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2

21 Abstract

22 Several Finnish populations of salmonids have been maintained exclusively by stocking 

23 hatchery-reared fish for several generations, it is crucial to know whether domestication has 

24 affected fitness-related traits and to assess how the developmental environment influences 

25 fish phenotypes. Here, we focused on Lake Saimaa landlocked salmon and studied the role of 

26 the early rearing environment in trait formation, by comparing juveniles (fingerlings) from 

27 three backgrounds: 1) semi-wild (stocked as alevins), 2) standard hatchery, and 3) enriched 

28 hatchery conditions We compared juvenile morphology, swimming performance, and 

29 capability of feeding on natural prey in early winter. We found no differences between 

30 standard and enriched hatchery conditions. Semi-wild fish consumed more prey items, but 

31 wet mass of stomach contents did not differ between backgrounds. Swimming endurance was 

32 comparable between backgrounds. Semi-wild fish had slenderer body shape and longer fins 

33 than hatchery-reared fish. The lack of performance differences between hatchery juveniles 

34 and their semi-wild conspecifics is possibly due to reduced phenotypic plasticity caused by 

35 extremely low levels of genetic diversity in this population.

36

37

38

39

40

41

42

43

44

45

Page 2 of 37
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 

U
ni

ve
rs

ity
 o

f 
E

as
te

rn
 F

in
la

nd
 o

n 
11

/2
6/

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

. 



3

46 Introduction

47 Many natural salmonid populations are threatened by various human activities such as 

48 overharvesting and construction of hydropower dams. Dams often severely block the 

49 movements of migratory fishes and thus prevent natural reproduction possibilities for these 

50 species (Lundqvist et al. 2008). The vitality of impacted populations, and endangered fish 

51 populations in general, is often heavily dependent on stocking of hatchery-reared fish into 

52 nature (Brown and Day 2002; Fraser 2008). However, captive breeding programs expose 

53 hatchery-reared fish to radically different selective forces than their wild counterparts 

54 experience (Hindar et al. 1991; Waples 1991; Fleming and Gross 1993; Snyder et al. 1996; 

55 Reisenbichler and Rubin 1999; Frankham 2008). This has been shown to lead to rapid 

56 domestication of hatchery-reared fish stocks over as little as one generation (Christie et al. 

57 2012). Crucially, this process may promote fixation of alleles that are deleterious in nature 

58 (Olla et al. 1998; Lynch and O’Hely 2001; Jonsson and Jonsson 2006) and may explain why 

59 apparent survival rates of hatchery-reared fishes in nature are often significantly lower than 

60 those of wild conspecifics (Wang and Ryman 2001; Brown et al. 2003; Araki et al. 2007, 

61 2008; Blanchet et al. 2008; Norrgård et al. 2014).

62 Current hatchery practices can cause several maladaptive changes in fish phenotype 

63 and behaviour (Fleming et al. 1994; Law and Blake 1996; Berejikian et al. 2000; Johnsson et 

64 al. 2001; Brockmark et al. 2010). For example, body morphology typically differs between 

65 hatchery-reared and wild fish (Fleming et al. 1994; Sánchez-González and Nicieza 2017). 

66 Body shape is particularly important for swimming efficiency and manoeuvrability 

67 (Pakkasmaa 2001; Pakkasmaa and Piironen 2001; Ojanguren and Braña 2003). Moreover, for 

68 salmonids, critical swimming speed (Ucrit: the time and velocity when fish cannot resist the 

69 current any longer, often referred to as swimming endurance) is one of the key traits likely to 

70 affect survival in the wild (Plaut 2001; Pang et al. 2014). Both individual swimming ability 
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71 and body morphology may be associated with foraging behaviour and predation avoidance 

72 (Jackson and Brown 2011; Yan et al. 2013). Hence, hatchery-induced changes in body 

73 morphology can impose important fitness consequences for captive-reared fishes after release.

74 Food in the hatchery environment is often artificial and served at scheduled times with 

75 little temporal or spatial variation. Natural fluctuations in feeding regime are thus often 

76 completely absent. Furthermore, fish densities in hatcheries are much higher than in nature, 

77 creating an unnatural social environment (Berejikian et al. 2000). In order to maximise the 

78 performance of hatchery-reared fish in the wild, it is crucial to know whether stocked 

79 individuals are able to learn how to feed on novel food items after release. In the wild, 

80 juvenile Atlantic salmon (Salmo salar) feed opportunistically on drift and benthic 

81 invertebrates (Amundsen and Gabler 2008; Johansen et al. 2011), requiring different skills 

82 than fish acquire in hatcheries. However, enriched rearing techniques can provide solutions to 

83 the issues mentioned above (e.g. Hyvärinen and Rodewald 2013; Karvonen et al. 2016). 

