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22 Abstract

23 We analysed data of a globally distributed model organism (brown trout) in an attempt to 

24 understand relationships among biogeography, prey communities and climate on diet 

25 composition at regional  spatial scales (Scandinavia), and thereafter explored whether diet 

26 patterns remained the same at global scales. At regional scales, we uncovered 

27 comprehensive patterns in diet composition among neighbouring freshwater ecoregions, 

28 with site-specific prey communities as the best predictor of the observed prey utilisation 

29 patterns. Thus, we posit that environmental gradients altering site-specific prey 

30 communities and consequently the trophic niche of the predator through bottom-up 

31 mechanisms are key in understanding spatial dietary patterns. Proximity was also important 

32 for the revealed biogeographic patterns at global scales. We suggest that geographic 

33 location (latitude and elevation) as a proxy of environmental heterogeneity is key at small 

34 spatial scales, and climate at global extents, to understand spatial dietary patterns. Our 

35 findings support the hypothesis that future shifts in prey communities due to climate change 

36 will strengthen biographical patterns in feeding of freshwater fishes, with consequences for 

37 invasiveness assessment and nature management and conservation.

38

39 Keywords: biogeographic patterns, climate change, freshwater ecoregions, global trophic 

40 ecology, macroecology, modelling
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41 Introduction

42 Knowledge of the feeding habits of fish populations is essential to understand its ecological 

43 role in food webs and their potential carrying capacity, which, in turn, is critical for the 

44 development of conservation and management plans (Teixeira and Cortes 2006). Most 

45 studies of trophic ecology focus on a specific geographic area (e.g. Jensen et al. 2008; 

46 Trystram et al. 2017; Mumby et al. 2018), whereas studies that integrate multiple factors 

47 such as climatic conditions and geographic regions to assess biogeographic (spatial sensu 

48 lato) feeding patterns on global scales are rare (e.g. Clavero et al. 2003; Lozano et al. 2006; 

49 Rheingantz et al. 2017). Because both temporal and spatial variations in site-specific prey 

50 communities likely shape foraging and diet composition of aquatic predators (e.g. Rader 

51 1997; Zhou et al. 2011; Baudrot et al. 2016, but see Van Ginderdeuren et al. 2014), 

52 biogeographic feeding patterns of animals can be strongly shaped by bottom-up 

53 mechanisms (i.e. through geographical differences in prey availability). Climatic conditions 

54 also have important influences on prey communities and predator–prey dynamics (e.g. 

55 Wilmers et al. 2007; Arbeiter et al. 2016). Thus, aquatic species that occupy a broad 

56 geographical range may be expected to show dietary differences that may reflect variation 

57 in environmental factors (e.g. Iriarte et al. 1990; Clavero et al. 2003; Papacostas and 

58 Freestone 2016). However, we know surprisingly little about how biogeography and 

59 predation can interact to influence trophic ecology and diet patterns of aquatic animals. 

60 This can be accomplished through comprehensive studies that consider feeding, prey 

61 communities and climate. Recent studies have highlighted the importance of climate 

62 seasonality for delineating biogeographic patterns in feeding of animals (Zhou et al. 2011; 

63 Rheingantz et al. 2017); demonstrating that diet breadth can be positively correlated with 

64 precipitation seasonality (Zhou et al. 2011) and temperature seasonality (Rheingantz et al. 
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65 2017) in mustelid species, but inversely correlated with latitude in temperate 

66 brachyuran crabs (Papacostas and Freestone 2016). Here, we empirically test the response 

67 of diet variation along biographical gradients of prey availability, climate and geographical 

68 location (latitude and elevation).

69

70 Most studies exploring biogeographic patterns in feeding of animals focus on 

71 homoeothermic animals (e.g. Clavero et al. 2003; Lozano et al. 2006; Rheingantz et al. 

72 2017), whereas less attention have been paid to poikilotherm animals (Griffiths 1994; 

73 Budy et al. 2013; Papacostas and Freestone 2016; Sánchez-Hernández and Amundsen 

74 2018). Ecological insights into the biogeographic patterns in feeding of aquatic predators 

75 have typically been reached by contrasting the spatial variation of piscivorous behaviour, 

76 where piscivory of both aquatic mammals and fishes is found to be more prevalent at 

77 higher latitudes (Griffiths 1994; Clavero et al. 2003). Among freshwater predators, brown 

78 trout (Salmo trutta Linnaeus, 1758) has a wide geographic distribution and has been 

79 considered as one of the world’s most invasive species (Lowe et al. 2000; Lobón-Cerviá 

80 and Sanz 2017). Brown trout is a cold-water species widely studied, being indigenous to 

81 Europe, North Africa and western Asia, but has been successfully introduced in many 

82 countries outside its native range (Lobón-Cerviá and Sanz 2017 and references therein). 

83 This wide geographic distribution facilitates the use of brown trout as a model species to 

84 explore global patterns in trophic ecology. Indeed, Budy et al. (2013) observed little 

85 variation in the diet of brown trout among geographic areas, but they found more frequent 

86 switches to piscivory in exotic territories. Here, we explore the specific association of key 

87 environmental and ecological variables with the diet composition of brown trout, 

88 hypothesising that both climatic conditions related to geography and biogeographical 
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89 constraints on the distribution of prey species are prime determinants for the dietary niche. 

90 Although the successful disentangling of patterns in diet composition of animals partly may 

91 depend on the taxonomic resolution of prey identification, we expected that the diet 

92 composition of brown trout would show major biogeographic patterns related to aspects of 

93 both latitudinal gradients and site-specific prey communities. The identification of such 

94 patterns will allow us to address the relationship between diet composition and 

95 environmental variables from a global biogeographical perspective. Based on the above 

96 considerations, we hypothesised that (H1) the diet composition will be more similar among 

97 similar geographic areas (here freshwater ecoregions as defined by Abell et al. 2008) such 

98 as Mediterranean ecoregions located in different parts of the world, whereas larger 

99 differences should occur among non-similar regions or between native and exotic 

100 territories; and (H2) site-specific prey communities will be associated with foraging and 

101 diet composition (Baudrot et al. 2016), and consequently, biogeographic patterns in 

102 feeding. Also, spatial differences in inherent food preferences of species can be expected to 

103 lead patterns in feeding (e.g. Sanford et al. 2003). Additionally, we hypothesised that (H3) 

104 climate factors may be important for the development of biogeographic feeding patterns of 

105 brown trout via alterations of site-specific prey communities, thereby activating bottom-up 

106 mechanisms that may influence the trophic ecology of the model species. A greater 

107 understanding of how environmental variables (latitude, geographic region, altitude and 

108 seasonality of rainfall and temperature) and ecological opportunity (i.e. prey availability) 

109 are associated with diet utilisation is pivotal for a holistic understanding of trophic ecology 

110 of fishes. This is key to improve our ability to predict how aquatic animals may be capable 

111 of adapting their diets to different climate scenarios under the ongoing climate changes.

112
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113 Methods

114 We explored dietary patterns using data for brown trout body size, prey community 

115 composition, climate, freshwater ecoregions and geographic coordinates (latitude and 

116 elevation) collected from 117 sampling events located across marked biogeographical 

117 gradients in Norway. Subsequently, we conducted a broad literature review compiling 

118 information from different regions of the species’ global distribution to evaluate whether 

119 the revealed dietary patterns remain the same at global scale.

120

121 Norwegian dataset: regional approach

122 We utilised a unique dataset of fish diet composition and prey community composition 

123 from sampling in seven Norwegian rivers (Altaelva, Beiarelva, Gaula, Klubbvasselva, 

124 Litjvasselva, Stjørdalselva and Reisa) located between 63°N to 69.9°N. Brown trout and 

125 Atlantic salmon (Salmo salar Linnaeus, 1758) are the dominant species in the fish 

126 community of the studied rivers. Other fish species, such as Arctic charr [Salvelinus alpinus 

127 (Linnaeus,1758)], European eel (Anguilla anguilla, Linnaeus, 1758), alpine bullhead 

128 (Cottus poecilopus Heckel, 1836), and three-spine stickleback (Gasterosteus aculeatus 

129 Linnaeus 1758), are also present in the river basins, but only sporadically found at the 

130 current study sites. The study included 117 sampling events between 1986 and 2004 

131 implemented during the ice-free season (May–November, but mainly carried out in summer 

132 as indicated in Appendix 1). At each sampling event, we recorded geographical coordinates 

133 (altitude, latitude and longitude) and collected fish and benthic invertebrates.

134

135 In order to avoid confounding effects of maturation and migratory behaviour between 

136 migratory (i.e. anadromous) and resident individuals within populations (e.g. Lobón-Cerviá 
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137 and Sanz 2017), we focused the current study on small fishes. Accordingly, we collected 

138 brown trout in riffle stretches of the rivers using portable backpack electrofishing gear, 

139 including 10401 resident individuals (fork length range: 24-226 mm) in total. We visually 

140 determined the percentage of total fullness, ranging from empty (0%) to full (100%). Next, 

141 we identified and grouped each prey item in 15 categories of prey taxa: (i) Copepoda, (ii) 

142 benthic Crustacea, (iii) Mollusca, (iv) Diptera larvae, (v) Trichoptera larvae, (vi) 

143 Megaloptera larvae, (vii) Coleoptera (both larvae and adults), (viii) Heteroptera, (ix) 

144 Ephemeroptera nymphs, (x) Plecoptera nymphs, (xi) Odonata nymphs, (xii) other benthic 

145 invertebrates (mostly Hydracarina, Oligochaeta, Turbellaria, Hirudinea) (xiii) surface prey 

146 (terrestrial arthropods and emerged aquatic insects), (xiv) Urodela, and (xv) fish. We 

147 estimated the volumetric contribution of each prey category to the total stomach fullness 

148 according to Amundsen et al. (1996), where the sum of all prey categories of a stomach 

149 meets the visually determined total fullness. Finally, we estimated the diet composition at 

150 the population level using relative prey abundance (Ai = (∑Si/∑St)*100, where Si is the 

151 stomach content composed of prey i, and St the total stomach content of all stomachs in the 

152 entire sample).

153

154 At each sampling event, we collected benthic invertebrates from riffles using a 0.15 m2 

155 Surber sampler (in 110 sampling events) or three parallel samples with kick-nets 

156 standardised by kicking for 3 minutes inside a metal frame defining 1.5×1.5 m of the 

157 bottom (in seven sampling events). We calculated relative abundance of benthic 

158 invertebrates according to the same taxonomic classifications as fish prey (see above). This 

159 enabled us to compare diet (stomach contents) and prey availability (benthic invertebrate 

160 communities) and study feeding selectivity of brown trout using Chesson’s index:
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161

162 𝑆 =  
𝑑𝑖 𝑏𝑖

∑𝑚
𝑗 = 1

𝑑𝑗 𝑏𝑗
, 𝑖 = 1,…,𝑚, 

163

164 where d and b are the relative abundance of each prey category in the diet and in the 

165 benthic invertebrate community, respectively. This index varies from zero (complete 

166 avoidance) to one (complete preference).

167

168 We further quantified the Shannon-Wiener’s diversity index as a proxy for the structural 

169 complexity of the benthic invertebrate community:

170

171 𝐻´ = ― ∑𝑝𝑖𝑙𝑜𝑔𝑖10𝑝𝑖

172

173 where pi is the proportion of species i in the benthic invertebrate samples. Unfortunately, no 

174 information is available about drift patterns or magnitude of terrestrial subsidies into the 

175 studied rivers. It should be noted that benthic communities may reflect spatial differences in 

176 the drift compositions among riverine systems as there is a positive relationship between 

177 benthic and drift invertebrates (e.g. Sagar and Glova 1992; Siler et al. 2001; Shearer et al. 

178 2003). Diptera (mainly Chironomidae), Ephemeroptera, Plecoptera and Trichoptera are 

179 commonly the most abundant drifting invertebrates over the ice-free season in Norwegian 

180 rivers (e.g. Johansen et al. 2000; Saltveit et al. 2001). Additionally, the contribution of 

181 terrestrial insects to the drift in Norwegian rivers may be very noteworthy from June to 
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182 October, with terrestrial insects being the largest drifting group in August (Johansen et al. 

183 2000).

184

185 Due to a lack of information regarding climate data for all the different study sites, we used 

186 information from Worldclim (http://www.worldclim.org/) to obtain representative 

187 environmental variables to address the possible effects of climate on the diet patterns of the 

188 model organism. Worldclim provides 19 bioclimatic variables, including minimum, mean, 

189 and maximum air temperature and precipitation for 1960-1990 (Hijmans et al. 2005) at a 

190 spatial resolution of about 1 km2. Although the climate data did not cover all the time 

191 period of the dietary data, we assumed Worldclim data were representative to explore 

192 climate effects on diet composition. In order to reduce the number of climate variables, and 

193 to avoid the likelihood of spurious correlations among them (Appendix 2), we selected 

194 seven climate variables likely to be a predictor of diet composition: (i) annual mean 

195 temperature, (ii) temperature seasonality (i.e. standard deviation*100), (iii) temperature 

196 annual range, (iv) max temperature of warmest month, (v) mean temperature of warmest 

197 quarter, (vi) annual precipitation and (vii) precipitation seasonality. We spatially matched 

198 climate data with fish data using the Point Sampling Tool plug-in of QGIS 2.16 (QGIS 

199 development team 2016).

200

201 For freshwater ecosystems, ecoregions have been delineated based on distributions and 

202 compositions of freshwater fish species (Abell et al. 2008). In this study, we assigned 

203 sampling sites to freshwater ecoregions on the basis of their coordinates to account for 

204 geographically-distinct assemblages of fish species (as a proxy of potential interspecific 

205 competition) and environmental conditions in the analyses.

Page 8 of 71

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

Canadian Journal of Fisheries and Aquatic Sciences
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

N
T

N
U

 U
N

IV
E

R
SI

T
E

T
SB

IB
L

. o
n 

02
/2

5/
19

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

http://www.worldclim.org/


Draft

10

206

207 The final dataset consisted of diet data (fifteen prey categories), body size (mean population 

208 values), prey availability data (benthic invertebrate fauna and Shannon-Wiener’s diversity 

209 index), climate data (the above five selected variables), freshwater ecoregion, and 

210 geographical coordinates (altitude, latitude and longitude).

