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Abstract

The floodplains of large rivers have been heavily modified due to riparian development
and channel modifications, both of which can eliminate shallowlwihnel habitats'he
importance of these habitats for aquatic organisms like fishes istwdled. However, loss of
off-channel habitat also eliminates habitats for the production of emerging aquatic insects, which
subsidize riparian consumers in terrestrial food webs Lgéd field collections of insect
emergence, historical mapping, and statistical modeling to estimate tlod ilessct emergence
due to channel modifications along eight segments of the Missouri River (USA), encompassing
1566 river km, between 1890 aB@12. We estimate annual production of emerging aquatic
insects declined by median 086,000kgC (95% Crl: 3,000 to 450,00®etween 1890 and 2012
(a 34% loss)due to the lossf surface area backwaters and related efhannel habitats.
Under a conservative assumption that riparian birds oBfinof their annual energy budget
from adult aquatic insects, this amount of insect loss would be enough to subsidize
approximately790,000riparian wadland birdgduring the breeding and nesting period (May to
August 95% Crt 57,000 t010,000,000. Most of the loss is concentrated in the lower reaches of
the Missouri River, which historically had a wide floodplain, a meandering channel, and a high
density of offchannel habitatfut which were substantially reduced due to channelization and
bank sabilization. Our results indicate that the loss ofafénnel habitats in large river
floodplains has the potential to substantially affect energy availability for riparian insectivores,
further demonstrating the importance of maintaining and restdresg thabitats for linked

aquaticterrestrial ecosystems.
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Manuscript Highlights

1 Habitat loss along the Missouri River floodplain is substantial ovey&ags
1 Lost habitat means lost aquatic insect production on the landscape
1 We estimatehat annuainsect emergenageclined by-36,000 kgC since 1890 (34%

loss) in our study segments
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Introduction

Channelization, dams, and riparian development have altered the structure and function
of rivers and their associated floodplain habi{srris and others 1968; Poff and others 1,997
Wohl and others 2015; Kennedy and others 20ib§)articular, channelization and danduced
changes to the flow of water and sediment have severed the connections between the river and its
floodplain, causing dramatic losses in-offannel habitafMorris and others 1968; Funk and
Robinson 1974; Hamilton 2009; Yager and others 20Q@8)channel habitats that surround
rivers, such as backwaters, shallow sitiannels, sloughs, and oxbow lakes, can harbor unique
taxa and have high secondary productivity of inverteb(@eske 2001; Whiles and Goldowitz
2005) They also represent crucial reproductive habitats for fish, and their loss is linked to the
decline of some freshwater fish@rubaugh and Anderson 88, Galat and others 1998; Aarts
and others 2004)

While the consequences for these losses are relativehstudiled for some freshwater
organisms like fishes, their effects on landsel@yel insect production and potential aquatic
terrestrial subsideare not wetknown. Adult aquatic insects are ubiquitous in freshwater
habitats, where they develop as larvae. When they emerge as winged adults to disperse and
reproduce, they are vulnerable to terrestrial insectivores, such as birds, spiders, aadthhess
(Nakano and Murakami 2001; Sabo and Power 2002; Baxter and others 2005; Epanchin and
others 2010; Allen and Wesner 2016his flux of biomass from water to land repents a
substantial ecological subsidy that can alter the structure and functioning of terrestrial food webs
by enhancing recipient consumer populati@sanchin and others 2016y transferring

nutrients to terrestrial detrital poo{sloekman and others 2011; Bartrons and others 2013)
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The production of adult aquatic insects from freshwater ecosystems has been relatively
well-studied inrivers and lakegGratton and Vander Zanden 2009; Bartrons and others 2013;
Richardson and Sato 201%) global metaanalysis revealed that insect emergence represents a
flux of between 0.07o 1.22 gC/miyr (95% CI) from lakes and between 0.4 to 3.1 g@@ym
(95% CI) from riverdGratton and Vander Zanden 200Bdr rivers, these estimates are largely
limited to the main channel, yet ghaction in oftchannel habitats can equal or exceed
production in the main channel. For instance, insect emergence from riparian sloughs near the
Platte River, a braided river in the central USA, ranged from 0.06 to 2.£ky€4voross sites
(Whiles and Goldowitz 2001¥imilar to the global range of flux from lakes and ri@satton
and Vander Zanden 2009 the Ogeechee River (Georgia, USA), macroinvertebrate production
of wetted offchannel habitat in the floodplain was higher than production in the channel, due
primarily to the large amount of surface area represented {ophaffnel habitat relative the
mainstem(Benke 2001)Given the importance of aquatierrestrial subsidies to terrestrial
ecosystems and the global loss in floodplain hatfatf and others 1997; Wohl and others
2015) it is crucial to understand how the loss ofdffinnel habitats influences aquatic insect
emergence at the landscape scale.

The Missouri River is the longest river in North America, spanninggtleof 3,768
river km, and it has experienced large losses ithdinnel habitaiGalat and others 2005; Quist
2014) For most of its length, the Missouri River flows through the relativelydtaain of the
Midwestern US. Prior to the late 1800s, that terrain allowed the river to meander across wide
floodplains, creating extensive networks of-diffannel aquatic habitats, especially on the lower
Missouri(Galat and others 20033 eginning in the late 1800s, the river was extensively

modified along nearly all of its length. The lower segment (~1,200 km) was channelized for
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navigation, which deepened the main channel, eliminated the albilitg aver to meander, and
in turn eliminated most of the efhannel habitaFunk and Robinson 1974; Quist 201H) the
mid-1900s, six mainstem dams were built on the uppeithivds of the ver, changing much of
the main channel from lotic to lentic habitat and inundating any remainirapaffnel habitats
(Whitley and Campbell 1974; Galat and others 200baddition to alteringhte aquatic habitat
in the main channel and floodplain, these modifications also impacted the riparian vegetation and
forest structure along the undammed sections of the river, largely by eliminating thedlsed
dynamics that generated open sandbarsdtionwood forest regenerati@fohnson and others
1976; Dixon and others 2012)utside of the headwaters, only a few segments of unchannelized
or undammed river exist today, two of which irtla t hnel 1fe309 -mnded59egment s
designated as the Missouri National Recreational River (MNRR) in southeast South Dakota and
northeast Nebraska, USA (segments 8 and 10, respectively, Figure 1) .

