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Abstract: This study investigated whether compensatory growth causes long-term effects in relative
brain- or intestine size in a wild, predominantly anadromous, population of brown trout (Salmo trutta).
The subject fish belonged to two treatment groups; one group had undergone starvation and
subsequent growth compensation, while the other were unrestricted controls. The main hypothesis
that compensatory growth would negatively affect brain and intestinal size, as a consequence of
growth trade-offs during the compensatory phase, could not be supported as no significant differences
were detected between the treatment groups. Further exploratory analyses suggested that males and
females started to diverge in both brain and intestine size at around 130 mm fork length, with females
developing relatively smaller brains and larger intestines. The size at which the differences appear is
a typical size for smoltification (saltwater preadaptation), and females tend to smoltify to a higher
proportion than males. Smoltification is known to cause a more elongated morphology and relatively
smaller heads in salmonids, and the marine lifestyle is associated with rapid growth, which could
require relatively larger intestines. Hence, these emerging sex differences could be a consequence of
sex-biased smoltification rates. An investigation of wild smolts of both sexes indicated no differences
in brain or intestine mass between male and female smolts.
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1. Introduction

Given a finite supply of energy, different body parts must compete for the resources required to
grow [1]. Restricting the energy supply will likely lead to prioritization of maintenance and growth of
certain tissues above others. Furthermore, when energy subsequently becomes readily available again,
the bodies in growing organisms typically undergo faster-than-normal compensatory growth [2–4].
Faster growth has also been shown to involve prioritization of certain tissues and structures over
others, and to be associated with developmental abnormalities [5–7]. Comparative analyses of the size
of different organs therefore give insights into differential energy investment into different tissues,
which in turn can provide clues to evolutionary and ontogenetic trade-offs [8,9].

The expensive-tissue hypothesis has been put forward as a potential explanation for the
exceptional increase in brain size in the human evolutionary lineage, where the increased energetic
investment in brain tissue is balanced through a reduced investment in the gut [9]. In relation to their
size, both the brain and the gut consume large amounts of energy compared to many other tissues
and are thus rightly labelled as metabolically expensive tissues [9–13]. The specific expensive-tissue
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hypothesis concerning a trade-off between the brain and the gut has acquired mixed support when it
has been tested in different groups of vertebrates [14–19]. More components may be involved in the
trade-offs as suggested by the “energy trade-off hypothesis”, a combination of the expensive-tissue
hypothesis and general energy balance theory [20], incorporating other energy demanding processes
such as locomotion and reproduction [21].

Recent research on fish indicates that there may indeed be trade-offs between the brain and the
intestine. More specifically, when guppies (Poecilia reticulata Peters, 1859) were selected for larger and
smaller than average brain size, the large-brained fish developed guts with relatively lower wet mass
and also produced fewer offspring in their first parturition [15]. In fish, relative brain and intestinal
size are not only determined by genetic background, but also by environmental factors and somatic
growth rate [22–30], and could thus be suitable for investigating energy allocation trade-offs over the
life of fish.

In this study, I investigate the size of the brain and the intestine in wild brown trout (Salmo trutta L.)
juveniles, which were subjected to either starvation with subsequent compensatory growth or normal
growth. The starvation treatment was applied approximately one year prior to the final sampling [31].
The selection of variables to be measured for this study was based on the expensive-tissue hypothesis,
which suggests a trade-off between brain and intestinal tissues [9].

The primary objective of this study was to investigate the long-term effects of previous starvation
and subsequent compensatory growth on the relative mass of the brain and intestine. I predicted
that the brain size would be smaller in the growth compensating fish, as compared to non-starved
controls, due to differential allocation between somatic and neural tissue. With respect to intestine
mass in compensating fish, I predicted either a lower relative mass, in case there was a general
trade-off between expensive tissues and bodily growth, or a higher relative mass, in case there was
compensatory growth of intestines to allow for a higher food processing capacity in compensating fish.
I also predicted a general trade-off between the brain and intestine with relatively larger brains being
associated with relatively smaller intestines. Furthermore, exploratory analyses of brain and intestine
mass were conducted to investigate effects of sex on the ontogeny of brain size development. Sex has
previously been shown to contribute to the explained variance in brain size and the size of different
brain regions in several fish species [29,32–35], including adult brown trout [36].