211

212 Literature review: global approach

213 To complement the data from the sampled sites and cover a broader geographical territory 

214 than Norway, we performed an extensive literature review including worldwide studies on 

215 riverine brown trout to explore global patterns in feeding (a list of the data sources is found 

216 in Appendix 1). We used Web of Science® to search for studies using the key word 

217 ‘‘brown trout’’ in combination with “diet”, ‘‘feeding’’, “river”, “juvenile”, “summer” and 

218 ‘‘Salmo trutta’’. To match information from the primary data (i.e. the Norwegian sampling 

219 sites focussed on small fish sampled during the summer) and the published sources, and to 

220 avoid any bias from seasonal (e.g. Lagarrigue et al. 2002) and ontogenetic (e.g. Sánchez-

221 Hernández and Cobo 2018 and references therein) variations in brown trout feeding, we 

222 delimited the literature review to include a comparable size range of fish and seasonal range 

223 of sampling. Thus, the literature used in this study met the following criteria: the source 

224 contained information about (1) summer feeding (summer including the period from 

225 summer solstice to autumnal equinox, i.e. from June to September and from December to 

226 March in the Northern and Southern Hemispheres, respectively); and (2) diet composition 

227 of small fish (i.e., we selected information from studies of fish with fork length <200 mm 

228 or age ≤2 years, but excluded first feeding fry). Because of the difficulties associated with 

229 the compilation of a global dataset with standardised methods for stomach contents 
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230 analysis, we assumed studies to be mutually comparable regardless of method. The 

231 literature review included different measures of diet composition based on relative prey 

232 abundance in stomachs (mainly numerical, constituting 63.9% of the total). Additionally, 

233 we did not include several studies because their data was not available (e.g. they only 

234 presented the diet information in figures). Hence, this literature review did not include all 

235 published studies to date, but still covers five continents, enabling us to test our hypotheses 

236 on a global scale.

237

238 In cases of missing records of geographical coordinates (altitude, latitude and longitude) of 

239 the study area in a literature source, we digitalised the coordinates based upon assessments 

240 of location information or maps provided in the source. We compiled climate data and 

241 freshwater ecoregion assignation following the same procedure as previously described, but 

242 information about prey community (benthic invertebrates) and brown trout body size was 

243 not available for all the literature sources. Therefore, we did not perform the prey 

244 availability, body size and selectivity analyses for the global database. Finally, we 

245 combined our own primary data matrix (Norway dataset) with the literature review to 

246 generate a global dataset covering prey abundances, geographical coordinates, climate and 

247 freshwater ecoregion from 275 sampling events (including the 117 sampling events from 

248 the regional approach) carried out in 60 watercourses from 16 countries and five continents 

249 spanning 40.6°S to 69.9°N (Fig. 1).

250

251 Statistics

252 We used R 3.4.2 (R Core Team 2017) for statistical analyses and graphical outputs. 

253 Shapiro–Wilk tests indicated non-normality in the data. We used variance inflation factors 
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254 (VIF) to detect multicollinearity (correlation between predictors) between geographical 

255 variables (altitude and latitude) and climatic variables. Zuur et al. (2010) recommended VIF 

256 < 3 as an indicator of low evidence for collinearity. Accordingly, variables with VIF > 3 

257 were dropped in subsequent analyses.

258

259 We examined biogeographic patterns in diet composition using a hierarchical cluster 

260 analysis (i.e. dendrogram) with heatmaps through the “gplots” package (Warnes et al. 

261 2016). We determined the optimal number of clusters using the “factoextra” package 

262 (Kassambara and Mundt 2017) based on the K-means method with 999 bootstrap replicates 

263 (Monte Carlo resampling simulation). We performed the clustering using the Manhattan 

264 dissimilarity measure and Ward’s clustering algorithm (Strauss and von Maltitz 2017). We 

265 ran two clustering approaches based on (i) prey composition to assign groups of systems 

266 with similar prey composition (i.e. including all sampling events for each approach: nregional 

267 = 117 and nglobal = 275), and (ii) freshwater ecoregions to account for a biogeographic 

268 association based on the global dataset (i.e. including the 18 studied freshwater ecoregions). 

269 The combination (dendrogram with heatmaps) provides a colour-scaled representation of 

270 the dataset arranging groups (here sampling events or freshwater ecoregions and diet 

271 composition) in a hierarchy based on the dissimilarity among them. Two types of 

272 information can be inferred from plots combining dendrograms and heatmaps: (i) the 

273 dendrogram shows the dissimilarity among sampling events or freshwater ecoregions, 

274 where nodes represent the result of the clustering calculation, and (ii) the heatmap is a 

275 colour-scaled representation of the diet composition, in terms of mean prey abundance 

276 values (%) of prey categories, for each freshwater ecoregion or sampling event.

277
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278 We tested the association strength between prey categories and environmental variables 

279 using Pearson’s rank correlation. This analysis allowed a preliminary examination of 

280 whether environmental variables are associated with diet composition. Using previously 

281 described methods (O’Gorman et al. 2016), we adopted Chesson’s index in combination 

282 with Principal Coordinates Analysis (PCoA) and linear regression analyses to explore 

283 whether brown trout prefers to consume certain prey categories irrespective of 

284 environmental variables. We performed canonical correspondence analysis (CCA) using 

285 the “vegan” package (Oksanen et al. 2015) to examine the most important associations 

286 between diet data and environmental variables. In the resulting ordination diagram (CCA), 

287 groups of systems are represented by dots based on the identified hierarchical clustering 

288 with similar prey composition (hierarchical cluster analysis), using mean values for each 

289 identified group/cluster. Environmental variables are represented by arrows, with the length 

290 of the arrows indicating the importance of the variables. Additionally, we analysed the 

291 effect of environmental variables on the prey selectivity (PCoA) and diet composition 

292 (CCA) of brown trout using permutational multivariate analysis of variance 

293 (PERMANOVA) (O’Gorman et al. 2016).

294

295 In a first attempt to model the relation between diet and environmental conditions, we used 

296 the output of the nonmetric multidimensional scaling (NMDS) for a classification of groups 

297 of systems with similar prey composition (see first clustering described above). The 

298 rational is that the NMDS scores express the variation in diet composition and reduce diet 

299 information to one dependent variable, which was then modelled as a function of 

300 environmental variables. NMDS is appropriate at compressing the distance relationships 

301 among objects into a few dimensions (two-dimensional ordination space), and especially 
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302 when it can be assumed that there is no linear response between the dependent variable and 

303 environmental variables (see Ramette 2007 for further details). We obtained the NMDS 

304 output (here scores for NMDS of axis 1 or NMDS1) using the package “vegan”. Because 

305 our data did not meet normality, and hence the assumptions for linear regression models 

306 (Zuur et al. 2009), we employed generalised additive models (GAMs) with the automatic 

307 estimation of the amount of smoothing (REML) using the “mgcv” package (Wood 2015). 

308 We used the NMDS scores as the dependent variable and environmental variables as 

309 smoothed variables in GAM. Secondly, we tested for environmental impact on diet 

310 composition by regressing each prey category separately (i.e. one model for each of the 

311 fifteen prey categories including all sampling events), and adjusting for biogeographical 

312 effects by adding freshwater ecoregion as a random intercept in the model using 

313 generalised additive mixed models (GAMMs) with the “mgcv” package. The random part 

314 contains components that allow for heterogeneity (Zuur et al. 2009). Thus, by introducing 

315 freshwater ecoregion as a random factor, we modelled between-ecoregion variation in diet 

316 composition resulting from variables not considered in the current study such as e.g. habitat 

317 characteristics (slope, river width, habitat heterogeneity), spatial inherent food preferences 

318 and intra- and interspecific competition. To account for spatial autocorrelation and altitude 

319 effects not captured by climatic variables, we included coordinates of points and altitude as 

320 smoothed terms. In addition, we addressed the status (native or exotic) of the populations in 

321 our global models by including this covariate as a smoothed term. We performed model 

322 selection in GAMMs by model comparison using the “MuMIn” package (Bartoń 2016). 

323 Using a model selection method (Burnham and Anderson 2002), we ranked the candidate 

324 models according to the Akaike information criterion (AIC) using a delta AIC threshold of 

325 0 (i.e. the lowest AIC value and consequently the best model being the one with the lowest 
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326 AIC values). We visually inspected residuals of the final selected models for deviations 

327 from normality and heteroscedasticity (see Supporting information). We visually assessed 

328 the possible evidence of spatial correlation in residuals with the bubble function using the 

329 “sp” package (Pebesma and Bivand 2005) to examine if residuals showed a clear pattern 

330 with biogeography.

331

332 Results

333 Norwegian dataset: regional approach

334 Diptera (mean = 21.4%), Ephemeroptera (mean = 20.9%), surface prey (mean = 17.6%), 

335 Trichoptera (mean = 15.9%) and Plecoptera (mean = 15.2%) emerged as the primary 

336 dietary components of brown trout, with substantial variations within these taxa among 

337 sampling events (Fig. 2). Other prey categories were barely used as food, especially 

338 Heteroptera (mean = 0.04%), Megaloptera (mean = 0.07%) and Copepoda (mean = 0.19%), 

339 which were only consumed in two, three and eight populations, respectively. We identified 

340 five clusters with similar prey composition (Fig. 3), showing a great similarity dependence 

341 of Ephemeroptera, Plecoptera, surface prey, Diptera and Trichoptera (from first to fifth 

342 clusters, respectively; Fig. 4). The detailed differences in diets among the various clusters 

343 can be seen in Fig. 4.

344

345 All climatic variables were dropped in subsequent analyses because strong multicollinearity 

346 was found with annual mean temperature (VIF = 2326.09), temperature seasonality (VIF = 

347 62282.49), temperature annual range (VIF = 74818.01), max temperature of warmest month 

348 (VIF = 5717.73), mean temperature of warmest quarter (VIF = 4098.22), annual 

349 precipitation (VIF = 15.18) and precipitation seasonality (VIF = 48.72). The dietary 
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350 contribution of Diptera and Ephemeroptera was positively associated with their abundance 

351 in the environment (r = 0.31; p < 0.001 and r = 0.37; p < 0.001, respectively), whereas 

352 piscivory increased with latitude (r = 0.22; p = 0.016) and decreased with elevation (r = -

353 0.19; p = 0.034) (see Appendix 3.1 for identified significant correlations). According to the 

354 PCoA, elevation was strongly related with feeding selectivity of brown trout 

355 (PERMANOVA; p = 0.005). There was also a significant interaction between elevation and 

356 latitude (PERMANOVA; p = 0.003) and latitude and Shannon-Wiener’s index 

357 (PERMANOVA; p = 0.001). However, linear regression analysis indicated that brown trout 

358 ate some prey categories irrespective of environmental variables (Appendix 3.2), although 

359 with some exceptions such as Trichoptera (negatively linked to elevation), Coleoptera 

360 (positively linked to elevation) and the category “other benthic invertebrates” (negatively 

361 linked to latitude, but positively with elevation) (Fig. 5). The structure of the available prey 

362 community (measured as prey diversity) and latitude emerged as the most important 

363 environmental variables in the CCA ordination to understand the brown trout prey 

364 composition, with different associations (positive or negative) for each prey category (see 

365 Fig. 6). However, only latitude was statistically related with prey categories 

366 (PERMANOVA; p = 0.020).

367

368 The NMDS output (NMDS1, understood as scores expressing the variation in diet 

369 composition) increased with increasing prey diversity (Fig. 7 and Appendix 3.3). The 

370 smoothness of the curve showed an inverse quadratic association between diet composition 

371 and latitude. Models (GAMMs) for each prey category highlighted the importance of prey 

372 community composition (i.e. Crustacea, Mollusca, Diptera, Ephemeroptera and “other 

373 benthic invertebrates”) on the diet composition of brown trout (Table 1). Additionally, there 
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374 was a strong support for the best models to include geographical coordinates (present in 

375 five out of thirteen models) and body size (present in four out of thirteen models) as main 

376 effects. We observed a negative (Copepoda and Diptera) and positive (Trichoptera and 

377 Fish) allometry. According to the residuals, no evidence for violation of model assumptions 

378 were observed for the primary dietary components, but models seemed not to be reliable for 

379 uncommon prey categories such as Copepoda, Crustacea, Mollusca, Megaloptera and 

380 Heteroptera (Appendix 3.4). Taking Ephemeroptera as example, prey abundance and 

381 geographical coordinates emerged as the key variables to understand geographical patterns 

382 in the consumption of this food resource by brown trout (see Table 1 for variables with a 

383 significant impact on each prey category). Spatial patterns can be established for some prey 

384 categories; for example, residuals for “other benthic invertebrates” tended to be lowest in 

385 northern Norway, with brown trout barely feeding on them in this region (Appendix 3.5).

386

387 Literature review: global approach

388 The diet composition of brown trout showed large spatial variations (Fig. 2 and Appendix 

389 4.1). Ephemeroptera, Diptera, Trichoptera, Plecoptera and surface prey emerged as primary 

390 dietary components contributing 88.3% ± 16.1 to the diet (mean ± SD), with substantial 

391 variations among those taxa. We observed invasiveness (statistically higher abundance in 

392 exotic compared to native territories) only for three prey categories (Mollusca, Coleoptera 

393 and Ephemeroptera; Appendix 4.2). We revealed two distinct clusters of freshwater 

394 ecoregions relating to diet similarity (Fig. 8). One cluster (in blue) included freshwater 

395 ecoregions of the Iberian Peninsula (Western Iberia and Eastern Iberia), North America 

396 (Colorado and Middle Missouri), New Zealand and central Europe (Dniester–Lower 

397 Danube), whereas the other (in red) comprised a larger number of freshwater ecoregions 
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398 mostly located in western and northern Europe and the southern part of South America. The 

399 low abundance of surface prey and the high abundance of Ephemeroptera in one cluster 

400 (blue) seem to be responsible of the clustering. In the resulting dendrogram, proximity 

401 appears to be important for the revealed biogeographic patterns as high similarity in diet 

402 composition frequently was found among neighbouring freshwater ecoregions (e.g. 

403 Northern Baltic Drainages, Barents Sea Drainages and Central and Western Europe). 

404 However, high similarity in diet composition was also found between some pairs of 

405 distantly located freshwater ecoregions like e.g. Northern Baltic Drainages v. Valdivian 

406 Lakes, and Cantabric Coast–Languedoc v. South Andean Pacific Slopes (Fig. 8). The 

407 detailed differences in diets between the two identified clusters of the global approach can 

408 be seen in Fig. 4.

