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26 Abstract

27 Most studies of brown trout (Salmo trutta) populations in headwater streams have focused on 

28 the year-to-year variability in recruitment and survival, but only few analyzed long-term trends 

29 in trout densities, under both control and regulated flow conditions. Here, we conducted trend 

30 analyses of brown trout age class densities on 36 stream reaches over the 1990-2020 period, 

31 including reaches located in a bypassed section. We also investigated long-term trends in a 

32 panel of key environmental variables (water temperature, stream flow, current velocity and 

33 habitat suitability). We found that annual water temperatures significantly increased by a 

34 median of +0.21 °C per decade. Analyses of stream flow revealed only a few significant trends, 

35 including a general increase in median values in spring and a general decrease in fall. A 

36 significant general decline in adult trout densities was observed, although disparities between 

37 geographic areas were highlighted. This decline is likely due to multifactorial effects, including 

38 possible interacting factors. Our results highlight the need to maintain and extend long-term 

39 monitoring of trout populations, which should be combined with extensive environmental 

40 monitoring.

41 Keywords: Meta-analysis, long-term surveys, global change, headwaters, Salmo trutta
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42 Introduction

43 Freshwaters are among the most threatened ecosystems and their biodiversity is declining 

44 faster than that of terrestrial or marine environments (Dudgeon 2019, Reid et al. 2019). In the 

45 last few decades, 20% of the freshwater fish species described worldwide have been listed as 

46 threatened, endangered or extinct (Magurran 2009). On a European scale, 37% of freshwater 

47 fish species are threatened, and about 17% have declining populations (Freyhof and Brooks 

48 2011). Multiple causes contribute to this decline, including habitat degradation, biological 

49 invasion, water pollution or overfishing (Dudgeon 2019, Mueller et al. 2020), all interplaying 

50 with climate change (Moyle et al. 2011, Comte et al. 2021). Indeed, a high proportion of 

51 freshwater fish species will have their geographic range exposed to climatic extremes in the 

52 future (Barbarossa et al. 2021). The predictions indicate a decline in certain freshwater fish 

53 populations in the coming decades (Poulet et al. 2011, Wenger et al. 2011) and in functional 

54 diversity of stream fish asemblages (Buisson et al. 2013).

55 Due to the dendritic nature of hydrographic networks, most of the length of rivers and streams 

56 is located in the upstream part of catchments, which have been identified as ecosystems of 

57 special ecological interest (Meyer et al. 2007). In Europe, the brown trout (Salmo trutta) is 

58 native and generally the dominant species in headwater streams, and many studies have 

59 highlighted declines in their populations. From 1985 to 1999, the brown trout catches have 

60 decreased by 50% in many Swiss rivers (Burkhardt-Holm et al. 2002). The main cause of the 

61 decline appears to be the effect of increasing water temperature combined with the presence 

62 of the proliferative kidney disease (PKD) (Borsuk et al. 2006), whose clinical symptoms related 

63 to high mortality occur above 15-16°C (Hari et al. 2006, Burkhardt-Holm and Scheurer 2007). 

64 The composition of anadromous salmonids communities in Northern Europe was affected by 

65 gradual climate warming, with a decreasing proportion of Arctic charr and an increasing 

66 proportion of brown trout (Svenning et al. 2021). Brown trout populations in Sweden exhibited 

67 contrasting trends, with declines observed in the warmer southern part of the country and 
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68 increases in the cooler northern streams (Donadi et al. 2023). Climate change can also affect 

69 the recruitment of trout species differently depending on the regional context (Maitland and 

70 Latzka 2022). In France, brown trout densities and occurrences have decreased significantly 

71 over the period 1990-2009 (Poulet et al. 2011). This observation was recently confirmed by 

72 Santos et al. (2022) although disparities between catchments were found, with the main 

73 declines being observed in southwestern and central France. On a European scale, the 

74 causes of the decline of brown trout populations seem to be multiple and to differ between 

75 regions, though a recurrent reference to global warming is to be noted (Pilotto et al. 2020). 

76 However, most previous studies on trout population focused on the identification of trout 

77 population dynamics (Alonso et al. 2011, Bret et al. 2017, Alonso et al. 2024) and less on 

78 density trends. Studies on trout density trends have mainly focused on whole population trends 

79 (e.g. Poulet et al. 2011, Santos et al. 2022) or trends in a specific age class (e.g. young-of-

80 the-year individuals in Donadi et al. 2023), without being able to explore age class-level trends 

81 and the associated drivers that are potentially age class-specific. In addition, the pressure 

82 induced by hydropower plants (Costea et al. 2021), mostly located in headwater streams, was 

83 rarely included in previous studies. Our study fills these gaps by combining: (i) a dataset with 

84 long-term monitoring of brown trout populations at age class level and key environmental 

85 drivers, on reaches with and without flow regulation and (ii) a meta-analysis framework to 

86 evaluate the shared trends, considering all reaches together.

