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Abstract Sea-run brown trout (Salmo trutta)
have a highly phenotypically plastic life history that
allows them to be effective colonizers and competi-
tors in freshwater. This paper documents a previ-
ously unknown spawning behaviour in a brackish,
tidally influenced estuary 14 km from the mouth of
the Vosso River, a major Atlantic salmon- and sea-
run brown trout—producing river in western Norway.
Putative spawning gravel was observed, and sea-run
brown trout deposited eggs that hatched in April.
Survival of recruits was high (>95%) in the tidal
spawning gravel. These areas are strongly tidally
influenced with a peak of 23.17 psu recorded at the
lowest spawning ground. The observation of spawn-
ing so far from the river mouth may be unique in such
a system with a long estuary but provides important
insight into the biology of sea trout. Invasion of pink
salmon, also known to spawn in estuaries, may nega-
tively affect the competitive balance of sea trout with
other salmonids in rivers where sea trout populations
rely on recruitment from these relatively extreme
spawning areas. Restoration of estuaries that have
been modified by dredging or channelization may be
important to ensure quality and heterogenous habitat
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for sea trout spawning given that haline spawning
grounds could contribute to population resilience.
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Introduction

Brown trout, Salmo trutta L., has a well-studied par-
tially migratory life history that can take them from
their freshwater spawning streams into the ocean to
feed and grow (i.e. sea-run brown trout) (Klemetsen
et al. 2003). Most sea-run brown trout live 1-3 years
in fresh water and then may undergo a physiologi-
cal change, smoltification, which guides them to the
ocean (Jonsson 1985; Titus and Mosegaard 1992). In
Norway, the mean smolt age increases significantly
with latitude, a consequence of the shorter seasons for
growth in the north (L’Abée-Lund et al. 1989). Once
at sea, trout generally spend a few weeks or months
in the upper surface layers of coastal zones feeding
predominantly on benthic invertebrates and other fish
(Davidsen et al. 2017). Trout then return to freshwa-
ter to overwinter or spawn and will generally return to
the sea the following spring or summer (Klemetsen
et al. 2003). Migratory movement between fresh and
saltwater is regulated by osmoregulatory organs and
enzymes that facilitate the transition between envi-
ronments that not all fish can cope with.
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Sea-run brown trout are especially recognized for
the plasticity that they display in their life history
(e.g. Peiman et al. 2017). Trout may mature without
migrating or spend long periods at sea before return-
ing to spawn (Klemetsen et al. 2003). Travel between
freshwater and the marine environment is not uncom-
mon and may be an adaptation of the fish to get rid
of marine parasites (Gjelland et al. 2014). Trout are
also observed exiting freshwater in small streams
exposed to drought and have been observed moving
to the Baltic Sea even before the physiological initia-
tion of smoltification (Landergren and Vallin 1998).
Whether trout can make use of saline habitats for
spawning production is less clear. Landergren and
Vallin (1998) found that fertilization was possible at
6.7 psu, salinities characteristic of the waters around
the Baltic island of Gotland, but the ensuing devel-
opment of eggs was inhibited at salinities exceeding
4.0 psu. No hatching was observed in ambient Baltic
Sea water, and recruitment to the sea trout population
from this area was regarded as null. Further, Rubin
(1994) investigated egg-to-fry survival of sea trout
eggs in various salinities, finding only a minor differ-
ence (11%) of this survival between freshwater and
Baltic Sea water. However, these results were experi-
mental, and eggs were fertilized in freshwater and
transferred to brackish water for hatching. No direct
evidence of trout spawning in saline waters have yet
been revealed.

Despite there being no reports of survival of sea
trout eggs and fry from naturally buried eggs in areas
with brackish water, saline areas in estuaries may add
additional spawning areas for sea-run brown trout. If
sea-run brown trout can spawn in saline waters, the
total production of a catchment will be the sum of
spawning potential in the main river and tributaries,
as well as the estuary, and assessments must be cog-
nizant of production beyond freshwater when making
management decisions. The availability of potential
estuarine spawning areas might buffer sea trout popu-
lations from drought or pollution in rivers and attenu-
ate competition with other species such as Atlantic
salmon that cannot use these areas for spawning. This
study outlines and describes observations of sea-run
brown trout spawning in brackish water 14 km from
the outlet of Vosso River, a major river in western
Norway with substantial potential freshwater avail-
able for spawning.
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Materials and methods
Study area