Here, we used field collections of aquatisect emergence in the MNRR, along with
historical estimates of offhannel habitat area, to estimate th@am of insect production that
has been lost due to the removal of floodplain habitat in the Missouri River between the 1890s
and 2012. We chosedbe years to take advantage of existing maps afhaffinel habitat
available across eight segments of the river during that time(@uest 2014) We then
combined this result with field measuregipfrian bird densities and allometric estimates of
energetic requirements to estimate how losses of insect emergence may affect woodland

insectivorous birds along the Missouri River.

Methods

Insect Collection
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We collected emerging aquatitsects using floating emergence traps (0.36500 um
mesh, Cadmuand otherg016) in four backwaters along the Missouri River (Table 1). The
backwaters were located in Bow Creek Recreation Area within the Missouri National
Recreational River (lat: 4280682, long:97.146950) (Figure 1). Two backwaters were in an old
side channel, one below and one above a tempo
Afabove damo). These two sites are | ocated ~0.
and tre side channel is connected to the main channel in most years (Warmbold 2016). The third
site is a |l arge backwater that is ~0.1 km fro
intermittently connected to the mainstem. The fourth site is a smalledddatkwater that is
di sconnected from the mainstem (hereafter fism
Emerging aquatic insects were collected from the site below the beaver dam in all four
years (2014, 2015, 2016, and 2017). We also collected emergence from the site abaesthe be
dam in 2016 and 2017. Emergence data from the large pool and small pool were collected in
2017. Collections occurred duringgdday intervals during the summer months in all years, and
in late spring and fall in 2017 (Table 1). Collection methedseidentical across years, and
followed established protoco(®1alisonand other2010;Warmbold 2016; Warmbold and
Wesner 2018)Briefly, we anchored-9 traps per siteép the substrate wittent stakes, arranging
them haphazardly within each pool on water that was between ~0.25 andiéep. The
number of traps per sitbkepended ohabitatarea(Tablel) and the purpose of the associated
study (see below arnable S). The backwatergenerally had little emergent vegetation (due in
part to the presence of invasi8dver Carp Hypophthalmichthys molitrpand Grass Carp
(Ctenopharyngodon idel)aand a horagenous substrat€he traps contained collection bottles

with mesh netting that provided surface area foinkects to colonize once the emerged
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(Cadmusand other2016). We removed the bottles and replaced them evényays. In
addition, nsects were agpited from the inside of the traps on the same days by gently lifting the
trap to minimize the chance of insect escape. All insects stered at 4°C, and soddo family
or species in the lafiraps were cleared of debris between collections.

The emergence protocols were repeatgubasoffour separate studig3able ). Three
of those studies included fish exclusion experiments, in which traps wersidetand outside
of fish exclusion cages (e.g. Warmbold and Wesner RE8 those studiesye only used data
from the traps that were outsidéthe fish exclusion cageshefourth study(Oddyand others
unpublishedTable S} did not includesxclusion cagesAs a resultall emergence data in the
present study represents oshmples of ambient emergence from the backwaiesssubstrate
disturbance as a result of our sampling efforts did not appear to affect emergence basgie
comparisons with falsbottomed cages (which prevented substrate disturbance during
collection)(Warmbold (2016)

To determine dry mass, we weighaetween 1 to 19thdividuals from each taxon in
most traps, and calculated mg dry mass per iddal. This resulted i660 totalestimates of
individual insect dry massf adult aquatic insects from collections in 2015 (628matesand
2016 (3lestimats). The number of samples differed between years due to the experimental
design (more traps in 2015), and also because insect weights in 2016 were derived by weighing
10 or more insects per weighing event, while those in 2015 included both weights of combined
individuals and of single individuals. Because dry neggsearedimilar between yeai@igure
S1, we did not weigh insects in 20Ilhe taxonomic composition of the weighed samples was

similar to that of the overall emergence samples; Chironomidae eeped<95% of weighed
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samples and >97% of emergence samples. The remaining weighed taxa were Ephemeroptera

(23/660 or 3%), Odonata (5/660 or <0.01%) and Trichoptera (5/660 or <0.01%).

Analysis

We used Bayesian models to estimate the posterior distribofti@) mean individual dry
mass, and b) daily emergence dry mass from May to September. For individual dry mass, we
used an interceqinly generalized linear model with individual dry mass (mg) as the response
variable with a Gamma likelihood and a logkli We specified a vague normal prior distribution
for the intercept with a mean of 0 and sd of 2,N®,2) (Table S2) This model did not include
month as a predictor, becaudetp of samples over each momsiinggested thdhe dry mass of
individual insectavas similarover time(Figure S1)

To calculate dry mass of the entire emergence sample, we multiplied the number of
insects in each sample by a random sample from the posterior distribution of individual dry
massThis was converted taily production per unit area by dividing by the trap area (036 m
and the number of days that traps wereWetthen modeled emergence production
(mgDM/é/d) from May to September using a generalized additive mixed model (GAMM) with
daily emergence pduction as the response variable, day of the year as a smoothed predictor
variable, and location and year as random eff@tte.degree of smoothing was optimized to
avoid overfitting via generalized cresgalidation(Wood 2017) We chose to use a GAMM
because emergence patterns were highlylimearovertmea nd GAMMOG6s ar e i deal
modeling such dat@Hastie 2017)We used a weakly informagvprior for the intercept based on
estimates of meadhaily emergence from 62 lentic studies of emergefable S2. All other

parameters contained vague priors based on standard probability distributions (eaudtal
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181 Studends-t, gamma) Table S2. Graphical comparisons of the prior and posterior distributions
182 indicated that prior influence on the outcome wagkwrelative to the influence of datadure

183 S2.

184 After fitting the GAMM, we estimated cumulative insect production over all months

185 (May-Sep) by first simulating 112 days of emergence from the posterior distribution of the

186 GAMM. This generated 1000 estates of the posterior distribution of daily emergence for each
187 of the 112 days. We then summed across the 112 days at each iteration to generate a single
188 posterior distribution of cumulative insect emergence from late May teSedemberBecause

189 the ba&waters are typically under ice from early November throughiviadch, weassume that

190 this approximates annual insect production in the syskéis is a conservative estimate that

191 assumes zero emergence between ice out ifMar@h and our earliest emergee collection in

192 late May, and also zero emergence between our last collection in early September and ice cover
193 in early NovembenWhile emergence is unlikely to truly be zero on these dates, we estimate that
194 itis likely to be trivially small compared mergence over the summese€Emergence before

195 and after our sample dateSupplementary Informatijn

196 For all models, the posterior distribution was estimated using the Hamiltonian Monte

197 Carlo algorithm irrstan(Stan Development Team 20Ma thebrmspackaggBurkner 2017)n

198 R (v3.4.2,(R Core Team 2017We ran 4 chains with 2000 iterations each, with the first 1000

199 discarded as warmup.

