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Executive summary

A Study Group on the identification of biological characteristics for use as predictors
of salmon abundance [SGBICEPS] was agreed by ICES at the 2008 Science Conference
(C. Res. 2008/2/DFC02) and met in Lowestoft, England, from 3 to 5 March, 2009.

The meeting was chaired by lan Russell, UK and attended by 14 people from five
European countries; data were made available for analysis for stocks throughout the
geographic range of Atlantic salmon - Canada, USA, Iceland, Russia, Finland, Nor-
way, Sweden, UK (Scotland), UK (England & Wales), UK (N. Ireland) and France.

The main objectives of the meeting were to identify and compile time series of data
on biological characteristics of Atlantic salmon and conduct preliminary analyses on
these data as a basis for developing, and where possible testing, hypotheses relating
any observed changes in these data to marine mortality and/or abundance trends for
Atlantic salmon stocks and/or environmental changes.

The meeting reviewed the literature and a number of case studies, and critically ana-
lysed available data sets in addressing the ToRs. The report structure reflects these
activities and provides: (1) a summary of the available literature; (2) a description of
the data sets compiled; (3) an overview of a number of case studies; (4) details of pro-
visional exploratory analyses completed and hypotheses tested; and (5) recommenda-
tions for the future.

In brief:

e Literature - the review summarises the life history strategies of salmon and
changes in biological characteristics of different life stages across the geo-
graphic range of the species in relation to key environmental variables. A
number of existing hypotheses concerning the factors regulating the mortal-
ity of salmon are considered.

e Data sets - building on work started by WGNAS, time series of various bio-
logical characteristics were compiled using a standardised data entry spread-
sheet for 24 separate salmon stocks. In taking forward preliminary analyses
of these data sets, a number of constraints and caveats were noted, mostly re-
lating to sampling programmes and methodological differences. Data pro-
viding abundance metrics and survival/mortality information for different
indicator stocks were also assembled, and potential data sources on N. Atlan-
tic environmental variables explored.

e Case studies - information from a number of river or area-specific investiga-
tions were presented and reviewed.

e Exploratory analyses - the various stock-specific biological characteristics
were examined for possible time trends and different approaches were used
to examine changes in biological characteristics over broader spatial scales.
Significant trends were apparent for many of the variables explored, as well
as a number of significant inter-relationships between selected stock charac-
teristics. Some preliminary hypotheses were investigated.

e Recommendations — the Study Group recommends that work should con-
tinue to explore trends, investigate possible common patterns and regional
groupings, and develop and test hypotheses. This should be accompanied by
efforts to extend the available data and further rigorous quality assurance of
the data sets used.
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Introduction

1.1

1.2

Main tasks

In June 2008, NASCO asked ICES to ‘continue the work already initiated to investi-
gate associations between changes in biological characteristics of all life stages of At-
lantic salmon, environmental changes and variations in marine survival with a view
to identifying predictors of abundance’. WGNAS had begun work on this question
but had been unable to make significant progress due to other work pressures. A
need was therefore identified for a separate expert group to take on this task if sig-
nificant progress was to be made with addressing NASCO’s request for this advice.

At the 2008 Science Conference, ICES made a resolution (C. Res. 2008/2/DFC02) that a
Study Group on the identification of biological characteristics for use as predictors of
salmon abundance [SGBICEPS] (Chair: Ian Russell, UK) will meet in Lowestoft, Eng-
land, from 3 to 5 March, 2009. By addressing this topic within a Study Group, ICES
hoped it would be possible to provide the opportunity for scientists working on both
Baltic and Atlantic salmon to contribute to the work. The terms of reference given by
ICES were as follows:

a) identify data sources and compile time series of data on marine mortality
of salmon, salmon abundance, biological characteristics of salmon and re-
lated environmental information;

b) consider hypotheses relating marine mortality and/or abundance trends
for Atlantic salmon stocks with changes in biological characteristics of all
life stages and environmental changes;

¢) conduct preliminary analyses to explore the available datasets and test the
hypotheses.

The Study Group was attended by 14 people; the full address list of the participants is
provided at Annex 1. The Study Group considered 12 working documents; the work-
ing documents are listed at Annex 2. In addition, the Study Group examined data
relating to biological characteristics of salmon from a wide range of stocks around the
North Atlantic. Many of these data were collated prior to the last NASWG meeting
(April 2008) using a spreadsheet designed by Tim Sheehan (USA & NASWG Chair at
that time), although additional data sets were also provided in the run up to the
Study Group meeting. Data were available for analysis from salmon stocks in Can-
ada, USA, Iceland, Russia, Finland, Norway, Sweden, UK (Scotland), UK (England &
Wales), UK (N. Ireland) and France. A full list of the data sources and the contribu-
tors is also provided in Annex 2.

Background

Over the past 20-30 years there has been a marked decline in the abundance of Atlan-
tic salmon across the species’ distributional range (Figure 1.2.1). Wild Atlantic salmon
populations are declining across most of their home range and, in some cases, disap-
pearing (ICES, 2008). Generally, populations on the southern edge of the distribution
seem to have suffered the greatest decline (Parrish ef al., 1998). This may be linked to
climatic factors. The decline in salmon abundance has coincided with a variety of en-
vironmental changes linked to an increase in greenhouse gases and a corresponding
increase in temperatures (IPCC, 2001), which is most likely to have manifest effects at
the edge of the species range. However, these areas are often also the ones with
higher human population density and therefore, typically, where potential impacts
on the freshwater environment may also be greater. This has potential implications
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for the survival of juvenile salmon and their resulting fitness when they migrate to
sea as smolts (e.g. Fairchild et al., 2002). In addition to changes in climate and poten-
tial freshwater issues, various other factors have been postulated as possibly contrib-
uting to the decline in stock abundance, including predation, aquaculture impacts
and the effects of fisheries.

Greenland

Faroe Islands y

Figure 1.2.1. Approximate oceanic distribution area of Atlantic salmon.

Atlantic salmon occupy three aquatic habitats during their life-cycle: freshwater, es-
tuarine and marine. Similar factors contribute to mortality in each of these habitats —
competition, predation and environmental factors - but despite occurring in different
habitats these are not independent. Conditions experienced within the freshwater
environment can affect the survival of emigrating smolts and marine conditions may
subsequently modify the spawning success of fish in freshwater.

It should be noted that the decline in salmon populations has occurred despite sig-
nificant reductions in exploitation, although this does not preclude possible fishery
effects. An underlying cause has been a marked increase in the natural mortality of
salmon at sea — the proportion of fish surviving between the smolts’ seaward migra-
tion and their return to freshwater as adult fish (e.g. Peyronnet ef al., 2008). The proc-
esses controlling marine survival are relatively poorly understood (Friedland, 1998),
although there is growing support for the hypotheses that survival and recruitment is
mediated by growth during the post-smolt year, for European stocks at least (Fried-
land et al., 2009).

In addition to the declines in abundance, changes in salmon life histories are also
widely reported throughout their geographic range, affecting factors such as sea-age
composition, size at age, age at maturity, condition, sex ratio and growth rates (e.g.
Nicieza & Brafia, 1993; Hutchings & Jones, 1998; Niemela et al., 2006; Peyronnet et al.,
2007; Aprahamian et al., 2008; Todd et al., 2008). Changes are also manifest in fresh-
water stages, affecting factors such as the size and growth of parr and the age of
smolting (e.g. Davidson & Hazelwood, 2005; Jutila et al., 2006).
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In addressing the terms of reference posed by NASCQO, the Study Group have been
asked to consider hypotheses relating marine mortality and/or abundance trends for
Atlantic salmon stocks with changes in biological characteristics of all life stages and
environmental changes. The purpose is to determine whether declines in marine sur-
vival and abundance coincide with changes in the biological characteristics of juve-
niles in fresh water or are modifying characteristics of adult fish (e.g. size at age, age
at maturity, condition, sex ratio, growth rates, etc.), and whether these changes are
linked with environmental change. As a foundation for addressing these questions,
the following sections attempt to summarise available information on the life history
strategies of salmon and changes in their biological characteristics in relation to some
of the key environmental variables as a basis for developing hypotheses as to what
the possible underlying mechanisms might be.

Summary of literature

Salmon life history strategies

Atlantic salmon have highly diverse and plastic life-history traits and occupy a di-
verse array of environments (Elliott et al., 1998). This diversity has been suggested as
the mechanism that enables small populations to persist (Saunders & Schom, 1985).
Atlantic salmon populations vary from fully freshwater resident to anadromous
forms. Freshwater resident populations occur throughout the range of the species in
North America, but are relatively uncommon in Europe (MacCrimmon & Gots, 1979).
Non anadromous populations exist in water courses that are isolated from the sea but
also in sympatry with anadromous populations. In contrast to Arctic charr, there is
no correlation between the prevalence of anadromous forms and latitude (Klemetsen
et al., 2003). Atlantic salmon also exhibit variability, both within and among popula-
tions, in factors such as freshwater habitat use, length of freshwater residence and age
at maturity (Klemetsen et al., 2003).

Most Atlantic salmon populations are anadromous, with smolts migrating to sea to
exploit the more abundant marine food resources and attain a large size at maturity
before returning to freshwater to breed. The majority of these fish undergo extensive
oceanic migrations (Hansen & Quinn, 1998). However, stocks in the Baltic Sea (Karls-
son & Karlstrom, 1994) and Inner Bay of Fundy (Amiro, 1998) tend to stay within the
confines of these respective areas, although there is evidence that the latter may not
be a successful strategy and may be changing (Hubley et al., 2008). Some stocks at the
northern extremity of the North American distribution remain close to the river, ma-
ture after just a few months at sea and are known as ‘estuarine’ salmon. There is
some evidence that the incidence of these fish has become more prevalent in recent
years in certain rivers (Downton ef al., 2001).

Fish typically return to their natal rivers to spawn, resulting in a certain degree of
reproductive isolation between different populations, although some straying into
other rivers does usually occur (Marshall et al., 1998). Salmon normally spawn in the
same season that they return to freshwater, but this does not always apply (Webb &
Campbell, 2000).

Unlike most Pacific salmon, Atlantic salmon can spawn repeatedly (i.e. they are
iteroparous), although there is wide variability between populations. Salmon mature
at various sea-ages, typically maturing for the first time as 1 to 3 sea-winter (SW) fish,
but also sometimes at older sea-ages. The biological characteristics (e.g. size at age,
sex ratio, smolt age, fecundity, etc.) of these sea-age groups vary widely among
stocks and with geographic location. For example, maiden 5SW salmon occur in the
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2.2

River Tana (Teno) in northern Europe (Erkinaro et al., 1997), while stocks in New-
foundland consist almost entirely of salmon which mature as 1SW fish (Dempson et
al., 1986).

Life-history characteristics are further complicated by the fact that parr can also be-
come sexually mature. This is typically restricted to males, although there are isolated
reports of mature female parr (e.g. Power, 1969; Moore & Riley, 1992). Sexually ma-
ture male parr successfully mate with mature adult females both in the presence and
absence of adult males (Myers & Hutchings, 1987) and are thought to play an impor-
tant role in maintaining small populations (L’ Abée-Lund, 1989). Reduction of the ef-
fective population size (Ne) can radically alter the rate of loss of genetic
heterozygosity in any population and this may be especially pertinent to small river
stocks. Martinez et al. (2000), for example, assessed the frequency of successful fertili-
zations by precocious male parr in three threatened river stocks at the southern dis-
tributional limit of salmon in Europe. They found frequent multiple paternity of eggs
within redds, and that precocious parr were sufficiently successful to have significant
effects in increasing Ne.

Life-history strategies are a means to successful reproduction and flexibility of these
strategies is a characteristic of salmonid species (Thorpe, 1990). Stocks of salmonids
are often defined by a propensity to migrate and mature at particular ages, but if
transplanted to a non-native environment they perform differently (Thorpe, 1990).
Hence, the environment influences their genetic predisposition to follow a particular
life-history strategy. However, the direction of those decisions may depend on the
current metabolic performance of the individual. Therefore, such developmental de-
cisions may be viewed within an abiotic-biotic regulatory continuum, depending on
the abiotic environment for their initiation and the biotic environment for their com-
pletion (Thorpe, 1990).

The high degree of variability in life-history characteristics and phenotypic plasticity
needs to be borne in mind and provides a necessary backdrop for reviewing and as-
sessing recent changes in biological characteristics of the fish. It is also important to
bear in mind that many of these biological characteristics are inextricably linked - e.g.
growth, maturation and run timing — and thus impossible to consider in isolation.

Salmon in the Sea

Marine survival

Marine survival of salmon is typically expressed as the proportion of emigrating
smolts that return to homewaters (to the coast) or to their river of origin as 1SW or
25W adults. In reality, these ratios are return rates rather than survival rates
(SALMODEL, 2003) since they reflect the effects of both mortality and maturation.
Changes in the age at maturation may affect the relative proportions of a smolt cohort
that return as 1ISW or 2SW fish, but this can also result from changes in natural mor-
tality in different areas of the ocean. Nevertheless, these return rates can be consid-
ered as convenient indicators of survival (SALMODEL, 2003).

Numerous factors are thought to affect the survival of salmon in the sea, both biotic
and abiotic, although their relative impact and the interaction between them are
poorly understood. Marine mortality of salmon is considered to be density-
independent since salmon abundance is not constrained by the carrying capacity of
the NE Atlantic (Jonsson & Jonsson, 2004). Instead, density-independent processes
are believed to regulate marine mortality either directly (physiologically) or indi-
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rectly by controlling a fish’s ability to feed (find high densities of prey), migrate or
escape predators.

Sources of marine mortality, in general, are poorly understood due to a lack of basic
knowledge about post-smolt distributions and habits (Friedland, 1998), although in-
formation on post-smolt distribution is improving (e.g. Holm et al., 2000). However, it
is generally accepted that the main marine mortality events take place during the first
year of sea life when survival, maturation, and migration trajectories are being de-
fined (Hansen & Quinn, 1998; Potter & Crozier, 2000; Friedland et al., 2005, 2009). The
key factors influencing the mortality of salmon in the sea are believed to be:

e Environment — climatic variations play a key role in shaping the marine en-
vironment, affecting currents, gyres and sea surface temperatures (SST).
Such factors can impact upon salmon directly (e.g. migration routes) or indi-
rectly (e.g. effects on the abundance and distribution of prey species or
predators). The broad scale declines in salmon abundance and the more
pronounced declines for MSW salmon point to changes in the marine envi-
ronment affecting the survival of salmon at sea. Friedland & Reddin (1993)
demonstrated correlations between the area of potential post-smolt habitat
in the sea, defined as the area combining their optimal temperature and full
salinity, and catches of salmon from that area. More recent studies have con-
firmed such links for European stocks occupying the eastern North Atlantic,
though the pattern for North American stocks and the western North Atlan-
tic (e.g. Gulf of St Lawrence) are rather more complex (Friedland et al., 2003a,
b, 2009).

e Food — growth and survival are likely to be affected by the abundance and
distribution of suitable prey, particularly during the period of initial marine
residence. When smolts enter saltwater their energy expenditure increases
and scarce food resources at this time may result in increased mortality. A
lack of food would also reduce growth and increase the likelihood of preda-
tion. The diet of salmon has been shown to change over time (Andreassen et
al., 2001; Haugland et al., 2006) and with sea-age (Jacobsen & Hansen, 2001),
but is still poorly understood. For example, although stomach contents
analysis permits an appraisal and comparison of prey items taken in differ-
ing locations and for salmon of differing size and sea-age, no detailed as-
sessment of active prey choice is yet possible because of a lack of
comprehensive data on prey availability.

e  Growth - salmon exhibit higher rates of growth and mortality than other pe-
lagic species (Cairns, 2003). This strategy is speculated to represent a trade-
off between the two and highlights the possible importance of marine
growth in controlling marine survival and recruitment. It is generally ac-
cepted that mortality at sea is growth mediated (Friedland et al., 1996,) and
significant relationships have been demonstrated between SST, survival and
growth in the first sea year (Friedland et al., 2000), and particularly in the
first summer (Friedland et al., 2009). Distinguishing between environmental
and genetic influences on growth is difficult. Differences in growth may re-
flect variable food supply or more general changes in oceanographic proc-
esses, which could affect some populations more than others depending on
their marine distribution. Differences in growth rates may also be influenced
by natural selection processes in individual rivers.
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e Predation — this may be the most important source of salmon mortality, al-
though quantitative information on predation in the sea is scarce. Predation
is believed to be most severe on smolts and post-smolts - small fish are vul-
nerable to a larger range of predators than large fish and more predators oc-
cur on the continental shelf than in oceanic areas. Mortality is generally
lower for larger smolts (Lundqvist et al., 1994). Size clearly is an important
factor determining the survival of hatchery-reared smolts (e.g. Kallio-
Nyberg et al., 2004; Lacroix & Knox, 2005) and the typically larger size of
hatchery-reared smolts may, to some extent, compensate for their origin in
comparison to wild smolts (Jutila et al., 2006; Kallio-Nyberg et al., 2004, 2006).
But the role of smolt size in influencing the performance of wild stocks has
been poorly studied and remains unclear. For example, for wild fish from
the River North Esk (Scotland), smolt size clearly had no influence on resul-
tant survival rate to adulthood, whereas for the River Figgjo (Norway), adult
survival rate was correlated with size at sea entry (Friedland et al., 2009).

e Competition — while intra-specific competition may be unlikely in the North
Atlantic, there is some evidence to suggest that inter-specific competition
could occur. For example, negative relationships have been observed be-
tween herring abundance in the Norwegian Sea and salmon catch and be-
tween herring abundance and marine survival of smolts from the River
Figgjo (SALMODEL, 2003). For salmon in the Baltic Sea, survival indices
have been correlated with both the total production of wild and hatchery-
reared smolts in the Baltic and herring recruitment (ICES, 2008b).

