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ABSTRACT 70 

The body size spectrum (or individual size distribution) is a simple yet widely recognized 71 
approach that links individual and population traits to community structure and ecosystem 72 
functions, making it a valuable indicator of anthropogenic effects. However, the 73 
assessment of size spectra in the context of biological invasions remains poorly explored. 74 
We investigated the impacts of non-native (NN) fish invasions on the size structure of 75 
667 lacustrine fish communities across climatic regions (temperate, tropical, and 76 
subtropical systems) and the roles of trophic position and temperature in modulating this 77 
effect. We found that fish communities under higher invasion pressure exhibit flatter, or 78 
less negative, size spectrum exponents. Also, NN species from lower trophic levels can 79 
have greater impacts than piscivorous NNs by reshaping size spectra and reducing the 80 
overall biomass of native communities. We also observed that piscivorous and NNs from 81 
lower trophic levels interacted positively with temperature to drive the size spectrum 82 
exponent and total biomass of the native communities, respectively. These results are  83 
explained by two main mechanisms: (i) NN piscivorous primarily act through size-84 
selective predation (top-down control), an effect that intensifies with temperature, and (ii) 85 
NN fish from lower trophic levels primarily act through competition, hence reducing the 86 
numerical abundance of small-sized native fish, being particularly pronounced in colder 87 
and less productive lakes. These mechanisms are leading to flatter size spectrum 88 
exponents and a decline in the total biomass of the native community, effectively 89 
reversing the expected temperature–size rule pattern. By disentangling the trophic-and 90 
temperature-dependent mechanisms through which NN fishes affect size structure, this 91 
study strengthens our ability to anticipate the impact of biological invasions on freshwater 92 
communities and their ecosystem functions and services under global change. 93 
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1 Introduction 109 

Body size is a fundamental trait that governs the pace of life, influencing key 110 

biological processes such as metabolism, biomass production, lifespan, and feeding 111 

(Brose et al., 2006; Brown et al., 2004; Peters, 1986). In body-size studies, researchers 112 

have increasingly used the size spectrum, or individual size distribution (ISD), to describe 113 

how individuals are distributed across body sizes within a community (Edwards et al., 114 

2017; Petchey & Belgrano, 2010; White et al., 2007). The size spectrum generally follows 115 

a negative power scaling law, in which abundance declines systematically with body size 116 

(Marquet et al., 2005; Sheldon et al., 1972). This simple yet powerful approach provides 117 

a direct link between individual traits and community-level patterns (White et al., 2007; 118 

Woodward et al., 2005). At the food web level, this scaling pattern provides a measure of 119 

energy flow from smaller to larger organisms (Silvert & Platt, 1978). While the size 120 

spectrum exponent λ (i.e., analogous to slope) directly reflects size (or mass) distribution, 121 

the total biomass represents the standing stock and may serve as a proxy for the 122 

community’s carrying capacity under stable conditions (Maury et al., 2007). Assessing 123 

these metrics related to body size structure serves as a valuable indicator of anthropic 124 

effects (dos Santos et al., 2017). In aquatic communities, for example, size spectrum 125 

relationships are sensitive to the impact of fishing (Fabré et al., 2017; Robinson et al., 126 

2017), climate change (Queirós et al., 2018), eutrophication (Brucet et al., 2013), and land 127 

use alterations (Collyer et al., 2023). 128 

 In freshwater ecosystems, biological invasions are one of the major threats to 129 

biodiversity (Ricciardi, 2007; Simberloff et al., 2013), which can also modify community 130 

https://www.zotero.org/google-docs/?QlaWYf
https://www.zotero.org/google-docs/?QlaWYf
https://www.zotero.org/google-docs/?QlaWYf
https://www.zotero.org/google-docs/?DDtnCs
https://www.zotero.org/google-docs/?DDtnCs
https://www.zotero.org/google-docs/?rVdkYC
https://www.zotero.org/google-docs/?PKDwFs
https://www.zotero.org/google-docs/?PKDwFs
https://www.zotero.org/google-docs/?YUb4Td
https://www.zotero.org/google-docs/?XYDWcs
https://www.zotero.org/google-docs/?FIVXTu
https://www.zotero.org/google-docs/?LGh1T7
https://www.zotero.org/google-docs/?LGh1T7
https://www.zotero.org/google-docs/?cMz6If
https://www.zotero.org/google-docs/?ZkZSTI
https://www.zotero.org/google-docs/?0YJY3O
https://www.zotero.org/google-docs/?JWwjFh
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size structure (Arranz et al., 2023; Buba et al., 2017; Kopf et al., 2019; Moi et al., 2025). 131 

This is especially true for fish, which represent one of the most introduced groups in these 132 

systems (Gozlan et al., 2010). The detrimental impacts of invasive fishes on resident 133 

communities manifest through various mechanisms, including direct negative biotic 134 

interactions (Gozlan, 2008; Gozlan et al., 2010). Alternatively, indirect interactions 135 

involve alterations in environmental conditions (e.g., turbidity, habitat degradation) and 136 

ecosystem functions (Crooks, 2002). Among the observed impacts of biological 137 

invasions, changes in native abundance or biomass are particularly prominent (Gallardo 138 

et al., 2016). These alterations are often reflected in the size structure of fish communities, 139 

where invasive species have been associated with less negative size spectrum exponents 140 

(i.e., flatter slopes) and reduced native biomass (Arranz et al., 2023; Kopf et al., 2019). 141 

Flatter exponents were mainly linked to the tendency of successful non-native (NN) fishes 142 

to be larger than native species (Blanchet et al., 2010; Liu et al., 2017). Also, these larger 143 

NN species feed upon (when piscivorous) and/or compete with smaller native fish for 144 

food and space in the invaded ecosystem, causing a decrease in native abundance (or 145 

biomass) (Arranz et al., 2021; Kopf et al., 2019). Such changes in size structure may 146 

indicate imbalances in energy flow when ecosystems deviate from steady-state 147 

conditions, often caused by disturbances (Collyer et al., 2023; Guiet et al., 2016; Perkins 148 

et al., 2019).  149 

Despite growing recognition that biological invasions are reconfiguring aquatic 150 

communities, important knowledge gaps remain regarding their disruptive effects and 151 

mechanisms. For instance, most studies have a limited geographic scope, often focusing 152 

on temperate (Arranz et al., 2023; Marin et al., 2023) or subtropical regions (Kopf et al., 153 

2019; Moi et al., 2025), but never (or rarely) systematically comparing them. Also, little 154 

is known about whether invasions affect size structure in tropical areas, where high 155 

https://www.zotero.org/google-docs/?BCDMVU
https://www.zotero.org/google-docs/?AO1I9a
https://www.zotero.org/google-docs/?WDib1o
https://www.zotero.org/google-docs/?yoWadJ
https://www.zotero.org/google-docs/?NoDsf3
https://www.zotero.org/google-docs/?NoDsf3
https://www.zotero.org/google-docs/?p24k2Z
https://www.zotero.org/google-docs/?p24k2Z
https://www.zotero.org/google-docs/?UuktnD
https://www.zotero.org/google-docs/?8FS6RU
https://www.zotero.org/google-docs/?VAQrZ1
https://www.zotero.org/google-docs/?VAQrZ1
https://www.zotero.org/google-docs/?BghQXS
https://www.zotero.org/google-docs/?T2TKi4
https://www.zotero.org/google-docs/?T2TKi4
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biodiversity and more complex food webs are observed (Fernando, 1994; Kalff & 156 

Watson, 1986; Thompson et al., 2012). This gap is not only due to the scarcity of 157 

empirical data from these often underrepresented systems in ecological monitoring 158 

programs (Elliott et al., 2019) but also due to the lack of systematic cross-regional studies 159 

that allow direct comparisons among systems and a broader understanding of invasion 160 

impacts. Therefore, integrating and assessing comparable data across different  regions is 161 

essential to gain a macroecological perspective on how NN species alter community size 162 

structure. Additionally, studies often treat NNs as a homogeneous group, overlooking 163 

their different trophic roles (Arranz et al., 2021; Marin et al., 2023, 2025). This aspect 164 

limits our ability to understand the mechanisms by which invasions reconfigure size 165 

structure within native communities through distinct biotic interactions, i.e., predation 166 

and competition. Early theoretical perspectives argued that piscivores would exert the 167 

most pervasive and disruptive impacts due to their direct top-down control of prey 168 

populations and size structure (Moyle & Light, 1996; Wellborn et al., 1996). However, 169 

recent empirical evidence suggests that some NN species occupying lower trophic levels 170 

are strong competitors that can also reshape size spectrum exponents and significantly 171 

reduce native biomass (Flood et al., 2024; Kopf et al., 2019; Murry et al., 2024; Novak et 172 

al., 2024). Taken together, these points highlight the importance of explicitly evaluating 173 

the relative contributions of different trophic strategies in shaping the size structure of 174 

fish communities under the invasion process.  175 

Another knowledge gap, which also emphasizes the need for broader cross-176 

latitude studies, concerns how invasive species interact with environmental gradients, 177 

particularly temperature, to shape size structure. Temperature is a major driver of 178 

metabolism and energy flow in natural systems, playing a key role in shaping community 179 

structure in ecosystems (Saito et al., 2021). Increasing temperatures along a thermal 180 

https://www.zotero.org/google-docs/?ISXuzV
https://www.zotero.org/google-docs/?ISXuzV
https://www.zotero.org/google-docs/?9ucGFl
https://www.zotero.org/google-docs/?TpQo92
https://www.zotero.org/google-docs/?U3Y0bw
https://www.zotero.org/google-docs/?jGvqd2
https://www.zotero.org/google-docs/?jGvqd2
https://www.zotero.org/google-docs/?FHPwH5
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gradient are expected to produce steeper size spectrum exponents (Daufresne et al., 2009). 181 

These patterns arise because higher temperatures accelerate metabolic rates, favoring 182 

smaller-bodied organisms with faster life cycles (the temperature-size rule, or TSR, 183 

Daufresne et al., 2009; Verberk et al., 2021). This shift tends to steepen the size spectrum 184 

exponents, as communities become increasingly dominated by small individuals 185 

(Pomeranz et al., 2022). In addition, the higher metabolic demand with warming leads to 186 

increased energy dissipation across trophic levels, resulting in higher energy turnover 187 

rates and a lower total community biomass (Barneche et al., 2021; Barneche & Allen, 188 

2018). However, a recent study found that biological invasions can reverse the expected 189 

TSR (i.e, flatter size spectrum slopes with warming) probably due to the presence of NNs 190 

that are larger than natives and thrive in warmer contexts (Arranz et al., 2023).  191 