200

201  Annual emergence production for 1566 km of PlissRiver

202 In addition to describing emergence at the four backwaters using the fitted regression line

203 and credible interval, we also used gredict() function frombrmsto predict emergence at new
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sites by sampling from the posterior distribution. Ritedl emergence has wider credible

intervals than fitted estimates because it incorporates uncertainty using the standard deviation of
the random effects term. We multiplied the predicted emergence distribution by the total surface
area of offchannel halbats in eighunimpoundedegments, encompassing 1566 river km

(Figure 1;Table S3. The surface area of ethannel habitats in each segment was calculated for
the early1890s, mid950s, 2006, and 2012 by Quist (201Palfle S4, usinginterpretation of
historical maps (for 1890s) and aerial photography (for 2:2802). Quist (2014) estimated the
surface area of 10 atfhannel habitat types, but we limited our analysis to four of those habitats
that most closely matched the habitatsrfnehich we sampled emergence (backwateackups,
floodplain lakes/oxbows, and restored backwaters). This allowed us to estimate the amount of
emergence production lost over the past 122 years due to channelization, channel incision, and
drainage of backaters(Yager and others 2013; Quist 201B¥stimates of habitat area were
available for all segments and years, with the exception of segments 0 and 2 in 2012, and

segment 11 ithe 1950 .s

Bird physiological requirements and abundance estimates

To determine how many riparian woodland birds our emergence samples could support,
we calculated community energetics for the terrestrial riparian bird community from bird density
estimates generated frobird surveys in different successional stages of riparian forest inthe 39
mile and 59mile reaches of the MNRMBenson 2011; Munes and others 2018§ calculated
field metabolic rates for bbird species (36 total) that were regular components of the breeding
riparian forest avifauna. These estimates do not include swallows (Family Hirundinidae), which

are major consumers of aquatic insects but are usually associated with riverine fabéats r
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than directly with riparian forests in the study area (Tallenach other2002). We calculated

field metabolic rates frorAnderson and Je{2005)

Logio FMR = 0.7582 + 0.6979(LagMb) i 0.0075 (Ta) + 0.018 (DL)

where FMR is field metabolic rate (kJ/day), Mb is body mass (grams), Ta = mean daily
temperature (°C), and DL = mean daggth (hours). We then multiplied the FMR from this
equation by 1.1921ifte ant i |l og of the AGroupo e®IPIHYnent
to determine FMR for a particular bird species in the present study.

We used mean daily temperatures and day length for June, the period of maximum insect
emergence, for Vermillion, SD, which is in the middle of thexii® reach of the MNRR
(segment 10). For body mass (Mb) values applied to field metabolic rate calaylatonsed
summer data from local bird populations, if availafdetenhoffer and Swanson 1996; Swanson
and Liknes 2006; Swanson 2018hd used data frodunning(2007)when local data were not
available. When Mb values were provided separately for males and fem@esmimng 2007,)
we used the arage value for the two sexes to calculate field metabolic rates. We then
multiplied density estimates (birds/ha) for each species by the field metabolic rate (kJ/d) for that
species to compute specigecific energetic cost estimates (kJ/d/ha).sWemedthe species
specific energetic cost estimates to compute a community energetic cost estimate (kJ/d/ha) for all

birds for each of six successional stage categories of riparian forest.

Test for bias and prior sensitivity
Because our model contained emeigedata from a combination of different sites,

years, and months, we were concerned that the estimates obtained from the full generalized
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additive model might be biased by the different sampling efforts at each site. To test for this
potential bias, we rean the analysis four times, leaving out one of the four sites each time. We
then compared the predictions of annual emergence from these four models to that of the full
model Table S5. To examine the influence of the priors, waaa the model with te

alternative prior specifications for the intercept. One model contained a wider standard deviation
(log(100) instead of log(50)), and the other model contained a nearly flat prior centered on zero

with a wide standard deviatioN(0,1000).

Unit conversbn and precision

All data were analyzed initially as mg of dry mass, but we also report results in units of
carbon or kilojoules (kJ). Conversions from dry mass to carbon used established conversion
factors(Gratton and Vander Zanden 200@) which the percent of insect dry mass that is ash
was first subtracted from the total dry mass. We assumed that insect dry mass contained 5.3%
ash based on average ash content from 7 chironomid species analyzed by Cummins and
Wuycheck (1971). For instsx; ashfree dry mass (AFDM) contains ~50% carl{@&enke 2001)
Thus, we assumed that the amount of carbon in insects was 0.5*AFDM. To convert dry mass to
kJ, we assumed that a gram of insect dry mastained 23.012 kJ of energy based on estimates
from Cummins and Wuycheck (1971).

To avoid overstating precision, we rounded all estimates of annualvigierflux to the

nearest thousand (e 36,278 kgC would be reported below26000).

Data and Rcode

12
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Data and R codi reproduce modelfigures,and summargtatisticsare available at

https://doi.org/10.5281/zenod0.2582597

Results
Insect community
Aquatic insect emergence wagminated by Diptera, which represented >97% of dry
mass in each year. Of the Diptera, nearly all (96%) were Chironomidae, with <1% composed of
Ceratopogonidae, Dolichopodidae, and Tipulidae. The remaining insect taxa were

Ephemeroptera, Odonata, and Tadptera.

Insect emergence

Insect emergence was lowest in late May, when it ranged between/&gto/nt/day
(95% Crl) with a median d (Figure?2). It peaked in midlune, ranging betwedri to 78
mgC/nt/day (95% Crl) with median of 31, and then deetl slowly thereafter to ~4
mgC/nt/day by late September (Figurk h total, 0.6 to 4 gC/A(95% Crl) emerged from
backwaters annually, with a median of 1.5 (Table 2).