84 Enriched rearing has recently been applied to improve the fitness of hatchery-reared Atlantic 

85 salmon, as well as other salmonids (Rodewald et al. 2011).

86 Globally, many Atlantic salmon stocks are threatened and dozens of populations have 

87 already been extirpated (Klemetsen et al. 2003; Rassi et al. 2010; Lumme et al. 2016; Murphy 

88 et al. 2017). Therefore, maintaining populations in hatchery “refugia” has become common 

89 and more work is needed to evaluate and maintain fitness-related traits for the hatchery 

90 populations. Some of the known examples of Atlantic salmon refugia populations include Bay 

91 of Fundy (O’Reilly and Kozfkay 2014) and Lake Ontario / Lake Champlain populations 

92 (Hutchings et al. 2019). In the Eastern North America, efforts with varying degree of success 

93 have been carried out, for example, to reintroduce salmon to lakes where it has been 

94 extirpated and to provide supplementary stocking into declined populations (Tessier et al. 

95 1997; Brunsdon et al. 2017).
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96 In Finland, the Lake Saimaa landlocked salmon (S. salar m. sebago) is a critically 

97 endangered unique ecomorph of the Atlantic salmon (Pursiainen et al. 1998; Lumme et al. 

98 2016). The Lake Saimaa landlocked salmon has a narrow genetic background (Tonteri et al. 

99 2005; Tiira et al. 2006) and has been fully dependent on stocking enhancement for the last 

100 four decades, because construction of hydroelectric dams in the middle of the 1950s and early 

101 1970s destroyed virtually all the natural breeding areas (Pursiainen et al. 1998). The critical 

102 bottleneck was in the 1990s when less than ten parental fish were available for founding of 

103 the broodstock (Tiira et al. 2006). Hence, the present stock is maintained by annual stocking 

104 of hatchery-reared smolts near to their previous reproduction areas. Hatcheries are used to 

105 incubate eggs and to produce smolts, and the hatchery broodstock is annually replenished by 

106 collecting gametes from returning spawners. Only F1 generations have been used in the 

107 hatchery propagation. The current management strategy in Finland follows the four goals for 

108 conservation hatcheries (maintaining genetic diversity and effective population size, as well 

109 as minimizing inbreeding and adaptation to captivity) as recommended by Fisch et al. (2015). 

110 Moreover, in recent years there has been growing interest in restoring natural reproduction 

111 (Soininen et al. 2019), which requires comprehensive understanding of the mechanisms 

112 affecting survival of early life stages. 

113 In this study, we focused on the effects of early rearing environment on fitness traits in 

114 landlocked salmon by dividing offspring of shared parentage into three rearing groups: (i) 

115 juveniles stocked into a natural stream as alevins in the spring, (ii) standard hatchery-reared 

116 juveniles, and (iii) enriched-reared juveniles. After one summer of growth, we studied the 

117 effect of early rearing conditions on swimming performance, body morphology, and the 

118 ability to forage on natural prey items in 0+ fingerlings. In the standard rearing method, the 

119 fish were maintained in a typical low-stimulus environment, whereas under enriched rearing, 

120 natural conditions were mimicked, i.e. the tanks were supplied with shelters for fish and the 
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121 water velocity, depth and direction were varied, in addition to varying feeding regime 

122 (Hyvärinen and Rodewald 2013). The experiments were timed for late autumn and early 

123 winter as most overwinter mortality in juvenile Atlantic salmon seems to occur during this 

124 period (Cunjak and Power 1987). Based on earlier observations (Jackson and Brown 2011; 

125 Näslund et al. 2012; Hyvärinen and Rodewald 2013; Näslund et al. 2013), we expected to find 

126 differences in all studied traits between different rearing backgrounds. In more detail, we 

127 hypothesised that after spending three months in a natural stream environment, semi-wild fish 

128 would differ from hatchery-reared fish. In addition, in line with earlier studies, we expected 

129 the enriched-reared fish to show better performance than the standard-reared fish (Rodewald 

130 et al. 2011). 

131

132 Materials and Methods

133 The study fish and creation of experimental groups

134 In October 2013, we artificially fertilised the eggs from a cultivated broodstock (F1 hatchery 

135 generation) of Lake Saimaa landlocked salmon using 75 females from three year classes 

136 (2007, 2008, and 2009) and 75 males from four year classes (2008, 2009, 2010, and 2011). 

