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1 Introduction 99 
For strictly freshwater organisms, each watershed and sub-watershed is separated by impassable 100 
barriers of land or seawater that have led biogeographers to consider them as islands (Brown and 101 
Lomolino, 1998; Hugueny et al., 2010). Therefore, freshwater ecosystems are highly sensitive to 102 
species introductions (Russell et al., 2017). When considering all freshwater ecosystems at global 103 
level, the spread of invasive alien species is considered to be among the most important threats to 104 
freshwater aquatic biodiversity (Dudgeon et al., 2006) and in second place, after climate change, 105 
among the emerging threats (Reid et al., 2019). In particular, they can modify the trophic structure 106 
with variable consequences for the other species present before their arrival (Gallardo et al., 2016; 107 
David et al. 2017). 108 

In the last twenty years, the need to carry out an ecological diagnosis in application of the European 109 
Water Framework Directive (European Commission, 2000) has oriented research towards biological 110 
methods using indices based on taxonomic groups such as plants, invertebrates, fish, etc. In parallel, 111 
supported by the ecosystem approach to fisheries promoted by FAO (Garcia et al., 2003), there are 112 
integrative approaches that take into account the ecosystem as a whole, such as the ecosystem-113 
based quality indices recently proposed for the application of the European Marine Strategy 114 
Framework Directive (European Commission, 2008) by Boudouresque et al. (2020). 115 

Among these ecosystem-based approaches, trophic modeling seeks to quantify the biomass and 116 
matter flows between the species gathered in trophic groups. Its use has become widespread thanks 117 
to the development of the Ecopath with Ecosim (EwE) software suite (Christensen and Walters, 2004) 118 
since the mid-1980s, mainly in marine environments (Colléter et al., 2015). Initially developed to 119 
support fisheries management, EwE is also used to measure, explain, and even sometimes try to 120 
predict the impact of invasive species (Corrales et al., 2017). A quick review of the 41 articles 121 
returned by the query 'invasion' and 'Ecopath' (all fields) in the Web of Science database (Table S1) 122 
shows that the use of EwE to assess the impact of invasive species has been increasing since 2008, 123 
with 51% in freshwater ecosystems, because of their particular sensitivity in comparison with marine 124 
ecosystems, but only 2% in rivers (Middle and Upper Mississippi, Table S1). 125 

Large rivers appear to be particularly suitable ecosystems for the application of trophic modeling 126 
because they support high biomasses and develop large food webs (Welcomme, 1985). In the Rhône 127 
basin, the Saône River, with its associated floodplain, appears as the major large river of the 128 
watershed hosting a typical pattern of biodiversity (Godreau et al., 1999). This major Rhône river 129 
tributary has promoted numerous human activities for at least three millennia (Bonnamour, 2000) 130 
and has been subject to the arrival of numerous allochtonous species (see Keith and Poulet (2020) 131 
for fishes). The associate high biomass productivity has over the centuries allowed the lower part of 132 
the Saône to host one of the largest riverine fishery activities in the watershed (Changeux, 1996; 133 
Changeux and Zylberblat, 1993a, 1993b) and more broadly in the whole of the French metropolitan 134 
territory (Changeux, 2011). The presence of professional and amateur fishers, allowed to use gears 135 
and nets under catch declaration conditions since 1988, provides access to original data related to 136 
the biomass of exploited resources up to 2005, when monitoring became less regular. 137 

During this same period 1988-2005, in the mid-1990s, the functioning of the lower Saône profoundly 138 
changed from a turbid to a clear water state. The turbid state is characterized by high summer 139 
production of phytoplankton, responsible for a high load of suspended matter. Conversely, the clear 140 
state is characterized by strong water transparency and an extension of macrophyte communities to 141 
deeper parts of the river. To our knowledge, this regime shift, attested by numerous testimonies that 142 
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have referred to them as 'transparencies', has only been documented in two unpublished reports 143 
(Fruget and Persat, 2000; Baran and Compagnat, 2005). 144 

Like most French large river ecosystem, the lower Saône contains species that have been voluntarily 145 
or involuntarily introduced mostly from the 19th century onwards (Keith and Poulet, 2020). 146 
Introduced species, such as Common carp (Cyprinus carpio), Pike-perch (Sander lucioperca), Brown 147 
bullhead (Ameiurus nebulosus), Largemouth bass (Micropterus salmoides), Pumpkinseed (Lepomis 148 
gibbosus) for fish, or Zebra mussel (Dreissena polymorpha) and Spinycheek crayfish (Faxonius 149 
(Orconectes) limosus) for large invertebrates, are now considered as a part of the common 150 
background of the species community. During the period under consideration, from 1988 to 2005, 151 
there was a strong development of invasive or expanding species (IES) likely to have a major impact 152 
on the functioning of the ecosystem. The great cormorant (Phalacrocorax carbo) has spread 153 
southward, from the original Dutch and Danish nesting areas, and arrived in the Saône plain from 154 
1997 (Marion and Bergerot, 2018). The European catfish (Silurus glanis) was introduced into the 155 
basin in 1956. It began to breed only since 1968 in the Seille River, a tributary of the lower Saône 156 
itself colonized in the 1980s, and accessed the entire Rhône watershed during the 1990s (Keith and 157 
Poulet, 2020). The Asian clam Corbicula fluminea arrived in the lower Saône in 1990 from the 158 
Garonne watershed via the Rhône river (Mouthon, 2000). While the causal link between this last 159 
invasive species and the regime shift has been suggested by Mouthon (2001), it is only the role of 160 
phytosanitary pollutants, as inhibitors of the development of phytoplankton, that has been 161 
investigated to explain the transparencies (Fruget and Persat, 2000). However, the inhibitory role of 162 
pollutants has not been definitively established (Fruget and Persat, 2008). Two invasive crustacean 163 
species, Chelicorophium curvispinum, found since 1992 in river Saône (Genin, 1992) and 164 
Dikerogammarus villosus found since 1997 (Bollache et al., 2004) must also be mentioned here. Even 165 
if their numbers are large, they are considered to have less influence than Asian clam as attested in 166 
other French large rivers (see Floury et al., 2013 for Loire and Bachman & Usseglio-Polatera, 1999 for 167 
Mosel). The low habitat specificity and the intense filtering and breathing power of Asian clam affects 168 
global respiration budget of the river (Bachman and Usseglio-Polatera, 1999; Minaudo et al., 2021). 169 

In this study, we will adopt an ecosystem-based approach using a trophic model type EwE to quantify 170 
the role of different IES in the ecosystem shift and their relative impact on the other species in 171 
ecosystem flows in the lower Saône river. 172 

2 Materials and methods 173 

2.1 Study area 174 
The Saône river (Fig. 1), the main tributary of the Rhône river, originates in the Vosges mountains 175 
and flows north-south for 480 km to its confluence with the Rhône river in Lyon. Geologically, it is the 176 
oldest river axis of the basin because the upper Rhône was connected later to its actual watershed, 177 
at the end of Pleistocene (Persat et al. 2020). In its downstream part, after its confluence with the 178 
Doubs at the city of Verdun-sur-le-Doubs, it receives no major tributaries and constitutes a 179 
homogeneous water body, called the lower Saône (or Great Saône), which was occupied by a lake 180 
during the Early Pliocene (Persat et al. 2020). This lake had generated a large sedimentary plain 181 
which forms a dedicated hydro-ecoregion (Wasson et al. 2002; Fig. 1). Currently, the lower Saône has 182 
a very low slope (on average 0.003%, sometimes less than 2 cm/km in flood), a water surface area of 183 
3,297 ha (or 32.97 km² calculated for this study using QGIS v.2.18) and a linear length of 170 km. The 184 
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presence of this slow, productive river, positioned in the middle of the basin, is one of the major 185 
singularities of the Rhône watershed. 186 

The climate of the lower Saône region is humid semi-continental, with high temperatures in summer 187 
and cold, rainy winters. The hydraulic regime of the Saône is still almost natural and follows this 188 
seasonal variation with regular floods in winter (sometimes more than 1,400 m3/s) and extremely 189 
low water levels (a few tens of m3/s) in summer. Current velocities are naturally very low (about 190 
60 cm/s in flood, often less) and the floods are progressive and predictable (EPTB Saône-Doubs, 191 
2016). The average annual water temperature is 13.5°C (Poirel et al., 2008). 192 

 193 
Fig. 1: Lower Saône position in the Saône River basin showing hydro-ecoregion according to Wasson 194 
et al. (2002). Modified from hydro-ecoregion-IRSTEA, BD Carthage IGN, AE RMC. 195 

2.2 Ecopath model 196 
In the EwE suite we used the static module, Ecopath, dedicated to the construction and analysis of a 197 
mass balance model that represents the ecosystem at a given period, as detailed in Christensen et al. 198 
(2005). For this purpose, different functional groups, with similar feeding regimes, life history traits 199 
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and ecological behavior were identified. A single functional group can contain several species or a 200 
single species.  201 

Ecopath computed a mass balance so that the production of each prey is equal to or greater than the 202 
sum of the biomass consumed by the predators plus the biomass captured by fisheries plus the 203 
exports from the system. 204 

The main equation used by Ecopath model is: 205 

Pi= ෍ Bj  × M2ij +Yi +Ei+ BAi+ Pi × (1-EEi) 206 

were Pi is the production of the functional group i, M2ij is the predation of i by the predator j and Bj 207 
its associated biomass, Yi is the export by the fishery, Ei all the other types of export, BAi the biomass 208 
accumulation and EEi the ecotrophic efficiency (i.e. the proportion of the production of group i that is 209 
explained by the model, either by its exports or its predation). Thus, (1 – EEi) represents other 210 
mortality, or mortality not explained in the system. 211 

The previous equation can be rewritten as follows: 212 

𝐵௜ × (𝑃/𝐵)௜ = ෍ 𝐵௝ × (𝑄/𝐵)௝ × 𝐷𝐶௜௝ + 𝑌௜ + 𝐸௜ + 𝐵𝐴௜ + 𝐵௜ × (𝑃/𝐵)௜ +  (1-EEi) 213 

with (P/B)i is the production per biomass unit, (Q/B)j is the consumption per biomass unit and DCij is 214 
the portion of i in the diet of predator j. 215 