Based on the posterior predictive distribution, new sites are likgsottuce between D.
to 17 gC/ne/yr (95% Crl) with a median df.5 (Table 2). Multiplying that production by the area
of off-channel habitats along the lower six segments (949 river km; upper two segments did not
have estimates of habitat area in 2012hefMissouri River revealed that annual insect
production in 1890 ranged betweEs,000to 968,000kgC/yr (95% Crl), with a median of
105,000 In 2012, predicted production ranged betw@@d0Oto 633,000kgC/yr (95% Crl), with

a median 068,000(Figure 3) That represents a median los36f000kgC in 2012 compared to

13


https://doi.org/10.5281/zenodo.2582597

296 1890, a 34% decline (Table 3). There is considerable uncertainty in this estimate, with a 95%
297  probability that the decline was betweg00and160,000kgC (Table 3).

298 The decline iremergence was heavily concentrated in the lower segments, which

299 historically contained the largest amount ofciffinnel habitat, and thus the largest amount of
300 potential insect emergence (Figufe For examplesegment 12 accounted 18r% of the

301 declinein emergencand segment 13 accounted for an additional ,2i8th of which are

302 channelized segments.

303 While riverwide emergence from oeffhannel habitats has declined substantially over
304 time, estimatecemergence from some individual segmentsincreaseds® t he 18906 s.
305 most dramatic in segment(Bigure4), where annual emergence initially declined by 5 kgC/m
306 (95% Crl: 0.4 to 72jrom the 1890s to 19508y 2012,emergencéadincreasedy 30 kgC/m

307 (95% Crl: 2 to 370) relative to the 189006s
308

309 Test for bias and prior sensitivity

310 We reran the analysis four times, each time leaving out collections from one site.

311  Median annual production across the four models ranged f®to 1.9 gC/n¥/yr. This was

312 similar tothe median for the full model df5gC/n¥/yr (Table S5. There was strong overlap in

313 the posterior predictive distributions of all modétgglre S3, with the 95% credible intervals

314 for all models ranipg from <1 to 61 gC/n¥/yr (Table S, indicating that no single site

315 dominated the results of the full model.

316 Prior specification had almost no influence on the posterior. This is indicated by the

317 strong overlap in the posterior predictive distributiaiosf the original model compared to
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models with either a wider standard deviation on the intercept or a mean centered on zero for the

intercept Figure %).

Bird physiological requirements and abundance estimates

Bird community energetic costs rangeom 3800to 4,00kJ d* hat in the different
successional stages of Missouri River riparian foréstgife S5. Community energetic costs
weregenerallygreatest for the avifauna witermediate agedottonwood forest and lowest for
old cottonwood forestliffering by only 21%on averageEarly successional habitats (CW1 and
NCW in Figure S9, which are often those nearest the river and therefore potentially the most
likely to receive aquatic subsidies, produced intermediate levelsrébcdammunity energetics.
For an average sized backwater in the MNRR, such as Gunderson Backwater (approRimately
ha), near Vermillion, SD, this amounts to aquatic subsidies ranging from approximaedy 2,
kJd in late May td24,000kJ/d in mid-June to3,000kJ/d in mid-September. These energetic
subsidies could support the entire terrestrial adult breeding riparian forest bird comifahbiéy
S6) on 04 to 0.5ha in late May, o to 6ha in midJune, and 00.7 to 0.8ha in midSeptember
These estimates are derivesing the minimum@wW4) and maximum@W3) averagevalues for
bird community energeticsespectivelyfor the different successional stages of cottonwood and
norncottonwood forest along the MNRRigure S%. The median loss of insect emergence
across the lower six segments of the Missouri River is equivalent to the amount of energy needed
to support 490000(95% Crl: 13,000 to 2,800,006@parian woodland birds fat20 days(the
approximate length of the migration and breeding seaasayming community energetic

requirements of 4@ kJ/d/ha, and a mean density of 59 bitdg(Table S§. When assuming an
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340 energetic requirement of 3,800 kJ/d/ha, the estimate increas28),000 birds supported

341 (16,000 to 2,800,000).

342

343 Discussion

344 The most important result of this study is thatdffinnel habitats in the Missouri River
345 represent a substantial source of emerging aquatic insect production, but that production has been
346 drasticaly reduced due to habitat loss over 122 years. In the early 1890s, our lower six study
347 segments had a length of 1062 km (Figure 1). Predicted insect emergence irctaannél

348 habitat in these segments totaled ~180,000 kgC/yr (median). By 2012, treaivgiour study

349 segments had been shortened by 128 km (12%), due largely to channelization below Sioux City,
350 1A (USA, downstream of segment 1@uist 2014) Channelization eliminated nearly all the-off
351 channel floodplain habitat in this river sectidforris and others 1968; Quist 2014)s a result,
352 predicted aquatic insect emergence in the lowesegments in 2012 was ~34% lower than

353 emergence in 1890, resulting in lost yearly insect emergence tot8&@00 kgC. The decline
354 in emergence due to habitassis based on direct estimates of emergence, which indicated
355 moderate insect production.edian emergence from our four collection sites was 1.5 g@/m
356 (fitted median), which was lower than mean emergence across 62 global lentic habitats (2.8
357 gCIntlyr; Figure S4. In five off-channel habitats along the Platte River, NE (USA), a large,
358 braidedriver in the Great Plains, USA, insect emergence production ranged from 0.06 to 2.4
359 gC/nt/yr across habitat@Vhiles and Goldowitz 2001)

360 Based on estimates of energetic requirements for woodlashddommmunities, the amount
361 of emergence from Missouri River efhannel habitats in the early 1890s could have supported

362 ~550,000 woodland birds fat20 days approximately the length of the breeding and nesting
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376