137 Fertilisation matrices were produced between five females and five males (a total of 15 

138 matrices, generating 375 families). The fertilisations and early incubation occurred at the 

139 Enonkoski Aquaculture Station of the Natural Resources Institute Finland (Fig. 1). Then, at 

140 the eyed-egg stage, the eggs pooled from all matrices were divided into three different 

141 treatments: (i) juveniles to be stocked to natural stream as alevins (i.e. semi-wild: N = 7 500 

142 eggs), (ii) standard-reared (N = 7 500) and (iii) enriched-reared (N = 7 500). The semi-wild 

143 fish were brought to the River Ala-Koitajoki (N 6973832 E 673569) as newly-hatched alevins 

144 on 2 May 2014 and were left to grow under natural conditions until they were captured by 

145 electrofishing on 12 September 2014. After capture, the fish were transported to the Kainuu 
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146 Fisheries Research Station (KFRS, www.kfrs.fi; Natural Resources Institute Finland (Fig. 1)). 

147 The eyed eggs of the standard-reared and enriched-reared fish were transported directly to 

148 KFRS. The fish were maintained under standard or enriched conditions over the summer (see 

149 Table S1 and S2; Hyvärinen and Rodewald 2013; Fig. S1, S2, and S3). All experiments (see 

150 below) were conducted at the KFRS in October 2014. 

151 Between 12-16 September 2014 the fish were anaesthetised with benzocaine (40 mg·l-

152 1), measured (total length and wet mass), and tagged with individual PIT-tags (12 mm HDX, 

153 Oregon RFID). After tagging, 30 randomly selected salmon (6-10 cm total length) from each 

154 rearing background were placed into six 0.4 m2 circular holding tanks (two tanks per 

155 background to ensure safe maintenance between the experiments). During the experimental 

156 period, the hatchery-reared fish were fed with commercial dry food (Veronesi VITA, 0.5–1.0 

157 mm, crude protein 55-57%) by an automatic belt feeder. Food was added twice a day, and it 

158 was dispensed within the next eight hours. Semi-wild fish were provided with live zoobenthos 

159 twice a week so that invertebrates were constantly available. Fish were held in the tanks 

160 before and between the experiments and allowed one week of recovery between subsequent 

161 experiments to mitigate potentially negative effects of handling stress. Specific growth rate 

162 (SGR) of total length was calculated for the period between the tagging and the end of the 

163 study by using the formula:

164 . 𝑆𝐺𝑅 =  
ln (𝑓𝑖𝑛𝑎𝑙 𝑓𝑖𝑠ℎ 𝑙𝑒𝑛𝑔𝑡ℎ) ― ln (𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑖𝑠ℎ 𝑙𝑒𝑛𝑔𝑡ℎ)

𝑇𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 ∗ 100

165

166 Foraging experiment

167 The foraging experiments were conducted between 10-17 October 2014, using four circular 

168 outdoor concrete stream ponds with gravel substrate (2-4 cm grain size), where fish were able 

169 to feed on natural zoobenthos and drifting organisms (Rodewald et al. 2011). The total area of 

170 each pond was 75 m2, of which the stream section comprised 40 m2.  Water flow was 
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171 averaged 0.08 m·s-1 (SD ± 0.02), depth was maintained at 25 cm, and temperature followed 

172 natural conditions varying between 4.2-6.2 ºC (ambient temperature) during the experiment. 

173 Each pond contained three to four grey plastic boxes (0.4 m2 and 800 × 600 × 451 mm) 

174 covered with lids and each end cut out and replaced with wire mesh (5 mm mesh size) to 

175 allow water and drift items to flow through. The boxes were placed parallel to the flow 

176 direction in the tanks. Each box was filled with 10 l of gravel (⌀ 2-4 cm grain size). After 48 

177 hrs of fasting in the holding tanks, we introduced one fish from each rearing treatment to a 

178 randomly selected box (i.e. one fish per box) after transporting them individually in 10 l 

179 buckets. The salmon spent 24 hours in the boxes, from introduction at 11:00 until removal at 

180 11:00 the following day (Table S3).

181 We used a pulsed gastric lavage method (Kamler and Pope 2001; Braga et al. 2017) to 

182 extract consumed food items from the stomachs of anaesthetised fish immediately after 

183 removing them from the boxes. Stomach contents were flushed with pressurised (2.5 bar) 5 

184 °C (ambient temperature) water using a 1 mm diameter metal hose. To confirm the 

185 effectiveness of our stomach content analyses, we performed a pilot test where we first fasted 

186 18 additional naturally-fed salmon for 0 hours, 24 hours, or 48 hours, and then inspected the 

187 flushed stomach contents. After 24 hours fasting, 66% of the stomachs were empty and after 

188 48 hours fasting, all stomachs were empty. Therefore, the fingerlings were fasted for 48 hours 

189 prior to experimentation to ensure that the fish had completely evacuated their stomach 

190 contents. After flushing, fish were left to recover for 30 minutes and then returned to their 

191 original holding tanks. Stomach content samples were stored in 60% ethanol until analysis 

192 under a dissecting microscope, when any invertebrates were identified to the level of order or 

193 family. 