Assessing how different trophic groups of NN species interact with temperature 192 

can reveal how distinct biotic interaction pathways, such as predation and competition 193 

mechanisms, drive departures from TSR expectations in body size structure patterns of 194 

native communities. For instance, in aquatic systems, predator–prey dynamics are 195 

particularly sensitive to temperature, as warming enhances feeding activity and metabolic 196 

demand (Cheng et al., 2017). This sensitivity is particularly evident in warmer 197 

environments, where the relationship between predator-prey mass ratios and the 198 

exponents of the size spectrum is stronger than in colder ones (Coghlan et al., 2022). 199 

Increased predation pressure has been suggested as a main driver undermining core TSR 200 

assumptions by intensifying top-down control (targeting smaller size classes) and 201 

resulting instead in flatter size spectrum slopes with warming in invaded freshwaters 202 

(Marin et al., 2025). In this context, NN piscivores may have more disruptive effects 203 

under warming. This occurs because NN species compensate for a higher metabolic 204 

demand by increasing their predator-prey mass ratio in response to warming, feeding 205 

https://www.zotero.org/google-docs/?QqhEzv
https://www.zotero.org/google-docs/?QqhEzv
https://www.zotero.org/google-docs/?MbI3ZK
https://www.zotero.org/google-docs/?MbI3ZK
https://www.zotero.org/google-docs/?7405MG
https://www.zotero.org/google-docs/?KJXXB8
https://www.zotero.org/google-docs/?KJXXB8
https://www.zotero.org/google-docs/?clZtsv
https://www.zotero.org/google-docs/?2b1CbZ
https://www.zotero.org/google-docs/?FRES8f
https://www.zotero.org/google-docs/?XWQJEl
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down the food web, and targeting smaller prey (Arim et al., 2007). Because more energy 206 

is available in these smaller size classes, this response permits higher invasive biomass 207 

and flatter size spectrum slopes. In contrast, the role of NN species occupying lower 208 

trophic levels appears less directly influenced by temperature, as their competitive 209 

interaction effects also strongly depend on the availability of basal resources in 210 

ecosystems (Boets et al., 2019; George & Collins, 2024). Because their impact seems less 211 

contingent on temperature-driven changes in metabolism and feeding behavior, these 212 

lower-trophic NN species may be expected to exert stronger, more uniform impacts on 213 

size structure across climatic zones worldwide. Therefore, understanding how distinct 214 

NN trophic groups interact with temperature is crucial for elucidating the mechanisms by 215 

which invasions alter size spectrum exponents and total biomass variation along 216 

environmental gradients, thereby leading to deviations from TSR predictions in 217 

ecological studies. In the context of accelerating global climate change, understanding 218 

these mechanisms may also help elucidate the effects of warming on community size 219 

structure, energy flow, and ecosystem functioning. 220 

We aimed to investigate the impacts of NN fish invasions on the size structure of 221 

freshwater communities, both at the whole-community level and specifically within 222 

native assemblages, across climatic zones. To assess the impacts of biotic interactions 223 

driven by NN species, we explored the mechanisms through which NN fishes occupying 224 

different trophic levels may affect native community size structure. We hypothesized that 225 

a higher invasion pressure flattens the exponent of the fish size spectrum and reduces 226 

native total biomass (H1). Although piscivores can strongly reshape community size 227 

structure by flattening the size spectrum, their effects are expected to be more sensitive 228 

to temperature (Coghlan et al., 2022). Therefore, we hypothesize that invasions by NN 229 

species occupying lower trophic levels impact the size structure of native communities 230 

https://www.zotero.org/google-docs/?p7YXs2
https://www.zotero.org/google-docs/?RrWwB1
https://www.zotero.org/google-docs/?LpriSC
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more consistently than piscivorous invaders, flattening size spectrum relationships and 231 

reducing total biomass (H2). We also aim to infer how invasions by different trophic 232 

groups may disrupt the expected negative temperature–size relationships in natural 233 

freshwater communities. We hypothesized that NN piscivores would counterbalance the 234 

temperature-driven steepening of size spectrum exponents predicted by TSR, as a higher 235 

metabolic demand in warmer environments favours a switch to smaller prey (H3).   236 

 237 
2 Methods 238 

2.1 Biotic and abiotic data 239 

We retrieved a unique database of individual fish body mass/size for natural and 240 

artificial (i.e., reservoir) lakes, sampled between 2001 and 2024, encompassing temperate 241 

(Canada, France, and Spain) as well as subtropical and tropical (Brazil) climatic regions 242 

(Figure 1). Details on the data references for the sampling methodology of the datasets 243 

are provided in Table S1. Fish surveys were conducted using benthic multimesh gillnets 244 

to ensure consistency and comparability in sampling effort and gear selectivity across all 245 

lakes. Fish caught were individually measured in total length (cm) and mass (g). For some 246 

individuals (0.01%) with missing body mass (g), we estimated mass using species-247 

specific length–weight relationships derived from the same dataset. For individuals 248 

missing both body mass and length (<0,01%), we simulated body mass values using 249 

predictive modeling based on species identity and community size distributions (see 250 

Supplementary information - SI). Only communities with at least two species (1 native 251 

and 1 NN) and 20 sampled individuals in total were selected. Including only communities 252 

where native and NN species coexist allows us to isolate and evaluate the effects of 253 

invasion pressure through their interactions, avoiding confounding factors that also affect 254 

size structure when comparing invaded and non-invaded communities. Additionally, 255 

selecting a minimum number of sampled individuals ensures a reliable estimate of the 256 
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size spectrum exponent by reducing bias associated with small sample sizes (Gerritsen & 257 

McGrath, 2007). Some lakes had multiple sampling events, which ranged from 1 to 32 258 

(mean = 2) per lake. In total, 636,980 individuals from 667 surveys across 402 lakes (120 259 

natural and 282 artificial) were assessed. 260 

We also collected information on abiotic factors known to affect the size structure 261 

of fish communities, including total phosphorus (µg/L; hereafter “TotP”), temperature 262 

(°C; hereafter “Temp”), and precipitation (Arranz et al., 2015, 2022; Emmrich et al., 263 

2011; Rossberg et al., 2019). For TotP, we used the available measurements taken on the 264 

same or closest date to each fish sampling event. These measurements were taken 265 

throughout the water column at the deepest pelagic point of the lakes and were either 266 

provided by researchers or obtained from publicly available reports (e.g., 267 

programaaguaazul.ct.ufrn.br in Brazil). In addition to reflecting nutrient enrichment and 268 

eutrophication levels, TotP also represents a reliable proxy for human-driven land-use 269 

changes in the catchment, as anthropogenic activities strongly influence phosphorus 270 

loading in freshwater ecosystems (Shuvo et al., 2021). The variable Temp. was 271 

represented by the mean annual air temperature (a proxy for water temperature) at the 272 

sampling point during the sampled year. In addition, we used both the absolute monthly 273 

precipitation for the month corresponding to the biological sampling and a relative 274 

measure calculated as monthly precipitation divided by the annual mean precipitation to 275 

capture both the magnitude and seasonal variation of precipitation rates. The relative 276 

measure allows differentiation between dry and wet periods within sites, independently 277 

of the total annual precipitation. We then performed a Principal Component Analysis 278 

(PCA) using both variables and extracted the first PCA axis (hereafter “Precip.”), which 279 

accounted for 87% of the variance among the lakes. This axis represents a gradient of 280 

precipitation intensity and seasonality, with higher values corresponding to lakes with 281 

https://www.zotero.org/google-docs/?NVVMNK
https://www.zotero.org/google-docs/?NVVMNK
https://www.zotero.org/google-docs/?r0Anf4
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higher precipitation levels and wet seasons. Temp. and Precip. data were obtained using 282 

the NASA Power API via the “nasapower” package (Sparks, 2018). Additionally, we 283 

extracted information on lake area (in km²; “Lake_area”) and maximum depth (in m; 284 

“Max_depth”) by contacting data providers or retrieving data from available literature. 285 

Descriptive statistics for these variables across sites are provided in Table S2. 286 

 287 

Figure 1. Map showing the 402 lakes (i.e., 120 natural and 282 artificial) sampled across 288 
temperate (Canada, France and Spain), subtropical and tropical (Brazil) climatic zones of 289 
the globe. Color represents the water temperature (“Temp”) gradient. 290 

 291 

2.2 Fish non-native status and trophic guild 292 

For each of the 404 fish species identified in surveys, we determined their status 293 

in each lake (native or NN), based on literature (Fricke, 2021; Froese & Pauly, 2024). A 294 

species was classified as non-native if its occurrence was outside its native range. This 295 

category includes both exotic and translocated species. Translocated species are those 296 

whose native range includes freshwater ecoregions within the same country but not the 297 

https://www.zotero.org/google-docs/?fuYMT7
https://www.zotero.org/google-docs/?Y9AF9G
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specific ecoregion where the lake is located (Abell et al., 2008; Faria et al., 2025; Rocha 298 

et al., 2023; Su et al., 2019). We also determined the trophic guild of NN species (Froese 299 

& Pauly, 2024), classifying them as piscivorous (exclusively fish predators when adults) 300 

or as members of lower trophic levels on the food web. These included omnivores (with 301 

negligible piscivory diet), detritivores, herbivores, or invertivores (i.e., intermediate and 302 

basal trophic levels). We expected the piscivores group to mainly exert a predation effect 303 

on native species, particularly through the feeding behavior of adult individuals. Although 304 

juvenile piscivores are less likely to prey on other fish due to ontogenetic dietary shifts 305 

(Winemiller, 1989), they can still impose significant non-consumptive predator effects 306 

even when small (Tang et al., 2017). Such effects include fear responses triggered by 307 

predator-associated cues in fishes (e.g., visual or chemical signals), which can reduce 308 

feeding, alter energy allocation, suppress reproductive activity, and ultimately affect 309 

metabolism and survival, regardless of the predator’s size (Brown et al., 2011; Ferrari et 310 

al., 2010; Gjoni et al., 2025). Therefore, our classification focuses on species-level 311 

predator identity as a functional proxy for both consumptive and non-consumptive effects 312 

of predator-prey interactions, rather than estimating realized piscivory at the individual 313 

level or by applying a size threshold,  as used in previous research (Arranz et al., 2019; 314 