377

378

379

380

381

382

383

384

385

seasonThis is a conservative estimate based on a mature forest bird community that uses 4656
kJ/d, the most energetically costly successional stage community in our dataset. By 2012, the
number of kids that could be supported at that lewab~350,000, a 36% declineThese
estimates assume that riparian bird diets consist only of adult aquatic insects, which is almost
certainly incorrect. Riparian forest birds consume aquatic insects as a sigrirfhcéion of their
diets(Nakano and Murakami 2001)ut that fraction is likely less than 25% on aver&ggkano
and Murakam{2001)found tha the bird community of a temperate forest obtained ~24% of
their annual energy budget from emerging aquatic insecssudies of migratory birds from
riparian forests in our study section (segment 10), aquatic insects represented 5.7% of all dietary
items of the spring (mid\pril to early June) migrant bird community and 14.6% of the fall {mid
August to late October) migrant bird community (Liu and Swanson 2014; Liu 2015). If we
conservatively assume that riparian birds in the MNRR obtain ~10% of tireinbenergy
budgets from emerging aquatic insects (the average of their fall and spring aquatic insect use),
then the loss in emergence from 1890 to 2012 is enough to remove dietary subsidies from
~1,900,000 birds. However, because aquatic insect emergehigher in middune and July
than it is during migratory periods, it seems likely that aquatic subsidies to terrestrial bird
communities might also be higher during summer than during migratory periods. We do not have
dietary estimates for birds duritigis time period, but if the bird communities obtained 24% of
their annual energy budgiethe estimate from Nakano and Murakami (2001)en the loss in
emergence is stillmough to subsidize ~®D00 birds.

While river-wide emergence declined overainergence in some individual segments
i ncreased s Mostoéheselnereades Belikely caused by fluvial geomorphic

processes associated with the construction of large mainstem damsdNol&ther2015). For
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400
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404
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408

examplethe increase ipredictedemergence in segment 8 was largely caused by an increase in

off-channehabitatin that segmerdue tosediment aggradatiamhere the Niobrara River enters

Lewis and Clark Lake,

a |

arge

created a new delta containing shallow;@fainnel aquatic habitats thdtl not exist before the

construction of the dams (Vollend other2015). Similar processes likely explain the increases

in estimatecemergence in segments 2 and 4, which fidswo into largereservoirsonstructed in

t he 1950 06 sndahovdassbeied deibaformation at their downstream .efoe factors

related taan increase ibackwater areéand estimated emergende)segnent 10 are less clear,

as this reach does not canta downstream dam and reserdagerand other2013.

Regardless of their causes, the overall contribution of these increasesaialthenbunt of

predicted emergence in thiger are smaltelative to the large losses in tloever reaches.

Segmentli2lost~49 kgC/ km bet ween

t

he Ilz&8iéhofdhe and

mainstem and conversion of the floodplain to agriculture or urban development. Thatll&ss

times higher than the amougdined in segment@ver the same perio#loreover, segment 12 is

224 river km long, while segment 8 is only ®2er km long. When we multiply the per km loss

r 4. $hisragg@dation ¢ o n s t

2012

in emergence by the length of each segment, the losses from the lower segments, particularly

segments 2and B, dominate the total rivervide loss, accounting for88% of lost emergence

production(Figure ). These lower, channelized segments historically contained the highest

natural density of ofthannel habitats, and were also the most heavily modified through

channelization. Thus, while human modifications to the river channel have caused both increases

and declines to potential emergence, the increases pale in comparison to the declines.

Unfortunatelyhabitatd a t a

(segment 11)so estimating rivew i d e

wer e

f

u X

not

n

a v aonelofthe lower segmerttsh e 1 9

t he Ho®dvd, dfsthe wa s

18

not



409

410

411

412

413

414
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416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

segmentshat did contain data from this decaditshowed a declineEr om t htethel 8 9 0 6 s

1 95 0 gwe S{;Begments 4, 8, 10, 12, 48Y) Only one of thessegmentsvaschannelized

by the 1950 pbatitismdegqrnwvbyrptdicted 8mergence declinedthe un

channelized segments The data from the 195006s were taker

most ofthe mainstem dams (Quist 20 1well before any effects of the fluvial geomorphic
processes that created the deltas and subsequent increasehano#l| habitat and emergence.
As a result, it seems likely theitial channel incision below dams aadricultural development

in theriparian areas contributed to the initial decline ofofh a n n e | habitat in
speculation deserves further study.

Loss of aquatic subsidies might disproportionately contribute to population declines for
early successional bird speciescs early successional habitats typically border the river, so
these birds might be most likely to receive aquatic subsiBesausef the flow regulation
induced decline in early successionphrianhabitats since closure of the dams in the $50
(Dixonand other012), early successional bird species may be the most threatened group of
riparian forest birds along the Missouri River (Swanson 1999, Mamé®ther2015).No
uniform regional (central U.S.) population trends for early successiona®uaies are evident,
however, although some species including eastern kingbyrarinus tyrannys brown thrasher
(Toxostoma rufuip common yellowthroatGeothlypis trichay field sparrow §pizella pusilla
and orchard oriolel§terus spuriuyshow dedhing population trends from 196815 (Sauer
and other2017), roughly coincident with the period since dam closure on the Missouri River.
Nevertheless, because these species are geographically widespread, it seems unlikely that
declining aquatic subsideon the Missouri River alone are a prominent factor contributing to

population declines in these species.
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432 The numbers above are derived from measures of insect biomass, but relying on biomass
433 alone may underestimate the importance of aquatic insects to riparian insectivores along the
434  Missouri River. For instance, adult aquatic insects obtain some polyunedttathy acids

435 (PUFAs) from freshwater algae that produce PU
436 terrestrial planbased food chains, and thus are not present in terrestrial i(Ge&dyg$ev and

437 others 2009; Hixson and others 2015; Popova and others. Z& &)result, the subsidy of

438 aquatic insects to riparian insectivores may provide a critical resource that cannot be obtained
439 simply by switching diets to focus on terrestrial insects.dxample, tree swallow chicks had

440 improved growth, condition, and immunocompetence when fed diets containing high levels of
441 PUFAs (proxy for aquatic insects) compared to a diet with low levels (proxy for terrestrial

442  insects)Twining and others 2016)

443 Moreover, obtaining aquatic insect prey outside of the floodplain may be difficult for

444  many riparian consumers along the Missouri River due to the relative scarcity of freshwater in
445 the Midwestern U.SThe Missouri River flows through the U.S. states of Montana, North

446  Dakota, South Dakota, Nebraska, lowa, Kansas, and Missouri. Permanent surface water habitat
447  (lakes, wetlands, rivers) in those states covers an average of 1% of total land area

448  (https://wakr.usgs.gov/edu/wetstates.html). By comparisothemearby states ®¥isconsin,

449  surface water covers 17% of the land area, and produces a total insect emergence of 5,400,000
450 kgClyr(Bartrons and ottrs 2013)Because of the relative scarcityathersurface freshwater

451 along the Missouri River, it may be more difficult for riparian insectivores to replace the

452 energetic subsidies that are lost when freshwater habitat in the floodplain disappears.