409

410 Multicollinearity was found between geographical variables and temperature seasonality, 

411 temperature annual range, max temperature of warmest month and mean temperature of 

412 warmest quarter (VIF = 18.97, 15.33, 10.93 and 9.20, respectively), but not for annual 

413 mean temperature, annual precipitation and precipitation seasonality (VIF = 2.96, 1.74 and 

414 1.04, respectively). The dietary contribution of Diptera was positively associated with 

415 elevation (r = 0.27; p < 0.001) and Plecoptera with latitude (r = 0.29; p < 0.001), whereas 

416 Crustacea, Mollusca and Odonata were more related to annual mean temperature (r = 0.29; 

417 p < 0.001, r = 0.29; p < 0.001 and r = 0.28; p < 0.001, respectively) (Appendix 4.3). The 

418 CCA, performed according to the assigned groups of systems with similar prey 

419 composition (see Appendix 4.4), showed that precipitation seasonality and annual mean 

420 temperature emerged as the most important environmental variables to understand the 

421 brown trout prey composition at the global scale, with annual mean temperature having just 
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422 a slight effect on prey composition (PERMANOVA; p = 0.050). The association (positive 

423 or negative) were different for each prey category according to the environmental variables 

424 (Appendix 4.5).

425

426 All included environmental variables were associated with diet composition in GAMs 

427 (Appendix 4.6). In most cases no clear patterns were identified, the NMDS output tended to 

428 decrease with increasing annual mean temperature and precipitation seasonality, but 

429 increased with elevation. We identified temperature (annual mean temperature, present in 

430 eight out of fifteen models) as a key driver to understand diet patterns of brown trout (Table 

431 2). For example, annual mean temperature had a significant negative association with the 

432 utilisation of Copepoda and Plecoptera, but a positive association with Crustacea and 

433 Mollusca. On the other hand, invasion status (native/exotic) received little support in our 

434 models (present in three out of fifteen models). According to the residuals, models for the 

435 primary dietary components captured the patterns in the data quite well and seem to be 

436 reliable despite a small amount of spatial autocorrelation in the residuals (Appendix 4.7). 

437 Spatial patterns can be established for some prey categories; for example, the highest 

438 residuals for Mollusca were located in the north of Iberian Peninsula and south of France 

439 (Cantabric Coast–Languedoc), with the relative abundance of Mollusca being highest in 

440 this region (Appendix 4.8).

441

442 Discussion

443 Our study provides a novel test to the prediction that environmental factors related to 

444 biogeography can be important for determining broad-scale patterns in feeding of 

445 freshwater fish species. Our findings are consistent with this prediction, documenting the 
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446 significance of site-specific prey community differences and environmental gradients 

447 related to temperature in underpinning broad-scale feeding patterns. Although the 

448 importance of site-specific prey communities and predator body size (as a proxy of 

449 ontogenetic mechanisms) was only tested and demonstrated at the regional scale (here 

450 represented by the Norwegian dataset), we confirmed that the importance of abiotic factors 

451 related with diet patterns can vary between the regional and global scale. Geographic 

452 location (latitude and elevation) was a reliable predictor at the regional level, whereas 

453 temperature per se (i.e. annual mean temperature) seemed to be more important at the 

454 global scale. Still, temperature needs to be acknowledged at the regional level, as we 

455 observed a strong multicollinearity between geographical and climatic variables. The 

456 influence of abiotic factors driving patterns in feeding can vary between a regional (here 

457 Norway) and a global scale, which is a matter that should be taken into consideration in 

458 future studies.

459

460 Our first hypothesis predicting that the diet composition would be more similar among 

461 comparable geographic areas (here freshwater ecoregions as defined by Abell et al. 2008) 

462 was partially supported. We identified compelling patterns in feeding among neighbouring 

463 freshwater ecoregions. This was exemplified when the Norwegian dataset is framed in a 

464 global framework, as brown trout populations inhabiting freshwater regions of Scandinavia 

465 showed similar diet compositions. Also, this similarity among nearby freshwater 

466 ecoregions was observed in South America and between British Isles and northern Europe 

467 (see Fig. 8). We accept the view that the importance of abiotic environmental conditions 

468 varies across a range of scales (from regional to global extents), with environmental 

469 heterogeneity (e.g. water quality, topography or land use) being more important at small 
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470 spatial scales, but climate at global extents (e.g. Stein et al. 2014 and references therein). In 

471 this study, variability of environmental variables is expected to be weaker at smaller spatial 

472 scales (here among neighbouring freshwater ecoregions) than at global scales (here among 

473 distant freshwater ecoregions). Thus, proximity, and thereby similarity in environmental 

474 conditions and aquatic invertebrate communities, may be a significant feature shaping the 

475 establishment of regional dietary patterns of brown trout as well as in other animal species 

476 with a broad geographic distribution. There are also ecological and environmental factors 

477 other than proximity which may be responsible for geographical diet patterns, given that 

478 high similarity in diet composition was found between some distantly located geographic 

479 regions. These factors include site-specific prey availability, ontogenetic mechanisms and 

480 factors not explored in the present study such as habitat heterogeneity, inter- and 

481 intraspecific competition and intrinsic features of the brown trout populations (e.g., 

482 evolutionary differences in food preferences and selection of the primary dietary 

483 components).

484

485 The identification of dietary patterns across larger spatial scales using freshwater 

486 ecoregions may be less accurate or incongruent in some cases as large differences in 

487 environmental variables may hamper broadscale dietary patterns. This can be exemplified 

488 from this study with the observed similarity between Europe (central and western) and 

489 South America (Patagonia), but not to Iberia. The observed similarities/dissimilarities 

490 between freshwater ecoregions of North America is another example; we identified 

491 similarity of freshwater ecoregions of North America (Colorado and Middle Missouri) with 

492 New Zealand and Iberia, but not with Laurentian Great Lakes (North America). From a 

493 simplistic perspective, this suggests that Abell et al. (2008)’s regionalisation, based on the 
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494 similarity of fish composition (as a proxy of interspecific competition), is not a reliable 

495 predictor to establish biogeographic patterns in feeding of freshwater fish species. On the 

496 other hand, climatic domains linked to broad geographic zones are probably responsible of 

497 large-scale patterns among distant freshwater ecoregions. Taking the above-mentioned 

498 example among Europe (central and western), South America (Patagonia), and Iberia; we 

499 posit that climate-latitude analogies among these geographic zones are the key responsible 

500 of such dietary patterns, with environmental heterogeneity most likely being more similar 

501 between Patagonia and central and western of Europe than with Iberia. Hence, our findings 

502 support the view that latitude (as a proxy of climate-related geographical variability) can be 

503 a key predictor of diet patterns in animals (e.g. Clavero et al. 2003; Lozano et al. 2006; 

504 Zhou et al. 2011; Papacostas and Freestone 2016). However, we identified that this 

505 association was not linear, as previously assumed. Additionally, some freshwater 

506 ecoregions are big, and locations within the same freshwater ecoregion may largely differ 

507 in environmental conditions (e.g. meso- and macro-scale environmental variables), 

508 competitive interactions and prey composition, and consequently in diet patterns. Thus, the 

509 same ecoregion can vary in its degree of homogeneity (ecoregion heterogeneity) regarding 

510 meaningful habitat and/or landscape-scale environmental variables (e.g. Hughes et al. 1994; 

511 Giakoumi et al. 2013), which may hinder the delineation of patterns (here feeding) related 

512 to ecoregion boundary. Yet, we confirmed that diet composition may converge 

513 geographically at larger scales; for example, there are similarities in the observed diet 

514 compositions between northern Europe and South America. That said, our expectation that 

515 the diet composition is related with environmental and ecological conditions resulting in 

516 large-scale biogeographic patterns is supported, with climate-related geographical 

517 variability being responsible for such patterns.
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518

519 This is also in agreement with Budy et al. (2013), who provided evidence of similarity in 

520 the diet of brown trout among geographic regions. Budy et al. (2013) observed that diets of 

521 brown trout in native habitats (Spain, Norway, Denmark) are dominated by invertebrates, 

522 whereas the proportion of piscivory is higher outside the natural native range (United States 

523 and New Zealand). Our findings do not support this view because piscivory was similar 

524 between native and exotic territories, but also tended to be higher in freshwater ecoregions 

525 of Scandinavia and northwest Russia than in the other studied freshwater ecoregions. 

526 Instead, we identified that non-native populations consumed a higher proportion of 

527 Mollusca, Coleoptera and Ephemeroptera. Thus, our results indicate that riverine brown 

528 trout could not function as an apex predator throughout the distribution range. As a caveat, 

529 caution should be exercised regarding this conclusion because our analyses did not include 

530 large brown trout. Our study also demonstrates that the diet composition may be notably 

531 different among distant freshwater ecoregions or regions belonging to different continents. 

532 That said, the explanation of dietary patterns across larger spatial scales need to be placed 

533 into a broader context taking into account climatic domains and environmental 

534 heterogeneity (e.g. Hughes et al. 1994; Giakoumi et al. 2013; Stein et al. 2014). We suggest 

535 that geographic location (latitude and elevation) as a proxy of environmental heterogeneity 

536 is more important at smaller spatial scales, and climate at global extents, to understand 

537 spatial patterns in feeding of aquatic organisms.

538

539 Our second hypothesis (site-specific prey communities will be associated with the diet 

540 composition and biogeographic patterns in feeding) was partially supported. We argue that 

541 variations in the diet of freshwater fish species can largely be explained by differences in 
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542 prey communities among geographic areas, suggesting the presence of bottom-up 

543 mechanisms directly affecting the trophic niche of the predator. Differences in prey 

544 communities based on environmental gradients lead to direct consequences for the niche 

545 use of brown trout. This premise is supported by the selectivity analyses indicating brown 

546 trout consumed specific prey resources (e.g. Ephemeroptera, Diptera or Plecoptera) 

547 irrespective of water temperature, altitude, or other environmental variables, although with 

548 some minor exceptions for a few other prey categories. We posit that patterns of diet 

549 composition are caused by differences in the importance of some groups within the 

550 available prey community. In fact, we identified five prey categories (Ephemeroptera, 

551 Diptera, Trichoptera, Plecoptera and surface prey) as the primary dietary components for 

552 brown trout, and these may also constitute the principal food resources inducing consistent 

553 biogeographic patterns in prey utilisation. These key dietary components of brown trout are 

554 abundant and widely found in riverine systems across the globe (Balian et al. 2008), often 

555 constituting important energy sources for fish (Cobo et al. 2000). However, the conclusion 

556 of this study about the importance of site-specific prey communities on biogeographic 

557 patterns in feeding should be treated with caution as it relies on a specific geographic zone 

558 (Norway), and more studies would be needed to corroborate or refute this at larger spatial 

559 scales.

560

561 Our third hypothesis (climatic factors may be responsible for the development of 

562 biogeographic feeding patterns of the model species) was only partially supported, likely 

563 because the effects of climate seem to be masked by the strong impact of the site-specific 

564 prey community compositions. Still, temperature gradients need to be acknowledged to 

565 understand the establishment of global biogeographic patterns in trophic ecology of brown 
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566 trout; most likely, because the distribution and abundance patterns of many aquatic insects, 

567 particularly those with narrower temperature limits for survival than brown trout, are highly 

568 linked to water temperature (e.g. Jeffree and Jeffree 1994; Bhowmik and Schäfer 2015). 

569 Our study provides novel insights into the importance of site-specific prey communities 

570 and temperature as key factors for the establishment and understanding of biogeographic 

571 patterns in the feeding of freshwater fish species. Previous studies have exemplified the 

572 influence of temperature on foraging habits of fish (O’Gorman et al. 2016) and temperature 

573 seasonality on the diet breadth of otters (Rheingantz et al. 2017) and on the proportion of 

574 fruit in the diet of monkeys (Coleman and Hill 2014). Similarly, our study supports the 

575 view that temperature and rainfall seasonality (i.e. climate-related seasonal differences 

576 among regions) are predictors of the diet composition of freshwater fish species. For 

577 example, the availability of pulsed terrestrial resources occurs primarily during summer, 

578 when aquatic invertebrate biomass usually is low (Nakano and Murakami 2001). Thus, diet 

579 patterns might change with seasonality, but always in line with considerations about 

580 climate-related geographical variability as exposed earlier.

581

582 This study also reveals an inverse association between mean annual temperature and the 

583 global dietary contribution of Copepoda, Ephemeroptera and Plecoptera, whereas there was 

584 a positive association with Crustacea, Mollusca, Megaloptera and Urodela. Concerning the 

585 primary dietary components of brown trout, different consequences of global warming are 

586 expected; Ephemeroptera, Diptera, Trichoptera and Plecoptera being negatively affected 

587 (Li et al. 2014; Bhowmik and Schäfer 2015) and surface prey being positively affected 

588 (Hannesdóttir et al. 2013; O’Gorman 2016). Moreover, stream insect communities are 

589 expected to become more homogeneous under global warming (Li et al. 2014), a fact that 
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590 would lead to more consistent patterns in trophic ecology of fish species with important 

591 consequences for niche utilisation and resource partitioning by competing consumers (e.g. 

592 Schoener 1974). Climate-driven diet changes are thus likely to lead biogeographical 

593 patterns and increasing importance of terrestrial subsidies in the future.

594

595 To conclude, our results highlight the importance of a multiscale perspective for a complete 

596 understanding of the environmental factors delineating diet patterns in freshwater fish 

597 species. We outlined how diet composition and biogeographic patterns in feeding of 

598 freshwater fish species can be explained by site-specific prey community structures and 

599 environmental gradients related to temperature via a bottom-up mechanism. Given that 

600 diversity loss will occur globally within many aquatic macroinvertebrate taxa under global 

601 warming, future climate-driven changes in the prey community structure through 

602 homogenisation are likely to strengthen biogeographic patterns in feeding (i.e. similar diets 

603 irrespective of local region), with possible consequences for invasiveness assessment and 

604 nature management and conservation.

605
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782 Figure legends

783 Fig. 1. World map showing the location of the sampling sites used in this study (brown 

784 trout feeding) and annual mean temperature (ºC).

785

786 Fig. 2. Abundance (%) of the primary dietary components for brown trout (Ephemeroptera, 

787 Diptera, Trichoptera, Plecoptera and surface prey). Data are displayed regionally (Norway, 

788 including 117 sampling events) and globally (including 275 sampling events). Dots 

789 overlaying each other indicate several sampling sites. Further details on the abundance of 

790 the remaining eleven ten categories (Copepoda, Crustacea, Mollusca, Megaloptera, 

791 Coleoptera, Heteroptera, Odonata, other benthic invertebrates, Urodela and fish) are 

792 presented in supporting information (Appendix 4.1).

793

794 Fig 3. A. Hierarchical cluster analysis with heatmaps on diet composition of brown trout 

795 associated with sampling events for the regional approach (Norway dataset). The five 

796 dashed squares show the optimal number of clusters (also indicated by different colours). 

797 Urodela and Odonata were not found in the stomach contents. B. Based on hierarchical 

798 clustering, the five main clusters mapped for each freshwater ecoregion. The numbers are 

799 references to the ecoregion ID given in Abell et al. (2008): Northern Baltic Drainages 

800 (405), Northern Baltic Drainages (406) and Barents Sea Drainages (407). Dots overlaying 

801 each other indicate several sampling sites.