For each functional group, Ecopath requires three among the following parameters: B, P/B, Q/B), and 216 
EE. In most cases, we chose to let Ecopath calculate EE that must be less than 1 for the functional 217 
group to persist in the ecosystem. It is this parameter that enabled us to identify estimation errors 218 
and balance the model. 219 

2.3 Year of cleavage and fisheries data 220 
In order to represent in the best way possible the changes observed in the studied ecosystem in 221 
relation with IES arrivals, two Ecopath models were built corresponding to two different equilibrium 222 
situations of the ecosystem before (period 1) and after (period 2) the regime shift. 223 

The two periods differ by the change in abundance of IES. To specify the year of cleavage between 224 
the two periods to be considered, we used lower Saône annual catch estimates from the monitoring 225 
system for professional and amateur gear fishers. Catch estimates were deduced from their annual 226 
declaration multiplied by a return rate (no. of fishers declaring/no. of fishers admitted) calculated at 227 
the sector’s scale (see Changeux and Zylberblat 1993a, 1993b and 228 
https://professionnels.ofb.fr/sites/default/files/pdf/snpe_2003-2012_201505.pdf for more details on 229 
the methods). For the period from 1988 to 2005, the lower Saône appears to have the highest return 230 
rate of the whole Rhône watershed. The fishers were asked to declare only the caches taken out of 231 
the water. There is therefore equality between landings and catches. By aggregating the catches 232 
from different fishing gears used over the course of a year by amateurs and professionals, we can 233 
consider that these data reflect a global activity that is not very selective. Correspondence Analysis 234 
(CA) of annual estimates of caches and a clustering procedure on Euclidian distance from Rstudio 235 
(v.1.2.1335) packages FactomineR and factoextra were used to show the distribution between years 236 
and make the partition into two periods. 237 

To quantify the landings removed from the ecosystem by fishing, we must consider both fishing gear 238 
users (professional and amateur) and anglers. For professional and amateur fishers, the mean values 239 
of the previous annual catch estimates for each period were used. For anglers the only available 240 
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studies (Changeux (1996) for period 1 and Faure (2013) for period 2 were used. This last study only 241 
covers two annual fishing seasons and does not take into account the releasing of the catches. 242 
Considering the uncertainty on anglers' landings, the order of magnitude of the biomasses obtained 243 
after calibration of the model were compared to the statistics concerning the annual number of tax 244 
payments in the 3 departments concerned by the lower Saône River (Ain, Saône-et-Loire and Rhône) 245 
as a fishing effort proxy. 246 

2.4 Functional groups and model parameters inputs 247 
Model functional groups were established according to a maximum of the following criteria and at 248 
least two: (i) For a given species when it is specifically targeted by one or more categories of fishers; 249 
(ii) The group must be sufficiently documented to estimate the model parameters. When several 250 
species are grouped together, the parameters are established by taking a biomass-weighted average 251 
of the species in the group; (iii) The group must constitute a significant biomass (at least 10%) of a 252 
trophic level and related to the fishery landings. A low abundance species targeted by the fishery is 253 
attached to a group to achieve 10%; (iv) The group must be homogeneous, with species having 254 
similar P/B; (v) It must also include species with similar ecological and feeding behaviors; (vi) When a 255 
species varies by more than 50% between periods, the species is individualized as a group. 256 

In the following part of this section, we will explain how biomass (B), production/biomass ratio (P/B), 257 
consumption/biomass ratio (Q/B) and diet composition (DC) have been assessed for each functional 258 
group, going down the food chain from fish-eating birds to primary producers (phytoplankton and 259 
macrophytes), and specify the criteria they meet with reference to the list given in 2.4 260 

2.4.1 Birds (great cormorant) 261 
The lower Saône is frequented by a large number of water birds (ducks, swans, waders, grebes, 262 
Rallidae). Among the large fish-eating birds, the great cormorant has a special place because, in the 263 
opinion of fishers as well as managers, it was rare during period 1 and very abundant during period 2 264 
(criterion vi), with a considerable potential impact on the fish resource (criterion iii). That is why it is 265 
the only bird species that is well documented (criterion ii). 266 

Biomass of great cormorants was established using the results of the detailed local counts during 267 
years 1989, 1992, 1999, 2001, 2003, 2005 provided by Loïc Marion, in charge of the national census 268 
of the species (Marion, 2019). We took into account its spatial and temporal variations in the lower 269 
Saône. For space variation we selected the dormitories located less than 10 km from the lower 270 
Saône, and weighted the numbers by the proportion of water surface area accounted for the river 271 
within this radius. For temporal variations, we used the average monthly presence ratio on the whole 272 
time-series. Finally, the biomass was calculated with the average weight, male and female combined, 273 
of 2.2 kg established by Fonteneau et al. (2009). P/B and Q/B ratios values were from Jorgensen 274 
(2011), and diet composition adapted from Fonteneau et al. (2009). 275 

2.4.2 Fish 276 
Specially targeted by fisheries (criterion i), well-documented (criterion ii) and present at different 277 
trophic levels (criterion iii), fishes constitute the core of our model. 278 

The estimations of fish biomasses were established in consultation with all the authors including a 279 
professional fisherman. The total biomass retained was 400 kg/ha (or 40 t/km²) as indicated by 280 
Arrignon (1991) for type 3B large river ecosystem (Bream zone). For species distribution in the 281 
biomass, we have preferred to use professional and amateur catch rather than electrofishing 282 
because the various fishing gears they use sample the fishes of the entire body of water. This choice 283 
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was made after studying electrofishing sampling data of Office Francais de la Biodiversité on lower 284 
Saône showing they underestimate the total biomass and favor species and young stages living in 285 
shallow littoral shoreline habitats (Zajicek and Wolter 2018). To ensure that each group has a 286 
meaningful contribution at its trophic level (criterion iii), rare species were grouped by 287 
trophic/functional level. To meet criterion v (similar ecological and feeding behaviors), a Juvenile 288 
group was created to include the very young stages of all fish (0 to 6 months), as in Mathews (1993). 289 

P/B ratio is assimilated to total mortality rate (Z) related to natural mortality (M) and fishing 290 
mortality (F) following Z = M + F. Natural mortality (M) was obtained from the empirical relation 291 
(Palomares and Pauly, 1998): 292 

M = K0.65. Linf
-0.279.Tc

0.463 293 

where K (/year) is the parameter of curvature of the Von Bertalanffy growth curve, Linf (cm) is the 294 
asymptotic total length of the same curve and Tc is the average water temperature of the study area 295 
(13°C). For each fish species, the values of K and Linf were collected in Fishbase (fishbase.mhnh.fr). 296 
The value chosen was from a river similar to the Saône, or if not indicated an average value. For 297 
European catfish, the value of K was not available, so we used Britton et al. (2007). For the Juvenile 298 
group, the P/B value was based on Janjua and Gerdeaux (2009). The fishing mortality F was obtained 299 
by performing the yield/biomass ratio (Y/B) with Y equal to the quantity fished of the species 300 
(t/year)/water surface (km²). 301 

Q/B ratio was obtained according to the empirical relationship of Palomares and Pauly (1998):  302 

Log(Q/B) = 7.964 – 0,204.log(Winf) – 1.965.Tc + 0.083.A + 0,532.h + 0.398.d 303 

where Winf is the asymptotic weight (g), Tc is the average water temperature of the study area (13°C), 304 
A is linked to the shape of the caudal fin of the species considered. It is calculated according to the 305 
following relation A = h2/S (h: the height of the fin and S its surface). These values are available in 306 
FishBase. Concerning h and d, these parameters express the nature of the diet. For h, its value is 307 
equal to 1 when the species is herbivorous and 0 otherwise. Concerning d, its value is 1 for 308 
detritivorous and 0 otherwise. Concerning the Juveniles, knowing their similarity with bleak, we used 309 
the same Q/B as for this species. 310 

The diets of each species were extracted from Fishbase in rivers comparable to the lower Saône. 311 
Supplements were sought in the literature such as the inclusion of Asian clam in the diet of some 312 
cyprinids (Robinson and Wellborn, 1988) and in the diet of European catfish (Vagnon, 2021). The 313 
diets were averaged for grouped species and weight by their biomass fraction in the group. 314 

2.4.3 Zoobenthos 315 
Zoobenthos is a taxonomic group particularly consumed by fish (criterion iii). It is well documented 316 
(criterion ii), as it is used to assess the quality of ecosystems. Some species, such as the spinycheek 317 
crayfish (Faxonius (Orconectes) limosus), are targeted by fishing (criterion i) and/or show variations 318 
greater than 50% between the two periods, such as the Asian clam (criterion vi). This has led us to 319 
individualize a group for each of these two species in the model. To determine the other functional 320 
groups we used the individual species counts from Fruget and Persat (2008) which refers to period 2. 321 
We selected the species whose percentage of presence was higher than 10% (criterion ii). Then we 322 
grouped them according to their similar P/B ratio (criterion iv) and to the similarity of their ecological 323 
and feeding behavior (criterion v) using the literature (Table S2). The arrival of two invasive 324 
invertebrates: the gammarid Dikerogammarus villosus in 1997 (Bollache et al., 2004) and the filter 325 
collector Chelicorophium curvispinum in 1991-1992 (Genin, 1992), was taken into account in the 326 
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species lists for these groups. In accordance with the literature, it was considered that these arrivals 327 
have mainly had an impact on the distribution of species within their trophic group. 328 