87 The objective of this study was to quantify observed trends in the densities of brown trout 

88 populations and in key environmental drivers in four French geographic areas. In line with 

89 recent observations in different European countries, we hypothesized a decline in trout 

90 population densities, associated with concomitant trends in environmental conditions that 

91 could be responsible for this decline. Our dataset consists of 36 stream reaches where 

92 complete fish samplings (i.e. multi-pass electrofishing samplings with fish removal) have been 

93 conducted, of which about half are located in a bypassed section, with a part of the stream 

94 flow diverted by a dam. These sections are subject to a minimum instream flow, which 
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95 constitutes a pressure on these ecosystems. To our knowledge, trends in brown trout density 

96 have never been compared between bypassed and control sections, and such analysis would 

97 likely provide further insights into the pressure induced by flow reduction in bypassed sections. 

98 In addition, complete fish sampling makes it possible to determine the age class of individuals, 

99 which allows us to investigate trends in the density of each age class separately. To elucidate 

100 the possible environmental drivers of population trends, we investigated long-term seasonal 

101 and annual trends in a panel of environmental variables (water temperature, stream flow, 

102 current velocity and habitat suitability index abbreviated as HSI). In the context of climate 

103 change, for headwater streams, we hypothesized an increase in water temperature and a 

104 decrease in stream flow and current velocity over time. Such trends would lead to an 

105 improvement in HSI for juvenile trout (strong affinity with low current velocity and depth) and 

106 a decrease for adult trout (strong affinity with high current velocity and depth to feed) (Souchon 

107 et al. 1989, Ginot et al. 1998). 

108 Materials and methods

109 Description of surveyed reaches

110 In this study, 36 stream reaches where brown trout was the dominant fish species (i.e. more 

111 than 80% of total fish biomass) were monitored from about 1990 to 2020 (Figure 1 and Table 

112 S2). They are located in four geographical areas (the Alps, the Pyrenees, the Massif-Central 

113 and the Brittany-Normandy), distributed across continental France. The surveyed reaches are 

114 headwater streams, typical of the trout zone (Huet 1954) (Table 1). They are located in 

115 different geographical contexts: most of them being in mountain ranges (Alps, Pyrenees and 

116 Massif-Central) while some are lowland headwater streams (Brittany-Normandy). Each reach 

117 included one or several sequences of pools, runs, and (or) riffles.
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118 Nineteen of the surveyed reaches (53%) are located in a bypassed section (BPS), with part of 

119 the stream flow diverted by a dam, while the others experienced no hydrological modification 

120 (NHM). Table 2 shows the distribution of the 36 surveyed reaches by type of reach (BPS or 

121 NHM) and by geographical area. In compliance with French regulation, the minimum instream 

122 flow was increased (mostly from about 1/40 to 1/10 of the mean interannual flow) in all 

123 bypassed sections during the study period.

124 Fish data

125 Fish data were acquired thanks to a long-term investment by three French organizations 

126 (Electricité de France, the Office Français de la Biodiversité and the Institut national de 

127 recherche pour l'agriculture, l'alimentation et l'environnement). Reaches were sampled by 

128 wading, using two-pass removal electrofishing sampling, according to the European 

129 Committee for Standardization guidelines (CEN 2003). Sampling was performed without 

130 upstream or downstream blocking nets, in summer or early fall (mostly in September). All 

131 stream-dwelling brown trout (Salmo trutta) sampled were measured (total length, to the 

132 nearest 1 mm), and length-frequency histograms allowed distinguishing three age classes 

133 (identifications were made by a few specialists to limit operator bias): young-of-the-year (fish 

134 less than 1 year old; hereinafter referred to as ‘YoY’), juveniles (fish between 1 and 2 years 

135 old), and adults (fish older than 2 years old). Fieldwork was conducted with adequate 

136 administrative permits for electrofishing in accordance with French laws and ethical rules.

137 For each survey, brown trout abundance was estimated using the Carle and Strub (1978) 

138 method based on sampled abundances, separately for trout less than 10 cm and for larger 

139 ones in relation with electrofishing efficiency. These abundances were then converted to 

140 densities (i.e. the number of individuals per 100 m² sampled), using the total sampled area 

141 (between 477 and 2275 m²) calculated as the sampled length × reach width at the interannual 

142 median daily stream flow considered as the structuring flow. Depending on the reach, between 

143 13 and 27 fish surveys were conducted on the 36 stream reaches over the 1994-2020 period 
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144 (Figures S1, S2 and S3, covering an average period (± standard deviation) of 24.8 ± 2 years 

145 (min = 20 years; max = 27 years). Fourteen additional reaches for which sampling began only 

146 in 2005 were also available (Figure 1, Table S1, Table S2) and were used for complementary 

147 analyses (Figure S4).