802

803 Fig. 4. Violin plots showing the distribution of the data (percentage of abundance of 

804 different prey categories of brown trout) and its probability density. Data are displayed 

805 regionally (R, including 117 sampling events in Norgay) and globally (G, including 275 
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806 sampling events). The clusters for each approach (regional and global) are represented with 

807 a number and include the same colour as Fig. 3 and Fig. 8. The boxplot within each violin 

808 plot indicates the median and the interquartile range with the 95% confidence interval for 

809 the median. R = regional and G = global.

810

811 Fig. 5. Selectivity (Chesson’s index) in the feeding of brown trout on the statistically 

812 significant prey categories (see Appendix 3.2 for linear regression statistics) for the regional 

813 approach (Norway dataset). Note that Chesson’s index is based on proportional data, so no 

814 units are displayed. Significant linear trends with 95% confidence limits are shown.

815

816 Fig. 6. Canonical correspondence analysis (CCA) plot based on diet composition and 

817 environmental variables (latitude, elevation and Shannon-Wiener’s diversity index) for the 

818 regional approach (Norway dataset). The five groups correspond with the identified clusters 

819 of Fig. 3.

820

821 Fig. 7. Generalised additive models (GAMs) explaining the association between diet 

822 composition (NMDS1) of brown trout and the environmental variables for the regional 

823 approach (Norway dataset). Observed data (open circles) and fitted values to the smoothing 

824 curve (red line) with 95% confidence bands (broken black line). Shannon and Latitude were 

825 only significant predictors.

826

827 Fig. 8. A. Hierarchical cluster analysis with heatmaps on global diet composition of brown 

828 trout associated with freshwater ecoregions. The dendrogram shows the dissimilarity in diet 

829 composition of brown trout among freshwater ecoregions. The heatmap is a colour-scaled 
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830 representation of the diet composition of brown trout for each freshwater ecoregion. B. 

831 Based on hierarchical clustering, the two main clusters (blue and red) mapped for each 

832 freshwater ecoregion. The numbers are references to the ecoregion ID given in Abell et al. 

833 (2008): Laurentian Great Lakes (116), Colorado (130), Middle Missouri (143), South 

834 Andean Pacific Slopes (341), Patagonia (348), Valdivian Lakes (349), Northern British 

835 Isles (402), Cantabric Coast–Languedoc (403), Central and Western Europe (404), 

836 Northern Baltic Drainages (405), Northern Baltic Drainages (406), Barents Sea Drainages 

837 (407), Lake Onega–Lake Ladoga (409), Western Iberia (412), Eastern Iberia (414), 

838 Dniester–Lower Danube (418), Western Transcaucasia (433) and New Zealand (811).

839
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840 Tables

841 Table 1. Summary table of the best model simulations for each prey category according to 

842 AIC values for the regional approach (Norway dataset). The parametric coefficients with 

843 significance values are given for each variable. Body size (mean values), prey diversity 

844 (Shannon = Shannon’s diversity index) and prey abundance. Prey abundance refers to the 

845 specific relative prey abundance for each prey category (i.e. Trichoptera, Ephemeroptera, 

846 Plecoptera, etc). ***p < 0.001, **p < 0.01 and *p < 0.05. Some prey categories (Odonata 

847 and Urodela) were not found in the stomach contents and no information about prey 

848 abundance was available for surface prey and fish (NA). Significant effect of the smooth 

849 term (+).

Predictor variables Smooth terms Model fit
Variable Intercept

Body size Shannon Prey abundance Geographical coordinates Elevation R2 (adjusted)

Copepoda 1.406** -0.015** – – – +*** 0.12

Crustacea 0.019 – – 0.122*** – +* 0.11

Mollusca 0.050 – – 0.436*** – – 0.19

Diptera 32.218*** -0.258*** – 0.279*** – – 0.16

Trichoptera 1.279 0.211*** – – +** – 0.19

Megaloptera 0.065 – – – – +** 0.05

Coleoptera 1.217 – – – – + 0.03

Heteroptera -0.081 – – 0.095 – – 0.01

Ephemeroptera 13.517*** – – 0.215** +*** – 0.29

Plecoptera 13.160*** – – 0.156 +** – 0.10

Other benthos 8.430** – -4.571* 0.366*** +* – 0.19

Surface prey 17.635 – – NA +*** – 0.29

Fish -2.545* 0.041** – NA +*** +*** 0.24

850
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851 Table 2. Summary table of the best model simulations for each prey category according to 

852 AIC values for the global approach (worldwide dataset). The parametric coefficients with 

853 significance values are given for each variable. Annual mean temperature (BIO1), annual 

854 precipitation (BIO12) and precipitation seasonality (BIO15). ***p < 0.001, **p < 0.01 and 

855 *p < 0.05. Significant effect of the smooth term (+).

856

Predictor variables Smooth terms Model fit

Variable Intercept
BIO1 BIO12 BIO15

Geographical 

coordinates
Elevation

Status 

(native/exotic)
R2 (adjusted)

Copepoda 5.549* -0.104*** -0.005*** 0.247*** – – – 0.09

Crustacea 4.825 0.109* – -0.260 +*** – – 0.44

Mollusca 3.998 – 0.002** -0.175*** – +*** +*** 0.35

Diptera 18.795* – – – – +*** +* 0.08

Trichoptera 82.572 – – 0.286 +*** – +** 0.30

Megaloptera 0.287 0.001 – – – – – 0.01

Coleoptera 3.669** – – -0.067 – – – 0.01

Heteroptera -0.227 – – 0.014* – – – 0.01

Ephemeroptera 22.798*** -0.043 0.006 – – – – 0.04

Plecoptera 3.206 -0.101*** 0.009*** – – – – 0.16

Odonata -0.681*** 0.002 – 0.027*** +* – – 0.23

Other benthos -1.014 – 0.003 – – – – 0.09

Surface prey 17.330*** – – – +*** – – 0.31

Urodela -0.003* 0.001 – 0.001 – – – 0.02

Fish 0.899** -0.006 – – – – – 0.01

857
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Fig. 1. World map showing the location of the sampling sites used in this study (brown trout feeding) and 
annual mean temperature (ºC). 
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Fig. 2. Abundance (%) of the primary dietary components for brown trout (Ephemeroptera, Diptera, 
Trichoptera, Plecoptera and surface prey). Data are displayed regionally (Norway, including 117 sampling 

events) and globally (including 275 sampling events). Dots overlaying each other indicate several sampling 
sites. Further details on the abundance of the remaining eleven ten categories (Copepoda, Crustacea, 

Mollusca, Megaloptera, Coleoptera, Heteroptera, Odonata, other benthic invertebrates, Urodela and fish) are 
presented in supporting information (Appendix S4.1). 
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Fig 3. A. Hierarchical cluster analysis with heatmaps on diet composition of brown trout associated with 
sampling events for the regional approach (Norway dataset). The five dashed squares show the optimal 

number of clusters (also indicated by different colours). Urodela and Odonata were not found in the stomach 
contents. B. Based on hierarchical clustering, the five main clusters mapped for each freshwater ecoregion. 

The numbers are references to the ecoregion ID given in Abell et al. (2008): Northern Baltic Drainages 
(405), Northern Baltic Drainages (406) and Barents Sea Drainages (407). Dots overlaying each other 

indicate several sampling sites. 
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Fig. 4. Violin plots showing the distribution of the data (percentage of abundance of different prey categories 
of brown trout) and its probability density. Data are displayed regionally (R, including 117 sampling events 
in Norgay) and globally (G, including 275 sampling events). The clusters for each approach (regional and 

global) are represented with a number and include the same colour as Fig. 3 and Fig. 8. The boxplot within 
each violin plot indicates the median and the interquartile range with the 95% confidence interval for the 

median. R = regional and G = global. 
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Fig. 5. Selectivity (Chesson’s index) in the feeding of brown trout on the statistically significant prey 
categories (see Appendix S3.2 for linear regression statistics) for the regional approach (Norway dataset). 
Note that Chesson’s index is based on proportional data, so no units are displayed. Significant linear trends 

with 95% confidence limits are shown. 
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Fig. 6. Canonical correspondence analysis (CCA) plot based on diet composition and environmental variables 
(latitude, elevation and Shannon-Wiener’s diversity index) for the regional approach (Norway dataset). The 

five groups correspond with the identified clusters of Fig. 3. 
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Fig. 7. Generalised additive models (GAMs) explaining the association between diet composition (NMDS1) of 
brown trout and the environmental variables for the regional approach (Norway dataset). Observed data 

(open circles) and fitted values to the smoothing curve (red line) with 95% confidence bands (broken black 
line). Shannon and Latitude were only significant predictors. 
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Fig. 8. A. Hierarchical cluster analysis with heatmaps on global diet composition of brown trout associated 
with freshwater ecoregions. The dendrogram shows the dissimilarity in diet composition of brown trout 
among freshwater ecoregions. The heatmap is a colour-scaled representation of the diet composition of 

brown trout for each freshwater ecoregion. B. Based on hierarchical clustering, the two main clusters (blue 
and red) mapped for each freshwater ecoregion. The numbers are references to the ecoregion ID given in 
Abell et al. (2008): Laurentian Great Lakes (116), Colorado (130), Middle Missouri (143), South Andean 

Pacific Slopes (341), Patagonia (348), Valdivian Lakes (349), Northern British Isles (402), Cantabric Coast–
Languedoc (403), Central and Western Europe (404), Northern Baltic Drainages (405), Northern Baltic 
Drainages (406), Barents Sea Drainages (407), Lake Onega–Lake Ladoga (409), Western Iberia (412), 

Eastern Iberia (414), Dniester–Lower Danube (418), Western Transcaucasia (433) and New Zealand (811). 
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1 

Appendix material to 'Drivers of diet patterns in 

a globally distributed freshwater fish species' 

 

Javier Sánchez-Hernández, Anders G. Finstad, Jo Vegar Arnekleiv, Gaute Kjærstad and 

Per-Arne Amundsen 

 

 

List of items in the appendix material: 

-Appendix 1. Information about the sampling sites from the Norwegian water courses 

and the literature review (including the full reference list). 

-Appendix 2. Correlation among the bioclim variables. 

-Appendix 3. Extended output and additional analyses focus on Norway (regional 

approach), including residual plots for the modelling (both generalised additive models 

– GAMs and generalised additive mixed models – GAMMs). 

3.1: Correlation plot. 

3.2: Brown trout selectivity (PCoA and linear regression analysis). 

3.3: Generalised additive models (GAMs). 

3.4: Residual structure (GAMMs). 

3.5: Spatial correlation (GAMMs). 

-Appendix 4. Extended output and additional analyses for the global approach 

(worldwide), including residual plots for the modelling (both generalised additive 

models – GAMs and generalised additive mixed models – GAMMs). 

4.1: Prey abundance (%). 

4.2: Differences in prey abundance (%) between native and exotic populations. 

4.3: Correlation plot. 

4.4: Hierarchical cluster analysis. 

4.5: Canonical correspondence analysis (CCA). 

4.6: Generalised additive models (GAMs). 

4.7: Residual structure (GAMMs). 

4.8: Spatial correlation (GAMMs).  
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2 

-Appendix 1. Information about the sampling sites from the Norwegian water courses 

and the literature review (including the full reference list). 

 

This appendix includes information about the sampling sites from the 

Norwegian water courses (Table A1) and the literature review (Table A2). 

 

Table A1. Information about the sampling sites from the Norwegian water courses (regional approach). 

Code River Country Freshwater ecoregion Latitude Longitude Elevation (m) Date Sample size (n) Mean length (mm) Shannon index (benthos) Dominant prey Cluster 