Mehner et al., 2016a). Although omnivorous fish can consume other fish, they are 315 

classified into intermediate trophic guilds because their diet primarily consists of plant 316 

material, detritus, and low-trophic-level invertebrates, rather than a heavy reliance on 317 

piscivory (Gido & Franssen, 2007). Therefore, omnivorous NN species, together with 318 

other non-piscivorous species positioned at more basal trophic levels, are expected to 319 

exert competitive rather than predatory pressure on natives, primarily through the shared 320 

use of food, spawning sites, feeding habitats, or refuges.  321 

https://www.zotero.org/google-docs/?KCZUbN
https://www.zotero.org/google-docs/?KCZUbN
https://www.zotero.org/google-docs/?KCZUbN
https://www.zotero.org/google-docs/?TwGJW7
https://www.zotero.org/google-docs/?TwGJW7
https://www.zotero.org/google-docs/?6tgSoy
https://www.zotero.org/google-docs/?GUmaKc
https://www.zotero.org/google-docs/?WkO5s6
https://www.zotero.org/google-docs/?WkO5s6
https://www.zotero.org/google-docs/?awRbsn
https://www.zotero.org/google-docs/?awRbsn
https://www.zotero.org/google-docs/?RwLefA
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To represent the overall fish invasion pressure, we measured the relative species 322 

richness (NN richness/total richness), relative abundance (NN abundance/total 323 

abundance), and relative biomass (NN biomass/total biomass) of NN species in each 324 

community. We performed a PCA analysis with these three variables following previous 325 

research (Catford et al., 2012), extracting the first principal component ("PCA_inv," 326 

explaining 80% of the variance). More positive values along this axis indicate ecosystems 327 

that are highly dominated by NN species. We also determined the relative abundance of 328 

NN piscivorous species (“Pisc._NN”) and those from lower trophic levels (“LTL_NN”), 329 

calculated as the proportion of individuals from each group relative to the total fish 330 

community abundance, including both native and NN species. Dominance in this context 331 

reflects the increased probability and intensity of negative biotic interactions associated 332 

with each trophic group, allowing us to explore their potential effects on native 333 

community structure, i.e, predator-prey and competitive interactions. The low correlation 334 

between these trophic variables (r = 0.08) suggests that the impact of different trophic 335 

groups on community structure are independent.   336 

 337 

2.3 Size structure parameters 338 

To represent the size structure of each fish community, we used the local size 339 

spectrum. It was estimated using either the whole fish community (native + NN) or only 340 

the native species, to tease out the effects of invasions on the native community size 341 

structure. We applied the maximum likelihood estimation (MLE) method to estimate the 342 

exponent (λ) of the individual size distribution (ISD), which is analogous to the size 343 

spectrum slope (Bolker, 2008; Edwards et al., 2017; Hilborn & Mangel, 1997). This 344 

method assumes that abundance or frequency declines as a power function of size, here 345 

represented by body mass (g). More negative values of exponents indicate that the 346 

https://www.zotero.org/google-docs/?s30TfW
https://www.zotero.org/google-docs/?wvYnpK
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ecosystem supports a proportionally lower abundance of larger organisms. In contrast, 347 

less negative values suggest a relatively higher abundance of large-bodied individuals. 348 

The size spectrum was fitted using the negLL.PLB function from the sizeSpectra package 349 

(Edwards, 2019), which estimates λ by calculating the negative log-likelihood of a 350 

bounded power-law distribution (PLB), as represented in the following equations: 351 

 352 

f(xᵢ) = -n * ln [ (b + 1) / (xmax^(b+1) - xmin^(b+1)) ] - b * Σ ln(xᵢ),   for λ ≠ -1        353 

(Equation 1) 354 

f(xᵢ) = n * ln [ ln(xmax) - ln(xmin) ] + Σ ln(xᵢ),   for λ = -1.   (Equation 2) 355 

 356 

Here, f(xᵢ) is the negative log-likelihood function used to estimate the exponent of 357 

the individual size spectrum for each site (i); xᵢ represents the observed body mass of 358 

individual fish; xmin and xmax are the minimum and maximum body mass values of the 359 

size data for each community, respectively; n is the total number of individuals sampled; 360 

and λ is the exponent of the bounded power-law distribution (Perkins et al., 2019), which 361 

corresponds to the slope parameter describing the shape of the size spectrum. 362 

To construct the size spectrum, we used fish body mass rather than body length 363 

because mass provides more information on energy content and directly reflects trophic 364 

roles, and potential impacts on energy transfer within the community (Edwards et al., 365 

2017). Recent studies, conducted in temperate lakes, often used a minimum size threshold 366 

of 4 g to construct fish size spectra (Marin et al., 2023; Mehner et al., 2016b). However, 367 

this cut-off can be somewhat arbitrary when comparing regions with markedly different 368 

faunal compositions, such as those in tropical regions, where species tend to be smaller 369 

(Lindsey, 1966), and lower thresholds may be more appropriate (Moi et al., 2025). In our 370 

dataset, individuals weighing less than 4 g represented 13% of all sampled fish. Therefore, 371 

we retained all individuals within the observed size range, from 0.5 g to 64962 g (mean 372 

https://www.zotero.org/google-docs/?0HxPBw
https://www.zotero.org/google-docs/?hikmRw
https://www.zotero.org/google-docs/?x0z8Jf
https://www.zotero.org/google-docs/?x0z8Jf
https://www.zotero.org/google-docs/?BCgISy
https://www.zotero.org/google-docs/?BCgISy
https://www.zotero.org/google-docs/?rxy3ih
https://www.zotero.org/google-docs/?OWr4AJ
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= 329, sd = 584 g), covering approximately five orders of magnitude in body mass. To 373 

account for potential heterogeneity in size selectivity and sampling efficiency across 374 

studies, we incorporated these sources of variation into our models. Moreover, size 375 

spectrum exponent values calculated with and without the inclusion of smaller individuals 376 

(<4 g) were strongly correlated according to Spearman’s rank correlation (ρ = 0.91), 377 

suggesting that their presence did not substantially affect exponent estimates or the 378 

overall statistical results. Finally, we estimated total biomass for each community, 379 

separately for the whole and native communities. To account for differences in sampling 380 

effort when using gillnets, i.e., total net area and sampling duration across surveys, total 381 

biomass was expressed as BPUE (Biomass Per Unit Effort) in kg/km²/hour (Bounas et 382 

al., 2021; Brucet et al., 2013). Then, four metrics were calculated:  “exponent(all)”, 383 

“exponent(native)”, tot_biomass(all)”, “tot_biomass(native)”. 384 

2.4 Statistical analyses  385 

To test the first hypothesis (H1), we first built two linear mixed models (LMMs; 386 

Bolker, 2015) using data from the whole community (native + NN species), one for each 387 

response variable: exponent(all) and tot_biomass(all). Fixed predictors included 388 

PCA_inv, Temp., and their interaction term. We also included TotP, Precip., lake area, 389 

and depth as covariates, as well as species richness (sp_rich), given its potential influence 390 

on freshwater size structure patterns (Pigot et al., 2025). Dataset type and lake type 391 

(natural vs. artificial) were included as fixed factors to account for methodological 392 

differences (including heterogeneity in gillnets’ selectivity) and system-specific 393 

characteristics. These were modeled as fixed effects, as they had few levels (5 and 2, 394 

respectively), and treating them as random effects led to unstable variance estimates and 395 

poor model performance (Bolker, 2008; Gomes, 2022). Finally, the lake identity 396 

https://www.zotero.org/google-docs/?3rpRAS
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(“Lake_ID”) was included as a random factor to account for repeated measures within 397 

lakes.  398 

To test H2, we built two additional LMM models using only the native 399 

community, with the exponent(native) and tot_biomass(native) as response variables. In 400 

these models, PCA_inv was replaced by Pisc_NN and LTL_NN, along with their 401 

interactions with Temp, as key predictors. The interactions in models were included to 402 

test the H3. All previously described covariates were retained, and Lake_ID was included 403 

as a random effect. However, residual diagnostics from the LMM fitted to the models 404 

with size spectrum exponents – exponent(all) and exponent(native) – revealed violations 405 

of model assumptions (Fig. S1), particularly due to the presence of outliers and heavy-406 

tailed residuals. These models also exhibited convergence issues and a singular random-407 

effects structure, in which the random-effects variance was estimated as zero.  To address 408 

this, we refitted the exponent models using robust linear models (RLMs; Maronna & 409 

Yohai, 2000), which extend standard linear models by down-weighting the influence of 410 

extreme observations. In these RLMs, Lake_ID was excluded as a random effect, 411 

resulting in improved model fit and more reliable estimates under data heterogeneity 412 

(Koller, 2013). 413 

We used the lmer function from the lmerTest package (Kuznetsova et al., 2017) 414 

to run the LMMs.  Additionally, the lmrob function, from the robustbase package 415 

(Maechler et al., 2021), was used for the RLMs. The R² values for the LMMs were 416 

calculated using the r2 function from the performance package (Lüdecke et al., 2019). 417 

Multicollinearity among fixed effects was assessed using the check_collinearity function, 418 

also from the performance package, and VIF < 4 indicated no significant issues. Residual 419 

model diagnostics were performed using the DHARMa package (Hartig 2017; Fig. S1-420 

S4). All continuous variables were log(x + 1) transformed, except for LTL_NN and 421 

https://www.zotero.org/google-docs/?sF9tKT
https://www.zotero.org/google-docs/?sF9tKT
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Pisc_NN, which were square-root transformed. They were also scaled to ensure 422 

parameter estimates were comparable in units.  423 

To gain additional insights into the potential mechanisms underlying the observed 424 

effects of invasive species, we explored whether different NN trophic groups 425 

disproportionately affected native size structure. Specifically, we tested whether native 426 

biomass distribution across size classes was more strongly associated with Pisc_NN than 427 

with LTL_NN. Although temperature was not included in this analysis, the goal was to 428 

explore whether these two trophic groups differ in their size-selective impacts on native 429 

communities. To achieve this, individual body mass values were log-transformed and 430 

grouped into 10 size classes using logarithmically spaced, equal-width bins that covered 431 

the full range of observed biomass across the entire dataset. For each sampling event, we 432 

calculated the total biomass of native individuals within each size class. To normalize the 433 

data, we applied a log(x + 1) transformation to the size-class frequencies. Spearman’s 434 

rank correlations were then computed using the rcorr function from the Hmisc package. 435 

All analyses were performed in R version 4.5.0 (RStudio Team, 2025). 436 

  437 

3 Results 438 

We found that size spectrum exponents (λ), extracted from the bounded power-439 

law distribution (see Fig. S5 for representative rank–frequency plots), showed similar 440 

mean values between the two community compositions (Figure 2a). The size spectrum 441 

exponent values for the whole community (native + NN) ranged from -2.9 to -0.026 442 

(mean = -1.25), while those for native-only communities ranged from -3.7 to 1.55  (mean 443 

= -1.26). In contrast, we found a slight shift toward higher total biomass values when 444 

considering all species, both native and NN (mean = 7.97), compared to native-only 445 

communities (mean = 7.63), Figure 2.  446 
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 447 

Figure 2: Density plots of size spectrum exponent (left panel) and log-transformed total 448 
biomass (BPUE in kg/km²/hour; right panel) for fish communities with native + NN 449 
species (orange) and only native species (blue). Dashed lines indicate means.  450 

