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28

29 ABSTRACT 

30 Bigheaded carps (Silver Carp Hypophthalmichthys molitrix and Bighead Carp H. nobilis, 

31 collectively ‘BHC’) are economically and culturally important in Asia and Europe, but are 

32 considered highly invasive throughout the Mississippi River watershed and pose a threat to the 

33 food web and fisheries of the Laurentian Great Lakes. We used the Ecopath with Ecosim model 

34 framework to evaluate potential risk of BHC population growth and food web effects in four 

35 Great Lakes habitats, including mesotrophic waters of Saginaw Bay (Lake Huron) and Lake Erie 

36 and oligotrophic waters of Lake Michigan’s and Lake Huron’s main basins. We simulated BHC 

37 population growth and food web effects under different scenarios of BHC production rates, prey 

38 vulnerability to BHC, and availability of age-0 BHC to predation by salmonines. In the main 

39 basins of Lake Michigan and Lake Huron, the projected BHC population growth was low or 

40 negative, with a projected final BHC biomass of 0.5 to 1.1 times the initial introductory biomass 

41 (2% of total fish biomass for each BHC species), and BHC had negligible effects on most food 

42 web groups across all scenarios. In contrast, in Saginaw Bay and Lake Erie, the projected BHC 

43 biomass was 2.5 to 12.5 times higher than the initial biomass across all scenarios, and the largest 

44 increases occurred under scenarios of high prey vulnerability to BHC and high BHC production 

45 rates. High projected BHC biomass in Saginaw Bay and Lake Erie had negative effects on 

46 zooplankton and planktivorous fish groups and mixed effects on piscivores, but had relatively 

47 negligible effects on most other food web groups across all scenarios. Our results are consistent 

48 with reported BHC effects on food webs in the Mississippi River and its tributaries, and inform 

49 efforts to prevent the invasion of BHC to the Great Lakes.

50  

51 INTRODUCTION

52 Invasive species are a major stressor on terrestrial and aquatic ecosystems, and may 

53 profoundly change ecosystem structure, function, and services, and increase management costs 

54 (Ciruna et al. 2004). The Laurentian Great Lakes, the world’s largest freshwater ecosystem with 

55 recreational fisheries valued at $7 billion per year (Southwick Associates 2012), have been 

56 particularly vulnerable to introductions of aquatic nonindigenous species with at least 188 

57 species established (Sturtevant et al. 2019). To date, the invasive species that have caused the 

58 most harm to the ecosystem include the Sea Lamprey Petromyzon marinus (Smith and Tibbles 
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59 1980), Alewife Alosa pseudoharengus (Madenjian et al. 2015) and Dreissena mussels (zebra 

60 mussels D. polymorpha and quagga mussels D. bugensis Vanderploeg et al. 2015). For example, 

61 in three of the five Laurentian Great Lakes, the filter-feeding Dreissena mussels invaded in the 

62 1990s, and continue to disrupt ecosystem function and services by shifting energy from pelagic 

63 to benthic pathways (Hecky et al. 2004) and threatening the sustainability of valuable 

64 recreational fisheries (He et al. 2015; Kao et al. 2016). The nationwide environmental damages 

65 and losses due to invasion of Dreissena mussels alone was estimated at $1 billion per year 

66 (Pimentel et al. 2005). 

67 Silver Carp Hypophthalmichthys molitrix and Bighead Carp H. nobilis (collectively, 

68 bigheaded carps or BHC) are economically and culturally important in Asia and Europe, but are 

69 considered highly invasive throughout the Mississippi River watershed and pose a threat to the 

70 food web and fisheries of the Laurentian Great Lakes. BHC were initially introduced into the 

71 USA for water quality control in aquaculture ponds and water treatment plants but escaped into 

72 the Mississippi River drainage in the early 1970s (Kelly et al. 2011). Currently, BHC are 

73 abundant in the Mississippi River and many of its tributaries, and are moving toward the Great 

74 Lakes. The leading edge of the BHC population is in the Illinois River, 74 km away from the 

75 Great Lakes, but a Silver Carp and a Bighead Carp have been collected within 11 km of Lake 

76 Michigan (https://www.Asiancarp.us). Efforts to reduce the risk of BHC invasion to the Great 

77 Lakes have focused on reducing the population in the Illinois River through fisheries harvest and 

78 using electric barriers to inhibit movement towards Lake Michigan. Bubble screens, sound and 

79 strobe lights also are being evaluated to determine if they deter BHC movements 

80 (https://www.Asiancarp.us).

81 The potential invasion of BHC into the Great Lakes is a major concern for fisheries 

82 managers and stakeholders alike (Cudmore et al. 2012, Wittmann et al. 2015). BHC can be 

83 highly invasive owing to their high consumption rates of plankton, rapid growth rates, large sizes 

84 (up to 130 cm, 50 kg), high fecundities (0.6-2.0 million eggs per female), and paucity of 

85 predators on adult carp (Williamson and Garvey 2005, Kolar et al. 2007, Hayer et al. 2014, 

86 Zhang et al. 2016). Several studies have shown that at high population densities, BHC 

87 consumption can cause shifts in size and abundance of plankton communities (Zhang et al. 2006, 

88 Cooke et al. 2009, Sass et al. 2014, Tumolo and Flynn 2017, Li et al. 2017, Collins and Wahl 

89 2018). For example, in the lower Illinois River BHC biomass has reached 45-78% of the total 
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90 fish biomass (Coulter et al. 2018). Additionally, BHC have caused declines in zooplankton 

91 abundance and alteration of existing planktivorous fish communities in floodplain lakes and 

92 channels of the Mississippi River and the Missouri River (Phelps et al. 2017) and lower Illinois 

93 River (Sass et al. 2014). 

94 Studies have suggested that BHC may find suitable habitats for reproduction and growth, 

95 and establish populations in the Great Lakes. Kocovsky et al. (2012) and Currie et al. (2012) 

96 found flows and temperatures of several Great Lakes tributaries were suitable for BHC 

97 reproduction. Bioenergetics modeling studies by Cooke and Hill (2010), Anderson et al. (2015), 

98 and Anderson et al. (2017) suggested BHC could grow in productive areas of Lake Michigan and 

99 Lake Erie. By using a bioenergetics model and outputs from a 3-dimensional, spatially explicit 

100 biophysical model, Alsip et al. (2019) showed that BHC could grow in productive coastal waters 

101 of Lake Michigan, and that Bighead Carp could maintain weight in the less productive open 

102 waters of Lake Michigan during summer. Cuddington et al. (2014) and Ivan et al. (2020) 

103 suggested that BHC could establish a population in the Great Lakes with a minimal number of 

104 spawners, assuming high age-0 survival rates and suitable spawning habitats. 

105 Once established, BHC may reach high biomass levels and disrupt Great Lakes food 

106 webs. Model projections of BHC population growth and food web effects in Lake Erie indicate 

107 that the carps could reach a third of total fish biomass and have substantial food web effects by 

108 causing decreases in biomass of zooplankton and planktivorous fish, and increases in biomass of 

109 some piscivores (Zhang et al. 2016). Although suitable habitats for BHC were identified in 

110 oligotrophic waters of Lake Michigan (Cooke and Hill 2010, Anderson et al. 2017, Alsip et al. 

111 2019), little is known about BHC effects on the food webs of this lake and other oligotrophic 

112 Great Lakes habitats.

113 The objective of this study was to project BHC population biomass and potential food 

114 web effects across Great Lakes habitats that differ in productivity and species composition. With 

115 our standardized simulation procedure, we used the Ecopath with Ecosim food web model (EwE, 

116 Christensen and Walters 2004) to project population growth and food web effects of BHC in four 

117 habitats across three Great Lakes. We hypothesized that BHC biomass and effects will differ 

118 among lake habitats and be correlated with productivity.  

119

120 METHODS
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121 Study Area. We investigated population growth and food web effects of BHC in Saginaw Bay 

122 (Lake Huron), Lake Erie, the main basin of Lake Michigan, and the main basin of Lake Huron 

123 (Figure 1). Productivity, size and fish species composition differ among these four habitats 

124 (Table 1). Saginaw Bay, one of four Lake Huron sub-basins (which also include North Channel, 

125 Georgian Bay and the main basin) is mesotrophic (Cha et al. 2016) and has an area of 2,770 km2 

126 (5% of lake surface) and an average depth of 8.9 m. Conventionally, Lake Erie has been divided 

127 into western, central and eastern sub-basins. However, we chose to model BHC effects at the 

128 whole-lake scale because the water residence time is relative short (about 2.6 years.), and BHC 

129 could migrate extensively throughout the lake (Degrandchamp et al. 2008), just like many native 

130 fishes such as Walleye Sander vitreus (Wang et al. 2007) and Lake Whitefish Coregonus 

131 clupeaformis (Oldenburg et al. 2007). Lake Erie has an area of 25,609 km2 and average depth of 

132 19 m, and is mesotrophic (Table 1). Lake Michigan is divided into two sub-basins: the 

133 mesotrophic Green Bay and the oligotrophic main basin (Dove and Chapra 2015; Lin et al. 

134 2016). We modeled BHC food web effects for oligotrophic main basins of Lake Michigan 

135 (53,646 km2, 92% of lake surface, average depth = 91 m) and Lake Huron (37,765 km2, 63% 

136 lake surface, average depth = 73 m). Hereafter, we refer to these four habitats as Saginaw Bay, 

137 Lake Erie, Lake Michigan, and Lake Huron.  

138 The four habitats differ with respect to the dominant predators and planktivorous prey 

139 fishes that presumably would interact with BHC (Table 1). In Saginaw Bay and Lake Erie, 

140 Walleye and Yellow Perch Perca flavescens are the dominant predators while Gizzard Shad 

141 Dorosoma cepedianum, Rainbow smelt Osmerus mordax and Emerald Shiner Notropis 

142 atherinoides are the dominant planktivores (Kao et al. 2014; Zhang et al. 2016). In Lake 

143 Michigan and Lake Huron, Lake Trout Salvelinus namaycush, Chinook Salmon Oncorhynchus 

144 tshawytscha, Coho Salmon O. kisutch, and Steelhead O. mykiss are the dominant predators, 

145 while Alewife, Rainbow Smelt and Bloater Coregonus hoyi are the dominant planktivores (Kao 

146 et al. 2016; Kao et al. 2018).