1 Altaelva Norway 407 69.91 23.28 12 02/05/1994 9 81.9 1.01 Ephemeroptera 1 

2 Altaelva Norway 407 69.91 23.28 12 10/09/1996 14 78.3 1.22 Plecoptera 2 

3 Altaelva Norway 407 69.91 23.28 12 12/08/1996 8 54.8 0.86 Diptera 4 

4 Altaelva Norway 407 69.91 23.28 12 15/08/1994 5 80.4 1.49 Diptera 4 

5 Altaelva Norway 407 69.91 23.28 12 21/09/2001 5 74.2 1.72 Diptera 4 

6 Altaelva Norway 407 69.91 23.28 13 26/07/1995 5 99.3 1.48 Diptera 4 

7 Beiarelva Norway 405 67.00 14.62 7 04/09/1990 119 74.9 1.22 Trichoptera 5 

8 Beiarelva Norway 405 67.00 14.62 7 04/10/1990 24 84.7 1.07 Ephemeroptera 2 

9 Beiarelva Norway 405 66.84 14.67 119 04/10/1990 26 88.7 1.10 Ephemeroptera 5 

10 Beiarelva Norway 405 66.78 14.60 117 04/10/1990 28 104.3 1.02 Ephemeroptera 1 

11 Beiarelva Norway 405 66.78 14.60 117 05/08/1990 89 82.5 1.01 Trichoptera 4 

12 Beiarelva Norway 405 66.84 14.67 119 05/09/1990 107 78.5 0.99 Trichoptera 5 

13 Beiarelva Norway 405 67.00 14.62 7 06/06/1990 27 88.9 1.61 Ephemeroptera 1 

14 Beiarelva Norway 405 67.00 14.62 7 06/08/1990 95 73.0 1.48 Trichoptera 5 

15 Beiarelva Norway 405 67.00 14.62 7 08/09/1992 135 63.1 1.49 Plecoptera 5 

16 Beiarelva Norway 405 66.84 14.67 119 08/09/1992 105 62.5 1.19 Diptera 5 

17 Beiarelva Norway 405 66.78 14.60 117 09/09/1992 81 61.3 1.21 Ephemeroptera 1 

18 Beiarelva Norway 405 67.00 14.62 7 13/08/1991 115 71.9 1.35 Diptera 5 

19 Beiarelva Norway 405 66.78 14.60 117 13/08/1991 9 45.8 0.89 Diptera 4 

20 Beiarelva Norway 405 66.84 14.67 119 14/08/1991 108 71.8 1.26 Diptera 4 

21 Beiarelva Norway 405 66.78 14.60 117 14/08/1991 120 76.6 0.89 Diptera 4 

22 Beiarelva Norway 405 66.84 14.67 119 17/10/1989 145 90.7 1.34 Ephemeroptera 2 

23 Beiarelva Norway 405 67.00 14.62 7 18/10/1989 134 81.7 1.44 Ephemeroptera 1 

24 Beiarelva Norway 405 66.78 14.60 117 18/10/1989 91 91.8 0.52 Ephemeroptera 1 

25 Beiarelva Norway 405 66.84 14.67 119 19/08/1992 79 63.6 1.05 Diptera 5 

26 Beiarelva Norway 405 67.00 14.62 7 20/08/1992 138 63.6 1.08 Diptera 4 

27 Beiarelva Norway 405 66.78 14.60 117 20/08/1992 101 60.4 0.77 Ephemeroptera 5 

28 Beiarelva Norway 405 67.00 14.62 7 21/04/1990 102 72.9 1.02 Plecoptera 2 

29 Beiarelva Norway 405 66.84 14.67 119 21/04/1990 88 92.7 1.19 Plecoptera 2 

30 Beiarelva Norway 405 66.78 14.60 117 22/04/1990 64 100.5 0.00 Plecoptera 2 

31 Beiarelva Norway 405 67.00 14.62 7 23/06/1992 66 62.9 1.40 Ephemeroptera 1 

32 Beiarelva Norway 405 66.84 14.67 119 23/06/1992 26 62.5 1.49 Ephemeroptera 1 

33 Beiarelva Norway 405 66.78 14.60 117 23/06/1992 20 62.3 1.29 Ephemeroptera 1 

34 Beiarelva Norway 405 67.00 14.62 7 24/04/1991 33 83.8 1.04 Ephemeroptera 1 

35 Beiarelva Norway 405 66.84 14.67 119 24/04/1991 34 100.7 1.09 Ephemeroptera 2 

36 Beiarelva Norway 405 66.78 14.60 117 24/04/1991 49 95.8 0.90 Plecoptera 2 

37 Beiarelva Norway 405 67.00 14.62 7 26/04/1989 96 68.9 0.96 Plecoptera 4 

38 Beiarelva Norway 405 66.84 14.67 119 26/04/1989 67 88.5 1.26 Trichoptera 5 

39 Beiarelva Norway 405 66.78 14.60 117 26/04/1989 48 98.4 1.11 Plecoptera 2 

40 Beiarelva Norway 405 66.84 14.67 119 29/04/1992 59 87.5 1.12 Plecoptera 2 

41 Beiarelva Norway 405 66.78 14.60 117 29/04/1992 42 99.1 1.31 Ephemeroptera 2 

42 Beiarelva Norway 405 66.78 14.60 117 29/07/1989 82 88.5 1.24 Ephemeroptera 5 

43 Beiarelva Norway 405 67.00 14.62 7 30/04/1992 52 64.5 1.12 Plecoptera 2 

44 Beiarelva Norway 405 67.00 14.62 7 30/07/1989 113 81.2 0.94 Ephemeroptera 5 

45 Beiarelva Norway 405 66.78 14.60 117 31/07/1989 17 68.6 1.24 Ephemeroptera 4 

46 Gaula Norway 405 63.05 10.30 64 20/10/1989 17 46.9 0.39 Surface prey 3 

47 Gaula Norway 405 63.06 10.30 199 20/10/1989 5 47.1 1.21 Surface prey 3 

48 Gaula Norway 405 63.05 10.30 64 25/08/1988 8 69.0 1.42 Diptera 4 

49 Gaula Norway 405 63.06 10.30 199 25/08/1988 5 66.4 1.37 Surface prey 3 

50 Gaula Norway 405 63.05 10.30 64 29/08/1989 18 44.6 1.05 Diptera 4 

51 Gaula Norway 405 63.06 10.30 199 29/08/1989 10 44.9 1.75 Surface prey 4 

52 Gaula Norway 405 63.05 10.30 64 30/06/1988 12 59.1 1.89 Ephemeroptera 5 

53 Gaula Norway 405 63.06 10.30 199 30/06/1988 10 40.2 1.86 Ephemeroptera 4 

54 Klubbvasselva Norway 406 65.70 13.20 74 03/10/1990 20 97.6 1.22 Ephemeroptera 5 

55 Klubbvasselva Norway 406 65.72 13.19 168 03/10/1990 68 83.5 0.83 Plecoptera 2 

56 Klubbvasselva Norway 406 65.70 13.20 74 04/08/1988 11 87.4 1.78 Other benthos 5 

57 Klubbvasselva Norway 406 65.70 13.20 106 04/08/1988 54 86.9 1.56 Surface prey 5 

58 Klubbvasselva Norway 406 65.71 13.20 149 04/08/1988 16 48.7 1.86 Surface prey 4 

59 Klubbvasselva Norway 406 65.72 13.19 146 05/08/1988 12 86.2 1.61 Surface prey 3 

60 Klubbvasselva Norway 406 65.72 13.19 168 05/08/1988 62 61.6 1.48 Diptera 4 

61 Klubbvasselva Norway 406 65.70 13.20 74 08/06/1990 9 70.2 1.15 Plecoptera 2 

62 Klubbvasselva Norway 406 65.72 13.19 168 08/06/1990 21 57.3 1.36 Plecoptera 2 

63 Klubbvasselva Norway 406 65.70 13.20 74 08/08/1991 6 104.1 1.52 Surface prey 3 

64 Klubbvasselva Norway 406 65.70 13.20 106 08/08/1991 47 81.8 1.52 Diptera 4 
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65 Klubbvasselva Norway 406 65.71 13.20 149 09/08/1991 24 51.3 1.62 Diptera 4 

66 Klubbvasselva Norway 406 65.72 13.19 146 09/08/1991 33 48.2 1.48 Diptera 4 

67 Klubbvasselva Norway 406 65.70 13.20 74 10/08/1989 16 64.3 1.96 Surface prey 5 

68 Klubbvasselva Norway 406 65.70 13.20 106 10/08/1989 11 86.6 1.87 Surface prey 3 

69 Klubbvasselva Norway 406 65.72 13.19 146 10/08/1992 11 89.2 0.65 Ephemeroptera 5 

70 Klubbvasselva Norway 406 65.72 13.19 168 10/08/1992 51 96.1 1.22 Diptera 4 

71 Klubbvasselva Norway 406 65.72 13.19 146 11/08/1989 5 59.9 1.81 Surface prey 3 

72 Klubbvasselva Norway 406 65.72 13.19 168 11/08/1989 47 60.2 1.78 Ephemeroptera 5 

73 Klubbvasselva Norway 406 65.70 13.20 74 11/08/1992 6 98.7 1.49 Surface prey 5 

74 Klubbvasselva Norway 406 65.70 13.20 106 11/08/1992 30 93.9 1.50 Diptera 5 

75 Klubbvasselva Norway 406 65.70 13.20 74 12/10/1989 14 82.3 1.10 Trichoptera 5 

76 Klubbvasselva Norway 406 65.72 13.19 168 12/10/1989 26 55.7 1.39 Trichoptera 5 

77 Klubbvasselva Norway 406 65.70 13.20 74 14/10/1992 17 95.3 1.44 Trichoptera 5 

78 Klubbvasselva Norway 406 65.72 13.19 168 14/10/1992 33 96.4 1.08 Plecoptera 2 

79 Klubbvasselva Norway 406 65.70 13.20 74 15/08/1990 14 85.6 1.52 Other benthos 5 

80 Klubbvasselva Norway 406 65.70 13.20 106 15/08/1990 29 88.3 1.52 Diptera 5 

81 Klubbvasselva Norway 406 65.70 13.20 74 15/10/1991 19 93.2 1.22 Ephemeroptera 1 

82 Klubbvasselva Norway 406 65.72 13.19 168 15/10/1991 28 103.8 0.99 Plecoptera 2 

83 Klubbvasselva Norway 406 65.71 13.20 149 16/08/1990 7 68.3 1.62 Diptera 5 

84 Klubbvasselva Norway 406 65.72 13.19 146 16/08/1990 14 77.0 1.74 Surface prey 3 

85 Klubbvasselva Norway 406 65.70 13.20 74 25/06/1991 6 96.7 1.29 Trichoptera 5 

86 Klubbvasselva Norway 406 65.72 13.19 168 25/06/1991 7 91.4 1.59 Trichoptera 4 

87 Klubbvasselva Norway 406 65.70 13.20 74 25/06/1992 11 89.2 1.63 Ephemeroptera 5 

88 Klubbvasselva Norway 406 65.72 13.19 168 25/06/1992 21 86.6 1.51 Ephemeroptera 5 

89 Litjvasselva Norway 406 65.55 13.65 352 03/08/1988 8 90.3 1.30 Surface prey 3 

90 Litjvasselva Norway 406 65.58 13.74 468 05/09/1990 5 84.6 0.80 Plecoptera 2 

91 Litjvasselva Norway 406 65.58 13.74 438 06/08/1991 19 79.7 1.24 Diptera 4 

92 Litjvasselva Norway 406 65.55 13.65 352 07/08/1991 88 71.0 1.59 Diptera 4 

93 Litjvasselva Norway 406 65.58 13.74 438 08/08/1989 6 128.5 0.90 Diptera 4 

94 Litjvasselva Norway 406 65.58 13.74 468 08/08/1989 5 125.0 1.07 Surface prey 3 

95 Litjvasselva Norway 406 65.53 13.61 233 09/08/1989 9 135.5 1.95 Ephemeroptera 5 

96 Litjvasselva Norway 406 65.55 13.65 352 09/08/1989 16 114.9 1.78 Ephemeroptera 5 

97 Litjvasselva Norway 406 65.58 13.74 438 10/08/1992 5 106.4 1.54 Surface prey 5 

98 Litjvasselva Norway 406 65.58 13.74 468 10/08/1992 9 125.6 1.64 Trichoptera 5 

99 Litjvasselva Norway 406 65.58 13.74 468 11/10/1989 5 148.2 0.62 Trichoptera 5 

100 Litjvasselva Norway 406 65.58 13.74 438 13/08/1990 6 78.6 1.33 Diptera 4 

101 Litjvasselva Norway 406 65.58 13.74 468 13/08/1990 7 119.4 0.77 Diptera 4 

102 Litjvasselva Norway 406 65.58 13.74 468 14/06/1990 5 144.8 1.41 Trichoptera 4 

103 Litjvasselva Norway 406 65.55 13.65 352 14/08/1990 97 63.1 0.91 Ephemeroptera 1 

104 Litjvasselva Norway 406 65.58 13.74 468 15/10/1992 5 118.4 1.57 Plecoptera 2 

105 Litjvasselva Norway 406 65.58 13.74 468 16/10/1991 22 101.1 0.90 Plecoptera 2 

106 Litjvasselva Norway 406 65.58 13.74 468 26/06/1991 8 109.6 1.77 Plecoptera 2 

107 Litjvasselva Norway 406 65.58 13.74 468 26/06/1992 9 97.2 1.81 Plecoptera 2 

108 Litjvasselva Norway 406 65.55 13.65 352 29/07/1986 9 39.2 1.48 Diptera 5 

109 Reisa Norway 407 69.74 21.10 6 August-2004 29 44.4 1.14 Surface prey 3 

110 Reisa Norway 407 69.75 21.10 10 August-2004 54 83.4 1.40 Trichoptera 5 

111 Reisa Norway 407 69.76 21.03 3 August-2004 34 82.6 1.22 Trichoptera 5 

112 Reisa Norway 407 69.57 21.30 79 August-2004 68 71.8 1.08 Trichoptera 5 

113 Reisa Norway 407 69.72 21.21 15 August-2004 64 75.2 1.15 Surface prey 3 

114 Reisa Norway 407 69.65 21.30 49 August-2004 6 82.0 1.24 Surface prey 3 

115 Reisa Norway 407 69.75 21.07 6 August-2004 5 48.7 1.26 Diptera 4 

116 Stjørdalselva Norway 405 63.45 10.91 6 09/09/2003 5 124.5 1.04 Trichoptera 5 

117 Stjørdalselva Norway 405 63.45 10.91 6 11/09/2003 7 58.5 1.57 Surface prey 3 

 

Table A2. Information about the sampling sites from the literature review (global approach). *Juveniles 

(<200 mm) without length measure. 

Code River Country Freshwater ecoregion Latitude Longitude Elevation (m) Sample size (n) Max length (cm) Mean length (cm) Dominant prey Source 

1 Allt a Choire Dhuibh UK 402 57.16 -3.61 500 NA * * Surface prey Bridcut (2000) 

2 Allt Bheadhair UK 402 57.19 -3.62 380 NA * * Diptera Bridcut (2000) 

3 Allt Bheadhair UK 402 57.19 -3.62 380 NA * * Diptera Bridcut (2000) 

4 Anllóns Spain 403 43.23 -8.89 10 17 17.6 * Surface prey Sánchez-Hernández (2009) 

5 Anllóns Spain 403 43.23 -8.89 10 2 9.4 * Diptera Sánchez-Hernández (2009) 

6 Ansjöån Sweden 406 63.00 16.08 246 NA * * Ephemeroptera Degerman et al (2000) 

7 Ansjöån Sweden 406 63.00 16.08 246 NA * * Surface prey Degerman et al (2000) 

8 Black Brows Beck UK 404 54.32 -3.01 69 12 * * Crustacea McCormack (1962) 

9 Black Brows Beck UK 404 54.32 -3.01 69 20 * * Ephemeroptera McCormack (1962) 

10 Black Brows Beck UK 404 54.32 -3.01 69 10 * * Surface prey McCormack (1962) 

11 Black Brows Beck UK 404 54.32 -3.01 69 13 * * Ephemeroptera McCormack (1962) 

12 Black Brows Beck UK 404 54.32 -3.01 69 9 * * Crustacea McCormack (1962) 

13 Black Brows Beck UK 404 54.32 -3.01 69 33 * * Ephemeroptera McCormack (1962) 

14 Black Brows Beck UK 404 54.32 -3.01 69 8 * * Trichoptera McCormack (1962) 

15 Black Brows Beck UK 404 54.32 -3.01 69 15 * * Surface prey McCormack (1962) 

16 Black Brows Beck UK 404 54.32 -3.01 69 39 * * Ephemeroptera McCormack (1962) 

17 Black Brows Beck UK 404 54.32 -3.01 69 8 * * Diptera McCormack (1962) 

18 Black Brows Beck UK 404 54.32 -3.01 69 24 * * Diptera McCormack (1962) 

19 Black Brows Beck UK 404 54.32 -3.01 69 91 * * Diptera McCormack (1962) 

20 Black Brows Beck UK 404 54.32 -3.01 69 55 * * Diptera McCormack (1962) 

21 Black Brows Beck UK 404 54.32 -3.01 69 38 * * Diptera McCormack (1962) 
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22 Black Brows Beck UK 404 54.32 -3.01 69 44 * * Diptera McCormack (1962) 