A number of these possible regulatory factors are considered in greater detail below
in relation to different salmon stock characteristics.

Age at Maturation

Age at maturation is believed to be a key life-history trait, as fitness is reported to be
more sensitive to changes in this trait than to changes in many other life-history traits
(Stearns, 1992). Early maturation reduces the generation time and increases the
chance of surviving to breed, but early maturing individuals are smaller and produce
fewer or smaller progeny. Hence, an optimal trade-off will depend on age-specific
growth and mortality rates (Stearns, 1992). In salmon, any such trade-offs are also
likely to be influenced by the levels of repeat spawning. Life-history theory suggests
that a trait will change in relation to changes in age-specific mortality, growth and
fecundity to ensure fitness is maximized (Roff, 1992).

Thorpe (2007) cautions that age at first maturity or size at first maturity in salmon can
be misleading measures, since they appear to suggest that steps toward reproductive
ripeness have not taken place until a specific age or size is reached at which spawn-
ing can occur. In Atlantic salmon, maturation begins in the egg soon after fertilization
and continues intermittently until the individual is capable of spawning. Thorpe
(2007) suggests that the fish’s developmental decisions are likely to be based on
proximate cues, both internal and external, largely independent of size and age.

In Atlantic salmon, fish mature at various ages and this affects the patterns of return -
run timing - of adult fish to freshwater.
Run Timing and Sea-age

Run timing in adult Atlantic salmon is highly variable. Different sea-age classes of
salmon have different patterns of run timing and these vary on a geographic scale,
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but also between stocks in a region and within stocks over time. A change in the pat-
tern of run timing could therefore result from a change in the balance between the
various sea-age classes, a change in run timing within sea-age classes or both. There
is widespread evidence of change in the sea-age composition of salmon throughout
their geographic range (e.g. Gough et al., 1992; Anon., 1994; Summers, 1995; Gudjons-
son et al., 1995; Welton et al., 1999; Juanes et al., 2005; Quinn et al., 2006; Aprahamian et
al., 2008).

In the UK, 1SW salmon mainly enter rivers from June to August, though some rivers
have strong autumn runs, 25W fish enter throughout the year, but sometimes with
spring, summer or later peaks, while 3SW fish generally enter rivers early in the year,
with few entering after about May. Fish spawning for a second time tend to adopt
similar run timing to that of their first migration. In Norway, most salmon enter riv-
ers from May to October, with MSW salmon tending to enter earlier than 1SW fish
(Jonsson et al., 1990a,b). Broadly similar patterns apply in eastern Canada, although
some stocks are characterized as ‘early’ or ‘late’ running stocks (Klemetsen et al.,
2003). In Scotland, some fish have been reported to enter rivers over a year before
they will spawn (Webb & Campbell, 2000).

An analysis of long-term data sets for 12 salmon stocks in the UK (Anon., 1994), indi-
cated similar changes in the monthly pattern of catches and in the contribution of
different sea-age classes. The spring component of the catches increased both nu-
merically and as a proportion of total catch from 1910 to about 1930, remained gener-
ally stable until the early 1950s, but subsequently showed a steady decline to the
current low levels. It was concluded that the dominant process in these shifts in tim-
ing of runs and catches was a change in sea-age composition. While there was some
evidence of a shift in run timing within sea-age classes, this was evidently not the
main mechanism of change.

Extensive variability in the sea-age composition of stocks over the past 100 years or
more has been demonstrated in other studies (George, 1984, 1991; Martin & Mitchell,
1985; Summers, 1995; Heddell-Cowie, 2005), with evidence of 1SW salmon being
predominant for some periods and MSW salmon at others. These changes have oc-
curred at broadly similar times among rivers, suggesting that common factors operat-
ing in the marine environment have been the main cause of change in age at maturity
(Aprahamian et al., 2008). Over recent decades, many stocks around the North Atlan-
tic have experienced long-term declines in the MSW “spring’ component, which ap-
pears to be driven primarily by an increase in marine mortality (ICES, 2008).

The sea-age composition of stocks and adult run timing are influenced by various
factors. Maturation rate is a function of both stock genetics (e.g. Stewart et al., 2002)
and environment, although the relative influence of these factors is not clear (Thorpe,
1994, 2007; Friedland & Haas, 1996; Friedland, 1998). There is evidence for an inher-
ited link with maturation (Hansen & Jonsson, 1991) — typically, rapidly developing
parents tend to produce early maturing offspring. Environment also plays a role in
determining the sea-age, maturation and run timing of salmon, operating in both the
marine environment and freshwater (Scarnecchia et al., 1989, 1991; Jonsson et al.,
1991a; Nicieza & Brafia, 1993; Anon., 1994; Gudjonsson et al., 1995; Frieldland & Haas,
1996; Friedland, 1998; Friedland et al., 2003a,b; L’ Abee-Lund et al., 2004; Juanes et al.,
2005; Peyronnet et al., 2008). There is, however, no mechanistic framework to explain
how seasonal growth and ocean environment combine to produce annual variability
in maturation. Stocks have very different maturity schedules, often associated with
latitude, and age at maturity can change over time (Anon., 1994; Summers, 1995).
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An examination of the variation in sea-age at maturity in 158 Norwegian rivers over
large spatial and temporal scales (L’ Abee-Lund et al., 2004) found no general tempo-
ral trend in the proportion of 1SW salmon in the catches: the proportion decreased
significantly in 10 stocks and increased significantly in 11 stocks. There was some
evidence of coherence in temporal patterns at a regional level, and river-specific fac-
tors (river discharge, topographic gradient and the presence of lakes) explained a
large percentage of the spatial variation in the proportions of 1SW fish. This propor-
tion increased with decreasing river size (measured as water discharge), where most
of the discharge occurred during the summer period (the main migration period),
and for rivers located closer to the open ocean, probably reflecting the effect of early
feeding on growth and maturation.

There were large regional differences in the 1SW proportion, not obviously associ-
ated with latitude. However, 1SW proportions were generally higher in the northern
part of Norway than in the south, possibly reflecting large-scale differences such as
oceanic migration routes, although there was no evidence of a general effect of the
North Atlantic Oscillation Index (NAOI) on temporal trends in 1SW fish proportions.
However, Jonsson & Jonsson (2004) indicated the existence of a correlation between
NAOI and age at maturation for one Norwegian river, with a positive winter NAOI
(indicative of a mild and stormy winter) correlated with a decreased age at maturity.
It was suggested that salmon grow quicker and therefore mature earlier in mild win-
ters, and that climatic conditions at the time of sea entry may be important for the
later performance (growth) of the spawners.

Selective exploitation of older sea-age classes can also affect the sea-age composition
of stocks (Gee & Milner, 1980; Moore et al., 1995). Rod fisheries can be responsible for
much higher levels of exploitation on MSW spring fish than of 1SW fish from the
same stock. The high seas fisheries at West Greenland and Faroes have also mainly
exploited potential 2SW and older returnees.

A correlation between run timing of salmon and water temperature has been demon-
strated in the Baltic region (Dahl et al., 2004), with a strong correlation between the
migration peak and mean monthly sea and river temperatures in spring: fish ran ear-
lier in years when the water temperature was higher. It was speculated that this may
reflect earlier gonad maturation at higher temperatures; a condition-dependent initia-
tion of migration; or a means to reduce total migration energy costs since the cost of
migration increases with temperature. Further, river conditions can also directly af-
fect run timing to a river, with low flows potentially causing considerable delays.

It is not entirely clear what role the freshwater environment plays in determining the
sea-age of salmon through its influence on the growth rate of parr, and the evidence
is inconclusive and sometimes contradictory (Anon., 1994). For some stocks, an in-
verse ratio hypothesis was proposed that suggested slow-growing parr which be-
come smolts at older river age tended to return as younger sea-age fish. However, in
other stocks it is evident that fish which develop quickly in freshwater continue to do
so once they migrate (Anon., 1994). It has been concluded that there is no fundamen-
tal causal mechanism linking freshwater growth and sea-age (Gardner, 1976; Bielak &
Power, 1986; Anon., 1994).

Evidence from long-term monitoring of marine processes indicates the existence of
major fluctuations in parameters such as temperature, salinity and plankton produc-
tivity, occurring over a similar timescale to that in the observed shifts in salmon run
timing and in the declines in many stocks (Dickson and Turrell, 1999; Beaugrand &
Reid, 2003). Direct causal links have not been identified and Beaugrand & Reid (2003)
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conclude that results are not necessarily indicative of a trophic cascade or bottom-up
control of salmon abundance. However, it seems clear that fluctuations of such fun-
damental biological significance in the marine environment are likely to be key proc-
esses in regulating the sea-age composition and run timing of salmon, as well as the
overall abundance of stocks.

While the mechanisms by which changing marine conditions may influence the sea-
age composition of stocks are not clear, there are a number of possibilities. These in-
clude: direct physiological effects on the growth and maturation processes of indi-
vidual fish; an increase in total natural mortality throughout the period of marine
residence, thus reducing the proportion of older sea-age fish as well as the overall
numbers; differential mortality leading to a shift in genetic tendency to a particular
sea-age; and differential mortality within each smolt year class of fish destined to re-
turn as 1ISW or MSW salmon, since sea-age groups are known to inhabit different
areas at different times during their marine migrations.

Friedland (1998) reported that the abundance of 2SW spawners in North America is
directly scaled to the size of over-wintering thermal habitat in the NW Atlantic, sug-
gesting a link between maturation and environment. This is consistent with the mi-
gration-maturation hypothesis described by Friedland et al. (1998b). This hypothesis
is specified for southern N. American stocks, but is intended as a general hypothesis
applicable to all stocks and speculates that post-smolts that migrate to more northerly
areas are affected differently by over-wintering conditions and, at the end of the win-
ter, find themselves in areas where they fail to receive cues related to sensing their
home rivers. As a result, the fish feed and grow, join feeding migrations and their
maturation state regresses. Those fish that have a more southerly post-smolt migra-
tion experience different over-winter conditions and are closer to their home rivers
after winter. Thus, they are more likely to sense cues, develop sexually and invoke
behaviours to navigate home.

Growth and Age at Maturity

Growth in salmonids is regulated by temperature and typically increases linearly
with water temperature up to an optimum rate given an adequate food supply (Brett,
1979). However, it has been reported that growth in Atlantic salmon post-smolts has
a non-linear response to temperature, with optimum growth occurring at 13°C (Han-
deland et al., 2003). Temperature can act on growth directly by affecting physiological
processes or indirectly by modifying ecosystems (e.g. food availability or changes in
other aspects of the rearing environment). Higher temperatures may increase meta-
bolic demand beyond available food resources and inhibit growth. Some fish on low
food rations have been shown to have a lower temperature preference than fish on
high rations (Despatie et al., 2001), suggesting that when food is limiting growth will
be optimised at lower temperatures. However, other factors also influence fish
growth and the size that fish attain at maturity.

Large body size confers certain advantages for spawning fish, but can be balanced by
the greater probability of mortality associated with spending more time at sea and by
potential difficulties in accessing spawning habitats, particularly in smaller rivers.
Such factors are thought to drive the adaptation of locally adapted age and size dis-
tributions for fish (e.g. Jénasson et al., 1997).

Mean body size has been shown to vary consistently among populations with some
rivers supporting large MSW fish, while others support smaller 1SW salmon
(Schaffer & Elson, 1975). River discharge volume may be the main factor determining
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the among-population variation in fish size for rivers where mean annual water dis-
charge is <40 cumecs (Schaffer & Elson, 1975; Scarnecchia, 1983; Jonsson et al., 1991a).
Mean size and age at maturity increase with river discharge for these smaller rivers,
although there is no such relationship for larger rivers (Jonsson et al., 1991a). Within
populations, temperature may be a key factor influencing temporal differences in
growth rate at sea through its influence on food resources and the growth potential of
the fish (Friedland ef al., 1998a; Friedland et al., 2000; Jonsson et al., 2001).

There is conflicting evidence as to whether Atlantic salmon smolt size influences sub-
sequent post-smolt growth. Both negative relationships (Skilbrei, 1989; Nicieza &
Brafia, 1993; Jonsson & Jonsson, 2007) and positive relationships (Lundquist et al.,
1988; Salminen, 1997) have been reported, and Friedland et al. (2006) indicated that
marine growth of post-smolts in the Gulf of St. Lawrence from August to October
was independent of freshwater growth history. Various hypotheses have been pro-
posed to explain the slower growth at sea of larger smolts (Jonsson & Jonsson, 2007).
This has been attributed to growth of the gill surface area, with oxygen consumption
becoming gradually more limiting for growth as the fish get larger (Pauly, 1981).
Wootton (1998) suggested that the surface area for absorbing food may limit growth
in larger fish, and Einum et al. (2002) proposed that fish growing more slowly in
freshwater, and which are small as smolts, may be better adapted to the marine envi-
ronment.

It has also been demonstrated that the age at sexual maturity decreases with decreas-
ing first year growth at sea (Jonsson et al., 1991a; Jonsson & Jonsson, 2007). Evidence
of a linkage between higher growth rates during the first winter at sea and higher age
at maturity has also been demonstrated for populations in northern Spain (Nicieza &
Brafia, 1993). This contrasts evidence from the Baltic (Salminen, 1997) where sea-age
at first spawning was inversely related to the marine growth of sea-ranched salmon.
Jonsson & Jonsson (2007) suggest this discrepancy may be related to the expected
fitness gain of fish exhibiting different growth trajectories resulting in different reac-
tion norms for growth (Stearns, 1992). Fish that grow fast initially may either attain
sexual maturity relatively early, when later growth is environmentally constrained,
or later when the high growth rate is maintained (Jonsson & Jonsson, 1993, 2004).
Thus salmon and a number of other fishes appear to delay maturity when the growth
rate is consistently high throughout life, but mature early if growth rate starts to level
off (Jonsson & Jonsson, 1993).

Exploitation has also been shown to affect the size and age of returning fish. For ex-
ample, the cessation of drift net fishing in Norway has been shown to affect the struc-
ture of the spawning run in a number of Norwegian and Russian salmon populations
(Jensen et al., 1999). In the Miramichi River, Canada - increases in mean length at age
and the abundance of repeat spawners have been attributed to reductions in exploita-
tion (Moore et al., 1995). Long-term declines in the size of 2SW salmon and a reduced
proportion of previous spawners were also attributed to the selective effects of fish-
ing for a stock in Quebec (Bielak & Power, 1986).