147

148 Food Web Modeling.—We used the EwE models for Saginaw Bay (Kao et al. 2014), Lake Erie 

149 (Zhang et al. 2016), Lake Michigan (developed for this study), and Lake Huron (Kao et al. 2016) 

150 to project BHC population biomass and potential food web effects among these habitats. Each of 

151 these EwE models included (1) an Ecopath model that represents a biomass-balanced food web 
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152 for a specific time period (Table 1), and provided the initial conditions for Ecosim simulations 

153 and (2) a calibrated Ecosim model to simulate time dynamics under different scenarios. Food 

154 web groups for each of these models were chosen based on data availability and the research 

155 question of the original paper. Two other EwE models exist for Lake Michigan (Rogers et al. 

156 2014; Kao et al. 2018), but we developed a new EwE model that included microbial groups and 

157 permitted simulation of mixed reproduced success by wild and hatchery piscivores (i.e. resulting 

158 in wild × wild vs wild × hatchery vs hatchery × hatchery spawners). Details of the Lake 

159 Michigan EwE model are presented in Supplementary Material 1.

160 To compare effects of BHC across habitats, we adopted Zhang et al.’s (2016) method to 

161 simulate BHC invasion and standardized the simulation procedure. Specifically, in each Ecopath 

162 model we added each BHC species as multi-stanza groups, with an age-0 group and an age-1 and 

163 older (age-1+) group. We set the total biomass of each BHC species in each Ecopath model at a 

164 low level, which represented 2% of the total fish biomass in that food web. Diet fractions of 

165 three prey categories (i.e., phytoplankton and protozoa, zooplankton, and detritus) of BHC were 

166 from Chen 1982, but within each main prey category (e.g., zooplankton), the diet fractions were 

167 proportional to prey availability in each habitat, and weighted with selectivity preference (Chen 

168 1982). We assumed that age-0 carp has the same diet fractions as age-1+ carp of the same 

169 species (Table 2). Across the four models, we set the same values for production to biomass ratio 

170 (P/B) and production to consumption ratio (P/Q) of age-1+ BHC, and same age-0 BHC diet 

171 fractions for each BHC predator (Table 3). We also set the “other mortality rate” (i.e., mortality 

172 resulting from starvation, senescence, and disease, etc.) of age-1+ BHC at a low level of 0.08 

173 yr−1 by applying an artificial fishing mortality rate on each BHC species in the Ecopath models, 

174 and set the other mortality rate of age-0 BHC to 1.6 yr−1 by varying the P/B for age-0 BHC 

175 (Zhang et al. 2016). Values for the other parameters were calculated using the EwE program 

176 software’s built-in multi-stanza module (Christensen et al. 2008). In Ecosim, we ran the 

177 simulations to model year 2030 and then removed the artificial fishing mortality to allow BHC 

178 populations to grow. We ran Ecosim simulations for another 120 years starting from model year 

179 2031 to ensure all modeled food webs reached a new equilibrium.

180

181 Scenario Simulations.—To project BHC population biomass and potential food web effects, we 

182 used a baseline scenario (with no BHC in the model), together with eight scenarios designed to 
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183 address several uncertainties associated with BHC production rates, prey vulnerability to BHC, 

184 and salmonine (salmon and trout) predation on age-0 BHC (Table 4). In high and low BHC 

185 production rate scenarios, we used values of P/B that were from a structured expert judgement 

186 solicitation of scientists who work on the Great Lakes and/or study the ecology of BHC 

187 (Wittmann et al. 2015; Table 4), and from a meta-analysis of BHC mortality rates (Tsehaye et al. 

188 2013; Table 4). In scenarios of prey vulnerability to BHC, we used values of the vulnerability 

189 parameter of a reference planktivore species for age-0 BHC (Table 5). The reference planktivore 

190 was the dominant planktivore species in each of the modeled habitats. Values of the prey 

191 vulnerability parameter for age-0 and age-1+ reference planktivore groups were used in scenarios 

192 of high and low prey vulnerability to age-0 BHC. The two scenarios associated with salmonine 

193 predation represented whether the salmonines would consume age-0 BHC, as this was a concern 

194 for fisheries managers in previous BHC simulations in Lake Erie (Zhang et al. 2016). In the 

195 salmonine predation scenarios, the percent contributions of age-0 BHC to the diet of each 

196 salmonine predator group were the same across the modeled habitats. The no-salmonine 

197 predation scenario was the same as the salmonine predation scenario except that age-0 BHC 

198 were not included in salmonine diets. 

199 The Lake Erie EwE model by Zhang et al. (2016) included piscivorous birds (Double 

200 Crested Cormorants Phalacrocorux auritus, Red-Breasted Merganser Mergus serrator) as 

201 potential predators of BHC and other fishes in its dynamic simulations. Because piscivorous 

202 birds are highly migratory and their dynamics are not fully determined by the dynamics of the 

203 Lake Erie food web, we used a forced biomass time series for piscivorous birds under all BHC 

204 scenarios in the Lake Erie food model simulations. The forced biomass time series was generated 

205 from the baseline simulation (with no BHC). In the other three modeled habitats, piscivorous 

206 birds were not considered to be significant predators of age-0 BHC as their biomass was 

207 extremely low.

208 To compare projected BHC biomass and food web effects across habitats and scenarios, 

209 we calculated (1) the percentage of total fish biomass that was comprised of BHC, (2) the change 

210 in biomass of each food web group, and (3) the total population consumption and predation 

211 mortality rates for selected fish species of interest in each BHC scenario and habitat. These 

212 metrics for projected BHC biomass and food web effects were based on simulated biomass, 

213 consumption, and mortality rates at equilibrium, which were the averages over the last 10 years 
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214 of the 120-year simulation period in the baseline scenario, and each of the BHC scenarios in each 

215 habitat. The projected change in biomass of a food web group was calculated as the percentage 

216 change in the projected biomass in one of the eight BHC scenarios relative to that in the baseline 

217 scenario. We considered biomass changes (increases or decreases) of less than 5% as negligible. 

218 To visualize how biomass of a food web group could respond to different levels of BHC 

219 biomass, we plotted the percent changes in biomass of the food web group (Y-axis) as a function 

220 of BHC biomass (X-axis) across all scenarios and habitats.

221

222 RESULTS

223 Projected bigheaded carp biomass.— The projected biomass of BHC varied across habitats and 

224 scenarios of prey vulnerability to BHC and BHC production rates (Figure 2). In Saginaw Bay 

225 and Lake Erie, the biomass of both age-0 and age-1+ BHC grew substantially across all BHC 

226 scenarios. The proportion of total BHC biomass of both age-0 and age-1+ BHC, which 

227 comprised 4% of the initial total fish biomass in the Ecopath models, comprised 10–34% and 

228 11–40% of the total fish biomass across all BHC scenarios in Saginaw Bay and Lake Erie, 

229 respectively (Figure 3). The highest BHC biomass occurred under scenarios of high prey 

230 vulnerability to BHC and high BHC production rates, followed by scenarios of high prey 

231 vulnerability to BHC and low BHC production rates. The lowest projected BHC biomass in 

232 Saginaw Bay and Lake Erie occurred under scenarios of low prey vulnerability to BHC and low 

233 BHC production rates, with BHC contributing about 10% to the total fish biomass. For age-1+ 

234 BHC, the biomass in each of the BHC scenarios was higher than the initial BHC biomass in 

235 Ecopath, but for age-0 BHC, the biomass was similar to, or lower than its initial biomass under 

236 scenarios of low prey vulnerability to BHC and low BHC production rates (Figure 2). Salmonine 

237 consumption of age-0 BHC had negligible effects on the projected biomass of age-0 or age-1+ 

238 BHC across all scenarios of BHC prey vulnerability and BHC production rates in Saginaw Bay 

239 and Lake Erie. Overall, the proportion of total fish biomass that was represented by BHC in 

240 Saginaw Bay and Lake Erie ranged from 10 to 44%.

241 In Lake Michigan and Lake Huron, the increase in BHC biomass was less than was found 

242 in Saginaw Bay and Lake Erie across BHC scenarios. In Lake Michigan, while the BHC 

243 proportion of total fish biomass increased from 4% under initial conditions to about 7–8% 

244 (Figure 3), actual biomass of age-0 and age-1+ BHC declined from initial levels across all BHC 
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245 scenarios (Figure 2). In Lake Huron, the contributions of BHC biomass to the total fish biomass 

246 ranged from 12 to 15% (Figure 3). Biomass of age-0 BHC declined from initial biomass levels, 

247 while age-1+ BHC biomass was relatively similar to, or increased from initial levels under 

248 scenarios of high BHC production rates, but declined from initial levels under scenarios of low 

249 BHC production rates (Figure 2). Overall, the proportion of total fish biomass from BHC for 

250 Lakes Michigan and Huron ranged from 0.5 to 1.1%.

251 Food web response relative to BHC biomass and across scenarios.— We combined 

252 simulation results for all scenarios and habitats together to show how food web groups responded 

253 to increases in BHC biomass (Figures 4–8). We also presented biomass changes by food web 

254 group in each habitat and across BHC scenarios (Tables 6-9). We focus on reporting results for 

255 the food web groups that were projected to have biomass changes from baseline of  ≥5% 

256 (positive or negative) in response to BHC biomass across BHC scenarios, and give a complete 

257 summary of simulated biomass changes for every food web group in each habitat across BHC 

258 scenarios in Supplementary Material 2. Note that we considered a <5% biomass change as 

259 negligible. 