23 Bol’shaya Uya Russia 409 61.57 35.57 33 NA 20 * Surface prey Shustov et al. (2008) 

24 Bueno Chile 349 40.38 -73.00 26 33 13 * Plecoptera Arismendi et al. (2012) 

25 Chillán Chile 341 36.63 -72.31 62 20 * * Diptera Berrios et al. (2002) 

26 Coruh Turkey 433 40.82 41.66 553 NA 8.9 * Trichoptera Becer Ozvarol et al. (2011) 

27 Coruh Turkey 433 40.82 41.66 553 NA 11.9 * Trichoptera Becer Ozvarol et al. (2011) 

28 Coruh Turkey 433 40.82 41.66 553 NA 14.9 * Surface prey Becer Ozvarol et al. (2011) 

29 Coruh Turkey 433 40.82 41.66 553 NA 5.9 * Diptera Becer Ozvarol et al. (2011) 

30 Dalgety New Zealand 811 44.32 170.58 857 10 3 * Diptera Fechney (1988) 

31 Douglas Creek USA 143 41.08 -106.30 2230 24 5.8 * Ephemeroptera Hubert et al. (1993) 

32 Douglas Creek USA 143 41.12 -106.25 2600 23 5 * Ephemeroptera Hubert et al. (1993) 

33 Douglas Creek USA 143 41.12 -106.25 2600 26 3.9 * Ephemeroptera Hubert et al. (1993) 

34 Douglas Creek USA 143 41.08 -106.30 2230 22 4.2 * Ephemeroptera Hubert et al. (1993) 

35 Douglas Creek USA 143 41.19 -106.27 2840 25 4.1 * Diptera Hubert et al. (1993) 

36 Douglas Creek USA 143 41.08 -106.30 2230 13 2.9 * Diptera Hubert et al. (1993) 

37 Douglas Creek USA 143 41.19 -106.27 2840 40 3.4 * Diptera Hubert et al. (1993) 

38 Douglas Creek USA 143 41.12 -106.25 2600 29 2.8 * Diptera Hubert et al. (1993) 

39 Douglas Creek USA 143 41.19 -106.27 2840 29 2.3 * Diptera Hubert et al. (1993) 

40 Endrick system UK 402 56.05 -4.42 18 NA 15 * Surface prey Maitland (1965) 

41 Endrick system UK 402 56.05 -4.42 18 NA * * Surface prey Maitland (1965) 

42 Erro Spain 414 43.00 -1.40 810 41 9.7 * Ephemeroptera Oscoz et al. (2005) 

43 Estibère France 403 42.84 0.19 2050 28 17 * Ephemeroptera Elliott (1973) 

44 Estibère France 403 42.84 0.19 2050 22 17 * Ephemeroptera Elliott (1973) 

45 Estibère France 403 42.84 0.19 2050 12 17 * Diptera Elliott (1973) 

46 Estibère France 403 42.84 0.19 2050 12 17 * Diptera Elliott (1973) 

47 Forss UK 402 58.44 -3.67 134 30 * 6.1 Ephemeroptera Frost (1950) 

48 Furelos Spain 403 42.87 -8.02 411 20 17 * Surface prey Sánchez-Hernández (2009) 

49 Furelos Spain 403 42.87 -8.02 411 37 8.7 * Diptera Sánchez-Hernández (2009) 

50 Grout Brook USA 116 42.76 -76.27 267 18 7.4 * Surface prey Johnson and McKenna (2015) 

51 Grout Brook USA 116 42.76 -76.27 267 20 7.8 * Crustacea Johnson and McKenna (2015) 

52 Grout Brook USA 116 42.76 -76.27 267 14 8.4 * Trichoptera Johnson and McKenna (2015) 

53 Grout Brook USA 116 42.76 -76.27 267 18 7.2 * Surface prey Johnson and McKenna (2015) 

54 Grout Brook USA 116 42.76 -76.27 267 16 7.5 * Coleoptera Johnson and McKenna (2015) 

55 Grout Brook USA 116 42.76 -76.27 267 18 7.9 * Surface prey Johnson and McKenna (2015) 

56 Ingla Spain 414 42.34 1.78 1140 19 9.6 * Diptera Montori et al. (2006) 

57 King's Well Beck UK 404 54.57 -2.59 148 16 * * Ephemeroptera McCormack (1962) 

58 King's Well Beck UK 404 54.57 -2.59 148 19 * * Ephemeroptera McCormack (1962) 

59 King's Well Beck UK 404 54.57 -2.59 148 17 * * Ephemeroptera McCormack (1962) 

60 King's Well Beck UK 404 54.57 -2.59 148 9 * * Coleoptera McCormack (1962) 

61 King's Well Beck UK 404 54.57 -2.59 148 13 * * Ephemeroptera McCormack (1962) 

62 King's Well Beck UK 404 54.57 -2.59 148 11 * * Ephemeroptera McCormack (1962) 

63 King's Well Beck UK 404 54.57 -2.59 148 23 * * Ephemeroptera McCormack (1962) 

64 King's Well Beck UK 404 54.57 -2.59 148 11 * * Ephemeroptera McCormack (1962) 

65 King's Well Beck UK 404 54.57 -2.59 148 10 * * Ephemeroptera McCormack (1962) 

66 King's Well Beck UK 404 54.57 -2.59 148 8 * * Ephemeroptera McCormack (1962) 

67 King's Well Beck UK 404 54.57 -2.59 148 35 * * Diptera McCormack (1962) 

68 King's Well Beck UK 404 54.57 -2.59 148 14 * * Diptera McCormack (1962) 

69 King's Well Beck UK 404 54.57 -2.59 148 11 * * Diptera McCormack (1962) 

70 King's Well Beck UK 404 54.57 -2.59 148 63 * * Diptera McCormack (1962) 

71 Kuusinkijoki Finland 407 66.24 29.71 151 47 * 12.2 Trichoptera Kreivi et al. (1999) 

72 Kuusinkijoki Finland 407 66.24 29.71 151 77 * 6.2 Trichoptera Kreivi et al. (1999) 

73 Kuusinkijoki Finland 407 66.24 29.71 151 79 * 6.8 Ephemeroptera Kreivi et al. (1999) 

74 Kuusinkijoki Finland 407 66.24 29.71 151 78 * 7 Ephemeroptera Kreivi et al. (1999) 

75 Kuusinkijoki Finland 407 66.24 29.71 151 35 * 11 Trichoptera Kreivi et al. (1999) 

76 Kuusinkijoki Finland 407 66.24 29.71 151 41 * 8.3 Ephemeroptera Kreivi et al. (1999) 

77 Kuusinkijoki Finland 407 66.24 29.71 151 54 * 5.4 Ephemeroptera Kreivi et al. (1999) 

78 Kuusinkijoki Finland 407 66.24 29.71 151 42 * 9.6 Diptera Kreivi et al. (1999) 

79 Kuusinkijoki Finland 407 66.24 29.71 151 40 * 11.1 Diptera Kreivi et al. (1999) 

80 Kuusinkijoki Finland 407 66.24 29.71 151 80 * 4 Diptera Kreivi et al. (1999) 

81 Ladra Spain 412 43.15 -7.69 395 31 8.8 * Diptera Sánchez-Hernández et al. (2011) 

82 Larraun Spain 414 42.91 -1.84 430 NA * * Ephemeroptera Oscoz et al. (2000) 

83 Larraun Spain 414 42.96 -1.83 472 185 11 * Ephemeroptera Oscoz et al. (2008) 

84 Larraun Spain 414 42.96 -1.83 472 185 11 * Ephemeroptera Oscoz et al. (2008) 

85 Larraun Spain 414 42.96 -1.83 472 185 11 * Crustacea Oscoz et al. (2008) 

86 Lengüelle Spain 403 42.98 -8.46 164 12 13.9 * Diptera Sánchez-Hernández (2009) 

87 Lengüelle Spain 403 42.98 -8.46 164 6 7.2 * Diptera Sánchez-Hernández (2009) 

88 Lissuraga France 403 43.28 -1.61 133 NA * * Mollusca Neveu and Thibault (1977) 

89 Lissuraga France 403 43.28 -1.61 133 NA * * Ephemeroptera Neveu and Thibault (1977) 

90 Lissuraga France 403 43.28 -1.61 133 NA * * Ephemeroptera Neveu and Thibault (1977) 

91 Lissuraga France 403 43.28 -1.61 133 NA * * Ephemeroptera Neveu and Thibault (1977) 

92 Llico Chile 349 41.18 -73.69 10 67 13 * Surface prey Arismendi et al. (2012) 

93 Lopuszanka Poland 404 49.47 20.13 565 6 * 6.2 Trichoptera Witkowski et al. (1994) 

94 Lopuszanka Poland 404 49.47 20.13 565 5 * 9.5 Surface prey Witkowski et al. (1994) 

95 Nethy UK 402 57.23 -3.62 300 ?5 * * Surface prey Bridcut (2000) 

96 Orzega Russia 409 61.57 35.57 33 NA 20 * Surface prey Shustov et al. (2008) 

97 Pescado Chile 349 41.28 -72.73 214 164 13 * Ephemeroptera Arismendi et al. (2012) 

98 Pichi leufu Argentina 348 40.61 -70.66 590 79 15 * Ephemeroptera Ferriz (1993) 

99 Pigueña Spain 403 43.35 -6.20 93 23 10 * Diptera Suarez et al. (1988) 

100 Pigueña Spain 403 43.35 -6.20 93 20 15 * Diptera Suarez et al. (1988) 

101 Pulonga Russia 407 66.55 39.69 166 32 * 3.5 Surface prey Yevsin and Ivanov (1979) 

102 Rakaia New Zealand 811 43.75 172.04 103 36 10 * Ephemeroptera Sagar and Eldon (1983) 

103 Rensjön Sweden 406 68.02 19.83 481 11 * * Copepoda Nilsson (1957) 
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104 Rensjön Sweden 406 68.02 19.83 481 23 * * Copepoda Nilsson (1957) 

105 Rensjön Sweden 406 68.02 19.83 481 7 * * Ephemeroptera Nilsson (1957) 

106 Rensjön Sweden 406 68.02 19.83 481 8 * * Surface prey Nilsson (1957) 

107 Rensjön Sweden 406 68.02 19.83 481 19 * * Copepoda Nilsson (1957) 

108 Rensjön Sweden 406 68.02 19.83 481 7 * * Ephemeroptera Nilsson (1957) 

109 Rensjön Sweden 406 68.02 19.83 481 22 * * Diptera Nilsson (1957) 

110 Rensjön Sweden 406 68.02 19.83 481 18 * * Diptera Nilsson (1957) 

111 Rensjön Sweden 406 68.02 19.83 481 12 * * Diptera Nilsson (1957) 

112 Riobo Spain 403 42.75 -8.42 65 15 * 6.6 Ephemeroptera Santamarina (1993) 

113 Rois Spain 403 42.77 -8.66 75 32 17.4 * Surface prey Sánchez-Hernández (2009) 

114 Santa Lucia Spain 403 42.85 -8.51 143 24 16.9 * Surface prey Sánchez-Hernández (2009) 

115 Sar Spain 403 42.78 -8.66 70 26 18.5 * Diptera Sánchez-Hernández (2009) 

116 Shag New Zealand 811 45.45 170.69 237 30 8.4 * Ephemeroptera Sagar and Glova (1995) 

117 Shag New Zealand 811 45.45 170.69 237 30 8.2 * Trichoptera Sagar and Glova (1995) 

118 Shag New Zealand 811 45.45 170.69 237 30 8.9 * Trichoptera Sagar and Glova (1995) 

119 Shipot Ukraine 418 48.74 22.84 391 15 13 * Ephemeroptera Kruzhylina and Didenko (2011) 

120 Snällerödsån Sweden 406 56.02 13.42 91 NA 12.5 * Surface prey Greenberg and Dahl (1998) 

121 Snällerödsån Sweden 406 56.02 13.42 91 NA 12.5 * Surface prey Greenberg and Dahl (1998) 

122 Snällerödsån Sweden 406 56.02 13.42 91 NA 12.5 * Surface prey Greenberg and Dahl (1998) 

123 Snällerödsån Sweden 406 56.02 13.42 91 NA 12.5 * Crustacea Greenberg and Dahl (1998) 

124 Snällerödsån Sweden 406 56.02 13.42 91 NA 12.5 * Crustacea Greenberg and Dahl (1998) 

125 Snällerödsån Sweden 406 56.02 13.42 91 NA 12.5 * Crustacea Greenberg and Dahl (1998) 

126 Stampen Sweden 406 55.67 13.22 9 17 * * Crustacea Otto (1976) 

127 Stampen Sweden 406 55.70 13.14 8 5 * * Surface prey Otto (1976) 

128 Sundtjärnsbäcken Sweden 406 59.57 12.34 188 24 * 7.9 Other benthos Eros et al. (2012) 

129 Sundtjärnsbäcken Sweden 406 59.57 12.34 188 17 * 7.9 Other benthos Eros et al. (2012) 

130 Sundtjärnsbäcken Sweden 406 59.57 12.34 188 22 * 7.9 Diptera Eros et al. (2012) 

131 Tambre Spain 403 42.99 -8.31 302 26 16.6 * Surface prey Sánchez-Hernández (2009) 

132 The Bright Angel Creek USA 130 36.10 -112.10 765 NA 15 * Ephemeroptera Whiting et al. (2014) 

133 Tormes Spain 412 40.32 -5.49 1051 18 7.8 * Ephemeroptera Sanchez-Hernandez and Cobo (2012) 

134 Tormes Spain 412 40.32 -5.49 1051 18 18.5 * Ephemeroptera Sanchez-Hernandez and Cobo (2012) 

135 Traba Spain 403 42.79 -8.86 25 16 16.7 * Diptera Sánchez-Hernández (2009) 

136 Ucero Spain 412 41.68 -3.05 938 NA * * Ephemeroptera Montañes and Lobón-Cerviá (1986) 

137 Ucero Spain 412 41.68 -3.05 938 NA * * Diptera Montañes and Lobón-Cerviá (1986) 

138 Ulla Spain 403 42.79 -8.34 67 21 8.1 * Diptera Sánchez-Hernández et al (2013) 

139 Wakapuaka New Zealand 811 41.23 173.40 62 30 11.5 * Ephemeroptera Sagar and Glova (1995) 

140 Wakapuaka New Zealand 811 41.23 173.40 62 29 10.9 * Trichoptera Sagar and Glova (1995) 

141 Walla Brook UK 404 50.57 -3.93 349 330 * 6 Crustacea Horton (1961) 

142 Walla Brook UK 404 50.58 -3.88 348 20 12 * Other benthos Elliott (1967) 

143 Walla Brook UK 404 50.58 -3.88 348 4 7 * Ephemeroptera Elliott (1967) 

144 Walla Brook UK 404 50.58 -3.88 348 20 12 * Plecoptera Elliott (1967) 

145 Walla Brook UK 404 50.58 -3.88 348 8 7 * Trichoptera Elliott (1967) 

146 Weydon Burn New Zealand 811 45.65 168.19 319 95 10.6 * Ephemeroptera Glova et al. (1992) 

147 Weydon Burn New Zealand 811 45.65 168.19 319 109 9.7 * Ephemeroptera Glova et al. (1992) 

148 Wolosaty Poland 404 49.14 22.67 620 5 * * Trichoptera Kukua and Bylak (2007) 

 

Data sources: full reference list used in this study for the review of literature 

Arismendi, I., González, J., Soto, D. & Penaluna, B. 2012. Piscivory and diet overlap between two 

non-native fishes in southern Chilean streams. Austral Ecol. 37: 346–354. 

