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Abstract:  24 

The biomass of organisms of different sizes is increasingly being used to explore macro-scale 25 

variation in food-web and community structure. Here we examine how invasive species and 26 

river flow regulation affect native fish biomass and fish community log10 biomass-body mass 27 

scaling relationships in Australia’s largest river system, the Murray-Darling. The log10 28 

biomass-body mass scaling exponent (scaling B) of invasive fishes (95% CI; -0.14 to -0.18) 29 

was less negative than for native fishes (95% CI; -0.20 to -0.25), meaning that invasive 30 

species attained a higher biomass in larger size-classes compared to native species. Flow 31 

alteration and invasive common carp (Cyprinus carpio) biomass were correlated with severe 32 

reductions in native fish biomass ranging from -47% to -68% (95% CI). Our study provides 33 

novel evidence suggesting that invasive and native communities have different biomass-body 34 

mass scaling patterns, which likely depend on differences in their trophic ecology and body 35 

size distributions. Our results suggest that restoration efforts using environmental flows and 36 

common carp control has potential to boost native fish biomass to more than double the 37 

current level. 38 

 39 

Keywords: body size; ecosystem energetics, environmental flows; restoration; food web; 40 

alien species; common carp; size spectra 41 
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Introduction 47 

Ecological communities are size-structured (Hildrew et al. 2007) whereby large-bodied 48 

predators generally consume smaller prey and there are disproportionately more smaller 49 

organisms, with a higher total biomass, than large ones (Elton 1927; Kerr 1974; Hatton et al. 50 

2015). Consistent macroecological patterns of abundance and biomass scaling with body size 51 

in a diverse range of taxa and environments has stimulated size spectrum theory (Sprules and 52 

Barth 2016) and is predicted by the metabolic theory of ecology (Brown et al. 2004; Sibly et 53 

al. 2012). Sized-based models are gaining popularity in applied environmental and fisheries 54 

science owing to their low parameter requirements, the relative ease and low cost of 55 

collecting body size data and their sensitivity to ecological changes (Petchey and Belgrano 56 

2010; Andersen et al. 2016a-b; Blanchard et al. 2017; Yen et al. 2017). 57 

Biomass size spectrum theory (Sprules and Barth 2016) and the metabolic theory of 58 

ecology (Brown et al. 2004; Sibly et al. 2012) predict that within a community at a steady-59 

state, normalized biomass should scale log-linearly and negatively with a scaling exponent of 60 

~ -1.0.  The negative log-linearity of the community size structure is thought to emerge 61 

because of physical and physiological constraints associated with: 1) the inefficient transfer 62 

of energy across trophic levels (Lindeman 1942); 2) predators being larger than their prey 63 

(Kerr 1974; Hatton et al. 2015); and 3) the scaling of metabolic rate with body mass (Brown 64 

et al. 2004), all of which appear to be roughly consistent across diverse taxa and 65 

environments. 66 

Although community biomass size structure is known to be largely determined by 67 

energetics, metabolism and predatory-prey dynamics, it can also be influenced by factors 68 

such as fishing, variation in primary productivity or population demographics (Banse and 69 

Mosher 1980; Andersen et al. 2016a). Fishing, for example, often has top-down effects 70 

because the selective removal of larger individuals results in trophic cascades that generate 71 
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steeper (more negative) size spectra scaling exponents (Jennings and Blanchard 2004, 72 

Petchey and Belgrano 2010). In contrast, global climate change may have bottom-up 73 

ecosystem energetic effects that alter the size-structure of plankton communities, with 74 

negative consequences for the production of higher trophic level consumers (Yvon-Durocher 75 

et al. 2011; Woodworth-Jefcoats et al. 2013). However, there is a dearth of empirical 76 

evidence and no theory available to explain how or if other globally-important anthropogenic 77 

pressures influence community biomass-size structure.  78 

Invasive species (Strayer 2010) and river flow alteration via dams (Bunn and 79 

Arthington 2002; Nilsson et al. 2005) represent two of the major drivers of biodiversity 80 

change in aquatic ecosystems world-wide. These anthropogenic pressures can adversely 81 

affect the biomass and abundance of native species (Gehrke et al. 1995; Propst et al. 2008), 82 

thereby altering species and community size-structure at varying spatial scales (Blanchet et 83 

al. 2010; Jellyman et al. 2014; Fritschie and Olden 2016). However, no studies have 84 

examined whether these anthropogenic pressures affect community biomass-body size 85 

scaling relationships. 86 

Here we examine how fish community biomass scales with body mass in Australia’s 87 

largest river system, the Murray-Darling. We evaluate how log10 biomass-body mass scaling 88 

patterns and native fish biomass vary among sub-catchments with different proportions of 89 

invasive species and varying types of river flow alteration. The objectives of this study were 90 

to: 1) estimate the log10 biomass-body mass scaling exponent of native and invasive fishes 91 

and to evaluate whether river flow alteration or other environmental factors were correlated 92 

with variation in the scaling exponent; and 2) estimate whether native fish biomass was 93 

correlated with river flow alteration, invasive species biomass or other environmental factors. 94 

Lastly, given the negative effects of invasive common carp (Cyprinus carpio; Linnaeus 1758) 95 

and river flow alteration on native fish biomass identified in objective 2, we used our model 96 

Page 4 of 46

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

 5  

 

to estimate the potential biomass of native fish that may be possible under future restoration 97 

scenarios. 98 

 99 

Methods 100 

Study area and fish community data 101 

The Murray-Darling Basin (MDB) extends over 1 million km2, across 14% of the continent 102 

of Australia (Fig. 1). The MDB fish fauna is naturally depauperate, comprising 38 native 103 

freshwater species (Unmack 2013). Our analysis of the MDB fish community focuses on 104 

lowland river systems which have been extensively surveyed as part of a basin-wide fish 105 

monitoring program. Invasive fishes, particularly common carp, goldfish Carassius auratus 106 

(Linnaeus 1758), European perch Perca fluviatilis (Linnaeus 1758) and eastern gambusia 107 

Gambusia holbrooki (Girard 1859), now make up a large proportion of the fish community in 108 

the MDB (Davies et al. 2010). All of these species, and other less pervasive alien fishes, are 109 

considered in the current analysis. 110 

We draw on fish monitoring data collected as part of the Sustainable Rivers Audit 111 

(SRA) program (Davies et al. 2010). The SRA was a multi-year river-basin scale ecological 112 

condition survey of rivers and streams across the MDB. Our analysis used results from in-113 

channel boat electro-fishing from 251 sites (Fig. 1) within 17 of the 23 sub-catchments of the 114 

MDB  sampled on two occasions from 2004-2009. Sampling included: 1) randomized, fixed 115 

and roving site design; 2) standardized and consistently implemented field protocols; and 3) 116 

coordinated quality-assurance and data management programmes (Davies et al. 2010). All 117 

sites (5-18 sites) within each sub-catchment were aggregated to estimate biomass and 118 

biomass-size scaling exponents for fish communities in the Murray-Darling Basin (Fig. 1). 119 

Sampling at each site was undertaken using a SmithRoot® model 7.5 GPP boat-mounted 120 

electrofisher following the standard SRA protocol of 12 replicate 90 s units of ‘power on’ 121 
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time with settings of 1000V, 60 Hz and 40% duty cycle pulsed DC current. Sampling was 122 

conducted in an upstream direction fishing all accessible habitats with one team member on 123 

the boat netting all stunned fish (Murray-Darling Basin Commission 2004). All fish greater 124 

than 15 mm were identified, enumerated and had total length (mm; TL) measured in the field. 125 

Up to 50 individuals of each species were weighed (± 0.01 g) on each sampling occasion, and 126 

species-specific length-mass regressions were used to convert TL into mass. 127 

Boat electro-fishing detection rates vary with environmental conditions (e.g. depth, 128 

turbidity, salinity), among habitat types and species (Bayley and Austen 2002; Lyon et al. 129 