194

195 Swimming endurance experiment
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196 The swimming endurance experiment (after Vainikka et al. 2012) was conducted between 25-

197 28 October 2014 when water temperature varied between 1.1-1.2 ºC following ambient 

198 conditions. Using the same individuals as in the foraging experiment, the fish were fasted for 

199 24 hours and then individually acclimated in 10 l buckets for 30 minutes. After the 

200 acclimation period, each fish was individually placed into a swim tube. The swim tube was a 

201 1200 mm long transparent tube with an inner diameter of 100 mm. Both ends of the tube were 

202 covered with 5 mm mesh. Water flow in the tube was gravitational, induced by placing a 

203 water input 1.4 m above the tube. The swim performance test was started after a 90 s 

204 acclimation. During the test, water velocity was increased by gradually opening the input 

205 valve in 5 s intervals until a maximum speed of 73.2 cm·s-1 was reached in 40 s. When 

206 individuals could no longer maintain position against the current (time against maximum 

207 velocity varied from 1-125 s), we immediately closed the valve and removed the fish to allow 

208 recovery in 10 l buckets for 15 minutes before transferring them back to their holding tanks 

209 (Table S4). We used a maximum velocity of 73.2 cm·s-1 because 90% of our additional pilot 

210 fish (the same fish as in the pilot foraging experiment) were able to hold their position in it. 

211 Some mortality occurred between experiments (4 semi-wild and 6 standard-reared fish) and 

212 datapoints from dead fish were removed from the statistical models.  

213

214 Morphology

215 Upon completion of the swimming performance experiment, we euthanised the fish via 

216 benzocaine overdose (200 mg·l-1). Each fish was photographed (left lateral view) with a 

217 Nikon® D80 digital camera with a Nikon® AF Zoom Nikkor 28-85 mm f/3.5-4.5N lens. The 

218 photographs were taken from 25 cm distance using a fixed stand and constant camera settings 

219 (ISO-800, focal length 60 mm, exposure time 1/60 sec, artificial fixed lighting, no flash). The 

220 photographs were first converted into TPS files with tpsUTIL (Rohlf 2006). Using tpsDIG we 
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221 then selected 16 landmarks on the side view photographs and measured the following 

222 morphological parameters: body length, body height 1, body height 2, body height 3, dorsal 

223 fin length, head length, upper jaw length, and pectoral fin length (Fig. 2).

224

225 Statistical analyses

226 The sizes of the fingerlings differed between rearing backgrounds (enriched > standard > 

227 semi-wild: Table 1) so size was included in statistical analyses of the experimental data (see 

228 below). Differences in SGR between the rearing backgrounds were tested by one-way 

229 ANOVA and paired differences were tested by Tukey HSD post hoc test. 

230 The effect of rearing environment on fingerlings feeding activity (total number of 

231 consumed prey items) was examined using a linear mixed-effects model (LMM with 

232 restricted maximum likelihood (Bates et al. 2014)) with rearing environment and test pond as 

233 categorical fixed factors, wet mass as a covariate, and test day as a random factor. The model 

234 was simplified first by removing statistically insignificant interactions and then based on AIC. 

235 The final model for the total number of prey items included the main effects of test pond and 

236 rearing environment. The effect of the rearing environment on the total ingested prey mass 

237 was studied using a generalised linear mixed model (GLMM) with negative binomial error 

238 distribution and log link function. The model structure was identical with the LMM model 

239 described above. GLMM was used since the response variable was not normally distributed 

240 and could not be normalised with transformations. Final selection of error distribution was 

241 based on lowest AIC value between four candidate distributions (negative binomial, quasi-

242 poisson, poisson, and gamma). LMM and GLMM analyses were conducted with lmerTest 

243 (Kuznetsova et al. 2017) and glmmADMB (Fournier et al. 2012) packages (respectively) 

244 in R version 3.2.3 (R Core Team 2015). In both models, the significance of categorical fixed 
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245 factors (main effects and paired differences) were tested with ANOVA function (i.e. by 

246 comparing the full model against the reduced model). 

247 The effect of rearing background on swimming performance was analysed using one-

248 way ANOVA. We used logarithmic transformation of total swimming time and removed the 

249 effect of the fish size (total length) on swimming performance by using unstandardized 

250 residuals of the linear regression between size and swimming time. 

251 To remove the allometric variation due to differences in fish size, we performed linear 

252 regression analyses between body length and all morphological measurements and used the 

253 unstandardized residuals from these regressions in subsequent analyses. Unstandardized 

254 residuals were first taken into a Principal Component Analysis (PCA) with Varimax rotation. 

