundant insect taxa even contributes to
convergence in prey choice despite differences
in species’ foraging strategies and morphology
(Rotenberry 1980, Rosenberg et al. 1982, Trevel-
line et al. 2018). Birds sampled in this study
derived greater than 50% of their energetic
needs on average from aquatic food webs dur-
ing our sampling period, irrespective of river
regulation. This suggests that emergent aquatic
insect abundance in both systems must be high
enough that birds exploit the subsidy despite
generalist feeding preferences and limited
mobility compared to bats.

We acknowledge that d13C values for algae can
vary greatly by season (Finlay 2004), and we col-
lected algae in mid-summer to represent the
height of the growing season and also because
river access was safer. This may have led to asyn-
chrony with the timing of tissue collection from
birds (as they were sampled in May and June)
and therefore potential uncertainty in our

estimate of reliance on an aquatic nutritional
pathway.
Several studies have examined the relationship

between floods and food chain length, with
results indicating a positive effect (Sullivan et al.
2015, Jackson and Sullivan 2018), negative effect
(Parker and Huryn 2006, McHugh et al. 2010,
Sabo et al. 2010), or no effect (Thompson and
Townsend 1999). Working in the same study
area, Jackson and Sullivan (2018) found that
higher magnitude predictable floods were associ-
ated with longer food chains leading to tetrag-
nathid spiders. Because regulated rivers tend to
have dampened hydrographs relative to unregu-
lated systems, we predicted that trophic position
of riparian consumers would be lower in the reg-
ulated river system. However, we found no dif-
ference in trophic position of bats between
systems, and although we did not compare
trophic position of bird species between study
sites, we did compare d15N in bird blood
between sites and found only one significant dif-
ference. Song sparrow blood was significantly
more enriched in 15N at the regulated site com-
pared to the unregulated upper site
(Appendix S1: Table S5, Fig. S2), potentially
indicating that song sparrows are feeding at a
higher trophic position at the regulated study
site, although we cannot rule out basal resource
heterogeneity in d5N as the underlying cause
(Cabana and Rasmussen 1996).
Trophic position of bats did not vary between

years; however, blood collected from black-
headed grosbeaks had significantly higher d15N
values in 2016 compared to 2017 at both study
locations (Appendix S1: Table S5, Fig. S2),
potentially indicating that black-headed gros-
beaks were feeding at a higher trophic position
in 2016. Black-headed grosbeaks are omnivores,
and they eat both plant material and inverte-
brates (Ortega and Hill 2010). Therefore, a higher
trophic position may simply indicate increased
reliance on invertebrate prey, whether aquatic or
terrestrial in origin.
Hetch Hetchy Reservoir managers attempt to

mimic seasonal floods on the Tuolumne River
downstream of the reservoir to promote intact
ecosystem processes. Managers plan water
releases to mobilize bed sediments, prevent
encroachment of riparian shrubs along river
banks and channel bars (e.g., Bendix and Hupp
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2000, Miller et al. 2013), and to inundate flood-
plain wetlands in Poopenaut Valley. For example,
in 2016, a simulated flood successfully mobilized
bed sediments and reduced willow cover, which
may have enhanced distribution of riparian
invertebrate prey (Greenwood 2014) and forag-
ing capabilities of bats (Hagen and Sabo 2012).
Wetland inundation is also associated with
increased abundance and diversity of both terres-
trial and aquatic invertebrates (Holmquist and
Schmidt-Gengenbach 2019), and promotes the
growth of wetland plants, which in turn provide
cover for breeding birds and ready access to
insect prey (van Oort et al. 2015). Our results
suggest that current reservoir management prac-
tices that include managed scouring floods and
floodplain inundation in at least some years may
be sufficient to support aquatic–terrestrial food
webs leading to birds and bats, with an effect
comparable to the unregulated river. However,
more work is needed to understand the interac-
tion between interannual differences in precipita-
tion regimes and river regulation for influencing
food web attributes.

Comparison with other studies
While other researchers have used stable iso-

topes to describe diet partitioning of bats (Painter
et al. 2009, Lam et al. 2013, and Broders et al.
2014), our study is one of the first to use stable
isotopes to describe the importance of aquatic
nutritional pathways to bats. Bats drink from
water bodies and use riparian corridors for travel
(Seidman and Zabel 2001); therefore, observing
bats near water does not necessarily imply they
are foraging for emergent aquatic insects.
Although Yuma myotis are generally assumed to
forage primarily on small aquatic insects (Ober
and Hayes 2008), our study provides direct evi-
dence that Yuma myotis and other bats in this
study area are highly reliant on trophic networks
originating with primary production by algae.
We estimated that bats captured across our study
area relied on an aquatic nutritional pathway for
61–82% of their energetic demand on average by
species, and some individuals derived as much
as 98% of their carbon from an aquatic nutri-
tional pathway (Table 1). Jackson and Sullivan
(2015, 2018) found that tetragnathid spiders in
the same study system relied on an aquatic nutri-
tional pathway for 20–90% of their nutritional