453

454  Caveats
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As with any attempt to scale up from local samples to broad spatial predictions, our
results have a number of important caveats. We estimated insect production based only on
samples from 2022017, but multiplied those estimates by surface ard#ib89G. Thus, our
estimates effectively assume that areal aquatic insect emergence was constant between 1890 and
2017. We are not aware of historical measures of insect emergence, and so cannot test this
assumption. However, between 1963 and 1980, besghkimndary production of
macroinvertebrate larvae in one backwater within our study reach declined bijv&k%and
Hesse 1993)If this trend is reflective of adult aquatic insect emergence, theouid suggest
that not only has insect emergence declined due to losses in freshwater surface area but perhaps
also due to declines in production within remaining habitats. If that is the case, then our estimates
of lost production are highly conservativiternatively, air temperatures in this region have
increased by ~0.5 to 1°C over the past century, particularly in the upper segments of the Missouri
River (Hanserand other2001). Whether this has translated to increases in water temperature is
unclea. Insect emergence production is positively related to water temper@@ara®ns and
others 2013)so it is possible that the loss of habitat for emergence has been somewhat offset by
temperaturgelated increases in areal production within those habitats. However, any increase in
production due to temperature changes is likely to be small relative to the declines in production
from extensive habitat loss.

Our measures of emergence also come from a giegtd alonghe 3767 km long
Missouri River. Along this length, the river flows across 10 degrees of latitude and 22 degrees of
longitude. This undoubtedly creates broad variation in local environmentaisfdlcat may
impact insect production. For example, it is likely that production in warmer, lower latitude

habitats will be higher than production in our field sitesaddition, the size, water quality, and
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food webs of other backwaters are likely toyweonsiderably beyond our sample sites. We do

not have estimates of this variability for the majority of the riki@wever, it is worth

emphasizing that the posterior predictive distribution for insect emergesiaghiy lower than

the global mean fdakes, but with 95% credible intervals that range over an order of magnitude
and include most estimates of emergence from other lentic habitats, our model predictions
cover a wide range of potential insect productligire 1), but should be viewkas testable
predictions for future surveys in different locations, perhaps using our posterior distribution as a
prior distribution in future studiesn addition, while emergence is certain to vary widely among
existing offchannel habitatand among yars the ecological importance of this variation would

be small relative to the complete loss of aquatic insect emergence due to habitat loss.

Management implications

In the Missouri River, management agencies have attempted to mitigate tbiedfiss
channel habitats by constructiagificial backwaters and sidehannelgYager and others 2013)
Typically, the justification for these projects is that they will improve the recovery of ¢éhexht
or endangered fish speci@sesse 1994; Sterner and others 2009; Dzialowski and others 2013;
Yager and others 2013his is undoubtedly trydut our data indicate thahese bendés may
extendto riparian insectivores. The potentiat backwater habitat restoration to impact riparian
insectivores like birds provides an additional justification for these projects beyond their
importance to freshwater floodplain ecosystems (Toc&ndrStanford 2002). For exampile,
the MissouriNationalRecreational River in 2008, ~9% (21/243 ha) of backwater habitat consists
of restored backwaters (Yagand other2013). Thais enough to subsidize ~700 birds that

obtain 24% of their annual emgrbudget from emerging aquatic insett@roduction in
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restored or created backwaters is similar to production in natural backwaters, then our results
demonstrate that these restoration efforts could have a substantial impact on riparian insectivores

by restoring aquatiterrestrial subsidies on the landscape.
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Table 1. Site descriptions for four backwaters in the Missouri National Recreational Riv

from which insect emergence was collected.

Emergence collected

max  max
area
site depth temp 2014 2015 2016 2017
(m?)
(m)  (°C)
below dam 448 0.6 25.7 JulAug JunJul  May-Sep May-Jul
above dam 4500 0.6 27.5 May-Sep May-Jul
large pool 5760 >2 n/a May-Sep
small pool 250 1 n/a May-Sep
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Table 2. Estimates of the annual production of insect emergence from
Missouri River backwaters in units of grams of dry mass, grams of carb:
and kJ. Fitted estimates are summaries of the posterior distribution basi
the four sites from which emergeneas directly measured. Predicted
estimates are posterior predictions for new sites. The predicted estimatt
were used to measure production at the segment and riverfoak®5so and

fihigh9 are the lower and upper 95% credible intervals.

fitted predicted
units low95 median high95 low95 median high95
gDM/m?lyr 1.2 3.2 9 0.3 3.3 36
gC/milyr 0.6 1.5 4 0.1 1.5 17
kJ/milyr 26 71 186 14 70 313
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Table 3. Summary of the posterior predictive distributiothef
change innsect emergendeom off-channel habitatsetweenhe
1890sand 2006 02012 Data are for segments18 in the Missouri
River. low95 and high95 are the lower and upper 95% credibl
intervals.Comparisons tthe 195 are excluded, because no dat:

were available ithe195@® &om segment 11

predicted change (kgQly

start end low95 median high95
1890s 2006  -812,000 -57,000 -4,000
1890s 2012  -507,000 -36,000 -3,000
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697 Figure 1:A map of the study segments within the Missouri River. Black bars represent
698 mainstem dams. Numbered segments indicate the study segments for which we modeled insect
699 emergence using historical and current estimates afaffinel habitat area.

700
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704  Figure 2. Fitted and predicted daily insect emergence production using a generalized additive
705 mixed model. Each symbol represents a single emergence trap at one of the four sites. The solid
706 line is the median emergence. The dark gray represents the Qfi%ecneterval for emergence

707 at the four collection sites. The light gray represents the 95% prediction interval for new sites.

708
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711  Figure 3. Predicted annual aquatic insect emergence from backwatersialsegments of the

712  Missouri River from 1890 to 2012. Boxplots summarize the posterior predictive distribution of

713 emergencékgC/yr) from the generalized additive model (see text). Those predictions were

714  multiplied by the area of backwaters in each segment and year as egtop&uist (2014).