255 PCA resulted in two principal components with eigenvalues >1, which together explained 

256 80.1 % of the variation in body morphology. The first component (‘body component’) was 

257 affected by all three body height parameters and jaw length, whereas dorsal fin length, head 

258 length, and pectoral fin length formed the second component (‘fin component’). Principal 

259 components were analysed with one-way MANOVA using rearing background as a fixed 

260 factor. The paired differences between rearing environments were tested with Tukey HSD 

261 post-hoc test.  

262 We tested association between the unstandardized residuals of the linear regression 

263 between fish size and swimming time and PC scores in a similar model as above, but we also 

264 added PC1 and PC2 separately as covariates. The interaction between covariate and rearing 

265 background was not significant in both models and was removed for final analyses. 

266 Univariate and multivariate ANOVAs, linear regression, and PCA were conducted using IBM 

267 SPSS Statistics (version 21). 

268

269 Results
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270 Foraging experiment

271 All the study fish had ingested natural prey. The dominant food items in terms of number in 

272 the stomach contents were Cladocera and Diptera (Table 2), and Diptera and Trichoptera in 

273 terms of biomass (Table 3). The total number of ingested prey items differed between rearing 

274 environments (χ2 = 8.33, P = 0.016) (Table 2, Fig. 3). Pairwise comparisons indicated that 

275 semi-wild salmon ingested a significantly higher number of prey items than enriched-reared 

276 individuals (t = -2.79, P = 0.007, Fig. 3), with a similar trend between semi-wild and 

277 standard-reared fish (t = -1.92. P = 0.059). No difference was found between standard- and 

278 enriched-reared salmon (t = -0.70 P = 0.484). The effect of test pond was non-significant 

279 (LMM, ANOVA function, χ2 = 2.13, P = 0.547). 

280 The final model (GLMM) for total ingested prey mass included fish wet mass and 

281 rearing environment, but both of these were statistically non-significant (wet mass: Z = -1.65, 

282 P = 0.099; rearing environment: ANOVA, P = 0.176; Table 3). 

283

284 Swimming endurance experiment

285 Swimming time did not differ between rearing backgrounds (ANOVA, F[2,71] = 2.164 and P = 

286 0.122) (Fig. 4). PC1 (body component) and PC2 (fin component) as covariates of the 

287 unstandardized residuals were not significant (PC1 F[2,71] = 0.7 and P = 0.406, PC2 F[2,71] = 

288 0.008 and P = 0.929). Interactions between PC1 and PC2 were not significant (PC1 P = 

289 0.337, PC2 P = 0.752).

290

291 Morphology and SGR 

292 Both ‘body component’ (PC1) and ‘fin component’ (PC2) differed between rearing 

293 backgrounds (‘body component’: ANOVA, F[2,71] = 13.663 and P < 0.001; ‘fin component’: 

294 ANOVA, F[2,71] = 37.402 and P < 0.001, Table 4; Fig. 5). The components did not differ 
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295 between the enriched-reared and standard-reared fish (‘body component’: P = 0.988, ‘fin 

296 component’: P = 0.354), but the semi-wild fish differed from the fingerlings originating from 

297 the both hatchery-reared backgrounds (P < 0.001, in both cases Fig. 5). SGR of semi-wild fish 

298 was lower than that of standard-reared and enriched-reared fish (Table 1). SGR differed 

299 significantly between the rearing backgrounds (ANOVA, F[2,76] = 22.74 and P < 0.001). The 

300 rates differed between semi-wild fish and both hatchery-reared fish (P < 0.001) but the 

301 difference between standard-reared and enriched-reared fish was non-significant (P = 0.800). 

302

303 Discussion

304 Demanding and labile conditions of the river habitats juvenile salmonids are frequently 

305 encountering, require phenotypic characteristics that suit the range of flow rates and allow 

306 high-performance manoeuvrability, i.e. traits that allow juveniles to move, forage, and avoid 

307 predators efficiently. Being able to feed on variable food items and to exhibit high swimming 

308 endurance are probably some of the most crucial characteristics for survival in the wild 

309 (Bachman 1984; Duthie 1987; Reiriz et al. 1998; Sparrevohn and Støttrup 2007; Tomiyama et 

310 al. 2011). Here, we found that the semi-wild juvenile landlocked Atlantic salmon ingested a 

311 higher number of food items compared to hatchery-reared fish, but there was no difference in 

312 the total mass of food from stomach contents. Moreover, body morphology differed between 

313 the hatchery-reared and semi-wild fish, but not between standard and enriched-reared fish. 

314 Conversely, swimming endurance did not differ between any of the three different rearing 

315 backgrounds.