Sex Ratio

There is a tendency for male fish to mature and return to freshwater at a younger age
than females. In many stocks the 1SW component of the run is predominantly male
while 2SW fish are predominantly female (Anon., 1994). Female fish have predomi-
nated in the catch at West Greenland, where most fish are approaching their second
sea winter when caught and where fish from a wide range of stocks are exploited.
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Some studies suggest that the sex ratio in 3SW salmon is more even, while others in-
dicate a bias towards females in some stocks and males in others (Anon., 1994).

Since many stocks have experienced a decline in the proportion of older MSW
salmon and a relative increase in the predominance of 1SW fish this could have a
marked effect on the sex ratio of the spawning stock and the overall level of egg
deposition.

Previous/Repeat Spawners

The proportion of salmon surviving to spawn varies markedly among and within
Atlantic salmon populations. In some stocks very few fish survive after spawning,
while in other populations fish may return repeatedly and fish with a wide range of
life histories can contribute to egg deposition in any year, even within populations
with an apparently simple sea-age structure. For example, although most stocks in
Newfoundland consist almost entirely of salmon which mature as 1SW fish, signifi-
cant numbers of these fish can migrate back to sea after spawning to return and
spawn repeatedly (Dempson et al., 1986). Some fish return to spawn in a number of
consecutive years (consecutive spawners) while others return every other year (alter-
nate spawners), although fish have also been known to switch between these two
strategies (Klemetsen et al., 2003).

Levels of repeat spawning are clearly influenced by the overall level of exploitation
and also the possible size selectivity of fishing gears. Repeat spawning is affected by
the size of the fish, with the proportion of repeat spawners decreasing with size. This
is possibly related to energy expenditure during spawning: 1SW salmon may allocate
50% of their energy for spawning (Jonsson et al., 1991b) compared with 70% in older
fish (Jonsson et al., 1997). A study based on stocks in 18 Norwegian rivers (Jonsson et
al., 1991a) indicated that in small rivers (<40 m3 sec?) salmon tended to mature at
smaller size and age, but post-spawning survival was high with fish tending to
spawn annually (consecutively). Large rivers were characterized by larger maturing
salmon, with low post-spawning survival and the repeat-spawning fish mainly re-
turning to spawn in alternate years. Within populations the proportion of alternate
spawners increased with the size at first maturity.

A study conducted in a sub-arctic region at the border between Finland and Norway
showed that the proportion of repeat spawners has increased in the last 10 years
(Niemela et al., 2006), more so in female than males. For the Miramichi stock, there
has been a significant recent increase in the rate of salmon returning to spawn for a
second time as consecutive spawners, but not for the alternate spawning life history
strategy, for both 1ISW and 2SW maiden salmon (ICES, 2008). This has been associ-
ated with years of a high biomass index of small fish in the southern Gulf of St. Law-
rence, a change attributed to reduced predation pressure resulting from the collapse
of the previously dominant groundfish stocks in this area (cod, skate, flatfish species)
(Benoit and Swain, 2008). It has been suggested that this may reflect bottom-up ef-
fects of prey availability on adult fish abundance as prey abundance is an important
factor in post-spawner survival in Atlantic salmon.

Changes in Size at Maturity

Previous investigations have demonstrated that the marine growth of salmon has
decreased over the last 20 years (Crozier & Kennedy, 1999; Jonsson et al., 2003). There
have also been recent widespread reports of unusually small 1SW fish returning to
rivers in many parts of Europe with the mean weight of fish in a number of stocks
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being the lowest in the time series (ICES, 2007, 2008; Todd et al., 2008). However,
these changes are not manifest in all populations (Davidson & Hazelwood, 2005;
ICES, 2008). The decrease in growth in recent years has been linked to warming in
areas where salmon are located at sea (Todd et al., 2008). The mean standardised
weights of 1SW fish from 20 Norwegian rivers have also correlated positively with
the estimated pre fishery abundance (PFA) of the corresponding sea year class, and
the annual mean weight of small salmon (< 3 kg) from the River Drammen has corre-
lated positively with the estimated survival of hatchery reared smolts released in the
same river (ICES, 2008).

Todd et al. (2008) have indicated almost identical temporal patterns in growth condi-
tion variation for two Scottish data sets — a single river stock and a mixed stock fish-
ery, with an overall decrease of 11-14% over the past decade. Growth condition has
fallen as SST has risen, and for each year class, a negative correlation was identified
between the midwinter (January) SST anomalies in the Norwegian Sea and the final
condition of the fish on return during the subsequent summer. The study explicitly
drew no connection with stock abundances, but did also demonstrate that under-
weight individuals had disproportionately low reserves of stored lipids, which are
crucial for successful spawning of individuals. It was felt that the investigation was
consistent with other analyses in providing evidence of major, recent climate-driven
changes in northeast Atlantic pelagic ecosystems, and the likely importance of bot-
tom-up control mechanisms.

ICES (2008) cautioned that the growth of salmon during the first year at sea, as as-
sessed from returning 1SW salmon, provides an indirect measure of growth rate. If
the conditions that smolts experience during the first weeks or months at sea and
growth during this period are crucial for size selective mortality, measurements of
circuli on scales during this period (Beamish et al., 2004; McCarthy et al., 2008) may be
better correlated with survival than growth over the whole period. Furthermore, if
mortality is size selective, in years with harsh conditions, only the largest fish are
likely to survive, which is likely to compromise potential correlations between sur-
vival and the size of returning fish.

Peyronnet et al. (2007) noted that the length of 1SW fish returning to the River
Burrishoole had varied little over a 40 year period and that there was no significant
correlation between average length and marine recruitment. It was suggested that
length at return was unlikely to be a good indicator of the limiting effects of the envi-
ronment on survival, since such effects would probably manifest mainly when fish
are small and most vulnerable. At larger size, salmon would have potential to feed
and grow intensively at different times. Thus, growth in the first months at sea may
have a strong influence on recruitment, but may have a relatively small effect on
length at return compared with growth experienced after the first winter.

The study looked at various growth measurements based on inter-circuli distances
and found that the number of scale circuli deposited during the marine phase was
highly correlated to both rates of Burrishoole marine survival and to the time series
of PFA. However, the only significant relationship was found with the distances over
the first ten scale circuli. This was a negative relationship, suggesting that high
growth during early marine residency results in lower overall marine survival.

Davidson & Hazelwood (2005) found only weak correlations between weight-at-
return and post-smolt growth (first-year marine) increments, indicating that the for-
mer is not heavily influenced by initial growth at sea. Cairns (2003) suggests that
salmon aim to achieve a target weight prior to return and one of the consequences of
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this is that fish must compensate for poor initial growth by increased foraging activ-
ity but at the cost of greater susceptibility to predation. Relatively stable return
weights for 1ISW salmon for stocks in the UK (Rivers Wye and Dee) over the last 40
years are consistent with this target weight hypothesis. Conversely, however, the
weight of 2SW salmon appears to have been increasing in recent years (Rivers Sev-
ern, Wye and Dee). Annual variations in adult weight-at-return data for these rivers
were also highly synchronous, especially within sea-age groups, but showed no
strong associations with SST variables or the NAO index.

Long-term changes have been observed in the mean size of salmon caught in the
fishery at West Greenland, with the mean size of European origin fish declining more
markedly than that of American fish (ICES, 2008). This may suggest that ocean habi-
tat has been more limiting for European fish, although appears to be at odds with the
apparent increase in size of 2SW salmon noted for rivers in England and Wales.

Growth and Marine Survival

A number of authors have provided evidence that growth during the first year at sea
has a critical influence over marine survival and that recruitment is strongly linked to
growth (Friedland & Haas, 1996; Friedland ef al., 1998a; Friedland et al., 2000; Jonsson
et al., 2003; Friedland et al., 2005; McCarthy et al., 2008; Peyronnet et al., 2007; Peyron-
net et al., 2008). Beamish & Mahnken (2001) have proposed a ‘critical size and period
hypothesis’ to explain the recruitment of coho salmon. This proposes that the fish
must reach a threshold size (possibly varying with year) by the end of the first sum-
mer and autumn at sea to be able to cope with the metabolic demands of winter.
However, while Friedland et al. (2009) identified a critical period of post-smolt
growth and survival, their results did not suggest that s critical size mechanism was
controlling recruitment.

However, Crozier & Kennedy (1999) reported that survival of cohorts to both the
coast (pre fishery) and freshwater for salmon from the River Bush were unrelated to
variation in growth from smolt migration to the end of the first winter in the sea. Fur-
ther, variability in marine growth was much less than the variation in natural sur-
vival at sea, suggesting that factors instead of, or in addition to, growth influence
natural marine survival. Davidson & Hazelwood (2005) identified common patterns
of post-smolt (first-year marine) growth among salmon stocks around the UK and
Ireland, suggesting these were likely to be influenced by a mixture of environmental
processes operating throughout the post-smolt period and possibly indicative of
shared trends in sea survival. However, no data were available in this study to ex-
plore links between smolt survival and post-smolt growth rate.

Observations that marine survival trends are correlated among some geographically
separated rivers in both the NE Atlantic (Crozier & Kennedy, 1993; Friedland et al.,
1998a) and NW Atlantic (Friedland ef al., 1993) imply that major regulating factors
operate when stocks mix and utilise a common shared habitat in the first autumn at
sea. However, this does not necessarily support the hypothesis that growth influ-
ences natural survival (Crozier and Kennedy, 1999). Further, while there appear to be
critical periods for marine mortality, differences have been indicated between Euro-
pean and North American stocks of Atlantic salmon.

The survival rates of 1SW and 25W salmon from two European stocks — the Figgjo
(Norway) and N. Esk (Scotland), which discharge into the North sea — were found to
be correlated both within and between stocks (Friedland et al., 1998a). This coherence
in recruitment pattern from non-neighbouring stocks suggests that survival effects
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act on the broad spatial scale or when stocks are mixed. Further, survival was found
to be positively correlated with the area of 8-10°C water in May. An analysis of SST
distributions indicated that when cool surface waters dominate the Norwegian coast
and North Sea at this time salmon survival was poor, but when the 8°C isotherm ex-
tended along the Norwegian coast during May, survival was good. Post-smolt
growth increments for returning 1SW fish also showed that enhanced growth was
associated with years when temperatures were favourable, in turn resulting in higher
survival rates (Friedland et al., 2000). The evident link between growth and survival
suggests that growth-mediated survival mechanisms (e.g. predation) are the domi-
nant source of recruitment variability and recent work has reinforced this view
(Friedland et al., 2009). Further, similar fluctuations in survival for both 1SW and 25W
salmon suggest that the possible contribution of variable maturation can be dis-
counted.

For North American stocks, correlations have also been demonstrated between sur-
vival and thermal conditions, with similar trends in return rates observed for N.
American rivers over a broad geographical range, consistent with factors acting on
fish when they are mixed and utilising a shared habitat. Associations have also been
demonstrated between the increased summer growth of 2S5W fish and increased re-
turns of 1SW fish and a higher 1SW fraction (Friedland & Haas, 1996). Friedland et al.
(1993) showed that the distribution of the winter habitat in the Labrador Sea and
Denmark Strait was critical for post-smolt survival. However, it was recognised that
the mechanisms for this correlation were somewhat obscure since the observations
conflicted with conventional thinking that the spring period is more important — i.e.
when the smolts first migrate to sea. Subsequent investigations (Friedland et al.,
2003b) compared thermal conditions in potential post-smolt nursery areas with the
pre-fishery abundance of North American stocks and found that stock size was nega-
tively correlated with mean SST during June. The results suggest that post-smolt sur-
vival is negatively affected by the early arrival of warm ocean conditions in the smolt
nursery area and indicates that June conditions (the first month at sea for most stocks
in the region) are pivotal to survival.

Hatchery-reared salmon

Many salmon stocks are supplemented by salmon released from hatcheries. In gen-
eral, wild fish are reported to survive significantly better than hatchery-reared fish
(e.g. Jonsson et al., 2003). Recent studies have also indicated that hatchery fish seem to
be subject to other mortality events, above those experienced by wild fish (Peyronnet
et al., 2007). Modelling studies (Peyronnet et al., 2008) indicated that survival of
hatchery fish was primarily explained by coastal SSTs one year before the migration
of smolts suggesting that warmer conditions during freshwater rearing appear to af-
fect fitness at migration.

Climatic/oceanic factors

The following section reviews certain environmental factors that have been linked
with salmon recruitment; additional information in relation to environmental data
sets is provided in Section 3.5.

North Atlantic Oscillation (NAO)

The NAO is the dominant atmospheric process in the North Atlantic throughout the
year. It accounts for more than one third of the total variance in sea-level pressure
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and represents the large-scale shift in atmospheric mass between a ‘high-index’ pat-
tern, characterised by an intense Iceland Low with a strong Azores ridge to its south,
and a ‘low-index’ pattern in which the pattern is reversed. The pressure difference
between these two areas is the conventional index of NAO activity (Dickson & Tur-
rell, 1999).

The NAO has exhibited considerable long-term variability, which appears to be am-
plifying with time, although the index has been weak and variable over the past dec-
ade. The 1960s exhibited the most protracted and extreme negative phase of the
Index; the late 1980s—early 1990s experienced the most prolonged and extreme posi-
tive phase. Changes in the NAO Index produce a wide range of physical and biologi-
cal responses in the North Atlantic, including effects on wind speed, evaporation and
precipitation, SST, ocean circulation, storminess, and the production of zooplankton
and fish recruitment (Dickson & Turrell, 1999).

There is thought to be a link between salmon marine survival and the NAO. There
are various mechanisms by which this might occur through: (a) a positive NAO is
linked to lower transport through the Faroes-Shetland Channel with important ef-
fects on mixing processes (Parsons & Lear, 2001) and recruitment of other fish species
such as cod; (b) a positive NAO is correlated with high SST and reduced mixing and
zooplankton abundance in the NE Atlantic (Beaugrand & Reid, 2003) and salmon
growth has been negatively correlated with SST (Friedland et al., 2005); (c) a positive
phase of the NAO has also been reported to have had a negative effect on catches
from the River Foyle (Boylan & Adams, 2006). Peyronnet et al. (2008) directly link the
NAO signal to salmon survival (rather than catches).

Davidson & Hazlewood (2005) have demonstrated a strong correlation between the
NAO index and patterns of post-smolt growth for various 1SW salmon stocks in the
UK. Peyronnet et al. (2008) have also explored the influence of climate and oceanic
conditions on the marine survival of 1SW Irish salmon using Generalised Additive
Models and have demonstrated a link between a positive phase of the NAO, along
with low plankton abundance and high SST in the NE Atlantic with a decrease in
salmon survival.

The NAO is also known to affect freshwater ecosystems via effects on temperature,
rainfall and wind speed, highlighting the over-riding influence of the NAO as the
dominant atmospheric process in the North Atlantic and one which appears to serve
as a general surrogate for a number of climatic effects operating over land and sea
(Dickson and Turrell, 1999). For example, Jonsson et al. (2005) reported a positive cor-
relation between NAOI and water temperature & discharge in the River Imsa in
Norway during winter 1976-2002, indicating a significant oceanic influence on winter
river conditions. Thus, while the global decline in abundance of Atlantic salmon is
usually assumed to stem mainly from changes in the marine environment (Friedland,
1998), the potential for large scale processes, such as the NAO, to affect both freshwa-
ter and marine environments together may mean that the influence of freshwater fac-
tors in this decline have been understated (Crozier & Kennedy, 2003).

Davidson & Hazlewood (2005) have demonstrated that year-to-year variations in
both river and sea surface temperatures around England and Wales, and the NAO
index were highly synchronous. Further, Peyronnet et al. (2008) have shown that the
NAO in the winter, prior to smolt migration, explained 70% of the deviance in marine
survival of wild 1SW salmon from Ireland. This suggests that the NAO may be affect-
ing pre-smolts in freshwater with knock-on effects for the fitness of fish during their
early marine migration, although various mechanisms might apply. Warmer condi-
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tions during the juvenile rearing period may be detrimental to the future survival at
sea by affecting overall fitness, or the match between the migration time and the op-
timum migration period.