Finally, due to the patterns emerging in the analyses of the sex-differences, where the sexes started
to diverge at larger sizes (approximately 130 mm), I hypothesised that the differentiation may be
related to smoltification. Smoltification, where the trout pre-adapts to a life in a marine environment,
is partially sex-dependent. Most females smoltify, however a significant proportion of males do not
and instead stay in their nursery stream as small-sized resident fish. Smoltification-status could not be
reliably determined from the frozen specimens of the original sampling (see Section 4.1.3), so additional
samples of smoltifying fish (as determined by body silvering [37]) were obtained for this purpose.
In the case that sex differences are general (i.e., in contrast to the hypothesis), sex differences should
also be detectable in the fish undergoing smoltification. Stream resident fish were not sampled to
conserve the relatively small number of the stream resident fish in the sampled streams.

2. Results

2.1. Body Size at Sampling

No significant differences between treatments or sexes were found in fork length at sampling
(Treatment: F1,89 = 0.21, p = 0.65; Sex: F1,89 = 0.01, p = 0.91; Treatment × Sex: F1,89 = 0.02, p = 0.89;
Figure 1; also see [31,38]).



Fishes 2018, 3, 38 3 of 12

Figure 1. Tukey boxplots showing the distribution of fork length in recaptured fish of different sex
from the different treatments. Boxes contain the second and third quartile of the data, separated by the
median (horizontal line). Whiskers show the main spread of the data, and dots outside of the whiskers
show data points >1.5 box-height away from the box.

2.2. Effects of Compensatory Growth on Brain and Intestine Mass

Overall, after controlling for fork length, no significant effects of growth compensation were found
on either brain dry mass (Length: F1,86 = 126.58, p < 0.001; Treatment: F1,86 = 2.13, p = 0.15; Figure 2A) or
intestine dry mass (Length: F1,88 = 68.34, p < 0.001; Treatment: F1,86 = 0.77, p = 0.38; Figure 2B).

The relative mass of the brain, as compared to the intestine, (i.e., the brain-intestine-index, BII;
see Materials and Methods) generally decreased with increasing body size (Length: F1,86 = 23.11,
p < 0.001; Figure 2C), indicating differential allometric growth for the brain and intestine, where the
intestine becomes larger relative to the brain. No significant effects of growth compensation were
found when analysing BII (Treatment: F1,86 = 0.13, p = 0.72; Figure 2C).

Figure 2. Predicted effects of previous feeding treatment (and subsequent compensatory growth in
the “Restricted” group) on (A) brain dry mass, (B) intestine dry mass, and (C) brain-intestine-index.
None of the treatment effects were statistically significant. Linear regression lines are based on raw
data and are shown along with 95% confidence bands which are shaded in grey.

2.3. Effects of Sex on Relative Brain- and Intestine Mass and Head Length

Male brown trout had a larger relative brain size than females, however only in the larger size range
as judged from the differences in slopes for the sexes in the linear model (Length × Sex interaction:
F1,86 = 6.36, p = 0.013; Table 1). This effect was confirmed by non-linear local regression (LOESS; Figure 3A),
which revealed that males start to diverge from females at a size around 130 mm. The reverse pattern
was found for the intestine, with females developing larger intestines at a larger size, relative to males
(Length× Sex interaction: F1,88 = 6.61, p = 0.012; Table 2; LOESS: Figure 3B).

The analysis of BII confirmed the patterns that were seen in the individual analyses of brain
and intestine dry mass, with the sexes beginning to diverge first at a larger body size (Figure 3C).
Changes in brain versus intestine size are most apparent in females, as the BII is conspicuously negative
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in relation to body size for females, while it is less related to size in males (Length × Sex interaction:
F1,86 = 7.07, p = 0.009; Table 3, Figure 3C).

The statistical analysis of head length did not reveal a significant interaction effect between fork length
and sex (Length× Sex interaction: F1,89 = 1.93, p = 0.17). However, plotting head length against fork length
revealed a similar pattern as for the brain size when looking at the LOESS, albeit with slightly overlapping
95% confidence limits at the larger body sizes where the differences were expected (Figure 3D).