316 Semi-wild fish were the smallest at PIT tagging and they had the slowest growth rate 

317 during the experimental period as well. As our study fish had the same genetic background, 

318 we can assume that the observed differences are due to growing environment. Hatchery-

319 reared fish were feeding on dry food with high energy content, whereas semi-wild fish were 
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320 foraging on natural food, and probably also having higher activity costs of nutrition. In the 

321 feeding experiment, all fish were alone in the boxes and had equal opportunities for foraging 

322 on natural food items. Contrary to our expectations, we did not find differences in the 

323 ingested prey mass between the backgrounds, although semi-wild fish had consumed higher 

324 number of food items. This probably indicates that semi-wild fish were feeding on smaller 

325 prey items, which is plausible as the semi-wild fish were smaller than the hatchery-reared 

326 fish. Whether this has any consequences for the fish nutrition is not known, but it is possible 

327 that smaller prey items are digested more easily and, thus, fish could gain nutritive benefits. 

328 Semi-wild fish had already learned to use natural prey before the experiment and thus they 

329 could possibly have better capability in finding natural food items under semi-natural 

330 conditions (Amundsen and Gabler 2008; Johansen et al. 2011). Rodewald et al. (2011) found 

331 that enriched-reared Baltic salmon parr had better ability to learn to forage novel prey than 

332 standard-reared parr, but we did not find differences in the ingested prey mass or number 

333 between enriched and standard-reared landlocked salmon. In general, foraging performance 

334 can affect post-stocking mortality, and weakened foraging ability can potentially be realised 

335 as low post-release survival rates (Robert 2009; Saikkonen et al. 2011). 

336 We expected to find differences in foraging and swimming performance as recent 

337 social experiences and varying environments can impose carryover effects on suite of traits 

338 (Jonsson and Jonsson 2014; O'Connor et al. 2014). However, swimming performance did not 

339 differ between fish from different rearing backgrounds. The experiment itself tested the ability 

340 to swim against strong current (burst swimming) that has biological relevance in terms of 

341 ability to change location, avoid predators, and maintain position in the stream environment. 

342 Other studies have reported variation in critical swimming speed (Ucrit) with a note that 

343 swimming ability decreases in colder water (see report from Peake 2008). Thus, low 

344 temperatures (~1 ○C) during the tests likely influenced our results. Even so, as the temperature 
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345 should affect all the fish equally, we believe that it would not have affected the inter-treatment 

346 comparisons. Cold water is known to decrease swimming ability and current holding capacity 

347 by 20–50 % when temperature decreases from 8 °C to below 4 °C (Rimmer et al. 1985; 

348 Shustov et al. 1989). Rimmer et al. (1985) observed that current holding capacity of wild and 

349 hatchery-reared Atlantic salmon fingerlings decreased similarly with temperature, although 

350 the wild fingerlings were able to hold their position in stronger current than hatchery 

351 conspecifics. Interestingly most winter mortality occurs during early winter (Cunjak 1988). 

352 The lack of differences in swimming endurance between our study fish from different rearing 

353 backgrounds indicates that mortality rates during this season could affect all rearing 

354 backgrounds similarly. It is likely that in another season the overall results would have been 

355 different, but to ensure that most of our study fish would survive from all of our experiments 

356 we wanted to carry out physically the most demanding experiment at the end of the study 

357 period.

358 Typical habitats for juvenile landlocked salmon are shallow, fast flowing areas and 

359 rapids (Guay et al. 2000). From our own observations in the Lake Saimaa drainage, surface 

360 velocity in these areas can be relatively fast, but current at the bottom where the fish are 

361 usually found is typically close to zero. Burst swimming ability of territorial juvenile salmon 

362 is still crucial for inhabiting new spots and possibly for drift foraging, as absent the ability to 

363 swim against strong current the fish may not be able to maintain or return to their positions 

364 (Kemp et al. 2006). Body morphology data indicated that semi-wild fish were slenderer and 

365 had longer fins than their enriched or standard-reared counterparts. A slender body shape may 

366 improve swimming performance whereas longer pectoral and dorsal fins can have an opposite 

367 effect. Long pectoral fins may assist a fish in anchoring to the riverbed, and as fins are also 

368 used for balance and orientation, they have significant influence on manoeuvrability and 

369 survival under natural conditions (Arnold et al. 1991). 
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370 The studied traits could be condition dependent, which requires future attention. While 

371 it is known that hatchery fish show higher condition indices than fish in natural conditions, it 

372 is unknown whether it gives them advantage in overwintering in nature. Stress is another 

373 factor that can affect fish physiology and performance (Kortet et al. 2019). In our study, the 

374 fish had similar handling procedures, but we cannot rule out that semi-wild fish could have 

375 experienced higher stress levels due to the greatest change from their growing environment. 

376

377 Conclusions and management implications

378 The results confirmed our prediction that early rearing conditions can modify the performance 

379 of landlocked juvenile salmon. In previous studies more notable differences between standard 

380 and enriched-rearing methods have been detected (Rodewald et al. 2011; Näslund et al. 2012, 

381 2013; Hyvärinen and Rodewald 2013). Lack of differences between enriched rearing and 

382 standard rearing has been documented in relatively few previous studies (Brockmark et al. 