 451 

3.1 Impacts of invasion pressure on size structure at the whole-community level 452 

We found that communities with flatter size spectrum exponents were associated 453 

with greater invasion pressure in lake ecosystems. Specifically, PCA_inv showed a 454 

positive effect on exponent (all) values (β = 0.148, p < 0.001), indicating that higher 455 

invasion pressure is associated with a shallower decline in organism abundance with body 456 

size (Figure 3a, Table S3). Although temperature alone did not significantly affect size 457 

spectrum exponent values, we observed a significant interaction between PCA_inv and 458 

Temp (β = 0.200, p < 0.001). This indicates that invasion pressure modulates the effect 459 

of the temperature gradient on the exponent. Specifically, we found that the TSR pattern, 460 

characterized by steeper exponents at higher temperatures, only emerged under low 461 

invasion pressure (Figure 3b). This pattern was inverted under high invasion pressure, 462 

leading to flatter size spectrum exponents in warmer conditions. Finally, the relationships 463 

between the covariates sp_rich, lake area (negative effect), and max_depth (positive 464 

effect) and the exponents were statistically significant (Figure 3a and Table S3). More 465 
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specifically, larger lakes and more species-rich communities exhibited steeper size 466 

spectra, while deeper systems showed flatter exponents. 467 

The interaction between Temp and PCA_inv also showed a significant positive 468 

relationship with tot_biomass(all) (β = 0.126, p = 0.001) (Figures 3c and 3d, Table S4). 469 

Biomass increased with temperature under high invasion pressure, while biomass 470 

decreased with temperature when invasion pressure was low. In summary, high invasion 471 

pressure led to flatter size spectrum exponents and greater total biomass in warmer lakes, 472 

contrasting with lower biomass and steeper size spectrum exponents in colder lakes. 473 

Regarding the covariates, sp_rich and TotP were positively associated with 474 

tot_biomass(all), whereas max_depth showed a negative relationship (Figure 3c, Table 475 

S4). In other words, total biomass increased with total phosphorus concentration and 476 

species richness, but decreased with lake depth. 477 

 478 
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 479 

Figure 3. Effects of environmental and invasion pressure variables on size spectrum 480 
exponents and total biomass for the whole fish community (native + NN). Panel (a) shows 481 
the estimated coefficients (±95% CI) from robust RLM for the size spectrum exponent 482 
(exponent(all) model), and panel (b) depicts the interaction between invasion pressure 483 
(PCA_inv) and temperature (Temp) effects (c) presents the estimated coefficients from 484 
LMM for total biomass (tot_biomass(all) model), while panel (d) shows the interaction 485 
effect between PCA_inv and Temp on total biomass. 486 

 487 

3.2 Impacts of NN trophic groups on native community size structure 488 

We found that both groups, piscivores and lower-trophic-level NNs, flattened the 489 

size spectrum exponents, with the latter showing a slightly stronger effect. More 490 

specifically, we found a positive relationship between exponent (native) values and the 491 

predictors Pisc_NN (β = 0.082, p = 0.014) and LTL_NN (β = 0.118, p < 0.001; Figure 4a 492 

and Table S5), indicating that the size spectrum exponent becomes less negative in local 493 

fish communities with high relative abundance of both trophic groups. Although Temp 494 
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alone did not significantly affect exponents (β = 0.004, p = 0.955), we observed a 495 

significant positive interaction between Pisc_NN and Temp (β = 0.15, p = 0.018). This 496 

indicates that the pressure exerted by NN piscivores increases with temperature, with the 497 

size spectrum exponents becoming flatter at higher temperatures (Figure 4b, Table S5). 498 

The relationships between the covariates sp_rich, lake area (negative effect), and 499 

max_depth (positive effect) and the exponent values in native communities were 500 

statistically significant (Figure 4a and Table S6).  501 

We also found that a high proportion of LTL_NN or Pisc_NN individuals reduced 502 

the total biomass of native communities in lakes, with LTL_NN having a slightly stronger 503 

effect. Specifically, LTL_NN (β = -0.119, p < 0.001) and Pisc_NN (β = -0.097, p = 0.007) 504 

were negatively related to tot_biomass values in lakes (Figure 4c, Table S7). Moreover, 505 

we found a significant positive interaction between LTL_NN and Temp (β = 0.094, p = 506 

0.027) in the tot_biomass model (Figure 4d). Therefore, both NN groups had significant 507 

effects on the size spectrum exponent (positive) and total biomass (negative). However, 508 

Pisc_NN only interacted with temperature in the exponent model, whereas LTL_NN only 509 

interacted with temperature in the biomass model (Figure 4c and Table S7). 510 

 511 

 512 
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 513 

Figure 4. Effects of environmental variables and the dominance of different NN trophic 514 
groups on size spectra exponent and total biomass for the native fish community. Panel 515 
(a) shows the estimated coefficients (±95% CI) from RLM for the size spectrum exponent 516 
(exponent(native) model), and panel (b) depicts the interaction between NN piscivores 517 
(Pisc_NN) and temperature (Temp) affecting the exponent. Panel (c) presents the 518 
estimated coefficients from linear LMM for total biomass (tot_biomass(all) model), while 519 
panel (d) shows the interaction between other NN species occupying lower trophic levels 520 
in the food web (LTL_NN) and Temp affecting total biomass. 521 

Finally, a single significant negative correlation was found between Pisc_NN and 522 

the biomass of a smaller size class, specifically Class3 (ρ =−0.18) of natives, suggesting 523 

a specific size target ir most impacted by this group (Figure 5). In contrast, the LTL_NN 524 

group showed multiple significant negative correlations across a broader range of native 525 

size classes. However, the strongest negative correlations were observed for the smaller 526 

classes: Class1 (ρ=−0.34), Class2 (ρ=−0.33), and Class3 (ρ=−0.27) (Figure 5). The 527 

class3, ranging from 4.42 to 13.14 g, was negatively related to both NN groups and 528 
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includes not only many small-bodied species from both tropical and temperate regions, 529 

but also the juvenile stages of larger native fishes, which mainly occupy lower trophic 530 

levels in food webs (Figure 6).  531 

  532 

Figure 5: Spearman’s correlation values (ρ) between dominance by the NN trophic 533 
groups (LTL_NN and Pisc_NN) and the total biomass of each 10 size class in native 534 
communities. The size classes were: Class1 [0.5-1.49g]; Class2 [1.49 - 4.42g]; Class3 535 
[4.42 - 13.14g]; Class4 [13.14 - 39.08g]; Class5 [39.08 - 116.19g]; Class6 [116.19 - 536 
345.47g]; Class7 [345.47 - 1027.18g]; Class8 [1027.18 - 3054.11g]; Class9 [3054.11 - 537 
9080.8g]; and Class10 [9080.8 - 64962g]. Values in bold are statistically significant 538 
(p<0.05). 539 

 540 
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 541 

Figure 6. Distribution of individual body biomass (log10-transformed) for the 106 542 
species occurring within their native range that fall within the size interval of Class3 543 
[4.42–13.14 g] of the native community (highlighted by a red vertical band). This size 544 
class was found to be negatively correlated with both NN trophic groups. Boxplot colors 545 
indicate the trophic guild of the affected native species (blue = piscivores; grey = other 546 
trophic groups). Species shown in red are examples cited in the discussion section, while 547 
the full list of species is provided in Figure S6. 548 

 549 

 550 

 551 

 552 

 553 

 554 
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4 Discussion  555 

 In this study, we aimed to understand how NN fish invasions affect the size 556 

structure of freshwater fish communities across broad geographic and environmental 557 

gradients, with a particular focus on the role of different NN trophic groups. We showed 558 

that NN fish invasions consistently reshape the size structure of freshwater communities, 559 

with their effects interacting with the temperature gradient across different climatic zones. 560 

Both NN groups, i.e., piscivores and especially lower-trophic-level species, contributed 561 

to this reshaping by flattening the native size spectrum exponents and reducing native 562 

biomass. On the other hand, the effects of piscivorous invaders interacted with the 563 

temperature gradient only in reshaping size spectrum exponents patterns. In contrast, NN 564 

species from lower trophic levels interacted with temperature exclusively in driving total 565 

biomass. This suggests that distinct mechanisms of trophic groups modulate different 566 

components of community size structure under warming conditions. 567 

Interestingly, invasion pressure did not influence community size spectrum 568 

exponents or total biomass in the same way across lakes, rather interacted with thermal 569 

conditions. More specifically, in highly invaded ecosystems, warming conditions led to 570 

flatter exponents and greater total community biomass. This finding likely reflects the 571 

predominance of NN species with larger body sizes, greater thermal tolerance, and 572 

metabolic efficiency (Hutchings et al., 2025; Kłosiński et al., 2025). These traits enable 573 

them to maintain high growth rates and accumulate more biomass under elevated 574 

temperatures, particularly at the upper end of the community size spectrum, thereby 575 

flattening the size spectrum exponent and increasing total community biomass. This result 576 

contributes to a growing debate in the literature regarding temperature-driven changes in 577 

size spectra (Gjoni et al., 2024), suggesting that interactions with global change factors, 578 

such as biological invasions, may help explain the lack of consensus by altering 579 

https://www.zotero.org/google-docs/?70iP8o
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community responses to natural environmental gradients. Indeed, the effect of invasions 580 

on reconfiguring the temperature–size structure relationship (TSR) has already been 581 

highlighted by a recent study in French freshwater systems (Arranz et al., 2023). 582 

However, as expected, flatter exponents under warming conditions (the inverse of the 583 

TSR expectation) were observed only when the NN piscivore group was highly dominant. 584 

This is likely because NN piscivores often come from warmer regions or exhibit broader 585 

thermal performance curves, enabling them to sustain high metabolic activity and 586 

predation rates at high temperatures (Emiroğlu et al., 2023; Gkenas et al., 2022). Also, 587 

the NN piscivores tend to be highly selective toward small-bodied native individuals, 588 

which are both more abundant and energetically profitable in warmer lakes (Emiroğlu et 589 

al., 2023). Contrastingly, piscivores in colder lakes, e.g., temperate regions, exhibit lower 590 

metabolic rates and feeding activity, preferring to prey on a few, but larger, individuals 591 

(Bihun et al., 2024; Esin et al., 2021). Therefore, predator-prey interactions promoted by 592 