The putative spawning grounds were surveyed in an
intertidal zone approximately 14 km from the out-
let of Vosso River, western Norway (Fig. 1). Four
separate spawning grounds were located in a range
of 900 m in the intertidal zone between Bolstad and
Vikafjorden. The two largest spawning grounds were
closely investigated. The physical conditions in the
intertidal zone where the spawning area was surveyed
were strongly influenced by tidal water; thus salin-
ity, water velocity, and temperature change every
6 h. According to Bjerkenes et al. (1998), the water
velocity out of the fjord fluctuated from a minimum
of 1.1 cm/s to a maximum of 112.4 cm/s with a mean
of 50 cm/s. Salinity changed from a minimum of 0.56
psu to a maximum of 19.5 psu with a mean of 4.0 psu
in this period. The temperature was found to change
from 1.4 to 4.8 °C with a mean of 2.5 °C. The high-
est salinity and temperature were associated with
an incoming tide, while the highest water velocity
was associated with an outgoing tide. The spawning
grounds are therefore situated in an area that can be
described as a tidal stream.

Individual nests were located by wading and by
digging in the gravel by a pointed shovel (Fig. 2). A
subsample of eggs from each nest was captured in a
net with a 250-um mesh size. Eggs were identified
to species by genetic analysis (Mork and Heggber-
get 1984; Vuorinen and Piironen 1984). From each
nest, the following data were recorded: egg survival
(number of live eggs vs. dead eggs), water depth
(distance from gravel surface to water surface), and
burial depth (distance from gravel surface to top of
egg pocket). The mean egg survival was calculated
for all sampled nests. Sampling was done in 2002 at
five dates: March 12, April 16, May 10, May 31, and
June 19 and on May 19 and May 21 in 2003 and May
24, 2004.

Measurements of salinity (psu), temperature, oxygen,
and density

A STD/CTD model SD204 was used to measure,
calculate, and record salinity and temperature every
10 min. The device was put on the upper marine
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Fig. 1 Map of the Vosso
River system and Bol-
stadfjord. The Vosso
River discharges into the
Bolstadfjord. The Bol-
stadfjord extends 16 km
to the Veafjord, an arm of
the Osterfjord system. The
fjord spawning site of the
sea trout (Salmo trutta) is
marked where redd surveys
were conducted
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spawning area from March 22, 2002, to May 2, 2002,
and on the lowest spawning area from May 28, 2003,
to June 14, 2004. Interstitial oxygen was measured
with a Therune standpipe at fourteen sites in the
upper marine spawning ground in March 2002.

Results
Egg deposition

The mean burial depth of eggs found in the present
study was 9.4 cm (SD=3.6). The deepest nest was
situated 18 cm beneath the gravel surface, whereas
the shallowest was located 4 cm under the gravel
surface. In 2002, when burial depth was measured
throughout the spring, nests found in March were
located deeper from the gravel surface compared to
nests found in May (this may have been sampling
bias such that eggs had hatched and yolk-sac fry had
moved upwards in the gravel by May). In March,
the nests contained only eggs, whereas all nests in
May consisted of YSA. The classification of gravel
and cobbles that constitute the egg pockets accord-
ing to Wentworth classification had a mean of 8.2
(SD=0.4). This means an average size of gravel from
3.2t0 6.4 cm.

Following observations of spawning in the fjord
gravel, salinity was measured at the sites in subse-
quent years. Salinity fluctuated at both the upper and
lower spawning sites. The highest measured salinity
on the upper spawning area was 9.73 psu at high tide
(13:39:43) on April 1, 2002, compared to the highest
measured salinity on the lower spawning area which
was 23.17 psu at high tide (21:21:00) on December 1,
2002. Daily salinity fluctuates tidally; for example, in
10 min from 02:09 PM to 02:19 PM on April 1, 2002,
the salinity changed from 8.8 to 0.53 psu on the upper
spawning area. No egg pockets were anoxic. Intersti-
tial oxygen within redds was found to be 11.4 mg/l
(SD=0.3; min=11, max=12.4).