The biomass of zoobenthos was calculated by the model, using the other known zooplankton 329 
parameters available in Mathews (1993), except for Asian clam and spinycheek crayfish. The biomass 330 
of Asian clam, absent in period 1, was however noted as being almost zero (biomasses at zero cannot 331 
be entered in Ecopath). In period 2, it was calculated according to the method of Chesnais (2013) 332 
with density data from the Mouthon (2003) study on the Saône. For the spinycheek crayfish, the 333 
biomass was deduced from the contrasting situation of this resource between the two periods. In 334 
period 2, crayfish are so intensively consumed by catfish that fishers have given up fishing for them. 335 
Their period 1 biomass was therefore established from the consumption capacity of the European 336 
catfish in period 2 given by the model. For the two periods, when it wasn’t estimated by Ecopath, 337 
P/Q and EE values were choose from Mathews (1993) and  P/B ratios were taken from the literature, 338 
after grouping of the species (see Table S2 for more details). Diets were also extracted from the 339 
literature (Briand et al., 2020; Chesnais, 2013; Evariste, 2016; Marguillier et al., 1998; Worischka et 340 
al., 2018). Regarding spinycheek crayfish diet, P/B, P/Q and diet were taken from Hamr (2002) and  341 
Vojkovská et al. (2014). 342 

2.4.4 Plankton 343 
Although less crucial in rivers than in marine or lacustrine environments, plankton supports a 344 
significant portion of the biomass (criterion iii) and serves as food for many fish, especially young 345 
stages. In order to meet criteria iv (similar P/B values) and v (similar ecological and feeding 346 
behaviors), it was segmented into zoo- and phytoplankton. The species were grouped into habitual 347 
taxonomic groups (phylum, class, sub-order). The phytoplankton biomass values estimated using 348 
existing studies on Saône River (Bourgeot et al., 2010; Fruget and Persat, 2008), Seine River (Gamier 349 
et al., 1995) and extrapolations from chlorophyll a concentration, were too low. Finally, in the 350 
absence of other biomass values available in a similar stream, zooplankton and phytoplankton 351 
biomass were estimated at equilibrium for both periods by the model using the other known 352 
zooplankton parameters (EE, P/B, Q/B) available in Mathews (1993). As for spinycheek crayfish, the 353 
phytoplankton is singled out by the fact that in period 2, Asian clams reach the end of this resource 354 
by creating transparencies. The biomass is thus sized by the consumption capacity of the Asian clam. 355 
The zooplankton diet was based on the study by Chesnais (2013). 356 

2.4.5 Macrophytes and periphyton 357 
Aquatic plants (macrophytes) and algae attached to rocks and aquatic plants (periphyton) represent 358 
significant biomasses among primary producers in flowing waters (criterion iii). In order to meet 359 
criteria iv and v (similar P/B values and similar ecological and feeding behaviors), they each form a 360 
separate group in our model. For species composition of these two groups we used Fruget and Persat 361 
(2008) results regarding occurrence. Biomass estimates from the few studies were very low. For 362 
marcophytes we used the order of magnitude available in Welcomme (1985). For periphyton we let 363 
Ecopath estimate EE from other available parameters (B, Q/B). 364 

2.4.6 Detritus 365 
Detritus biomass was calculated from the following empirical formula (Christensen et al., 2005):  366 

Log(D) = 0.954*log(Pp) + 0.863log(E) – 2.41 367 

With Pp: primary production and E: depth of the euphotic zone (2 m). 368 
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Since the chlorophyll concentrations are similar to those of the lower Saône, the average primary 369 
production used in our model is that of the portion of the Seine studied by Gamier et al. (1995). The 370 
unit being mgC/m2/year, the global conversion factor for phytoplankton used is that of O'Reilly and 371 
Dow in Link et al. (2006). 372 

2.5 Model calibration 373 
The model was calibrated manually by adjusting first the landings of the anglers and then the group 374 
inputs, to obtain EE values lower than 1 and a P/Q ratio ranging from 0.05 to 0.3 in accordance with 375 
Christensen et al. (2005). For the anglers’ landings, we adjust the values taking into account the catch 376 
and release and the fishing effort. For the groups, we started with the group having the highest EE 377 
until it dropped below 1 and then skipped to the next highest EE group. We changed first the diet 378 
composition, in relation with the availability of prey, then the biomass, considering first the least 379 
reliable parameters. The results of the model were validated, in a collegial way, by all authors, 380 
experts in the different trophic groups. The data for this model was assigned an Ecopath Pedigree Index of 381 
0.45 (Table 3), close to other published models (Janjua and Gerdeaux, 2009; Chesnais 2013). 382 

2.6 Model outputs 383 
Among the different output tools proposed by Ecopath, we have selected two indexes. First the 384 
keystone index of Valls et al. (2015) was used to designate functional groups whose small biomass 385 
variations have a high impact on the organization of the ecosystem. Secondly, the Mixed Trophic 386 
Impact index of Ulanowick and Puccia (1990) was used to study the impact of direct and indirect 387 
interactions. To show the flows between trophic levels and detritus, we also used the diagram 388 
associated with Lindeman spine function. The overall statistics, including the pedigree index, were 389 
also used to summarize our results and make an overall comparison with other references. 390 

3 Results 391 

3.1 The two periods through fisheries data 392 
The annual catches time-series of fishing gear users (sum of professionals and amateur) are grouped 393 
according to the catch categories specified in Table 1. The Correspondence analysis biplot of these 394 
data includes 89.5% of inertia (Fig. 2). Result shows a progression from 1988 to 1993, and a clustering 395 
of two groups of years (1988-1993 and 1994-2005). Period 1 (1988-1993) is associated with spiny 396 
cheek crayfish and brown bullhead, while period 2 (1994-2005) is associated with European catfish. 397 
The number of fishing days and fishers are similar (P bilateral t test > 0.05) with a mean value of 398 
1,641±385 d/y for 19±4 professionals and 3,189±989 d/y for 174±29 amateurs. The catches of 399 
professionals slightly increase while those of amateurs decrease (P unilateral t test = 0.003) and their 400 
total mean values were 74±11 t/y (or 2.2±0.33 t/km²/y). 401 
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 402 
Fig 2: Correspondence analysis biplot of the fishing gear users’ catches annual time-series from 1988 403 
to 2005 with the catch categories (black circles) given in Table 1. Years are figured by triangles. 404 
Period 1 (1988-1993), in blue, and period 2 (1994-2005), in red, are obtained by clustering. 405 

A first estimate of the catches of the anglers shows a decrease from 18.3 t/km²/year for period 1 to 406 
0.95 t/km²/year for period 2. For period 1, the initial estimate of anglers’ landing had to be divided by 407 
4 to adjust for the production capacity of the river, giving a total equal to 4.9 t/km²/year. For 408 
period 2, by making the adjustment, the overall landing increases from 0.95 t/ km²/year to 409 
1.2 t/km²/year. If the two periods are compared, this corresponds to a decrease of 75% in the 410 
landings by anglers between period 1 and 2, which is quite consistent with the evolution of fishing 411 
effort considering tax payments. 412 

From these different landing estimates, detailed in Table S3, it can be concluded that the global catch 413 
decrease from 7.2 t/km²/year, during period 1, to 3.4 t/km²/year, during period 2, is principally due 414 
to the decrease in the number of anglers. 415 

3.2 Model basic input and resulting estimate for the two periods 416 
The application our criteria to the lower Saône ecosystem led to the distinction of 28 functional 417 
groups plus detritus detailed in Table 1. Most of them (17) are monospecific with a dedicated group 418 
for each identified IES. Each of these groups can be linked to a catch category of the monitoring 419 
system. The model constitutes a coherent set to realize an ecosystem based approach of the lower 420 
Saône. 421 

  422 
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Table 1: Distribution of species or taxa according to their functional group in the model, catch 423 
category in the statistics, and their related compartment in the ecosystem (in bold with*: invasive or 424 
expanded species). The percentage gives biomass proportion of species in multi-specific groups. 425 

Ecosystem 
compartment 

Catch category Functional group  Species or taxa 

Bird Not fished 1-Great cormorant* Phalacrocorax carbo 
Carnivorous 
fish 

Large predatory 
fishes 

2-Pike-perch Sander lucioperca 
3-Northern pike Esox lucius 
4-Other carnivorous Perca fluviatilis (97%), Micropterus 

salmoides (3%) 
Omnivorous 
fish 

European catfish* 5-European catfish* Silurus glanis 
Brown bullhead 6-Brown bullhead Ameiurus nebulosus 

Insectivorous 
fish (water 
column 
feeders) 

Small cyprinids 7-Bleak Alburnus alburnus 
8-Juvenile fish All species 0+ less than 6 months 
9-Other insectivorous Thymallus thymallus (50%), Phoxinus 

phoxinus (26%), Telestes souffia 
(24%) 

Benthivorous 
fish 

Large cyprinids 10-Barbel Barbus barbus 
11-Chub Squalius cephalus 
12-Common carp Cyprinus carpio 
13-Tench Tinca tinca 
14-Roach Rutilus rutilus 
15-Breams Abramis brama, Blicca bjoerkna 
16-Other benthivorous Anguilla Anguilla (44%), Scardinius 

erythrophthalmus (22%), Lepomis 
gibbosus (16%), Carassius carassius 
(7%), Lota lota (6%), other ≥5% (5%) 

Herbivorous 
fish 

17-Common nase Chondrostoma nasus 
18-Silver carp Hypophthalmichthys molitrix 
19-Grass carp Ctenopharyngodon idella 

Zoobenthos Spinycheek crayfish 20-Spinycheek crayfish Faxonius (Orconectes) limosus 
Not fished 21-Gammarus Gammarus pulex, Gammarus 

fossarum during period 1. 
Dikerogammarus villosus during 
period 2 

Not fished 22-Other scraper 
collectors 

Tubifex tubifex (57%), Chironomini 
(43%) 

Not fished 23-Asian clam* Corbicula fluminea 
Not fished 24-Other filter collectors Dreissena polymorpha (60%), 

Chelicorophium curvispinum (40%) 
during period 2 only 

Plankton Not fished 25-Zooplankton Copepods (44%), rotifers (43%), 
Cladoceres (13%) 

Not fished 26-Phytoplankton Diatoms (46%), Cryptophycea (43%), 
Chlorophycea (9%), Other (2%) 