260 As we hypothesized, food web groups had mixed responses to BHC biomass across 

261 habitats and BHC scenarios. In relatively more productive Saginaw Bay and Lake Erie, the 

262 biomass response of food web groups often was greatest under scenarios of high prey 

263 vulnerability to BHC, regardless of scenarios of BHC production rates, and often showed 

264 (positive or negative) trends with respect to BHC biomass. In relatively less productive Lake 

265 Michigan and Lake Huron, the biomass response by food web groups to BHC biomass was 

266 negligible in most BHC scenarios. 

267 Relatively few piscivorous fishes showed increases in biomass in response to BHC 

268 biomass across BHC scenarios (Figures 4, 5). For Walleye in Saginaw Bay, biomass of larvae, 

269 age-0, age-1, and adult groups decreased from baseline by up to 16%, 13%, 11%, and 6%, 

270 respectively (Figure 4a) under scenarios of high prey vulnerability to BHC. For Lake Erie 

271 Walleye, biomass of larvae and age-0 groups decreased from baseline by up to 6% and 9%, 

272 respectively, while the biomass of the adult group increased from baseline by up to 19% under 

273 scenarios of high prey vulnerability to BHC (Figure 4a). In Lake Michigan, the biomass of the 

274 adult Walleye group increased from baseline by 7–11% across all BHC scenarios. Note that 
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275 biomass of Lake Huron Walleye was not simulated because its biomass is controlled by the food 

276 web dynamics in Saginaw Bay (Kao et al. 2016). 

277 Response of Yellow Perch groups to BHC scenarios differed among habitats (Figure 4b). 

278 In Saginaw Bay, biomass of Yellow Perch larval and age-0 groups decreased from baseline by 

279 up to 24% and 17%, respectively, under scenarios of high prey vulnerability to BHC, but the 

280 biomass of age-1–2 and age-2+ groups increased by up to 9% and 29%, respectively, under 

281 scenarios of high prey vulnerability to BHC. In Lake Erie, Yellow Perch biomass of larval, age-

282 0, and age 1–2 groups decreased from baseline under scenarios of high prey vulnerability to 

283 BHC by up to 10%, 23%, and 20%, respectively, but the biomass of the age-2+ group increased 

284 from baseline by up to 6%. In Lake Huron, biomass of the Yellow Perch age-0 group decreased 

285 by up to 6%, while the biomass of the age-3+ group increased from baseline by up to 16% across 

286 all BHC scenarios. In Lake Michigan, biomass change responses of Yellow Perch life stages to 

287 BHC scenarios were negligible (Figure 4b). 

288 While projected biomass changes of the other piscivorous and omnivorous fish groups 

289 differed among BHC scenarios, the largest biomass changes from baseline occurred under 

290 scenarios of high prey vulnerability to BHC across habitats (Figure 5, Table 6). In Saginaw Bay, 

291 projected biomass increased from baseline by up to 9% for salmonines (modeled as an “Outer 

292 Bay predator” group) and by up to 10% for Spottail Shiner Notropis hudsonius, but decreased 

293 from baseline by up to 49% for White Perch Morone americana and by up to 8% for the “Other 

294 prey fishes” group that was dominated by sunfishes Lepomis spp. (Supplementary Material 2). 

295 For piscivorous fishes in Lake Erie, projected biomass decreased from baseline by up to 9% for 

296 Lake Trout, by up to 19% for Steelhead, by up to 18% for Burbot Lota lota, and by up to 14% 

297 for White Bass Morone chrysops, but increased from baseline by up to 20% for Smallmouth 

298 Bass Micropterus dolomieu (Figure 5, Table 6). For the omnivorous White Perch in Lake Erie, 

299 projected biomass increased from baseline by up to 40% under high prey vulnerability to BHC 

300 scenarios but decreased slightly from baseline by up to 5% under low prey vulnerability to BHC 

301 and production scenarios (Table 6). Note that White Perch was not modeled in Lake Michigan 

302 and Lake Huron due to low biomass. 

303 Biomass of most planktivorous fish groups declined from baseline with increases in BHC 

304 biomass in Saginaw Bay and Lake Erie across BHC scenarios (Figure 6, Table 7). Under 

305 scenarios of high prey vulnerability to BHC in Saginaw Bay, biomass decreased from baseline 
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306 by up to 14% for Gizzard Shad and by up to 46% for Emerald Shiner (Figure 6, Table 7). In 

307 Lake Erie, under scenarios of high prey vulnerability to BHC, biomass of Rainbow Smelt and 

308 Alewife decreased from baseline by up to 8%, while biomass of Emerald Shiner decreased from 

309 baseline by up to 70% (Figure 6, Table 7). In Lake Huron, biomass of Alewife also decreased by 

310 up to 8% under high BHC production rate scenarios (Figure 6, Table 7). Note that biomass of 

311 Alewife and Rainbow Smelt was not simulated in Saginaw Bay as their dynamics were 

312 controlled by the food web dynamics in Lake Huron main basin (Kao et al. 2014), and Gizzard 

313 Shad and Emerald Shiner were not modeled in Lake Michigan (Supplementary Material 1) or 

314 Lake Huron (Kao et al. 2016) due to low biomass.

315 The biomass changes from baseline of benthivorous fish groups, including Common Carp 

316 Cyprinus carpio, Freshwater Drum Aplodinotus grunniens, Round Goby Neogobius 

317 melanostomus, Deepwater Sculpin Myoxocephalus thompsonii, Slimy Sculpin Cottus cognatus, 

318 and panfish Lepomis spp., in response to BHC biomass were nearly all negligible under BHC 

319 scenarios in all lake habitats (see Supplementary Material 2 for complete results). The exceptions 

320 were Round Goby and the “other prey fishes” group (dominated by Lepomis spp.) in Saginaw 

321 Bay, whose biomass decreased from baseline by up to 11 and 8%, respectively, and the “other 

322 fishes” group (Silver Chub Macrhybopsis storeriana, Trout-Perch Percopsis omiscomaycus, and 

323 Logperch Percina caprodes) in Lake Erie whose biomass decreased from baseline by up to 13% 

324 under scenarios of high prey vulnerability to BHC. Note that Trout-Perch and Log-Perch were 

325 not modeled in Lake Michigan and Lake Huron due to low biomass. 

326 Response of zooplankton groups to BHC biomass varied across taxa in Saginaw Bay and 

327 Lake Erie, but was negligible across all BHC scenarios in Lake Michigan and Lake Huron 

328 (Figure 7, Table 8). Under scenarios of high prey vulnerability to BHC in Saginaw Bay, biomass 

329 increased from baseline by up to 5% for copepods and by up to 20% for rotifers, but decreased 

330 from baseline by up to 42% for herbivorous cladocerans and by up to 32% for predaceous 

331 cladocerans. Similarly, under scenarios of high prey vulnerability to BHC in Lake Erie, biomass 

332 decreased from baseline by up to 13% for herbivorous cladocerans and by up to 8% for 

333 predaceous cladocerans (Figure 7, Table 8). 

334 With few exceptions, biomass changes of phytoplankton and microbial groups were 

335 negligible in response to BHC biomass within all lake habitats and under all scenarios (Figure 8, 

336 Table 9). However under scenarios of high prey vulnerability to BHC in Saginaw Bay, biomass 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



12

This article is protected by copyright. All rights reserved

337 increased from baseline by up to 14% for protozoa, by up to 5% for non blue-green algae, but 

338 decreased by up to 11% for blue-green algae (Table 9).

339 The biomass response of most benthic groups changed less than 4% over the entire range 

340 of BHC biomass (Supplementary Material 2). However in Lake Erie, biomass of the “other 

341 benthos” group (mainly insect larvae) decreased from baseline by up to 6% under scenarios of 

342 high prey vulnerability to BHC.

343

344 Consumption by fishes

345 Consumption by BHC.—Consumption by BHC (g m−2 yr−1) varied among age groups and lake 

346 habitats. Age-0 BHC consumed less than adult BHC, and both age groups consumed less in Lake 

347 Michigan and Lake Huron than in Saginaw Bay or Lake Erie (Figures S3.1a–d in Supplementary 

348 Material 3). In Lake Erie and Saginaw Bay, BHC consumption was higher under scenarios of 

349 high prey vulnerability to BHC than under scenarios of low prey vulnerability to BHC, while 

350 within these prey vulnerability scenarios, BHC consumption was higher under scenarios of high 

351 BHC production rates than low BHC production rates (Figures S3.1a, 1b). In Lake Michigan and 

352 Lake Huron, simulated BHC consumption was higher under scenarios of high BHC production 

353 rates than under low BHC production rates (Figures S3.1c, d).

354 Silver Carp consumed more phytoplankton than zooplankton, while the converse was true 

355 for Bighead Carp. Simulated BHC diet compositions also varied among lake habitats. In 

356 Saginaw Bay, Silver Carp consumed mainly non blue-green algae, in-water detritus, and blue-

357 green algae (Figure S3.1a) while Bighead Carp consumed mainly cladocerans, non blue-green 

358 algae, and in-water detritus. In Lake Erie, the top three prey items consumed by Silver Carp were 

359 blue-green algae, non blue-green algae, and detritus, while Bighead Carp consumed mostly 

360 cladocerans, blue-green algae, and detritus (Figure S3.1b). In Lake Michigan, Silver Carp 

361 consumed mainly diatoms, detritus, and other phytoplankton (excluding blue-green algae), while 

362 Bighead Carp consumed copepod nauplii, diatoms, and detritus (Figure S3.1c). In Lake Huron, 

363 Silver Carp consumed mainly non blue-green algae, pelagic detritus, and blue-green algae, while 

364 Bighead Carp mainly consumed herbivorous cladocerans, calanoid copepods, and non blue-green 

365 algae (Figure S3.1d). 