148 Environmental parameters

149 Water temperature

150 Daily water temperature was measured in the field using thermographs placed in the sampling 

151 reach (recording every 20 minutes). Missing values were estimated from air temperature over 

152 the previous three days based on reach-specific air-water temperature relationships (see Bret 

153 et al. 2016 for a full description of the extrapolation procedure). Comparisons between 

154 extrapolated and observed water temperatures generally showed < 1°C differences. Water 

155 temperature data were available for 19 of the reaches over the 1990-2015 period (Figure 1, 

156 Table S2).

157 Stream flow

158 Daily stream flow was derived from gauging stations (mainly from the French hydrological 

159 monitoring network; www.hydro.eaufrance.fr). Extrapolations were made for the few periods 

160 affected by gauging station failure, following Bret et al. 2016. Stream flow data were available 

161 for 18 of the reaches over the 1990-2017 period. Though they are not located precisely on 

162 each fish surveyed reach (they are mostly less than 20 km of distance from fish surveyed 

163 reach; max distance is 50 km), they are representative of the main characteristics of their 

164 hydrology. For 11 of these reaches, stream flow measurements were available since 1970 

165 and were used for complementary analyses (Figure S5).

166 Current velocity

167 To capture the physical effect of stream flow, we also considered the current velocity. Reach 

168 daily current velocities (m·s−1) were estimated as the ratio between daily discharge and the 
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169 corresponding cross-section area (mean depth × mean width). Reach-specific depth-

170 discharge and width-discharge relationships were estimated using hydraulic models (Ginot et 

171 al. 1998) or detailed hydraulic measurements conducted in the field at different stream flows 

172 (Sabaton and Miquel 1993). Current velocity data were available for 11 of the reaches over 

173 the 1990-2013 period thanks to previous works (Bret 2016, Bret et al. 2017).

174 Habitat Suitability Index

175 To translate stream flow into habitat suitability for brown trout, we used the Habitat Suitability 

176 Index (HSI). HSI modelling considers physical habitat variables (water depth, current velocity, 

177 and sediment size) to assess the physical quality of a reach to support a target species or life-

178 stage (Tharme 2003, Dunbar et al. 2012). HSI is based on the habitat preference curve of the 

179 target species or life-stage and is a function of the physical habitat variables (Bovee 1982). 

180 HSI varies between 0 (unsuitable) and 1 (most suitable) and provides an estimation of the 

181 suitability of a reach under given hydrological conditions for a target species or age class. In 

182 our case, HSI was calculated separately for juvenile and adult trout at a daily time step. HSI 

183 daily data were obtained using the PHABSIM protocol adapted to French streams (Sabaton 

184 and Miquel 1993, Ginot et al. 1998, Lamouroux and Capra 2002) and daily stream flow data. 

185 Similar to current velocity data, HSI data were available for 11 of the reaches over the 1990-

186 2013 period thanks to previous works (Bret 2016, Bret et al. 2017).

187 The year was divided into four seasons of 3 months each, based on the life cycle of the brown 

188 trout:

189 - Spring (March-May) corresponds to the post-emergence season, characterized by a 

190 great sensitivity of YoY to high flows (Jensen and Johnsen 1999, Cattanéo et al. 2002).

191 - Summer (June-August) corresponds to the growing season, a critical period of the year 

192 for all age classes in relation to low flows and high temperatures (Elliott 1994).
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193 - Fall (September-November) corresponds to the spawning season, during which 

194 stream flow and water temperature can positively (Poff et al. 1997, Unfer et al. 2011) 

195 or negatively (Montgomery 1996) affect the recruitment of the following year.

196 - Winter (December-February) is a season during which the eggs are buried in the gravel 

197 substrate and are relatively protected from environmental fluctuations (Bret et al. 

198 2017).

199 For each environmental parameter, annual and seasonal median, 10-percentile and 90-

200 percentile values were calculated based on daily values. This represented a total of 15 metrics 

201 for each environmental parameter. 

202 Statistical analyses

203 The general temporal trends in the time series of the 75 environmental metrics (i.e. 15 metrics 

204 × 5 environmental parameters - water temperature, stream flow, current velocity, HSI for 

205 juveniles and HSI for adults -) and three brown trout age class densities (i.e. YoY, juveniles 

206 and adults) were assessed using the recently developed meta-analysis framework described 

207 in Maire et al. (2019). This method consists in a weighted meta-analysis performed on each 

208 environmental and brown trout metric using Mann-Kendall trend statistics (S) computed on 

209 each time series as “effect sizes” (Gurevitch and Hedges 1993, Daufresne and Boët 2007). 

210 This non-parametric method is used to statistically assess if there is a general monotonic 

211 upward or downward trend in the studied variable over time, without this necessarily being 

212 linear. Variances of S were corrected for temporal autocorrelation prior to meta-analysis 

213 following Hamed and Rao (1998). To account for spatial autocorrelation, we used a random-

214 effects model for the meta-analysis, where random effects are allowed to be spatially 

215 correlated according to a Gaussian correlation structure (Cressie 1993, Maire et al. 2019, Soto 

216 et al. 2023). This procedure produces a variance-covariance matrix based on the pairwise 

217 distances between reaches along the river network (if the reaches are located in different 

218 catchments, a sufficiently high value of 10000 river-km was used). This variance-covariance 
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219 matrix is finally used as an input variance-covariance matrix of the random effects in the meta-

220 analyses (see Maire et al. (2019) for a comprehensive description of the method).