Benthic 
primary 
producers 

Not fished 27-Macrophytes Myriophyllum spicatum (18%), 
Nuphar lutea (14%), Ceratophyllum 
demersum (10%), Poramogeton 
nodosus (8%), Valisneria spiralis 
(6%), other ≥5% (44%) 

Not fished 28-Periphyton Achnanthes minutissima (22%), 
Amphora pediculus (15%), other ≥5% 
(63%) 

Detritus Not fished 29-Detritus  
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Table 2: Basic input and estimated (in bold) trophic level (TL) biomass (B), production/biomass ratio (P/B), consumption/biomass ratio (Q/B), 426 
unassimilated/consumption ratio (U/Q) and ecotrophic efficiency (EE) of the model for periods 1 and 2 (*: for invasive or expanded species). 427 

  Period 1 (1988-1993)    Period 2 (1994-2005)    
Group name 

TL 
B1 

(t/km²) 
P/B 

(/year) 
Q/B 

(/year) 
U/Q 

(/year) 
EE1 

P/Q 
(/year) 

 
TL 

B2 
(t/km²) 

P/B 
(/year) 

Q/B 
(/year) 

U/Q 
(/year) 

EE2 P/Q 
(/year) 

B2-B1 
(t/km²) 

EE2-
EE1 

1-Great cormorant* 3.90 0.01 0.32 4.23 0.2 0.00 0.07  4.08 0.03 0.32 4.23 0.2 0.00 0.07 0.02  
2-Pike-perch 3.86 2.13 0.42 2.63 0.2 0.77 0.16  3.86 2.13 0.42 2.63 0.2 0.95 0.16 0.00 0.19 
3-Nothern pike 3.85 0.80 0.39 2.80 0.2 0.99 0.14  3.79 0.73 0.39 2.80 0.2 0.97 0.14 -0.07 -0.01 
4-Other carnivorous 3.70 0.34 0.70 5.30 0.2 0.90 0.13  3.72 0.40 0.70 5.30 0.2 0.87 0.13 0.06 -0.03 
5-European catfish* 3.85 0.27 0.39 1.40 0.2 0.95 0.28  3.42 12.00 0.39 1.40 0.2 0.73 0.28 11.73 -0.22 
6-Brown bullhead 3.20 0.67 0.84 4.30 0.2 0.60 0.20  3.10 0.09 0.87 4.30 0.2 0.91 0.20 -0.58 0.31 
7-Bleak 3.04 4.80 0.96 7.80 0.3 0.98 0.12  3.04 4.80 0.97 7.80 0.3 0.63 0.12 0.00 -0.35 
8-Juveniles 2.89 1.20 3.00 10.00 0.3 0.97 0.30  2.89 1.20 3.00 10.00 0.3 0.99 0.30 0.00 0.02 
9-Other insectivorous 3.26 0.002 1.03 7.40 0.2 0.30 0.14  3.26 0.002 1.04 7.40 0.2 0.68 0.14 0.00 0.37 
10-Barbel 3.05 0.87 0.16 9.30 0.2 0.96 0.02  3.05 0.89 0.17 9.30 0.2 0.98 0.02 0.02 0.02 
11-Chub 2.52 2.59 0.30 11.30 0.2 0.92 0.03  2.51 0.89 0.30 11.30 0.2 0.92 0.03 -1.70 0.00 
12-Common carp 2.24 3.75 0.38 8.10 0.3 0.68 0.05  2.23 4.85 0.39 8.10 0.3 0.89 0.05 1.10 0.21 
13-Tench 2.95 1.44 0.27 8.90 0.2 0.96 0.03  2.95 0.53 0.27 8.90 0.2 0.99 0.03 -0.91 0.04 
14-Roach 2.98 5.20 0.45 4.40 0.2 0.91 0.10  2.98 3.05 0.46 4.40 0.2 0.98 0.10 -2.15 0.06 
15-Breams 2.96 14.40 0.30 13.90 0.2 0.91 0.02  2.92 7.73 0.31 13.90 0.2 0.99 0.02 -6.67 0.08 
16-Other benthivorous 3.07 0.58 0.41 7.60 0.2 0.95 0.05  3.07 0.19 0.41 7.60 0.2 0.88 0.05 -0.39 -0.07 
17-Common nase 2.00 1.00 0.39 13.50 0.2 0.52 0.03  2.00 0.56 0.39 13.50 0.2 0.88 0.03 -0.44 0.36 
18-Silver carp  Absent   0.2    2.00 0.06 0.67 9.70 0.2 0.79 0.07 0.06  
19-Grass carp  Absent   0.2    2.00 0.11 0.32 8.36 0.2 0.66 0.04 0.11  
20-Spinycheek crayfish 2.32 2.50 1.40 7.00 0.6 0.20 0.20  2.31 2.50 1.40 7.00 0.6 0.95 0.20 0.00 0.76 
21-Gammarus 2.25 9.00 2.50 12.50 0.2 0.92 0.20  2.25 9.00 2.50 12.50 0.2 0.46 0.20 0.00 -0.46 
22-Others scrapers collectors 2.25 6.00 25.00 166.67 0.6 0.80 0.15  2.25 6.00 25.00 166.67 0.6 0.50 0.15 0.00 -0.30 
23-Other filter collectors 2.37 23.10 3.60 24.00 0.4 0.80 0.15  2.37 23.10 3.60 24.00 0.4 0.28 0.15 0.00 -0.52 
24-Asian clam*  Absent   0.4    2.00 8.50 2.89 19.27 0.4 0.91 0.15 8.50  
25-Zooplankton 2.00 15.00 37.40 249.33 0.4 0.95 0.15  2.00 15.00 37.40 249.33 0.4 0.96 0.15 0.00 0.01 
26-Phytoplankton 1.00 27.00 95.30  0 0.91   1.00 27.00 95.30  0 0.96  0.00 0.05 
27-Macrophytes 1.00 52.00 4.40  0 0.76   1.00 52.00 4.40  0 0.75  0.00 -0.02 
28-Periphyton 1.00 13.00 47.70  0 0.29   1.00 13.00 47.70  0 0.26  0.00 -0.02 
29-Detritus 1.00 8.32   0 0.73   1.00 8.32   0 0.73  0.00 0.00 
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The different input and estimated parameters for periods 1 and 2 are presented in Table 2. The diet 428 
compositions are given in Table S4A and S4B. 429 

The highest biomass variations concern the European catfish (+11.73 t/ km²) and the Asian clam 430 
(+8.5 t/ km²) while that of the great cormorant does not vary as much (+0.02 t/ km²). These strong 431 
increases in biomass is compensated by a decrease for breams (-6.67 t/ km²), roach (-2.15 t/ km²) 432 
and chub (-1.7  t/ km²) since the total biomass, excluding detritus, only varies from 187.7 t/ km² to 433 
196.3 t/ km² (Table 3) and the repartition between tophic level remains relatively stable (Table S5). 434 

Our results are characterized by high Ecotrophic Efficiency (EE) values (mean±SD = 0.8±0.2) with 435 
overall no significant difference between period 1 and 2 (P bilateral t test > 0.05). If we compare the 436 
groups present during the two periods, fished groups EE values (0.8±0.2) are higher than non-fished 437 
EE values (0.6±0.2) (P unilateral t test = 0.01). If we focus on EE variations in a given group, in the last 438 
column of Table 2, the most contrasted differences are: 439 

- the increasing EE values for spinycheek crayfish (+0.76), as a consequence of the increasing 440 
biomass of European catfish, which is a major predator of this species, 441 

- the decreasing EE values for other filter collectors (-0.52) is probably related to the 442 
decreasing biomass of their predators: breams, roach, chub and other benthivorous species. 443 

  444 
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Comparison of the two diagrams in Figure 3 enables us to visualize the variations in biomass and 445 
trophic level of the groups and fisheries. It highlights the arrival of the Asian clam in the lower 446 
intermediate TL (2.00) and the European catfish in the high TL (>3), while the increase in biomass of 447 
the great cormorant is not very visible. The European catfish TL decreases from 3.85 to 3.42. The 448 
decrease in anglers’ catches biomass is clearly visible without any change in their TL. Biomasses of 449 
intermediate species (2<TL<3), having high values in period 1, are generally decreasing (breams, 450 
roach, chub) while, in accordance with our original assumption, biomasses of low TL are unchanged 451 

 452 
Fig. 3: Lower Saône trophic network before (period 1) and after (period 2) the arrival of invasive or 453 
expended species (great cormorant, European catfish and Asian clam, framed in red). Vertical axis 454 
indicates the trophic level. Circles are proportional to biomass and various colors correspond to the 455 
ecosystem part of each group following Table 1. 456 
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The visualization of the Keystone index, Fig. 4, shows that it is not systematically the groups located 457 
at the top of the trophic chain, nor the thighest biomasses, that influence the network. For example, 458 
the periphyton and other scrapers collectors (chironomids and tubifex) are in the high impact ranks, 459 
while they have medium biomasses. They are preferential resources of the network, through which a 460 
significant trophic flow passes. The main variations between the two periods concern the arrival of 461 
the Asian clam among the species with a high index and the increase of the index of European catfish 462 
and spinycheek crayfish. 463 

 464 
Fig. 4: Keystone index from Valls et al. (2015) for the two periods as a function of trophic Level (TL). 465 
Circles are proportional to biomass and various colors correspond to the ecosystem part of each 466 
group following Table 1. Invasive or expended species (great cormorant, European catfish and Asian 467 
clam are framed in red. 468 
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 469 
Fig. 5: Mixed trophic impact diagrams for period 1 (left) and period 2 (right) showing respective negative (in black) and positive (in white) impact of 470 
functional groups and different categories of fisheries. 471 
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By comparing the Mixed trophic diagrams between the two periods (Fig. 5), we measure the negative 
impact of European catfish on all fish and spinycheek crayfish during period 2. Among carnivorous 
fishes, pike-perch and northern pike have less negative effect during period 2. The impact of lower 
groups remains the same from one period to another. Only the arrival of Asian clam brings a new 
slight negative impact on most of the groups except for the European catfish. 