383 2010; Rosengren et al. 2017). We expect that although phenotypic plasticity is not completely 

384 lost, lack of genetic variation in our stock could explain the small variation between the 

385 hatchery rearing backgrounds, whereas natural environmental conditions may influence 

386 morphology, potentially enhancing survival in the wild. According to Tonteri et al. (2005), 

387 the Lake Saimaa landlocked salmon population had the lowest allelic diversity and observed 

388 heterozygosity among 23 North European Atlantic salmon populations.

389 Attempting to reintroduce viable populations of species at risk back to nature is 

390 always challenging (Robert 2009; Bouzat 2010; Piccolo et al. 2012; Johnsson et al. 2014). 

391 Efforts to undo domestication or rewild a fish population after decades of hatchery rearing are 

392 even more difficult (Soininen et al. 2019). However, our results demonstrate some remaining 

393 phenotypic plasticity in a domesticated Lake Saimaa salmon stock, and in our opinion the 

394 next step is to study how well the semi-wild fish survive under natural conditions during 
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395 smolt migration and if they return to spawn. Stocking fry to rivers can be a useful method to 

396 reintroduce species where it has been extirpated, but it should be the last resort in 

397 conservation (Johnsson et al. 2014). Hatchery environments seem to favour fish that might 

398 not be the best individuals to survive in nature, although mortality in the wild is much higher 

399 than under hatchery conditions as numerous previous studies have shown (Robert 2009; 

400 Saikkonen et al. 2011; Johnsson et al. 2014). 

401 To conclude, short exposure of Lake Saimaa landlocked salmon juveniles to artificial 

402 hatchery conditions in either standard or enriched environments did not lead to notable 

403 differences in early winter foraging patterns or swimming endurance between hatchery-reared 

404 juveniles and their semi-wild conspecifics. However, morphological traits of juveniles 

405 differed significantly. Future studies should focus on the survival of the semi-wild and wild 

406 fish to identify reasons behind the low survival. Better understanding of the mechanisms 

407 behind domestication could suggest solutions to improve conservational hatchery rearing. 

408
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657 Figure captions

658

659 Figure 1. Map of Finland with the Lake Saimaa basin. The locations of Enonkoski 

660 Aquaculture Station (A) and Kainuu Fisheries Research Station (B) and the rivers Pielisjoki 

661 and Ala-Koitajoki (C) are given.

662

663 Figure 2. Landmarks and lines used in morphometric measurements of juvenile landlocked 

664 Atlantic salmon (Salmo salar) raised under three different background conditions.

665

666 Figure 3. Feeding activity (number of prey items ± SE) of juvenile landlocked Atlantic 

667 salmon (Salmo salar) from three different rearing backgrounds. Different letters indicate 

668 statistically significant differences between backgrounds. 

669

670 Figure 4. Swimming endurance (unstandardized residuals ± SE) of juvenile landlocked 

671 Atlantic salmon (Salmo salar) from three different rearing backgrounds. Letters indicate lack 

672 of statistically significant differences between the backgrounds.

673

674 Figure 5. Principal components with eigenvalue > 1 (left: PC1 ± SE; right: PC2 ± SE) from 

675 morphometric analysis of juvenile landlocked Atlantic salmon (Salmo salar) from three 

676 different rearing backgrounds. Different letters indicate statistically significant differences 

677 between rearing backgrounds.

678
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Map of Finland with the Lake Saimaa basin. The locations of Enonkoski Aquaculture Station (A) and Kainuu 
Fisheries Research Station (B) and the rivers Pielisjoki and Ala-Koitajoki (C) are given. 
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Landmarks and lines used in morphometric measurements of juvenile landlocked Atlantic salmon (Salmo 
salar) raised under three different background conditions. 
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Feeding activity (number of prey items ± SE) of juvenile landlocked Atlantic salmon (Salmo salar) from 
three different rearing backgrounds. Different letters indicate statistically significant differences between 

backgrounds. 
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Swimming endurance (unstandardized residuals ± SE) of juvenile landlocked Atlantic salmon (Salmo salar) 
from three different rearing backgrounds. Letters indicate lack of statistically significant differences between 

the backgrounds. 
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Principal components with eigenvalue > 1 (left: PC1 ± SE; right: PC2 ± SE) from morphometric analysis of 
juvenile landlocked Atlantic salmon (Salmo salar) from three different rearing backgrounds. Different letters 

indicate statistically significant differences between rearing backgrounds. 
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1

1 Table 1. Mean (± SE) sizes of juvenile landlocked Atlantic salmon (Salmo salar) from three 

2 different rearing backgrounds. Specific growth rate (SGR) of total length during the 

3 experimental period is also given.