2014). It is generally size-biased, and can underestimate the abundance of fishes smaller than 130 

approximately 100 g (Zalewski 1985; Dolan and Miranda 2003). In deep rivers larger 131 

individuals may also be under-represented (Lyon et al. 2014). Although different species 132 

have different boat electro-fishing detection probabilities we assumed that, within the river 133 

channel habitats sampled, capture efficiency was primarily a function of body size (Dolan 134 

and Miranda 2003) and river depth (Bayley and Austen 2002). To correct for the size and 135 

depth-bias of boat electro-fishing, we calculated capture efficiency using two correction 136 

models (Model 1 and 2; Table 1). Correction models used body size of individual fish and 137 

depth of the electrofishing pass to estimate detection probabilities which were then used to 138 

calculate the number of individual fish of a given size that were not detected. 139 

Correction 1 (Model 1; Table 1) was developed by Bayley and Austen (2002), and the 140 

numerical values used were based on capture efficiency estimates for common carp (Bayley 141 

and Austen 2002) because this species had the highest biomass of all fishes in our sample. 142 

Model 1 was dome-shaped, similar to correction functions developed for several fishes in 143 

Australia (Lyon et al. 2014), and was used here because it was the most conservative model, 144 
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peaking at a low estimated capture efficiency of approximately 9% in fishes between 200 and 145 

300 mm TL (Bayley and Austen 2002). 146 

Correction 2 (Model 2; Table 1) assumed a higher capture efficiency and was 147 

therefore less conservative and assumed a different shaped function, based on a simple log10-148 

linear relationship developed for stream and large river fish communities (Zalewski 1983, 149 

1985). Model 2 assumed that capture efficiency was mass-based regardless of species and 150 

that efficiency was higher and constantly increasing log10-linearly from approximately 20% 151 

at 4 g to 95% at over 20,000 g. No depth-correction coefficient was available for this model. 152 

It should be noted that detection rates are usually ignored in the analysis of such sampling 153 

data (e.g. Davies et al. 2010) but are an integral component for providing community biomass 154 

estimates. In light of limited detailed information on detection rates under all conditions and 155 

species, the two correction models used here in combination with the raw data provided an 156 

opportunity to explore the sensitivity of our results to some of the potential biases of boat-157 

electrofishing.  158 

To evaluate the sensitivity or our results to the aforementioned biases of boat-159 

electrofishing and to different methods of correction, scaling exponents and biomass were 160 

calculated using: raw uncorrected mass (raw data); Model 1 corrected mass (Model 1 161 

corrected); and Model 2 corrected mass (Model 2 corrected). In order to minimize other 162 

potential biases which can affect sampling efficiency, including river discharge variability, 163 

differences among habitat types and differences among sampling gears, analyses were 164 

restricted to in-channel boat electro-fishing in large perennial lowland rivers (stream order > 165 

5) that were sampled during low-flow conditions during the same season each year. Sampling 166 

for the SRA program examined here occurred during a 10 year drought (see Bond et al. 167 
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2008), which resulted in low but consistent flows and sampling conditions within the 168 

perennial systems. 169 

 170 

Biomass-body size scaling  171 

We used maximum likelihood (MLE) to estimate the scaling exponent (b) of the log10 172 

abundance-mass relationships for fish communities in each of 17 sub-catchments of the 173 

MDB. We fitted the mass of individual fish within each sub-catchment to the log-likelihood 174 

of a bounded power law distribution using a probability density function (Model 3; Table 1) 175 

based on R code adapted from Edwards et al. (2017). The exponent b estimated from Model 3 176 

(Table 1) represented the log10 abundance-mass scaling relationship, and therefore the scaling 177 

exponent for the log10 biomass-body mass (scaling B) relationship was calculated as b + 1 178 

(Edwards et al. 2017). Body size scaling relationships in aquatic communities have 179 

traditionally been estimated by summing the number of individuals within log2 scale body 180 

size bins (e.g. Jennings and Blanchard 2004) and fitting ordinary least squares regression. 181 

More recent methodological comparisons have revealed that bin-based regression approaches 182 

can yield biased estimates of scaling exponents (White et al. 2008) and therefore we used 183 

maximum likelihood here. 184 

The log10 biomass-size scaling exponents (scaling B) were estimated separately using 185 

raw data, Model 1 corrected data and Model 2 corrected data for each sub-catchment and 186 

each of three fish community groupings: 1) the entire fish community comprising all species; 187 

2) native species only; 3) invasive species only. First, each fish sampled was classified as 188 

native or invasive (Table S1). Scaling B was then estimated for native species, invasive 189 

species and for the entire community (native and invasive species) for each sub-catchment 190 

using the adapted MLE R code (Edwards et al. 2017) described previously. The MLE 191 
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function was fitted to the mass distribution of native species, invasive species and the entire 192 

community (native and invasive species) separately for each sub-catchment. The median 193 

scaling B of 1000 Monte Carlo simulations (see below) for each sub-catchment served as 194 

replicates in statistical analyses for each respective community grouping (native; invasive; 195 

entire fish community). 196 

Prior to estimating scaling exponents using maximum likelihood, we used a Monte 197 

Carlo resampling procedure modified from Robinson et al. (2017) in order to reduce the 198 

potential bias owing to geographic differences in the number of fish sampled across sub-199 

catchments. This process started by randomly sampling 400 individual fish based on raw 200 

uncorrected data, 10,000 randomly sampled fish using Model 1 corrected data, and 10,000 201 

randomly sampled fish using Model 2 corrected data for each respective sub-catchment. The 202 

scaling exponents for each respective sub-catchment, correction dataset, and fish community 203 

group (invasive; native; whole community) were then estimated from 1000 repeated 204 

simulations of randomly sampling fish and the median exponent of the simulations for each 205 

sub-catchment were used as the response variables in statistical analyses. 206 

The respective sample sizes of fish were chosen following sensitivity analyses (Table 207 

S2) which evaluated variation in scaling exponents with increasing sample sizes. The 208 

advantages of using the largest sample sizes of fish were offset by the decreasing number of 209 

sub-catchments (replicates) which could then be used in statistical analyses. Each sub-210 

catchment used in statistical analyses had greater than 400 raw individual mass 211 

measurements, while three sub-catchments (Avoca; Loddon; Castlereagh) had insufficient 212 

sample sizes and three sub-catchments were excluded because they were not considered to be 213 

lowland systems across the sites sampled (Mitta Mitta; Upper Murray; Kiewa). These six 214 
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river systems were excluded from further analyses, which resulted in 17 suitable sub-215 

catchments out of the 23 in the MDB. 216 

 217 

Biomass of native fish and ecological pyramids 218 

 219 
To evaluate factors contributing to variation in native fish biomass we assigned individual 220 

native fish to one of fifteen log2-scale body mass bins ranging from 2-32,768 g and the bins 221 

were log10 transformed for statistical analyses (Jennings and Blanchard 2004). This bin-based 222 

approach is the traditional method used in aquatic size spectra analyses (Kerr and Dickie 223 

2001) and, although we use it here to examine variation in native fish biomass, all scaling 224 

exponents were estimated using MLE as previously described. After classifying individual 225 

fish as native or invasive, the biomass of native fish was calculated as the sum of individual 226 

native species mass for each log2 body mass class and each respective sub-catchment. 227 

Biomass was standardized per 100 electrofishing shots which represented the approximate 228 

mean sampling effort per sub-catchment. Lastly, biomass was normalized for linear bin-width 229 

(White et al. 2008) by dividing the sum native species biomass by the linear width of each 230 

respective log2 body mass class. The resulting biomass of native fish within each log2 body 231 

mass class for each sub-catchment was the response variable used in statistical analyses. 232 

Ecological pyramids of native fish biomass were constructed following Trebilco et al. (2013) 233 

whereby biomass was calculated separately for each log2 body mass class and the mean (± 234 