The comparison of the fluxes between TLs (Fig. 6), shows some changes between the two periods. 
They concern the 41% decrease of the transfer from TL III to TL IV (66.45 in period 1 vs 38.60 in 
period 2) accompanied by a division by two in exports and catches at all TL, to be related to the 
decrease in anglers’ landings, during period 2. 

The overall statistics for the two periods (Table 3) confirm that the main parameters characterizing 
the lower Saône do not vary much except the catches, decreasing from 7.2 to 3.4 t/km²/year, and 
consequently the fishery gross efficiency from 0.002 to 0.001. The total system throughput, 
proportional to the maturity and nutrient richness of the ecosystem, slightly increases and reaches 
12,576.0 t/km²/year in period 2. 

Table 3: Overall statistics of lower Saône model for the two periods and for three examples (Natural 
channel, Reservoir and Below reservoir) from the Red River (Wang et al. 2017). 
 Our  study Wang et al. 2017  

Parameter Period 1 Period 2 
Natural 
channel 

Reservoir 
Below 

reservoir 
Units 

Sum of all consumption 5,808.3 5,858.4 1,015.7 5,628.8 743.9 t/km²/year 
Sum of all exports 889.7 908.6 512.4 212.7 1,712.3 t/km²/year 
Sum of all respiratory flows 2,532.3 2,513.4 339.6 3,567.3 129.8 t/km²/year 
Sum of all flows into detritus 3,250.0 3,295.6 969.7 2,897.8 2,040.1 t/km²/year 
Total system throughput 12,490.3 12,576.0 2,837.4 12,306.6 4,626.1 t/km²/year 
Sum of all production 4,262.5 4,287.8 1,003.0 4,715.8 1,967.1 t/km²/year 
Mean trophic level of the catch 3.07 3.06     
Gross efficiency (catch/net p.p.) 0.002 0.001     
Calculated total net primary production 3,422.0 3,422.0 852.0 3,780.0 1,842.0 t/km²/year 
Total primary production/total respiration 1.4 1.4 2.5 1.1 14.2  
Net system production 889.7 908.6 512.4 212.7 1,712.3 t/km²/year 
Total primary production/total biomass 18.2 17.4 10.7 32.3 38.8  
Total biomass/total throughput 0.015 0.016 0.028 0.010 0.010  
Total biomass (excluding detritus) 187.7 196.3 79.6 117.0 47.5 t/km² 
Total catch 7.2 3.4    t/km²/year 
Connectance Index 0.22 0.25 0.30 0.31 0.29  
System Omnivory Index 0.20 0.19 0.04 0.14 0.09  
Ecopath Pedigree Index 0.45 0.45     
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Fig. 6: Lindeman spine diagram of lower Saône model up to fifth trophic level. P: primary producer, 
D: detritus, TST: total system throughput, TE: trophic efficiency. 

4 Discussion 
4.1 Reconstruction of lower Saône river ecosystem by the model 
The comparison of our results on biomasses and flux, in absolute values, with other studies 
conducted in freshwater hydrosystems places our study above oligotrophic coldwater lakes, such as 
Lake Annecy (Janjua and Gerdeaux, 2009), or large rivers such as the Garonne (Palomares et al., 
1993) or the Upper Parana (Angelini and Agostinho, 2005), but below the Middle and Upper 
Mississippi (Kramer et al., 2019). Our total system throughput is of the same order of magnitude as 
the channel reservoir of the Red river given in Table 3 for comparison (Wang et al., 2017). This 
confirms that the lower Saône is a very productive ecosystem. It also enables us to reconsider the 
estimates of anglers’ catches from Changeux (1996), which clearly exceeded the possible production 
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of such a system at equilibrium. High EE values for many species make the ecosystem more unstable 
(Dickie, 1972 in Janjua and Gerdeaux, 2009) and therefore subject to regime shift. The total primary 
production/total respiration of 1.4 is over 1 which means there is only a limited quantity of organic 
matter imported by the river and the ecosystem can be considered as “mature” sensus Odum. This is 
consistent with the results of Seyer et al. (2023). Taking into account the origin of the different input 
data and their reliability, the calculation of the Ecopath Pedigree Index results in a value of 0.44, 
similar to that of other studies in rivers (Chesnais, 2013; Lemaire et al., 2020). 

4.2 The ecosystem shift and influence of invasive or expanded species 
The similarity observed between the two periods is related to the assumptions we have made and 
that limit the sources of variation. The main hypothesis concerns the biomass of phytoplankton 
estimated on the basis of the consumption by the Asian clam. The value obtained of 27 t/km² is 
above that of the Garonne (6.73 t/km² in Palomares et al., 1993) but within the range of the Red 
River (between 14.2 and 63 t/km² in Wang et al., 2017). The hypothesis of a decrease in the biomass 
of phytoplankton, related to other forcing factors, such as nutrient concentration decrease, is not 
integrated in our model. In fact, large-scale observations made in the French rivers with a slight time 
lag compared to our study (1994-2013 vs 1988-2005), show a rearrangement of the communities to 
the disadvantage of phytoplankton in relation with a decrease of the concentration in nutriments 
(Tison-Rosebery et al., 2022). On the Loire River, a 30-year study (1991-2019) of nutrient 
concentration and biomass records of phytoplankton and cyanobacteria details this same trend for a 
large river (Minaudo et al., 2021). It suggests that the decline in phytoplankton and cyanobacteria is 
related to the decline in phosphate concentration. But in addition, as Pigneur et al. (2014) also 
conclude on the River Meuse, it makes clear the link with the arrival of the Asian clam. In the 
extension of this global River Loire study, a more detailed study focused on the river section of the 
middle Loire shows a very similar regime shift to the one observed on the lower Saône in the mid 
1990s, but with a later changing point, between 2002-2005 (Diamond et al., 2021). If the latter study 
retains the river metabolism as an early warning indication of state shift, the Loire River shift also 
corresponds to a later arrival of the Asian clam (Mouthon, 2000). This time lag, and the positioning of 
the Asian clam among the species with a high keystone index in the lower Saône, suggests that this 
species must have had a triggering effect on the regime shift. 

The two other IES are positioned in the higher trophic levels but do not have the same impact. In our 
model, the great cormorant has a slight top-down effect because of its low biomass relative to the 
resource it consumes. This is true even during period 2, after the species has fully completed its 
expansion. This result is consistent with the literature (Ovegård et al., 2021). In another similar large 
river, the Meuse, it has even been shown that it is the abundance of fish that controls the cormorant 
population in a bottom-up process (Paquet et al., 2022). The European catfish, on the contrary, 
reaches in period 2 a very high biomass value that places the species in the high keystone index with 
a significant negative impact on most fish species, spinycheek crayfish and Asian clam. This 
solicitation explains the rise in EE and keystone index of spinycheek crayfish and the strong keystone 
index of the Asian clam. The European catfish is known to be an opportunistic predator whose young 
stages (below 80 cm) target macrobenthos such as crayfish and filter-feeding molluscs before 
adopting a more piscivorous diet (Copp et al., 2009; Vagnon, 2021). The decreasing trophic level 
observed for European catfish between the two periods is well explained by the observations of 
fishers. In period 1, they caught large pioneer individuals that were more piscivorous while in 
period 2, once the population was well established, all sizes were represented in the catches 
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including the young stages that feed on spiny crayfish and Asian clams. More recent observations 
from anglers on European catfish show that the European catfish biomass has certainly decreased 
since 2005 and that period 2 corresponds to a population maximum. Therefore, period 2 corresponds 
to a population maximum with an exacerbated impact compared to the current situation. 

4.3 Including the fisheries in the ecosystem 
The fishery gross efficiency values (0.002 for period 1 and 0.001 for period 2) are low but comparable 
to nearby hydrosystems such as Lake Annecy (Janjua and Gerdeaux, 2009) and Lake Geneva (Lemaire 
et al., 2020). In qualitative terms, catches are much more diversified than in these two peri-alpine 
lakes where only a few species are targeted. But they are all situated at a close mean TL, around 3, 
regardless of the category of fishers and the period. The strong impact of the fishery during period 1 
is later replaced by the even stronger impact of the development of European catfish population 
during period 2. Although the impact of catfish is more distributed between high and low TL than 
fishing, which leads to a decrease of the flows in III and IV TL, the high EE values show there is not 
much room for additional fishing pressure in either period. 

4.4 Prospects for improving the model 
The scarcity of data on the lower Saône has led us to formulate important hypotheses on the basis of 
the fishers' knowledge, as did Rosa et al. (2014). In addition we have completed our approach with 
results obtained on other ecosystems published in the literature. Many assumptions remain to be 
validated with field data to be collected on the lower Saône River. The biomass assessment will need 
further development to enable us to revise our hypothesis for primary producers and detritus in 
order to take into account nutrient variations. The fish biomass, specially detailed by our model, 
should be examined in the light of new field data, independently of the catches. A preliminary 
comparison with electrofishing and gill-net samples recently obtained from the Office Français de la 
Biodiversité would enable us to locally precise the composition of biomass by species and perhaps 
even to estimate the evolution of the total biomass during period 2.  For this last purpose we 
recommend the use of echo-integration in the future. In the same way, it will be necessary to carry 
out new estimates of catches by anglers, in addition to the re-establishment of monitoring of the 
gear fishery (amateurs and professionals). The validation of the trophic positioning of our different 
groups and species may be done through stomach content and isotopic analysis. This approach will 
also enable us to detail ontogenic diet variations for the main large predatory fishes (European 
catfish, pike-perch) and use the possibilities offered by multi-stanza in Ecopath. Finally, this Ecopath 
model may represent a basis for the future construction of dynamic and spatial models (Ecosim and 
Ecospace) integrating climate change. For example, it will be possible to introduce the inter-annual 
variations in phytoplankton biomass estimated on the basis of changes in temperature, flow rate and 
nutrients into the forcing functions accepted by Ecosim. 