366
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367 Consumption by piscivores.—In Saginaw Bay, consumption by adult Walleye decreased from 

368 baseline under scenarios of high prey vulnerability to BHC, primarily owing to the reduction of 

369 age-0 Gizzard Shad biomass in its diet (Figure S3.2a). In contrast, in Lake Erie, consumption by 

370 adult Walleye increased from baseline, primarily owing to the addition of age-0 BHC to its diet 

371 (Figure S3.2b). In Lake Michigan and Lake Huron, consumption by adult Walleye increased 

372 under all BHC scenarios through addition of age-0 BHC to the diet (Figures S3.2c, d). 

373 Consumption by other predators varied among habitats and BHC scenarios. In Lake Erie,  

374 consumption by Lake Trout, Burbot, Steelhead, and White Bass each declined from baseline 

375 only under scenarios of high prey availability to BHC. Compared to a baseline scenario, Lake 

376 Trout, Steelhead, and Burbot had reduced consumption of Emerald Shiner, Burbot also had 

377 reduced consumption of Round Goby, and White Bass had reduced consumption of Rainbow 

378 Smelt (Figure S3.2b). Consumption by Smallmouth Bass increased from baseline under 

379 scenarios of high prey vulnerability to BHC, primarily owing to the addition of age-0 BHC to its 

380 diet (Figure S3.2b). In Lake Michigan and Lake Huron, there were negligible changes from 

381 baseline in consumption by Chinook Salmon, Lake Trout, or Burbot across all BHC scenarios 

382 (Figures S3.2c, d). 

383

384 Consumption by planktivores.—In Saginaw Bay, consumption by most planktivores decreased 

385 from baseline under scenarios of high prey vulnerability to BHC, primarily owing to the 

386 reduction of herbivorous cladoceran biomass available for planktivore consumption (Figure 

387 S3.3a). In Lake Erie, consumption by Rainbow Smelt, Alewife, and Emerald Shiner all declined 

388 under scenarios of high prey vulnerability to BHC, with greatest reductions in prey consumption 

389 by Emerald Shiner (Figure S3.3b). Gizzard Shad showed negligible changes from baseline in 

390 prey consumption under BHC scenarios. With only one exception, consumption by every 

391 planktivore in Lake Michigan and Lake Huron showed negligible changes across all BHC 

392 scenarios (Figure S3.3c). The lone exception was Alewife in Lake Huron, whose prey 

393 consumption decreased from baseline under scenarios of high BHC production rates, owing to 

394 decreases in consumption of copepod nauplii and herbivorous cladocerans (Figure S3.3d).

395

396 Consumption by omnivores.—Consumption by adult Yellow Perch in Saginaw Bay increased, 

397 especially under scenarios of high prey vulnerability to BHC, primarily owing to the addition of 
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398 age-0 BHC to its diet (Figure S3.4a). In Lake Erie and Lake Michigan, consumption by adult 

399 Yellow Perch showed negligible change across BHC scenarios, but in Lake Erie its consumption 

400 of age-0 BHC replaced consumption of other prey under scenarios of high prey vulnerability to 

401 BHC (Figures S3.4b, c). In Lake Huron, consumption by adult Yellow Perch increased from 

402 baseline in all BHC scenarios primarily through increased consumption of oligochaetes (Figure 

403 S3.4d). 

404 Changes from baseline in prey consumption by other omnivores were mostly negligible 

405 in response to BHC scenarios (Figures S3.4a–d). However, in Saginaw Bay, consumption by 

406 White Perch decreased from baseline under scenarios of high prey vulnerability to BHC, owing 

407 to reduced consumption of herbivorous cladocerans (Figure S3.4a). In Lake Erie, consumption 

408 by White Perch increased from baseline under scenarios of high prey vulnerability scenarios to 

409 BHC through addition of age-0 BHC to its diet (Figure S3.4b).  

410

411 Predation Mortality

412 Predation mortality on age-0 BHC.— Predation mortality on age-0 BHC varied among BHC 

413 scenarios in Saginaw Bay (Table 10). In Lake Erie, predation mortality was lower under 

414 scenarios of high age-0 BHC production rates, but higher under scenarios of low BHC 

415 production rates. In Lake Michigan and Lake Huron, predation mortality on age-0 BHC was 

416 lower under scenarios of high age-0 BHC production rates and salmonine consumption of age-0 

417 BHC compared to scenarios with low age-0 BHC production rates (Table 10). 

418

419 Predation mortality on planktivores.—There was very little change from baseline in predation 

420 mortality on planktivores across BHC scenarios. In Saginaw Bay, predation mortality on 

421 Emerald Shiner and Gizzard Shad declined from baseline only under scenarios of low prey 

422 vulnerability to BHC (Table S3.2). In Lake Erie, predation mortality on Rainbow Smelt and 

423 Alewife decreased from baseline under all BHC scenarios, while predation mortality on Emerald 

424 Shiner and Gizzard Shad decreased from baseline under scenarios of high prey vulnerability to 

425 BHC (Table S3.2). In Lake Michigan and Lake Huron, there were negligible changes from 

426 baseline in predation mortality on planktivores under all BHC scenarios.

427
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428 Predation mortality on omnivores.—In Saginaw Bay, predation mortality on age-0 Yellow Perch 

429 decreased from baseline under all BHC scenarios, but for age-1 and age-2+ Yellow perch 

430 predation mortality decreased from baseline most under scenarios of high prey vulnerability to 

431 BHC. In Lake Erie, Lake Michigan, and Lake Huron, there were negligible changes from 

432 baseline in predation mortality on Yellow Perch under any BHC scenario (Table S3.2). There 

433 were negligible changes from baseline in predation mortality on White Perch in Saginaw Bay or 

434 Lake Erie under any BHC scenario. 

435  

436 DISCUSSION

437 Our model results suggest that biomass of BHC would be greater in Saginaw Bay and 

438 Lake Erie, where productivity is higher, than in either Lake Michigan or Lake Huron. The 

439 percentage of total fish biomass represented by BHC also was greatest in Saginaw Bay and Lake 

440 Erie. Our simulated values of BHC biomass as a percentage of total Lake Erie fish biomass are 

441 similar to prior estimates generated by Zhang et al. (2016) and are consistent with prey 

442 productivity trends in other habitats where they occur. For example, the percentage of total fish 

443 biomass represented by BHC in Saginaw Bay (10–34%) and Lake Erie (11–40%) was lower than 

444 those (45–78%) reported in 2010 for the highly productive Illinois River (Coulter et al. 2018) 

445 where average spring total phosphorus and chlorophyll a concentrations are higher (360 µg L−1 

446 and 27.2 µg L−1, respectively) (Johnson and Hagerty 2008) than concentrations found in the 

447 Great Lakes habitats (Table 1). In contrast, in Lake Qiandaohu, China, where BHC do not 

448 reproduce successfully and are heavily stocked, a BHC biomass of 6.3 g m−2 was reported which 

449 represented approximately 46% of the total fish biomass despite a relatively low chlorophyll a 

450 value of 2.4 µg L−1 (Liu et al. 2007) that is lower than chlorophyll a values for Saginaw Bay and 

451 Lake Erie, but higher than values in Lake Michigan and Lake Huron. In Lake Balaton, Hungary, 

452 biomass of stocked BHC hybrids ranged from 2.1–2.8 g m−2 and comprised approximately 25% 

453 of the total fish biomass (Specziar 2010). Average phosphorus concentration in Lake Balaton is 

454 64 µg L−1 and chlorophyll a biomass is 12 µg L−1 (General Directorate of Water Management of 

455 Hungary, http://www.ovf.hu/).

456 In our model projections, Bighead Carp reached a similar equilibrium biomass as Silver 

457 Carp in all modeled habitats. This is more likely a function of the way we configured the 

458 Ecopath models than it is reflective of prey biomass available to each species in each lake. For 
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459 example, we set initial biomass and consumption of each carp species to be the same values, and 

460 set proportional composition of age-0 BHC in predators’ diets to be the same. The only 

461 differences were in the initial conditions for Bighead Carp and Silver Carp in the von Bertalanffy 

462 growth parameters, diet compositions (e.g., Bighead Carp eat more zooplankton than Silver 

463 Carp; Silver Carp eat more phytoplankton than Bighead Carp), and P/B values under low BHC 

464 production rates scenarios. Most other studies have reported that Silver Carp reach higher 

465 biomass levels than Bighead Carp in productive habitats where the two species co-occur. For 

466 example, in the lower Illinois River in 2005, Silver Carp comprised 85% of total BHC biomass 

467 (Irons et al. 2007). In Lake Poyang, China in 2000, Silver Carp comprised 58% of total BHC 

468 biomass (Wang et al. 2019). Possible explanations for the dominance of Silver Carp where the 

469 two species co-occur include higher predator preference for Bighead Carp (Sanft et al. 2018), 

470 and that Silver Carp feed more on phytoplankton and thereby can access a more abundant food 

471 resource. However, in less productive lakes like Lake Qiandaohu, China, biomass of Bighead 

472 Carp was greater (76% of total BHC biomass) than that of Silver Carp, possibly due to higher 

473 stocking levels (Dr. Q. Liu, Shanghai Ocean University, personal communication). Alsip et al. 

474 (2019) simulated growth potential of BHC in Lake Michigan, and found Bighead Carp would 

475 have positive growth in more areas than would Silver Carp. This model outcome may be a 

476 function of lower energy density for Bighead Carp compared to Silver Carp used in the model, 

477 allowing Bighead Carp to achieve positive growth in areas of low prey density (Alsip et al. 

478 2019). Based on these studies, we would expect that Silver Carp also would reach a higher 

479 biomass in productive areas in the Great Lakes if both BHC species become established.