NN top predators play an essential role in reducing biomass accumulation in smaller size 593 

classes and flattening the native size spectrum exponent in warmer ecosystems compared 594 

to colder ones. This finding helps to corroborate our H3. Finally, we suggest that future 595 

studies assessing their specific interactions with climate warming should provide a more 596 

accurate and conclusive understanding of the real consequences of invasions for 597 

community size spectra. 598 

In contrast, despite NN species at lower trophic levels not altering the TSR-599 

expected pattern of steeper size spectrum exponent under warmer temperatures, they 600 

inverted the expected higher biomass in warmer environments. More specifically, under 601 

a high invasion scenario, fish communities in colder lakes sustained lower native total 602 

biomass than those in warmer lakes. This pattern is likely driven by intensified 603 

competitive interactions in colder environments, where primary productivity tends to be 604 

https://www.zotero.org/google-docs/?RiAq9S
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lower and resources are more limited (McMeans et al., 2016; Salmaso et al., 2012; Shuter 605 

et al., 2012). In addition, native species in colder lakes often exhibit larger body sizes 606 

(Brucet et al., 2013) and are characterized by slower metabolism and delayed 607 

reproduction (K-strategists), which makes their populations less resilient to exclusion by 608 

highly efficient NN competitors that can thrive even under resource-limited conditions. 609 

Consequently, the loss of these large-bodied native species may represent a 610 

disproportionate reduction in the potential for biomass accumulation in colder 611 

ecosystems. Although dominance by this NN group was associated with reduced native 612 

biomass, this effect appears to be less pronounced in warmer environments. In warmer 613 

ecosystems such as the tropics, native species at lower trophic levels tend to be smaller-614 

bodied (Lindsey, 1966).  615 

Furthermore, warmer environments present rapid renewal of basal resources 616 

(Sarmento, 2012), which can sustain higher trophic levels even when standing stocks are 617 

low, while the greater resource diversity allows NN generalists to exploit resources 618 

otherwise unused by natives. This may reduce direct NN–native competition and is 619 

consistent with Rocha & Cianciaruso (2020), who found that warmer lakes are associated 620 

with low competitive interactions, facilitating coexistence between NN and native 621 

communities. This specific effect on total biomass patterns by non-piscivorous species is 622 

ecologically relevant, as total biomass reflects a community’s ability to store energy and 623 

contribute to ecosystem stability (Tilman, 1996). Regarding the specific role of NN 624 

groups in interacting with temperature to drive patterns in the exponent or total biomass, 625 

we emphasize the heightened vulnerability of warmer environments, such as tropical 626 

systems, to NN piscivore-driven shifts in community size structure. In contrast, colder 627 

systems (with lower resource availability) appear more susceptible to greater impacts of 628 

biomass losses promoted by NN species from lower trophic levels. These differences are 629 
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likely driven by metabolism-related life-history traits of NN and native species, providing 630 

a unified mechanistic explanation for the contrasting results observed across systems at 631 

different locations. We highlight that experimental and theoretical frameworks tend to 632 

support a universal TSR trend, whereas empirical patterns in natural communities depend 633 

strongly on biotic context, including species interactions, trophic structure, and invasion 634 

dynamics. Finally, we suggest this could inform invasive management and policy, with 635 

actions focused on minimizing the impacts of target NN trophic groups on native 636 

biodiversity across different climates.  637 

Overall, we found that biological invasions lead to an increase in the number of 638 

large-bodied individuals when considering the whole community (native + NN species). 639 

This pattern likely results from two opposing but simultaneous mechanisms: an increase 640 

in total biomass driven by the presence of larger-bodied NN species, and a reduction or 641 

replacement of native biomass due to negative biotic interactions. i.e., predation and 642 

competition. Indeed, previous studies have shown that successfully established NN fishes 643 

in freshwater systems worldwide tend to be larger than native species (Blanchet et al., 644 

2010), especially those introduced for angling purposes (Su et al., 2019). These species 645 

may promote a top-heavy trophic pyramid by shifting biomass toward upper trophic 646 

levels (Kopf et al., 2019). In parallel, invasions often suppress native populations, mainly 647 

the smaller individuals, through direct and indirect biotic interactions (Fanson et al., 2024; 648 

Gozlan, 2008; Gozlan et al., 2010). As a result, invasive fish species dynamically 649 

redistribute biomass toward larger size classes across the whole community, thereby 650 

flattening the size spectrum slopes. This structural change reflects a shift in how energy 651 

is stored and transferred within invaded lake communities. This is concerning, as altered 652 

size structure may reduce community stability and resilience, increasing the likelihood of 653 

cascading effects and food web collapse under further disturbances (Flood et al., 2024; 654 
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McCann, 2000; Novak et al., 2024). The disruptive role of NN species in altering fish 655 

size spectrum exponents through these mechanisms is consistent with recent findings 656 

from subtropical (Moi et al., 2025) and temperate (Arranz et al., 2021, 2023; Novak et 657 

al., 2024) ecosystems. In our study, encompassing a broad temperature gradient, we 658 

provided empirical evidence that NN species systematically reshape the size structure of 659 

aquatic communities across different regions, including those in tropical areas.  660 

We found that both groups, NN piscivores and those from lower trophic levels, 661 

contributed to the flattening of size spectra and the reduction in total biomass in native 662 

communities. More specifically, the predation pressure exerted by NN piscivores seems 663 

to primarily target smaller-bodied native individuals that occupy the smaller size fractions 664 

of the native size structure (Emiroğlu et al., 2023; Gratwicke & Marshall, 2001; Pelicice 665 

et al., 2015). This may occur through direct biomass consumption, reflecting a strong 666 

size-selective foraging behavior, and through indirect non-consumptive effects such as 667 

behavioral changes induced by predation risk that negatively influence smaller prey 668 

(Godinho & Ferreira, 2000; Tang et al., 2017). Likewise, competitive interactions 669 

imposed by NN species from lower trophic levels can also disproportionately impact 670 

smaller native individuals, which often correspond to early life stages or more specialized 671 

taxa that typically have lower foraging efficiency and competitive ability when compared 672 

to more generalist or opportunistic NNs’ strategies (Faria et al., 2025). The above-cited 673 

findings corroborate our first hypothesis that higher invasion pressure flattens the slopes 674 

of community size spectra and reduces native total biomass (H1). 675 

Moreover, the slightly stronger effects on exponent flattening and native biomass 676 

reduction observed for from lower-trophic-level NNs underscores the ecological 677 

importance of non-piscivorous invaders in shaping the size structure of native 678 

communities. This pattern is consistent with previous studies on the pervasive effects of 679 
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widespread detritivorous (e.g., armored catfish, Murry et al., 2024), planktivorous (e.g., 680 

Hypophthalmichthys molitrix, Novak et al., 2024), and omnivorous (e.g., Cyprinus 681 

carpio; Kopf et al., 2019) NN species in flattening size-distribution patterns or reducing 682 

native fish biomass across freshwater ecosystems worldwide. Therefore, we also 683 

corroborate our H2 that invasions by NN species occupying lower trophic levels can 684 

negatively impact size structure in native communities, flattening the size spectrum 685 

exponent and reducing total biomass, even more consistently than top-predator invaders. 686 

Although piscivorous invaders strongly affect native populations through predator–prey 687 

interactions and top-down control (Moyle & Light, 1996; Wellborn et al., 1996), NNs 688 

occupying lower levels in food webs can exert more substantial impacts by broadly 689 

depleting resources (food and habitat) used by smaller size classes, ultimately leading to 690 

persistent reductions in native biomass and flatter size spectra. 691 

We also observed that higher dominance of both NN groups was associated with 692 

lower frequency of native individuals within a narrow biomass range (4–13 g), suggesting 693 

that this size class may be particularly sensitive to changes in community composition. 694 

Within this, approximately 10 grams of variation is included in 106 species from our 695 

dataset, corresponding to 26% of all sampled fish species. This encompasses not only 696 

small native species with high endemism (e.g., Moenkausia dichroura), but more 697 

importantly, also juveniles of species with ecological and commercial interest, such as 698 

trout (Salmo trutta) and cisco (Coregonus artedi) in temperate/boreal lakes, and 699 

curimbatá (Prochilodus lineatus) in tropical systems. This stronger constraint on biomass 700 

accumulation among smaller size classes of natives suggests that the primary mechanism 701 

for flattening the size spectrum exponents and reducing total biomass is not the exclusion 702 

of larger species, which would truncate the upper end of the size spectrum. The concern 703 

actually lies in how this mechanism affects the most sensitive life stages (i.e., juveniles) 704 
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of these species, which fall within the main impacted size range at the base of the native 705 

size spectrum. Therefore, biological invasions appear to act as a functional filter operating 706 

within a critical size window, generating an ecological exclusion zone that 707 

disproportionately suppresses small-bodied species and early life stages. While the 708 

intensity of this size-selective filtering likely varies across regions according to local 709 

environmental and biotic contexts, our findings suggest a general trend toward 710 

community size homogenization and a potential disruption of recruitment processes, even 711 

among larger-bodied taxa. Such alterations can cascade through food webs, affecting 712 

energy transfer and ultimately compromising long-term ecosystem functioning. Future 713 

studies should deeply test these mechanisms across broader ecological and geographical 714 

contexts. 715 

In addition to invasion-related predictors, we detected consistent effects of several 716 

environmental covariates on size spectrum patterns. Species richness was positively 717 

associated with both size spectrum exponent and biomass, consistent with the idea that 718 

more diverse assemblages sustain higher community biomass. This finding aligns with 719 

Pigot et al. (2024), who demonstrated that richness–biomass relationships in nature 720 

follow predictable macroecological rules, particularly in fish communities, given their 721 

wide body-size variation.  Lake area had a negative relationship with size spectrum 722 

exponent, suggesting that larger systems harbor steeper size spectra, possibly reflecting 723 

differences in resource distribution, habitat complexity, and the increased availability of 724 

refuges for smaller individuals (Jinks et al., 2019). In contrast, maximum depth showed 725 

a positive association with exponent patterns, consistent with the expectation that deeper 726 

lakes can support larger-bodied individuals, flattening the size spectra (Emmrich et al., 727 

2011). Finally, total phosphorus was positively associated with biomass, consistent with 728 

the well-known role of nutrient availability in enhancing productivity (Yurk & Ney, 729 
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1989). Although these environmental factors were not the central focus of our study, their 730 

significant contributions underscore the importance of considering diversity and habitat 731 

features when assessing the impacts of NN species (a biotic driver) on community size 732 

structure. Nevertheless, we are aware of some limitations in the study, such as not 733 

explicitly considering the invasion stage or other anthropogenic pressures beyond 734 

eutrophication, such as land use changes (despite using total phosphorus as a proxy) or 735 

fishing pressure. Future studies should incorporate these aspects to advance our 736 

understanding of the specific ecological effects of the invasion process. 737 

5 Conclusions 738 

Our findings underscore the importance of considering not only invasion pressure 739 

but also the trophic identity of NN species when assessing impacts on community 740 

structure. Understanding the distinct mechanisms through which these groups operate is 741 

essential for predicting invasion outcomes under varying environmental conditions. 742 