5 Conclusion 
This ecosystem based approach for the lower Saône has enabled us for the first time to show the 
feasibility, the interest and the potential offered by the assessment of the different biomasses and 
trophic flows between species/functional groups present in the river and the trophic flows between 
them. 

By comparing two contrasted periods, this study showed that among invasive or expanding species, 
the impact of the cormorant was limited while that of the European catfish and the Asian clam were 
much higher. The Asian clam, by filtering phytoplankton, contributed to the regime shift of the 
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ecosystem. The European catfish, an opportunistic predator, substitutes for the declining fishing 
pressure to maintain a large flow of matter in the ecosystem. 

This study should be placed in a multi-stressor context that has not been taken into account in our 
model (e.g. habitat degradation for and by navigation, agricultural practices and land use shifts in the 
flood plain, changes in temperature and flow regime in relation to climate change, changes in 
nutrients inputs, etc.). Moreover, since 2005, with the arrival of quagga mussel (Dreissena 
rostriformis), Louisana crawfish (Pracambarus clarkii) and round goby (Neogobius melanostomus) in 
the Saône watershed, the succession of invasive or expanding species occurring at all the trophic 
levels make our ecosystem-based approach particularly useful for managers. 
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Table S2: List of references used from the literature for zoobenthos biomass and production/biomass (P/B) ratio. When biomass data are in dry mass we used 
converting factors from Armitage (1995), Dauble (1985) and Edwards (1973). The application of criterion 4 (similar P/B ratio) and 5 (similar ecological and 
feeding behaviors) leaded to the grouping of the species into 5 functional groups. 

Functional group Species or taxa Biomass Data Biomass Source P/B Source 
1-Spinycheek crayfish Faxonius (Orconectes) limosus Wet mass Roell and Orth, 1992; Ďuriš et al., 2006 Roell and Orth, 1992 
2-Gammarus Dikerogammarus villosus Dry mass Piscart, 2011 Jørgensen*, 1979 

3-Other scraper collectors Tubifex tubifex Wet mass Stevens et al., 2001 Jørgensen, 1979 

3-Other scraper collectors Chironomini Dry mass Benke et al., 1984 Benke et al., 1984 

4-Asian clam Corbicula fluminea Ash free dry mass Sousa et al., 2008; Mouthon 2003 Sousa, 2008 
5-Other filter collectors Chelicorophium curvispinum Ash free dry mass Van den Brink et al., 1993 Rajagopal et al., 1998 
5-Other filter collectors Dreissena polymorpha Ash free dry mass Nalepa et al., 1993  Dermott, 1993 

* Gammarus tigrinus values are applied to Dikerogammarus villosus 
Armitage P., Cranston P.S., Pinder L.C.V., 1995. The Chironomidae. The biology and ecology of non-biting midges, Chapman & Hall. London., 572 p. 
Benke AC., Van Arsdall Jr. TC, Gillespie DM, and Parrish FK., 1984. Invertebrate Productivity in a Subtropical Blackwater River: The Importance of Habitat and Life History., Ecological Monographs,54-1, pp. 25-63.  
Dauble DD., Daly DS., Abernathy CS., (1984). Factors affecting growth and survival of the Asiatic clam, Corbicula sp., under controlled laboratory conditions. In: Cardwell RD., Purdy R., Bahner RC., (eds) Aquatic 

Toxicology and Hazard Assessment: Seventh Symposium (ASTM STP 854). American Society for Testing and Materials, Philadelphia, PA, pp 134-144. 
Dermott, R. M., J. Mitchell, I. Murray, and E. Fear, 1993. Biomass and production of zebra mussels (Dreissena polymorpha) in shallow waters of northeastern Lake Erie. In T. F Nalepa and D. W. Schoesser (eds.), Zebra 

mussels: Biology, impacts, and control, pp. 399-414. Lewis/CRC Press, Inc, Boca Raton, FL 
Ďuriš Z., Drozd P., Horká I., Kozák P., Policar T., 2006. Biometry and demography of the invasive crayfish Orconectes limosus in the Czech Republic. Bull. Fr. Pêche Piscic. 380-381,  1215-1228. 
Edwards C. A., (ed.) 1973. Environmental pollution by pesticides. - Plenum, London, 542pp. 
Jørgensen S.E., 1979. Handbook of Environmental Data and Ecological Parameters, International Society of Ecological Modelling, Copenhague, Danemark, 1162 p. 
Mouthon J., 2003. Longitudinal and temporal variations of density and size structure of Corbicula fluminea (Bivalvia) populations in the Saône and Rhône rivers (France), Ann. Limnol. - Int. J. Lim. 39 (1), 15-25. 
Nalepa TF., Joann F. Cavaletto JF, Mark Ford M, Wendy M. Gordon WM, and Marijo Wimrner M, 1993. Seasonal and Annual Variation in Weight and Biochemical Content of the Zebra Mussel, Dreissena polymorpha, 

in Lake St. Clair., J. Great Lakes Res. 19(3),541-552. 
Piscart C., Mermillod-Blondin F., Maazouzi C., Merigoux S., Marmonier P., 2011. Potential impact of invasive amphipods on leaf litter recycling in aquatic ecosystems., Biol Invasions 13:2861–2868. 
Rajagopal, S., Van der Velde G., Pfaffen BGP., and Vaate A., 1998. Growth and production of Corophium curvispinum G.O. Sars, 1895 (Amphipoda), an invader in the Lower Rhine. Pages 3–33 in J. C. von Vaupel Klein 

and F. R. Schram, editors. The biodiversity crisis and Crustacea. A. A. Balkema, Rotterdam, The Netherlands. 
Roell JMJ, Orth DJ, 1992. Production of three crayfish populations in the New River of West Virginia, USA., Hydrobiologia 228, 185-194. 
Sousa, R., C. Antunes, et L. Guilhermino 2008. Ecology of the invasive Asian clam Corbicula fluminea (Müller, 1774) in aquatic ecosystems: an overview. Annales de Limnologie - International Journal of Limnology 44, 

no 2 (2008): 85-94. https://doi.org/10.1051/limn:2008017. 
Stevens R., Kerans B.L., Lemmon JC., and Rasmussen C., 2001. The effects of myxobolus cerebralis myxospore dose on triactinomyxon production and biology of Tubifex Tubifex from two geographic regions. Journal 

of Parasitology, 87(2), 2001, p. 315-321. 
Van den Brink F.W.B., Van der Velde B., Bij de Vaate A, 1993. Explosive range extension and impact of a mass invader, Corophium curvispinum Sars, 1895 (Crustacea: Amphipoda), in the Lower Rhine (The 

Netherlands)., Oecologia 93:224-232. 
 



31 
 

Table S3: Landings for two periods (in t/km²/year) 

  Period 1 (1988-1993)  Period 2 (1994-2005) 
 Functional group Professional Amateur Angler Total  Professional Amateur Angler Total 

1 Great cormorant 0 0 0 0  0 0 0 0 
2 Pike-perch 0.16 0.1 0.4 0.66  0.19 0.06 0.12 0.37 
3 Nothern pike 0.03 0.04 0.1 0.17  0.02 0.02 0.04 0.08 
4 Other carnivorous 0.01 0.04 0.1 0.15  0.003 0.02 0.01 0.033 
5 European catfish 0.03 0.06 0.005 0.095  0.23 0.12 0.18 0.53 
6 Brown bullhead 0.05 0.07 0 0.12  0.004 0.004 0 0.008 
7 Bleak 0.33 0.03 3 3.36  0.45 0.02 0.5 0.97 
8 Juveniles 0.08 0.004 0.05 0.134  0.02 0.01 0.07 0.1 
9 Other insectivorous 0.0001 5.00E-05 0 0.00015  0.0001 3.00E-05 0 0.00013 

10 Barbel 0.04 0.004 0.002 0.046  0.04 0.004 0.0008 0.0448 
11 Chub 0.08 0.02 0.02 0.12  0.04 0.01 0.02 0.06999999 
12 Common carp 0.07 0.06 0.2 0.33  0.22 0.05 0.12 0.39 
13 Tench 0.03 0.03 0.0001 0.0601  0.01 0.01 0.0001 0.0201 
14 Roach 0.14 0.05 0.03 0.22  0.12 0.03 0.007 0.157 
15 Breams 0.42 0.11 0.9 1.43  0.33 0.08 0.1 0.5100001 
16 Other benthivorous 0.01 0.01 0.05 0.07  0.004 0.01 0.01 0.024 
17 Common nase 0.01 0 0 0.01  0.001 0.001 0 0.002 
18 Silver carp 0 0 0 0  0 0.0002 0 0.0002 
19 Grass carp 0 0 0 0  0.001 4.00E-05 0 0.00104 
20 Spinycheek crayfish 0.13 0.06 0 0.19  0.09 0.02 0 0.11 

 Sum 1.62 0.69 4.86 7.17  1.77 0.47 1.18 3.42 
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Table S4A: Diet composition (% of wet weight) of the functional groups during period 1. Prey are in the left column while predators are numbered on top. 