Figure 3. Effects of sex on (A) brain dry mass, (B) intestine dry mass, (C) brain-intestine-index, (D) head length,
all in relation to fork length. Lines are based on local regression (LOESS) in (A,B,D), and on linear regression
in (C). Grey-shaded areas around regression lines show the 95% confidence limits.

Table 1. Parameter estimates from the linear model of brain dry mass, with statistical summary.
SE = standard error.

Estimate SE t-Value p-Value

Intercept −5.4702 0.1023 −53.46 <0.0001
Length 0.0090 0.0008 11.25 <0.0001

Sex (Male) −0.3300 0.1368 −2.41 0.018
Treatment (Starved) 0.0194 0.0133 1.45 0.149
Length × Sex (Male) 0.0027 0.0011 2.52 0.014

Table 2. Parameter estimates from the linear model of intestine dry mass, with statistical summary.
SE = standard error.

Estimate SE t-Value p-Value

Intercept −6.6471 0.4087 −16.27 <0.0001
Length 0.0265 0.0032 8.27 <0.0001

Sex (Male) 1.3720 0.5550 2.47 0.015
Treatment (Starved) 0.0474 0.0541 0.88 0.384
Length × Sex (Male) −0.0113 0.0044 −2.57 0.012
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Table 3. Parameter estimates from the linear model of the brain-intestine index (BII), with statistical
summary. SE = standard error.

Estimate SE t-Value p-Value

Intercept 1.1841 0.1712 6.92 <0.0001
Length −0.0064 0.0013 −4.81 <0.0001

Sex (Male) −0.5864 0.2288 −2.56 0.012
Treatment (Starved) −0.0080 0.0222 −0.36 0.719
Length × Sex (Male) 0.0048 0.0018 2.66 0.009

2.4. Effects of Sex in Smolts

No effects of sex were found in smolts in either relative size of brain (Length: F1,14 = 30.37,
p < 0.0001; Sex: F1,14 = 2.05, p = 0.17; Sex × Length: F1,14 = 2.43, p = 0.14) or intestine
(Length: F1,14 = 12.77, p = 0.0031; Sex: F1,14 = 1.03, p = 0.33; Sex × Length: F1,14 = 1.23, p = 0.29).
Neither were any sex effects found when analysing BII (Length: F1,14 = 0.95, p = 0.35; Sex: F1,14 = 0.34,
p = 0.57; Sex × Length: F1,14 = 0.40, p = 0.54). The general negative relationship between BII and
body size was detected only when the interaction effect (Sex × Length) was removed from the model
(slope estimate: −0.0057 ± 0.0015 SE; |t| = 3.78, p = 0.0018).

3. Discussion

3.1. No Long-Term Effects of Compensatory Growth on Brain or Gut Size

Overall, the results suggest that there are no long-term effects of induced compensatory growth
on brain or intestine size in juvenile brown trout. However, immediate effects of compensatory
growth on energy allocation to brain and intestine growth remains to be tested experimentally,
as it is still possible that brain and/or intestine growth is subnormal during the ongoing growth
compensation period. Rios et al. [23] showed that the intestine length was reduced in starving wolf
fish (Hoplias malabaricus (Bloch, 1794)) and it did not recover after refeeding, suggesting that the fish
prioritized somatic growth over intestine regrowth. With respect to brain size, Devlin et al. [7] showed
that faster growing growth-hormone transgenic coho salmon (Oncorhynchus kisutch (Walbaum, 1792))
had relatively smaller brains than non-transgenic individuals, suggesting that somatic growth was
either prioritized under high growth-hormone expression, or at least partly uncoupled from brain
growth. Hence, the immediate effects of compensatory growth on the growth rate of different organs
is still worth investigating in future studies. However, here the conclusion is that the long-term effects
are absent in wild brown trout.