95% CI) was calculated across sub-catchments. 235 

 236 

Environmental attributes and anthropogenic pressures  237 
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We examined whether four environmental attributes and seven indicators of anthropogenic 238 

pressure (Table S3), correlated with changes in fish community scaling exponents (scaling B) 239 

and native fish biomass. Environmental attributes were sourced from the MDB Aquatic 240 

Assets database version 2.0 (Ward et al. 2012) which included mapped rivers, lakes, wetlands 241 

and floodplains on a 9” digital elevation model of Australia (Version 3). The extent of 242 

floodplains was mapped over a 10 year period between 1984 and 1993. Environmental 243 

attributes included (Table S3): annual sub-catchment mean air temperature (T; °C), sub-244 

catchment terrestrial net primary production (NPP; tC ha-1), sub-catchment floodplain area 245 

(FPA; km2) and stream order (SO). Stream order, T and NPP were calculated as the median, 246 

and FPA as the sum, calculated across each sub-catchment. Terrestrial NPP was used as a 247 

surrogate for aquatic primary production since these estimates are unavailable. 248 

Anthropogenic pressure indicators included two that focused on invasive species and 249 

five metrics of river flow alteration. The relative biomass (g) of carp (carp biomass) within 250 

each sub-catchment and the biomass of all other invasive fishes (other invasive) standardized 251 

per 100 electrofishing shots were used as explanatory variables in statistical analyses. Five 252 

metrics of river flow alteration previously developed by Sims et al. (2012) were evaluated as 253 

potential predictors of native fish biomass and scaling B in statistical analyses. 254 

Flow alteration metrics represented the differences between current regulated flows 255 

and modelled ‘natural’ estimates of flow without river regulation between 1895 and 2006 256 

across the MDB. We used an aggregate metric of river flow alteration (Flow alt.) which was 257 

a composite of nine metrics relating to historical changes in the frequency, duration and 258 

volume of floods, and seasonality of the highest and lowest flow periods (Sims et al. 2012). 259 

We also examined the effects of four more specific measures of flow regime alteration 260 

including the: mean change in duration of above bank-full flooding (Flood dur. av.); mean 261 

change in number of above bank-full floods per year (Flood freq. av.); mean change in Julian 262 
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day within the year of the annual minimum flow (Min. flow av.); and the coefficient of 263 

variation in Julian day within the year of the annual minimum flow (Min. flow cv.). These 264 

metrics were used because they explain the majority of historical changes to flows in MDB 265 

river-floodplain ecosystems (Sims et al. 2012), have previously been associated with changes 266 

in fish communities and river ecosystem function (Junk et al. 1989; Humphries et al. 1999) 267 

and were uncorrelated with one other, and therefore could be used together in statistical 268 

analyses. 269 

 270 

Statistical analyses 271 

Generalized Linear Mixed Effects Models (GLMMs) were used to examine whether 272 

environmental attributes or anthropogenic pressures influenced log10 biomass-body mass 273 

scaling exponents (scaling B; Table 1; Models 4 and 5) or native fish biomass (Table 1; 274 

Models 6 and 7) modelled at the sub-catchment level. Prior to analyses, all continuous 275 

predictor variables were centred by subtracting the mean across sub-catchments (n =17) and 276 

standardized by dividing each by the standard deviation. After excluding fixed effects and 277 

interactions with variance inflation factor (VIF) scores of > 4, we fitted the full Models 4-7 278 

(Table 1) to evaluate whether any environmental attributes, or anthropogenic pressures were 279 

correlated with variation in scaling B or native fish biomass in comparison to null models. 280 

Models with and without interactions were ranked according to the lowest Akaike 281 

Information Criterion (AIC) value and pseudo r2 values were calculated as a measure of 282 

goodness of fit (Nakagawa and Schielzeth 2013). A difference of 2 or more between AIC 283 

values was used to distinguish important differences among models. Fixed-effects and 284 

interactions were evaluated by plotting variable coefficients and their 95% confidence 285 

intervals estimated from the full Models 4-7 (Table 1). Since all predictors were standardized 286 
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and centred, we assumed that all coefficients not overlapping zero (null model) were 287 

important predictors of scaling B or native fish biomass. 288 

Region was specified as a random effect (1/region) in all GLMMs (Table 1; Models 289 

4-7) in order to avoid spatial auto-correlation among sub-catchments. The scaling B was 290 

normally distributed and therefore we fitted a GLMM (Table 1; Model 4) to the raw data, 291 

Model 1 corrected and Model 2 corrected datasets, where the intercept was denoted 𝛽𝛽R0; 𝛽𝛽𝛽𝛽R1-3 292 

were categorical classifications representing invasive species, native species or all fishes in 293 

the community;  Flow alt. was the aggregate river flow alteration metric (Sims et al. 2012); T 294 

was river temperature (°C), NPP was terrestrial net primary production (tC ha-1), FPA was 295 

sub-catchment floodplain area (km2) and SO was stream order. We tested Model 4 with and 296 

without an interaction between Flow alt. (βxR4) and different fish community groupings (βxR1-297 

3) and selected the best model using the lowest AIC. Since the aggregate flow alteration 298 

metric (Flow Alt.) was calculated in part using Flood dur. av., Flood freq. av., Min. flow av. 299 

and Min. flow cv. (Sims et al. 2012), the last four metrics of flow alteration were examined in 300 

a separate Model (5). 301 

To evaluate whether more detailed measures of invasive species or river flow 302 

alteration influenced Scaling B, we fitted GLMMs (Table 1; Model 5) to the raw data, Model 303 

1 corrected and Model 2 corrected datasets where the intercept was denoted 𝛽𝛽R0; 𝛽𝛽𝛽𝛽R1-2 were 304 

categorical classifications representing native species and all fishes in the community; carp 305 

biomass was the relative biomass of common carp within each sub-catchment standardized 306 

per 100 electrofishing shots; other invasive was the standardized relative biomass of all 307 

invasive fishes excluding common carp; Flood dur. av. was the mean change in duration of 308 

above bank-full floods per year; Flood freq. av. was the mean change in number of above 309 

bank-full floods per year; Min. flow av. was the mean change in Julian day within the year of 310 

the annual minimum flow and Min. flow cv. was the coefficient of variation in Julian day 311 
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within the year of the annual minimum flow (Sims et al. 2012). We tested Model 5 with and 312 

without interactions between carp biomass (βx3) and each of the four flow alteration metrics 313 

(βx5-8) separately and selected the best model using the lowest AIC. 314 

The biomass of native fish was not normally distributed and we applied a log10 315 

transformation and fitted the GLMMs using Model 6 and Model 7 (Table 1), where body 316 

mass class represented the log2 body mass class (log10 transformed) and all other variables 317 

were the same as defined previously. We tested Model 7 with and without interactions 318 

between carp biomass (βx2) and each of the four flow alteration metrics (βx4-7) and selected 319 

the best model using the lowest AIC value. 320 

 We evaluated the sensitivity of results to each of the three methods of boat 321 

electrofishing correction including: raw uncorrected; Model 1 corrected; and Model 2 322 

corrected. For each of the full Models 4-7 we considered coefficients important predictors if 323 

their 95% confidence intervals did not overlap zero (null model), and reliable if their 324 

response was consistently significant in the same direction (positive or negative) across the 325 

three methods of correction. To evaluate how the important and reliable predictors influenced 326 

biomass, we plotted the model fitted estimates against the range of centred and standardized 327 

values with all other variables held constant (Robinson et al. 2017) and constructed 328 

ecological pyramids of biomass (Trebilco et al. 2013). Ecological pyramids were constructed 329 

using the raw data by plotting the mean (+/- 95% CI) biomass of native species across sub-330 

catchments using model fitted estimates. 331 

 332 

Native fish biomass restoration scenarios 333 

We estimated native fish biomass in response to theoretical restoration scenarios by fitting 334 