Becer Ozvarol, Z.A., Yildirim, A. & Ozvarol, Y. 2011. Feeding Ecology of Various Length-Classes 

of Brown Trout (Salmo trutta) in Different Streams of Coruh River, Turkey. Kafkas Univ. 

Vet. Fak. Derg. 17: 377–382. 

Berrios, P., Ruíz, V., Araya, E., Figueroa, R. & Palma, A. 2002. Hábitos alimentarios de Salmo 
trutta (Linneo, 1758) y Oncorhynchus mykiss (Walbaum, 1792) en el río Chillán, Chile. Bol 

Soc Biol Concepc. 73: 103–114. (In Spanish) 

Bridcut, E.E. 2000. A study of terrestrial and aerial macroinvertebrates on river banks and their 

contribution to drifting fauna and salmonid diets in a Scottish catchment. Hydrobiologia 

427: 83–100. 

Degerman, E., Näslund, I. & Sers, B. 2000. Stream habitat use and diet of juvenile (0+) brown trout 

and grayling in sympatry. Ecol. Freshw. Fish 9: 191–201. 

Elliott, J.M. 1967. The food of brown trout (Salmo trutta) in a Dartmor stream. J. Appl. Ecol. 4: 59–

71. 

Elliott, J.M. 1973. The food of brown and rainbow trout (Salmo trutta and S. gairdneri) in relation to 

the abundance of drifting invertebrates in a mountain stream. Oecologia 12: 329–347. 

Erős, T., Gustafsson, P., Greenberg, L.A. & Bergman, E. 2012. Forest-Stream Linkages: Effects of 

Terrestrial Invertebrate Input and Light on Diet and Growth of Brown Trout (Salmo trutta) 

in a Boreal Forest Stream. PLoS ONE 7: e36462. 

Fechney, L.R. 1988. The summer diet of brook trout (Salvelinus fontinalis) in a South Island high‐

country stream. New Zeal. J. Mar. Fresh. 22: 163–168. 
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Ferriz, R.A. 1993. Algunos aspectos de la dieta de cuatro especies ícticas del río Limay. Rev. Ictiol. 

2/3: 1–7. (In Spanish) 

Frost, W.E. 1950. The Growth and Food of Young Salmon (Salmo salar) and Trout (S. trutta) in the 

River Forss, Caithness. J. Anim. Ecol. 19: 147–158. 

Glova, G.J., Sagar, P.M. & Näslund, I. 1992. Interaction for food and space between populations of 

Galaxias vulgaris Stokell and juvenile Salmo trutta L. in a New Zealand stream. J. Fish 

Biol. 41: 909–925. 

Greenberg, L.A. & Dahl, J. 1998. Effect of habitat type on growth and diet of brown trout, Salmo 

trutta L., in stream enclosures. Fish. Manag. Ecol. 5: 331–348. 

Horton, A. 1961. The bionomics of brown trout in a Dartmoor stream. J. Anim. Ecol. 30: 311–338. 

Hubert, W.A., Harris, D.D. & Rhodes, H.A. 1993. Variation in the summer diet of age-0 brown 

trout in a regulated mountain stream. Hydrobiologia 259: 179–185. 

Johnson, J.H. & McKenna, Jr. J.E. 2015. Diel Resource Partitioning among Juvenile Atlantic 

Salmon, Brown Trout, and Rainbow Trout during Summer. N. Am. J. Fish. Manage. 35: 

586–597. 

Kreivi, P., Muotka, T., Huusko, A., Mäki-Petäys, A., Huhta, A. & Meissner, K. 1999. Diel feeding 

periodicity, daily ration and prey selectivity in juvenile brown trout in a subarctic river. J. 

Fish Biol. 55: 553–571. 

Kruzhylina, S. & Didenko, A.V. 2011. Autumn diet and trophic relations of juvenile brown trout 

(Salmo trutta), rainbow trout (Ocorhynchus mykiss) and European grayling (Thymallus 
thymallus) in the Shipot river (Ukraine). Transylv. Rev. Syst. Ecol. Res. 11: 169–181. (in 

Ukrainian) 

Kukuła, K. & Bylak, A. 2007. Struktura pokarmu pstrąga potokowego Salmo trutta m. fario L. w 

potoku Wołosaty (bies zczady zachodnie). Roczniki Bieszczadzkie 15: 231–241. (in Polish) 

Maitland, P.S. 1965. The feeding relationships of salmon, trout, minnows, stone loach and three-

spined sticklebacks in the River Endrick, Scotland. J. Anim. Ecol. 34: 109–133. 

McCormack, J.C. 1962. The Food of Young Trout (Salmo trutta) in Two Different Becks. J. Anim. 

Ecol. 31: 305–316 

Montañés, C. & Lobón-Cerviá, J. 1986. Feeding ecology of a population of brown trout (Salmo 

trutta L.) in an aquifer-fed stream of Old Castile, Spain. Ekol. Pol. 34: 203–213. 

Montori, A., Tierno De Figueroa, J.M. & Santos, X. 2006. The Diet of the Brown Trout Salmo 
trutta(L.) during the Reproductive Period: Size-Related and Sexual Effects. Internat. Rev. 

Hydrobiol. 91: 438–450. 

Neveu, A. & Thibault, M. 1977. Comportement alimentaire d'une population sauvage de truites fario 

(Salmo trutta L.) dans un ruisseau des Pyrenees atlantiques, le Lissuraga. Ann. Hydrobiol. 8: 

111–128. 

Nilsson, N.-A. 1957. On the feeding habits of trout in a stream of Northern Sweden. Rep. Inst. 

Freshwat. Res. Drottningholm 38: 154–166. 

Oscoz, J., Escala, M.C. & Campos, F. 2000. La alimentación de la trucha común (Salmo trutta L., 

1758) en un río de Navarra (N. España). Limnetica 18: 29–35. (In Spanish) 

Oscoz, J., Leunda, P.M., Campos, F., Escala, M.C. & Miranda, R. 2005. Diet of 0+ Brown trout 

(Salmo trutta L., 1758) from the river Erro (Navarra, North of Spain). Limnetica 24: 319–

326. 

Oscoz, J., Leunda, P.M., Campos, F., Escala, M.C. & Miranda, R. 2008. Summer feeding 

relationships of the co-occurring hatchling brown trout Salmo trutta and Ebro minnows 

Phoxinus bigerri in an Iberian river. Acta Zool. Sin. 54: 675–685. 
Otto, C. 1976. Size, growth, population density and food of brown trout Salmo trutta L. in two 

sections of a south Swedish stream. J. Fish Biol. 8: 477–488. 

Sagar, P.M. & Glova, G.J. 1995. Prey availability and diet of juvenile brown trout (Salmo trutta) in 

relation to riparian willows (Salix spp.) in three New Zealand streams. New Zeal. J. Mar. 

Fresh. 29: 527–537. 

Sagar, P.M. & Eldon, G.A. 1983. Food and feeding of small fish in the Rakaia River. New Zeal. J. 

Mar. Fresh. 17: 213–226. 

Sánchez-Hernández, J. & Cobo, F. 2012. Summer differences in behavioural feeding habits and use 

of feeding habitat among brown trout (Pisces) age classes in a temperate area. Ital. J. Zool. 

79: 468–478. 

Page 52 of 71

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

Canadian Journal of Fisheries and Aquatic Sciences
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

N
T

N
U

 U
N

IV
E

R
SI

T
E

T
SB

IB
L

. o
n 

02
/2

5/
19

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

https://www.researchgate.net/researcher/2076637427_Svitlana_Kruzhylina
https://www.researchgate.net/profile/Alexander_Didenko3


Draft

 

7 

Sánchez-Hernández, J. 2009. Biology of the feeding behaviour of Brown trout (Salmo trutta Linné, 

1758) in Galician rivers. 582pp, ISBN: 978-84-9887-188-3 (in Spanish). 

Sánchez-Hernández, J., Servia, M.J., Vieira-Lanero, R. & Cobo, F. 2013. Prey trait analysis shows 

differences in summer feeding habitat use between wild YOY Atlantic salmon and brown 

trout. Ital. J. Zool. 80: 449–454. 

Sánchez-Hernández, J., Vieira-Lanero, R., Servia, M.J. & Cobo, F. 2011. Feeding habits of four 

sympatric fish species in the Iberian Peninsula: keys to understanding coexistence using 

prey traits. Hydrobiologia 667: 119–132. 

Santamarina, J. 1993. Feeding ecology of a vertebrate assemblage inhabiting a stream of NW Spain 

(Riobo; Ulla basin). Hydrobiologia 252: 175–191. 

Shustov, A., Veselov A.E. & Baryshev, I.A. 2008. The Diet of Juvenile Lake Trout Salmo trutta L. 

in Rivers of the Onega Basin in Autumn. Russ. J. Ecol. 39: 119–122. 

Suárez, J.L., Reiriz, L. & Anadón, R. 1988. Feeding relationships between two salmonid species and 

the benthic community. Pol. Arch. Hydrobiol. 35: 341–351. 
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Appendix 2. Correlation among the bioclim variables. 

 

Correlations were calculated with the Spearman correlation method. A 

correlation matrix plot was produced using the R package “corrplot” (Wei 2012). The 

correlation matrix plot is shown for the regional (Norway) and global approach (Fig. 

B1) including all bioclim variables (Table B1). 

 

Wei, T. 2012. Package ‘corrplot’: correlation plot. R Foundation for Statistical Computing, Vienna. 

Available at: https://cran.r-project.org/web/packages/corrplot/index.html [accessed 19 July 

2018]. 

 

Regional (Norway) 

 

Global 

 

Fig. B1. Correlation matrix plot among bioclim variables for the regional (left) and global approach 

(right). In this matrix significant correlations are only shown (blank = no significant coefficient). [Colour 

online] 
 

Table B1. Bioclim variables included in the correlation matrix plots. 

Variable Definition  Variable Definition 

BIO1 Annual Mean Temperature  BIO11 Mean Temperature of Coldest Quarter 

BIO2 Mean Diurnal Range (Mean of monthly (max temp - min temp))  BIO12 Annual Precipitation 

BIO3 Isothermality (BIO2/BIO7) (*100)  BIO13 Precipitation of Wettest Month 

BIO4 Temperature Seasonality (standard deviation *100)  BIO14 Precipitation of Driest Month 

BIO5 Max Temperature of Warmest Month  BIO15 Precipitation Seasonality (Coefficient of Variation) 

BIO6 Min Temperature of Coldest Month  BIO16 Precipitation of Wettest Quarter 

BIO7 Temperature Annual Range (BIO5-BIO6)  BIO17 Precipitation of Driest Quarter 

BIO8 Mean Temperature of Wettest Quarter  BIO18 Precipitation of Warmest Quarter 

BIO9 Mean Temperature of Driest Quarter  BIO19 Precipitation of Coldest Quarter 

BIO10 Mean Temperature of Warmest Quarter    
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Appendix 3. Extended output and additional analyses focus on Norway (regional 

approach), including residual plots for the modelling (both generalised additive models 

– GAMs and generalised additive mixed models – GAMMs). 

 

-3.1: Correlation plot 

Correlations were calculated with the Spearman correlation method. A 

correlation matrix plot was produced using the R package “corrplot” (Wei 2012). Fig. 

C1 shows the correlations between prey categories and environmental variables at the 

regional level. 

 

Wei, T. 2012. Package ‘corrplot’: correlation plot. R Foundation for Statistical Computing, Vienna. 

Available at: https://cran.r-project.org/web/packages/corrplot/index.html [accessed 19 July 

2018]. 

 

 

Fig. C1. Correlation matrix plot between prey categories and environmental variables at the regional 

level. In this matrix significant correlations are only shown (blank = no significant coefficient). Annual 

mean temperature (BIO1), temperature seasonality (BIO4), temperature annual range (BIO7), annual 

precipitation (BIO12) and precipitation seasonality (BIO15). Some prey categories (Odonata and 

Urodela) were not found in the stomach contents. [Colour online]  
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3.2: Brown trout selectivity: 

-Principal Coordinates Analysis (PCoA) 

Principal Coordinates Analysis (PCoA) was performed using the “vegan” package (Oksanen 

et al. 2015). PCoA was based on a Euclidean resemblance matrix (Fig. C2). 

 

Oksanen, J, Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., … Wagner, H. 2015. 

Vegan: community ecology package. R package version 2.3-0. Available at: https://cran.r-

project.org/web/packages/vegan/index.html [accessed 19 July 2018]. 
 

 

Fig. C2. Principal Coordinates Analysis (PCoA) plot based on brown trout selectivity and environmental 

variables [latitude, elevation and Shannon-Wiener’s diversity index]. [Colour online] 
 

-Linear regression analysis 

Linear regression analysis indicated that brown trout ate some prey categories irrespective 

of environmental variables (Table C1). 

 

Table C1. Linear regression statistics for selectivity of brown trout feeding on prey categories. No models 

for Copepoda, Heteroptera and Megaloptera are given because the low number of locations restricted it. 

Statistically significant differences (P<0.05) are marked in bold. 

 Intercept Slope t p  Intercept Slope t p 

 Latitude  Elevation 

Crustacea 0.095 -0.001 -0.719 0.473  0.004 0.001 0.177 0.86 

Mollusca -0.204 0.003 1.055 0.294  0.010 0.001 0.394 0.694 

Diptera -0.068 0.003 0.248 0.805  0.164 -0.001 -1.476 0.143 

Trichoptera -1.049 0.022 1.242 0.217  0.488 -0.001 -2.38 0.019 

Coleoptera 0.690 -0.010 -1.036 0.302  0.005 0.001 3.846 <0.001 

Ephemeroptera 0.977 -0.013 -1.450 0.150  0.110 -0.001 -0.654 0.514 

Plecoptera -0.013 0.018 1.450 0.150  0.179 -0.001 -0.727 0.469 

Oher benthic 1.409 -0.020 -2.030 0.045  0.061 0.001 2.950 0.004 

 Shannon      

Crustacea 0.011 -0.005 -0.607 0.545      

Mollusca 0.018 -0.005 -0.379 0.705      

Diptera 0.025 0.085 1.523 0.130      

Trichoptera 0.560 -0.109 -1.347 0.181      

Coleoptera 0.039 0.009 0.206 0.837      

Ephemeroptera 0.004 0.075 1.824 0.071      

Plecoptera 0.166 -0.002 -0.031 0.975      

Oher benthic 0.136 -0.022 -0.494 0.622      
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-3.3: Generalised additive models (GAMs) 

Generalised additive models (GAMs) were performed using the automatic 

estimation of the amount of smoothing with REML in the “mgcv” package (Wood 

2015). Significant outcomes were found for latitude and Shannon index (Table C2) 

without finding evidence of violation of the model assumptions (Fig. C3). 