480 Differences in projected BHC biomass among scenarios were driven by differences in 

481 BHC production rates and vulnerability of prey to BHC, and less so by variation in predation 

482 mortality on age-0 BHC by salmonines. The greatest biomass of BHC in any lake occurred under 

483 scenarios of high prey vulnerability to BHC. Projected BHC biomass was highest in Saginaw 

484 Bay and Lake Erie because of the high vulnerability and biomass density of their prey, and to a 

485 lesser extent on BHC production rates. The prey vulnerability coefficient in the Ecosim model is 

486 a parameter in the foraging arena concept (Ahrens et al. 2012) that determines the availability of 

487 prey to predators, with higher values of vulnerability indicating that a higher proportion of prey 

488 production is available to predators. A comparison of the percentage of zooplankton production 

489 consumed in Great Lakes Ecopath models reveals that approximately 40% of the available 
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490 zooplankton production is utilized by resident fish and invertebrate planktivores in our study 

491 habitats (Kao et al. 2014; Kao et al. 2018; Kao et al. 2016; Zhang et al. 2016), which leaves 

492 nearly 60% potentially available to invasive planktivores such as BHC. Owing to the difference 

493 in lake depths (Table 1), although the total areal density of zooplankton biomass (g m−2) was 

494 highest in Lake Michigan and Lake Huron, the volumetric biomass density (g m−3) was lower in 

495 those lakes than in Saginaw Bay or Lake Erie. As an outcome of model calibration, the 

496 vulnerability coefficients of zooplankton as prey available to native planktivores were higher for 

497 the mesotrophic and shallower Saginaw Bay and Lake Erie than for the oligotrophic and deeper 

498 basins of Lake Michigan and Lake Huron. This suggests that spatial overlap between 

499 planktivorous fish and zooplankton may be higher in Saginaw Bay and Lake Erie compared to 

500 Lake Michigan and Lake Huron, and implies that Saginaw Bay and Lake Erie would be more 

501 vulnerable to BHC invasion compared to the other deeper and more oligotrophic habitats across 

502 the Great Lakes.  

503

504 Food Web Response to BHC across lake habitats

505 Results of our model simulations suggest that BHC would have some negative effects on 

506 many food web groups in relatively more productive Saginaw Bay and Lake Erie (5–25% 

507 projected changes in biomass from baseline values), and negligible effects (<5% projected 

508 changes in biomass from baseline values) on food web groups in oligotrophic Lake Michigan 

509 and Lake Huron. The greatest effects of BHC biomass were projected to be on planktivorous fish 

510 and zooplankton, and less so on piscivores, benthos, phytoplankton and the microbial groups. 

511 Larger decreases in biomass also were projected for Emerald Shiner in Lake Erie. The declines 

512 in planktivore biomass were more related to declines in biomass and consumption of 

513 zooplankton, given their predation mortality was lower than baseline (i.e., without BHC in the 

514 habitat) values. In Saginaw Bay, BHC consumption caused large decreases in biomass of 

515 cladocerans and planktivores, which released food competition and/or predation mortality on 

516 copepods, rotifers, protozoa, bacteria and non blue-green algae and led to biomass increases of 

517 these groups (Supplementary Material 3). In the other three modeled habitats, the lack of 

518 response by phytoplankton and microbial groups to BHC consumption may be attributable to an 

519 indirect effect of reduced filtration pressure from lowered zooplankton biomass. Large increases 
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520 in biomass also were projected for invasive White Perch in Lake Erie, owing to consumption of 

521 age-0 BHC and reduced predation from sub-adult Walleye and other piscivores. 

522 Studies of BHC effects on food webs in the Mississippi-Illinois River system are largely 

523 consistent with our model results. In the Illinois River, biomass of large and small size groups of 

524 zooplankton and chlorophyll α declined after BHC introduction (DeBoer et al. 2018; Irons et al. 

525 2007). Irons et al. (2007) indicated density and condition of planktivorous Gizzard Shad and 

526 Bigmouth Buffalo (Ictiobus cyprinellus) declined after BHC invaded the river, and Pendleton et 

527 al. (2017) showed declines in biomass of planktivorous fish in off-channel habitats after 

528 bigheaded carp introduction. However, DeBoer et al. (2018) reported increases in age-0 fish 

529 biomass and negligible changes in adult fish biomass in the main channel habitat of lower 

530 Illinois River over the period from 2002–2017. They speculated the increase in age-0 fish 

531 biomass may have resulted from piscivores switching from feeding on less abundant native prey 

532 fish to feeding on more abundant Silver Carp juveniles. In contrast, Phelps et al. (2017) analyzed 

533 long-term (20-year) data from the Mississippi River, short-term (5-month) data from backwater 

534 lakes, and conducted laboratory experiments to demonstrate negative effects of high densities of 

535 Silver Carp on the fish community. They found that densities of Gizzard Shad and piscivorous 

536 Bowfin Amia calva declined in the Mississippi River after the introduction and irruption of the 

537 Silver Carp population, while their laboratory results with age-0 stages of Silver Carp, Gizzard 

538 Shad, and Bigmouth Buffalo showed reduced survival of Gizzard Shad and reduced growth of 

539 Bigmouth Buffalo in the presence of high densities of Silver Carp (Phelps et al. 2017). The 

540 negative effects of Silver Carp on density and condition of native planktivorous fishes were 

541 confirmed by other studies that suggest competition with Silver Carp for plankton has negatively 

542 affected native planktivore condition and growth (Minder and Pyron 2018, Fletcher et al. 2019). 

543 Our model results suggest that age groups of some fish species may experience different 

544 trends in abundance in response to BHC carp invasion. Although adult Walleye biomass was 

545 projected to increase slightly in Lake Erie as BHC biomass increased, biomass of younger 

546 Walleye life stages declined because their planktivorous prey biomass declined, and the addition 

547 of age-0 BHC as prey could not compensate for the loss of their existing planktivorous prey. 

548 Walleye biomass in Saginaw Bay was negatively affected even with the addition of age-0 BHC 

549 to its diet. In Lake Michigan, age-0 BHC biomass was projected to have a minor but positive 
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550 effect (<10% increase) as prey for Walleye, but we consider this a relatively minor change 

551 because the baseline Walleye biomass was extremely low (0.00017 g m-2). 

552 The response of other predators to BHC biomass was mixed. In Lake Erie, Lake Trout, 

553 Burbot, Steelhead and White Bass biomass decreased owing to a decrease in biomass of their 

554 planktivorous prey (Alewife, Rainbow Smelt, Emerald Shiner), and did not benefit from 

555 availability of age-0 BHC as was observed for White Bass in the Illinois River drainage 

556 (Anderson 2016). There was no significant change in Lake Trout biomass in the other habitats, 

557 or in Pacific salmonine biomass in either Lake Michigan or Lake Huron. In contrast, biomass of 

558 fishes that consumed age-0 BHC increased, including Smallmouth Bass in Saginaw Bay and 

559 Lake Erie, and White Perch in Lake Erie.

560 Higher BHC biomass in Saginaw Bay and Lake Erie led to greater effects on zooplankton 

561 and planktivores within these habitats but differences existed between habitats in the food web 

562 response to BHC. For example, decreases in herbivorous cladoceran biomass were larger in 

563 response to BHC invasion in Saginaw Bay than in Lake Erie. As a consequence, Gizzard Shad 

564 consumption and biomass decreased in Saginaw Bay, while in Lake Erie, Gizzard Shad 

565 consumption and biomass was less affected by BHC introduction. Also, copepod biomass 

566 increased in Saginaw Bay in response to BHC introduction, but decreased in Lake Erie. This is 

567 consistent with the decline of Emerald Shiner in Lake Erie, which declined by a much greater 

568 amount in scenarios with high prey vulnerability to BHC than in Saginaw Bay as a result of more 

569 direct competition for zooplankton prey. 

570 Response of zooplankton and microbes to BHC biomass varied among habitats and 

571 showed strong interspecific interactions. In Saginaw Bay, the decline in herbivorous cladoceran 

572 biomass due to BHC consumption led to higher biomass of copepods, rotifers, protozoa, and 

573 bacteria because of reduced competition for algae. In Lake Erie, biomass of both copepods and 

574 cladocerans decreased in response to BHC, but to a less degree than in Saginaw Bay, and led to 

575 negligible changes in rotifer and microbe biomass in Lake Erie. These results are consistent with 

576 observations from Lake Donghu China, which has been continuously stocked with BHC since 

577 the 1970s. By 1991 in Lake Donghu, large cladocerans decreased, copepods and rotifers had 

578 minor changes, while protozoa increased compared to before BHC stocking (Yang et al. 2005). 

579 Simulated changes in phytoplankton biomass in response to BHC biomass were observed 

580 only in Saginaw Bay. Biomass of non blue-green phytoplankton (diatoms, green algae) 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



20

This article is protected by copyright. All rights reserved

581 increased, while biomass of blue-green algae decreased. Non blue-green phytoplankton biomass 

582 likely increased owing to decreases in macrozooplankton, and because of competitive release 

583 from blue-green algae whose projected decline was attributed to BHC consumption. Studies 

584 suggest that blue-green algae form a large part of BHC diet composition when the algae is 

585 abundant (Chen 1982, Cooke et al. 2009). BHC were introduced into the United States to control 

586 algae in aquaculture and waste ponds, and whether BHC can control blue-green algae, 

587 particularly Microcystis, is of great interest to water quality management in China (Miura 1990, 

588 Ke et al. 2007, Ma et al. 2012). Estimates of the minimum BHC biomass needed to control 

589 Microcystis were 92–100 g m−2 in Lake Donghu (Liu and Xie 2002) and 55 g m−2 in Lake 

590 Shichahai (Zhang et al. 2006), while a BHC biomass of approximately 20 g m−2 was estimated to 

591 be too low to control Microcystis (Ke et al. 2007). These BHC biomass levels are much higher 

592 than those projected to occur in the Great Lakes habitats we have modeled (up to 9.2 g m−2 in 

593 Saginaw Bay, and 7.4 g m−2 in Lake Erie), which may explain why our model simulations 

594 projected only minor decreases in blue-green algae biomass with introductions of BHC. Also, we 

595 may have underestimated the projected effects of BHC consumption on blue-green algae 

596 biomass in the Great Lakes because Microcystis blooms only occur in nearshore areas during two 

597 to three months in summer or fall, while our input parameters and simulation drivers in EwE 

598 models were based on growing-season averages across the whole habitats. 