GLMM (Model 7) to dummy datasets that were pre-assigned to different combinations of 335 

restored river flows and invasive common carp control. The scenarios were set based on the 336 
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important predictors determined in statistical analyses and included: 1) restoration of the 337 

seasonal timing of minimum flows (Min. flow av.); 2) control of common carp down to 30% 338 

of the total fish community biomass; and 3) restoration of all four flow regime metrics 339 

together with control of common carp down to 30% of the total fish community biomass. The 340 

flow metric values used in the dummy datasets were set based on their estimated unregulated 341 

values, while 30% was selected because it was the lowest percentage of invasive common 342 

carp biomass observed in sub-catchments (Table S3). 343 

Model 7 parameters were fitted to the raw data and to each of the restoration scenario 344 

datasets in order to estimate potential changes in native fish biomass. This model did not 345 

account for the impacts of other significant anthropogenic pressures (e.g. habitat alteration, 346 

climate change, fishing pressure) since these data were not available. Instead, the model 347 

provides a quantitative measure of how native fish biomass may be expected to respond if 348 

components of the natural river flow regime were restored and invasive common carp were 349 

effectively controlled. Size-specific differences in native fish biomass between current 350 

conditions and each of the scenarios were illustrated using ecological pyramids as described 351 

previously. The current sum biomass of native fish was divided by the estimated biomass 352 

under each restoration scenario, minus one in order to calculate a percent change in native 353 

fish biomass for each sub-catchment. 354 

 355 

Results 356 

The fish community analysed in the SRA database included 30,097 individuals, comprising 357 

22 native and 9 invasive species, and spanned 6 orders of magnitude in body mass (0.01-358 

24,064 g) (Table S1). Invasive common carp made up the highest biomass of all species and 359 

ranged from 29% to 76% of the total biomass of fish communities sampled across 17 sub-360 

catchments. Bony herring Nematalosa erebi was the most abundant native species sampled, 361 
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while Murray cod Maccullochella peelii, Australia’s largest freshwater fish, comprised the 362 

greatest biomass of the native fishes (Table S1). 363 

 364 

Biomass-body size scaling  365 

The log10 biomass-body mass scaling exponents (scaling B; Table 2) of native species, 366 

invasive species and the whole community were significantly different in the raw data (DF = 367 

2, 41; F-value = 207; P <0.001), Model 1 (DF = 2, 41; F-value = 204; P <0.001) and Model 368 

2 (DF = 2, 41; F-value = 131; P <0.05) corrected datasets. The method of sampling bias 369 

correction (raw data, Model 1, or 2 corrected) resulted in significantly different estimates of 370 

scaling B, but native and invasive species were consistently important predictors using all 371 

three datasets (Fig. 2 a-c). Invasive species generally had shallower (less negative) estimates 372 

of scaling B (Table 2) when compared to native species, but Model 2 corrected data was an 373 

exception. No other environmental or anthropogenic pressure variables examined (Fig. 2) 374 

using Models 4 or 5 were consistently important predictors of scaling B across the different 375 

methods of correction, but increasing floodplain area resulted in significantly steeper 376 

exponents in the raw data and Model 1 corrected data (Fig 2. a, b). Net primary production 377 

was excluded from Model 4 since it had variance inflation factor (VIF) scores > 4 in all three 378 

datasets (Table S4). 379 

After considering VIF scores (Table S4) and AIC values, the GLMMs fitted to 380 

Models 4 and 5 (Table 1) with no interactions were used in all analyses (Fig. 2 a-f). All 381 

GLMMs fitted to Model 4 that incorporated interaction terms between flow alteration and 382 

community group (native; invasive; whole community) had VIF scores of > 4. Therefore, the 383 

base model fitted to Model 4 with no interactions was considered the best model for raw data 384 

(AIC = -121; pseudo R2 = 0.55), Model 1 (AIC = -83; pseudo R2 = 0.41) and Model 2 385 

corrected data (AIC = -30; pseudo R2 = 0.36). GLMMs fitted to Model 5 that incorporated 386 
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interaction terms between carp biomass and each of the flow metrics also had VIF scores of 387 

> 4, or their respective AIC values were greater than the base models fitted with no 388 

interactions using the raw data (AIC = -56; pseudo R2 = 0.27), Model 1 (AIC = -41; pseudo 389 

R2 = 0.25) and Model 2 corrected data (AIC = -8; pseudo R2 = 0.27). 390 

 391 

Native fish biomass 392 

The log10 biomass of native fishes fitted to GLMM Model 6 (Table 1) declined significantly 393 

with increasing log10 body mass class and river flow alteration (Flow Alt.), but increased with 394 

stream order (Fig. 3 a-c; Table 3) for all three methods of correction, including raw data (AIC 395 

= 353; pseudo R2 = 0.53), Model 1 (AIC = 392; pseudo R2 = 0.61) and Model 2 corrected 396 

datasets (AIC = 358; pseudo R2 = 0.74). The coefficients describing the negative effects of 397 

river flow alteration and positive effects of stream order (Table 2) on log10 native fish 398 

biomass varied little depending on the method of correction and therefore the significant 399 

positive or negative trends were illustrated using raw data (Fig. 4 a-b). Temperature and net 400 

primary production were excluded from all GLMMs fitted to Model 6 because they had VIF 401 

scores of > 4 (Table S4). 402 

The GLMM (Table 1; Model 7), which examined the effects of specific components 403 

of flow regime alteration and invasive species (Fig. 3 d-f; Table 4), provided an equal or 404 

more parsimonious fit to log10 native fish biomass for raw data (AIC = 343; pseudo R2 = 405 

0.58), Model 1 (AIC = 392; pseudo R2 = 0.63) and Model 2 corrected data (AIC = 357; 406 

pseudo R2 = 0.76) when compared to their respective AIC values in Model 6. Decreasing 407 

log10 native fish biomass with increasing, log10 body mass class , carp biomass and alteration 408 

of the mean timing of low-flow conditions (Min. flow av.) were the only significant predictors 409 

across all three correction methods (Fig. 3 d-f; Table 4). Log10 native fish biomass declined 410 

significantly with increasing biomass of carp and low-flow alteration (Fig. 4 c-d). The only 411 
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significant difference among methods of correction was an estimated increase in log10 native 412 

fish biomass in response to altered flood duration (Flood dur. av.) based on the raw data only. 413 

Variations of GLMM Model 7 which explored the potential effects of interactions between 414 

invasive carp biomass and flow metrics all had VIF scores of > 4 and were therefore 415 

excluded. 416 

The pattern of declining native fish biomass with increasing log10 body mass was 417 

significant in all models (Table 3; 4) and this negative log10 biomass-body mass relationship 418 

resulted in an Eltonian-shaped ecological pyramid structure (Fig. 5a). Alteration of the mean 419 

timing of low-flow conditions was correlated with a mean change in native fish biomass of -420 

22% ± 5 (SE) with a 95% CI ranging from -11% to -32% across sub-catchments (Fig. 6). 421 

Carp biomass was correlated with mean change in native fish biomass of -53% ± 4 across 422 

sub-catchments with a 95% CI ranging from -44% to -63%. River flow alteration and carp 423 

biomass together predicted a -58% ± 5 change in native fish biomass with a 95% CI ranging 424 

from -47% to -68% (Fig. 6). Relative to current conditions (Fig 5a), ecological pyramids of 425 

native fish biomass increased by a factor of 1.23, 2.16 and 2.33 respectively under scenarios 426 

of low-flow restoration (Fig. 5b), control of common carp (Fig. 5c) and the combined 427 

restoration of all flow regime metrics and common carp control (Fig. 5d). 428 

 429 

Discussion 430 

Our study provides quantitative estimates of how invasive fishes and flow regime alteration 431 

affect fish community biomass and its size structure in regulated river systems. Our results 432 

suggest that invasive species have the potential to disrupt biomass-body mass allometric 433 

scaling patterns and therefore understanding the causal food web mechanisms warrants 434 

further investigation, including studies on different aquatic and terrestrial ecosystems. These 435 

alterations are important from an applied fisheries and biodiversity conservation perspective, 436 
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because invasive common carp biomass and river flow alteration were associated with 437 

declines in native fish biomass of 47% to 68% across the inland river systems of south-east 438 