Long-term variation in catches for two rivers within the northernmost distribution
area of the species has been related to mean SSTs in the Kola section of the Barents
Sea in July (Niemela ef al., 2004). However, no link was identified for these stocks be-
tween NAO and catches. In contrast to most of the North Atlantic area, catches in
these rivers demonstrate no consistent recent trend of declining abundance.

The Atlantic Multidecadal Oscillation (AMO) provides an alternative measure of At-
lantic climate variability to the NAO. Information is provided in Section 3.5.

Gulf Stream North Wall (GSNW)

The latitudinal position of the Gulf Stream is generally defined as the landward edge
of the Gulf Stream (east coast of USA), and is referred to as the North Wall. The posi-
tion is indicated by isotherm gradient data and is derived from satellite, aircraft and
surface observations. This has also been used as an exploratory variable in relation to
the changing abundance of Atlantic salmon (SALMODEL, 2003). However, while a
variety of relationships between marine conditions (GSNW, NAO & SST) and sur-
vival and abundance of stocks were indicated, both at single river and wider levels,
these were not always consistent or intuitively correct, and the number of significant
relationships was little greater than expected by chance.

Mixed Layer Depth (MLD)

The MLD describes a thin homogeneous surface layer mixed by the wind which has
consistent temperature & salinity. The thickness of the MLD varies and reflects the
level of oceanic stratification. Warmer spring temperatures result in a shallower MLD
and promote production since nutrients become trapped and phytoplankton can de-
velop. This link between MLD and plankton productivity has also been related to the
marine survival of coho salmon (Hobday & Boehlert, 2001).

Peyronnet et al. (2008) found that the depth of the MLD in June had a significant con-
tribution to models of marine survival for Irish salmon, with June MLD < 25m being
generally positively associated with survival. Peyronnet et al. (2008) further noted
that the timing of the formation of the MLD varied between years and suggested that
delays in the formation of a shallow mixed layer could affect salmon survival. This
might occur through reduced primary productivity, or a mismatch between the tim-
ing of plankton abundance and the presence of post-smolts. It was also suggested
that since post-smolts are distributed close to the surface, a shallow mixed layer
might contribute to better survival through keeping their prey close to the surface.

Temperature

Temperature has been identified as an important factor influencing growth and
maturation of Atlantic salmon (Scarnecchia, 1983; Scarnecchia et al., 1991). However,
it has also been suggested that thermal conditions can influence maturation inde-
pendently of growth by influencing migration patterns (Friedland et al., 1998b). For
example, temperature may directly affect the physiology of post-smolts through in-
creased swimming requirements as a response to migration cues or to avoid unfa-
vourable thermal conditions (Salminen, 1994). This assumes post-smolts have very
specific thermal preferences and would seek to locate optimum temperatures during
the first months at sea.
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A number of authors have noted a negative correlation between the growth of
salmon and SST, affecting fish in both the NE and NW Atlantic (Peyronnet ef al., 2007;
Friedland et al., 2003b) and the Pacific (Wells et al., 2008). Since growth in salmonids
typically increases linearly with water temperature up to an optimum rate given an
adequate food supply (Brett, 1979), and there is an evident link between size and sur-
vival, this presents something of a dilemma in making sense of the observation that
warmer conditions are associated with poorer survival, at least for fish which are ex-
periencing temperatures which are at or below the optimum for growth. This possi-
bly suggests a shortage of food - under warmer conditions this could result in higher
mortality rates, possibly due to an increasingly fragmented distribution of prey exac-
erbated by the effects of higher temperatures on fish’s metabolism. Friedland et al.
(2003b) explored four hypotheses: how ocean conditions may affect growth of post-
smolts, whether variations in climate have altered predation pressure or prey abun-
dance, and how migration might be affected by variations in climate. Having re-
viewed the evidence, and given that post-smolts represent a relatively minor
component of the food web, they suggested that post-smolts may not be affected by
fluctuations in predator and prey levels as much as they are controlled by the indi-
vidual demands of swimming and migration. Strong migrational behaviours that
select for particular preferred temperature ranges could impose significant energetic
costs on fish as they seek optimal temperatures.

Davidson & Hazlewood (2005) have reported increasing trends in temperature for
rivers and coastal waters in England over the last 2040 years. These are consistent
with warming trends across the north Atlantic (Hughes and Turrell, 2003) and glob-
ally (IPCC, 2001). Temperature fluctuations among river and sea sites were highly
synchronous, suggesting large-scale climatic processes are influencing both freshwa-
ter and marine environments simultaneously. However, for both rivers and coastal
waters there were geographical differences in warming rates with southerly sites
warming faster than northerly sites. Rises in temperature have been linked to marked
declines in the status of salmon stocks in parts of southern England (Solomon &
Lightfoot, 2007). For example, in some instances - during very warm summers - high
estuarial temperatures appear to deter adult salmon from entering freshwater, or
may even prove lethal (Solomon & Lightfoot, 2007).

Given these common patterns in freshwater and marine temperature change, and the
importance of temperature to the biology of fishes, Davidson & Hazlewood (2005)
suggested that coherent trends in the age and growth of pre- and post-smolt salmon
might be expected. However, SST data were generally poorly associated with post-
smolt growth patterns. Similarly, more direct measures of sea survival and adult
abundance have shown a poor association with SSTs (SALMODEL, 2003). This does
not mean that environmental temperature is unimportant for salmon in the sea,
rather that other (perhaps more complex) factors have been the main cause of change
and/or the temperature variables examined have poorly represented the true influ-
ence of temperature on salmonid biology/ecology

A correlation between SST and survival has been observed for salmon stocks in the
NE Atlantic suggesting temperature either directly affects growth or modifies post-
smolt behaviour (Friedland et al., 2000). Beaugrand & Reid (2003) demonstrated
highly significant relationships between SST in the NE Atlantic, Northern Hemi-
sphere temperatures, the NAO and long-term changes in 3 trophic levels (phyto-
plankton, zooplankton and salmon). A stepwise shift was identified that started after
a pronounced increase in Northern Hemisphere temperature anomalies at the end of
the 1970s. The biological variables showed a pronounced shift after ~1982 for
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euphausiids (decline), 1984 for total abundance of small copepods (increase), 1986 for
phytoplankton biomass (increase) and the copepod Calanus finmarchius (decrease)
and 1988 for salmon (decrease).

Beaugrand & Reid (2003) concluded that regional temperature increases were an im-
portant parameter currently governing the dynamic equilibrium of NE Atlantic pe-
lagic ecosystems with possible consequences for fisheries. However, the results did
not necessarily indicate a trophic cascade or bottom-up control of salmon abundance.
Nonetheless, it was suggested that the findings possibly open the way to the devel-
opment of predictive tools, based on physical and plankton indicators, which might
be used to assess future changes in the abundance and distribution of salmon.

Scenarios for future climate change (UKCIP, 2002) suggest that warming trends are
likely to be far more severe in the coming decades than those experienced in the past
—even under the best case ‘low emissions’ scenario.

Davidson & Hazlewood (2005) used temperature profiles forecast to the end of this
century (UKCIP, 2002) to predict the growth rates of salmon in freshwater based on
the model of Elliott & Hurley (1997). This indicated that for rivers in the south-west
and north of England, freshwater growth rates could generally improve under the
‘low emissions’ scenario but may fall below current levels under the ‘high-emissions’
scenario as temperatures exceed optimum levels in the latter half of the century. On
rivers in the south-east of England (represented by the Thames) — where warming is
expected to be greatest — declining growth rates may result, with adverse conse-
quences for abundance and survival.

Warming is only one aspect of climate change that might prove detrimental at ex-
treme levels; expected increases in the frequency of summer droughts and winter
floods could also adversely affect survival and abundance (UKCIP, 2002).

The effects of global warming on salmon in the sea are more speculative given our
poorer knowledge of ocean processes and of the marine life of Atlantic salmon
(Hughes & Turrell, 2003). However, given that temperature increases over land are
expected to exceed those over the surface of the oceans, the changing state of condi-
tions in freshwater may be the more important factor controlling future distribution
and viability of the species, while change in the marine environment may be the main
factor regulating stock productivity (Friedland et al., 2009).

Salmon in Freshwater

Both density-dependent and density-independent factors regulate the abundance of
Atlantic salmon in freshwater (Elliott, 2001). The carrying capacity for salmon juve-
niles is limited and the response of juvenile abundance to intra-specific competition is
strongly compensatory (Elliott, 2001). Aside from the effects that density may have
on freshwater survival, other factors such as disease, predation and displacement by
adverse environmental conditions may vary with the abundance of juveniles.

There are many estimates of mortality rates for the juvenile stages of salmon because
the freshwater life stages are readily accessible and are not subject to fisheries
(SALMODEL, 2003). Thus, freshwater mortality is relatively well characterised and
tends to be less variable than marine mortality (Friedland, 1998).

Estimating mortality during the marine phase is more difficult because the returning
adults have commonly been exposed to both natural and fishing mortality at sea. Fac-
tors which act in freshwater, but may be manifest as variations in sea survival (e.g.
Peyronnet et al., 2008) also need to be borne in mind in the context of marine survival.
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In addition, conditions experienced within the marine environment (e.g. prey avail-
ability, growth rate, climatic conditions), clearly have an impact on the subsequent
freshwater stages of the salmon through modifications to run timing and spawning

High densities of juveniles, among other factors, can affect juvenile growth and ulti-
mately the size of migrating smolts (Jutila et al., 2006). As there is evidence of size-
dependent survival at sea, the conditions experienced in freshwater are likely to di-
rectly affect survival in the ocean. Environmental conditions in freshwater, inde-
pendent of abundance, can also affect the physiology and energy reserves of salmon
as they migrate to sea.

Recent research has demonstrated very clearly that the conditions experienced within
the freshwater environment are critical to the survival of salmon in the marine envi-
ronment. For instance exposure of juvenile salmon to diffuse pollution in freshwater
(e.g. pesticides) modifies run timing, development of the parr-smolt transformation
and the subsequent survival and behaviour of post-smolts during the freshwa-
ter/marine transition and once they enter the marine environment (Fairchild et al.,
2002; Moore et al., 2003, 2007, 2008; Lower & Moore, 2007). However, poor water
quality is simply one factor within the freshwater environment that may regulate and
modify juvenile salmonid production. Habitat availability, feeding opportunities, and
modifications to the thermal and flow regimes of rivers and streams may all interact
to influence the “quality” of the smolt, which may compromise its ability to survive
in the marine environment and successfully complete its extensive marine migra-
tions.

Spawning

Salmon spawn in river systems in the autumn and winter wherever suitable spawn-
ing and nursery habitat areas exist; spawning habitat requirements are described by
Armstrong et al. (2003). Female fish exhibit a degree of parental care burying their
eggs in redds (Marshall et al., 1998). Fish typically spawn earlier in more northerly
areas and in the upper reaches of rivers where water temperatures are lower and
later in more southerly areas and in the warmer, lower reaches of rivers. Although
the spawning season may last only a few weeks, fish may enter the river at any time
and some fish can spend over a year in freshwater prior to spawning (Webb &
Campbell, 2000). It is presumed that entering the river well in advance of spawning
confers some benefit in terms of reproductive success. This might be due to: better
survival in freshwater; easier upstream migration past falls and rapids prior to full
gonad development; optimising opportunities for encountering specific, favourable
river conditions for upstream migration; and avoiding migration through estuaries
and the lower reaches of rivers during warmer periods when flows, temperature and
water quality may be less suitable for migration (Anon., 1994).

In many river systems, the earliest running fish in each sea-age class tend to penetrate
furthest into the river system. It is not clear whether this is because the fish happened
to enter first or whether they specifically did so because they had farthest to go
within the system. A genetic component to run timing has also been indicated (e.g.
Stewart et al., 2002).

Large body size enables female fish to produce more and larger eggs, compete more
effectively for spawning sites and dig deeper redds. Large males are better able to
compete for access to females and are preferred by females as mates (Quinn, 2005).
However, the benefits of large size are likely to be balanced by the greater probability
of mortality associated with spending more time at sea and possibly by difficulties in
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accessing spawning sites in smaller streams. In each river, these factors are expected
to drive local adaptations in age and size distribution (e.g. Jonasson et al., 1997)

There is also evidence that females arrive on the spawning ground earlier than males
(Dahl et al., 2004). This could be due to the fact that females are commonly older, and
older individuals often migrate earlier. Another possibility is that females try to mo-
nopolize preferred spawning sites, while males normally compete only for access to a
specific female. It is also known, however, that pheromones released by female
salmon attract male fish and help to synchronise spawning events (Moore & Waring,
1996).

Spawning date seems to have evolved to allow progeny to emerge at a locally appro-
priate time in the spring relative to the average temperature regime that occurs dur-
ing incubation (Quinn, 2005). However, there can be significant variation in the time
of spawning among salmon within a river system (Webb & McLay, 1996), and there is
some evidence to suggest a recent shift in the timing of spawning, in some rivers at
least (W. Riley, pers comm).

The temperatures experienced by female salmon in the months before spawning can
have a major effect on egg quality and subsequent survival. Elevated temperatures
and temperature ‘spikes’ can have a negative effect on egg size and fertility rates
(King et al., 2003, 2007), affect physiological pathways (Watts et al., 2004) and ovula-
tion (Taranger & Hansen, 1993).

Fecundity

Fecundity is another trait that is highly variable both within and among stocks. Lar-
ger fish typically produce more and larger eggs (Thorpe et al., 1984; Jonsson et al.,
1996). Thus, absolute fecundity varies greatly among individual fish relative to their
size at maturity. Relative fecundity (eggs per kg total egg mass) varies much less,
typically by a factor of 1.5 to 2.0 within a population (Klemetsen et al., 2003).

Eggs are large and incubation relatively long, with embryos relying on endogenous
food reserves for a lengthy period before first feeding (Marshall et al., 1998). There is
a reported trade-off between egg size and fecundity (Jonsson et al., 1996) — fish may
either spawn large and few eggs or small and many eggs. The faster that fish grow in
freshwater before smolting, the smaller their relative egg size on reaching maturity,
This has been explained as a phenotypic response to the potential growth opportuni-
ties in the natal river and assumes that the freshwater feeding conditions experienced
by the parents as juveniles is a good predictor of what their offspring would experi-
ence.

Sexual maturity in parr

The sexual maturity of salmon parr is common for males. Development is thought to
have both heritable and environmental components. Therefore, the proportion of ma-
ture male parr can vary considerably between rivers, between river stretches and be-
tween years depending on stock-specific characteristics and growing conditions
(Dalley et al., 1983; Bagliniere & Maisse, 1985; Hutchings & Jones, 1998), but usually
increases with parr age (Dalley et al., 1983). O’Connell & Ash (1993) also reported a
higher incidence of precocious parr in lacustrine habitats compared with fluvial habi-
tats in the same river catchment.

Possible environmental triggers for precocious male parr are fast early growth in fa-
vourable conditions (e.g. Thorpe, 1990,), with high seasonal fat content possibly the
most important precondition for maturation (Rowe & Thorpe, 1990; Rowe et al., 1991;
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Simpson, 1992). Prevost et al. (1992) found that large size after the first year and short
winters favoured maturation of 1+ male parr; and that the incidence of maturing 1+
males was greater where high densities of parr were recorded in the second season of
growth.

In northern (sub-arctic) Atlantic salmon rivers the reported maturation rates of male
parr are low (0-25%, typically ~10%) (Elo et al., 1995; Heinimaa & Erkinaro, 2004;
Hutchings & Jones, 1998) compared with mean reported proportions among 1+ parr
elsewhere — 57% in Newfoundland, 53% in Maritimes and 22% in Quebec (Hutchings
& Jones, 1998); 28-52% in east coast rivers in the U.S.A. (Whalen & Parrish, 1999); 0-
100% in France (Bagliniere & Maisse, 1985). The short growing season, poor seasonal
growth and long winters consuming body lipid reserves may explain this finding
(Heinimaa & Erkinaro, 2004).