3.2. Emerging Sex Differences, Depending on Sex Bias Within Different Migration Strategies

Sex is a factor contributing to the variation in brain size of juvenile brown trout. A previous study
has shown that the relative size of the brain differs between anadromous migrants and stream residents,
with the brain being larger in the residents [36]. In the present study, males and females had similar
sized brains up to a size of approximately 130 mm in the study population. Given that the sampling
was conducted in early spring on fish aged 2+ years, the emergence of brain size differences between
the sexes likely depends on smoltification. While most females become anadromous, a substantial
proportion of the male population (a previous study indicate 34–57%) stay as stream residents [39].
Male resident fish become mature in the parr stage (i.e., with the typical juvenile colouration) and never
become anadromous [39]; eventually, at a larger size, they get the typical golden yellow colouration
with black and red spots, characteristic of freshwater brown trout. In the experimental stream, male parr
maturation is associated with a relatively high condition factor a year prior to maturation, and the
size-range of maturing males covers most of the size-range that was observed in the present study
(≈110–160 mm fork length) [40]. The apparent size-threshold for sex-specific divergence in brain and
intestine size, at ≈130 mm fork length, could be explained by the tendency for larger (≈130–170 mm)
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juveniles to smoltify and migrate earlier in the season, typically in early April in the studied stream;
smaller juveniles (down to 80 mm) smoltify and migrate later in season, sometimes as late as June [41].
Anadromous individuals have also been shown to have a smaller relative brain size than stream
residents [36], which supports this suggestion. Changes in the brain during smoltification has also
been indicated in hatchery-reared Atlantic salmon, where the relative brain size decreases along with
several physiological alterations [42]. It should also be noted that female residents have been shown
to have larger brains than resident males [36], however this effect may not be visible in the data,
as resident females are rare in the study stream [43].

During smoltification, the trout body gets elongated and slenderer [44]. If this morphological
change is due to a relatively larger increment in body size relative to head size, it can explain the
patterns that are seen. A relative increase in body length compared to the head could be associated
with a relative increase in intestine length, and the brain growth may be restricted within the head.
While there was no significant interaction effect between fork length and sex for head length, plotting of
the data, supported by LOESS regression, suggested that the pattern is indeed similar to the brain
data. Hence, the emerging change in body proportions during the smoltification process, which is
initiated at least a couple of months prior to the migration [45], along with the sex-bias in smoltification
rates [39], is considered to be a viable hypothesis for the emerging sex differences to be further tested
in future studies.

While the results suggest that there are no detectable differences in brain size between the sexes in
individuals smaller than ≈130 mm, it should be noted that differences in specific brain substructures
may still be present without affecting total brain size (see e.g., [30]). The lack of sex differences in total
brain size in the smolts is in line with results from Atlantic salmon, where hatchery salmon pre-smolts
(160–220 mm) were not showing any sex dependent differences in overall brain mass [46].

3.3. Brain and Intestine Size: The Expensive-Tissue Hypothesis

The brain-intestine index decreased substantially with fork length in females, however less so in
males, although the same pattern was seen in the distribution of the data points (Figure 3C). This shows
that the brain gets relatively smaller in relation to the intestine with size. Given that intestines often
show a positive allometry [47], while brains have a negative allometry [7], the general pattern is
expected. This pattern could potentially be a sign of the expensive-tissue trade-off, although not
necessarily. Energy intake in trout moving seawards becomes important to achieve a rapid growth rate
to be able to return to the natal river as a fecund or competitive individual [44,48]. Previous studies
on other fish species have shown that rapidly growing species have relatively larger intestines [47].
As discussed above, since females tend to smoltify to a substantially higher degree [43], to adopt
a marine fast-growth lifestyle, this may be the explanation for the differences in BII slopes between the
sexes. Intestinal tissue is metabolically expensive [9] and it is possible that the reason for the smaller
brains in relation to the intestine in larger trout is indeed an energy investment trade-off following the
expensive tissue hypothesis. For instance, the requirement for a fast growth rate in the sea as post-smolt
may have led to selection for a larger intestine during this life stage, which could potentially have been
traded against relatively smaller brains. However, at this stage, one cannot exclude the possibility that
the change in the relative size of the brain and intestine are not side-effects of other adaptive causes
affecting for example, body versus head proportions, such as body shape hydrodynamics.