221 In addition to the general trends at the national scale, we tested whether temporal trends in 

222 brown trout age class densities differed depending on (i) geographic area (i.e. Alps, Brittany-

223 Normandy, Massif-Central, Pyrenees) and (ii) type of reach (i.e. bypassed section, reach with 

224 no hydrological modification), alternatively adding these parameters as a factor in the meta-

225 analyses. The difference in trend mean effect sizes between factor modalities was tested using 

226 an omnibus test based on a chi-square distribution (Viechtbauer 2010). These tests could not 

227 be computed on the environmental data due to the smaller number of surveyed reaches. 

228 Complementary analyses were also performed on the 1970-2020 period for stream flow and 

229 on the 2005-2020 period for brown trout age class densities. Analyses were performed using 

230 the R software (R Development Core Team 2022) metafor package version 3.0-2 (Viechtbauer 

231 2010) and the R script provided in Maire et al. (2019).

232 Although the number of surveyed reaches with all environmental parameters also monitored 

233 was too small to conduct complex and robust analyses to test for relationships between 

234 biological and environmental trends, we explored such relationships using a Principal 

235 Component Analysis (PCA) built on the trend values of all biological and environmental metrics 

236 for which significant trends were found. This multivariate analysis was performed (i) on all 

237 environmental metrics (N = 10 reaches) and (ii) on water temperature and stream flow metrics, 

238 for which a slightly higher number of reaches were available (N = 15 reaches).

239 Results

240 In this section, only the key significant and non-significant trends are presented (see Tables 

241 S3, S4 and S5 for a complete list of the statistical outcomes of the meta-analyses conducted).

242 Trends in water temperature
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243 Trend mean effect size (TMES, unitless as derived from values of the Mann-Kendall trend 

244 statistic [S]) of annual median water temperature at 19 monitoring reaches highlighted 

245 significantly increasing values over the study period (TMES ± Standard Error [SE] = 49.9 ± 

246 8.3, p-value < 0.0001) (Figure 2.A). A significant upward trend in 90-percentile values (i.e. 

247 high values) was also found at the annual scale (TMES ± SE = 35.5 ± 8.1, p < 0.0001), while 

248 10-percentile values (i.e. low values) significantly decreased (TMES ± SE = -38.6 ± 8.0, p < 

249 0.0001). These trends reflect overall significant upward trends in spring, summer and fall water 

250 temperature (Median values: TMES ± SE = 29.8 ± 6.3, p < 0.0001) and downward trends in 

251 winter water temperature (median values: TMES ± SE = -43.5 ± 6.5, p < 0.0001). The greatest 

252 trends in water temperature were found in fall with increasing median (TMES ± SE = 83.5 ± 

253 8.6; p < 0.0001) and 90-percentile values (TMES ± SE = 73.3 ± 7.6, p < 0.0001). Median water 

254 temperatures in spring also significantly increased over the study period (TMES ± SE = 31.9 

255 ± 8.3, p = 0.0001).

256 Over the 1990-2015 period, the annual median water temperature increased by +0.21 °C per 

257 decade (median among the 19 surveyed reaches). While median water temperature in winter 

258 decreased by -0.21 °C per decade, it increased by +0.20, +0.16 and +0.51 °C per decade in 

259 spring, summer and fall, respectively.

260 Trends in stream flow and current velocity

261 Only a few metrics of stream flow showed significant temporal trends at the scale of the 18 

262 monitoring reaches over the 1990-2017 period (Figure 2.B). Fall median stream flow 

263 significantly decreased (TMES ± SE = -47.9 ± 10.8, p < 0.0001), while spring median values 

264 (TMES ± SE = 25.0 ± 10.7, p = 0.019) and winter 10-percentile values (TMES ± SE = 27.3 ± 

265 11.1, p = 0.014) significantly increased.

266 Although current velocity is closely linked to stream flow, we found some differences in their 

267 temporal trends. The trends in current velocity assessed at the 11 monitoring reaches where 

268 these data were available showed significant decreasing median (TMES ± SE = -26.4 ± 11.7, 
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269 p = 0.024) and 90-percentile values (TMES ± SE = -29.6 ± 11.6, p = 0.011) at the annual scale 

270 (Figure 2.C). Summer median current velocity also significantly decreased over the study 

271 period (TMES ± SE = -24.6 ± 11.6, p = 0.034). Similar to the trends in stream flow, median 

272 current velocity significantly decreased in fall (TMES ± SE = -55.6 ± 11.6, p < 0.0001) and 10-

273 percentile values significantly increased in winter (TMES ± SE = 25.4 ± 11.7, p = 0.030) over 

274 the same period.

275 Similar analyses were conducted on stream flow recorded at 11 monitoring reaches over the 

276 1970-2017 period. In contrast to the 1990-2017 period, 13 of the 15 metrics tested showed 

277 significantly decreasing trends, with the largest reductions in stream flow occurring in summer 

278 and spring (Figure S5; Table S4).