Prey \ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1-Great cormorant 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2-Pike-perch 0.012 0.0005 0.0004 0.01 0.01 0 0 0 0 0 0 0 0 0 0
3-Nothern pike 0.005 0.012 0.0005 0.034 0.02 0 0 0 0 0 0 0 0 0 0
4-Other carnivorous 0.005 0.006 0.005 0.01 0.005 0 0 0 0 0 0 0 0 0 0
5-European catfish 0.0005 0.0005 0.0005 0.0005 0.0005 0 0 0 0 0 0 0 0 0 0
6-Brown bullhead 0.016 0.029 0.009 0.011 0.034 0 0 0 0 0 0 0 0 0 0
7-Bleak 0.157 0.12 0.12 0.076 0.06 0.02 0 0 0 0 0 0 0 0 0
8-Juveniles 0.199 0.12 0.15 0.127 0.01 0.2 0 0 0 0 0.052 0 0 0 0
9-Other insectivorous 5 E-05 5 E-05 5 E-05 3.4 E-05 5 E-05 0 0 0 0 0 0 0 0 0 0
10-Barbel 0.007 0.01 0.007 0.007 0.008 0 0 0 0 0 0 0 0 0 0
11-Chub 0.015 0.0649 0.06 0.041 0.06 0 0 0 0 0 0 0 0 0 0
12-Common carp 0.07 0.06 0.06 0.059 0.01 0.02 0 0 0 0 0 0 0 0 0
13-Tench 0.03 0.03 0.041 0.023 0.025 0 0 0 0 0 0 0 0 0 0
14-Roach 0.193 0.203 0.193 0.113 0.217 0.02 0 0 0 0 0 0 0 0 0
15-Breams 0.22 0.26 0.25 0.16 0.34 0.02 0 0 0 0 0 0 0 0 0
16-Other benthivorous 0.04 0.01 0.034 0.01 0.01 0 0 0 0 0 0 0 0 0 0
17-Common nase 0.03 0.02 0.02 0.0158 0.02 0 0 0 0 0 0 0 0 0 0
18-Silver carp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
19-Grass carp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
20-Spinycheek crayfish 0 0.044 0.05 0.01 0.17 0.02 0 0 0 0 0 0 0 0 0
21-Gammarus 0 0 0 0.06 0 0 0 0 0 0.063 0.1 0 0.3 0.027 0.063
22-Others scrapers collectors 0 0.01 0 0.06 0 0.2 0.193 0.155 0.9388 0.547 0.165 0.163 0.2 0.2 0.432
23-Other filter collectors 0 0 0 0.06 0 0 0 0 0.0612 0.2108 0.066 0.024 0.24 0.507 0.2108
24-Asian clam 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25-Zooplankton 0 0 0 0.113 0 0.4 0.795 0.695 0 0 0.004 0 0 0.003 0.05
26-Phytoplankton 0 0 0 0 0 0 0 0.1 0 0 0 0 0 0 0
27-Macrophytes 0 0 0 0 0 0 0 0 0 0 0.106 0.05 0 0 0
28-Periphyton 0 0 0 0 0 0 0 0 0 0.0043 0.277 0.211 0.013 0.213 0.0543
29-Detritus 0 0 0 0 0 0.1 0.012 0.05 0 0.175 0.23 0.552 0.247 0.05 0.19
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Table S4A: continued. 
Prey \ predator 16 17 18 19 20 21 22 23 24 25

1-Great cormorant 0 0 0 0 0 0 0 0 0 0
2-Pike-perch 0 0 0 0 0 0 0 0 0 0
3-Nothern pike 0 0 0 0 0 0 0 0 0 0
4-Other carnivorous 0 0 0 0 0 0 0 0 0 0
5-European catfish 0 0 0 0 0 0 0 0 0 0
6-Brown bullhead 0 0 0 0 0 0 0 0 0 0
7-Bleak 0 0 0 0 0 0 0 0 0 0
8-Juveniles 0 0 0 0 0 0 0 0 0 0
9-Other insectivorous 0 0 0 0 0 0 0 0 0 0
10-Barbel 0 0 0 0 0 0 0 0 0 0
11-Chub 0 0 0 0 0 0 0 0 0 0
12-Common carp 0 0 0 0 0 0 0 0 0 0
13-Tench 0 0 0 0 0 0 0 0 0 0
14-Roach 0 0 0 0 0 0 0 0 0 0
15-Breams 0 0 0 0 0 0 0 0 0 0
16-Other benthivorous 0 0 0 0 0 0 0 0 0 0
17-Common nase 0 0 0 0 0 0 0 0 0 0
18-Silver carp 0 0 0 0 0 0 0 0 0 0
19-Grass carp 0 0 0 0 0 0 0 0 0 0
20-Spinycheek crayfish 0 0 0 0 0 0 0 0 0 0
21-Gammarus 0.027 0 0 0 0 0 0 0 0 0
22- Others scrapers collectors 0 0 0 0 0.15 0 0 0 0 0
23-Other filter collectors 0.757 0 0 0 0.05 0 0 0 0 0
24-Asian clam 0 0 0 0 0.05 0 0 0 0 0
25-Zooplankton 0.003 0 0 0 0 0.25 0.25 0.365 0 0
26-Phytoplankton 0 0 0.847 0 0 0.05 0.25 0.365 1 0.5
27-Macrophytes 0 0.4 0 0.57 0.362 0.25 0.125 0.01 0 0
28-Periphyton 0.213 0.6 0 0.43 0.088 0.05 0.125 0.01 0 0
29-Detritus 0 0 0.153 0 0.3 0.4 0.25 0.25 0 0.5
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Table S4B: Diet composition (%wet weight) of the functional groups during period 2. Preys are in the left column while predators are numbered on top. 

Prey \ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1-Great cormorant 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2-Pike-perch 0.076 0.0005 0.0004 0.015 0.026 0 0 0 0 0 0 0 0 0 0
3-Nothern pike 0.0025 0.0035 0.0005 0.004 0.01 0 0 0 0 0 0 0 0 0 0
4-Other carnivorous 0.041 0.012 0.008 0.01 0.006 0 0 0 0 0 0 0 0 0 0
5-European catfish 0.268 0.284 0.254 0.2 0.02 0 0 0 0 0 0 0 0 0 0
6-Brown bullhead 0.001 0.0022 0.002 0.0061 0.002 0 0 0 0 0 0 0 0 0 0
7-Bleak 0.19 0.13 0.11 0.07 0.05 0.02 0 0 0 0 0 0 0 0 0
8-Juveniles 0.13 0.134 0.161 0.14 0.09 0.1 0 0 0 0 0.052 0 0 0 0
9-Other insectivorous 1 E-05 5 E-05 4 E-05 3.4 E-05 5 E-05 0 0 0 0 0 0 0 0 0 0
10-Barbel 0.001 0.003 0.001 0.004 0.0045 0 0 0 0 0 0 0 0 0 0
11-Chub 0.003 0.007 0.006 0.003 0.007 0 0 0 0 0 0 0 0 0 0
12-Common carp 0.13 0.065 0.08 0.076 0.035 0.02 0 0 0 0 0 0 0 0 0
13-Tench 0.001 0.0035 0.0045 0.0043 0.005 0 0 0 0 0 0 0 0 0 0
14-Roach 0.06 0.06 0.045 0.05 0.04 0.01 0 0 0 0 0 0 0 0 0
15-Breams 0.09 0.075 0.07 0.05 0.07 0.02 0 0 0 0 0 0 0 0 0
16-Other benthivorous 0.0007 0.0007 0.0012 0.0028 0.0019 0 0 0 0 0 0 0 0 0 0
17-Common nase 0.0015 0.009 0.008 0.007 0.0065 0 0 0 0 0 0 0 0 0 0
18-Silver carp 0.004 0.0014 0.0022 0.0009 0.001 0 0 0 0 0 0 0 0 0 0
19-Grass carp 0.0005 0.0007 0.0006 0.0008 0.0009 0 0 0 0 0 0 0 0 0 0
20-Spinycheek crayfish 0 0.042 0.051 0.01 0.17 0.02 0 0 0 0 0 0 0 0 0
21-Gammarus 0 0 0 0.06 0 0 0 0 0 0.063 0.1 0 0.3 0.027 0.063
22-Others scrapers collectors 0 0.01 0 0.06 0 0.2 0.193 0.155 0.9388 0.547 0.165 0.163 0.2 0.2 0.432
23-Other filter collectors 0 0 0 0.06 0 0 0 0 0.0612 0.2108 0.036 0.014 0.24 0.507 0.101
24-Asian clam 0 0.156 0.195 0.053 0.454 0.11 0 0 0 0 0.03 0.01 0 0 0.11
25-Zooplankton 0 0 0 0.113 0 0.4 0.795 0.695 0 0 0.004 0 0 0.003 0.05
26-Phytoplankton 0 0 0 0 0 0 0 0.1 0 0 0 0 0 0 0
27-Macrophytes 0 0 0 0 0 0 0 0 0 0 0.106 0.05 0 0 0
28-Periphyton 0 0 0 0 0 0 0 0 0 0.0043 0.277 0.211 0.013 0.213 0.0543
29-Detritus 0 0 0 0 0 0.1 0.012 0.05 0 0.175 0.23 0.552 0.247 0.05 0.19
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Table S4B: continued. 

Prey \ predator 16 17 18 19 20 21 22 23 24 25 
1-Great cormorant 0 0 0 0 0 0 0 0 0 0 
2-Pike-perch 0 0 0 0 0 0 0 0 0 0 
3-Nothern pike 0 0 0 0 0 0 0 0 0 0 
4-Other carnivorous 0 0 0 0 0 0 0 0 0 0 
5-European catfish 0 0 0 0 0 0 0 0 0 0 
6-Brown bullhead 0 0 0 0 0 0 0 0 0 0 
7-Bleak 0 0 0 0 0 0 0 0 0 0 
8-Juveniles 0 0 0 0 0 0 0 0 0 0 
9-Other insectivorous 0 0 0 0 0 0 0 0 0 0 
10-Barbel 0 0 0 0 0 0 0 0 0 0 
11-Chub 0 0 0 0 0 0 0 0 0 0 
12-Common carp 0 0 0 0 0 0 0 0 0 0 
13-Tench 0 0 0 0 0 0 0 0 0 0 
14-Roach 0 0 0 0 0 0 0 0 0 0 
15-Breams 0 0 0 0 0 0 0 0 0 0 
16-Other benthivorous 0 0 0 0 0 0 0 0 0 0 
17-Common nase 0 0 0 0 0 0 0 0 0 0 
18-Silver carp 0 0 0 0 0 0 0 0 0 0 
19-Grass carp 0 0 0 0 0 0 0 0 0 0 
20-Spinycheek crayfish 0 0 0 0 0 0 0 0 0 0 
21-Gammarus 0.027 0 0 0 0 0 0 0 0 0 
22-Others scrapers collectors 0 0 0 0 0.15 0 0 0 0 0 
23-Other filter collectors 0.757 0 0 0 0.05 0 0 0 0 0 
24-Asian clam 0 0 0 0 0.05 0 0 0 0 0 
25-Zooplankton 0.003 0 0 0 0 0.25 0.25 0.365 0 0 
26-Phytoplankton 0 0 0.847 0 0 0.05 0.25 0.365 0.8 0.5 
27-Macrophytes 0 0.4 0 0.57 0.362 0.25 0.125 0.01 0 0 
28-Periphyton 0.213 0.6 0 0.43 0.088 0.05 0.125 0.01 0 0 
29-Detritus 0 0 0.153 0 0.3 0.4 0.25 0.25 0.2 0.5 