 

Wood, S.N. 2015. Package ‘mgcv’. Available at: https://cran.r-

project.org/web/packages/mgcv/index.html [accessed 19 July 2018]. 

 

Table C2. Summary of generalised additive models (GAMs) explaining the variation in diet composition 

(PCA1) over environmental variables (latitude, elevation and Shannon-Wiener’s index). Statistically 

significant differences (P<0.05) are marked in bold. Climatic variables were not included in the models 

because of assumptions of collinearity with elevation and latitude. 

 Smooth terms  Model significance 

 F P  R2 (adjusted) Deviance explained (%) 

Latitude 5.37 <0.001  0.29 31 

Elevation 0.04 0.842  0.01 0.1 

Shannon 0.93 0.003  0.07 7.4 

 

 

Fig. C3. Residual plot of the best model explaining the variation in diet composition over environmental 

variables. [Colour online]  

Page 57 of 71

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

Canadian Journal of Fisheries and Aquatic Sciences
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

N
T

N
U

 U
N

IV
E

R
SI

T
E

T
SB

IB
L

. o
n 

02
/2

5/
19

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

https://cran.r-project.org/web/packages/mgcv/index.html
https://cran.r-project.org/web/packages/mgcv/index.html


Draft

 

12 

-3.4: Residual structure (GAMMs) 

Generalised additive mixed models (GAMMs) were performed with the “mgcv” 

package (Wood 2015). Additionally, model selection was done by model comparison 

using the “MuMIn” package (Bartoń 2016). Some prey categories (Odonata and 

Urodela) were not found in the stomach contents. The residual structure of the best 

model simulations for each prey category was assessed is shown in Fig. C4. 

 

Bartoń, K. 2016. MuMIn: Multi-Model Inference. R package version 1.15.6. Available at: 

https://CRAN.R-project.org/package=MuMIn [accessed 19 July 2018]. 

Wood, S.N. 2015. Package ‘mgcv’. Available at: https://cran.r-

project.org/web/packages/mgcv/index.html [accessed 19 July 2018]. 

 

Copepoda 

 

Crustacea 

 

Mollusca 

 

Diptera 

 

Trichoptera 
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Coleoptera 
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Plecoptera 
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Surface prey 

 

Fish 

 

  

Fig. C4. Residual structure of the best model simulations for each prey category was assessed. [Colour 

online]  
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13 

QQ-plot was used to assess normality (if the points are in a line, normality can 

be assumed). Homogeneity was tested plotting residuals versus predicted values (the 

variance should be homogenous across the predicted values of the model). Spatial 

autocorrelation was tested using the autocorrelation function (ACF), the horizontal axis 

shows the time lags and the vertical axis the correlation with the dotted line representing 

the 95% confidence bands. Thus, residuals usually are theoretically assumed to have an 

ACF that has correlation = 0 for all lags. Additionally, we have estimated semivariance, 

which provides a measure of spatial correlation between points at different distances. 

Points closer to one another are more likely to be similar if observations in our dataset 

are spatially correlated. 
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-3.5: Spatial correlation (GAMMs) 

Evidence of spatial correlation was assessed with the bubble function using the 

“sp” package (Pebesma and Bivand 2005) to examine if residuals showed a clear 

residual pattern with biogeography (Fig. C5). Some prey categories (Odonata and 

Urodela) were not found in the stomach contents. 

 

Pebesma, E.J. & Bivand, R.S. 2005. Classes and methods for spatial data in R. R News 

5: 9–13. 

   

   

   

   

 

  

Fig. C5. Evidence of spatial correlation at the regional level. [Colour online]  
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Appendix 4. Extended output and additional analyses for the global approach 

(worldwide), including residual plots for the modelling (both generalised additive 

models – GAMs and generalised additive mixed models – GAMMs). 

 

-4.1: Prey abundance (%) 

The diet composition of brown trout showed large spatial variations (Fig. D1). 

 

  

  

  

  

  
Fig. D1. Abundance (%) of the dietary components for brown trout. Data are displayed by sampling sites 

for each prey category. [Colour online]  

Page 61 of 71

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

Canadian Journal of Fisheries and Aquatic Sciences
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

N
T

N
U

 U
N

IV
E

R
SI

T
E

T
SB

IB
L

. o
n 

02
/2

5/
19

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



Draft

 

16 

-4.2: Differences in prey abundance (%) between native and exotic populations 

Prey abundance in exotic and native territories identifying density of probability 

(i.e. probability density function) and the interquartile range covering 95% of the data 

distribution using “yarrr” package (Phillips 2017). We observed invasiveness 

(statistically higher abundance in exotic compared to native territories) only for three 

prey categories (Mollusca, Coleoptera and Ephemeroptera) (Fig. D2 and Table D1). 

 

Phillips, N. 2017. yarrr: A Companion to the e-Book "YaRrr!: The Pirate's Guide to R". 

R package version 0.1.5. https://CRAN.R-project.org/package=yarrr 

 

Fig. D2. Abundance (%) of the dietary components for brown trout according to exotic and native 

territories. [Colour online] 

 

Table D1. Mean values (± SE) of prey abundance in exotic and native territories with pairwise 

comparisons according to nonparametric Mann-Whitney-Wilcoxon test for two independent groups of 

samples. Significant values are marked in bold. 

 Mean ± SE 
Pairwise comparisons 

  Mean ± SE 
Pairwise comparisons 

 Native Exotic   Native Exotic 

Copepoda 1.02 ± 0.45 0.26 ± 0.18 W = 1667, p = 0.175  Ephemeroptera 23.02 ± 1.31 34.79 ± 6.20 W = 1234.5, p = 0.041 

Crustacea 3.57 ± 0.63 1.96 ± 0.89 W = 1648.5, p = 0.463  Plecoptera 8.75 ±0.81 4.52 ± 2.76 W = 2376, p = 0.055 

Mollusca 0.77 ± 0.26 0.90 ± 0.35 W = 1205, p = 0.001  Odonata 0.06 ± 0.03 0.62 ± 0.47 W = 1634, p = 0.071 

Diptera 24.28 ± 1.33 23.40 ± 4.68 W = 1772, p = 0.856  Other benthos 4.06 ± 0.47 0.36 ± 0.21 W = 2346.5, p = 0.053 

Trichoptera 14.25 ± 0.96 20.64 ± 4.56 W = 1374, p = 0.118  Surface prey 17.72 ± 1.25 10.15 ± 3.74 W = 2220.5, p = 0.175 

Megaloptera 0.05 ± 0.03 – –  Urodela 0.01 ± 0.001 – – 

Coleoptera 1.75 ± 0.39 2.30 ± 0.88 W = 1136, p = 0.001  Fish 0.59 ± 0.18 0.03 ± 0.03 W = 1940, p = 0.497 

Heteroptera 0.12 ± 0.06 0.07 ± 0.56 W = 1654, p = 0.118      
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-4.3: Correlation plot 

Correlations were calculated with the Spearman correlation method. A 

correlation matrix plot was produced using the R package “corrplot” (Wei 2012). Fig. 

D3 shows the correlations between prey categories and environmental variables at the 

global scale. 

 

Wei, T. 2012. Package ‘corrplot’: correlation plot. R Foundation for Statistical Computing, Vienna. 

Available at: https://cran.r-project.org/web/packages/corrplot/index.html [accessed 19 July 

2018]. 

 

 

Fig. D3. Correlation matrix plot between prey categories and environmental variables at the global scale. 

In this matrix significant correlations are only shown (blank = no significant coefficient). Annual mean 

temperature (BIO1), temperature seasonality (BIO4), temperature annual range (BIO7), annual 

precipitation (BIO12) and precipitation seasonality (BIO15). [Colour online]  
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-4.4: Hierarchical cluster analysis 

Hierarchical cluster analysis was performed with the “gplots” package (Warnes 

et al. 2016), and the optimal number of clusters was determined using the package 

“factoextra” (Kassambara and Mundt 2017) for R. Fig. D4 represents the hierarchical 

cluster analysis with heatmaps on diet composition of brown trout associated with 

sampling events. 

 

Warnes, G.R., Bolker, B., Bonebakker, L., Gentleman, R., Liaw, W.H.A., Lumley, T., … Venables, B. 

2016. Package ‘gplots’. Available at: https://cran.r-project.org/web/packages/gplots/index.html 

[accessed 19 July 2018]. 

Kassambara, A. & Mundt, F. 2017. Package ‘factoextra’. Available at: https://cran.r-

project.org/web/packages/factoextra/index.html [accessed 19 July 2018]. 

 

 
 

Fig. D4. Hierarchical cluster analysis with heatmaps on diet composition of brown trout associated with 

sampling events. The nine dashed squares show the optimal number of clusters (also indicated by 

different colours). [Colour online]  
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-4.5: Canonical correspondence analysis (CCA) 

Canonical correspondence analysis (CCA) was performed using the “vegan” 

package (Oksanen et al. 2015). Precipitation seasonality and annual mean temperature 

emerged as the most important environmental variables to understand the brown trout 

prey composition at the global scale (Fig. D5). 

 

Oksanen, J, Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., … Wagner, H. 2015. 

Vegan: community ecology package. R package version 2.3-0. Available at: https://cran.r-

project.org/web/packages/vegan/index.html [accessed 19 July 2018]. 

 

Fig. D5. Canonical correspondence analysis (CCA) plot based on diet composition and environmental 

variables (latitude, elevation, annual mean temperature - BIO1, annual precipitation - BIO12 and 

precipitation seasonality - BIO15). In the ordination plot, the length of the arrow is a measure of the 

importance of the variable, and the arrow heads point in the direction of increasing influence. 

Temperature seasonality (BIO4) and temperature annual range (BIO7) were not included in the CCA 

because of assumptions of collinearity with elevation and latitude. The nine groups correspond with the 

identified clusters of Appendix S4.4 (see Fig. D4). [Colour online]  
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-4.6: Generalised additive models (GAMs) 

Generalised additive models (GAMs) were performed using the “mgcv” package 

(Wood 2015). All included environmental variables were associated with diet 

composition in GAMs (Table D2). Residuals of the final selected models for deviations 

from normality and heteroscedasticity are shown in Fig. D6. In most cases no clear 

patterns were identified, the NMDS output tended to decrease with increasing annual 

mean temperature and precipitation seasonality (Fig. D7). 

 

Wood, S.N. 2015. Package ‘mgcv’. Available at: https://cran.r-

project.org/web/packages/mgcv/index.html [accessed 19 July 2018]. 

 

Table D2. Summary of generalised additive models (GAMs) explaining the variation in diet composition 

(PCA1) over environmental variables (annual mean temperature - BIO1, annual precipitation - BIO12 and 

precipitation seasonality - BIO15, latitude and elevation). Statistically significant differences (P<0.05) are 

marked in bold. Temperature seasonality (BIO4) and temperature annual range (BIO7) were not included 

in the models because of assumptions of collinearity with elevation and latitude. 

 

 Smooth terms  Model significance 
 F P  R2 (adjusted) Deviance explained (%) 

BIO1 5.26 <0.001  0.15 16.40 

BIO12 4.31 <0.001  0.12 14.20 

BIO15 1.79 0.031  0.05 7.14 
Latitude 5.64 <0.001  0.16 17.30 

Elevation 13.82 <0.001  0.045 4.82 
 

 

Fig. D6. Residual plot of the best model explaining the variation in diet composition over environmental 

variables. [Colour online]  
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Fig. D7. Generalised additive models (GAMs) explaining the association between diet composition 

(NMDS1) of brown trout and the environmental variables for the global approach. Observed data (open 

circles) and fitted values to the smoothing curve (red line) with 95% confidence bands (broken black 

line). [Colour online]  
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-4.7: Residual structure (GAMMs) 

Generalised additive mixed models (GAMMs) were performed with the “mgcv” 

package (Wood 2015). Additionally, model selection was done by model comparison 

using the “MuMIn” package (Bartoń 2016). The residual structure of the best model 

simulations for each prey category was assessed is shown in Fig. D8. 

QQ-plot was used to assess normality (if the points are in a line, normality can 

be assumed). Homogeneity was tested plotting residuals versus predicted values (the 

variance should be homogenous across the predicted values of the model). Spatial 

autocorrelation was tested using the autocorrelation function (ACF), the horizontal axis 

shows the time lags and the vertical axis the correlation with the dotted line representing 

the 95% confidence bands. Thus, residuals usually are theoretically assumed to have an 

ACF that has correlation = 0 for all lags. Additionally, we have estimated semivariance, 

which provides a measure of spatial correlation between points at different distances. 

Points closer to one another are more likely to be similar if observations in our dataset 

are spatially correlated. 

 

Bartoń, K. 2016. MuMIn: Multi-Model Inference. R package version 1.15.6. Available 

at: https://CRAN.R-project.org/package=MuMIn [accessed 19 July 2018]. 

Wood, S.N. 2015. Package ‘mgcv’. Available at: https://cran.r-

project.org/web/packages/mgcv/index.html [accessed 19 July 2018]. 
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Fig. D8. Residual structure of the best model simulations for each prey category was assessed. [Colour 

online] 
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-4.8: Spatial correlation (GAMMs) 

Evidence of spatial correlation was assessed with the bubble function using the 

“sp” package (Pebesma and Bivand, 2005) to examine if residuals showed a clear 

residual pattern with biogeography. Spatial patterns can be established for some prey 

categories; for example, the highest residuals for Mollusca were located in the north of 

Iberian Peninsula and south of France (Cantabric Coast–Languedoc), with the relative 

abundance of Mollusca being highest in this region (Fig. D9). 

 

Pebesma, E.J. & Bivand, R.S. 2005. Classes and methods for spatial data in R. R News 

5: 9–13. 

 

   

   

   

   

   

Fig. D9. Evidence of spatial correlation at the global scale. [Colour online] 

Page 70 of 71

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

Canadian Journal of Fisheries and Aquatic Sciences
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

N
T

N
U

 U
N

IV
E

R
SI

T
E

T
SB

IB
L

. o
n 

02
/2

5/
19

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 