279 Trends in Habitat Suitability Index

280 Habitat suitability for juvenile brown trout assessed at 11 monitoring reaches showed 

281 significant improvement at the annual scale over the study period (median values: TMES ± 

282 SE = 24.4 ± 11.7, p = 0.037; 10-percentile values: TMES ± SE = 29.4 ± 11.7, p = 0.012) 

283 (Figure 2.D). Median habitat suitability for juvenile trout also significantly increased in summer 

284 (TMES ± SE = 25.4 ± 11.6, p = 0.012) and fall (TMES ± SE = 48.1 ± 11.6, p < 0.0001), while 

285 90-percentile values significantly decreased in winter (TMES ± SE = -25.2 ± 11.8, p = 0.033). 

286 All metrics of habitat suitability for adult brown trout showed no significant trend over the study 

287 period (p-values > 0.05), except for significantly increasing median (TMES ± SE = 35.1 ± 12.6, 

288 p = 0.005) and 10-percentile values (TMES ± SE = 36.3 ± 12.6, p = 0.004) in winter (Figure 

289 2.D).

290 Trends in trout densities

291 A total of 752 year-reach × 3 brown trout age classes (YOY, juvenile, adult) over the 1994-

292 2020 period were considered in the analyses. We found no significant general trends in YoY 

293 (TMES ± SE = -1.9 ± 6.4, p = 0.77; Figure 2.E; Table S4) and juvenile trout densities (TMES 

294 ± SE = -6.8 ± 9.3, p = 0.47; Figure 2.F; Table S4) at the national scale over the 1994-2020 
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295 period. In contrast, adult densities decreased significantly over the same period (TMES ± SE 

296 = -32.2 ± 11.2, p = 0.004; Figure 2.G; Table S4). Over the 36 surveyed reaches, the densities 

297 of adult trout have decreased by a median of -24.6% between the first 5 and last 5 years of 

298 each survey (Figure 3). We found that trends in YoY densities did not differ significantly 

299 between geographic areas (Chi-square test, χ² = 0.41, p = 0.94). In contrast, trends were 

300 significantly different between geographic areas for juvenile (χ² = 9.22, p = 0.027) and adult 

301 densities (χ² = 12.73, p = 0.005). For juvenile densities, the difference in trends between 

302 geographic areas is attributable to a marked decreasing trend in the Pyrenees, contrasting 

303 with the trends in the other areas. For adult densities, marked decreasing trends were found 

304 in the Pyrenees and in the Massif-Central, while trends in the Alps and in Brittany-Normandy 

305 were more contrasted between reaches. Finally, we found that trends were not significantly 

306 different between the reaches located in a bypassed section and those with no hydrological 

307 modification for YoY (χ² = 0.07, p = 0.79), juvenile (χ² = 2.67, p = 0.10) and adult densities (χ² 

308 = 1.63, p = 0.21).

309 The analyses conducted on brown trout age class densities surveyed at 50 reaches over the 

310 2005-2020 period (Tables S1, S2, S5) showed significantly decreasing general trends in 

311 juvenile (TMES ± SE = -6.7 ± 3.0, p = 0.025; Figure S4.A) and adult trout densities (TMES ± 

312 SE = -15.6 ± 3.6, p < 0.0001; Figure S4.B) at the national scale, while the general trend was 

313 not significant for YoY densities (TMES ± SE = -5.3 ± 3.0, p = 0.077; Figure S4.C). Over the 

314 2005-2020 period, the only significant difference in trends between geographic areas or type 

315 of reach was found for YoY densities between geographic areas (χ² = 7.99, p = 0.046), with a 

316 marked decreasing trend in the Massif-Central.

317 According to the PCA built on the trend values of the biological and environmental parameters 

318 for which significant trends were found, trends in adult trout densities appeared to be positively 

319 related to trends in stream flow and current velocity in winter (10-percentile values), in fall 

320 (median values) and annual metrics of current velocity (median and 90-percentile values) and 

321 negatively related to trends in median stream flow in spring (Figure S6). The relationships 
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322 between trends in adult trout densities and all other environmental metrics, especially water 

323 temperature, were found to be orthogonal.

324 Discussion

325 Long-term environmental trends

326 The meta-analysis carried out for each environmental metric showed significant trends for 

327 water temperature, stream flow, current velocity and habitat conditions, which depend on the 

328 period of the year considered. We found that annual median and the metric of high water 

329 temperatures (i.e. 90-percentile values) significantly increased while the metric of low water 

330 temperatures (i.e. 10-percentile values) significantly decreased. The meta-analyses 

331 highlighted the shared nature of this result across reaches and geographic areas, implying 

332 that global drivers are probably involved. Indeed, climate change is underway in European 

333 mountain areas, where substantial increases in air temperature are observed (Brunetti et al. 