599 Changes in biomass of benthic organisms were relatively minor in response to BHC. We 

600 anticipated that invasion of BHC would have significant negative effects on Dreissena mussels 

601 as they would both compete for phytoplankton, but effects on Dreissena mussels were negligible 

602 in Lake Erie and Lake Michigan, likely because the projected biomass of Dreissena was so large. 

603 Changes in projected biomass of other benthic groups that mainly fed on detritus were 

604 negligible. Zhang et al. (2016) also reported little change in benthos biomass in response to a 

605 simulated BHC invasion in Lake Erie.

606 In Lake Michigan and Lake Huron, biomass of food web groups changed little in 

607 response to BHC biomass, which did not increase above the low introductory levels under most 

608 BHC scenarios. This result suggests that the habitats in these lakes, while not productive enough 

609 to support high production of BHC, still are adequate to sustain a low population size of BHC 

610 which is consistent with the findings in Alsip et al. (2019). As we simulated the food web at the 
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611 whole lake level, organism biomass more reflected the oligotrophic conditions of the larger main 

612 basin and not the smaller, more mesotrophic nearshore areas. 

613

614 Scenario simulations

615 Scenario simulations allowed us to evaluate consequences of previously documented sources of 

616 uncertainty for BHC biomass and food web effects. These included variability in prey 

617 vulnerability to BHC, BHC production rates, and predation on age-0 BHC by salmonines 

618 (Wittmann et al. 2015; Zhang et al. 2016). By far the most important factor explaining potential 

619 for BHC populations to grow was vulnerability of their prey, followed by variability in BHC 

620 production rate. Predation by salmonines on age-0 BHC did not appear to affect BHC population 

621 biomass. As with prior scenario simulations of BHC in Lake Erie, BHC biomass did not change 

622 with vulnerability to predators (Zhang et al. 2016). In reality, it is unlikely that salmonines would 

623 be able to prey on age-0 BHC because their habitats would not overlap. In the Mississippi River 

624 drainage, age-0 carp spend much of their first year in shallow side-channel and wetland habitats 

625 (eg. Kolar et al. 2007, Chick et al. 2020) that are not inhabited by salmonines in the Great Lakes. 

626 Model simulations of BHC effects on food webs in other freshwater ecosystems were 

627 consistent with results in this analysis. In Lake Ontario, which is less productive than Lake Erie 

628 or Saginaw Bay, but more productive than Lake Michigan or Lake Huron, Currie et al. (2012) 

629 used an Ecopath biomass balance approach to project that at high biomass levels, BHC could 

630 have significant negative effects on Alewife, the dominant planktivore species. Kramer et al. 

631 (2019) simulated food web response to invasion by BHC in currently uninvaded areas of the 

632 Mississippi River, and found that biomass of all members of the food web would decline by 10–

633 30%. Liu et al. (2007) used an Ecopath model to analyze trophic flows of Lake Qiandohu in 

634 China, and found that aggressive BHC stocking practices and elimination of piscivores allowed 

635 BHC to reach a biomass of 6.3 g m−2, which was sufficient to reduce phytoplankton biomass and 

636 eliminate algal blooms.

637

638 Model biases

639 The Ecopath models used in this study were developed by different groups using data 

640 from different time periods, which could have confounded the comparisons among the four 

641 habitats. Kao et al. (2014, 2016) developed the Lake Huron main basin and Saginaw Bay 
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642 models, while Zhang et al. (2016) developed the Lake Erie model and the Lake Michigan model 

643 in this study. Yet, by running the simulations to model year 2031 without releasing BHC 

644 populations to grow, all simulations were consistent with current observations from each lake, 

645 and had experienced recent food web changes. For example, decreases in productivity of the 

646 lower food web resulted from declining nutrient inputs and Dreissena mussel filtration in both 

647 Lake Michigan and Lake Huron. This gives us confidence that the relative direction and 

648 magnitude of food web response to BHC scenarios would be similar across habitats of similar 

649 productivity.   

650 Our model projections of BHC effects on lake food webs are likely underestimated. We 

651 averaged biomass of food web groups across all habitats and growing seasons, and ignored the 

652 connectivity and movement of nutrients and fish between productive nearshore habitats in Lake 

653 Huron and Lake Michigan with less productive offshore habitats. In Lake Erie, we averaged 

654 biomass of food web groups that occur in the productive western basin and the more oligotrophic 

655 eastern basin. Some fish species in Saginaw Bay move seasonally to Lake Huron main basin and 

656 back again, and in Lake Erie, fish in the more productive western basin migrate seasonally to the 

657 central and eastern basins (Wang et al. 2007), so BHC effects occurring within these more 

658 productive areas likely will reverberate to adjacent habitats. In Lake Michigan, early life stages 

659 of key fish species that occur in drowned river mouth lakes were not included in our simulations, 

660 but likely would be affected by BHC consumption of their zooplankton prey (Fletcher et al. 

661 2019). We also may have underestimated the effect of BHC planktivory on age-0 fish (besides 

662 Walleye and Yellow Perch) by simulating their average prey consumption over their first year. 

663 Barthelmes (1984) found densities of larval percids declined with heavy stocking of Silver Carp, 

664 possible because of competition with fish larvae for plankton prey (Ivan et al. 2020) or through 

665 direct consumption of larvae. We did not evaluate the possibility that BHC could consume native 

666 fish larvae, which, if it occurred, could cause population collapse (Zhang et al. 2016).

667 Since BHC are not yet established in the Great Lakes, and because the vulnerability of 

668 Great Lakes plankton to BHC is unknown, we assumed BHC would have the same feeding 

669 efficiency for plankton as the planktivore species we identified as reference species in each lake 

670 and vice versa. If BHC are more efficient at eating plankton than the reference species we used 

671 (Cuthbert et al. 2019), then we likely underestimated BHC’s potential biomass and effects on 

672 Great Lakes food webs. Similarly, the vulnerability parameters of existing species in all of our 
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673 Ecosim models were estimated by fitting predicted biomass to observed biomass time series. 

674 Therefore, these values of vulnerability parameters, as well as our simulations, did not account 

675 for behavioral effects of BHC on existing species. We did run two scenarios to evaluate the 

676 sensitivity of BHC biomass to vulnerability of their plankton prey, and found BHC biomass was 

677 highly sensitive to vulnerability of its prey. Further work should quantitatively measure and 

678 compare foraging efficiency of BHC on plankton with that of existing planktivores. 

679 Another potential bias resulting from our model approach was to use the same values of 

680 consumption and production for BHC across all lake habitats. In reality, Lake Erie has warmer 

681 temperatures and should favor higher consumption and production rates of BHC compared to 

682 colder, more oligotrophic lake habitats. Thus, we may have overestimated effects in Lake Huron 

683 and Lake Michigan relative to Lake Erie and Saginaw Bay, although projected BHC biomass and 

684 effects in these lakes were low. Further use of bioenergetics models to quantify BHC potential 

685 consumption rates in Great Lakes habitats (Cooke and Hill 2010, Anderson et al. 2015, Anderson 

686 et al. 2017, Alsip et al. 2019) would refine risk assessments of BHC establishment, growth and 

687 potential effects (Ivan et al. 2020). 

688

689 Conclusions and Recommendations for future work

690 Our food web model projections provide support for previous risk assessments of BHC in 

691 the Great Lakes. Cudmore et al. (2012) also reported that productive areas of the Great Lakes 

692 would provide adequate prey and habitat for BHC, and effects on the food web would be 

693 negative for crustacean zooplankton, planktivorous fishes, and piscivores that may feed on them. 

694 Our model results may inform predictions of BHC effects in other Great Lakes. The results 

695 imply that productive nearshore areas will be most vulnerable, such as Lake St. Clair, Bay of 

696 Quinte in Lake Ontario, drowned river mouth lakes of Lake Michigan, southern Green Bay, and 

697 the North Channel of Lake Huron. Food web effects will be greatest on macrozooplankton and 

698 planktivores, and to a lesser degree on piscivores.

