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Abstract 14 

 The floodplains of large rivers have been heavily modified due to riparian development 15 

and channel modifications, both of which can eliminate shallow off-channel habitats. The 16 

importance of these habitats for aquatic organisms like fishes is well-studied. However, loss of 17 

off-channel habitat also eliminates habitats for the production of emerging aquatic insects, which 18 

subsidize riparian consumers in terrestrial food webs. We used field collections of insect 19 

emergence, historical mapping, and statistical modeling to estimate the loss of insect emergence 20 

due to channel modifications along eight segments of the Missouri River (USA), encompassing 21 

1566 river km, between 1890 and 2012. We estimate annual production of emerging aquatic 22 

insects declined by a median of 36,000 kgC (95% CrI: 3,000 to 450,000) between 1890 and 2012 23 

(a 34% loss), due to the loss of surface area in backwaters and related off-channel habitats. 24 

Under a conservative assumption that riparian birds obtain 24% of their annual energy budget 25 

from adult aquatic insects, this amount of insect loss would be enough to subsidize 26 

approximately 790,000 riparian woodland birds during the breeding and nesting period (May to 27 

August; 95% CrI: 57,000 to 10,000,000). Most of the loss is concentrated in the lower reaches of 28 

the Missouri River, which historically had a wide floodplain, a meandering channel, and a high 29 

density of off-channel habitats, but which were substantially reduced due to channelization and 30 

bank stabilization. Our results indicate that the loss of off-channel habitats in large river 31 

floodplains has the potential to substantially affect energy availability for riparian insectivores, 32 

further demonstrating the importance of maintaining and restoring these habitats for linked 33 

aquatic-terrestrial ecosystems. 34 

 35 
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Manuscript Highlights:  39 

¶ Habitat loss along the Missouri River floodplain is substantial over 122 years 40 

¶ Lost habitat means lost aquatic insect production on the landscape 41 

¶ We estimate that annual insect emergence declined by ~36,000 kgC since 1890 (34% 42 

loss) in our study segments  43 

  44 
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Introduction  45 

Channelization, dams, and riparian development have altered the structure and function 46 

of rivers and their associated floodplain habitats (Morris and others 1968; Poff and others 1997; 47 

Wohl and others 2015; Kennedy and others 2016). In particular, channelization and dam-induced 48 

changes to the flow of water and sediment have severed the connections between the river and its 49 

floodplain, causing dramatic losses in off-channel habitat (Morris and others 1968; Funk and 50 

Robinson 1974; Hamilton 2009; Yager and others 2013). Off-channel habitats that surround 51 

rivers, such as backwaters, shallow side-channels, sloughs, and oxbow lakes, can harbor unique 52 

taxa and have high secondary productivity of invertebrates (Benke 2001; Whiles and Goldowitz 53 

2005). They also represent crucial reproductive habitats for fish, and their loss is linked to the 54 

decline of some freshwater fishes (Grubaugh and Anderson 1988; Galat and others 1998; Aarts 55 

and others 2004).  56 

While the consequences for these losses are relatively well-studied for some freshwater 57 

organisms like fishes, their effects on landscape-level insect production and potential aquatic-58 

terrestrial subsidies are not well-known. Adult aquatic insects are ubiquitous in freshwater 59 

habitats, where they develop as larvae. When they emerge as winged adults to disperse and 60 

reproduce, they are vulnerable to terrestrial insectivores, such as birds, spiders, reptiles, and bats 61 

(Nakano and Murakami 2001; Sabo and Power 2002; Baxter and others 2005; Epanchin and 62 

others 2010; Allen and Wesner 2016). This flux of biomass from water to land represents a 63 

substantial ecological subsidy that can alter the structure and functioning of terrestrial food webs 64 

by enhancing recipient consumer populations (Epanchin and others 2010) or transferring 65 

nutrients to terrestrial detrital pools (Hoekman and others 2011; Bartrons and others 2013).  66 

https://paperpile.com/c/GNUlO5/IhrS+Re364+yBQDP+axd54
https://paperpile.com/c/GNUlO5/IhrS+Re364+yBQDP+axd54
https://paperpile.com/c/GNUlO5/IhrS+SO3P+mECX+GaUw
https://paperpile.com/c/GNUlO5/IhrS+SO3P+mECX+GaUw
https://paperpile.com/c/GNUlO5/FvoR+n2p5G
https://paperpile.com/c/GNUlO5/FvoR+n2p5G
https://paperpile.com/c/GNUlO5/Xj5E0+dnTif+p4QSK
https://paperpile.com/c/GNUlO5/Xj5E0+dnTif+p4QSK
https://paperpile.com/c/GNUlO5/qQ64G+P0gTF+CIug9+xPswS+afsFs
https://paperpile.com/c/GNUlO5/qQ64G+P0gTF+CIug9+xPswS+afsFs
https://paperpile.com/c/GNUlO5/xPswS
https://paperpile.com/c/GNUlO5/dLWIS+eaDP
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 The production of adult aquatic insects from freshwater ecosystems has been relatively 67 

well-studied in rivers and lakes (Gratton and Vander Zanden 2009; Bartrons and others 2013; 68 

Richardson and Sato 2015). A global meta-analysis revealed that insect emergence represents a 69 

flux of between 0.07 to 1.22 gC/m2/yr (95% CI) from lakes and between 0.4 to 3.1 gC/m2/yr 70 

(95% CI) from rivers (Gratton and Vander Zanden 2009). For rivers, these estimates are largely 71 

limited to the main channel, yet production in off-channel habitats can equal or exceed 72 

production in the main channel. For instance, insect emergence from riparian sloughs near the 73 

Platte River, a braided river in the central USA, ranged from 0.06 to 2.4 gC/m2/yr across sites 74 

(Whiles and Goldowitz 2001), similar to the global range of flux from lakes and rivers (Gratton 75 

and Vander Zanden 2009). In the Ogeechee River (Georgia, USA), macroinvertebrate production 76 

of wetted off-channel habitat in the floodplain was higher than production in the channel, due 77 

primarily to the large amount of surface area represented by off-channel habitat relative to the 78 

mainstem (Benke 2001). Given the importance of aquatic-terrestrial subsidies to terrestrial 79 

ecosystems and the global loss in floodplain habitat (Poff and others 1997; Wohl and others 80 

2015), it is crucial to understand how the loss of off-channel habitats influences aquatic insect 81 

emergence at the landscape scale.   82 

 The Missouri River is the longest river in North America, spanning a length of 3,768 83 

river km, and it has experienced large losses in off-channel habitat (Galat and others 2005; Quist 84 

2014). For most of its length, the Missouri River flows through the relatively flat terrain of the 85 

Midwestern US. Prior to the late 1800s, that terrain allowed the river to meander across wide 86 

floodplains, creating extensive networks of off-channel aquatic habitats, especially on the lower 87 