Survival of recruits

The survival of recruits, defined as both eggs and
yolk-sac alevins (YSA) that remain in nests, is gen-
erally high (i.e.>95%) and suggests normal condi-
tions for survival of juvenile trout. A total of 131
nests were sampled from 2002 to 2004 with a mean
number of 14.2 to 27.0 recruits (eggs and/or fry)
examined per nest (Table 1). Survival ranged from
zero to 100% with a mean of 96.3% (SD=12.5) in
the two marine spawning grounds surveyed.
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Fig. 2 Sea-run brown trout (Salmo trutta) nests in the gravel
substratum in the marine spawning areas, shown at low tide.
The first image shows the Straume Bridge in the Bolstadfjord,
14 km from the mouth of the Vosso River. The second photo-
graph shows a redd depression where sea-run brown trout have
spawned in the fjord gravel in the tidal stream

Table 1 The number of nests, the mean number of eggs or
yolk-sac alevins (recruits) examined per nest, and the mean
recruit survival per nest. Standard deviation is noted as SD.

Egg development

On March 12, 2002, only eggs were found, whereas
on April 16, 2002, only two out of 20 nests held eggs,
with the remainder having YSA. On April 16, all the
YSA were clumped and gave signs of being recently
hatched, some still getting rid of the eggshell. From
May 10, 2002, all the nests examined held YSA. The
approximate hatching period has most likely been
in the beginning of April, close to April 15. In 2003
and 2004, the eggs had already developed to the YSA
stage by the time of observation in the middle of May.

Discussion

We observed that sea-run brown trout dug redds in
the estuarine gravel, fertilized eggs, and hatched fry
the following year. Both shallow and deep redds were
measured, and eggs observed were found to hatch
with high success comparable to what is observed
in full freshwater. As a tidally influenced area more
than 10 km from the river mouth, salinity fluctu-
ated throughout the day, and we hypothesize that
trout were synchronizing spawning with the efflux
of saltwater at low tide. This research shows the first
example of Salmo trutta spawning successfully in
saline water, following observations by Limburg et al.
(2001) that spawning occurred in salinities up to 5
psu. Our observations of egg deposition and develop-
ment in saltwater for multiple years suggest that this
species can consistently exploit the coastal marine

Measurements on the upper and lower marine spawning
grounds surveyed are noted for surveys 2002-2004

Date Marine spawning site ~ Number of nests sampled Mean number of recruits per Mean recruit
nest (SD) survival (%)
(SD)
March 12, 2002 Upper 35 17.5 (8.1) 97.7 (8.2)
April 16, 2002* Upper 20 27.0 (1.4) 100 (0.0)
May 10, 2002 Upper 19 14.7 (9.2) 99.8 (0.8)
May 31, 2002 Upper 16 20.8 (20.4) 99.1 (3.6)
May 19, 2003 Upper 11 14.2 (3.0) 98.5 (3.6)
May 21, 2003%** Lower 15 22.7 (10.8) 82.4(27.1)
May 24, 2004 Lower 15 14.7 (6.5) 97.8 (8.6)

“The number of egg/yolk-sac alevins was only counted for two egg pockets

“One nest situated close to shore and probably stranded with only dead eggs
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environment for spawning production. We made
detailed observations of this previously unknown
behaviour in only the estuary of the Vosso River, so
the generality of this behaviour is unknown. However,
the implications and opportunities for further investi-
gation include research on the physiological mecha-
nisms, population dynamics, and community ecology
that permits and supports this cryptic behaviour. Estu-
aries are not traditionally viewed as spawning habitat
for sea-run brown trout, and many are modified by
dredging or channelization that potentially removes
important spawning habitat for trout, which may be a
key conservation consideration for this species.

Further research is needed to ascertain the impor-
tance of these haline spawning sites to sea-run brown
trout populations. In large rivers such as Vosso, it
can be expected that eggs deposited in the estuarine
environment will represent a minority of the total
production from the river but in years of extreme
environmental variability may represent an impor-
tant safeguard for the population. Many salmonids
exhibit various strategies to cope with the potential
for recruitment failures caused by environmental
variation. Iteroparity of Atlantic salmon, for exam-
ple, has been postulated to provide a contingency
against smolt year class failure (Saunders and Schom
1985). The euryhaline biology of sea-run brown trout
is already described as an adaptation to cope with
unpredictable stream conditions such as drought, with
juveniles exiting small streams very soon after hatch-
ing or adults moving out after spawning (Limburg
et al. 2001; Klemetsen et al. 2003). This behaviour
may be specialized in this river, and others like it,
with long estuarine areas that have suitable substrate.
Female trout dig redds, lay eggs, and bury them in
coarse gravel of well-oxygenated areas, mostly rivers
but sometimes lakes, and, evidently, estuaries (Klem-
etsen et al. 2003, this paper). The phenomenon here
described may not be replicated in rivers where suit-
able substrata are not available.