Australia.  439 

 440 

Biomass-body mass scaling  441 

Negative allometric scaling of native fish biomass, spanning six orders of magnitude in body 442 

mass and encompassing an entire large river basin was remarkably consistent, regardless of 443 

the method of sampling bias correction. Energy availability and related metabolic constraints 444 

associated with increasing body mass and trophic level are widely accepted mechanisms 445 

explaining this general pattern (Brown et al. 2004; Sibly et al. 2012). The consistent negative 446 

allometric scaling of native fish community biomass is broadly consistent with an emerging 447 

energetic paradigm (sensu Isaac et al. 2012) suggesting that energy and its transfer are 448 

fundamental constraints affecting community structure. This is an important consideration for 449 

river ecology and management because it suggests that energy plays a key role in shaping the 450 

structure of fish communities, and therefore builds on mounting evidence emphasizing the 451 

importance of biotic interactions and food web dynamics on river ecosystem functioning 452 

(Thorp and Casper 2003; Naiman et al. 2012).  453 

The whole-of-assemblage fish community biomass-size scaling exponents estimated 454 

here, ranging from -0.19 to -0.42, must be compared carefully with other studies owing to 455 

methodological differences in sampling, but were within the range of values estimated from 456 

fish communities in the North Sea (-0.20; Jennings and Mackinson 2003) and coral reefs in 457 

the Pacific (-0.13 to -0.95; Robinson et al. 2017), but were less negative than the St. 458 

Lawrence river in North America (-0.43 to -0.86; Murry and Farrell 2014). The shallower 459 

(less negative) scaling exponents observed in the present study compared to the St. Lawrence 460 
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river may be attributed to the higher relative abundance of invasive common carp in 461 

Australian waterways. 462 

A major obstacle for making valid comparisons of scaling exponents among studies 463 

sampling fish and other vertebrates and testing community-based theoretical scaling 464 

predictions is that sampling methods rarely provide estimates of density, usually have 465 

unquantified size and species detection probabilities, and do not sample all taxa within the 466 

size-spectrum in a consistent manner. Given that the method of correcting for fish body size 467 

detection probability, including no correction, influenced our estimates of scaling exponents 468 

future studies should carefully consider the size-bias of sampling methods. It some cases it 469 

may be necessary to sample all taxa within the food web or invest in further research (e.g. 470 

Zalewski 1983, 1985; Bayley and Austen 2002; Lyon et al. 2014) to quantify community (e.g. 471 

zooplankton, invertebrates, fish, water-birds) size detection probabilities with the aim of 472 

making generalizable correction-factors. If the purpose of the study is to compare scaling 473 

exponents to theoretical predictions then correction models, or absolute estimates of density 474 

are essential. However, if the purpose of the study is to examine the effects of environmental 475 

or anthropogenic factors on the distribution of community biomass then our results suggest 476 

that correction factors may not be necessary.  Although the method of correction influenced 477 

the scaling exponent, the significant predictor variables were generally similar for all methods 478 

of correction (Fig. 2). However, correction Model 2 deviated from the pattern of invasive 479 

species having a shallower scaling exponent than native species in the raw data and Model 1 480 

corrected data. This result was likely attributed to the higher assumed capture efficiency of 481 

fish larger than approximately 100-200 g by Model 2. In our sample where large-bodied 482 

invasive common carp had the highest biomass, the higher assumed capture efficiency of 483 

Model 2 may have caused the steeper scaling exponent for invasive species. 484 
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The scaling exponents estimated here were calculated according to a normalized 485 

biomass size spectrum and theory based on complete food webs predicts that this exponent 486 

should be approximately -1.0 (Brown et al. 2004; Sprules and Barth 2016). Our estimates did 487 

not encompass all taxa (e.g. zooplankton, macroinvertebrates, waterbirds) within the river 488 

food webs and the method of sampling bias correction influenced our estimates of scaling 489 

exponents. Therefore, the scaling exponents estimated here should not be compared directly 490 

to theoretical predictions based on macroecology, or size spectrum theories which rely on 491 

comprehensive sampling of entire food webs (Brown et al. 2004; Sprules and Barth 2016). 492 

Within the consumer size range of 1 - 24,000 g and the river channel environments 493 

sampled here, our analyses and correction methods provided a reasonable approximation of 494 

the potential range of consumer biomass. River-floodplain food webs generally comprise a 495 

relatively small number of trophic pathways and consumer species, whereby the standing 496 

biomass is typically dominated by detritivorous, herbivorious or omnivorious fishes 497 

(Winemiller 2004). The MDB appears to match this general pattern, but the species with the 498 

highest standing biomass documented here was a large-bodied invasive omnivore, common 499 

carp, and the most abundant species was bony herring, a native detritivore (Stoffels et al. 500 

2013). Although the scaling exponents estimated here should not be compared directly to 501 

theoretical scaling predictions, the effects of invasive species on the scaling of biomass or 502 

abundance-size relationships warrants further investigation, both in terms of theoretical and 503 

applied size-based research (Reuman et al. 2014; Andersen et al. 2016b; Sprules and Barth 504 

2016; Blanchard et al. 2017; Yen et al. 2017). 505 

Macroecology of invasion 506 

We hypothesize that shallower biomass-body mass scaling exponents may be expected in 507 

invaded systems, such as those in Australia and rivers in North America (Chick and Pegg 508 

2001; Kulhanek et al. 2011), where large-bodied but low trophic-level invasive cyprinids 509 
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have proliferated (Fig. 7). Common carp (Koehn 2004) and other large-bodied cyprinid fishes 510 

(Chick and Pegg 2001; Ou et al. 2017) often feed at low trophic-levels on micro-crustaceans 511 

and macroinvertebrates, or plankton which are several orders of magnitude smaller than 512 

themselves. Food web theory predicts that the introduction of consumers feeding on prey 513 

much smaller than themselves can result in more top heavy biomass pyramids, equivalent to 514 

less negative size spectra (Fig. 7), and these changes can destabilize community structure 515 

(Law et al. 2009; Rip and McCann 2011). 516 

Mechanisms affecting change in fish communities cannot be deduced from our 517 

analyses but we hypothesize that the low trophic level feeding strategy, coupled with the large 518 

body-size (up to 650 cm) and long life-span (up to 28 years) of common carp (Koehn 2004), 519 

means that more energy (Fig. 7) is available for potential biomass production in large body 520 

size-classes than similar-sized native fishes which are mostly piscivores (Stoffels et al. 2013). 521 

The low trophic level feeding strategy of invasive cyprinids grants early, largely competition-522 

free access to the most abundant and productive basal energy resources and, due to the loss of 523 

energy with increasing trophic level, it maximizes the amount of energy available for 524 

conversion into biomass (Fig. 7), or reproduction. Furthermore, energy may be retained for 525 

long periods of time, since common carp are known to have a life-span of up to 28 years in 526 

the MDB and few predators have the capacity to consume mature carp. 527 

Our estimate of the biomass scaling exponent for the native fish community here may 528 

be different from ecosystems without invasive species (e.g. Fig. 7), since all rivers in the 529 

present study were inhabited by common carp. Future studies evaluating the effects of 530 

invasive species on scaling exponents would benefit from replicated field-experimental 531 

comparisons of independent systems with and without invasive species, or before-after 532 

comparisons. This was not possible in the present study since common carp were present in 533 

all sub-catchments of the MDB and no standardized pre-carp invasion data exist. 534 
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We hypothesize that food webs invaded by large-bodied invasive cyprinids will have 535 