In New England, U.S.A, where maturation of male 0+ parr is rare (~5%) Letcher &
Terrick (1998) reported a high incidence of 0+ parr maturation (74%) following a mas-
sive, localised flood that appeared to be the result of increased growth of parr follow-
ing the flood. They suggested that such strong environmental disturbances can alter
the direction and timing of salmon life-histories by influencing community structure
and growth opportunity.

It has also been suggested that maturity in male parr will be evolutionary stable only
if adult mortality is high (Myers, 1984), and that over-fishing could eventually elimi-
nate anadromy in male members of a population (Myers & Hutchings, 1987). If true,
male precocity should be expected to be less common in lightly exploited stocks. Ri-
ley & Power (1987) carried out a study to test this hypothesis using data from land-
locked and anadromous stocks in Canada. They concluded that high post-smolt
mortality in anadromous stocks is conducive to male parr maturity at an early age,
and suggested the lower proportion of maturing male parr in landlocked stocks was
related to competition among males for mates and the smaller size of the spawning
adult landlocked salmon.

The incidence of mature female parr is rare (Fleming, 1996), with only a few recorded
incidences in anadromous Atlantic salmon (e.g. Moore & Riley, 1992). There is no
evidence to suggest any change.

Egg and alevin development

Salmon spawning substrates vary in composition (Armstrong et al., 2003). Spawning
redds generally cover areas of 1-11 m? (Bardonnet & Bagliniere, 2000) and consist of a
‘pot’ or ‘pit’ and a “tail’ (Crisp & Carling, 1989). The pot is the deepest excavated part
at the upstream end of the redd, where most eggs are deposited. The depth to which
eggs are buried in spawning gravels is related to female fish length (e.g. Crisp & Car-
ling, 1989) and typically in the range 15-25 cm. The eggs are buried to protect them
from light, predators and high water flow, which can result in mortality due to me-
chanical shock (Bardonnet & Bagliniere, 2000). Egg burial depth also has some influ-
ence on rate of development (temperature) and on the likelihood of washout,
asphyxiation or exposure during low flows (Crisp, 1996).

Egg development is influenced strongly by temperature and this provides the best
predictor of hatching time (Crisp, 1996). However, a number of other factors can in-
fluence hatching time, including incident light, dissolved oxygen concentration, sub-
lethal mechanical shock and low temperatures at the time of hatching (Crisp, 1996).
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A number of factors also affect the survival of the intragravel stages (eggs and
alevins) of salmon (e.g. Crisp, 1996; Youngson et al., 2004; Lapointe ef al., 2004). Tem-
perature has a direct effect on the survival of eggs and can also influence the size of
alevins at hatching through regulating the relative proportions of the yolk sac used
for metabolism and tissue growth. Oxygen supply rate is also critical. Oxygen re-
quirements vary at different stages of development and are further influenced by fac-
tors such as egg size, temperature, the spatial arrangement of eggs within the redd
and the velocity of intragravel water flow (Crisp, 1996; Youngson et al., 2004). Other
factors affecting egg and alevin survival include the gravel composition, stream bed
conformation and hydraulics, patterns of discharge and mechanical shock (Crisp,
1996). A range of factors thus influence the survival of salmonid eggs and alevins,
and these can interact in a complex manner (Crisp, 1996).

Fry emergence and dispersal

The period of emergence and establishment of feeding territories is a time when mor-
tality can be very high, and during which the strength of a cohort may be established,
and can be regarded as a critical period (Armstrong et al., 2003). The timing of fry
emergence in salmon is influenced by environmental conditions during egg devel-
opment, most notably water temperature (e.g. Elliott & Hurley, 1998; Garcia de
Leaniz et al., 2000). Thus the combination of spawning date and the temperature-
dependent rate of egg and alevin development effectively determine when this will
occur (e.g. Jensen et al., 1989). It is generally accepted that spawning dates are
adapted to current thermal and flow conditions such that juvenile emergence timing
is optimized as a result of selection pressures (e.g. Heggberget 1988; Jensen et al.,
1991). Marked changes in temperature or flow during early development may there-
fore create a mismatch between emergence and environmental conditions, resulting
in increased levels of early juvenile mortality (Jensen et al., 1991).

Emergence from the redd is generally associated with the initiation of exogenous
feeding (Dill, 1977), although fry may also disperse with varying amounts of unab-
sorbed yolk sac, particularly during the early part of the dispersal period (Garcia de
Leaniz et al., 2000). Emergence is typically clumped, with the majority of fry from a
redd emerging over a short period (e.g. 80% over a 2-3 day period reported by
Gustafson-Marjanen & Dowse, 1983), and occurs at night (e.g. Gustafson-Marjanen &
Dowse, 1983). Clumped emergence at night is considered to be a predator avoidance
tactic through avoidance of visual detection by predators and reducing the individual
risk of predation through being in a large group (Gustafson-Marjanen & Dowse,
1983). In Chinook salmon (Oncorhynchus tshawytscha), Field-Dodgson (1988) noted
that flow rate had a strong effect on emergence timing, while the effects of tempera-
ture and light level were less.

After emergence from the gravel, some 0+ young-of-the-year fry drift, while others,
so called resident fry, remain close to the redd area and seek to establish and defend
territories (Bujold et al., 2004). It has been suggested that those fry that fail to gain
territories close to the redd will be displaced downstream and die (Elliott, 1984), but
others suggest dispersal of viable fry may be an important means of maximizing use
of available habitat, particularly where redds are widely spaced (Crisp, 1995), or of
avoiding densely-populated areas and obtaining individual territories elsewhere
(Mikheev et al., 1994).

As with emergence, dispersal occurs mostly at night (Kennedy & Strange, 1986), and
is typically downstream of the redd, although upstream dispersal can also occur
(Egglishaw & Shackley, 1973; Crisp, 1995). The most intensive dispersal of 0+ fry oc-
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curs during the two months after emergence (Beall et al., 1994), and Marty & Beall
(1989) reported two distinct waves of dispersal, one soon after emergence and an-
other 10 to 20 days later. The majority of fry typically remain close to the redd site —
less than 1 km downstream, with a high proportion within 50 m (e.g. Egglishaw &
Shackley, 1973; Kennedy & Strange, 1986; Marty & Beall, 1989; Crisp, 1995; Webb et
al., 2001). Dispersal distances also appear to be affected by rainfall and thus flow rates
(Crisp, 1995). Once settled, salmon appear to die in situ rather than move during the
summer (Egglishaw & Shackley, 1980; Armstrong et al., 1994), although a further dis-
persal may occur in autumn (Rimmer et al., 1983; Rimmer et al., 1984).

Garcia de Leaniz et al. (2000) report marked variability in the developmental stage of
fry at dispersal - early in the dispersal period all fry had remnants of a yolk sac, but
fry dispersing later in the season had no yolk sack left. Bujold et al. (2004) report that
larger (but not older) fry tended to stay near the redd while smaller fry tended to
drift/disperse downstream, probably as a result of intraspecific competition for food
and space. Differences in the dispersal behaviour of emerged fry may also be related
to gender; in masu salmon (Nagata & Irvine, 1997) found that male fry were more
likely to remain near the redd and female fry to move downstream.

After dispersal, Garcia de Leaniz et al., (2000) report that individual growth of fry is
highly variable. Crisp (1995) found that the weight of 0+ fry in the autumn following
dispersal was directly related to the distance dispersed and inversely related to popu-
lation density. Two hypotheses were proposed to explain this observation: (a) that
the fry that dispersed the longest distances tended to be of above average size at the
time of dispersal, and (b) that the fish which dispersed farthest were of average or
below average size at the time of dispersal, but, once dispersed, encountered less
competition and were able to grow more rapidly. It was noted that hypothesis (a)
was contrary to the view that displaced fish are typically smaller than the population
average.

Metcalfe & Thorpe (1992) demonstrated that earlier-feeding fry were dominant over
their later-feeding siblings, despite not being any larger, but soon established and
maintained a size advantage. This led to an increased probability of early-feeding fish
migrating to sea as one-year-old smolts (rather than 2 or more) (Metcalfe & Thorpe,
1992), indicating the link between growth rates and future life-history traits (Thorpe,
1989). It was subsequently demonstrated (Metcalfe et al., 1995) that the correlation
between date of first feeding and dominance was a consequence of early-feeding fry
having relatively higher metabolic rates (Metcalfe et al., 1995). However, environ-
mental factors such as temperature or flow can also have an important influence on
fry survival. Good et al, (2001) reported that size-selective mortality of salmon fry was
relative weak and directed towards the smaller fry in the population during a
drought year (1995), but that during a subsequent wet year (1996), selective mortality
was relatively strong and directed towards the larger fry from the same population.
They concluded that hydoclimatic events can select against either small or large fish
and is a key determinant in the mean size of juvenile salmon fry at the end of their
first summer.

Growth in freshwater

Aprahamian et al. (2008) reported relatively stable freshwater growth of salmon parr
on the River Dee, Wales between the late 1930s and mid-1980s (using mean lengths
back calculated from adult scales). However, by the end of the 1990s they reported
that juvenile salmon were, by the end of their first and second year, respectively,
~60% and ~ 19% larger, on average, than between the late 1930s and mid-1980s. Pos-
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sible explanations proposed included: a reduction in density dependent processes; an
increase in river temperature affecting both parr growth rate and timing and size of
alevins at emergence; and changes in agricultural practices in the late 1970s resulting
in enhanced invertebrate production so that food was no longer limiting growth.

Rivot et al. (unpublished data) reported a significant increase in the length of one-
year old juveniles between 1973 and 2002 in Brittany and Lower Normandy. Stable
isotope analysis on archived scales of juveniles showed that the C'3 ratio in scales also
increased. They suggested that the changes in juvenile growth were in response to
warming (climate change) and/ or a change in primary production.

Jonsson et al. (2005) reported a positive correlation between growth rate of parr in
their first year and river temperature, flow and NAOI during the winter of egg incu-
bation, but only NAOI was significant when cross-correlating the two series using a
time difference of 1 year.

Jensen (2003) analysed the effects of altered water temperature on parr growth, due
to hydropower regulation of the River Alta, N. Norway. After hydropower develop-
ment, water temperature decreased 1-2°C during June, July and the first half of Au-
gust and parr growth rates decreased; later in the season when water temperature
increased by up to 3°C parr growth increased. However, only minor overall changes
in annual growth rates were observed.

In contrast, mean annual size-at-age of juvenile salmon decreased in the Northwest
Miramichi and Southwest Miramichi Rivers in the Maritime Provinces of eastern
Canada between 1971 and 1999 (Swansburg et al., 2002). Fork lengths of parr were
significantly and negatively associated with spring air and water temperatures.
Therefore, increases in air and water temperatures as predicted from climate change
models may adversely affect growth of juvenile salmon parr, reducing overall pro-
ductivity.

Davidson & Hazelwood (2005) used the model of Elliott and Hurley (1997) to predict
pre-smolt (freshwater) growth rates for the Rivers Wye and Dee, Wales. These sug-
gested that growth rates had improved on these rivers in response to increasing tem-
peratures, but not significantly so. These relatively stable growth predictions contrast
a marked decline in mean smolt age observed on some rivers (Severn, Wye and Dee),
which began around the early 1980s but has proceeded at different rates thereafter. It
was suggested, therefore, that factors other than, or in addition to, temperature were
promoting faster growth in pre-smolt salmon on these rivers and, as a result, a de-
cline in the mean smolt age. Gurney et al. (2008) also reported changes in age at
smolting (and growth) consistent with changes in temperature regime, but indicated
that changes in early density-dependent mortality, rather than the physiological ef-
fects of temperature, explained the large attenuation between a dramatic fall in
spawner numbers and a relatively minor diminution in total smolt production in the
Girnock Burn, Scotland.

In general, it is anticipated that parr would be expected to grow faster (and hence
probably smolt at a younger age) with increased temperature, up to the optimal tem-
perature for growth (16-19°C) (numerous authors). With further increases in tem-
perature, growth would be reduced (resulting in probable increased age at
smoltification). However, at temperatures ranging from 22-24°C juveniles seek ref-
uge from thermal stress (Cunjak et al., 1993), at 28°C they die in 7 days and at 33°C
they die in 10 minutes (Elliot, 1991).
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Parr movement / migration

Downstream movement of salmon parr during the autumn has been recorded in
populations in both North America and Europe (Youngson et al., 1983; Cunjak &
Chadwick, 1989; Riley et al., 2002). Studies of the migration patterns of Atlantic
salmon parr tagged with passive integrated transponder (PIT) tags on the River
Frome, a chalk stream in southern England, have demonstrated that a substantial
proportion (25% of the spring smolt run in absolute terms) of the population can mi-
grate downstream during the autumn with the peak movement occurring during Oc-
tober and November (Pinder ef al., 2007).

The ecological drivers for autumn migrations of salmon are unknown (Riley ef al.,
2008), although a number of mechanisms have been proposed. These include dis-
placement of subordinates by dominant fish (Bjornn, 1971; Mason, 1976), the re-
quirement for juvenile salmon to migrate to more suitable freshwater habitats
(Riddell & Leggett, 1981; Huntingford et al., 1992; Riley et al., 2008) or the requirement
for mature male parr to locate mature female adult salmon to maximise reproductive
success (W. Riley unpubl. data for the Kielder Burn, England). In some cases the au-
tumn migrations of juvenile parr have been associated with elevated stream dis-
charge (Youngson et al., 1983; A. Pinder, personal communication, for the River
Frome, England; W. Riley, unpubl. data for the River Ceiriog, Wales). Such move-
ments have also been shown to comprise predominantly precocious male parr (Buck
& Youngson, 1982; W. Riley, unpubl. data for the Kielder Burn, England), but can
also comprise fish of both sexes (Riley et al., 2008).

Recent studies on the River Frome have indicated that the autumn migrants, includ-
ing those that subsequently move to and reside within the tidal reaches of the river
during the winter months, are not physiologically adapted to permit permanent, or
early, entry into the marine environment (Riley ef al., 2008).

Frequency histograms of seasonal downstream movements of juvenile Atlantic
salmon in the UK suggest a dual peak in the autumn/winter migration, the first oc-
curring in early autumn, the second during the spawning season for the river system
in question (Pinder et al., 2007; Riley et al., 2002; Riley, 2007; W. Riley, unpubl. data for
the River Ceiriog, Wales). Although there is often no information from these studies
on the sex composition of the migrants, it is speculated that the later migration may
involve mature male salmon parr and be related to reproductive activity. These fish
are also older than those migrating during the autumn (Riley, 2007). The extent to
which the timing and relative magnitude of these migrations might vary between
rivers or over time is unclear.

Whilst adult returns have previously been reported from parr leaving highland tribu-
tary spawning streams during the autumn (Youngson et al., 1994), Riley et al. (2009)
recently reported adult returns from parr that were known to have migrated down-
stream to the lower river/ tidal reaches thus confirming the importance of these areas
as habitat utilised by juvenile salmon (Cunjak & Chadwick, 1989; Riley et al., 2008)
before they undergo the parr-smolt transformation.

Smolt Age

The age of smoltification of Atlantic salmon juveniles is closely associated with
growth rates: fast growing populations smoltify at younger ages (Swansburg et al.,
2002). Over the geographic range there is a significant negative correlation between
the age of smoltification and an index of growth potential based on degree days and
photoperiod length (Metcalfe & Thorpe, 1990).
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Aprahamian et al. (2008) reported that juvenile salmon on the Welsh Dee were larger
at the end of the 1990s than between the late 1930s and mid-1980s. This was reflected
in a change in the age composition of smolts, with the mean smolt age declining from
~ 2 years prior to the 1980s to ~1.6 years in the late 1990s. Similarly, Cragg-Hine et al.
(2006) reported a marked increase in the proportion of 1+ smolts on the Welsh Dee
(from ~5% in the period to 1949, to almost 40% in the decade to 2002). They con-
cluded that as the Welsh Dee had become colder during the period April to October
(post-1964 due to flow regulation schemes) factors other than climate change were
likely to be involved.