Missouri (Galat and others 2005). Beginning in the late 1800s, the river was extensively 88 

modified along nearly all of its length. The lower segment (~1,200 km) was channelized for 89 

https://paperpile.com/c/GNUlO5/WNhC+eaDP+x0ZD8
https://paperpile.com/c/GNUlO5/WNhC+eaDP+x0ZD8
https://paperpile.com/c/GNUlO5/WNhC
https://paperpile.com/c/GNUlO5/9U8e0
https://paperpile.com/c/GNUlO5/WNhC
https://paperpile.com/c/GNUlO5/WNhC
https://paperpile.com/c/GNUlO5/FvoR
https://paperpile.com/c/GNUlO5/Re364+yBQDP
https://paperpile.com/c/GNUlO5/Re364+yBQDP
https://paperpile.com/c/GNUlO5/hEBD+9r0L
https://paperpile.com/c/GNUlO5/hEBD+9r0L
https://paperpile.com/c/GNUlO5/hEBD
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navigation, which deepened the main channel, eliminated the ability of the river to meander, and 90 

in turn eliminated most of the off-channel habitat (Funk and Robinson 1974; Quist 2014). In the 91 

mid-1900s, six mainstem dams were built on the upper two-thirds of the river, changing much of 92 

the main channel from lotic to lentic habitat and inundating any remaining off-channel habitats 93 

(Whitley and Campbell 1974; Galat and others 2005). In addition to altering the aquatic habitat 94 

in the main channel and floodplain, these modifications also impacted the riparian vegetation and 95 

forest structure along the undammed sections of the river, largely by eliminating the flood-pulse 96 

dynamics that generated open sandbars for cottonwood forest regeneration (Johnson and others 97 

1976; Dixon and others 2012). Outside of the headwaters, only a few segments of unchannelized 98 

or undammed river exist today, two of which  include the ñ39-mileò and ñ59-mileò segments 99 

designated as the Missouri National Recreational River (MNRR) in southeast South Dakota and 100 

northeast Nebraska, USA (segments 8 and 10, respectively, Figure 1) . 101 

Here, we used field collections of aquatic insect emergence in the MNRR, along with 102 

historical estimates of off-channel habitat area, to estimate the amount of insect production that 103 

has been lost due to the removal of floodplain habitat in the Missouri River between the 1890s 104 

and 2012. We chose these years to take advantage of existing maps of off-channel habitat 105 

available across eight segments of the river during that time span (Quist 2014). We then 106 

combined this result with field measures of riparian bird densities and allometric estimates of 107 

energetic requirements to estimate how losses of insect emergence may affect woodland 108 

insectivorous birds along the Missouri River.  109 

 110 

Methods 111 

Insect Collection 112 

https://paperpile.com/c/GNUlO5/SO3P+9r0L
https://paperpile.com/c/GNUlO5/Mh94+hEBD
https://paperpile.com/c/GNUlO5/jDoU+lJYY
https://paperpile.com/c/GNUlO5/jDoU+lJYY
https://paperpile.com/c/GNUlO5/9r0L
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 We collected emerging aquatic insects using floating emergence traps (0.36 m2, 500 µm 113 

mesh, Cadmus and others 2016) in four backwaters along the Missouri River (Table 1). The 114 

backwaters were located in Bow Creek Recreation Area within the Missouri National 115 

Recreational River (lat: 42.780682, long: -97.146950) (Figure 1). Two backwaters were in an old 116 

side channel, one below and one above a temporary beaver dam (hereafter ñbelow damò and 117 

ñabove damò). These two sites are located ~0.4 km from the main channel of the Missouri River, 118 

and the side channel is connected to the main channel in most years (Warmbold 2016). The third 119 

site is a large backwater that is ~0.1 km from the mainstem (hereafter ñlarge poolò) and is 120 

intermittently connected to the mainstem. The fourth site is a small isolated backwater that is 121 

disconnected from the mainstem (hereafter ñsmall poolò). 122 

 Emerging aquatic insects were collected from the site below the beaver dam in all four 123 

years (2014, 2015, 2016, and 2017). We also collected emergence from the site above the beaver 124 

dam in 2016 and 2017. Emergence data from the large pool and small pool were collected in 125 

2017. Collections occurred during 4-6 day intervals during the summer months in all years, and 126 

in late spring and fall in 2017 (Table 1). Collection methods were identical across years, and 127 

followed established protocols (Malison and others 2010; Warmbold 2016; Warmbold and 128 

Wesner 2018). Briefly, we anchored 1-9 traps per site, to the substrate with tent stakes, arranging 129 

them haphazardly within each pool on water that was between ~0.25 and 1.5 m deep. The 130 

number of traps per site depended on habitat area (Table 1) and the purpose of the associated 131 

study (see below and Table S1). The backwaters generally had little emergent vegetation (due in 132 

part to the presence of invasive Silver Carp (Hypophthalmichthys molitrix) and Grass Carp 133 

(Ctenopharyngodon idella) and a homogenous substrate. The traps contained collection bottles 134 

with mesh netting that provided surface area for the insects to colonize once the emerged 135 

https://paperpile.com/c/GNUlO5/zSZm+LwvR
https://paperpile.com/c/GNUlO5/zSZm+LwvR
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(Cadmus and others 2016). We removed the bottles and replaced them every 4-6 days. In 136 

addition, insects were aspirated from the inside of the traps on the same days by gently lifting the 137 

trap to minimize the chance of insect escape. All insects were stored at 4°C, and sorted to family 138 

or species in the lab. Traps were cleared of debris between collections.  139 

 The emergence protocols were repeated as part of four separate studies (Table S1). Three 140 

of those studies included fish exclusion experiments, in which traps were set inside and outside 141 

of fish exclusion cages (e.g. Warmbold and Wesner 2018). For those studies, we only used data 142 

from the traps that were outside of the fish exclusion cages. The fourth study (Oddy and others 143 

unpublished, Table S1) did not include exclusion cages. As a result, all emergence data in the 144 

present study represents only samples of ambient emergence from the backwaters. Any substrate 145 

disturbance as a result of our sampling efforts did not appear to affect emergence samples based 146 

comparisons with false-bottomed cages (which prevented substrate disturbance during 147 

collection) (Warmbold (2016)).   148 

 To determine dry mass, we weighed between 1 to 199 individuals from each taxon in 149 

most traps, and calculated mg dry mass per individual. This resulted in 660 total estimates of 150 

individual insect dry mass of adult aquatic insects from collections in 2015 (629 estimates) and 151 

2016 (31 estimates). The number of samples differed between years due to the experimental 152 

design (more traps in 2015), and also because insect weights in 2016 were derived by weighing 153 

10 or more insects per weighing event, while those in 2015 included both weights of combined 154 

individuals and of single individuals. Because dry mass appeared similar between years (Figure 155 

S1, we did not weigh insects in 2017. The taxonomic composition of the weighed samples was 156 

similar to that of the overall emergence samples; Chironomidae represented 95% of weighed 157 
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samples and >97% of emergence samples. The remaining weighed taxa were Ephemeroptera 158 

(23/660 or 3%), Odonata (5/660 or <0.01%) and Trichoptera (5/660 or <0.01%).  159 