4. Materials and Methods

4.1. Compensatory Growth: Effects on Relative Brain and Intestine Mass

4.1.1. Growth Manipulation

The growth manipulation in this study has been described in detail in Näslund et al. [31]. In short,
in spring 2010, 280 trout were captured in their natural stream habitat in south-western Sweden
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(stream Norumsån; WGS84: 58◦2′34.6” N 11◦50′45.0” E) and transported to the University of Gothenburg
where they were tagged with passive integrated transponders (Trovan ID 100; Trovan Ltd., Melton, UK).
Half of these fish (n = 140) were starved in the laboratory for one month while the other half (n = 140)
were put back into their native environment; a strict control group maintained in the laboratory was
considered unfeasible because it generally takes trout a substantial amount of time to acclimate and start
feeding under laboratory conditions [49]. In the laboratory, the fish were group-housed in a 750-L tank
(water temperature 12 ◦C) that was enriched with plastic plants, and plastic-plates and -cylinders to
provide hiding places. The starved fish were released back into their native stream after the starvation
treatment. The fish were recaptured four times during the following year (see [31]). The summer growth
pattern (as indicated by average specific growth rate, G) of the starved group indicated compensatory
growth rates in mass (May to June: Gcontrols = 2.30, Gstarved = 2.65; June to September: Gcontrols = 0.49,
Gstarved = 0.54) and length (June and September: Gcontrols = 0.18, Gstarved = 0.21); no compensation
occurred over winter (see Figure 1 in [31] for detailed visualisation in growth patterns). Out of
96 recaptured fish at the final recapture, 44 belonged to the control treatment and 52 to the starvation
treatment; there was no significant difference in recapture rate between the treatments (χ2 = 1.29, p = 0.26).
Analyses and figures from [31] are also freely available in [38].

4.1.2. Tissue Sampling and Measurements

On the final recapture (4 and 5 April 2011), all of the experimental fish were euthanized by
an overdose of 2-phenoxyethanol (0.5 mL·L−1), bagged individually, and brought to the University of
Gothenburg for dissection. For preservation, we froze the fish whole until further handling was possible.
Between 27 April and 2 May 2011, the fish were thawed and photographed using a digital single-lens
reflex camera (house: EOS 40D; lens: EF-S IS USM 17–85 at 85 mm/f8.0; Canon Inc., Tokyo, Japan) which
was mounted vertically on a table-top tripod. Thereafter, the fish were dissected; sex was determined
by inspection of the gonads [50], the intestines (without the stomach, see Figure 4) were emptied from
food-particles and were put in 95% ethanol, and the heads were cut off behind the gill covers and put
in 4% phosphate-buffered paraformaldehyde. In November 2012, the brains were dissected out of
the heads, were put in 4% phosphate-buffered formaldehyde, and were stored in a refrigerator (4 ◦C).
The nerves were cut off as close to the brain as possible. Epiphysis and hypophysis were removed as
these structures were not successfully retained from all of the specimens at the dissection (see Figure 4).
The brainstem was cut as illustrated in Figure 4. In January 2014, the brains and intestines were blotted
dry using filter paper and thereafter, they were dried for 43 h in 70 ◦C; after this, dry mass was weighed
to the nearest 0.1 mg (AB54-S, Mettler Toledo, Columbus, OH, USA).

To investigate the relative change in brain versus intestine mass, a brain-intestine index (BII) was
calculated as:

BII = mbrain·m−1
intestine

where mbrain is the dry mass of the brain and mintestine is the dry mass of the intestine. Decreasing values
of BII indicate that the relative size of the intestine increases compared to the brain.

Fork length (from the tip of the snout to the end of the central-most fin ray of the caudal fin)
and head length (from the tip of the snout to the upper end of the gill slit) were measured from
photographs using the software ImageJ 1.45r (W.S. Rasband, National Institutes of Health, Bethesda,
MD, USA; http://imagej.nih.gov/ij/).

http://imagej.nih.gov/ij/
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Figure 4. Illustrations of (A) the brain and (B) gut of brown trout. The brain was drawn from
a photograph and was annotated after Meek & Nieuwenhuis [51]; the gut was drawn and annotated
after illustrations in Olsson [50] and Burnstock [52]. The grey shaded parts were not included in the
measurements of mass.

4.1.3. Data Notes and Comments

Prior to analysis, one fish was removed from all analyses due to malformation of the body
(spinal injury), leading it to be substantially shorter than what would be normal for its mass. A second
fish was removed from the analyses involving brain size, since the brain was damaged during the
dissection. A third fish was removed from the brain analysis, being regarded as an outlier due to its
high brain dry mass (fork length: 120 mm; brain mass: 0.0183 g (ln(0.0183) = −4.00; compare with data
in Figure 2)).

Fork length was chosen as the size-representing covariate in analyses due to the fact that body
mass varies substantially over relatively short time periods in salmonids. Mass is, for instance,
associated with fat-reserves, which are variable in early spring (i.e., at sampling) depending on
whether or not a given individual has started feeding at higher rates after the winter, during which
growth is very restricted [31,53]. Fork length was judged to be a more representative measure of
achieved growth in body size, since it is not affected by the energetic state at the time of sampling.

With respect to the smoltification status of the fish that were included in the growth manipulation
experiment, this was not possible to classify from the collected specimens. The hypothesis of
smoltification affecting brain size is derived from the current data set and the patterns that
were observed were not anticipated. The collected fish were frozen prior to examination and the
carcasses were discarded after dissections. Hence, assays to investigate physiological indicators of
smoltification, such as cortisol or Na+,K+-ATPase [37] (used by e.g., [45,54]), were not possible to
conduct. Furthermore, the assessment of silvering patterns (i.e., the accumulation of purines in the
scales and superficial dermal layers of the skin [37]; used by e.g., [53,54]) from photographs were
deemed unreliable for smolt-status assessment, partly due to the possibility that freezing would
have affected the coloration, and partly due to the smoltification process being started prior to the
silvering process.

4.1.4. Statistical Analyses

Fork length at the time of sampling was compared using a linear model including the factors
Treatment (food restriction or no food manipulation) and Sex (male or female), and their interaction.

Brain and intestine dry mass, as well as head length, were analysed using linear models. Models
for brain and intestine mass included the factors Treatment and Sex. Fork length (‘Length’) was
added as a covariate and the interaction between Length and Sex was added to reveal any ontogenetic
divergence in relative brain and intestine size between the sexes. For head length, treatment was
excluded since this analysis was an ad hoc analysis to see whether head length followed the same
pattern as brain size, and no indications of Treatment had been found in the brain analysis; the main
focus of this analysis was the Length × Sex interaction. Differences were evaluated based on p-values
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that were derived from Type III analysis of variance, with p < 0.05 being regarded as statistically
significant. Tests were followed by graphical interpretation using LOESS with 95% confidence bands
to capture non-linearity in the data.

4.2. Investigating Sex Effects in Smoltified Individuals

On 3 and 4 April 2014, additional samples of pre-smolts (i.e., silvered fish; males: n = 9; females:
n = 9) were collected from two coastal streams, Bodeleån (WGS84: 58◦19′52.1” N 11◦54′34.9” E)
and Kärraån (WGS84: 58◦20′39.2” N 11◦52′27.3” E), Sweden (n = 9 for each stream; 4–5 fish from
each sex). Body measurements and tissue sampling was conducted as above, except for tissues not
being fixed in formaldehyde prior to drying. The BII for these fish were analysed using a linear model,
including the independent variables, Sex and Length.

4.3. General Notes and Ethical Compliance

The experimenter was blind to the treatment during all of the measurements. Analyses and graphs were
made in R 3.4.2 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria). The experiment was
conducted in accordance with Swedish law and regulations and was approved by the Ethical Committee on
Animal Experiments in Gothenburg, Sweden (ethical permit 113-2008 and 26-2011).

5. Conclusions

This study showed that no long-term effects of compensatory growth could be detected on brain
or intestine mass. Furthermore, sex differences in brain and intestine mass appear to be emerging
over ontogeny, so that sex-differences at smaller stages (<130 mm) are not to be expected. However,
when conducting comparative studies on organ size in salmonids at the time around smoltification,
substantial effort should go into appropriately investigating body shape changes in relation to organ
sizes. Finally, the current study suggests that the ontogenetic stage during which the salmonids
smoltify might deserve more research efforts with respect to the energetic allocation to different tissues
and the trade-offs involved.
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