A decline in mean smolt age has been similarly observed in other British and French
populations of salmon (Bagliniere et al., 2004). Rivot et al. (unpubl.) also reported a
significant reduction in the mean age at smoltification in Brittany and Lower Nor-
mandy and suggested this reduction may be due to changes in juvenile growth in
response to warming (climate change) and/ or to a change in primary production, yet
acknowledged that selective fishing on late maturing fish could also be responsible
for a decrease in the mean age at sexual maturity. Davidson & Hazlewood (2005) re-
ported an overall decline in the mean smolt age of 1ISW and 2SW salmon returning to
the Dee and Wye (Wales) and Severn (England) since the 1960s. However, the onset
of this decline did not appear until the 1980s, and was notably less marked on the
Severn. On the North Esk (Scotland) there has been a slow but steady decline in mean
smolt age over the period 1971-2004 (J. Maclean, unpublished data) and on the R.
Frome (England) the decline in smolt age has resulted in the near elimination of 2-
year old smolts from the population (Section 4.3).

Englund et al. (1999) reported considerable inter-annual and tributary specific differ-
ences in the age structure of smolts in the River Teno, Finland between 1989 and
1995.

Jonsson et al. (2005) reported a positive correlation between river temperature and the
proportion of salmon cohorts smolting and migrating to sea at age-1 and suggested
that long-term effects of climate (e.g. NAOI) during early development may be more
important than generally recognised.

Smolt size

Smolt size can vary widely among populations. Within populations, smolt size is
flexibly dependent on growth rate — smolt size typically increases with age. Klemet-
sen et al. (2003) noted that large smolts (mean lengths typically >20 cm) tend to occur
in rivers that enter a cold ocean, such as rivers in parts of Quebec, while small smolts
(averaging 12-13 cm) can occur in cold rivers flowing into a relatively warm ocean,
such as the glacier-fed rivers along the west coast of Norway. However, individual
river, or even tributary, characteristics, and year to year fluctuations, may play as
large a part in determining smolt size as any such broad geographical trends.

Jutila et al. (2006) reported a significant negative regression between the annual mean
smolt size and the density of wild >1 year parr in the previous autumn in a northern
Baltic river, but not between the annual mean smolt size and age. They hypothesised
that the increased density of wild >1 year parr may have contributed to the decreased
smolt size since the 1990s, and that the reduced size of wild smolts could result in
reduced post-smolt survival.
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Smolt run timing

It is generally accepted that there are two distinct processes involved in controlling
the downstream movement of salmon smolts in fresh water. First, the physiological
development of migratory readiness — whereby the juvenile salmon undergo the
physiological and morphological changes associated with smoltification (migration
disposition), and second, the environmental signals (external releasing factors) which
stimulate downstream movement once smoltification has been completed (Bagger-
man, 1960; Solomon, 1978).

Changing day length has been suggested as the ultimate trigger to smolt migration,
with river conditions such as temperature, discharge, turbidity and nightfall serving
as proximate triggers controlling the smolt run in different rivers (Jutila et al., 2005;
McCormick et al., 1998; Riley, 2007; and many others). Thus the timing of smolt mi-
gration varies with latitude, with southern populations moving out to sea earlier than
northerly ones. Migration is correlated also to body size, with larger smolts typically
migrating earlier, and also appears to have a genetic component (Stewart et al., 2006).

Jutila et al. (2005) found that the onset of the smolt run was positively correlated with
river temperature during 1972-2002 in a river flowing into the northern Baltic Sea; a
rise in water temperature above 10°C being the main proximate environmental trig-
ger. In addition, they found that the duration of the main run was shorter in the years
when the onset of the smolt run was delayed. However, Zydlewski et al. (2005) found
that temperature experience over time is more relevant to initiation and termination
of downstream movement than a temperature threshold.

There are concerns that variations in climate might modify the run timing of smolts.
As freshwater conditions are more responsive to air temperatures than the sea, and
smolt migration is cued by water temperatures, mismatches relative to marine condi-
tions might result and affect return rates. For example, Staurnes et al. (2001) indicated
that smolts transferred to seawater in which the temperature gradient was more than
4-6°C had poorer seawater challenge performance. Evidence from some rivers in
Newfoundland (SALMODEL, 2003) indicated a relationship between run timing and
subsequent survival at sea, indicating a possible optimum window of opportunity for
smolts entering the marine environment. However, this relationship was not consis-
tent among rivers in the area.

Unusually early runs of smolts were observed on the River Bush in the late 1990s and
a significant linear relationship determined between smolt migration date and marine
survival, suggesting that smolt cohorts which migrated earlier had poorer survival
(SALMODEL, 2003). Average SST taken from a coastal station 25 km north west of
the river mouth indicated a temperature difference of 2.4°C with that of the river
mouth during the years of poor survival, whereas the differential was only 0.3°C dur-
ing earlier years when marine survival was higher (Section 4.1).

Role of lacustrine habitat

Klemetsen et al. (2003) have reviewed the importance of lacustrine habitat for juvenile
salmon. It has been suggested that juveniles occupying such sites are displaced from
preferred stream habitats. However, it appears that growth and survival is often bet-
ter in lacustrine sites and that use of such habitats is of adaptive significance. In New-
foundland, a positive relationship has been identified between mean smolt size and
the proportion of lacustrine habitat, with some evidence also of better survival to
adult for the larger smolts.
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Overall generation times have also been shown to be lower in lacustrine than fluvial
systems. Although mean smolt age was similar in the two systems, there was a pre-
ponderance of 1SW adults arising from lake origin fish, while fluvial systems pro-
duced a significant component maturing at older sea-ages. This was consistent with
the view that given environmental conditions conducive to rapid growth, fish will
mature as soon as developmentally possible and may explain why many Newfound-
land rivers are dominated by 1SW fish. Studies in other countries have also indicated
that faster-growing juveniles and larger smolts favoured earlier age at first maturity
(Nicieza & Brafa, 1993 — northern Spain; Erkinaro et al., 1997 — Finland). Provisional
results for the Frome and Dee suggest that the sex of smolts may be important to the
strength of relationship between smolt size and age at maturity (Section 5.7).

Data sets

Data sources and requirements

The exploration of biological characteristics for indicator salmon stocks and the pos-
sible relationship of such metrics with environmental parameters and abun-
dance/survival measures requires data from three distinct areas. First, time series of
standard biological measures pertaining to particular salmon stocks are needed, ide-
ally covering an adequate (~15 year) period to account for natural variability and to
facilitate trend analysis. This process was initiated through WGNAS (ICES, 2008) and
was facilitated by the production of a data entry spreadsheet for pertinent biological
variables (e.g. mean annual length, weight, sea-age of returning adults) to ensure the
collection of time series information in a standardised format (Section 3.2).

A second requirement is the identification and compilation of appropriate environ-
mental datasets. SGBICEPS reviewed the types of information that might be available
to the Group in taking forward exploratory analyses (Section 3.5), in particular relat-
ing to the marine environment. However, the Study Group recognised that the lack of
a clear understanding of the distribution of salmon at sea remained a constraint in
this regard. The Study Group also recognised that specific requirements for environ-
mental data or efforts to link these with changes in biological characteristics would
need to be refined once clear hypotheses could be developed, for example in relation
to specific stocks or stock complexes.

Finally, information on the relative performance of each available indicator stock, or
stock complex, is required in terms of survival, mortality and abundance. The Study
Group examined the available data relating to these stock status variables and these
are considered in more detail in Section 3.4.

Data on biological characteristics

There is a vast amount of biological data relating to salmon stocks that is potentially
available to the Study Group in pursuit of its objectives. Previously, an Excel spread-
sheet was developed by Tim Sheehan (USA and Chair of WGNAS at the time) (ICES,
2008) in an attempt to begin the collation of summary parameters that might be in-
formative in addressing the terms of reference, and this permitted some preliminary
analyses of the data by WGNAS (ICES, 2008). However, the available data had re-
mained largely unexplored prior to the SGBICEPS meeting.

In the run up to the Study Group meeting, data already collected were checked and a
number of corrections made; some of the data sets were also updated and the time
series extended. In addition, requests for further information were circulated, result-
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ing in the provision of a number of new data sets and extending the geographic cov-

erage of the information available. A full list of all those who provided data for use
by the Study Group is provided at Annex 2.

The data entry spreadsheet requires various background information for each stock,
as well as data for a range of biological characteristics. In summary, the fields are:

Field

Year

River

Country

Stock Complex
Latitude
Origin

Size

Status

Status type

Median run date

Mean run date

Mean river age

Mean sea-age

Mean total age

Proportion of run by sea-age

Mean fork length
Mean whole weight
Proportion female

Proportion maiden spawners

Description

Return year

e.g. NAC, northern & southern NEAC
Latitude of river mouth

Origin of majority of spawning fish — hatch-
ery/wild

Approximated categorical description of the
mean annual size of the spawning popula-
tion

Some standard estimate of stock status (e.g.
count, trap catch) or index of abundance
Description of 'status' variable

Median date of the spawning run

Mean date of the spawning run

Mean river age of returning fish

Mean sea-age of returning fish

Mean total age of returning fish

Proportion of the run by size/age grouping
or by sea-age

Mean fork length (cm) of returning fish by
size/age grouping or by sea-age

Mean whole weight (kg) of returning fish by
size/age grouping or by sea-age

Proportion of returning fish that are female
by size/age grouping or by sea-age
Proportion of returning fish that are maiden
spawners by size/age grouping or by sea-age

Where data were requested by size/age grouping or by sea-age, the preference was

for information to be split between each sea-age class —i.e. 1ISW (1 sea-winter), 2SW,
3SW, 45W, 55W and previous spawners (PS). Where such data were not available,
information was provided for small/1SW and large/MSW (multi sea-winter) catego-
ries. Table 3.2.1 summarises the information made available to the Study Group.
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Table 3.2.1. Biological characteristics data provided for each stock (Y denotes data available for
some or all of the time series)
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NAC Canada Western Arm Brook W | 1971-06 | 51.2 Y Y Y Y Y Y Y Y Y Y
Canada Middle Brook W | 1975-05 | 48.8 Y Y Y Y Y Y Y Y Y Y
Canada Conne River W | 1986-06 | 47.9 Y Y Y Y Y Y Y Y Y Y
Canada Miramichi W 1971-07 | 47.0 Y Y Y Y Y Y Y Y
Canada Nashwaak W | 1972-07 | 460 | Y Y Y Y Y Y Y Y Y
Canada St John (Mactaquac) W | 1978-07 | 453 | Y Y Y Y Y Y Y Y Y Y
Canada St John (Mactaquac) H 1978-07 | 45.3 Y Y Y Y Y Y Y Y Y Y
Canada La Have w 1970-07 | 44.4 Y Y Y Y Y Y Y Y Y Y
Canada La Have H 1972-07 | 44.4 Y Y Y Y Y Y Y Y Y Y
USA Penobscot H 1978-07 | 44.5 Y Y Y Y Y Y Y Y Y Y
N NEAC (Finland/Norway [Teno W | 1972-07 | 708 | Y Y Y Y Y Y Y
Finland/Norway |Naatamojoki W | 1975-06 | 69.7 | Y Y Y Y Y Y Y
Russia Tuloma W | 1983-08 | 68.9 Y Y Y Y Y Y Y Y Y Y
Norway Argard W | 1992-07 | 64.3 Y Y Y Y Y Y
Norway Gaula W 1989-07 | 63.3 Y Y Y Y Y Y
Iceland (N&E) Laxa | Adaldalur W | 1974-07 | 65.6 Y Y Y
Iceland (N&E) Hofsa W | 1971-07 | 65.4 Y Y Y
SNEAC |lceland (S&W) Nordura W | 1968-07 | 64.6 Y Y Y
Iceland (S&W) Ellidaar W | 1949-07 | 64.1 Y Y Y
UK (Scot) N. Esk W | 1981-07 | 56.7 Y Y Y
UK (NI) Bush W 1973-07 | 55.1 Y Y Y Y Y Y Y Y Y Y
UK (E&W) Lune w 1987-07 | 54.0 Y Y Y Y Y Y
UK (E&W) Dee w 1937-07 | 53.4 Y Y Y Y Y Y Y
UK (E&W) Wye W | 1910-07 | 51.6 Y Y Y Y Y Y Y
UK (E&W) Frome W | 1968-08 | 50.7 Y Y Y Y
France Bresle W | 1984-08 | 50.1 Y Y Y

Data quality issues — caveats and limitations

Before reaching conclusions about the relevance of any apparent links that occur be-

tween

different biological variables and measures of salmon abun-

dance/environmental variables it is important to highlight a number of data quality
issues that are apparent with the information available to the Study Group:

The “status” column permits entry of a descriptive or numerical value of
abundance. However, to avoid any conflicting effects of trends in fishery
catches, users would also need to know at what point of the return run to
the river (i.e. before or after fishery exploitation) these abundance indica-

tors apply.

The data source for most, but not all, of the stock status variables available
to the Study Group was evident from the “status type” field. The source is
variably recorded as adult trap count, river estimate, rod catch, declared
rod catch and net fishery. Information derived from traps or counters has
the advantage that it can be collected throughout the entire year, whereas
fishery derived information is restricted to the fishing season. However, it
should be noted that even these can be affected by issues such as counter
‘downtime’ or poor trap efficiency during flood events. Accordingly, the
accuracy of the estimates of median and mean spawning run dates, aver-
age weights, lengths, ages and sexes will vary depending upon the source
of the data and will need to be accounted for in any analysis.

With respect to fish weight, data derived from net fisheries are most likely
to represent the mass of fresh run fish while those derived from rod fisher-
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ies (and possibly in some cases trap data) will be derived from a mix of
fresh run and earlier run fish which will have already lost some body
weight compared to when they originally entered freshwater. Thus there
are issues in comparing both weights and condition factors among stocks
where the weight variable has been recorded from different sources. Fur-
ther there may be problems in interpreting rod fishery derived weight
trends within a stock as the proportion of fresh to non fresh run salmon in
the sample may vary throughout the time series.

Where age data are given it would be useful to have a description of how
the ages were derived. Simply put, ages determined from scale readings
will be more reliable than ages estimated by a size (length or weight) split.
However, the Study Group recognised that scale reading can also be sub-
ject to potential differences in methodology and interpretation, which
might lead to possible inconsistencies between stocks.

It is understood that all data relating to mean river age have been derived
from scale analysis of returning adults. The Study Group recognised that
such data might not accurately reflect the age composition of smolt co-
horts, for example if different age/size classes of smolts are subject to dif-
ferential rates of mortality in the sea.

The accuracy of the sex variable will depend on a number of factors. Data
obtained from fish dissection will be the most reliable, but the Study
Group understands that for the majority of the data sets sex has been de-
termined by observation of external morphometric features. The reliability
of such observations will vary at different times of the season and among
different observers.

The original request for information indicated that data should only be in-
cluded where this had been derived from sample sizes of at least 10 indi-
vidual fish. In practice, it is not clear that this has been applied in all cases.
Provision of a “sample size” variable would allow a better appreciation of
the likely error around the mean values presented for each of the variables
in the spreadsheet. Some concerns were also expressed about the use of
annual means and that access to raw data might be of particular added
value in some instances.

In taking forward analyses, and possibly extending these to additional data sets in
due course, the Study Group recognised the importance of addressing data quality

issues and the need to standardise approaches, and made the following recommenda-

tions:

i)

Data for all stocks should be accompanied by a full description of data
sources and of the methodology used to record each variable to aid in-
terpretation. Further, an email address of an appropriate person who is
able to provide a more detailed description of each data set should be
appended to the spreadsheet.