 160 

Analysis 161 

 We used Bayesian models to estimate the posterior distribution of a) mean individual dry 162 

mass, and b) daily emergence dry mass from May to September. For individual dry mass, we 163 

used an intercept-only generalized linear model with individual dry mass (mg) as the response 164 

variable with a Gamma likelihood and a log link. We specified a vague normal prior distribution 165 

for the intercept with a mean of 0 and sd of 2, i.e. N(0,2) (Table S2). This model did not include 166 

month as a predictor, because plots of samples over each month suggested that the dry mass of 167 

individual insects was similar over time (Figure S1). 168 

To calculate dry mass of the entire emergence sample, we multiplied the number of 169 

insects in each sample by a random sample from the posterior distribution of individual dry 170 

mass. This was converted to daily production per unit area by dividing by the trap area (0.36 m2) 171 

and the number of days that traps were set. We then modeled emergence production 172 

(mgDM/m2/d) from May to September using a generalized additive mixed model (GAMM) with 173 

daily emergence production as the response variable, day of the year as a smoothed predictor 174 

variable, and location and year as random effects. The degree of smoothing was optimized to 175 

avoid overfitting via generalized cross-validation (Wood 2017). We chose to use a GAMM 176 

because emergence patterns were highly non-linear over time and GAMMôs are ideal for 177 

modeling such data (Hastie 2017). We used a weakly informative prior for the intercept based on 178 

estimates of mean daily emergence from 62 lentic studies of emergence (Table S2). All other 179 

parameters contained vague priors based on standard probability distributions (e.g. half-cauchy, 180 

https://paperpile.com/c/GNUlO5/DS2xS
https://paperpile.com/c/GNUlO5/VVi3z


 

9 

Studentôs-t, gamma) (Table S2). Graphical comparisons of the prior and posterior distributions 181 

indicated that prior influence on the outcome was weak relative to the influence of data (Figure 182 

S2).  183 

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

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

GAMM. This generated 1000 estimates of the posterior distribution of daily emergence for each 186 

of the 112 days. We then summed across the 112 days at each iteration to generate a single 187 

posterior distribution of cumulative insect emergence from late May to mid-September. Because 188 

the backwaters are typically under ice from early November through mid-March, we assume that 189 

this approximates annual insect production in the system. This is a conservative estimate that 190 

assumes zero emergence between ice out in mid-March and our earliest emergence collection in 191 

late May, and also zero emergence between our last collection in early September and ice cover 192 

in early November. While emergence is unlikely to truly be zero on these dates, we estimate that 193 

it is likely to be trivially small compared to emergence over the summer (see Emergence before 194 

and after our sample dates, Supplementary Information).   195 

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

Carlo algorithm in rstan (Stan Development Team 2016) via the brms package (Bürkner 2017) in 197 

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

discarded as warmup.  199 

   200 

Annual emergence production for 1566 km of Missouri River 201 

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

and credible interval, we also used the predict() function from brms to predict emergence at new 203 

https://paperpile.com/c/GNUlO5/ZfhIZ
https://paperpile.com/c/GNUlO5/Qf0pL
https://paperpile.com/c/GNUlO5/mY8ak
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sites by sampling from the posterior distribution. Predicted emergence has wider credible 204 

intervals than fitted estimates because it incorporates uncertainty using the standard deviation of 205 

the random effects term. We multiplied the predicted emergence distribution by the total surface 206 

area of off-channel habitats in eight unimpounded segments, encompassing 1566 river km 207 

(Figure 1; Table S3). The surface area of off-channel habitats in each segment was calculated for 208 

the early1890s, mid-1950s, 2006, and 2012 by Quist (2014) (Table S4), using interpretation of 209 

historical maps (for 1890s) and aerial photography (for 1950s-2012). Quist (2014) estimated the 210 

surface area of 10 off-channel habitat types, but we limited our analysis to four of those habitats 211 

that most closely matched the habitats from which we sampled emergence (backwaters, backups, 212 

floodplain lakes/oxbows, and restored backwaters). This allowed us to estimate the amount of 213 

emergence production lost over the past 122 years due to channelization, channel incision, and 214 

drainage of backwaters (Yager and others 2013; Quist 2014). Estimates of habitat area were 215 

available for all segments and years, with the exception of segments 0 and 2 in 2012, and 216 

segment 11 in the 1950ôs.  217 

 218 

Bird physiological requirements and abundance estimates 219 

 To determine how many riparian woodland birds our emergence samples could support, 220 

we calculated community energetics for the terrestrial riparian bird community from bird density 221 

estimates generated from bird surveys in different successional stages of riparian forest in the 39-222 

mile and 59-mile reaches of the MNRR (Benson 2011; Munes and others 2015). We calculated 223 

field metabolic rates for all bird species (36 total) that were regular components of the breeding 224 

riparian forest avifauna. These estimates do not include swallows (Family Hirundinidae), which 225 

are major consumers of aquatic insects but are usually associated with riverine habitats rather 226 

https://paperpile.com/c/GNUlO5/GaUw+9r0L
https://paperpile.com/c/GNUlO5/kqTNv+87k5r
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than directly with riparian forests in the study area (Tallman and others 2002). We calculated 227 

field metabolic rates from Anderson and Jetz (2005): 228 

 229 

Log10 FMR = 0.7582 + 0.6979(Log10 Mb) ï 0.0075 (Ta) + 0.018 (DL) 230 

 231 

where FMR is field metabolic rate (kJ/day), Mb is body mass (grams), Ta = mean daily 232 

temperature (°C), and DL = mean day length (hours). We then multiplied the FMR from this 233 

equation by 1.1921 (the antilog of the ñGroupò exponent for birds in Anderson and Jetz (2005)) 234 

to determine FMR for a particular bird species in the present study. 235 

 We used mean daily temperatures and day length for June, the period of maximum insect 236 

emergence, for Vermillion, SD, which is in the middle of the 59-mile reach of the MNRR 237 

(segment 10). For body mass (Mb) values applied to field metabolic rate calculations, we used 238 

summer data from local bird populations, if available (Dutenhoffer and Swanson 1996; Swanson 239 

and Liknes 2006; Swanson 2010), and used data from Dunning (2007) when local data were not 240 

available. When Mb values were provided separately for males and females in (Dunning 2007), 241 

we used the average value for the two sexes to calculate field metabolic rates. We then 242 

multiplied density estimates (birds/ha) for each species by the field metabolic rate (kJ/d) for that 243 

species to compute species-specific energetic cost estimates (kJ/d/ha). We summed the species-244 

specific energetic cost estimates to compute a community energetic cost estimate (kJ/d/ha) for all 245 

birds for each of six successional stage categories of riparian forest. 246 

 247 

Test for bias and prior sensitivity 248 

 Because our model contained emergence data from a combination of different sites, 249 

years, and months, we were concerned that the estimates obtained from the full generalized 250 

https://paperpile.com/c/GNUlO5/4mRmZ
https://paperpile.com/c/GNUlO5/ZJps+g1O7+IjJI
https://paperpile.com/c/GNUlO5/ZJps+g1O7+IjJI
https://paperpile.com/c/GNUlO5/wuGBC
https://paperpile.com/c/GNUlO5/wuGBC
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additive model might be biased by the different sampling efforts at each site. To test for this 251 

potential bias, we re-ran the analysis four times, leaving out one of the four sites each time. We 252 

then compared the predictions of annual emergence from these four models to that of the full 253 

model (Table S5). To examine the influence of the priors, we re-ran the model with two 254 

alternative prior specifications for the intercept. One model contained a wider standard deviation 255 