Ongoing climate change is expected to amplify these effects, potentially intensifying 743 

pressure on native populations by increasing the energetic demands of organisms. From 744 

an ecological and conservation perspective, shifts in community size structure can 745 

reverberate through ecosystems, influencing energy flow, trophic dynamics, and 746 

emergent properties such as stability and resilience. Anticipating these changes is critical 747 

for safeguarding biodiversity and maintaining the functions and services provided by 748 

freshwater ecosystems under the growing pressure of biological invasions, a primary 749 

global driver of biodiversity change.  750 

 751 

 752 

https://www.zotero.org/google-docs/?3KNpvQ


 

33 

 753 

Author Contributions 754 

B.S.R.: study design, data analysis, writing—original draft, writing—review and editing; 755 
V.S.S.: study design, writing—original draft, writing—review and editing; I.A. and 756 
D.M.P.: writing—review and editing; H.G.: data contribution, writing—review and 757 
editing; All other authors contributed data and participated in the final review of the 758 
manuscript. 759 

Acknowledgments 760 

We would like to express our sincere gratitude to Dr. Miguel Petrere Jr and Dr. Renato 761 
Bolson Dala-Corte for their invaluable contribution to the prospecting phase and for their 762 
support in establishing contact with other researchers. We want to thank FAPESP 763 
(Fundação de Amparo à Pesquisa do Estado de São Paulo) for granting the research 764 
scholarship to BSR (proc. Nº 2024/00555-7). IA is supported by the Programa Talento of 765 
the Comunidad de Madrid (project FRESCO: 2022-T1/AMB-24100). AAA (grant no. 766 
312549/2021-0) and PSP (grant number 302328/2022–0) were granted research 767 
fellowship ) by Conselho Nacional de Desenvolvimento Científico e Tecnológico 768 
(CNPq). 769 

Conflicts of Interest 770 

The authors declare no conflicts of interest. 771 

Data Availability Statement 772 

The data and R code that support the findings of this study will be openly available in 773 
zenodo and github. 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 



 

34 

5 Reference 783 

Abell, R., Thieme, M. L., Revenga, C., Bryer, M., Kottelat, M., Bogutskaya, N., Coad, 784 

B., Mandrak, N., Balderas, S. C., & Bussing, W. (2008). Freshwater ecoregions 785 

of the world: A new map of biogeographic units for freshwater biodiversity 786 

conservation. BioScience, 58(5), Article 5. https://doi.org/20110902007638 787 

Arim, M., Bozinovic, F., & Marquet, P. A. (2007). On the relationship between trophic 788 

position, body mass and temperature: Reformulating the energy limitation 789 

hypothesis. Oikos, 116(9), 1524–1530. https://doi.org/10.1111/j.0030-790 

1299.2007.15768.x 791 

Arranz, I., Brucet, S., Bartrons, M., García-Comas, C., & Benejam, L. (2021). Fish size 792 

spectra are affected by nutrient concentration and relative abundance of non-793 

native species across streams of the NE Iberian Peninsula. Science of the Total 794 

Environment, 795, 148792. 795 

Arranz, I., Fournier, B., Lester, N. P., Shuter, B. J., & Peres‐Neto, P. R. (2022). Species 796 

compositions mediate biomass conservation: The case of lake fish communities. 797 

Ecology, 103(3), e3608. 798 

Arranz, I., Grenouillet, G., & Cucherousset, J. (2023). Biological invasions and 799 

eutrophication reshape the spatial patterns of stream fish size spectra in France. 800 

Diversity and Distributions, 29(5), 590–597. https://doi.org/10.1111/ddi.13681 801 

Arranz, I., Hsieh, C., Mehner, T., & Brucet, S. (2019). Systematic deviations from 802 

linear size spectra of lake fish communities are correlated with predator–prey 803 

interactions and lake‐use intensity. Oikos, 128(1), 33–44. 804 

https://doi.org/10.1111/oik.05355 805 

Arranz, I., Mehner, T., Benejam, L., Argillier, C., Holmgren, K., Jeppesen, E., 806 

Lauridsen, T. L., Volta, P., Winfield, I. J., & Brucet, S. (2015). Density-807 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

35 

dependent effects as key drivers of intraspecific size structure of six abundant 808 

fish species in lakes across Europe. Canadian Journal of Fisheries and Aquatic 809 

Sciences, 73(4), Article 4. 810 

Barneche, D. R., & Allen, A. P. (2018). The energetics of fish growth and how it 811 

constrains food‐web trophic structure. Ecology Letters, 21(6), 836–844. 812 

https://doi.org/10.1111/ele.12947 813 

Barneche, D. R., Hulatt, C. J., Dossena, M., Padfield, D., Woodward, G., Trimmer, M., 814 

& Yvon-Durocher, G. (2021). Warming impairs trophic transfer efficiency in a 815 

long-term field experiment. Nature, 592(7852), 76–79. 816 

Bihun, C. J., Murphy, M. K., Johnson, T. B., Fisk, A. T., Guzzo, M. M., Madenjian, C. 817 

P., & Raby, G. D. (2024). Effects of temperature, body size, and sex on the 818 

standard metabolic rates of a sexually dimorphic freshwater piscivore, walleye ( 819 

Sander vitreus ). Canadian Journal of Fisheries and Aquatic Sciences, 81(7), 820 

879–886. https://doi.org/10.1139/cjfas-2023-0323 821 

Blanchet, S., Grenouillet, G., Beauchard, O., Tedesco, P. A., Leprieur, F., Dürr, H. H., 822 

Busson, F., Oberdorff, T., & Brosse, S. (2010). Non‐native species disrupt the 823 

worldwide patterns of freshwater fish body size: Implications for Bergmann’s 824 

rule. Ecology Letters, 13(4), 421–431. 825 

Boets, P., Laverty, C., Fukuda, S., Verreycken, H., Green, K., Britton, R. J., Caffrey, J., 826 

Goethals, P. L. M., Pegg, J., Médoc, V., & Dick, J. T. A. (2019). Intra- and 827 

intercontinental variation in the functional responses of a high impact alien 828 

invasive fish. Biological Invasions, 21(5), 1751–1762. 829 

https://doi.org/10.1007/s10530-019-01932-y 830 

Bolker, B. M. (2008). Ecological Models and Data in R. Princeton University Press. 831 

https://doi.org/10.1515/9781400840908 832 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

36 

Bolker, B. M. (2015). Linear and generalized linear mixed models. Ecological 833 

Statistics: Contemporary Theory and Application, 2015, 309–333. 834 

Bounas, A., Catsadorakis, G., Koutseri, I., Nikolaou, H., Nicolas, D., Malakou, M., & 835 

Crivelli, A. J. (2021). Temporal trends and determinants of fish biomass in two 836 

contrasting natural lake systems: Insights from a spring long-term monitoring 837 

scheme. Knowledge & Management of Aquatic Ecosystems, 422, 28. 838 

Brose, U., Jonsson, T., Berlow, E. L., Warren, P., Banasek-Richter, C., Bersier, L.-F., 839 

Blanchard, J. L., Brey, T., Carpenter, S. R., & Blandenier, M.-F. C. (2006). 840 

Consumer–resource body‐size relationships in natural food webs. Ecology, 841 

87(10), 2411–2417. 842 

Brown, G. E., Ferrari, M. C., & Chivers, D. P. (2011). Learning about danger: Chemical 843 

alarm cues and threat-sensitive assessment of predation risk by fishes. Fish 844 

Cognition and Behavior, 59–80. 845 

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., & West, G. B. (2004). Toward 846 

a metabolic theory of ecology. Ecology, 85(7), Article 7. 847 

Brucet, S., Pédron, S., Mehner, T., Lauridsen, T. L., Argillier, C., Winfield, I. J., Volta, 848 

P., Emmrich, M., Hesthagen, T., & Holmgren, K. (2013). Fish diversity in E 849 

uropean lakes: Geographical factors dominate over anthropogenic pressures. 850 

Freshwater Biology, 58(9), 1779–1793. https://doi.org/10.1111/fwb.12167 851 

Buba, Y., Van Rijn, I., Blowes, S. A., Sonin, O., Edelist, D., DeLong, J. P., & 852 

Belmaker, J. (2017). Remarkable size-spectra stability in a marine system 853 

undergoing massive invasion. Biology Letters, 13(7), 20170159. 854 

https://doi.org/10.1098/rsbl.2017.0159 855 

Catford, J. A., Vesk, P. A., Richardson, D. M., & Pyšek, P. (2012). Quantifying levels 856 

of biological invasion: Towards the objective classification of invaded and 857 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

37 

invasible ecosystems. Global Change Biology, 18(1), 44–62. 858 

https://doi.org/10.1111/j.1365-2486.2011.02549.x 859 

Cheng, B. S., Komoroske, L. M., & Grosholz, E. D. (2017). Trophic sensitivity of 860 

invasive predator and native prey interactions: Integrating environmental context 861 

and climate change. Functional Ecology, 31(3), 642–652. 862 

https://doi.org/10.1111/1365-2435.12759 863 

Coghlan, A. R., Blanchard, J. L., Heather, F. J., Stuart‐Smith, R. D., Edgar, G. J., & 864 

Audzijonyte, A. (2022). Community size structure varies with predator–prey 865 

size relationships and temperature across Australian reefs. Ecology and 866 

Evolution, 12(4), e8789. https://doi.org/10.1002/ece3.8789 867 

Collyer, G., Perkins, D. M., Petsch, D. K., Siqueira, T., & Saito, V. (2023). Land‐use 868 

intensification systematically alters the size structure of aquatic communities in 869 

the Neotropics. Global Change Biology, 29(14), 4094–4106. 870 

Crooks, J. A. (2002). Characterizing ecosystem‐level consequences of biological 871 

invasions: The role of ecosystem engineers. Oikos, 97(2), 153–166. 872 

Daufresne, M., Lengfellner, K., & Sommer, U. (2009). Global warming benefits the 873 

small in aquatic ecosystems. Proceedings of the National Academy of Sciences, 874 

106(31), 12788–12793. https://doi.org/10.1073/pnas.0902080106 875 

dos Santos, R. M., Hilbers, J. P., & Hendriks, A. J. (2017). Evaluation of models 876 

capacity to predict size spectra parameters in ecosystems under stress. 877 

Ecological Indicators, 79, 114–121. 878 

Edwards, A. M. (2019). “The ‘SizeSpectra’ Package” https://github.com/ andre w-879 

edwards/sizeSpectra. 880 

Edwards, A. M., Robinson, J. P. W., Plank, M. J., Baum, J. K., & Blanchard, J. L. 881 

(2017). Testing and recommending methods for fitting size spectra to data. 882 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