(Fig. 7): 1) shallower biomass-size scaling exponents; 2) higher energy transfer efficiency; 3) 536 

higher predator-prey mass ratios (PPMR) and 4) a lower standing biomass of native species 537 

when compared to systems without these invasive species. Invasive cyprinids are known to 538 

alter a range of ecological functions (Kulhanek et al. 2011), but their effect on native species 539 

via food web and ecosystem energetics remains poorly understood. Large-bodied species, 540 

including invasive cyprinids (Crook 2004), have the ability to forage over large geographic 541 

areas and, due to their size and longevity, have an enhanced capacity to store energy over 542 

long periods, thus buffering their susceptibility to spatio-temporal variation in food 543 

availability (Barnes et al. 2010).  544 

Given that the median body size of riverine alien fishes is larger than native fishes 545 

world-wide (Blanchet et al. 2010), invasive fishes are likely to have altered the biomass size-546 

structure of fish communities elsewhere, possibly toward a more top-heavy biomass pyramid 547 

structure, equivalent to shallower biomass-size scaling exponents. Different types of changes 548 

to community biomass-body mass scaling exponents and trophic structure may be expected in 549 

systems where the most prolific invasive species are large-bodied piscivores (e.g. 550 

salmonidae), or where the most prolific invasive species are small-bodied and feed at low 551 

trophic levels (e.g. Gambusia spp.). For example, Fritschie and Olden (2016) found that 552 

individual size distributions non-native species were generally smaller than native fishes in 553 

dryland rivers of Arizona but their dominance did not influence community trophic structure. 554 

Conversely, non-native salmonids have had profound impacts on food webs and have caused 555 

trophic cascades affecting native species (Crowl et al. 1992; Jellyman et al. 2017), most likely 556 

with alterations to the community biomass-size structure, trophic energy transfer efficiency 557 

and predator-prey mass ratios. 558 

 559 
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Restoring native fish biomass 560 

Extensive restoration and conservation efforts world-wide (Bernhardt et al. 2005; Arthington 561 

et al. 2006; Koehn et al. 2014a) are attempting to halt and potentially reverse the severe 562 

degradation that has occurred in river ecosystems owing to invasive species and flow 563 

alteration. In order to assess the effectiveness of these efforts, it is essential to have baselines 564 

from which change can be assessed. The size-based approach applied here in combination 565 

with new methods of analysing disturbance gradients (Yen et al. 2017) may be useful to help 566 

set baselines or targets for restoration efforts.  567 

Historical fisheries records from northern hemisphere rivers indicate declines in large-568 

bodied fish abundance and biomass which often exceed 85% to 90% (Gresh et al. 2000; 569 

Pikitch et al. 2005; Limburg and Waldman 2009). Despite the presence of early-settlement 570 

commercial fisheries, quantitative estimates of historic fish biomass are largely unavailable 571 

for the MDB (Humphries and Winemiller 2009). The estimated 58% mean decline in native 572 

fish biomass here represents the first quantitative estimate for the MDB. To help inform 573 

native fish restoration targets, an expert panel previously guesstimated that native fish 574 

abundance may have declined by ~ 90% from pre-European abundances (Koehn et al. 2014a). 575 

Our estimated decline is less than 90% but it is important to clarify that our models are based 576 

on the effects of invasive common carp and natural flow regime disturbance alone. Our 577 

estimates do not incorporate the effects of other important changes to river systems, such as 578 

habitat alteration, land clearing, over-fishing, or barriers, and therefore should be considered 579 

conservative. 580 

River basins world-wide have been severely impacted by invasive species (Crowl et 581 

al. 1992; Strayer 2010; Gallardo et al. 2016) and river flow regime alteration (Bunn and 582 

Arthington 2002; Nilsson et al. 2005; Poff and Zimmerman 2010; McManamay and 583 

Frimpong 2015). Our results provide empirical evidence demonstrating that these 584 
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anthropogenic pressures are strongly correlated with large spatial scale reductions in native 585 

fish biomass. Native fish biomass in the MDB was strongly and negatively associated with 586 

increasing carp biomass, but not other invasive fishes. This indicates that the extremely high 587 

biomass attained by common carp may be adversely affecting the native fishes via resource 588 

competition, or indirect effects. The mechanistic effects of common carp on water quality, 589 

nutrient dynamics, macrophytes, phytoplankton and on benthic invertebrates in ponds and 590 

lakes is well-established (Kulhanek et al. 2011; Vilizzi et al. 2015), yet the bottom-up 591 

consequences of these changes for communities in rivers is poorly understood. Based on the 592 

evidence from ponds and lakes, it is presumed that native fish in rivers may be adversely 593 

affected most by feeding competition associated with reduced benthic biofilm or invertebrate 594 

abundance, or the effects of macrophyte loss on food production, recruitment or habitat. 595 

Our models suggest that native fish would benefit from effective control of common 596 

carp. Native fish biomass could be expected to increase by 216% across the MDB if common 597 

carp populations were reduced to 30% of the total fish community. In other words, for every 598 

1 g of native fish biomass sampled under current conditions, one could expect 2.16 g of 599 

native fish following the control of common carp. Effective control of invasive common carp 600 

populations in Australia is not currently feasible but the proposed release of a herpes virus 601 

biocontrol is regarded by some as a potential solution (McColl et al. 2017). Population 602 

modelling suggests that if the herpes virus causes mortality rates of 90% or higher in 20% of 603 

years, then common carp biomass could be reduced to 10% of its current level (Brown and 604 

Gilligan 2014). Despite laboratory analyses reporting 90-100% mortality of common carp 605 

exposed to the herpes virus (McColl et al. 2017), the ecological risks and benefits of releasing 606 

the virus (Kopf et al. 2017) have yet to be subjected to peer-review and the realized mortality 607 

rate, frequency of outbreak and long-term efficacy of the disease in Australian waterways 608 

may be much lower than desired (Marshall et al 2018). 609 
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River flow alteration and specifically the effects of altered timing of low-flow 610 

conditions were significantly and negatively correlated with native fish biomass. This result is 611 

consistent with literature suggesting that the seasonal reversal of low and high-flow periods in 612 

regulated river systems is severely detrimental to biodiversity (Bunn and Arthington 2002; 613 

Rolls et al. 2012; McGarvey and Terra 2016). The detrimental effects of low-flow alteration 614 

may be especially true for fish communities in temperate or dry-land regions with 615 

unpredictable flooding, where many species have adapted to spawn and recruit under low 616 

spring and summer flows (Humphries et al. 1999; Humphries et al. 2002). Restoration of 617 

natural flow regime components is a key rehabilitation measure for the MDB under ‘the 618 

Basin Plan’ (Koehn et al. 2014b) and our results suggest that native fish populations would 619 

benefit substantially from restoration of low-flow periods. 620 

The relative importance of flow regime alteration, in comparison to invasive common 621 

carp, may have been underestimated in our study, owing to sampling the fish community 622 

during a 10 year drought. River regulation in irrigated regions typically reduces the frequency 623 

and duration of flooding, thereby reducing a key source of energy available to support fish 624 

production (see Junk et al. 1989; Winemiller 2004). Therefore, the difference between native 625 

fish biomass production in flow-altered and free-flowing rivers may have been higher if 626 

sampling was undertaken following over-bank flood periods. Under drought conditions some 627 

of the most highly regulated rivers downstream of large dams and barrages, such as the 628 

Darling, Central Murray and Lower Murray river systems, which are used to transport water 629 

for irrigation, may have acted as refuges for native fish and carp (Bice et al. 2014). Consistent 630 

with this drought refuge explanation, we detected a significant increase in native fish biomass 631 

with increasing stream order. 632 

This study provides novel evidence suggesting that invasive species have the potential 633 

to modify biomass-body mass scaling patterns. We hypothesize (Fig. 7) that the changes in 634 
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fish community biomass-size structure observed here may be attributed to underlying food 635 

web and energetic changes affected by the proliferation of large-bodied but low trophic level 636 

common carp and river flow alteration. Our analysis suggests that environmental flows and 637 

specifically restoration of low-flow periods, in combination with effective long-term control 638 

of common carp could more than double the biomass of native fishes, with likely effects for 639 

the broader environment and ecosystems services provided by native fish. 640 
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 669 