(log(100) instead of log(50)), and the other model contained a nearly flat prior centered on zero 256 

with a wide standard deviation: N(0,1000). 257 

 258 

Unit conversion and precision 259 

 All data were analyzed initially as mg of dry mass, but we also report results in units of 260 

carbon or kilojoules (kJ). Conversions from dry mass to carbon used established conversion 261 

factors (Gratton and Vander Zanden 2009), in which the percent of insect dry mass that is ash 262 

was first subtracted from the total dry mass. We assumed that insect dry mass contained 5.3% 263 

ash based on average ash content from 7 chironomid species analyzed by Cummins and 264 

Wuycheck (1971). For insects, ash-free dry mass (AFDM) contains ~50% carbon (Benke 2001). 265 

Thus, we assumed that the amount of carbon in insects was 0.5*AFDM. To convert dry mass to 266 

kJ, we assumed that a gram of insect dry mass contained 23.012 kJ of energy based on estimates 267 

from Cummins and Wuycheck (1971). 268 

 To avoid overstating precision, we rounded all estimates of annual river-wide flux to the 269 

nearest thousand (e.g. 36,278 kgC would be reported below as 36,000). 270 

 271 

Data and R code 272 

https://paperpile.com/c/GNUlO5/WNhC
https://paperpile.com/c/GNUlO5/FvoR
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Data and R code to reproduce models, figures, and summary statistics are available at 273 

https://doi.org/10.5281/zenodo.2582597.  274 

 275 

Results 276 

Insect community 277 

 Aquatic insect emergence was dominated by Diptera, which represented >97% of dry 278 

mass in each year. Of the Diptera, nearly all (96%) were Chironomidae, with <1% composed of 279 

Ceratopogonidae, Dolichopodidae, and Tipulidae. The remaining insect taxa were 280 

Ephemeroptera, Odonata, and Trichoptera. 281 

  282 

Insect emergence  283 

 Insect emergence was lowest in late May, when it ranged between 0.6 to 7 mgC/m2/day 284 

(95% CrI) with a median of 2 (Figure 2). It peaked in mid-June, ranging between 11 to 78 285 

mgC/m2/day (95% CrI) with median of 31, and then declined slowly thereafter to ~4 286 

mgC/m2/day by late September (Figure 2). In total, 0.6 to 4 gC/m2 (95% CrI) emerged from 287 

backwaters annually, with a median of 1.5 (Table 2).  288 

 Based on the posterior predictive distribution, new sites are likely to produce between 0.1 289 

to 17 gC/m2/yr (95% CrI) with a median of 1.5 (Table 2). Multiplying that production by the area 290 

of off-channel habitats along the lower six segments (949 river km; upper two segments did not 291 

have estimates of habitat area in 2012) of the Missouri River revealed that annual insect 292 

production in 1890 ranged between 13,000 to 968,000 kgC/yr (95% CrI), with a median of 293 

105,000. In 2012, predicted production ranged between 8000 to 633,000 kgC/yr (95% CrI), with 294 

a median of 68,000 (Figure 3). That represents a median loss of 36,000 kgC in 2012 compared to 295 

https://doi.org/10.5281/zenodo.2582597
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1890, a 34% decline (Table 3). There is considerable uncertainty in this estimate, with a 95% 296 

probability that the decline was between 7,000 and 160,000 kgC (Table 3).   297 

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

historically contained the largest amount of off-channel habitat, and thus the largest amount of 299 

potential insect emergence (Figure 4). For example, segment 12 accounted for 67% of the 300 

decline in emergence and segment 13 accounted for an additional 21%, both of which are 301 

channelized segments.  302 

While river-wide emergence from off-channel habitats has declined substantially over 303 

time, estimated emergence from some individual segments increased since the 1890ôs. This is 304 

most dramatic in segment 8 (Figure 4), where annual emergence initially declined by 5 kgC/m 305 

(95% CrI: 0.4 to 72) from the 1890s to 1950s. By 2012, emergence had increased by 30 kgC/m 306 

(95% CrI: 2 to 370) relative to the 1890ôs baseline.   307 

 308 

Test for bias and prior sensitivity 309 

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

Median annual production across the four models ranged from 1.3 to 1.9 gC/m2/yr. This was 311 

similar to the median for the full model of 1.5 gC/m2/yr (Table S5). There was strong overlap in 312 

the posterior predictive distributions of all models (Figure S3), with the 95% credible intervals 313 

for all models ranging from <1 to >61 gC/m2/yr (Table S5), indicating that no single site 314 

dominated the results of the full model.  315 

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

strong overlap in the posterior predictive distributions from the original model compared to 317 
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models with either a wider standard deviation on the intercept or a mean centered on zero for the 318 

intercept (Figure S6). 319 

 320 

Bird physiological requirements and abundance estimates 321 

Bird community energetic costs ranged from 3,800 to 4,600 kJ d-1 ha-1 in the different 322 

successional stages of Missouri River riparian forests (Figure S5). Community energetic costs 323 

were generally greatest for the avifauna of intermediate aged cottonwood forest and lowest for 324 

old cottonwood forest, differing by only 21% on average. Early successional habitats (CW1 and 325 

NCW in Figure S5), which are often those nearest the river and therefore potentially the most 326 

likely to receive aquatic subsidies, produced intermediate levels for bird community energetics. 327 

For an average sized backwater in the MNRR, such as Gunderson Backwater (approximately 2.4 328 

ha), near Vermillion, SD, this amounts to aquatic subsidies ranging from approximately 2,000 329 

kJ/d in late May to 24,000 kJ/d in mid-June to 3,000 kJ/d in mid-September. These energetic 330 

subsidies could support the entire terrestrial adult breeding riparian forest bird community (Table 331 

S6) on 0.4 to 0.5 ha in late May, on 5 to 6 ha in mid-June, and on 0.7 to 0.8 ha in mid-September. 332 

These estimates are derived using the minimum (CW4) and maximum (CW3) average values for 333 

bird community energetics, respectively, for the different successional stages of cottonwood and 334 

non-cottonwood forest along the MNRR (Figure S5). The median loss of insect emergence 335 

across the lower six segments of the Missouri River is equivalent to the amount of energy needed 336 

to support ~190,000 (95% CrI: 13,000 to 2,800,000) riparian woodland birds for 120 days (the 337 

approximate length of the migration and breeding season), assuming community energetic 338 

requirements of 4,600 kJ/d/ha, and a mean density of 59 birds/ha (Table S6). When assuming an 339 
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energetic requirement of 3,800 kJ/d/ha, the estimate increases to ~230,000 birds supported 340 

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

 342 

Discussion 343 

The most important result of this study is that off-channel habitats in the Missouri River 344 

represent a substantial source of emerging aquatic insect production, but that production has been 345 

drastically reduced due to habitat loss over 122 years. In the early 1890s, our lower six study 346 

segments had a length of 1062 km (Figure 1). Predicted insect emergence in the off-channel 347 

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

segments had been shortened by 128 km (12%), due largely to channelization below Sioux City, 349 