38 

Methods in Ecology and Evolution, 8(1), 57–67. https://doi.org/10.1111/2041-883 

210x.12641 884 

Elliott, V. L., Chheng, P., Uy, S., & Holtgrieve, G. W. (2019). Monitoring of tropical 885 

freshwater fish resources for sustainable use. Journal of Fish Biology, 94(6), 886 

1019–1025. https://doi.org/10.1111/jfb.13974 887 

Emiroğlu, Ö., Aksu, S., Başkurt, S., Britton, J. R., & Tarkan, A. S. (2023). Predicting 888 

how climate change and globally invasive piscivorous fishes will interact to 889 

threaten populations of endemic fishes in a freshwater biodiversity hotspot. 890 

Biological Invasions, 25(6), 1907–1920. 891 

Emmrich, M., Brucet, S., Ritterbusch, D., & Mehner, T. (2011). Size spectra of lake fish 892 

assemblages: Responses along gradients of general environmental factors and 893 

intensity of lake‐use. Freshwater Biology, 56(11), 2316–2333. 894 

Esin, E. V., Markevich, G. N., Zlenko, D. V., & Shkil, F. N. (2021). Thyroid-mediated 895 

metabolic differences underlie ecological specialization of extremophile 896 

salmonids in the Arctic Lake El’gygytgyn. Frontiers in Ecology and Evolution, 897 

9, 715110. 898 

Fabré, N. N., Castello, L., Isaac, V. J., & Batista, V. S. (2017). Fishing and drought 899 

effects on fish assemblages of the central Amazon Basin. Fisheries Research, 900 

188, 157–165. 901 

Fanson, B. G., Hale, R., Thiem, J. D., Lyon, J. P., Koehn, J. D., Bennett, A. F., & 902 

Stuart, I. (2024). Assessing impacts of a notorious invader (common carp 903 

Cyprinus carpio) on Australia’s aquatic ecosystems: Coupling abundance-impact 904 

relationships with a spatial biomass model. Biological Conservation, 290, 905 

110420. 906 

Faria, L., Cuthbert, R. N., Dickey, J. W., Jeschke, J. M., Ricciardi, A., Dick, J. T., & 907 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

39 

Vitule, J. R. (2025). Non‐native species have higher consumption rates than their 908 

native counterparts. Biological Reviews. 909 

Fernando, C. H. (1994). Zooplankton, fish and fisheries in tropical freshwaters. Studies 910 

on the Ecology of Tropical Zooplankton, 105–123. 911 

Ferrari, M. C., Wisenden, B. D., & Chivers, D. P. (2010). Chemical ecology of 912 

predator–prey interactions in aquatic ecosystems: A review and prospectus. 913 

Canadian Journal of Zoology, 88(7), 698–724. 914 

Flood, P. J., Loftus, W. F., & Trexler, J. C. (2024). Do community changes persist after 915 

irruptive population dynamics? A case study from an invasive species boom and 916 

bust. Oecologia, 205(3–4), 445–459. https://doi.org/10.1007/s00442-024-05582-917 

3 918 

Fricke, R. (2021). Eschmeyer’s catalog of fishes: Genera/species by family/subfamily. 919 

Electronic Version Accessed, 25(2), 2021. 920 

Froese, R., & Pauly, D. (2024). FishBase. Species list: World Wide Web electronic 921 

publication. 922 

Gallardo, B., Clavero, M., Sánchez, M. I., & Vilà, M. (2016). Global ecological impacts 923 

of invasive species in aquatic ecosystems. Global Change Biology, 22(1), 151–924 

163. 925 

George, O., & Collins, S. F. (2024). Asymmetric competition among stream fishes: Do 926 

food web pathways affect competitive outcomes? Ecosphere, 15(5), e4858. 927 

https://doi.org/10.1002/ecs2.4858 928 

Gido, K. B., & Franssen, N. R. (2007). Invasion of stream fishes into low trophic 929 

positions. Ecology of Freshwater Fish, 16(3), 457–464. 930 

Gjoni, V., Glazier, D., Pomeranz, J., Junker, J., Smith, A., Woelber, J., Reynolds, S., 931 

Welch, T., & Wesner, J. (2025). Temperature and predation alter metabolic 932 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

40 

scaling without changing size-based structure community in freshwater 933 

macroinvertebrates. bioRxiv, 2025–06. 934 

Gjoni, V., Pomeranz, J. P., Junker, J. R., & Wesner, J. S. (2024). Size spectra in 935 

freshwater streams are consistent across temperature and resource supply. 936 

bioRxiv, 2024–01. 937 

Gkenas, C., Kodde, A., Ribeiro, F., & Magalhães, M. F. (2022). Warming affects the 938 

feeding success of invader and native fish in Iberian streams. Aquatic Ecology, 939 

56(1), 319–324. https://doi.org/10.1007/s10452-021-09888-9 940 

Godinho, F. N., & Ferreira, M. T. (2000). Composition of Endemic Fish Assemblages 941 

in Relation to Exotic Species and River Regulation in a Temperate Stream. 942 

Biological Invasions, 2(3), 231–244. https://doi.org/10.1023/a:1010022123669 943 

Gomes, D. G. (2022). Should I use fixed effects or random effects when I have fewer 944 

than five levels of a grouping factor in a mixed-effects model? PeerJ, 10, 945 

e12794. 946 

Gozlan, R. E. (2008). Introduction of non‐native freshwater fish: Is it all bad? Fish and 947 

Fisheries, 9(1), Article 1. 948 

Gozlan, R. E., Britton, J. R., Cowx, I., & Copp, G. H. (2010). Current knowledge on 949 

non‐native freshwater fish introductions. Journal of Fish Biology, 76(4), 751–950 

786. 951 

Gratwicke, B., & Marshall, B. E. (2001). The relationship between the exotic predators 952 

Micropterus salmoides and Serranochromis robustus and native stream fishes in 953 

Zimbabwe. Journal of Fish Biology, 58(1), 68–75. 954 

https://doi.org/10.1111/j.1095-8649.2001.tb00499.x 955 

Guiet, J., Poggiale, J.-C., & Maury, O. (2016). Modelling the community size-spectrum: 956 

Recent developments and new directions. Ecological Modelling, 337, 4–14. 957 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

41 

Hilborn, R., & Mangel, M. (1997). The Ecological Detective: Confronting Models with 958 

Data, volume 28 of Monographs in Population Biology. Princeton, NY: 959 

Princeton University Press. 960 

Hutchings, M., Hill, J., Windle, M. J., & Ricciardi, A. (2025). Ecological performance 961 

of native and invasive benthic freshwater fishes under elevated temperature. 962 

Canadian Journal of Fisheries and Aquatic Sciences, 82, 1–17. 963 

Jinks, K. I., Brown, C. J., Rasheed, M. A., Scott, A. L., Sheaves, M., York, P. H., & 964 

Connolly, R. M. (2019). Habitat complexity influences the structure of food 965 

webs in Great Barrier Reef seagrass meadows. Ecosphere, 10(11), e02928. 966 

https://doi.org/10.1002/ecs2.2928 967 

Kalff, J., & Watson. (1986). Phytoplankton and its dynamics in two tropical lakes: A 968 

tropical and temperate zone comparison. Hydrobiologia, 138, 161–176. 969 

Kłosiński, P., Kobak, J., & Kakareko, T. (2025). Effect of hypoxia and acidification on 970 

metabolic rate of Ponto-Caspian gobies and their native competitors in the 971 

context of climate change. Hydrobiologia, 852(11), 2787–2804. 972 

https://doi.org/10.1007/s10750-025-05794-5 973 

Kopf, R. K., Humphries, P., Bond, N. R., Sims, N. C., Watts, R. J., Thompson, R. M., 974 

Hladyz, S., Koehn, J. D., King, A. J., McCasker, N., & McDonald, S. (2019). 975 

Macroecology of fish community biomass – size structure: Effects of invasive 976 

species and river regulation. Canadian Journal of Fisheries and Aquatic 977 

Sciences, 76(1), 109–122. https://doi.org/10.1139/cjfas-2017-0544 978 

Lindsey, C. C. (1966). Body sizes of poikilotherm vertebrates at different latitudes. 979 

Evolution, 456–465. 980 

Liu, C., Comte, L., & Olden, J. D. (2017). Heads you win, tails you lose: Life‐history 981 

traits predict invasion and extinction risk of the world’s freshwater fishes. 982 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

42 

Aquatic Conservation: Marine and Freshwater Ecosystems, 27(4), 773–779. 983 

Lüdecke, D., Makowski, D., Ben-Shachar, M. S., Patil, I., Waggoner, P., Wiernik, B. 984 

M., & Thériault, R. (2019). Performance: Assessment of regression models 985 

performance. CRAN: Contributed Packages. 986 

https://cir.nii.ac.jp/crid/1360019690351054336 987 

Marin, V., Arranz, I., Grenouillet, G., & Cucherousset, J. (2023). Fish size spectrum as 988 

a complementary biomonitoring approach of freshwater ecosystems. Ecological 989 

Indicators, 146, 109833. 990 

Marin, V., Cucherousset, J., & Grenouillet, G. (2025). Interactive Effects of 991 

Anthropogenic Stressors on the Temporal Changes in the Size Spectrum of Lake 992 

Fish Communities. Ecology of Freshwater Fish, 34(2), e12826. 993 

https://doi.org/10.1111/eff.12826 994 

Maronna, R. A., & Yohai, V. J. (2000). Robust regression with both continuous and 995 

categorical predictors. Journal of Statistical Planning and Inference, 89(1–2), 996 

197–214. 997 

Marquet, P. A., Quiñones, R. A., Abades, S., Labra, F., Tognelli, M., Arim, M., & 998 

Rivadeneira, M. (2005). Scaling and power-laws in ecological systems. Journal 999 

of Experimental Biology, 208(9), 1749–1769. 1000 

Maury, O., Faugeras, B., Shin, Y.-J., Poggiale, J.-C., Ari, T. B., & Marsac, F. (2007). 1001 

Modeling environmental effects on the size-structured energy flow through 1002 

marine ecosystems. Part 1: The model. Progress in Oceanography, 74(4), 479–1003 

499. 1004 

McCann, K. S. (2000). The diversity–stability debate. Nature, 405(6783), Article 6783. 1005 

https://doi.org/10.1038/35012234 1006 

McMeans, B. C., McCann, K. S., Tunney, T. D., Fisk, A. T., Muir, A. M., Lester, N., 1007 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

43 

Shuter, B., & Rooney, N. (2016). The adaptive capacity of lake food webs: From 1008 

individuals to ecosystems. Ecological Monographs, 86(1), 4–19. 1009 

https://doi.org/10.1890/15-0288.1 1010 

Mehner, T., Keeling, C., Emmrich, M., Holmgren, K., Argillier, C., Volta, P., Winfield, 1011 