699 Although our results help define potential risk of BHC to food webs in these Great Lakes 

700 habitats, additional studies are needed to reduce the uncertainty. We recommend using models to 

701 project the population growth and consumption of BHC in spatially heterogeneous Great Lakes 

702 habitats. It would be important to simulate the entire life cycle of BHC in tributary and nearshore 

703 habitats of the Great Lakes, including spawning, early life history, movement and feeding. Use 
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704 of individual-based bioenergetics models, or whole ecosystem models (the Atlantis Ecosystem 

705 model; Fulton et al. 2011) will facilitate such projections for nearshore and offshore zones of 

706 Lake Ontario, Green Bay, and Lake Superior. Finally, we recommend testing model skill by 

707 testing the ability of the model to predict BHC dynamics and food web effects in well-studied 

708 ecosystems that already have been invaded by BHC (e.g., the Illinois River), where the history of 

709 BHC invasion and effects is relatively well known and food web effects are well documented. 

710
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Saginaw Bay Lake Erie
Lake Michigan

(main basin)

Lake Huron

(main basin)

Area (km2) 2,770 25,609 53,646 37,765

Depth (m) 8.9 19 91 73

TP (�g L−1) 15.91a 21.24b 3.20b 2.03b

Chl (�g L−1) 7.19a 5.75b 0.80b 0.65b

Trophic state Mesotrophicc Mesotrophicd Oligotrophicd Oligotrophicd

Initial BHC biomass (g m−2) 0.074–0.078 0.056–0.059 0.041–0.042 0.050–0.052
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Dominant piscivores Percids Percids Salmonines Salmonines

Dominant planktivores
Gizzard Shad, 

Emerald Shiner

Gizzard Shad, 

Emerald Shiner, 

Rainbow Smelt

Alewife, 

Rainbow Smelt, 

Bloater

Alewife, 

Rainbow Smelt, 

Bloater

Ecopath period 1988–1990 1999–2001 1994–1998 1981–1984

939

940 a Stow and Hook (2013) 

941 b US EPA Great Lakes National Program Office (available at https://cdx.epa.gov/) 

942 c Cha et al. (2016) 

943 d Dove and Chapra (2015)

944 Table 2. Diet composition (%) of Bighead Carp (BCP) and Silver Carp (SCP) in each Ecopath 

945 model. Age-0 and age-1+ carp of the same species had the same diet composition. Note that food 

946 web groups were different among models, and “-” indicates those groups were not explicitly 

947 included in the model.

Saginaw Bay Lake Erie Lake Michigan Lake Huron

BCP SCP BCP SCP BCP SCP BCP SCP

Blue-green algae 4.6 9.2 22.0 44.7 3.2 6.2 4.0 8.1

Non blue-green algae 26.6 53.9 9.2 18.7 - - 27.1 54.7

Diatoms - - - - 17.8 34.9 - -

Other phytoplankton - - - - 9.7 18.9 - -

Protozoa 0.8 4.9 0.8 4.6 1.4 8.0 0.9 5.2

Rotifers 0.1 0.2 0.8 1.4 0.2 0.3 3.4 4.5

Copepod nauplii 9.8 2.5 - - 47.1 10.3 1.3 0.3

Calanoids 11.6 2.9 - - 1.8 0.4 2.5 0.5

Cyclopoids 5.2 1.3 - - 1.3 0.3 2.4 0.5

Copepods - - 6.1 1.6 - - - -

Predaceous cladocerans 0.3 0.1 1.4 0.3 0.2 0.04 0.1 0.01

Herbivorous cladocerans 28.0 5.1 46.7 8.7 4.4 0.7 45.2 6.3

Detritus 13.0 20.0 13.0 20.0 13.0 20.0 13.0 20.0

948
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949 Table 3. Percent composition of age-0 bigheaded carps in predators’ diets in each Ecopath 

950 model. Note that food web groups were different among models, and “-” indicates those groups 

951 were not explicitly included in the model. 

Group (age stanza) Saginaw Bay Lake Erie Lake Michigan Lake Huron

Walleye (0) 0.5 0.5 - -

Walleye (1) 2.5 - - -

Walleye (1–2) - 2.5 - -

Walleye (2+) 1.5 - - -

Walleye (3+) - 1.5 - -

Walleye (all) - - 1.5 1.5

Yellow Perch (1) - 1.0 - 1.0

Yellow Perch (1–2) 1.0 - 1.0 -

Yellow Perch (2+) - 1.0 - 1.0

Yellow Perch (3+) 1.0 - 1.0 -

Steelhead 0.25 0.25 0.25 0.25

Burbot 0.1 0.1 0.1 0.1

White Bass 0.5 0.5 0.5 0.5

White Perch 0.1 0.5 0.5 0.5

Smallmouth Bass - 1.5 - -

Freshwater Drum 0.1 0.1 0.1 0.1

Lake Trout 0.05 0.05 0.05 0.05

Catfish 0.5 0.5 - -

Outer Bay predators 0.25 - - -

Inner Bay predators 1.5 - - -

Chinook salmon (1+) - - 0.25 0.25

Coho Salmon (1+) - - 0.25 -

Other salmonines - - - 0.25

952

953 Table 4. Simulation scenarios used to investigate potential food web effects of bigheaded carps 

954 (BHC). Scenarios include a baseline scenario with no BHC (BaseL) and eight combinations of 

955 high or low production rates of BHC (HZ, LZ), high or low prey vulnerability to age-0 BHC 

956 (HP, LP), and whether salmonines feed on age-0 BHC (Y, N). For example, a scenario of high 
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957 BHC production rates (HZ), high prey vulnerability to BHC (HP), and predation by salmonines 

958 (Y) would be denoted as HZHPY. 

Scenario
Bighead Carp 

production

Silver Carp 

production

Prey vulnerability to 

BHC

Predation by 

salmonines

BaseL

HZLPY Higha Higha Low Yes

HZHPY Higha Higha High Yes

HZLPN Higha Higha Low No

HZHPN Higha Higha High No

LZLPY Lowb Lowc Low Yes

LZHPY Lowb Lowc High Yes

LZLPN Lowb Lowc Low No

LZHPN Lowb Lowc High No

959

960 a The production to biomass ratio (P/B) for age-1+ group was set to 1.08 yr−1 

961 b P/B for age-1+ group was set to 0.654 yr−1

962 c P/B for age-1+ group was set to 0.631 yr−1 

963 Table 5. Reference planktivore fish groups in each lake habitat that were used in simulation 

964 scenarios of high or low prey vulnerability (HP or LP, respectively) to bigheaded carps.

Vulnerability
Habitat

Age stanza of 

bigheaded carps

Reference group 

(age stanza) Calibrated HP LP

Saginaw Bay 0 Emerald Shiner (0–0.5) 1.214 10.000 1.214

1+ Emerald Shiner (0.5+) 10.000 10.000 10.000

Lake Erie 0 Gizzard Shad 11.000 11.000 1.214a

1+ Gizzard Shad 11.000 11.000 11. 000

Lake Michigan 0 Alewife (0) 8.553 8.553 1.242

1+ Alewife (1+) 1.242 1.242 1.242

Lake Huron 0 Alewife (0) 1.956 1.956 1.833

1+ Alewife (1+) 1.833 1.833 1.833

965

966 a used Saginaw Bay value because age-0 Gizzard Shad was not included in the model explicitly. 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



35

This article is protected by copyright. All rights reserved

967 Table 6. Projected percent changes in biomass of selected piscivorous and omnivorous fishes 

968 from a baseline scenario (no bigheaded carps) to each of the eight bigheaded carp invasion 

969 scenarios in Saginaw Bay, Lake Erie, Lake Michigan, and Lake Huron. Values in bold font are ≥ 

970 5% and considered significant. Refer to Table 4 for the explanation of bigheaded carp invasion 

971 scenarios.

972

Bigheaded carp invasion scenario

HZLPY HZHPY HZLPN HZHPN LZLPY LZHPY LZLPN LZHPN

Saginaw Bay

White Perch −5.53 −45.74 −5.28 −49.18 −4.82 −34.66 −4.82 −34.66

Inner Bay predators −0.02 3.57 0.35 3.02 −0.90 −1.47 −0.90 −1.47

Lake Erie

Lake Trout −0.90 −7.79 −0.90 −8.48 −0.81 −5.46 −0.81 −5.98

Steelhead −0.74 −14.51 −1.01 −18.64 −1.09 −11.22 −1.36 −14.26

Burbot −1.75 −18.05 −1.73 −17.99 −1.91 −13.47 −1.89 −13.42

Smallmouth Bass 0.94 20.37 0.94 20.37 0.54 13.44 0.54 13.46

White Bass 3.05 −13.75 3.04 −13.88 2.27 −11.03 2.25 −11.12

White Perch −2.46 35.35 −2.44 35.83 −5.33 19.65 −5.32 20.05

Lake Michigan

Chinook Salmon 0.85 0.89 −0.28 −0.04 0.83 0.79 −0.16 0.17

Lake Trout 0.03 0.07 −0.05 0.01 0.04 0.10 −0.02 0.07

Steelhead 0.31 0.29 −0.03 0.06 0.27 0.27 0.01 0.12

Burbot 0.60 0.59 0.65 0.63 0.55 0.48 0.59 0.51

Coho Salmon 0.18 0.16 −0.07 0.00 0.20 0.16 −0.03 0.06

Lake Huron

Chinook Salmon −1.93 −1.96 −2.65 −2.61 −0.97 −0.93 −1.31 −1.27

Lake Trout −1.54 −1.55 −1.65 −1.65 −0.95 −0.93 −0.88 −0.86

Burbot 0.31 0.31 0.21 0.22 0.28 0.27 0.20 0.20

Other salmonines 1.00 1.01 −0.38 −0.39 0.83 0.82 −0.18 −0.18

973

974 Table 7. Projected percent changes in biomass of selected planktivorous fishes from a baseline 

975 scenario (no bigheaded carps) to each of the eight bigheaded carp invasion scenarios in Saginaw 
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976 Bay, Lake Erie, Lake Michigan, and Lake Huron. Values in bold font are ≥ 5% and considered 

977 significant. Refer to Table 4 for the explanation of bigheaded carp invasion scenarios.