334 2009, Maris et al. 2009). In the headwaters studied, annual water temperatures have 

335 increased by a median of +0.21 °C per decade. Spring, summer and fall water temperatures 

336 also showed general significant increases. The warming of the surveyed reaches was not as 

337 fast as that observed on larger mountain rivers in Austria (Niedrist 2023) or large French rivers 

338 (Maire et al. 2019), but was twice as fast as previous observations reported for headwater 

339 streams in the northwestern United States (Isaak et al. 2016). The slower warming of 

340 headwater streams compared to larger rivers could be linked to strong local temperature 

341 gradients (e.g., proximity to persistent snowfields, forest canopies, groundwater influxes) 

342 associated with topographic controls (Isaak et al. 2016) and a greater thermal influence of 

343 snow and glacier melt (Michel et al. 2020). We found significant decreasing trends in water 

344 temperatures in winter and, to our knowledge, no other study has reported seasonal declining 

345 trends in water temperature for any kind of stream or river. Some studies reported a 
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346 substantially slower warming in winter compared to other seasons (Kędra 2020, 

347 Seyedhashemi et al. 2022), but no decreasing trends. Such a decrease in winter stream 

348 temperatures seems counterintuitive in the context of global warming. Still, they could be 

349 explained by the fact that the months chosen to describe the winter season (December to 

350 February) were fixed for the entire study period, while earlier snow and glacier melt was 

351 observed over the same period (Han et al. 2024) . This may have led to a progressively earlier 

352 inflow of cold water into snow- and glacier-fed headwater streams, resulting in a decreasing 

353 trend in winter stream temperature in our analyses. This hypothesis is consistent with the 

354 increase of median water temperature in spring.

355 Analyses of stream flow revealed only a few significant trends over the 1990-2017 period, 

356 including a general increase in median values in spring and a general decrease in fall. In 

357 contrast, stronger and more significant decreasing trends in stream flow were found over the 

358 1970-2017 period for all seasons. This highlights the historical context of stream flow reduction 

359 in which the main study period 1990-2020 falls. Similar long-term decreases in mean annual 

360 flow have been reported for headwater streams (e.g. Lorenzo-Lacruz et al. 2012 for the 1945-

361 2005 period, Buendia et al. 2016 for the 1965-2009 period), while, in line with our findings, no 

362 significant trends are generally found for more recent periods (Mostowik et al. 2019 for the 

363 1986-2015 period). A high variability of trends between periods of the year and between 

364 regions or basins is documented, in relation to differences in air temperature, precipitation and 

365 land cover (Buendia et al. 2016, Mostowik et al. 2019). A tipping point in the trend of annual 

366 stream flow in a Pyrenean river was identified in the 1980s by Buendia et al. (2016). Regarding 

367 low flows, Vlach et al. (2021) observed that the seasonality of drought events changed 

368 markedly after 1992 in the Ore Mountains (Central Europe), with the most severe droughts 

369 concentrated between August and October. These observations, combined with ours, support 

370 the spatial complexity of river flow trends observed on a global scale (Gudmundsson et al. 

371 2021), which is further accentuated when drilling down to seasonal patterns. Our results also 
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372 emphasize the influence of the depth of the study period on stream flow trends, which must 

373 be kept in mind in general when investigating long-term environmental trends.

374 Trends in current velocity were greater and more significant than those found for stream flow. 

375 Such a difference is due to the translation of stream flow into current velocity, which depends 

376 on reach morphology. This result emphasizes the value and greater sensitivity of direct 

377 environmental descriptors compared to proxies (Picard et al. 2022). The decreasing trend 

378 observed for current velocity led to an increase in HSI for juvenile trout because of their affinity 

379 with low current velocity (Bovee 1978, Heggenes et al. 1999).

380 Long-term trends in brown trout age class densities

381 The primary finding regarding trends in brown trout populations was a significant general 

382 decline in adult densities, although disparities between geographic areas were found. A clear 

383 decline in adult densities was observed in the Pyrenees, where the majority of the surveyed 

384 reaches are located, as well as in the Massif-Central. The trends were more contrasting 

385 between reaches in the Alps and in Brittany-Normandy. The decline in adult densities was 

386 also observed more markedly on the 2005-2020 period, without significative difference 

387 between geographic areas. This decline is consistent with previous studies of brown trout 

388 population trends in France (Poulet et al. 2011, Santos et al. 2022), which were conducted 

389 over a larger number of reaches but over a shorter period.

390 Our dataset is substantial in terms of temporal depth and spatial coverage on a national scale, 

391 with 36 reaches sampled over a 26-year period, spanning the main French mountain ranges 

392 and some coastal streams. However, it remains limited to allow the identification of robust 

393 regional trends due to relatively few replicates in each geographical area (Table 2). Therefore, 

394 results in Brittany-Normandy (3 reaches) and in the Alps (5 reaches) should be interpreted 

395 with caution. The two other geographical areas, which comprise most of the surveyed reaches, 

396 are those where our analyses showed declines in adult densities, thus supporting a plausible 
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397 nationwide decline in adult brown trout densities. In addition, it is also possible that the spatial 

398 differences found in adult trout density trends between geographical area are the result of 

399 differences in flow and water temperatures trends (Dayon et al. 2018) or of regional 

400 characteristics (e.g. lowland vs. mid- or high-altitude streams, forested vs. cultivated areas) 

401 (Pilotto et al. 2020).