 670 

Table 1. Equations used in statistical analyses examining variation in log10 native fish 671 

biomass and biomass-body mass scaling exponents of the Murray-Darling Basin fish 672 

community. 673 

Model 
number 

Equation a 

1 q = 1 + exp[-(-2.179 - 0.593 × 1 + 0.146 × Lj – 0.00250 × L j
2 – 0.490 × dj)]-2 

 
2 q = 7.201 + 20.461 × log10bodymass j  
 

3 
 
f(x) = (b + 1) bodymassj

b                          b            
           bodymassj b+1 max – bodymassj

b+1 min 

                                                

4 Scaling B ~ 𝛽𝛽R0+𝛽𝛽𝛽𝛽R1-3 invasive; native; all species +𝛽𝛽𝛽𝛽R4 FlowAlt +𝛽𝛽𝛽𝛽R5 T +𝛽𝛽𝛽𝛽R6 NPP +𝛽𝛽𝛽𝛽R7 FPA +𝛽𝛽𝛽𝛽R8 SO 
 

5 Scaling B ~𝛽𝛽R0+𝛽𝛽𝛽𝛽R1-2 native; allspecies+𝛽𝛽𝛽𝛽R3carpbiomass+𝛽𝛽𝛽𝛽R4otherinvasive+𝛽𝛽𝛽𝛽R5FloodDurAv+𝛽𝛽𝛽𝛽R6FloodFreqAv+ 
𝛽𝛽𝛽𝛽R7MinFlowAv+𝛽𝛽𝛽𝛽R8MinFlowCv 

Page 28 of 46

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

 29  

 

 
6 Log10 Native biomass ~𝛽𝛽R0+ 𝛽𝛽𝛽𝛽R1bodymassclass+𝛽𝛽𝛽𝛽R2FlowAlt+ 𝛽𝛽𝛽𝛽R3 T+𝛽𝛽𝛽𝛽R4NPP +𝛽𝛽𝛽𝛽R5FPA+𝛽𝛽𝛽𝛽R6 SO 

 
7 Log10 Native biomass ~β0+𝛽𝛽𝛽𝛽R1bodymassclass+  βx2carpbiomass+βx3otherinvasive+βx4FloodDurAv+ 

βx5FloodFreqAv+βx6MinFlowAv+βx7MinFlowCv 
a parameter definitions in alphabetical order: b = abundance-body mass scaling exponent; 𝛽𝛽R0 = y-axis intercept; invasive, native, all species 674 
= categorical fish community group; body mass j = individual fish j body mass (g); bodymassclass = log10 body mass (g) class; carp biomass 675 
=  relative biomass (g) of common carp standardized per 100 electrofishing shots; dj = average depth (m); Flood Dur Av = the mean change 676 
in duration of above bank-full floods per year; Flood Freq Av = the mean change in number of above bank-full floods per year; FlowAlt = 677 
aggregate river flow alteration metric; FPA= sub-catchment floodplain area (km2); L j = individual fish j total length (cm); max. = maximum 678 
mass (g) of individual fish sampled within sub-catchment; min. = minimum mass (g) of individual fish sampled within sub-catchment; Min 679 
Flow Av = the mean change in Julian day within the year of the annual minimum flow; Min Flow Cv = the coefficient of variation in Julian 680 
day within the year of the annual minimum flow; Native biomass = normalized biomass of native fish (g) per 100 electrofishing shots; NPP 681 
= sub-catchment terrestrial net primary production (tC ha-1); other invasive = relative biomass (g) of all invasive species other than common 682 
carp standardized per 100 electrofishing shots; q = the estimated detection probability of a fish of a given body size and depth sampled in an 683 
electrofishing pass out of actual number present; Scaling B = biomass-body mass scaling exponent; SO = stream order; T = annual sub-684 
catchment mean air temperature (°C). 685 
 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

Table 2. Log10 biomass-body mass scaling exponents (scaling B) of the Murray-Darling 696 

Basin fish community estimated from maximum likelihood estimated values from (n =17) 697 

sub-catchments and comparing different methods of correcting for sampling bias. 698 

Correction 
method  

Fish community 
grouping 

 Scaling 
B (SE) 

95%  
min. 

95% 
max. 

Raw 
uncorrected 

     
 

Invasive only -0.17 0.01 -0.18 -0.14 
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Native only -0.22 0.01 -0.24 -0.20 

 
All species -0.19 0.01 -0.21 -0.18 

      Model 1 
corrected 

     
 

Invasive only -0.25 0.02 -0.28 -0.22 

 
Native only -0.29 0.02 -0.32 -0.26 

 
All species -0.26 0.02 -0.30 -0.23 

      Model 2 
corrected 

     
 

Invasive only -0.52 0.03 -0.58 -0.46 

 
Native only -0.43 0.03 -0.50 -0.37 

  All species -0.42 0.03 -0.48 -0.36 
 699 

 700 

 701 

 702 

 703 

 704 

 705 

 706 

Table 3. Generalized linear mixed effects Model 6 results explaining variation in log10 native 707 

fish biomass using three methods of sampling bias correction. Asterisks denote significant 708 

predictors. 709 

Correction 
method Variables Coefficient SE t P-value 
Raw data Body mass -0.40 0.03 -13.02 <0.0001* 

 
Flow alteration -0.10 0.04 -2.25 0.03* 

 
Temperature a  

    
 

Net primary production a 
    

 
Floodplain area -0.08 0.04 -1.93 0.06 

 
Stream order 0.14 0.05   3.39 <0.001* 
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Model 1 Body mass -0.54 0.03 -15.72 <0.0001* 
corrected Flow alteration -0.12 0.05   -2.67 0.01* 

 
Temperature a 

    
 

Net primary production a 
    

 
Floodplain area -0.09 0.05 -1.97 0.06 

 
Stream order 0.18 0.05   3.86  <0.001* 

      Model 2  Body mass -0.70 0.03 -22.18 <0.0001* 
corrected Flow alteration -0.11 0.04   -2.57 0.01 

 
Temperature a 

    
 

Net primary production a 
    

 
Floodplain area -0.09 0.04 -1.93 0.06 

  Stream order 0.16 0.05   3.39 <0.001* 
a Variables with variance inflation factor (VIF) scores  > 4 were excluded from analyses. 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

Table 4. Generalized linear mixed effects Model 7 results explaining variation in log10 native 718 

fish biomass using three methods of sampling bias correction. Asterisks denote significant 719 

predictors. 720 

Correction 
method Fixed effects Coefficient SE t P-value 
Raw data Body mass -0.41 0.03 -14.40 <0.0001* 

 
Carp biomass -0.17 0.04 -3.86 <0.0001* 

 
Other invasive -0.02 0.04 -0.50 0.62 

 
Min. flow av. -0.18 0.04 -3.99 <0.0001* 

 
Min. flow cv. 0.02 0.05 0.39 0.70 

 
Flood dur. av. 0.15 0.05 3.07 <0.001* 

 
Flood freq. av. -0.07 0.07 -1.06 0.29 
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Model 1 Body mass -0.54 0.03 -16.78 <0.0001* 
corrected Carp biomass -0.11 0.05 -2.19 0.03* 

 
Other invasive 0.03 0.05 0.55 0.59 

 
Min. flow av. -0.23 0.05 -4.56 <0.0001* 

 
Min. flow cv. 0.02 0.06 0.35 0.72 

 
Flood dur. av. 0.09 0.06 1.69 0.09 

 
Flood freq. av. -0.05 0.08 -0.65 0.52 

      Model 2  Body mass -0.70 0.03 -23.80 <0.0001* 
corrected Carp biomass -0.11 0.04 -2.50 0.01* 