36 
 

Table S5: Biomasses and catch values with percentages by trophic level in lower Saône for the two 1 
periods 2 
 Period 1 Period 2 
Trop
hic 
level 

Biomass 
(t/km²) 

% 
Catch 

(t/km²) % 
Biomass 

(t/km²) 
% 

Catch 
(t/km²) % 

IV 8.41 4.50% 1.355 18.91
% 

8.641 4.41% 0.684 20.03
% 

III 32.96 17.56
% 

4.798 66.96
% 

35.91 18.29
% 

2.078 60.76
% 

II 54.27 28.92
% 

1.013 14.14
% 

59.79 30.45
% 

0.657 19.21
% 

I 92 49.03
% 

  92 46.86
% 

  

Sum 187.64 100% 7.166 100% 196.34 100% 3.420 100% 

 3 
Table S6: Summary of the PREBAL diagnostic for period 1 (A) and period 2 (B next page) with 4 
reference to figures and tables available in the following for each criterion showing, in red, the 5 
groups involved in the comments. 6 
A: period 1 7 
  Diagnostic  
Criterion Result Good Acceptable Caution Comments 

Biomasses across trophic levels 
     

1-Biomass should span 5–7 orders of magnitude Figure S1A Do not apply tos non-marine ecosystems 
2-Slope (on log scale) should be 5–10% decline Figure S1A X 

   

3-Taxa notably above or below slope-line may 
need more attention 

Figure S1A 

 
X 

 
see "Other insectivorous" and "Great 
cormorant" 

Biomass ratios  
    

4-Compared across taxa, predators biomass 
should be less than that of (1 relative to) their 
prey 

Table S7A 

 
X 

 
see "Carnivorous fish/Omnivorus fish" and 
"Carnivorous fish/Herbivorous fish" 

5-Number of zeroes indicates potential trophic 
difference between predators and prey 

Table S7A 
X 

   

6-Compared across taxa, ratios indicate major 
pathways of trophic flows (e.g. benthic vs 
pelagic) 

Table S7A 
X 

   

Vital rates across trophic levels  
    

7-Normal biomass decomposition of Q/B, P/B 
and R/B (exception for homeotherms at upper 
TLs) 

Figure S2A 

 
X 

  

8-Taxa notably above or below trend merit 
further attention 

Figure S2A 

 
X 

 
see "Common nase", "Common carp", 
"Chub", "Tench", "Breams" and "Barbel" 

Vital rate ratios  
    

9-Compared across taxa, predators' Q/B, P/B and 
R/B should be less than 1 relative to their prey 

Table S7A 

 
X 

  

10-Number of zeroes indicates potential trophic 
difference between predators and prey 

Table S7A 
X 

   

11-P and B relative to PP approximate TL Figure S3A X 
   

12-Compared across vital rates; P/Qs or P/Rs 
near 1 merit reevaluating 

Figure S4A 

 
X 

 
see "Spinycheek crayfish" 

Total production and removals  
    

13-Total, scaled values of P, Q and R should 
again follow a decomposition with increasing 
TL 

Figure S5A 

 
X 

 
see "Common nase", "Common carp" and 
"Other insectivorous" 

14-Consumption of a taxa should be less than 
production by that taxa 

Figure S5A 

 
X 

  

15-Consumption by a taxa should be more than 
production by that taxa 

Figure S5A 

 
X 

  

16-Total human removals should be less than 
total production of a taxa 

Figure S6A 
X 

   

17-Total human removals should be compared to 
consumption of a taxa 

Figure S6A 
X 

   

 8 
  9 
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Table S6: Continued 10 
B: period 2 11 
  Diagnostic  
Criterion Result Good Acceptable Caution Comments 
Biomasses across trophic levels      

1-Biomass should span 5–7 orders of 
magnitude 

Figure S1B Do not apply to non-marine ecosystems 

2-Slope (on log scale) should be 5–10% 
decline 

Figure S1B X    

3-Taxa notably above or below slope-line 
may need more attention 

Figure S1B  X  see "Other insectivorous", “Grass carp”, "Silver 
carp" 

Biomass ratios        

4-Compared across taxa, predators 
biomass should be less than that of (1 
relative to) their prey 

Table S7B  X  see "Carnivorous fish/Herbivorous fish" and 
"Omnivorous fish/Insectivorous fish"  

5-Number of zeroes indicates potential 
trophic difference between predators and 
prey 

Table S7B X    

6-Compared across taxa, ratios indicate 
major pathways of trophic flows (e.g. 
benthic vs pelagic) 

Table S7B X 
 

  

Vital rates across trophic levels        

7-Normal biomass decomposition of Q/B, 
P/B and R/B (exception for 
homeotherms at upper TLs) 

Figure S2B  X   

8-Taxa notably above or below trend merit 
further attention 

Figure S2B  X  
see "Common nase",  "Grass carp”, "Silver 
carp",  "Common carp", "Tench", "Chub", 
"Breams" and "Barbel" 

Vital rate ratios        

9-Compared across taxa, predators' Q/B, 
P/B and R/B should be less than 1 
relative to their prey 

Table S7B  X   

10-Number of zeroes indicates potential 
trophic difference between predators and 
prey 

Table S7B X    

11-P and B relative to PP approximate TL Figure S3B X    

12-Compared across vital rates; P/Qs or 
P/Rs near 1 merit reevaluating 

Figure S4B  X  see "Spinycheek crayfish" 

Total production and removals        

13-Total, scaled values of P, Q and R 
should again follow a decomposition 
with increasing TL 

Figure S5B  X  see "Common nase", "Grass carp", "Silver carp", 
"Common carp" and "Other insectivorous" 

14-Consumption of a taxa should be less 
than production by that taxa 

Figure S5B  X   

15-Consumption by a taxa should be more 
than production by that taxa 

Figure S5B  X   

16-Total human removals should be less 
than total production of a taxa 

Figure S6B X    

17-Total human removals should be 
compared to consumption of a taxa 

Figure S6B X     

 12 

  13 
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Table S7: Biomass and vital ratios between predator and prey using Ecosystem compartments of 14 
Table1 to answer criteria 4-6 and 9 and 10 of Table S7 for period 1 (A) and period 2 (B). 15 
A: period 1 16 
Predator/prey  B P/B Q/B R/B 
Bird/Carnivorous fish  0,003 0,209 0,394 0,433 
Bird/Omnivorous fish  0,011 0,256 0,741 0,920 
Bird//Insectivorous fish  0,002 0,063 0,168 0,229 
Bird/Bentivorous fish  0,000 0,139 0,067 0,064 
Bird/Herbivorous fish  0,010 0,228 0,134 0,128 
Carnivorous fish/Omnivorous fish 3,479 1,228 1,882 2,124 
Carnivorous fish/Insectivorous fish 0,545 0,303 0,426 0,528 
Carnivorous fish/Benthivorous fish 0,113 0,665 0,169 0,148 
Carnivorous fish/Herbivorous fish 3,269 1,094 0,340 0,296 
Omnivorous fish/Insectivorous fish 0,157 0,246 0,226 0,249 
Omnivorous fish/Zoobenthos 0,023 0,035 0,025 0,048 
Insectivorous fish/Zoobenthos 0,148 0,141 0,110 0,191 
Insectivorous fish/Zooplankton 0,400 0,133 0,101 0,119 
Benthivorous fish/Zoobenthos 0,710 0,064 0,277 0,681 
Herbivorous fish/Benthic primary producer 0,015 0,026   
Zoobenthos/Benthic primary producer 0,625 0,679   
Zoobenthos/Zooplankton  2,707 0,946 0,920 0,624 
Zoobenthos/Phytoplankton  1,504 0,371   
Zoobenthos/Detritus  4,880    
Zooplankton/Phytoplankton 0,556 0,392   

B: period 2 17 
Predator/prey  B P/B Q/B R/B 
Bird/Carnivorous fish  0,009 0,209 0,394 0,014 
Bird/Omnivorous fish  0,002 0,250 0,741 0,010 
Bird//Insectivorous fish  0,005 0,063 0,168 0,003 
Bird/Bentivorous fish  0,002 0,136 0,067 0,001 
Bird/Herbivorous fish  0,041 0,228 0,134 0,013 
Carnivorous fish/Omnivorous fish 0,270 1,198 1,882 0,707 
Carnivorous fish/Insectivorous fish 0,543 0,301 0,426 0,241 
Carnivorous fish/Benthivorous fish 0,180 0,654 0,169 0,046 
Carnivorous fish/Herbivorous fish 4,466 1,094 0,340 0,913 
Omnivorous fish/Insectivorous fish 2,014 0,251 0,226 0,341 
Omnivorous fish/Zoobenthos 0,246 0,036 0,025 0,014 
Insectivorous fish/Zoobenthos 0,122 0,142 0,110 0,041 
Insectivorous fish/Zooplankton 0,400 0,134 0,101 0,016 
Benthivorous fish/Zoobenthos 0,369 0,065 0,277 0,213 
Herbivorous fish/Benthic primary producer 0,011 0,026   
Zoobenthos/Benthic primary producer 0,755 0,679   
Zoobenthos/Zooplankton  3,273 0,946 0,920 0,383 
Zoobenthos/Phytoplankton  1,819 0,371   
Zoobenthos/Detritus  5,901    
Zooplankton/Phytoplankton 0,556 0,392   

 18 
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