Other salmonids species in the genus Oncorhyn-
chus can spawn in intertidal areas in the lower river
sections (Heard 1991; Salo 1991). There are mainly
two species using lower river reaches as spawn-
ing grounds, Oncorhynchus gorbuscha and O. keta.
Decreased survival of egg and alevin from the upper
to the lower reaches was explained by higher salin-
ity concentration in the lower section (Salo 1991).
Pink salmon (O. gorbuscha) have begun to establish

in Norway, particularly in the north (Mo et al. 2018),
and this species may compete with sea-run brown
trout for the estuarine spawning habitats described in
this paper. Sea-run brown trout are known to use estu-
aries even as fry (Jarvi et al. 1996), and these areas
are increasingly recognized as crucial for the life his-
tory of many salmonids (Levings 2016).

This observation generates new questions about
the biology of sea-run brown trout including the
genetics and physiology of sea-run brown trout that
spawn in the estuarine environment. Based on these
observations, it is hypothesized that sea-run brown
trout track their spawning with the flood and ebb
tides so that eggs are deposited and fertilized when
salinity is the lowest. We did not genotype parents or
offspring of eggs observed in the estuarine environ-
ment and therefore are uncertain about the heritabil-
ity of the marine spawning phenotype. Moreover, it
is unclear whether trout are more likely to spawn in
the estuarine environment if competition for space in
the river is high, including between conspecifics and
between sea-run brown trout and with other native
(e.g. Atlantic salmon, Arctic charr) and non-native
(e.g. pink salmon) salmonids. Parental salmonids
are known to pass on important environmental infor-
mation to their offspring to prime them for hatching
(Sopinka et al. 2014), and perhaps, parents spawning
in haline waters will influence the gene expression of
their offspring such that they upregulate smoltifica-
tion. Finally, we ask what the costs and benefits are of
spawning in estuaries. We found recruit survival to be
high, suggesting that costs are low and benefits may
be high if these areas are available and not used by
competitors. Detailed investigations of the physiolog-
ical profiles of estuary spawning trout, demographic
and genetic composition of the estuary spawners,
and time series observations of recruit survival will
reveal more about the adaptivity of this phenotype.
Additional experimental studies could be conducted
by exchanging eggs between estuary and riverine type
spawn to track hatching success and fry behaviour
and physiology.

Freshwater inputs into estuaries such as the Bol-
stadfjord are dynamic throughout the year. Spring
floods from rivers will increase freshwater input
seasonally, and long-term climatic trends such as
drought will also have an impact on salinity levels.
Human impacts must also be considered; hydropower
generation can withdraw or redirect freshwater input
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in rivers, altering the cycles of freshwater input in
a way that affects estuarine salinity. Dredging and
other physical alterations to habitat will affect water
exchange rates that influence salinity, density, and
mixing rates in estuaries and fjords. In the Bolstad-
fiord, the Vosso River discharges freshwater at the
distal end, regulating the salinity of the fjord to some
extent. Dredging in the fjord nearby these marine
spawning grounds has affected input of marine
water from the Osterfjord, and the Evanger power
station increases the overall freshwater input to the
fjord annually, which has reduced the salinity of the
fjord since the installation of the power station in the
1970s. The regulation of the water means that the
overall flow dynamics of Vosso and salinity in the
Bolstadfjord are fairly stable now, albeit with some
annual variation and tidal influence. Future work
should focus on understanding how estuary dynam-
ics caused by both climatic and anthropogenic factors
affect the stability of these marine spawning areas.
This paper is based on opportunistic observations
of spawning places in a long fjord with spawning sed-
iments in tidal water where historic salinity measure-
ments were available. We did not have daily salinity
measurements for the time period that the spawning
grounds were observed but have no suspicion that the
salinity of the ebb and flood tide would have changed
dramatically from the period when the observations
were made directly. Nevertheless, this is clearly a
limitation of the study that we do not have simultane-
ous or long-term salinity data corresponding directly
between the study sites and years; more research is
clearly needed to document the spawning behaviour
of trout in haline water because of the implications for
sea-run brown trout demography, population genetics,
resilience to environmental stochasticity, and compe-
tition with other species. Our results suggest further
fundamental research on the salt tolerance of sea-run
brown trout eggs and juveniles and the behaviour of
alevins and fry that emerge in saltwater. These data
contribute to understanding of the life cycle of sea-
run brown trout and may be used to enhance conser-
vation efforts, for example, restoring gravelled estuar-
ies where spawning could potentially take place if the
effects of dredging or channelization were reversed.
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