needs, and Collier et al. (2002) observed that
riparian spiders derived 58% of their nutrition
from instream sources in a New Zealand stream,
and tetragnathid spiders and tree swallows sam-
pled along a mid-order river in Ohio relied on an
aquatic nutritional pathway for 34–67% and 14–
93% of their nutritional needs, respectively
(Kautza and Sullivan 2016, Sullivan et al. 2018).
In comparison, the bats sampled in this study
were more reliant on an aquatic nutritional path-
way than many previously sampled riparian
consumers. We acknowledge that by using a sin-
gle TDF for all taxa and tissues we may be
slightly overestimating reliance on an aquatic
nutritional pathway, particularly in the case of
higher trophic position bats (Ben-David and Fla-
herty 2012).
Whereas floods deliver organic material, sedi-

ments, and nutrients into floodplains (Schindler
and Smits 2017), and emergent aquatic insects
transport carbon and nutrients farther into the
riparian zone (Jonsson et al. 2012, Muehlbauer
et al. 2014), our results show that highly mobile
species such as birds and bats could transport
the energy generated by aquatic production even
farther than these previous studies have consid-
ered. Thus, the spatial envelope of aquatic–ter-
restrial ecosystems (e.g., Gurnell et al. 2016) may
be much larger than previously estimated by
examining less-mobile riparian consumers,
underscoring the potential importance of river
food webs to organisms and ecosystems typically
characterized as terrestrial.
Reliance on aquatic primary production by

and trophic position of bats as estimated from
hair samples was generally higher than from
blood samples, and these patterns were consis-
tent across individuals (Appendix S1: Table S6,
Fig. S3). We interpret this to indicate that bats
relied more heavily on an aquatic nutritional
pathway and fed at a higher trophic position ear-
lier in the summer (most bats were captured in
September). Yuma myotis showed considerable
individual variability in diet as indicated by
trophic position, yet individuals exhibited consis-
tent dietary trends as evidenced by correspond-
ing blood and hair samples (Appendix S1:
Table S6, Fig. S3).
For birds, we found few significant relation-

ships between stable isotope signatures of paired
blood and feather samples (Appendix S1:
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Table S6, Fig. S4), indicating that birds in this
study area have flexible feeding preferences
throughout the year. This is expected, since many
of the bird species sampled are migratory, and
may replace their feathers in a different geo-
graphic location than Yosemite National Park,
where dominant food resources likely differ. For
example, black-headed grosbeaks that breed in
Yosemite undergo molt-migration, replacing
their feathers in Sonora Mexico (Siegel et al.
2016), while warbling vireos may complete part
of their annual pre-basic molt on wintering
grounds (Pyle 1997). Even resident species such
as song sparrow may exhibit flexibility in their
feeding preferences, as the feathers we sampled
are replaced in the late summer when aquatic
prey subsidies are likely diminishing relative to
terrestrial sources (Pyle 1997, Nakano and Mura-
kami 2001).

Trophic position of birds in this study ranged
from 2.17 to 4.16 on average by species and
trophic position of bats ranged from 2.75 to 3.59
on average by species (Table 2). These findings
are comparable with other studies that measured
food chain length of aquatic–terrestrial systems
and used a 3.4& per trophic level 15N enrich-
ment factor. For example, Sullivan et al. (2015)
reported a range in food chain length from 2.6 to
4.4 which included aquatic and riparian insects,
fish, and insectivorous and piscivorous birds.
Jackson and Sullivan (2015, 2018) found that
tetragnathid spiders in the same study system
occupied a trophic position between 1.75 and
3.99, which is comparable with the trophic posi-
tion of tetragnathid spiders collected from the
Scioto River system in Ohio (2.35–3.98, Tagwireyi
and Sullivan 2016), and in our study (2.24–3.23,
Table 2). Trophic position of birds and bats in
this study was also comparable to food chain
length estimates of purely aquatic systems (i.e.,
2.6–4.2: McHugh et al. 2010), providing addi-
tional evidence that riparian insectivores occupy
a trophic role similar to predatory fish (Warfe
et al. 2013, Sullivan et al. 2015).

Our findings contribute to a growing body of
literature linking aquatic processes to terrestrial
food webs and suggest that managers consider
aspects of ecosystem function and processes that
cross ecosystem boundaries when assessing
anthropogenic impacts to ecosystems and

designing management approaches in regulated
rivers.
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