 
Other invasive -0.02 0.05 -0.49 0.63 

 
Min. flow av. -0.23 0.04 -5.20 <0.0001* 

 
Min. flow cv. 0.04 0.06 0.64 0.52 

 
Flood dur. av. 0.09 0.05 1.86 0.06 

  Flood freq. av. -0.05 0.07 -0.73 0.46 
 721 

 722 

 723 

 724 

 725 

 726 

 727 

FIGURE CAPTIONS 728 

Fig. 1. Australia’s Murray-Darling Basin showing river sub-catchments stratified into 729 

northern, southern and central west regions and sampling sites (open circles) used to examine 730 

variation in fish community biomass and scaling exponents.  Map created by Charles Sturt 731 

University, Spatial Data Analysis Network using the Murray-Darling Basin Aquatic Assets 732 

Geodatabase (Ward et al. 2012).         733 

Fig. 2. Environmental and anthropogenic pressure coefficients (± 95% CI) explaining 734 

variation in log10 biomass-body mass scaling exponents (scaling B) of the Murray-Darling 735 
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Basin fish community. Generalized Linear Mixed Effects Models (GLMMs) were fitted to 736 

raw data, Model 1 corrected and Model 2 (Table 1) corrected data respectively using Model 4 737 

(a-c) and Model 5 (d-f). Significant variables not over-lapping zero (null model) are filled 738 

black and non-significant variables are filled white. Variables with variance inflation factor 739 

(VIF) scores > 4 were excluded (see Table S4). 740 

Fig. 3. Environmental and anthropogenic pressure coefficients (± 95% CI) explaining 741 

variation in the log10 native fish biomass in the Murray-Darling Basin. Generalized Linear 742 

Mixed Effects Models (GLMMs) were fitted to raw data, Model 1 corrected and Model 2 743 

corrected (Table 1) data respectively using Model 6 (a-c) and Model 7 (d-f).  Significant 744 

variables not over-lapping zero (null model) are filled black and non-significant variables are 745 

filled white.  Variables with variance inflation factor (VIF) scores > 4 were excluded (see 746 

Table S4). 747 

Fig. 4. Log10 native fish biomass in response to: (a) aggregate river flow alteration (FlowAlt) 748 

and (b) Stream order (SO) fitted using Generalized Linear Mixed Effects Model (GLMM) 749 

Model 6 (Table 1) and log10 native fish biomass in response to: (c) the biomass of invasive 750 

common carp (carp biomass) and (d) the mean change in day within the year of the annual 751 

minimum flow (Min. flow av.) using Model 7 (Table 1). The units of predictor variables 752 

represent centred and standardized values used in statistical analyses and log10 native fish 753 

biomass calculated per 100 units of electrofishing effort normalized for linear bin-width. 754 

Fig. 5. Ecological pyramids illustrating the mean estimated biomass (± 95% CI) of native fish 755 

under restoration scenarios including: (a) current conditions; (b) no alteration of the seasonal 756 

timing of low-flows (Min. flow av.); (c) control of invasive common carp down to 30% of the 757 

total fish community; and (d) control of invasive common carp combined with restoring all 758 

river flow regime components including the: mean duration of above bank-full flooding 759 
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(Flood dur. av.); mean number of above bank-full floods per year (Flood freq. av.) and the 760 

mean and coefficient of variation (Min. flow av; Min flow cv.) in day within the year of the 761 

annual minimum flow. 762 

Fig. 6. Percent change in native fish biomass in sub-catchments of the Murray-Darling Basin 763 

correlated with invasive common carp biomass and river flow alteration including the 764 

seasonal timing of low-flows (Min. flow av.) and flow regime alteration combining the: mean 765 

duration of above bank-full flooding (Flood dur. av.); mean number of above bank-full 766 

floods per year (Flood freq. av.) and the mean and coefficient of variation (Min. flow av.; 767 

Min. flow cv.) in day within the year of the annual minimum flow. 768 

Fig. 7. Hypothesized log10 biomass-body mass scaling relationship of a river-floodplain 769 

ecosystem without invasive species (black line) compared to a system following the 770 

introduction and proliferation of large-bodied invasive cyprinids (grey line). The thick black-771 

grey arrow represents how invasive cyprinids efficiently convert food/energy at low trophic 772 

levels, previously available to native fishes, into biomass in large body-size classes. 773 

 774 

 775 
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Fig. 1. Australia’s Murray-Darling Basin showing river sub-catchments stratified into northern, southern and 
central west regions and sampling sites (open circles) used to examine variation in fish community biomass 
and scaling exponents.  Map created by Charles Sturt University, Spatial Data Analysis Network using the 

Murray-Darling Basin Aquatic Assets Geodatabase (Ward et al. 2012).          
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Fig. 2. Environmental and anthropogenic pressure coefficients (± 95% CI) explaining variation in log10 
biomass-body mass scaling exponents (scaling B) of the Murray-Darling Basin fish community. Generalized 
Linear Mixed Effects Models (GLMMs) were fitted to raw data, Model 1 corrected and Model 2 (Table 1) 

corrected data respectively using Model 4 (a-c) and Model 5 (d-f). Significant variables not over-lapping zero 
(null model) are filled black and non-significant variables are filled white. Variables with variance inflation 

factor (VIF) scores > 4 were excluded (see Table S4).  
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Fig. 3. Environmental and anthropogenic pressure coefficients (± 95% CI) explaining variation in the log10 
native fish biomass in the Murray-Darling Basin. Generalized Linear Mixed Effects Models (GLMMs) were 

fitted to raw data, Model 1 corrected and Model 2 corrected (Table 1) data respectively using Model 6 (a-c) 
and Model 7 (d-f).  Significant variables not over-lapping zero (null model) are filled black and non-

significant variables are filled white.  Variables with variance inflation factor (VIF) scores > 4 were excluded 
(see Table S4).  
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Fig. 4. Log10 native fish biomass in response to: (a) aggregate river flow alteration (FlowAlt) and (b) 
Stream order (SO) fitted using Generalized Linear Mixed Effects Model (GLMM) Model 6 (Table 1) and log10 
native fish biomass in response to: (c) the biomass of invasive common carp (carp biomass) and (d) the 
mean change in day within the year of the annual minimum flow (Min. flow av.) using Model 7 (Table 1). 
The units of predictor variables represent centred and standardized values used in statistical analyses and 
log10 native fish biomass calculated per 100 units of electrofishing effort normalized for linear bin-width.  
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Fig. 5. Ecological pyramids illustrating the mean estimated biomass (± 95% CI) of native fish under 
restoration scenarios including: (a) current conditions; (b) no alteration of the seasonal timing of low-flows 
(Min. flow av.); (c) control of invasive common carp down to 30% of the total fish community; and (d) 

control of invasive common carp combined with restoring all river flow regime components including the: 
mean duration of above bank-full flooding (Flood dur. av.); mean number of above bank-full floods per year 
(Flood freq. av.) and the mean and coefficient of variation (Min. flow av; Min flow cv.) in day within the year 

of the annual minimum flow.  
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Fig. 6. Percent change in native fish biomass in sub-catchments of the Murray-Darling Basin correlated with 
invasive common carp biomass and river flow alteration including the seasonal timing of low-flows (Min. flow 
av.) and flow regime alteration combining the: mean duration of above bank-full flooding (Flood dur. av.); 

mean number of above bank-full floods per year (Flood freq. av.) and the mean and coefficient of variation 
(Min. flow av.; Min. flow cv.) in day within the year of the annual minimum flow.  

 
120x82mm (300 x 300 DPI)  

 

 

Page 45 of 46

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

 

 

179x176mm (150 x 150 DPI)  

 

 

Page 46 of 46

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences


