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1  |  INTRODUC TION

Genetic variation between populations is known to influence the 
probability with which a trait may be expressed (Ferguson et al., 2019; 
Mobley et al., 2021; Rodger et al., 2021; Thorpe, 1994). However, 
conflicts within and between developmental pathways governed by 
resource acquisition and allocation may arise, thereby precluding the 
expression of multiple life history strategies and traits within set time 

frames. The concept that developmental constraints may limit the 
expression of one phenotype at the expense of another is most fre-
quently described in the context of alternative life- history traits (Gould 
& Lewontin, 1979; Stearns, 1980). One example where this may occur 
is the apparent developmental conflict between the transformational 
processes of sexual maturation and smolting in salmonid fishes.

The Atlantic salmon (Salmo salar L.) is a diadromous fish which typ-
ically spends between 1 and 8 years in freshwater before migrating to 
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Abstract
Conflicts can arise in developmental pathways that prevent an individual entering 
different developmental life stages that result in the expression of different 
phenotypes within a specific time period. In salmonids, theory suggests that sexual 
maturation may inhibit subsequent smolting within the same 12- month period and 
that this is partly the result of the time and the apparently conflicting physiological 
changes for these processes to occur, and partly because of the energy requirements 
for these physiologically taxing processes. This study tested whether sexually mature 
male Atlantic salmon (Salmo salar L.) parr, caught in the autumn, would subsequently 
smolt the following spring. Through individual identification using PIT telemetry, 
minimum estimates of 3.0% (n = 6/203) and 5.9% (n = 1/17) of Atlantic salmon parr that 
were sexually mature in two river catchments during the autumn were subsequently 
identified as smolts in the following spring. We therefore suggest that, in line with 
previous studies on domesticated Atlantic salmon and laboratory- based experiments, 
there is no developmental conflict but that life- history expression is mediated by 
environmental and genetic processes.
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nutrient- rich areas of the marine environment to grow for up to 7 years 
(Klemetsen et al., 2003). The sea- ward migration prior to marine resi-
dency is preceded by a complex series of physiological, morphological 
and behavioural changes that prepare the migrant for seawater entry. 
Together these changes are known as smolting (Hoar, 1988). Following 
its time at sea, the Atlantic salmon returns to freshwater to reproduce, 
having accrued size- related fitness advantages (i.e., larger females can 
carry more eggs and larger males can gain a fighting advantage over 
smaller males; Hutchings & Myers, 1994; Jonsson et al., 2016).

As an alternative life history strategy, Atlantic salmon frequently 
become sexually mature in freshwater as parr without having pre-
viously migrated to sea and thus at a relatively small size in com-
parison with their anadromous counterparts (Baum et al., 2004; 
Hutchings, 2011; Hutchings & Myers, 1994; Myers et al., 1986; 
Shaw, 1836). The vast majority of records of sexual maturation in 
Atlantic salmon parr are for males (Mobley et al., 2021; Myers, 1984; 
Myers et al., 1986); however, there are a few records of female 
parr becoming sexually mature before sea migration (Bagliniere & 
Maisse, 1985; Mills, 1971; Power, 1969; Prouzet, 1981). The fitness 
advantage of early sexual maturation is that there is a higher proba-
bility of surviving to sexual maturity, compared with the alternative 
strategy of becoming mature only after a long- distance migration to 
and from sea (Hutchings & Myers, 1994). Expression of this alterna-
tive life history strategy also promotes population stability as fish 
from any given year cohort exhibit alternate behaviours reducing the 
impact of catastrophic events on a population, as well as creating 
multi- year cohort breeding groups which limits the possibility of in-
breeding (Mobley et al., 2021; Perrier et al., 2014).

Both smolting and sexual maturation are highly complex develop-
mental processes. Maturation requires the development of gametes, 
but the process also includes a suite of physiological, morphologi-
cal and behavioural changes for the process to result in successful 
breeding (Sutterlin & Maclean, 1984). Smolting, similarly, is a compli-
ment of processes of morphology, physiology and behaviour change 
(Hoar, 1988; Langdon & Thorpe, 1985). A consequence of the complex 
nature of these changes is that they take time. Drawing together the 
results of experimental tank and field studies, Thorpe (1986) showed 
that the process of smolting in advance of sea migration begins in 
salmon parr in the summer approximately 9 months before migration. 
Similarly, the processes eventually leading to successful reproduction 
for parr begins in spring, approximately 8 months before the breeding 
season. Thus, it has been considered that smolting and maturation of 
parr are mutually exclusive processes within the same year because of 
these temporal conflicts (Mobley et al., 2021; Thorpe, 1986; Thorpe & 
Metcalfe, 1998; Thorpe & Morgan, 1980; Yevropeytseva, 1962).

Laboratory studies have, however, observed that smolting and mat-
uration can occur within the same 12- month period. These studies in-
clude those whereby parr are retained in tanks until smolting (Berglund 
et al., 1991; Fjelldal et al., 2018; Saunders et al., 1982) or those where 
parr are held in tanks and then released into rivers immediately before 
smolting (Berglund et al., 1991, 1992; Hansen et al., 1989; Lundqvist 
et al., 1988). Arguably, in both cases, the developmental pathways may 
have already been initiated through parr being exposed to unnaturally 

stable or increased temperatures and food abundance and quality, 
both of which variables have been identified to influence smolting of 
parr and the maturation at any stage of the Atlantic salmon life cycle 
(Åsheim et al., 2023; Berglund et al., 1991, 1992; Jonsson et al., 2013). 
There is also some evidence of previously mature parr smolting in the 
wild, with spent males being found within smolt- capturing programs 
(Myers, 1984; Österdahl, 1969). However, in these studies as individual 
fish were not followed from maturation to smolting, the time frame 
over which this transition took place is unknown.

Recent research into these two developmental pathways in do-
mesticated Atlantic salmon suggests that there is no developmental 
conflict between the two pathways (Fjelldal et al., 2018). Although 
both the maturation and the smolting processes are regulated by 
neuroendocrine pathways, namely the brain- pituitary- gonad sys-
tem for maturation and the GH- IGF- I system and thyroid hormone 
for smolting (Björnsson et al., 2011), it has been suggested that as 
they ultimately culminate at different endpoints, the processes 
can develop in parallel without direct conflict (Fjelldal et al., 2018). 
However, these studies also identified that maturation in parr could 
significantly impair hypo- osmoregulation in smolts and in turn re-
duce a smolt's chance of surviving the transition to seawater (Ber-
glund et al., 1992; Fjelldal et al., 2018). Therefore, some indirect 
conflict may exist which, under natural conditions with wild fish 
(rather than under laboratory conditions with either wild or domes-
ticated strains), could prevent smolting and maturation within the 
same year.

This study aims to explore the potential for a developmental con-
flict in the maturation and smolting, in that order, of wild Atlantic 
salmon parr within a 12- month period in two geographically sepa-
rated river catchments. Specifically, we hypothesise that, as a result 
of the perceived developmental conflict (Thorpe, 1986) and the im-
pacts of maturing on hypo- osmoregulation (Berglund et al., 1992), 
male parr will be unable to smolt the spring after sexual maturity. 
Therefore, we test the null hypothesis that there is no develop-
mental conflict and that mature male parr can smolt the following 
spring. A secondary aim of this study is to describe the relationship 
between length and weight of wild mature male and immature parr 
and smolting.

2  |  METHODS

2.1  |  Study site

The Deveron catchment is situated in Northeast Scotland and has 
an overall catchment area of 1266 km2 and a length of 96 km. It 
rises 600 m above sea level and flows directly into the North Sea 
(Figure 1). The Laxford catchment is situated on Grosvenor's Reay 
Forest Estate in the remote North- west Highlands of Scotland and 
drains an approximate area of 118 km2. Unlike the Deveron which 
is a river for its entire course, the Laxford flows through two lakes 
(Loch More and Loch Stack, approximately 65 m and 55 m above 
sea level, respectively), which are fed by a network of tributaries, 
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    |  3LOTHIAN et al.

before flowing for 7 km into the North Atlantic Ocean (Figure 1). 
In both catchments, Atlantic salmon tend to smolt and emigrate 
to sea at 2 years post- hatching, but records of up to four- year- old 
smolts have been recorded in the Deveron (A. Lothian, personal 
observation).

2.2  |  Fish capture and tagging

Electrofishing was conducted over 6 days between 13th and 
29th October 2021 in the Deveron and across 4 days between 
29th October and 4th November 2021 in the Laxford by two 
independent teams experienced in electrofishing. Atlantic salmon 
parr were captured from the two major tributaries of the Deveron 
and six tributaries of the Laxford. All Atlantic salmon parr were 
held in containers (~75 L) filled with constantly aerated river 
water. Fish were individually anesthetised in a buffered solution 
of tricaine methanesulphonate (MS- 222; 100 mg L−1) and river 
water, before being measured for fork length (mm) and weight (g). 
The abdomens of each fish were then palpated to release gametes 
to determine whether any fish were of advanced sexual maturity. 
A small abdominal incision approximately 3– 4 mm in length was 
made ventrally, anterior to pelvic girdle for those fish greater than 
90 mm in length before a Passive Integrated Transponder (PIT) 
tag (12.5 × 2.15 mm; 0.11 g in air; Biomark) was implanted into 
the body cavity. No sutures were used to close the incision as it 
has been shown that PIT tag retention is high in juvenile Atlantic 
salmon without sutures (97% retention with 23 mm long PIT 
tags; Larsen et al., 2013). Fish were allowed to recover in aerated 
tanks (~75 L) of river water for 1– 3 h before being returned to 
the river within 50 m of where they were captured. All methods 
and procedures were performed in accordance with the United 
Kingdom's Scientific Procedures Act 2003 and carried out under 
Home Office issued licence (Project Licence number PP0483054).

2.3  |  Smolt recapture

To capture Atlantic salmon smolts during their downstream 
seaward migration, rotary screw traps were positioned mid- stream 
downstream of a natural narrowing in each of the two rivers in 
April and May 2022. In the Deveron, one rotary screw trap was 
positioned at each of the lower reaches of two tributaries, the 
Blackwater (57.36367702° N; 3.03180701° W) and the Allt Deveron 
(57.36213002° N; 3.0224341° W; Figure 1), just upstream of their 
confluence. These were operated from 27th March until 1st June 
2022. On the River Laxford, a rotary screw trap was positioned 
near the tidal limit of the Laxford (58.37474528° N; 5.01656746° W; 
Figure 1) and operated between 13th April and 3rd May 2022. Traps 
were checked daily and all fish were removed. Atlantic salmon smolts 
were scanned with handheld PIT scanners (HPR Lite, Biomark) daily 
throughout the trapping period on the Deveron and across 4 days 
between 30th April and 3rd May 2022 on the Laxford. If a PIT tag 
was detected, the PIT tag ID was recorded. Mark- recapture trials 
conducted for the Deveron rotary screw traps in 2022 suggest 
capture efficiencies of 16% and 31% for Atlantic salmon smolts in 
the Allt Deveron and Blackwater, respectively (M. Walters, personal 
communication). The rotary screw trap on the Laxford was deployed 
for the first time in 2022 and so no efficiency estimates exist for 
this site.

2.4  |  Statistical analyses

Welch's two sample t- tests were used to compare the differences in 
length and weight of immature and sexually mature parr captured in 
autumn 2021 in both river catchments due to the unequal sample 
sizes between the two maturity groups. Welch's two sample t- tests 
were also used to compare autumn length and weight between all 
fish that smolted and did not, as well as for mature fish that smolted 

F I G U R E  1  Map of the Laxford (left) 
and Deveron (right) study catchments 
with Rotary Screw Traps marked (dots).
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4  |    LOTHIAN et al.

and did not. Analyses carried out on recaptured fish were only per-
formed for the Deveron due to the low number of recaptures in the 
Laxford. All analyses were performed in RStudio (2022.02.3) using R 
(4.1.2; R Core Team, 2021).

3  |  RESULTS

In total, 1157 and 158 Atlantic salmon parr were captured and PIT 
tagged in the Deveron and Laxford catchments, respectively. The 
mean ± SD length (mm) and weight (g) of all Atlantic salmon parr 
for the Deveron were 109 ± 9 mm and 15 ± 4 g and for the Laxford 
were 101 ± 9 mm and 12 ± 4 g, respectively. For fish collected from 
the Deveron, 17.5% (n = 203) of all Atlantic salmon parr tagged in 
autumn 2021 were sexually mature males. Of the Atlantic salmon 
parr sampled from the Laxford in autumn 2021, 10.8% (n = 17) were 
sexually mature males. No sexually mature females were recorded 
from either site. At both study sites, sexually mature male parr were 
significantly greater in length (Deveron: Welch's two sample t- test, 
t = 6.3, df = 247.6, p < .001; Laxford: Welch's two sample t- test, 
t = 3.9, df = 19.4, p < .001) and weight (Deveron: Welch's two sample 
t- test, t = 8.8, df = 231.6, p < .001; Laxford: Welch's two sample t- 
test, t = 4.7, df = 18.6, p < .001) than those which were immature in 
autumn 2021 (Table 1; Figure 2).

Of the 1157 and 158 Atlantic salmon parr tagged and released 
into the Deveron and Laxford rivers, 63 (5.4%) and 6 (3.8%) fish were 
recaptured in the rotary screw traps, respectively, in spring 2022 
as smolts. Of those recaptured smolts, 9.5% (n = 6/63) and 16.7% 
(n = 1/6) were fish that had been sexually mature in the autumn, indi-
cating a minimum observed 3.0% (n = 6/203 tagged sexually mature 
parr) and 5.9% (n = 1/17 tagged sexually mature parr) of the Deveron 
and Laxford mature parr, respectively, smolted. In both catchments, 
the length and weight of the recaptured sexually mature fish (length 
and weight recorded at time of tagging) were greater than for those 
that were immature (Table 1). This difference was only significant 
for the weight of the fish at time of tagging in the Deveron (Welch's 
two sample t- test, t = 3.2, df = 5.8, p = .02) but not for length (Welch's 
two sample t- test, t = 2.1, df = 5.9, p = .07). Within the group of parr 
that were mature in the Deveron, there was no significant difference 
in the length (Welch's two sample t- test, t = −1.6, df = 5.6, p = .16) or 
weight (Welch's two sample t- test, t = −1.6, df = 5.8, p = .17) for those 
that were recaptured as smolts or not.

4  |  DISCUSSION

Here we show clear evidence from the field of male parr that 
were sexually mature in late autumn also smolting and migrating 
to sea in the same year (6– 7 months later). With 3.0% and 5.9% of 
those tagged sexually mature parr being observed as smolts in the 
Deveron and the Laxford, respectively, we also show that this may 
be more common than previously expected. This proportion fits 
with previously calculated estimates that 2– 7% of mature 1- year- old 
parr undergo smolting and migrate to sea the following spring 
(Myers, 1984), although individual fish age was not investigated in 
the current study. The proportions of mature parr that were released 
and migrated downstream as smolts in this study must be assumed to 
be minimum estimates given the trapping technique. The traps in the 
Deveron only operated at an estimated maximum efficiency of 32% 
in 2022 (M. Walters, personal communication), and PIT scanning only 
occurred over 4 days in the Laxford, and so there is a high likelihood 
that more PIT tagged and released fish smolted. Therefore, if more 
smolts were captured in the trap, the proportion of PIT tagged 
mature parr that smolted may be higher than that estimated (given 
that the number of tagged fish remains the same). Irrespectively, this 
is the first evidence of the maturation and smolting developmental 
process occurring within the same 12- month period in wild Atlantic 
salmon populations (Fjelldal et al., 2018; Mobley et al., 2021).

Despite the fact that we show the process of smolting can occur 
rapidly following maturation in parr, this study was not able to de-
termine whether the two developmental processes occur in tan-
dem with each other or sequentially. However, given that Fjelldal 
et al. (2018) showed no intrinsic developmental conflict in domes-
ticated Atlantic salmon, and experimental trials on wild and hatch-
ery fish in laboratories have shown that maturation and smolting 
can occur within the same year under stable conditions (Berglund 
et al., 1991, 1992; Hansen et al., 1989; Lundqvist et al., 1988; 
Saunders et al., 1982), we also suggest that there exists no conflict 
between the two developmental pathways in the wild. Rather, en-
vironmental factors such as temperature and nutrient acquisition, 
along with genetic components (i.e., maturation genes such as vgll3; 
Åsheim et al., 2023; Niemelä et al., 2022) limit an individual's ability 
to undergo both energetically demanding process with the same 12- 
month period.

The majority of mature parr either delay smolting and migra-
tion or die shortly after spawning (Dalley et al., 1983; Myers, 1984; 

Catchment

Mature Immature

N Length (mm) Weight (g) N Length (mm) Weight (g)

Autumn –  Parr

Deveron 203 114 ± 12 18 ± 6 954 108 ± 8 14 ± 4

Laxford 17 110 ± 10 16 ± 4 141 100 ± 9 11 ± 3

Spring –  Smolt

Deveron 6 120 ± 9 21 ± 4 57 111 ± 8 16 ± 3

Laxford 1 121 21 5 103 ± 6 11 ± 2

TA B L E  1  The number and mean ± SD 
length and weight of parr (measured 
during autumn sampling) of sampled 
fish that were deemed either mature or 
immature at time of autumn sampling.
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    |  5LOTHIAN et al.

Saunders et al., 1982; Thorpe, 1994; Whalen & Parrish, 1999). In 
some populations, it has been estimated that 60% of parr that be-
come mature do not smolt and migrate to sea (Myers, 1984). Those 
individuals that did mature and smolt in the current study are likely 
to be individuals that had participated in spawning, although this 
cannot be known for certain. Hansen et al. (1989) identified that 
those mature males which had been stripped of gametes at time 
of spawning in the autumn, thereby simulating a breeding attempt, 
were 20% more likely to initiate smolting and migration following 
spring. It could, therefore, be argued that there is a cost associated 
with re- absorption of gametes which might induce a delay in migra-
tion. Alternatively, a mature male parr that has not yet completed 
a breeding event could continue searching for potential breeding 
opportunities and thereby miss the potential smolting initiation 
window. This relationship between breeding success (or at least 
a completed attempt at breeding) and smolting may ultimately be 
identified by longitudinal studies on life history strategy with a focus 
on mature parr breeding success rates.

Several environmental variables are known to impact both 
the age of sexual maturity and smolting in salmonids (Åsheim 
et al., 2023; Berglund et al., 1991, 1992; Jonsson et al., 2013; 
Mobley et al., 2021). Several laboratory studies have now shown 
that temperature and food resource availability can increase the 
chances that maturity occurs in parr (Adams & Thorpe, 1989; 
Åsheim et al., 2023; Berglund et al., 1991; Debes et al., 2020; 
Thorpe, 1994). This is in part influenced by genetics, specifi-
cally the vgll3 gene which can encode for late or early maturity 
(Åsheim et al., 2023; Niemelä et al., 2022). Although the vgll3 
gene was originally identified as a strong correlate with the num-
ber of years an individual spent at sea before returning to spawn 
(Barson et al., 2015), recent common garden experiments have 
shown that the gene may play a role in determining maturity pre- 
smolting (Åsheim et al., 2023). Those individuals with the early 
alleles may be more likely to mature pre- smolting than those with 
late alleles given the same resource availability. With temperature 
and resource acquisition known to influence smolting (Berglund 
et al., 1991), it might be that with climate change, and therefore 
greater river temperatures, a fixed level of resource acquisition 
could enable a greater occurrence rate of maturation and smolting 

in parr in the same 12- month period. Likewise, with salmon stocks 
declining around the world, it might be that less competition from 
reduced parr densities enables a greater resource acquisition to 
promote these processing occurring in tandem. The mechanisms 
for this to occur need further investigation. Using information ac-
quired from the vgll3 gene, fish sex and fish age could be a use-
ful tool to disentangle the relationship between maturation and 
smolting in future studies.

It has been frequently shown that only the largest parr within a 
year class mature (Berglund et al., 1992; Dalley et al., 1983; Leyze-
rovich, 1973; Rowe & Thorpe, 1990; Saunders et al., 1982). Sexually 
mature male parr in this study were also significantly larger in terms 
of length and weight than those that were immature in the autumn 
sampling, fitting the trends seen in the literature. However, sexually 
mature male parr in this study showed a wide range of lengths, with 
the smallest being 90 mm in length. The literature also suggests that 
only the largest of the mature parr will smolt (Berglund et al., 1992). 
However, in this study, there was no statistically significant differ-
ence in the lengths of fish in autumn that were detected as smolts in 
spring compared with those that were not.

Although it is now well established, from laboratory and field 
studies, that Atlantic salmon that become sexually mature as parr 
in freshwater can, and do, eventually migrate to sea, more informa-
tion is required to fully understand the long- term impacts of this 
behavioural phenotype and the associated developmental pathways 
in wild fish. Phenotypic and genetic diversity within populations ex-
pressed as alternative life histories are important within populations 
to dampen the impacts of catastrophic events, thusly increasing a 
species resilience to environmental change (King et al., 2007). This 
diversity is particularly important within the context of current cli-
mate change.
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