IA (USA, downstream of segment 10) (Quist 2014). Channelization eliminated nearly all the off-350 

channel floodplain habitat in this river section (Morris and others 1968; Quist 2014). As a result, 351 

predicted aquatic insect emergence in the lower six segments in 2012 was ~34% lower than 352 

emergence in 1890, resulting in lost yearly insect emergence totaling ~36,000 kgC. The decline 353 

in emergence due to habitat loss is based on direct estimates of emergence, which indicated 354 

moderate insect production. Median emergence from our four collection sites was 1.5 gC/m2/yr 355 

(fitted median), which was lower than mean emergence across 62 global lentic habitats (2.8 356 

gC/m2/yr; Figure S4). In five off-channel habitats along the Platte River, NE (USA), a large, 357 

braided river in the Great Plains, USA, insect emergence production ranged from 0.06 to 2.4 358 

gC/m2/yr across habitats (Whiles and Goldowitz 2001).  359 

Based on estimates of energetic requirements for woodland bird communities, the amount 360 

of emergence from Missouri River off-channel habitats in the early 1890s could have supported 361 

~550,000 woodland birds for 120 days, approximately the length of the breeding and nesting 362 

https://paperpile.com/c/GNUlO5/9r0L
https://paperpile.com/c/GNUlO5/IhrS+9r0L
https://paperpile.com/c/GNUlO5/9U8e0
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season. This is a conservative estimate based on a mature forest bird community that uses 4656 363 

kJ/d, the most energetically costly successional stage community in our dataset. By 2012, the 364 

number of birds that could be supported at that level was ~350,000, a 36% decline. These 365 

estimates assume that riparian bird diets consist only of adult aquatic insects, which is almost 366 

certainly incorrect. Riparian forest birds consume aquatic insects as a significant fraction of their 367 

diets (Nakano and Murakami 2001), but that fraction is likely less than 25% on average. Nakano 368 

and Murakami (2001) found that the bird community of a temperate forest obtained ~24% of 369 

their annual energy budget from emerging aquatic insects. In studies of migratory birds from 370 

riparian forests in our study section (segment 10), aquatic insects represented 5.7% of all dietary 371 

items of the spring (mid-April to early June) migrant bird community and 14.6% of the fall (mid-372 

August to late October) migrant bird community (Liu and Swanson 2014; Liu 2015). If we 373 

conservatively assume that riparian birds in the MNRR obtain ~10% of their annual energy 374 

budgets from emerging aquatic insects (the average of their fall and spring aquatic insect use), 375 

then the loss in emergence from 1890 to 2012 is enough to remove dietary subsidies from 376 

~1,900,000 birds. However, because aquatic insect emergence is higher in mid-June and July 377 

than it is during migratory periods, it seems likely that aquatic subsidies to terrestrial bird 378 

communities might also be higher during summer than during migratory periods. We do not have 379 

dietary estimates for birds during this time period, but if the bird communities obtained 24% of 380 

their annual energy budget ï the estimate from Nakano and Murakami (2001) ï then the loss in 381 

emergence is still enough to subsidize ~790,000 birds. 382 

While river-wide emergence declined overall, emergence in some individual segments 383 

increased since the 1890ôs. Most of these increases are likely caused by fluvial geomorphic 384 

processes associated with the construction of large mainstem dams (Volke and others 2015). For 385 

https://paperpile.com/c/GNUlO5/qQ64G
https://paperpile.com/c/GNUlO5/qQ64G
https://paperpile.com/c/GNUlO5/qQ64G
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example, the increase in predicted emergence in segment 8 was largely caused by an increase in 386 

off-channel habitat in that segment due to sediment aggradation where the Niobrara River enters 387 

Lewis and Clark Lake, a large reservoir constructed in the 1950ôs (Quist 2014). This aggradation 388 

created a new delta containing shallow, off-channel aquatic habitats that did not exist before the 389 

construction of the dams (Volke and others 2015). Similar processes likely explain the increases 390 

in estimated emergence in segments 2 and 4, which also flow into large reservoirs constructed in 391 

the 1950ôs and 1960ôs and show associated delta formation at their downstream end. The factors 392 

related to an increase in backwater area (and estimated emergence) in segment 10 are less clear, 393 

as this reach does not contain a downstream dam and reservoir (Yager and others 2013). 394 

Regardless of their causes, the overall contribution of these increases to the total amount of 395 

predicted emergence in the river are small relative to the large losses in the lower reaches. 396 

Segment 12 lost ~49 kgC/km between the 1890ôs and 2012 due to channelization of the 397 

mainstem and conversion of the floodplain to agriculture or urban development. That loss is 1.5 398 

times higher than the amount gained in segment 8 over the same period. Moreover, segment 12 is 399 

224 river km long, while segment 8 is only 62 river km long. When we multiply the per km loss 400 

in emergence by the length of each segment, the losses from the lower segments, particularly 401 

segments 12 and 13, dominate the total river-wide loss, accounting for >80% of lost emergence 402 

production (Figure S7). These lower, channelized segments historically contained the highest 403 

natural density of off-channel habitats, and were also the most heavily modified through 404 

channelization. Thus, while human modifications to the river channel have caused both increases 405 

and declines to potential emergence, the increases pale in comparison to the declines.  406 

Unfortunately, habitat data were not available in the 1950ôs for one of the lower segments 407 

(segment 11), so estimating river-wide flux in the 1950ôs was not possible. However, of the 408 
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segments that did contain data from this decade, all showed a decline from the 1890ôs to the 409 

1950ôs (Figure S7; segments 4, 8, 10, 12, and 13). Only one of these segments was channelized 410 

by the 1950ôs (segment 13), but it is unclear why predicted emergence declined in the un-411 

channelized segments. The data from the 1950ôs were taken before or during the construction of 412 

most of the mainstem dams (Quist 2014), well before any effects of the fluvial geomorphic 413 

processes that created the deltas and subsequent increases in off-channel habitat and emergence. 414 

As a result, it seems likely that initial channel incision below dams and agricultural development 415 

in the riparian areas contributed to the initial decline of off-channel habitat in the 1950ôs, but this 416 

speculation deserves further study. 417 

Loss of aquatic subsidies might disproportionately contribute to population declines for 418 

early successional bird species since early successional habitats typically border the river, so 419 

these birds might be most likely to receive aquatic subsidies. Because of the flow regulation-420 

induced decline in early successional riparian habitats since closure of the dams in the 1950ôs 421 

(Dixon and others 2012), early successional bird species may be the most threatened group of 422 

riparian forest birds along the Missouri River (Swanson 1999, Munes and others 2015). No 423 

uniform regional (central U.S.) population trends for early successional bird species are evident, 424 

however, although some species including eastern kingbird (Tyrannus tyrannus), brown thrasher 425 

(Toxostoma rufum), common yellowthroat (Geothlypis trichas), field sparrow (Spizella pusilla) 426 

and orchard oriole (Icterus spurius) show declining population trends from 1966-2015 (Sauer 427 

and others 2017), roughly coincident with the period since dam closure on the Missouri River. 428 

Nevertheless, because these species are geographically widespread, it seems unlikely that 429 

declining aquatic subsidies on the Missouri River alone are a prominent factor contributing to 430 

population declines in these species. 431 
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The numbers above are derived from measures of insect biomass, but relying on biomass 432 

alone may underestimate the importance of aquatic insects to riparian insectivores along the 433 

Missouri River. For instance, adult aquatic insects obtain some polyunsaturated fatty acids 434 