Semi-wild Standard Enriched Total

N 24 22 30 76

Total length (mm) 78.9 ± 1.3 83.1 ± 1.4 85.2 ± 1.6 82.6 ± 0.9

Fresh mass (g) 4.9 ± 0.2 6.0 ± 0.3 6.7 ± 0.4 5.9 ± 0.2

SGR (%·d-1) 0.04 ± 0.009 0.10 ± 0.007 0.11 ± 0.007 0.08 ± 0.006

4

5
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2

6 Table 2. Numbers of different prey items ingested by juvenile landlocked Atlantic salmon 

7 (Salmo salar) from three different rearing backgrounds during the foraging experiment. The 

8 total number of individuals is shown on the second line. 

Semi-wild Standard Enriched Total
Number of fish 24 22 30 76
Turbellaria

Planaria spp. 0 1 1 2
Bivalvia 

Pisidium spp. 0 1 0 1
Crustacea

Cladocera
Bosmina spp. 0 0 2 2
Daphnia spp. 44 48 59 151
Leptodora spp. 24 8 2 34

Cyclopoida 7 9 11 27
Amphipoda 1 0 0 1
Isopoda

Asellus aquaticus 0 0 2 2
Hexapoda

Collembola 0 1 0 1
Insecta

Ephemeroptera
Leptophlebia spp. 0 0 1 1
Paraleptophlebia spp. 2 1 0 3
Ephemeroptera, unidentified 1 1 1 3

Odonata
Zygoptera 1 0 0 1

Trichoptera 
Polycentropodidae 5 2 9 16
Limnephilidae 1 0 0 1
Trichoptera, unidentified 5 4 3 12

Diptera
Chaoborus spp. 38 16 21 75
Chironomidae spp. 20 12 8 40
Psychodidae spp. 1 0 0 1

Unidentified prey 5 5 11 21
Total 149 109 131 389
Average per background 6.2 5.0 4.4 5.1
SD per background 4.9 3.6 2.3 3.8

9
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3

10 Table 3. Total fresh mass (mg) of prey items consumed by juvenile landlocked Atlantic salmon 

11 (Salmo salar) from three different rearing backgrounds in the foraging experiment. The total 

12 number of individuals is shown on the second line.

Semi-wild Standard Enriched Total
Number of fish 24 22 30 76
Turbellaria

Planaria spp. 0 5.5 3.6 9.1
Bivalvia

Pisidium spp.
0 < 0.1 0 < 0.1

Crustacea
Cladocera

Bosmina spp. 0 0 < 0.1 < 0.1
Daphnia spp. < 0.1 < 0.1 < 0.1 < 0.1
Leptodora spp. 6.2 < 0.1 < 0.1 6.2

Cyclopoida < 0.1 < 0.1 < 0.1 < 0.1
Amphipoda 10.7 0 0 10.7
Isopoda

Asellus aquaticus 0 0 4.2 4.2
Hexapoda

Collembola 0 < 0.1 0 < 0.1
Insecta

Ephemeroptera
Leptophlebia spp. 0 0 0.3 0.3
Paraleptophlebia spp. 1.6 0.7 0 2.3
Ephemeroptera, unidentified < 0.1 < 0.1 < 0.1 < 0.1

Odonata
Zygoptera 4.8 0  0.1 4.8

Trichoptera 
Polycentropodidae 6.9 < 0.1 6.4 13.3
Limnephilidae 2.6 0 0 2.6
Trichoptera, unidentified 2.7 4.4 0.3 7.4

Diptera
Chaoborus spp. 29.3 8.6 4.5 42.4
Chironomidae spp. 6.9 3.6 1.1 11.6
Psychodidae spp. 0.6 0 0 0.6

Unidentified prey 19.9 10.6 15.4 45.9
Total 92.2 33.4 35.8 161.4
Average per background 3.8 1.5 1.2 2.1
SD per background 5.0 2.4 2.1 3.5

13
14
15
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4

16 Table 4. Principal component analysis with Rotated Component Matrix of morphometric 

17 measurements of juvenile landlocked Atlantic salmon (Salmo salar) from three different rearing 

18 backgrounds. Two components (‘body’ component and ‘fin’ component) with eigenvalues > 1 

19 were identified. Loadings < 0.3 are not shown in the matrix.

Rotated Component Matrix
1 2

Body height 1 0.776
Body height 2 0.940
Body height 3 0.951
Dorsal fin length 0.929
Head length 0.860
Upper jaw length 0.684
Pectoral fin length 0.854
Eigenvalues 4.125 1.484
Total variance % 58.924 21.198
Cumulative % 58.924 80.121

20
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