The collection and collation of data sets should be extended to include
freshwater stages (e.g. smolt age, smolt size, growth at age, etc.). The
Study Group noted that the available data were restricted largely to bio-
logical data on adults. This was considered prudent given the time avail-
able at the meeting. However, the Study Group recognised that
freshwater data had been largely ignored and that there was increasing
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evidence that freshwater influences might be instrumental to what sub-
sequently happens in the sea.

iii) Data sets with less than 15 year time series should be included in the
analyses where these provide greater spatial scale or allow comparison
with other available datasets. The Study Group recognised that requests
for additional data sets, or for the raw data behind the annual mean val-
ues, should ideally be made in response to specific lines of enquiry and
where worked examples/case studies suggested useful lines to pursue.

Salmon abundance

The Study Group was tasked with compiling information on the measures used to
describe stock status for different stocks and regions. In reviewing and characterising
the abundance metrics, the Study Group noted potential disparities between the
measures available for different rivers. For example, status on some rivers was de-
scribed as returns to the river whilst in other cases status measurements also ac-
counted for the impact of in river or coastal fisheries.

The Study Group recognised that a process of data characterisation was needed to
enable future analyses to be based on standard measures of abundance, where ap-
propriate, and/or to allow some assessment of the robustness of the various abun-
dance estimates. Initial efforts were made to characterise the abundance measures for
the different indicator rivers (provisional, incomplete information in Table 3.4.1).
These were differentiated between those stocks which provided estimates of the re-
turning stock to the river and those which also provided estimates back to the coast
(prior to homewater fisheries). Where possible, the methods used to derive the abun-
dance measures were also characterised according to the assessment methods used
(e.g. trap, fish counter, mark/recapture estimate, coded wire tagging programme) and
calculation methods used (e.g. run reconstruction model).

Efforts were also made to draw together the available abundance metrics and data
sets on survival/mortality for the different indicator stocks, and a series of draft tables
were prepared and partially populated. Information was sourced from the latest
WGNAS report (ICES, 2008) and from information available to Study Group partici-
pants. However, it was not possible to complete this task in the time available during
the meeting. Further targeted efforts will be necessary to collate information for a
number of the stocks from people who provided the original biological characteristics
data.
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Table 3.4.1. Information on derivation of abundance estimates for the salmon stocks for which
biological characteristics data are available (Y indicates method(s) applied). [N.B. Table currently
incomplete]

Abundance Measure
Return to River Return to Coast
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complex |Country Stock H/W| series |Latiude| 2| S| 2| Gl 2l 2| Sl=2| £| B8 % AEBEIEIE
NAC Can 'Western Arm Brook | W | 1971-06 51.2 Y
Can Middle Brook W | 1975-05 48.8 Y
Can Conne River W | 1986-06 479 Y
Can Miramichi W | 1971-07 47.0
Can Nashwaak W | 1972-07 46.0 Y
Can St John (Mactaquac) | W | 1978-07 45.3 Y
Can St John (Mactaquac) | H | 1978-07 45.3 Y
Can La Have W | 1970-07 44.4 Y
Can La Have H | 1970-07 444 Y
USA Penobscot H | 1978-07 44.5
N NEAC |Fin/Nor |Teno W | 1972-07 70.8 Y Y
Fin/Nor  |Naatamojoki W | 1975-06 69.7 Y Y
Russia Tuloma W | 1983-08 68.9
Norway |Argard W | 1992-07 64.3 Y
Norway |Gaula W | 1989-07 63.3 Y
Iceland  |Laxa I Adaldalur W | 1974-07 65.6
Iceland Hofsa W | 1971-07 65.4
Iceland  |Nordura W | 1968-07 64.6
Iceland  |Ellidaar W | 1949-07 64.1
S NEAC |UK (Scot) |N. Esk W | 1981-07 56.7 Y Y
UK (NI)  |Bush W | 1973-07 el Y Y
UK (E&W)|Lune W | 1987-07 54.0 Y|[Y Y
UK (E&W)|Dee W | 1937-07 53.4 Y Y Y
UK (E&W)|Wye W | 1910-07 51.6 Y Y
UK (E&W)|Frome W | 1968-08 50.7 Y Y
France Bresle W | 1984-08 50.1

Table 3.4.2 summarises the provisional data expected to be available. This includes
Pre-fishery Abundance (PFA) estimates for 1SW and MSW fish at national and re-
gional level, individual indicator river PFA or returning stock estimates (RSE) and
marine survival indices/estimates for particular stocks. However, as with Table 3.4.1,
further targeted efforts will be necessary to complete Table 3.4.2 and to fully populate
the underlying data tables. The latter have not been included in this report.
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Table 3.4.2. Summary of information available on the abundance and marine survival of different
salmon stocks and for which biological characteristics data are also available (Y denotes data
available; RSE = returning stock estimate). [N.B. Table currently incomplete]

Stock Marine

Stock Time National | Regional | specific | survival
complex |Country Stock series | Latitude | PFA PFA |PFA/RSE| estimate
NAC Can Western Arm Brook 1971-06 51.2 Y

Can Middle Brook 1975-05 48.8 Y

Can Conne River 1986-06 47.9 Y

Can Miramichi 1971-07 47.0 Y

Can Nashwaak 1972-07 46.0 Y

Can St John (Mactaquac) 1978-07 45.3 Y

Can St John (Mactaquac) 1978-07 45.3 Y

Can La Have 1970-07 444 Y

Can La Have 1970-07 44.4 Y

USA Penobscot 1978-07 44.5

N NEAC (Fin/Nor Teno
Fin/Nor  |Naatamojoki

1972-07 70.8
1975-06 69.7

Russia Tuloma 1983-08 68.9
Norway [Argard 1992-07 64.3
Norway |Gaula 1989-07 63.3
Iceland Laxa I Adaldalur 1974-07 65.6

Iceland Hofsa
Iceland Nordura

1971-07 65.4
1968-07 64.6

2222222222222222::2:222222§
KRR R R

Iceland Ellidaar 1949-07 64.1 Y
SNEAC [UK (Scot) |N.Esk 1981-07 56.7 Y Y

UK (NI) Bush 1973-07 55.1 Y Y

UK (E&W) |Lune 1987-07 54.0 Y

UK (E&W) |Dee 1937-07 53.4 Y Y

UK (E&W) [Wye 1910-07 51.6

UK (E&W) |Frome 1968-08 50.7 Y

France Bresle 1984-08 50.1

Environmental data sets

Section 2.3 summarised some of the information available in the scientific literature
linking salmon abundance with key oceanic variables, specifically: the North Atlantic
Oscillation (NAO), the Gulf Stream North Wall (GSNW), the Mixed Layer Depth
(MLD) and sea surface temperature (SST). The Study Group further reviewed the
types of environmental information that could be employed to develop exploratory
analyses, with particular emphasis on marine environmental data. Brief summaries
appear below.

North Atlantic Oscillation (NAO) - is the time evolution of a pattern of sea level pres-
sure (SLP) that provides an indicator of climate conditions in the region and is in-
dexed by a long-term instrumental record. The NAO is seen as one of the dominant
processes in determining the climate in the N. Atlantic, in winter in particular. Over
the last few decades the NAO pattern has described 44% of the variability in North
Atlantic wintertime SLP (Hurrell, 1995, Hurrell & Dickson, 2004).

The NAO instrumental indices measure the SLP difference between two places near
the centres of the dominant high and low pressure systems. Different NAO indices
provide subtly different time series (e.g. the winter Hurrell NAO index (Hurrell,
1995) uses Iceland to Lisbon for the December to March period, while the Rogers
NAO index (Rogers, 1984) uses Azores to Iceland for the December to February pe-
riod). The utilization of NAO indices in the context of understanding more local eco-
system impacts depends partly on the biogeographic area of interest - typically, the
Hurrell index is more locally applicable to oceanic variability in the NE Atlantic
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while the Rogers index may help to explain more of the local changes in the NW At-
lantic (ICES, 2006).

NAO-related climate variability examples — through the alteration of pathways for
moist air, precipitation over the N. Atlantic is strongly affected by the NAO. Thus,
both precipitation and evaporation are correlated with the NAO (Hurrell, 1995). Fig-
ure 3.5.1 illustrates a composite precipitation/evaporation plot for the December to
March period for the N Atlantic during a positive NAO phase (hatched areas denote
significant correlation with the NAO and green denotes above average wetness). The
patterns typically flip with a negative NAO.

{High-Lom) HAO
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Figure 3.5.1. Precipitation/evaporation index for the N. Atlantic during a positive NAO phase for
December to March (Figure courtesy J. Hurrell) (Hurrell, 1995).

Sea surface temperatures (SST) are also correlated with NAO. During a positive win-
ter phase of the NAQO, there is typically warming in parts of the NE Atlantic and
North Sea with higher SSTs in these areas.

The Atlantic Multidecadal Oscillation (AMO) - provides an alternative measure of
Atlantic climate variability to the NAO. This index is thought to be driven by the
thermohaline circulation and is derived from the de-trended annual mean SST over
the area 0°N to 75°N, 75°W to 75°W (Enfield ef al, 2001;
http://www.cdc.noaa.gov/data/timeseries/ AMO/ for data download). The AMO pro-
vides a pattern of SST anomalies in the North Atlantic that appears to coordinate
most of the Atlantic in a series of warm and cool phases that last for 20 to 40 years
(Figure 3.5.2a; Sutton & Hodson, 2005). During the 20t century the index has oscil-
lated between cool periods in 1905-1925 and 1965-1990 and warm periods in 1931-
1960 and 1995-present, with the greatest SST anomalies just east of Newfoundland.
The AMO appears to be a natural mode of operation of the climate in the North At-
lantic and is possibly one of the connected processes that helps to create the NAO.
Since the mid-1990s, the warm phase of the AMO is thought to have intensified, re-
gionally, the long-term warming due to climate change; at other times it may obscure
the climate change signal (Cannaby & Hiisrevoglu, 2009) on a decadal timescale. The
present warm phase of the AMO should dictate increasing summer droughts and
warmer summers in North America, perhaps together with warmer and wetter

summers in western Europe. However, the utility of forecasting climate by means of
the AMO may alter as interactions with anthropogenic effects become apparent (Sut-
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ton & Hodson, 2005). Given its apparent repeat patterns, the AMO may offer some
prospect of application in a predictive capacity, but the forcing mechanisms behind
this phenomenon are poorly known (Sutton & Hodson, 2005). Further, it has to be
emphasized that this index embraces essentially all of the Atlantic north of the equa-
tor and yet clear differences in recent climate change between the western and east-
ern North Atlantic are well-documented (e.g. Hughes et al., 2008; “In situ time series”
below).
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Figure 3.5.2 (a) AMO - the smoothed mean SST in the region 0°N to 60°N, 75°W to 7.5°W in deg C;
(b) indicating that AMO is correlated to SST on a much wider scale than the region it is derived
from. Figure from Sutton & Hodson (2005).

In respect of salmon recruitment, recent investigations suggest that the AMO is a
more closely aligned climate forcing index than the NAO (Friedland et al., 2009).

Gridded data sets — there are a number of sources for gridded SST and other mete-
orological variables. Some of these will be derived from model re-analyses, some in-
terpolated data and some un-interpolated data. For instance, gridded model re
analyses are available for most ‘weather” parameters (including: SST, air temperature,
precipitation, light levels and wind speed) monthly back to 1948, with free web access
(NOAA, Climate Diagnostics Center) and gridded SST products are available back to
the 19t century (e.g. HadiSST, Rayner et al., 2003). Such data might give a good indi-
cation of regional differences for individual winters and thus may be useful in future
hypothesis testing.

In situ time series — the ICES Report on Ocean Climate (IROC) is produced annually
by the ICES Working Group on Oceanic Hydrography (WGOH; Hughes et al., 2008),
and includes high quality in situ time series for both SST and salinity, covering much
of the area of salmon distribution in the North Atlantic. These in situ records provide
a direct measure of the historic evolution of conditions in the upper ocean experi-
enced by, for example, the fish within it. The changes in the observed temperature
and salinity record will be an integration of the combined impacts of changes in the
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North Atlantic climate system itself including components of the signals from NAO,
AMO, global warming and ocean circulation. Figure 3.5.3 illustrates the SST in situ
records from IROC 2007 (Hughes et al., 2008). There are evident differences between
the western North Atlantic and the eastern North Atlantic and Nordic seas, the latter
characterised by a period of warming in the last 10 to 15 years. The in situ time series
also indicate higher salinity in recent years in Nordic Seas and the Faroes/Shetland

Channel, with a period of low salinity in the Baltic Sea.
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Figure 3.5.3. In situ SST records for sites around the N Atlantic (data from ICES Report on Ocean
Climate 2007; Hughes et al., 2008).

The Study Group noted the present lack of a clear understanding of the distribution
of salmon at sea and the multiple possible migratory destinations of individuals
within the same maturity grouping (e.g. southern European MSW fish migrating ei-
ther to the Norwegian Sea only, or to the coasts of Greenland). This remained a con-
straint with regard to identifying the most appropriate environmental data sets, and
it was recognised that clarifying specific data requirements or making efforts to link
these with changes in biological characteristics would need to be refined once clear
hypotheses could be developed in relation to, for example, observed changes in spe-
cific stocks or stock complexes. This would be more appropriate once provisional
analyses had been completed and potential common patterns or trends identified.
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4.1

The Study Group reviewed summary information from the Baltic Salmon Working
Group and information available from a number of monitored stocks in the North
Atlantic that have time series of data on biological characteristics of salmon or on
changes in salmon abundance relative to environmental variables. These have loosely
been grouped into a series of case studies and are described below.

Biological characteristics of the River Bush salmon stock — UK (N. Ireland)

The River Bush salmon project provides a long term study of the biological character-
istics and stock recruitment dynamics of a typical whole river salmon stock from UK
(N. Ireland). The project is based around annual full-river trapping census of return-
ing adults and emigrating smolts at Bushmills in Co. Antrim. A range of biological
data is recorded from smolts and adults to locally defined methodology as outlined
below:

Smolts

Biological characteristics data: length, weight, (river) age, sex, run timing

Duration: 1973-2008
Quality: 400-800 samples yr-!
Adults

Biological characteristics data: length, weight, (total & sea) age, sex, run timing
Duration: 1973-2008
Quality: average 250 samples yr' (~14% of run)

The status of the population can be described through a number of potential mecha-
nisms. The adult trap return provides a consistent annual metric from the initiation of
the time series in 1973, but this can also be adjusted to provide an estimate of the total
return to the river through integration of recorded in-river mortality such as angling
exploitation. In addition, a coded wire tagging programme has been operational on
the river since 1985, which has facilitated the calculation of the total return to the
coast based around an annual screening programme of coastal commercial fisheries
and the application of a run reconstruction model (Crozier & Kennedy, 1994b). River
returns in the period 1980-1990 were significantly impacted by coastal commercial
fisheries (Figure 4.1.1), with exploitation rates up to 80% in some years. In taking
forward potential analysis of stock status in relation to biological and environmental
data, the measures used to describe stock status will be a vital consideration. For ex-
ample, while returns to the River Bush have been reasonably stable over the time se-
ries, there has been a very marked reduction in the overall returns to the coast (Figure
4.1.1). Such considerations will be particularly critical when groups of indicator rivers
are considered together; utilisation of a standard status metric will ensure a more
consistent, standard approach to any subsequent analysis.



42 |

ICES SGBICEPS REPORT 2009

9000

8000 A —=—wild adults to river
kA/ \ —A—total to coast

7000 \

6000 A

5000 \y/\\i

No. Salmon

4000 | " A N
ol Lo = JANYS s
1000 V \-=::-%§i

Fishery Year

Figure 4.1.1. Comparison of returns of 1SW salmon to the River Bush and run reconstruction es-
timates of total numbers of 1ISW salmon returning to the coast.

The river age of R. Bush smolts is determined from fish sampled at the downstream
juvenile trap and annual scale reading analysis. Two-year-old smolts are most com-
mon, although the age structure is quite variable from year to year. There is no obvi-
ous trend over the time series; however, based on a five-year moving average there is
a suggestion that the numbers of younger 1+ smolts may be increasing in the most
recent years (Figure 4.1.2).
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Figure 4.1.2. Percentage of 1+ smolts in annual wild smolt runs on the R. Bush, with 5 year moving
average.