402 No significant trends were observed for densities of younger age classes (YoY and juveniles) 

403 over the period 1994-2020. This result is in line with a previous study on a partially shared 

404 dataset that highlighted the great natural interannual variability of these age classes, which 

405 usually prevents the detection of any relationship between adult densities and the recruitment 

406 of the following year (Bret et al. 2017, Cauvy-Fraunié et al. 2020). This high variability on YoY 

407 densities makes it difficult to detect significant long-term trends. The reproductive success and 

408 level of recruitment (reflected here by YoY densities) are closely related to hydrology during 

409 spawning in fall and during the post-emergence period in spring (Jensen and Johnsen 1999, 

410 Cattanéo et al. 2002, Lobón-Cerviá 2004, Tissot et al. 2016), suggesting a greater influence 

411 of specific events (e.g. floods) compared to long-term drivers (e.g. climate). Yet, studies have 

412 identified significant trends in YoY brown trout densities on a large scale (e.g. Donadi et al. 

413 2023 in Sweden), which were moreover spatially contrasted between southern and northern 

414 areas. This suggests that the identification of trends in young age class densities is achievable, 

415 and that our finding of non-significant trends is potentially a valid indication of the absence of 

416 long-term trends in brown trout recruitment in the study reaches. In contrast, we found a 

417 declining trend in the densities of juvenile trout over a shorter period 2005-2020 for an 

418 extended dataset (50 surveyed reaches), mirroring that observed for adult trout over the longer 

419 term.

420 Although the decrease in juvenile and adult densities seems more pronounced in reaches 

421 located in bypassed sections (BPS) compared to reaches without hydrological modifications 

422 (NHM), these differences were not significant. First, even if the dataset is almost balanced 

423 between BPS and NHM, the BPS/NHM ratio is unbalanced by geographical area (15 among 
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424 the 19 BPS are in the Pyrenees, see Table 2). Second, all the BPS reaches surveyed in this 

425 study have experienced a regulatory increase of their minimum instream flow during the study 

426 period (in 1998 or 2014 for most BPS reaches) that could limit the differences between NHM 

427 and BPS reaches. Moreover, brown trout populations are structured by both biotic (density-

428 dependent processes, prey availability) and abiotic factors, some of which are directly linked 

429 to stream flow (depth, current velocity) while others are not (shelter availability, water 

430 temperature, sediment size, water quality) (Milner et al. 2003, Bret et al. 2017, Alonso et al. 

431 2024). The effect of instream flow on brown trout populations remains sometimes difficult to 

432 determine, being a function of a complex set of factors, which can be very limiting for some 

433 BPS reaches, but not systematically (Baran et al. 1995, Bilotta et al. 2016).

434 Potential causes of the decline in adult brown trout densities

435 The trend meta-analyses we conducted did not quantify the role of studied factors, nor the 

436 relative share of their effect on brown trout density trends. As a first and complementary 

437 approach, the multivariate analyses performed on the significant biological and environmental 

438 trends available concomitantly, for a limited number of surveyed reaches, showed that the 

439 reaches with the strongest downward trends in adult trout densities seem to have experienced 

440 the strongest trends in median stream flow in spring and the smallest trends in low winter 

441 values and median fall values of stream flow and current velocity. However, the small fraction 

442 of surveyed reaches for which all the environmental parameters were monitored over the study 

443 period makes these basic relationships hard to generalize and should be considered as a 

444 preliminary approach, the best we can achieve with this dataset. Nevertheless, the increase 

445 of median flow in spring could have contributed to increase trout mortality, particularly YoY, 

446 that would impact on the older age classes in subsequent years. Specific events may also 

447 have played a major role in these trends. In particular, a strong rainfall episode occurred in 

448 July 2013 in the Pyrenees and caused a 100-year flood that affected part of the surveyed 

449 reaches, with a high mortality rate observed on fish communities (Rocaspana et al. 2019). 
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450 YoY densities drastically decreased in 2013 (visible on Figure S1 for the reaches in the 

451 Pyrenees) and the effect on older age classes is still discernible years later. This event could 

452 partly explain the strong decreasing trend in adult trout densities found in the Pyrenees. 

453 Furthermore, the historical significant decreasing trends in stream flow over the 1970-2017 

454 period may have contributed to brown trout population trends observed on a shorter, more 

455 recent time scale, for example by having led to altered demographic processes as early as 

456 the beginning of the study period. Of the other environmental parameters we were able to 

457 study, increasing water temperatures in spring, summer and fall, even if they remained in the 

458 thermal range of the species, may have led to greater competition between adult trout (results 

459 on a partially shared dataset, Bret et al. 2017). This is particularly the case during periods of 

460 limiting habitat availability, which occurs in fall with the decrease in stream flow that may have 

461 limited the access to deep habitats suitable for adult trout.