Bigheaded carp invasion scenario

HZLPY HZHPY HZLPN HZHPN LZLPY LZHPY LZLPN LZHPN

Saginaw Bay

Gizzard Shad −1.21 −14.33 −1.21 −13.08 −1.13 −8.82 −1.13 −8.82

Emerald Shiner −3.61 −45.93 −3.12 −43.21 −2.96 −28.72 −2.96 −28.72

Lake Erie

Rainbow Smelt −0.69 −7.59 −0.68 −7.58 −0.80 −5.71 −0.79 −5.70

Alewife −0.21 −7.62 −0.21 −7.62 −0.43 −5.92 −0.43 −5.92

Gizzard Shad 0.74 −0.20 0.60 −0.34 1.20 1.40 1.06 1.24

Emerald Shiner −1.98 −69.55 −1.96 −69.52 −3.16 −52.70 −3.16 −52.70

Lake Michigan

Rainbow Smelt 0.57 0.87 0.15 0.43 0.67 1.10 0.27 0.65

Alewife −0.29 −0.06 −0.23 −0.01 −0.16 0.18 −0.12 0.18

Lake Huron

Rainbow Smelt −1.46 −1.46 −1.79 −1.85 −0.38 −0.37 −0.90 −0.89

Alewife −5.49 −5.62 −7.61 −7.37 −3.30 −3.15 −3.61 −3.49

978

979

980 Table 8. Projected percent changes in biomass of selected zooplankton groups from a baseline 

981 scenario (no bigheaded carps) to each of the eight bigheaded carp invasion scenarios in Saginaw 

982 Bay, Lake Erie, Lake Michigan, and Lake Huron. Values in bold font are ≥ 5% and considered 

983 significant. Refer to Table 4 for the explanation of bigheaded carp invasion scenarios.

Bigheaded carp invasion scenario

HZLPY HZHPY HZLPN HZHPN LZLPY LZHPY LZLPN LZHPN

Saginaw Bay

Copepods 0.45 4.78 0.42 5.13 0.41 3.57 0.41 3.57

Herbivorous cladocerans −4.99 −42.18 −4.69 −38.93 −4.37 −27.21 −4.37 −27.21

Predaceous cladocerans −3.86 −31.80 −3.63 −29.44 −3.37 −20.70 −3.37 −20.70

Rotifers 2.06 20.46 1.89 18.51 1.87 12.84 1.87 12.84
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Lake Erie

Copepods −0.09 −1.95 −0.09 −1.95 −0.17 −1.55 −0.17 −1.55

Herbivorous cladocerans −0.46 −13.12 −0.46 −13.12 −0.89 −10.32 −0.89 −10.32

Predaceous cladocerans −0.33 −8.71 −0.33 −8.71 −0.85 −7.23 −0.85 −7.23

Rotifers −0.09 −3.20 −0.09 −3.20 −0.18 −2.47 −0.18 −2.47

Lake Michigan

Copepods 0.01 0.06 −0.04 0.01 0.03 0.11 −0.02 0.05

Herbivorous cladocerans 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02

Predaceous cladocerans −0.27 −0.21 −0.28 −0.22 −0.22 −0.09 −0.23 −0.12

Rotifers −0.01 −0.02 0.01 0.00 −0.01 −0.03 0.01 −0.01

Lake Huron

Copepods −0.34 −0.34 −0.42 −0.40 −0.24 −0.24 −0.22 −0.21

Herbivorous cladocerans −0.18 −0.19 −0.62 −0.62 −0.32 −0.31 −0.35 −0.34

Predaceous cladocerans −1.38 −1.41 −1.28 −1.29 −0.38 −0.33 −0.16 −0.12

Rotifers −0.13 −0.12 −0.10 −0.10 0.00 0.00 −0.01 −0.01

984

985 Table 9. Projected percent changes in biomass of protozoa, bacteria, and phytoplankton groups 

986 from a baseline scenario (no bigheaded carps) to each of the eight bigheaded carp invasion 

987 scenarios in Saginaw Bay, Lake Erie, Lake Michigan, and Lake Huron. Values in bold font are ≥ 

988 5% and considered significant. Refer to Table 4 for the explanation of bigheaded carp invasion 

989 scenarios.

Bigheaded carp invasion scenario

HZLPY HZHPY HZLPN HZHPN LZLPY LZHPY LZLPN LZHPN

Saginaw Bay

Protozoa 1.31 13.89 1.19 12.27 1.18 8.45 1.18 8.45

Bacteria 1.71 13.20 1.63 11.93 1.52 8.21 1.52 8.21

Non blue-green algae 0.49 5.38 0.45 4.90 0.43 3.40 0.43 3.40

Blue-green algae −1.57 −11.33 −1.48 −10.43 −1.32 −7.31 −1.32 −7.31

Lake Erie

Protozoa −0.03 2.25 −0.03 2.25 0.09 1.79 0.09 1.79

Bacteria −0.03 −3.47 −0.02 −3.47 −0.14 −2.67 −0.14 −2.67

Non blue-green algae 0.00 0.45 0.00 0.45 0.01 0.35 0.01 0.35
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Blue-green algae −0.14 −3.07 −0.14 −3.07 −0.22 −2.36 −0.22 −2.36

Lake Michigan

Protozoa 0.17 0.15 0.18 0.17 0.17 0.17 0.19 0.18

Bacteria 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Non blue-green algae 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02

Blue-green algae 0.00 0.01 0.00 0.01 0.01 0.03 0.01 0.03

Lake Huron

Protozoa −1.88 −1.86 −1.42 −1.51 −0.14 −0.15 −0.27 −0.28

Bacteria −0.20 −0.20 −0.20 −0.20 0.03 0.03 −0.01 −0.01

Non blue-green algae −0.10 −0.09 −0.10 −0.10 −0.01 −0.02 −0.02 −0.03

Blue-green algae −0.20 −0.21 −0.28 −0.26 −0.25 −0.24 −0.24 −0.23

990

991 Table 10. Projected predation mortality rates (yr−1) on age-0 bigheaded carps under the eight 

992 bigheaded carp invasion scenarios in Saginaw Bay, Lake Erie, Lake Michigan, and Lake Huron. 

993 Values in bold font are ≥ 5% and considered significant. Refer to Table 4 for the explanation of 

994 bigheaded carp invasion scenarios.

Bigheaded carp invasion scenario

HZLPY HZHPY HZLPN HZHPN LZLPY LZHPY LZLPN LZHPN

Saginaw Bay

Bighead carp 7.98 6.57 5.84 5.02 7.84 7.15 7.74 7.06

Silver carp 7.51 6.13 5.52 4.71 7.31 6.7 7.22 6.61

Lake Erie

Bighead carp 5.02 4.44 4.99 4.43 7.15 6.19 7.14 6.18

Silver carp 4.73 4.15 4.71 4.13 6.61 5.80 6.62 5.80

Lake Michigan

Bighead carp 0.44 0.44 0.19 0.20 1.00 1.02 0.48 0.49

Silver carp 0.38 0.38 0.17 0.16 0.93 0.91 0.44 0.41

Lake Huron

Bighead carp 1.97 1.96 1.90 1.89 3.38 3.39 3.26 3.27

Silver carp 1.81 1.80 1.74 1.74 3.05 3.06 2.95 2.95

995

996
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997 Figure 1. The four Great Lakes habitats (shaded) that were modeled for bigheaded carp impacts 

998 on food webs.

999 Figure 2. Initial and Ecosim projected biomass of age-0 and age-1+ bigheaded carps under each 

1000 of the eight bigheaded carp invasion scenarios in Saginaw Bay (SB), Lake Erie (LE), Lake 

1001 Michigan (LM), and Lake Huron (LH). Refer to Table 4 for the explanation of bigheaded carp 

1002 invasion scenarios. 

1003 Figure 3. Initial and Ecosim projected percent composition of total fish biomass that was 

1004 comprised of bigheaded carps (BHC) under each of the eight BHC invasion scenarios in each of 

1005 Saginaw Bay (SB), Lake Erie (LE), Lake Michigan (LM), and Lake Huron (LH). Refer to Table 

1006 4 for the explanation of BHC invasion scenarios. 

1007 Figure 4.  Projected percent changes from a baseline scenario (no bigheaded carps) in biomass 

1008 (A) Walleye and (B) Yellow Perch age classes in response to bigheaded carp biomass under each 

1009 of the bigheaded carp invasion scenarios in each modeled habitat. Refer to Table 4 for the 

1010 explanation of BHC invasion scenarios. 

1011 Figure 5. Projected percent changes from a baseline scenario (no bigheaded carps) in biomass of 

1012 selected piscivorous fishes in response to bigheaded carp biomass across bigheaded carp 

1013 invasion scenarios in the four modeled habitats: Saginaw Bay (SB), Lake Erie (LE), Lake 

1014 Michigan (LM), and Lake Huron (LH). Note that each fish might not be explicitly modeled in 

1015 one or more habitats and Smallmouth Bass in Saginaw Bay was simulated as “Inner Bay 

1016 predators”. 

1017 Figure 6. Projected percent changes from a baseline scenario (no bigheaded carps) in biomass of 

1018 selected planktivorous fishes in response to bigheaded carp biomass across bigheaded carp 

1019 invasion scenarios in the four modeled habitats: Saginaw Bay (SB), Lake Erie (LE), Lake 

1020 Michigan (LM), and Lake Huron (LH). Note that each fish might not be explicitly modeled in 

1021 one or more habitats.

1022 Figure 7. Projected percent changes from a baseline scenario (no bigheaded carps) in biomass of 

1023 zooplankton groups in response to bigheaded carp biomass across bigheaded carp invasion 

1024 scenarios in the four modeled habitats: Saginaw Bay (SB), Lake Erie (LE), Lake Michigan (LM), 

1025 and Lake Huron (LH).
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1026 Figure 8. Projected percent changes from a baseline scenario (no bigheaded carps) in biomass of 

1027 protozoa, bacteria, and phytoplankton groups in response to bigheaded carp biomass across 

1028 bigheaded carp invasion scenarios in the four modeled habitats: Saginaw Bay (SB), Lake Erie 

1029 (LE), Lake Michigan (LM), and Lake Huron (LH). 
A

u
th

o
r 

M
a
n
u
s
c
ri
p
t



nafm_10527_f1.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



nafm_10527_f2.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



nafm_10527_f3.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



nafm_10527_f4a.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



nafm_10527_f4b.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



nafm_10527_f5.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



nafm_10527_f6.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



nafm_10527_f7.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



nafm_10527_f8.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t