715 Boxes show the median and quartiles. Whiskers show 1.5 thejuderle rangeResults fothe

716 1950 are excluded, because no data were available in that year from segments 11 and 12, which

717  exported the vast majority of rivevide insect biomass.
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721 Figure4. Predicted annual aquatic insect emergence from backwaters along 8 segments of the
722  Missouri River (0 to 13 is upstream to downstream). Boxplots summarize 1000 simulated

723 predictions of emergence per river km from gfemeralized additive model (see text). Those

724  predictions were multiplied by the area of backwaters in each segment and year as estimated by
725 Quist (2014). Boxes show the median and quartiles. Whiskers show 1.5 thepuistile range.
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Supplementary Information

Individual dry mass
The mean and standard deviation of the posterior distribution of adult insect dry mass was 0.72 +

0.03 mdindividual (mean + sd).

Prior justification

Because the predictor (days) is centered in the mdueintercept in our model represented
meandaily insect emergence (mgDM?fd) near the end of JulyWe assumed that a reasonable
prior for daily emergence iduly was a normal distribution with a mean of 10 mgDMthwith

a standard deviation of 50¢bleS2). To determine this prior, we calculated the average daily
emergence from 40 publications of annual emergence by dividing annual emergence by 365
days. The result was mean daily emergend2ohgDM/n?/d with a standard deviation 2.

We assumed thanost of this emergence occurred in June and July (most sites were temperate
sites). Therefore, we chose normal(log(10),log(50)) as a reasonable estimatestbamewhat
lower than expected peak emergence,jieiided anywhere from zero emergence (oowgko

>100 mgDM/n?/d. Because the expected outcome in the model is filtered througHiakod

can take on negative and continuous values. Therefore, a normal prior distribution seemed like a

reasonable choic@ther prior specifications were chosenvague priorsTable S2.

Emergence before and after our sample dates
To approximate the amount of emergence we might have missed by not sampling before May or

after September, we useddianemergence on our first and last sample ¢&atnd 4gC/nv/d,
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759

respectively)divided it by two, and multiplied by 60 to simulate 60 days of additional
emergence on either end of our sampling period. Using two as the denominator was arbitrary, but
it corrected for the fact that measured emergence on the first and last date occurred in the middle
of declining trends in each direction (i.e. declining towards earlier dates, and declining towards
later dates, Figure 2). Dividing by two simply assumed that reg@rgence before and after our
sample period was likely to be about 50% of what we measured on those dates.

Using the methods above, we estimated that an additional 60 days of sampling before and
after our collection periods would Veyielded ~0.2)C/n/yr. This is a small amount relative to
the total flux (1.5 gC/riyr), particularly given that thencertainty in total flux ranges ovan

order of magnitudefrom 0.6 to4 gC/nt/yr (95% Crl)
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Table S1. Summary of the number of traps and arealleictions used to gather

emergence data. Data were collated from four studies across four sites in multipl

months and four years.

study site date collectec n  area(m?)
Warmbold 2016 below 7124/2014 3 1.08
Warmbold 2016 below 8/2/2014 3 1.08
Warmbold 2016 below 8/12/2014 6 2.16
Warmbold 2016 below 8/15/2014 5 1.8
Warmbold and Wesner 2018 below 6/3/2015 4 1.44
Warmbold and Wesner 2018 below 6/17/2015 4 1.44
Warmbold and Wesner 2018 below 6/20/2015 4 1.44
Warmbold and Wesner 2018 below 6/23/2015 4 1.44
Oddyand othergunpublished) above 6/28/2016 2 0.72
Oddyand othergunpublished) below 6/28/2016 2 0.72
Oddyand othergunpublished) largepool 6/28/2016 6 2.16
Oddyand othergunpublished) smallpool 6/28/2016 2 0.72
Oddyandothers(unpublished) above 7126/2016 2 0.72
Oddyand othergunpublished) below 7/126/2016 3 1.08
Oddyand othergunpublished) largepool 7/26/2016 6 2.16
Oddyand othergunpublished) smallpool 7126/2016 4 1.44
Oddyand othergunpublished) above 8/30/2016 3 1.08
Oddyand othergunpublished) below 8/30/2016 3 1.08
Oddyand othergunpublished) largepool 8/30/2016 6 2.16
Oddyand othergunpublished) smallpool 8/30/2016 4 1.44
Oddyand othergunpublished) above 9/6/2016 9 3.24
Oddyand othergunpublished) below 9/6/2016 9 3.24
Oddyand othergunpublished) largepool 9/16/2016 3 1.08
Oddyand othergunpublished) smallpool 9/16/2016 4 1.44
Wesner and Seidel (unpublished) above 5/28/2017 1 0.36
Wesner ané&eidel (unpublished) below 5/28/2017 2 0.72
Wesner and Seidel (unpublished) above 6/6/2017 3 1.08
Wesner and Seidel (unpublished) below 6/6/2017 5 1.8
Wesner and Seidel (unpublished) above 6/12/2017 3 1.08
Wesner and Seidel (unpublished) below 6/12/2017 4 1.44
Wesner and Seidel (unpublished) above 6/16/2017 3 1.08
Wesner and Seidel (unpublished) below 6/16/2017 5 1.8
Wesner and Seidel (unpublished) above 6/23/2017 3 1.08
Wesner and Seidel (unpublished) below 6/23/2017 5 1.8
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TableS2. Prior specifications for the generalized additive mod

used to estimate daily and annual insect production.

Prior Parameter Random effect

normal(log(10), log(50)) Intercept

cauchy(0,1) sd_loc loc
cauchy(01) sd_loc:year  loc:year
student_t(3, 0, 10) sd_s

gamma(0.01, 0.01) shape
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764  TableS3. Description of study segments. Total length of all reaches combined is 1566 km (973

765 river miles). Modified from table by Dixoand otherg2012).

Segment River km Length
numbet Description Type of Segment (1960 (km)
0 Wild and Scenic reach

FortBenton to Fort

Peck Lake Unchannelized River 33363085 251
2 Fort Peck Dam to Lake Inter-Reservoir (89%),

Sakakawea Delta/Headwaters (11% 28502483 366
4 Garrison Dam to Lake Inter-Reservoir (83%),

Oahe Delta/Headwaters (17% 2237 2069 167
8 FortRandall Dam to Inter-Reservoir (92%),

Springfield, SD Delta/Headwaters (8%, 14161353 62
10 Gavins Point Dam to

Ponca, NE Unchannelized River 13051211 93
11 Ponca, NE to Sioux

City, 1A Channelized River 12111182 28
12 Sioux City, IA to

Plattsmouth, NE Channelized River 1182958 224
13 Plattsmouth, NE to

Kansas City, MO Channelized River 958588 370

TOTAL 1565

766

767 Correspond to USACE segments in Jacokmwhother$2010), except for segment 0, which

768 was added by us (not numbered by USACE)
769 2Calculated from 1960 River Miles for USACE segments (see Jacabsbother2010).