462 Biotic processes may also be involved in the decline of adult trout densities. Increased 

463 predation on trout is a plausible hypothesis as effect of predation on salmonids population 

464 were already observed (Falkegård et al. 2023). The American mink (Neovison vison) is 

465 present in the eastern and western parts of the Pyrenees and the geographic range of the 

466 Eurasian otter (Lutra lutra) is clearly expanding in France and particularly in the Pyrenees 

467 (Museum National d'Histoire Naturelle and Office Français de la Biodiversité 2022). These two 

468 mammals are known to feed on brown trout (Vehanen et al. 2022, Sortland et al. 2023), 

469 especially the otter (Melero et al. 2008, Harper et al. 2020). The expansion of the otter in 

470 southwestern France from the early 90s matches the beginning of our study period. Other 

471 potential predators of brown trout have also shown expanding trends and density increases 

472 (e.g. great cormorant, Phalacrocorax carbo) (Källo et al. 2019, Källo et al. 2023). It is therefore 

473 possible that the increase in predation pressure has contributed to the observed trends in 

474 brown trout densities, particularly in the Pyrenees. Such an effect suggests that the decline 

475 observed would be rather a transitory effect until densities reach a level consistent with the 

476 presence of otters than a “never ending” decline of trout populations. In addition, we cannot 
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477 exclude an effect of fish parasites or diseases on the decline in adult trout densities in relation 

478 to warming (Macnab and Barber 2012, Bailey et al. 2017), although no such events on adult 

479 trout has been reported on the study reaches. Finally, an effect of fish stocking on brown trout 

480 densities could not be excluded. Although no quantitative information is extensively available 

481 in France, trout stocking has decreased in recent years, as observed in other countries (Hunt 

482 and Jones 2018). It is therefore possible that there is a link between the observed decrease 

483 in brown trout densities and the reduction in fish stocking, even though most studies agree on 

484 the weak effect of stocking on salmonid densities (Baer and Brinker 2010, Young 2013, 

485 McMillan et al. 2023), in relation to the carrying capacity of the stream (Ayllón et al. 2012).

486 The decline in adult trout densities is thus likely due to multifactorial drivers, including water 

487 temperature and flow. Other factors seem to drive the decline, as predation or possible 

488 interacting factors especially with water temperature (Waldner et al. 2020, Casas-Mulet et al. 

489 2021). Our results highlight the need to extend long-term monitoring of trout populations, which 

490 should be combined with extensive environmental monitoring if we aim to identify the drivers 

491 of the observed biological trends (Magurran et al. 2010). Future analyses could focus on the 

492 characterization of the potential geographical differences. This would allow appropriate and 

493 efficient management measures to be taken to improve living conditions for brown trout 

494 populations (Willis and Birks 2006, Dieterman et al. 2020). Our study also highlights that 

495 analysis of seasonal environmental trends is relevant to identify their potential effects on brown 

496 trout density trends throughout the life cycle of the species.
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800 Tables

801 Table 1: Description of the main physical characteristics of the 36 surveyed reaches.

Physical characteristic Min. Mean Max

Width at median flow (m) 3 8 16

Reach slope (%) 0.3 3.1 13.2

Elevation (m) 15 772 1320

Distance from source (km) 3.0 18.4 49.0

Upstream drainage area (km²) 9 147 605

Annual mean flow (m3.s-1) 0.2 4.1 16.5

Median daily current velocity (m.s-1) 0.13 0.40 0.86

Median daily water temperature (°C) 6.7 8.9 11.2

802

803 Table 2: Distribution of the 36 surveyed reaches by type of reach (BPS or NHM) and by 

804 geographical area. BPS: bypassed section, NHM: no hydrological modification.

BPS NHM TOTAL

Alps 2 3 5
Pyrenees 15 6 21
Massif-Central 2 5 7
Brittany-Normandy 0 3 3
TOTAL 19 17 36

805

806
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807 Figures

808

809 Figure 1. Location of surveyed reaches and associated available data. Background map - 

810 sources: IGN BD ALTI®, IGN BD CARTHAGE®. Inserted map - source: Natural Earth. 

811 Coordinate system: WGS84.

812
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815 Figure 2. Results of the meta-analyses conducted on the trends in metrics of (A) water 

816 temperature, (B) stream flow, (C) current velocity, (D) HSI for juvenile (squares) and adult 

817 (diamonds) trout, and (E) brown trout densities per age class over the 1990-2020 period. For 

818 environmental parameters (panels A-D), the trends in the different metrics are shown (M: 

819 median values, L: low-percentile 10 values, H: high-percentile 90 values) at the annual scale 

820 and for each season (spring: March-May, summer: June-August, fall: September-November, 

821 winter: December-February). For trends in trout densities per age class (panel E-G), the 

822 general trends at the national scale are shown (FR), and their decomposition according to 

823 each modality of the parameters tested is depicted with diamonds (geographical area in light 

824 green and type of hydrological modification in light blue). ALP: Alps, BN: Brittany-Normandy, 

825 MC: Massif-Central, PYR: Pyrenees, BPS: bypassed section, NHM: no hydrological 

826 modification. For any general trend mean effect size, if the confidence interval does not 

827 intersect the 0 value (horizontal dashed lines), the trend is significant (upward trend: black 

828 symbols; downward trend: grey symbols) and otherwise non-significant (white symbols).

829
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830 Figure 3. Histogram of changes in adult trout density between the first 5 and last 5 years of 

831 each survey. The median value calculated over the 36 surveyed reaches is represented by 

832 the blue vertical dotted line.

833
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