I. J., & Brucet, S. (2016a). Effects of fish predation on density and size spectra 1012 

of prey fish communities in lakes. Canadian Journal of Fisheries and Aquatic 1013 

Sciences, 73(4), 506–518. 1014 

Mehner, T., Keeling, C., Emmrich, M., Holmgren, K., Argillier, C., Volta, P., Winfield, 1015 

I. J., & Brucet, S. (2016b). Effects of fish predation on density and size spectra 1016 

of prey fish communities in lakes. Canadian Journal of Fisheries and Aquatic 1017 

Sciences, 73(4), 506–518. https://doi.org/10.1139/cjfas-2015-0034 1018 

Moi, D. A., Saito, V. S., Quirino, B. A., Alves, D. C., Agostinho, A. A., Schmitz, M. H., 1019 

Bonecker, C. C., Barrios, M., Kratina, P., & Perkins, D. M. (2025). Human land 1020 

use and non-native fish species erode ecosystem services by changing 1021 

community size structure. Nature Ecology & Evolution, 1–9. 1022 

Moyle, P. B., & Light, T. (1996). Biological invasions of freshwater: Empirical rules 1023 

and assembly theory. Biological Conservation, 78(1), Article 1. 1024 

Murry, B. A., Olmeda, M. D. L., Lilyestrom, C., Adams, D. S., Adase, K., & García‐1025 

Bermudez, M. (2024). Community size‐spectra applied to recreational 1026 

freshwater fisheries in Puerto Rican reservoirs. Fisheries Management and 1027 

Ecology, 31(2), e12671. https://doi.org/10.1111/fme.12671 1028 

Novak, B., Murry, B. A., Wesner, J. S., Gjoni, V., Arantes, C. C., Shepta, E., Pomeranz, 1029 

J. P. F., Junker, J. R., Zipfel, K., Stump, A., Solomon, L. E., Maxson, K. A., & 1030 

DeBoer, J. A. (2024). Threshold responses of freshwater fish community size 1031 

spectra to invasive species. Ecosphere, 15(12). 1032 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

44 

https://doi.org/10.1002/ecs2.70090 1033 

Pelicice, F. M., Latini, J. D., & Agostinho, A. A. (2015). Fish fauna disassembly after 1034 

the introduction of a voracious predator: Main drivers and the role of the 1035 

invader’s demography. Hydrobiologia, 746(1), 271–283. 1036 

https://doi.org/10.1007/s10750-014-1911-8 1037 

Perkins, D. M., Perna, A., Adrian, R., Cermeño, P., Gaedke, U., Huete-Ortega, M., 1038 

White, E. P., & Yvon-Durocher, G. (2019). Energetic equivalence underpins the 1039 

size structure of tree and phytoplankton communities. Nature Communications, 1040 

10(1), 255. 1041 

Petchey, O. L., & Belgrano, A. (2010). Body-size distributions and size-spectra: 1042 

Universal indicators of ecological status? Biology Letters, 6(4), 434–437. 1043 

https://doi.org/10.1098/rsbl.2010.0240 1044 

Peters, R. H. (1986). The ecological implications of body size (Vol. 2). Cambridge 1045 

University Press. 1046 

Pigot, A. L., Dee, L. E., Richardson, A. J., Cooper, D. L. M., Eisenhauer, N., Gregory, 1047 

R. D., Lewis, S. L., Macgregor, C. J., Massimino, D., Maynard, D. S., Phillips, 1048 

H. R. P., Rillo, M., Loreau, M., & Haegeman, B. (2025). Macroecological rules 1049 

predict how biomass scales with species richness in nature. Science, 387(6740), 1050 

1272–1276. https://doi.org/10.1126/science.adq3278 1051 

Pomeranz, J. P. F., Junker, J. R., & Wesner, J. S. (2022). Individual size distributions 1052 

across North American streams vary with local temperature. Global Change 1053 

Biology, 28(3), 848–858. https://doi.org/10.1111/gcb.15862 1054 

Queirós, A. M., Fernandes, J., Genevier, L., & Lynam, C. P. (2018). Climate change 1055 

alters fish community size‐structure, requiring adaptive policy targets. Fish and 1056 

Fisheries, 19(4), 613–621. https://doi.org/10.1111/faf.12278 1057 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

45 

Ricciardi, A. (2007). Are modern biological invasions an unprecedented form of global 1058 

change? Conservation Biology, 21(2), 329–336. 1059 

Robinson, J. P., Williams, I. D., Edwards, A. M., McPherson, J., Yeager, L., Vigliola, 1060 

L., Brainard, R. E., & Baum, J. K. (2017). Fishing degrades size structure of 1061 

coral reef fish communities. Global Change Biology, 23(3), 1009–1022. 1062 

Rocha, B. S., & Cianciaruso, M. V. (2020). Water temperature and lake size explain 1063 

Darwin’s conundrum for fish establishment in boreal lakes. Hydrobiologia, 1–1064 

10. 1065 

Rocha, B. S., García-Berthou, E., & Cianciaruso, M. V. (2023). Non-native fishes in 1066 

Brazilian freshwaters: Identifying biases and gaps in ecological research. 1067 

Biological Invasions, 25(5), 1643–1658. 1068 

Rossberg, A. G., Gaedke, U., & Kratina, P. (2019). Dome patterns in pelagic size 1069 

spectra reveal strong trophic cascades. Nature Communications, 10(1), 4396. 1070 

Saito, V. S., Perkins, D. M., & Kratina, P. (2021). A metabolic perspective of stochastic 1071 

community assembly. Trends in Ecology & Evolution, 36(4), 280–283. 1072 

Salmaso, N., Buzzi, F., Garibaldi, L., Morabito, G., & Simona, M. (2012). Effects of 1073 

nutrient availability and temperature on phytoplankton development: A case 1074 

study from large lakes south of the Alps. Aquatic Sciences, 74(3), Article 3. 1075 

Sarmento, H. (2012). New paradigms in tropical limnology: The importance of the 1076 

microbial food web. Hydrobiologia, 686(1), 1–14. 1077 

Sheldon, R. W., Prakash, A., & Sutcliffe, W. H. (1972). THE SIZE DISTRIBUTION 1078 

OF PARTICLES IN THE OCEAN1. Limnology and Oceanography, 17(3), 1079 

327–340. https://doi.org/10.4319/lo.1972.17.3.0327 1080 

Shuter, B. J., Finstad, A. G., Helland, I. P., Zweimüller, I., & Hölker, F. (2012). The 1081 

role of winter phenology in shaping the ecology of freshwater fish and their 1082 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

46 

sensitivities to climate change. Aquatic Sciences, 74, 637–657. 1083 

Shuvo, A., O’Reilly, C. M., Blagrave, K., Ewins, C., Filazzola, A., Gray, D., Mahdiyan, 1084 

O., Moslenko, L., Quinlan, R., & Sharma, S. (2021). Total phosphorus and 1085 

climate are equally important predictors of water quality in lakes. Aquatic 1086 

Sciences, 83(1), 16. https://doi.org/10.1007/s00027-021-00776-w 1087 

Silvert, W., & Platt, T. (1978). Energy flux in the pelagic ecosystem: A time‐dependent 1088 

equation. Limnology and Oceanography, 23(4), 813–816. 1089 

Simberloff, D., Martin, J.-L., Genovesi, P., Maris, V., Wardle, D. A., Aronson, J., 1090 

Courchamp, F., Galil, B., García-Berthou, E., & Pascal, M. (2013). Impacts of 1091 

biological invasions: What’s what and the way forward. Trends in Ecology & 1092 

Evolution, 28(1), Article 1. 1093 

Sparks, A. (2018). nasapower: A NASA POWER Global Meteorology, Surface Solar 1094 

Energy and Climatology Data Client for R. Journal of Open Source Software, 1095 

3(30), 1035. https://doi.org/10.21105/joss.01035 1096 

Su, G., Villéger, S., & Brosse, S. (2019). Morphological diversity of freshwater fishes 1097 

differs between realms, but morphologically extreme species are widespread. 1098 

Global Ecology and Biogeography, 28(2), 211–221. 1099 

https://doi.org/10.1111/geb.12843 1100 

Tang, Z.-H., Huang, Q., Wu, H., Kuang, L., & Fu, S.-J. (2017). The behavioral response 1101 

of prey fish to predators: The role of predator size. PeerJ, 5, e3222. 1102 

Thompson, R. M., Dunne, J. A., & Woodward, G. U. Y. (2012). Freshwater food webs: 1103 

Towards a more fundamental understanding of biodiversity and community 1104 

dynamics. Freshwater Biology, 57(7), 1329–1341. 1105 

Tilman, D. (1996). Biodiversity: Population Versus Ecosystem Stability. Ecology, 1106 

77(2), 350–363. https://doi.org/10.2307/2265614 1107 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7


 

47 

Verberk, W. C. E. P., Atkinson, D., Hoefnagel, K. N., Hirst, A. G., Horne, C. R., & 1108 

Siepel, H. (2021). Shrinking body sizes in response to warming: Explanations 1109 

for the temperature–size rule with special emphasis on the role of oxygen. 1110 

Biological Reviews, 96(1), 247–268. https://doi.org/10.1111/brv.12653 1111 

Wellborn, G. A., Skelly, D. K., & Werner, E. E. (1996). Mechanisms creating 1112 

community structure across a freshwater habitat gradient. Annual Review of 1113 

Ecology and Systematics, 27(1), 337–363. 1114 

White, E. P., Ernest, S. M., Kerkhoff, A. J., & Enquist, B. J. (2007). Relationships 1115 

between body size and abundance in ecology. Trends in Ecology & Evolution, 1116 

22(6), 323–330. 1117 

Winemiller, K. O. (1989). Ontogenetic diet shifts and resource partitioning among 1118 

piscivorous fishes in the Venezuelan ilanos. Environmental Biology of Fishes, 1119 

26(3), 177–199. https://doi.org/10.1007/bf00004815 1120 

Woodward, G., Ebenman, B., Emmerson, M., Montoya, J. M., Olesen, J. M., Valido, 1121 

A., & Warren, P. H. (2005). Body size in ecological networks. Trends in 1122 

Ecology & Evolution, 20(7), 402–409. 1123 

Yurk, J. J., & Ney, J. J. (1989). Phosphorus-Fish Community Biomass Relationships in 1124 

Southern Appalachian Reservoirs: Can Lakes be too Clean for Fish? Lake and 1125 

Reservoir Management, 5(2), 83–90. https://doi.org/10.1080/07438148909354402 1126 

https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7
https://www.zotero.org/google-docs/?dpgWG7