770
771
772
773
774
775
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776 TableS4. Estimated areas (in ha.) of backwaters and related hgbigatsvater, backup,
777 floodplain lake, restored backwater) per river segment and date (Quist 2014). Area estimates

778 were not available for segment 11 for the 1950s and for segments 0 and 2 for 2012.

Backwater Area Estimates (ha)

Segment
River length

segment  (1960s 1890s 1950s 2006 2012

river km)

0 251 127 58.9 100 NA
2 366 286  702.7 1350 NA
4 167 241 1815 323 474
8 62 62 10.8 272 313
10 93 99 70.4 214 251
11 28 383 NA 105 88
12 224 3904 1773.4 1355 1854
13 370 2206 1213.1 804 1528

779

780

781
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TableS5. Median and 95% credible intervals for annual
emergence production. Summary statistics are derived f

the posterior predictive distribution.

Annual production

(gC/m2/yr)
model sites low95 median high95
GAMM model all sites 0.1 15 19
GAMM model no_above 01 13 16
GAMM model no_below 0.2 1.8 16
GAMM model no_large 01 15 61
GAMM model no_small 01 15 24
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Table $. Densities in birds per hectare for the differercassional stages of cottonwooe: :
4 - early to latestages of cottonwoo® - postcottonwoodand6- non-cottonwood riparian
forest elements in the study area.

Densities (birds/ha) in each habitai

type

Bird Species Scientific Name 1 2 3 4 5 6
House Wren Troglodytes aedon 11.0 109 95 33 38 9.1
Yellow Warbler Setophaga petechia 48 4.7 13.0 121 122 2.6
Baltimore Oriole Icterus galbula 45 51 55 27 20 3.7
Rosebreasted Grosbeal Pheucticus ludovicianus 2.8 3.0 1.3 08 08 31
Warbling Vireo Vireo gilvus 26 24 27 10 05 16
Redeyed Vireo Vireo olivaceous 26 26 04 03 04 17
Black-capped Chickade Poecile atricapillus 21 16 04 02 02 17
American Robin Turdus migratorius 20 16 12 13 04 26
White-breasted
Nuthatch Sitta carolinensis 14 16 02 01 01 13
Redheaded Melanerpes
Woodpecker erythrocephalus 14 15 04 02 02 10
Spotted/Eastern Towhe Pipilo

maculatus/erythropthalmt

S 14 16 18 06 05 18
Eastern WoodPewee Contopus virens 1.3 17 09 02 02 13
Great Crested
Flycatcher Myiarchus crinitus 1.3 1.2 03 01 03 10
Mourning Dove Zenaida macroura 12 17 19 14 15 13
Blue Jay Cyanocitta cristata 1.0 09 08 05 05 16
Northern Cardinal Cardinalis cardinalis 09 11 08 01 04 09
American Redstart Setophagauticilla 08 02 06 05 15 0.2
Ovenbird Seiurus aurocapilla 08 14 01 00 00 04
Downy Woodpecker Picoides pubescens 08 08 05 02 01 05
Wood Thrush Hylocichla mustelina 07 04 01 00 01 03
Orchard Oriole Icterus spurius 06 06 34 51 52 0.8
Gray Catbird Dumetella carolinensis 06 08 12 11 19 0.8
Hairy Woodpecker Picoides villosus 05 04 02 01 01 0.2
American Goldfinch Spinus tristis 05 05 32 51 51 1.2
Eastern Kingbird Tyrannus tyrannus 04 05 18 20 22 0.6
Cedar Waxwing Bombycilla cedrorum 04 02 08 01 12 0.2
Northern Flicker Colaptes auratus 04 09 03 02 04 04
Redbellied
Woodpecker Melanerpes carolinensis 0.4 03 0.1 0.1 0.1 0.2
Indigo Bunting Passerina cyanea 04 02 03 09 05 05
Brown Thrasher Toxostoma rufum 03 03 09 08 08 05
Common Yellowthroat Geothlypis trichas 02 00 04 11 17 0.1
Bell's Vireo Vireo bellii 01 00 07 36 36 00
Song Sparrow Melospiza melodia 01 00 06 21 27 0.1
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Willow Flycatcher
Lark Sparrow
Field Sparrow
Mean densities

Empidonax traillii
Chondestes grammacus
Spizella pusilla

0.1
0.1
0.0

51

0.1
0.1
0.0

51

1.4
0.4
0.3
59

2.9
0.9
0.7

52

2.9
0.9
0.6

56

0.1
0.2
0.1
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790 Figure S2 Comparison of prior and posterior distributions for the smoothing term (b_s_day _n)
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Figure S3 Comparison of posterior predictions of annual emergence from five different models
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805 Figure S4 Posterior predictive distribution of annual insect emergence from Missouri River off
806 channel habitats. Grey lines are individual estimates of insect emergence from previous studies.

807 The blue line is theneanemergencérom all 62 estimates

50



808

809

810

811

812

813

814

815

816

817

1

-~ 6000
©

5000 - T |

4000 - T

kJd' h

p —

w
o
o
o

2000 -

1000 -

Community Energetcs

Cw1 Cw2 CW3 CW4 PCW NCW

Forest Category
Figure S50verall bird community energetics for different riparian forest successional
stages/forest categories for a bird community consisting of 36 species of riparian forest birds.
Riparian bird density data for the-58ile reach of the Missouri National Reciieaal River
(segment 10) for these calculations were obtained from Benson (2011) andavidregkers
(2015). The different successional stages/forest categories are: CW1, cottonwood sapling/pole
forest < 25 years old; CW2, cottonwoindermediateagedforest 2549 years old; CW3, mature
cottonwood forest 5014 years old; CW4, old cottonwood forest > 114 years old; PCW, post
cottonwood climax forest; NCW, nesottonwood sapling/pole forest < 50 years &dor bars

represent the one standard error.
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