(PUFAs) from freshwater algae that produce PUFAôs. Those PUFAôs are not produced by 435 

terrestrial plant-based food chains, and thus are not present in terrestrial insects (Gladyshev and 436 

others 2009; Hixson and others 2015; Popova and others 2017). As a result, the subsidy of 437 

aquatic insects to riparian insectivores may provide a critical resource that cannot be obtained 438 

simply by switching diets to focus on terrestrial insects. For example, tree swallow chicks had 439 

improved growth, condition, and immunocompetence when fed diets containing high levels of 440 

PUFAs (proxy for aquatic insects) compared to a diet with low levels (proxy for terrestrial 441 

insects) (Twining and others 2016).  442 

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

many riparian consumers along the Missouri River due to the relative scarcity of freshwater in 444 

the Midwestern U.S. The Missouri River flows through the U.S. states of Montana, North 445 

Dakota, South Dakota, Nebraska, Iowa, Kansas, and Missouri. Permanent surface water habitat 446 

(lakes, wetlands, rivers) in those states covers an average of 1% of total land area 447 

(https://water.usgs.gov/edu/wetstates.html). By comparison, in the nearby states of Wisconsin, 448 

surface water covers 17% of the land area, and produces a total insect emergence of 5,400,000 449 

kgC/yr (Bartrons and others 2013). Because of the relative scarcity of other surface freshwater 450 

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

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

  453 

Caveats 454 

https://paperpile.com/c/GNUlO5/h4ko+qkAw+VTfs
https://paperpile.com/c/GNUlO5/h4ko+qkAw+VTfs
https://paperpile.com/c/GNUlO5/eYjOV
https://paperpile.com/c/GNUlO5/eaDP
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As with any attempt to scale up from local samples to broad spatial predictions, our 455 

results have a number of important caveats. We estimated insect production based only on 456 

samples from 2014-2017, but multiplied those estimates by surface area in the 1890s. Thus, our 457 

estimates effectively assume that areal aquatic insect emergence was constant between 1890 and 458 

2017. We are not aware of historical measures of insect emergence, and so cannot test this 459 

assumption. However, between 1963 and 1980, benthic secondary production of 460 

macroinvertebrate larvae in one backwater within our study reach declined by 61% (Mestl and 461 

Hesse 1993). If this trend is reflective of adult aquatic insect emergence, then it would suggest 462 

that not only has insect emergence declined due to losses in freshwater surface area but perhaps 463 

also due to declines in production within remaining habitats. If that is the case, then our estimates 464 

of lost production are highly conservative. Alternatively, air temperatures in this region have 465 

increased by ~0.5 to 1°C over the past century, particularly in the upper segments of the Missouri 466 

River (Hansen and others 2001). Whether this has translated to increases in water temperature is 467 

unclear. Insect emergence production is positively related to water temperatures (Bartrons and 468 

others 2013), so it is possible that the loss of habitat for emergence has been somewhat offset by 469 

temperature-related increases in areal production within those habitats. However, any increase in 470 

production due to temperature changes is likely to be small relative to the declines in production 471 

from extensive habitat loss.     472 

Our measures of emergence also come from a single reach along the 3767 km long 473 

Missouri River. Along this length, the river flows across 10 degrees of latitude and 22 degrees of 474 

longitude. This undoubtedly creates broad variation in local environmental factors that may 475 

impact insect production. For example, it is likely that production in warmer, lower latitude 476 

habitats will be higher than production in our field sites. In addition, the size, water quality, and 477 

https://paperpile.com/c/GNUlO5/EZExY
https://paperpile.com/c/GNUlO5/EZExY
https://paperpile.com/c/GNUlO5/eaDP
https://paperpile.com/c/GNUlO5/eaDP
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food webs of other backwaters are likely to vary considerably beyond our sample sites. We do 478 

not have estimates of this variability for the majority of the river. However, it is worth 479 

emphasizing that the posterior predictive distribution for insect emergence is slightly lower than 480 

the global mean for lakes, but with 95% credible intervals that range over an order of magnitude 481 

and include most estimates of emergence from other lentic habitats. Thus, our model predictions 482 

cover a wide range of potential insect production (Figure S4), but should be viewed as testable 483 

predictions for future surveys in different locations, perhaps using our posterior distribution as a 484 

prior distribution in future studies. In addition, while emergence is certain to vary widely among 485 

existing off-channel habitats and among years, the ecological importance of this variation would 486 

be small relative to the complete loss of aquatic insect emergence due to habitat loss.     487 

   488 

Management implications 489 

In the Missouri River, management agencies have attempted to mitigate the loss of off-490 

channel habitats by constructing artificial backwaters and side-channels (Yager and others 2013). 491 

Typically, the justification for these projects is that they will improve the recovery of threatened 492 

or endangered fish species (Hesse 1994; Sterner and others 2009; Dzialowski and others 2013; 493 

Yager and others 2013). This is undoubtedly true, but our data indicate that these benefits may 494 

extend to riparian insectivores. The potential for backwater habitat restoration to impact riparian 495 

insectivores like birds provides an additional justification for these projects beyond their 496 

importance to freshwater floodplain ecosystems (Tockner and Stanford 2002). For example, in 497 

the Missouri National Recreational River in 2008, ~9% (21/243 ha) of backwater habitat consists 498 

of restored backwaters (Yager and others 2013). That is enough to subsidize ~700 birds that 499 

obtain 24% of their annual energy budget from emerging aquatic insects. If production in 500 

https://paperpile.com/c/GNUlO5/GaUw
https://paperpile.com/c/GNUlO5/0mqj+YqG4+vY3t+GaUw
https://paperpile.com/c/GNUlO5/0mqj+YqG4+vY3t+GaUw
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restored or created backwaters is similar to production in natural backwaters, then our results 501 

demonstrate that these restoration efforts could have a substantial impact on riparian insectivores 502 

by restoring aquatic-terrestrial subsidies on the landscape. 503 
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 677 

Table 1. Site descriptions for four backwaters in the Missouri National Recreational River 

from which insect emergence was collected. 

        Emergence collected 

site 

area 

(m2) 

max 

depth 

(m) 

max 

temp 

(°C) 

2014 2015 2016 2017 

below dam 448 0.6 25.7 Jul-Aug Jun-Jul 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   

 678 

  679 
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 680 

Table 2. Estimates of the annual production of insect emergence from 

Missouri River backwaters in units of grams of dry mass, grams of carbon, 

and kJ. Fitted estimates are summaries of the posterior distribution based on 

the four sites from which emergence was directly measured. Predicted 

estimates are posterior predictions for new sites. The predicted estimates 

were used to measure production at the segment and river scale. ñlow95ò and 

ñhigh95ò are the lower and upper 95% credible intervals.  

  fitted predicted 

units low95 median high95 low95 median high95 

gDM/m2/yr 1.2 3.2 9 0.3 3.3 36 

gC/m2/yr 0.6 1.5 4 0.1 1.5 17 

kJ/m2/yr 26 71 186 14 70 313 
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 683 

Table 3. Summary of the posterior predictive distribution of the 

change in insect emergence from off-channel habitats between the 

1890s and 2006 or 2012. Data are for segments 4-13 in the Missouri 

River. low95 and high95 are the lower and upper 95% credible 

intervals. Comparisons to the 1950ôs are excluded, because no data 

were available in the 1950ôs from segment 11. 

  predicted change (kgC/yr) 

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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Figure 1 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

Figure 1: A map of the study segments within the Missouri River.  Black bars represent 697 

mainstem dams. Numbered segments indicate the study segments for which we modeled insect 698 

emergence using historical and current estimates of off-channel habitat area. 699 
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Figure 2 701 

 702 

 703 

Figure 2. Fitted and predicted daily insect emergence production using a generalized additive 704 

mixed model. Each symbol represents a single emergence trap at one of the four sites. The solid 705 

line is the median emergence. The dark gray represents the 95% credible interval for emergence 706 

at the four collection sites. The light gray represents the 95% prediction interval for new sites.   707 
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Figure 3 709 

 710 

Figure 3. Predicted annual aquatic insect emergence from backwaters along six segments of the 711 

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

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

multiplied by the area of backwaters in each segment and year as estimated by Quist (2014). 714 

Boxes show the median and quartiles. Whiskers show 1.5 the inter-quartile range. Results for the 715 

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

exported the vast majority of river-wide insect biomass. 717 
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Figure 4 719 

 720 

Figure 4. Predicted annual aquatic insect emergence from backwaters along 8 segments of the 721 

Missouri River (0 to 13 is upstream to downstream). Boxplots summarize 1000 simulated 722 

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

predictions were multiplied by the area of backwaters in each segment and year as estimated by 724 

Quist (2014). Boxes show the median and quartiles. Whiskers show 1.5 the inter-quartile range. 725 

  726 
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Supplementary Information 727 

 728 

Individual dry mass 729 

The mean and standard deviation of the posterior distribution of adult insect dry mass was 0.72 ± 730 

0.03 mg/individual (mean ± sd).  731 

 732 

Prior justification 733 

Because the predictor (days) is centered in the model, the intercept in our model represented 734 

mean daily insect emergence (mgDM/m2/d) near the end of July. We assumed that a reasonable 735 

prior for daily emergence in July was a normal distribution with a mean of 10 mgDM/m2/d with 736 

a standard deviation of 50 (Table S2). To determine this prior, we calculated the average daily 737 

emergence from 40 publications of annual emergence by dividing annual emergence by 365 738 

days. The result was mean daily emergence of 12 mgDM/m2/d with a standard deviation of 24. 739 

We assumed that most of this emergence occurred in June and July (most sites were temperate 740 

sites). Therefore, we chose normal(log(10),log(50)) as a reasonable estimate that was somewhat 741 

lower than expected peak emergence, but included anywhere from zero emergence (or below) to 742 

>100 mgDM/m2/d. Because the expected outcome in the model is filtered through a log-link, it 743 

can take on negative and continuous values. Therefore, a normal prior distribution seemed like a 744 

reasonable choice. Other prior specifications were chosen as vague priors (Table S2). 745 

 746 

Emergence before and after our sample dates 747 

To approximate the amount of emergence we might have missed by not sampling before May or 748 

after September, we used median emergence on our first and last sample date (2 and 4 gC/m2/d, 749 
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respectively), divided it by two, and multiplied by 60 to simulate 60 days of additional 750 

emergence on either end of our sampling period. Using two as the denominator was arbitrary, but 751 

it corrected for the fact that measured emergence on the first and last date occurred in the middle 752 

of declining trends in each direction (i.e. declining towards earlier dates, and declining towards 753 

later dates, Figure 2). Dividing by two simply assumed that mean emergence before and after our 754 

sample period was likely to be about 50% of what we measured on those dates.  755 

 Using the methods above, we estimated that an additional 60 days of sampling before and 756 

after our collection periods would have yielded ~0.2 gC/m2/yr. This is a small amount relative to 757 

the total flux (1.5 gC/m2/yr), particularly given that the uncertainty in total flux ranges over an 758 

order of magnitude, from 0.6 to 4 gC/m2/yr (95% CrI).  759 
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Table S1. Summary of the number of traps and area of collections used to gather 

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

months and four years. 

study site date_collected n area (m2) 

Warmbold 2016 below 7/24/2014 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 

Oddy and others (unpublished) above 6/28/2016 2 0.72 

Oddy and others (unpublished) below 6/28/2016 2 0.72 

Oddy and others (unpublished) largepool 6/28/2016 6 2.16 

Oddy and others (unpublished) smallpool 6/28/2016 2 0.72 

Oddy and others (unpublished) above 7/26/2016 2 0.72 

Oddy and others (unpublished) below 7/26/2016 3 1.08 

Oddy and others (unpublished) largepool 7/26/2016 6 2.16 

Oddy and others (unpublished) smallpool 7/26/2016 4 1.44 

Oddy and others (unpublished) above 8/30/2016 3 1.08 

Oddy and others (unpublished) below 8/30/2016 3 1.08 

Oddy and others (unpublished) largepool 8/30/2016 6 2.16 

Oddy and others (unpublished) smallpool 8/30/2016 4 1.44 

Oddy and others (unpublished) above 9/6/2016 9 3.24 

Oddy and others (unpublished) below 9/6/2016 9 3.24 

Oddy and others (unpublished) largepool 9/16/2016 3 1.08 

Oddy and others (unpublished) smallpool 9/16/2016 4 1.44 

Wesner and Seidel (unpublished) above 5/28/2017 1 0.36 

Wesner and Seidel (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 
  760 
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Table S2. Prior specifications for the generalized additive model 

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(0,1) sd_loc:year loc:year 

student_t(3, 0, 10) sd_s  

gamma(0.01, 0.01) shape   

 761 

 762 

  763 
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Table S3. Description of study segments. Total length of all reaches combined is 1566 km (973 764 

river miles).  Modified from table by Dixon and others (2012). 765 

Segment 

number1 Description Type of Segment 

River km 

(1960)2 

Length 

(km) 

0 Wild and Scenic reach, 

Fort Benton to Fort 

Peck Lake Unchannelized River 3336-3085 251 

2 Fort Peck Dam to Lake 

Sakakawea 

Inter-Reservoir (89%), 

Delta/Headwaters (11%) 2850-2483 366 

4 Garrison Dam to Lake 

Oahe 

Inter-Reservoir (83%), 

Delta/Headwaters (17%) 2237-  2069 167 

8 Fort Randall Dam to 

Springfield, SD 

Inter-Reservoir (92%), 

Delta/Headwaters (8%) 1416-1353 62 

10 Gavins Point Dam to 

Ponca, NE Unchannelized River 1305-1211 93 

11 Ponca, NE to Sioux 

City, IA Channelized River 1211-1182 28 

12 Sioux City, IA to 

Plattsmouth, NE Channelized River 1182-958 224 

13 Plattsmouth, NE to 

Kansas City, MO Channelized River 958-588 370 

      TOTAL 1565 
  766 

1Correspond to USACE segments in Jacobson and others (2010), except for segment 0, which 767 

was added by us (not numbered by USACE) 768 

2Calculated from 1960 River Miles for USACE segments (see Jacobson and others 2010). 769 

 770 

 771 

 772 

 773 

 774 

 775 
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Table S4.  Estimated areas (in ha.) of backwaters and related habitats (backwater, backup, 776 

floodplain lake, restored backwater) per river segment and date (Quist 2014). Area estimates 777 

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

  
  Backwater Area Estimates (ha) 

River 

segment 

Segment 

length 

(1960s 

river km) 

1890s 1950s 2006 2012 

0 251 127 58.9 100 NA 

2 366 286 702.7 1350 NA 

4 167 241 181.5 323 474 

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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 782 

Table S5. Median and 95% credible intervals for annual 

emergence production. Summary statistics are derived from 

the posterior predictive distribution. 

    

Annual production 

(gC/m2/yr) 

model sites low95 median high95 

GAMM model all sites 0.1 1.5 19 

GAMM model no_above 0.1 1.3 16 

GAMM model no_below 0.2 1.8 16 

GAMM model no_large 0.1 1.5 61 

GAMM model no_small 0.1 1.5 24 

 783 
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Table S6. Densities in birds per hectare for the different successional stages of cottonwood: 1-

4 - early to late stages of cottonwood, 5 - post-cottonwood, and 6- non-cottonwood riparian 

forest elements in the study area.   
Densities (birds/ha) in each habitat 

type 

Bird Species Scientific Name 1 2 3 4 5 6 

House Wren Troglodytes aedon 11.0 10.9 9.5 3.3 3.8 9.1 

Yellow Warbler Setophaga petechia 4.8 4.7 13.0 12.1 12.2 2.6 

Baltimore Oriole Icterus galbula 4.5 5.1 5.5 2.7 2.0 3.7 

Rose-breasted Grosbeak Pheucticus ludovicianus 2.8 3.0 1.3 0.8 0.8 3.1 

Warbling Vireo Vireo gilvus 2.6 2.4 2.7 1.0 0.5 1.6 

Red-eyed Vireo Vireo olivaceous 2.6 2.6 0.4 0.3 0.4 1.7 

Black-capped Chickadee Poecile atricapillus 2.1 1.6 0.4 0.2 0.2 1.7 

American Robin Turdus migratorius 2.0 1.6 1.2 1.3 0.4 2.6 

White-breasted 

Nuthatch Sitta carolinensis 1.4 1.6 0.2 0.1 0.1 1.3 

Red-headed 

Woodpecker 

Melanerpes 

erythrocephalus 1.4 1.5 0.4 0.2 0.2 1.0 

Spotted/Eastern Towhee Pipilo 

maculatus/erythropthalmu

s 1.4 1.6 1.8 0.6 0.5 1.8 

Eastern Wood-Pewee Contopus virens 1.3 1.7 0.9 0.2 0.2 1.3 

Great Crested 

Flycatcher Myiarchus crinitus 1.3 1.2 0.3 0.1 0.3 1.0 

Mourning Dove Zenaida macroura 1.2 1.7 1.9 1.4 1.5 1.3 

Blue Jay Cyanocitta cristata 1.0 0.9 0.8 0.5 0.5 1.6 

Northern Cardinal Cardinalis cardinalis 0.9 1.1 0.8 0.1 0.4 0.9 

American Redstart Setophaga ruticilla  0.8 0.2 0.6 0.5 1.5 0.2 

Ovenbird Seiurus aurocapilla 0.8 1.4 0.1 0.0 0.0 0.4 

Downy Woodpecker Picoides pubescens 0.8 0.8 0.5 0.2 0.1 0.5 

Wood Thrush Hylocichla mustelina 0.7 0.4 0.1 0.0 0.1 0.3 

Orchard Oriole Icterus spurius 0.6 0.6 3.4 5.1 5.2 0.8 

Gray Catbird Dumetella carolinensis 0.6 0.8 1.2 1.1 1.9 0.8 

Hairy Woodpecker Picoides villosus 0.5 0.4 0.2 0.1 0.1 0.2 

American Goldfinch Spinus tristis 0.5 0.5 3.2 5.1 5.1 1.2 

Eastern Kingbird Tyrannus tyrannus 0.4 0.5 1.8 2.0 2.2 0.6 

Cedar Waxwing Bombycilla cedrorum 0.4 0.2 0.8 0.1 1.2 0.2 

Northern Flicker Colaptes auratus 0.4 0.9 0.3 0.2 0.4 0.4 

Red-bellied 

Woodpecker  Melanerpes carolinensis 0.4 0.3 0.1 0.1 0.1 0.2 

Indigo Bunting Passerina cyanea 0.4 0.2 0.3 0.9 0.5 0.5 

Brown Thrasher Toxostoma rufum 0.3 0.3 0.9 0.8 0.8 0.5 

Common Yellowthroat Geothlypis trichas 0.2 0.0 0.4 1.1 1.7 0.1 

Bell's Vireo Vireo bellii 0.1 0.0 0.7 3.6 3.6 0.0 

Song Sparrow Melospiza melodia 0.1 0.0 0.6 2.1 2.7 0.1 
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Willow Flycatcher Empidonax traillii 0.1 0.1 1.4 2.9 2.9 0.1 

Lark Sparrow Chondestes grammacus 0.1 0.1 0.4 0.9 0.9 0.2 

Field Sparrow Spizella pusilla 0.0 0.0 0.3 0.7 0.6 0.1 

Mean densities   51 51 59 52 56 44 

 785 
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 787 

Figure S1. Dry mass of weighed insects from samples in 2015 and 2016.   788 
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 789 

Figure S2. Comparison of prior and posterior distributions for the smoothing term (b_s_day_n) 790 

and the intercept (int).   791 

 792 
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 794 

 795 

Figure S3. Comparison of posterior predictions of annual emergence from five different models. 796 

Each model contains either data from all sites (ñall_sitesò) or contains data leaving one site out 797 

(e.g. ñno_smallò = no data from the small backwater). Because all models make similar 798 

predictions, the model for ñall_sitesò was used in the main manuscript to predict annual insect 799 

emergence. 800 

 801 

 802 

803 
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 804 

Figure S4. Posterior predictive distribution of annual insect emergence from Missouri River off-805 

channel habitats. Grey lines are individual estimates of insect emergence from previous studies. 806 

The blue line is the mean emergence from all 62 estimates.  807 
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 808 

Figure S5. Overall bird community energetics for different riparian forest successional 809 

stages/forest categories for a bird community consisting of 36 species of riparian forest birds. 810 

Riparian bird density data for the 59-mile reach of the Missouri National Recreational River 811 

(segment 10) for these calculations were obtained from Benson (2011) and Munes and others 812 

(2015). The different successional stages/forest categories are: CW1, cottonwood sapling/pole 813 

forest < 25 years old; CW2, cottonwood intermediate-aged forest 25-49 years old; CW3, mature 814 

cottonwood forest 50-114 years old; CW4, old cottonwood forest > 114 years old; PCW, post-815 

cottonwood climax forest; NCW, non-cottonwood sapling/pole forest < 50 years old. Error bars 816 

represent the one standard error.  817 
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 818 

Figure S6. Comparison of posterior predictions of annual emergence from models with three 819 

prior specifications for the intercept: centered on zero - N(0,1000), original model - 820 

N(log(10),log(50)), or a model with a wider standard deviation - N(log(10),log(100)). 821 

 822 

  823 