The mean lengths and weights of R. Bush smolts vary over the time series, but with
little evidence of a discrete temporal trend. Figure 4.1.3 illustrates the mean annual
length of 1+ and 2+ smolts and indicates relative stability for this biological character-
istic between 1974 and 2008.

Previous work has indicated that the timing of smolt migration has shifted over the
period, with increasing numbers of fish migrating earlier in the year (Crozier & Ken-
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nedy, 2003). This has potential implications for subsequent survival, with some evi-
dence that years of lower marine survival occur when there is a higher thermal dis-
crepancy between river water and sea water at the time of the smolt migration.

17
16
15 +
14
< ~
o £
TS 13+
—
Length 1+
127 Length 2+
11 + 5 per. Mov. Avg. (Length 2+)
5 per. Mov. Avg. (Length 1+)
10%%%%%%%%‘TTTTTTTTTTTTTTTTTTT%%%%
» A S D O D e 2 N IS
A QA X" L B L QDY O D7 O Q" L
AR S R R S S
Year

Figure 4.1.3. Mean annual length of 1+ and 2+ wild smolts on the R. Bush, with 5 year moving
average.

The biological characteristics of adult salmon are collected from a representative
sample of fish examined from the R. Bush salmon trap. Initial examination of the
various characteristics across the time series has revealed several discrete trends in
the stock. The sea-age composition of the stock has varied between years, but with
1SW fish comprising an increasing proportion of the adult run over the time series
(Figure 4.1.4). In addition, the mean annual fork length of 1SW fish shows a signifi-
cant reduction over the time series; there is no evident trend for MSW fish (Figure
4.1.5).
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Figure 4.1.4. Proportional composition of total annual R. Bush wild salmon run according to sea-
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Figure 4.1.5. Mean annual length of 1SW, 2SW and previous spawners from the wild R. Bush
salmon run.

Biological characteristics of salmon from the River Dee, North Wales and
other monitored rivers in UK (England & Wales)

There are eight monitored rivers (Rivers Dee (Wales), Test, Itchen, Frome, Tamar,
Fowey, Lune and Kent) in UK (England & Wales) which report Returning Stock Es-
timates (RSEs) for salmon to ICES (Cefas & Environment Agency, 2008). Monitoring
programmes on most of these rivers are currently run by the Environment Agency -
with the exception of the Frome programme which is run by the Centre for Ecology
and Hydrology (CEH). [Separate ‘case study’ reports on two of these rivers — the Test
and Frome - follow.]

Four rivers (Rivers Dee (Wales), Tyne, Tamar and Lune) are also identified as moni-
tored ‘index’ rivers and are distinguished by having established or developing (par-
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tial) adult trapping programmes to collect biological information (e.g. on age, size,
sex, etc.) (Davidson, 2008). Collection of this type of information in UK (England &
Wales) is now almost entirely confined to these rivers but is needed in order to parti-
tion RSEs into age and year class components and gain better insight into the re-
sponse of populations to environmental change.

The above monitored/index rivers are spread around UK (England and Wales) and
are broadly representative of the main salmon and sea trout producing regions. The
group includes some of the leading ‘chalk’ rivers of southern England (e.g. Test,
Itchen, Frome) as well as the more usual ‘rain-fed’ rivers of the west and north. While
the monitoring programmes for individual rivers may differ in their detail, they share
a number of common objectives in terms of the information collected and its applica-
tion to management (Davidson, 2008).

Components of the River Dee programme

Partial adult trapping and the provision of RSEs (for sea trout as well as salmon) be-
gan on the Welsh Dee in 1991 at Chester Weir (a head-of-tide trapping site). This
makes the Welsh Dee programme the longest running of all the index river trapping
programmes. Unlike other monitored rivers where RSEs are based on resistivity fish
counts, those for the Welsh Dee are derived from mark-recapture and, for salmon at
least, rely on the support of anglers in reporting the capture of tagged fish. (This sup-
port is encouraged through the running of a logbook scheme and payment of tag re-
wards.)

Other elements of the Welsh Dee programme include:

o Net and rod fishery censuses to record catch, fishing effort, etc. On most of
the main salmon rivers in UK (England and Wales) fishery statistics have been col-
lected in a systematic manner since at least the 1970s (Russell et al., 1995). On the
Welsh Dee, records extend back to the early 1900s and include monthly and annual
figures on the numbers and weight of fish caught as well as data on fishing effort.
From the mid-1960s to the late 1980s, scales were sampled from Dee net caught
salmon for ageing purposes accompanied by information on the length and weight of
individual fish. Aside from some scale samples retained from the mid-1980s and in-
dividual fish records from around the same time, the resulting age and size composi-
tion data are now only available as monthly or annual summaries.

. Electrofishing (EF) surveys for juvenile salmon and trout. These are carried
out annually on the Welsh Dee — sampling 80+ sites using timed (5-minute) tech-
niques similar to those applied on the River Bush, N. Ireland (Crozier and Kennedy,
1994a). This provides information on spatial and temporal changes in abundance, age
and size composition. Additional annual and 6-yearly surveys - using more conven-
tional semi-quantitative EF methods - are undertaken on the Welsh Dee and most
other salmonid rivers in UK (England & Wales) as part of a national sampling pro-
gramme. In some cases, these build on historic data sets beginning in the 1970s.

. Partial trapping and Coded Wire Tagging (CWTagging) of salmon (and sea
trout) smolts to estimate smolt-to-adult return rates (Figure 4.2.1). Smolts are trapped
using Rotary Screw Traps deployed in spring on the lower main Dee and at a major
tributary site. This work, and a similar programme on the Tamar, is carried out in
collaboration with Cefas. On other monitored rivers — namely the Tyne, Test and
Frome — smolt trapping and tagging or (in the case of the latter) PIT tagging and
video methods, are used to estimate the size of the smolt run.
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Current status and historic trends

RSEs obtained on the Welsh Dee since 1992 indicate that numbers of returning
salmon have remained relatively stable over the last 17 years — averaging around
5,700 fish at Chester (post in-river net fisheries and pre- the rod fishery). Current
spawning stock levels are around 90% of the Conservation Limit.

1SW salmon comprise the majority of the run (~70%) with 2SW fish making up most
of the remainder. Since the 1960s, the Welsh Dee, like many rivers across the North
Atlantic, has seen a decline in overall catch — including a marked reduction in num-
bers of MSW salmon and particularly early run fish (Aprahamian et al., 2008).
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Figure 4.2.1. Return rates for CWTagged salmon and sea trout smolts on the Tamar and Welsh
Dee, smolt years 1993-2006. [Error bars indicate 95% confidence limits]

Size composition data from net and trap caught salmon (pre and post 1991, respec-
tively) indicate that the mean weight of 1SW fish has remained relatively stable over
the last 40 years (Figure 4.2.2). However, the size of 25W fish appears to have been
increasing from the mid-1980s to the end of the 1990s, but has declined subsequently.
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Figure 4.2.2. Geometric mean weights of 1SW and 2SW salmon on the Welsh Dee, June to August
1967-2006. [Error bars indicate 2 x SE.]
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Annuli measurements from historic and recent scale samples have been used to back-
calculate pre and post-smolt growth rates for salmon and explore the influence of
environmental factors (e.g. freshwater and marine temperatures) on the patterns ob-
served (Davidson and Hazlewood, 2005).

For example, growth rates among juvenile salmon on the Welsh Dee have been in-
creasing over the last 20-30 years. This increase corresponds to a decline in the mean
smolt age (judged from the scales of returning adults) — from ~2 years up to the late
1970s to around 1.6 years at present (most of this decline occurring over a decade or
s0). Similar changes in mean smolt age — in terms of timing and magnitude - have
also been observed on the neighbouring rivers Wye and Severn (Davidson et al., 2006;
Aprahamian et al., 2008).

The causes of these changes in salmon smolt age composition and freshwater growth
are the subject of ongoing investigations. These have focused on the role of increasing
water temperatures in promoting faster growth (Davidson et al., 2006), but have also
noted changes in other potential influencing factors e.g. nutrient enrichment (Apra-
hamian et al., 2008). The latter is known to have occurred in parts of the Dee catch-
ment due to intensification of agriculture. Aprahamian ef al. (2008) also explored links
between freshwater and marine age and growth in Dee salmon and survival, matura-
tion and fitness since the 1930s.

The influence of past and possible future temperature regimes (the latter linked to
climate change scenarios) on freshwater growth and survival have been explored at a
catchment level on the Welsh Dee and other rivers in UK (England & Wales) (David-
son et al., 2006) — applying the temperature-growth models of Elliott et al. (1995) and
Elliott and Hurley (1997). More recent investigations have applied the same tempera-
ture-growth models at a sub-catchment level to investigate growth variations in
populations of late summer salmon fry sampled over the last 15 years (see Figure
4.2.3).
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Figure 4.2.3. Observed and predicted mean lengths of salmon fry sampled from the middle
reaches of the main River Dee. [Error bars indicate min and max estimates.]

Future work

Much of the Environment Agency’s remit in terms of monitoring and managing mi-
gratory salmonids is concerned with in-river populations — whether juveniles or re-
turning adults. Developing a better understanding of the links between
environmental changes and the status and composition of stocks remains a priority —
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this includes environmental changes associated with global warming, pollution, etc.
Ongoing areas of work include:

. Further exploration on the Welsh River Dee of the past and possible future
role of temperature (and other factors) in promoting faster freshwater growth and
younger mean smolt ages in migratory salmonids. Assessing the implications of these
changes for pre-smolt and post-smolt survival, adult return and the age and size
composition of adult stocks, and what marine environmental effects might underpin
these.

. More detailed examination of patterns and trends in biological characteristics
within and between monitored river stocks and including assurance that related
characteristics measured at different life-stages provide consistent signals. Compiling
and comparing data sets from a number of rivers should aid understanding of geo-
graphical influences on the patterns observed and may provide clues as to the nature
of underlying effects.

J Parallel investigations into the responses of resident or migratory trout to
environmental change. Trout as resident fish or sea trout share common freshwater
and estuarine/inshore marine habitats with salmon for at least part of their life-cycles
and may prove valuable and possibly more sensitive indicators of the influence of
environmental changes on biological process — particularly at a local scale.

Biological characteristics of salmon from the River Frome — UK (England &

Wales)

The River Frome is at 50°N latitude. It is a chalk river and is representative of a group
of similar river systems on the south coast of England. These rivers are characterised
by stable flow and temperature regimes in comparison to upland rivers.

The long-term biological data have come from an adult salmon counter that has re-
corded hourly counts since 1973 and a collection of adult scales taken from angler
catches and electro-fishing surveys from the 1960s. The collection of scales ceased in
the mid-1990s when angling regulations restricted the season and anglers were en-
couraged to practice catch and release.

It is important to note the following:

e that the adult counts are generally difficult to split into age classes without
the benefit of information from scales and in many years the numbers of
collected scales are low.

e that the biological data derived from scales is from survivor information
and therefore reflects all the factors that affect survival at sea, in particular
any annual changes in size dependent mortality rate for smolts.

Adult returns measured by the adult counter fell heavily in the late 1980s early 1990s
(Figure 4.3.1). At the same time there was general shift in the population towards a
higher proportion of 1SW fish. 1SW fish decreased in size between 1965 and 1995,
whilst during the same period 2SW fish increased in size (Figure 4.3.2). The median
date of adult migration into the river has become later.



ICES SGBICEPS REPORT 2009

Gross Annual Adult Counts

6000 -

5000 ~

4000

3000 +

2000 A

1000

Figure 4.3.1. Gross annual counts of Atlantic salmon on the River Frome.
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Figure 4.3.2. Mean sizes of 1SW and 2SW adult salmon returning to the River Frome (Note: y-axis
is fork length in cm).

Using information derived from the scales of survivor adult returns to the river, the
mean size of smolts seemed to increase post 1985 (Figure 4.3.3). At the same time the
mean age of smolts declined, such that it is now close to 1 (Figure 4.3.4). Whilst, it is
not certain whether the mean size of smolts has actually increased or whether this is
simply the result of a change in the size dependent mortality rate, it is certain that the
mean age of smolts has declined to 1, as very few 2 year old smolts are now pro-

duced.
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Figure 4.3.3. Mean smolt length of adult salmon returning to the River Frome.
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Figure 4.3.4. Mean smolt age of adult salmon returning to the River Frome.

Similarly, from the survivor data, there seems to be a strong link between the size of
smolts and the number of years spent at sea. Small smolts have a lower probability of
being 1SW fish than large smolts. When this was separated into sexes, this relation-
ship appeared not to exist in males but was very strong in females (Figure 4.3.5).
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Figure 4.3.5. Percentage of smolt length classes returning as male and female adult 1SW fish in
River Frome Atlantic salmon.
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Biological characteristics of salmon from the River Test — UK (England &

Wales)

Background

The Test is another of the group of southern England chalk rivers. Two fish counters
and a smolt trapping programme form the basis of salmon stock monitoring on the
river and have been ongoing since 1990 and 1992 respectively. High quality catch re-
cords are available since 1928 for some rod fisheries and for all major rod fisheries
since 1952. Quality assured daily flow records are available for the lower river almost
continuously since 1952.

No significant commercial fisheries have operated on the River Test for over fifty
years. Rod exploitation rates were generally of the order 25-35% in the early 1990s
when most fish caught were killed. Following the introduction of broodstock collec-
tion programmes from rod captures in the late 1990s all fisheries adopted a voluntary
catch and release policy. Catch and release rates increased steadily until around 2001
when near 100% was achieved. This has continued to the present with only one or
two fish a year being reported taken or which fail to recover on release.

There has been a marked shift in the age structure of the River Test salmon popula-
tion from one dominated by MSW fish during the 1950s to one dominated by 1SW
fish. Growth rates of the juveniles are known to be some of the fastest in the UK with
over 90% of juveniles smoltifying at one year old.

In addition to the river discharge and salmon stock metrics available, a considerable
amount of water temperature, suspended solids and other water quality data are
available for almost a thirty year period. This dataset has enabled analysis of spawn-
ing success over the past eighteen years and may enable further evaluation over a
thirty year span.

Spawning Success

Recent trends in egg deposition have indicated a steady increase in the percentage
compliance based on a three year average (Figure 4.4.1).
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Figure 4.4.1. Trends in salmon egg deposition
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It is notable that there have been marked contrasts in river discharge since the winter
of 2000/1. The summers of 2003, 2005 and 2006 were characterised by unusually low
discharge and high water temperatures. The summers of 2001, 2007 and 2008 have
been characterised by unusually high discharge and low water temperatures.

In general the most seaward fisheries have done well since high rates of catch and
release have been the norm. In years of low discharge the upper fisheries have not
caught well and, by contrast, in years of high summer discharge the upper fisheries
have experienced favourable catches.

Comparison of spawners with smolt output showed no relationship (p = 0.945; Figure
4.4.2) indicating that other environmental factors operating between spawning and
smoltification may be influencing (obscuring) the stock-recruitment relationship.
Comparison of a standardised measure of spawning success, smolts per spawner,
with river discharge during incubation however indicated a negative trend with in-
creasing river discharge (Figure 4.4.3).
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Figure 4.4.2. Stock Recruitment data for River Test
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Figure 4.4.3. River discharge and spawning success

It was notable that the slope of the relationship between smolts per spawner and
river discharge during incubation was negative, with moderate to high discharge
leading to poor spawning success. There was some evidence that the relationship
might be non-linear. Studies by Dr David Sear on the River Test and other local chalk
streams suggested that the mechanism behind this observation involved the mobility
of sediment during incubation. In short, during periods of low discharge although
there may be a great deal of latent sediment in the river system very little was moved
within the river and this could therefore not infiltrate a recently created redd. In con-
trast, during periods of moderate to high flow there was sufficient sediment mobility
to infiltrate the redd and therefore compete for oxygen with salmonid eggs.

To investigate this hypothesis historic suspended solids and river discharge data
were used to estimate the sediment transported for each season; incubation, summer
and autumn. The relationship observed for the sediment transported during the in-
cubation season was most striking and indicated an almost step like cap on spawning
success if the sediment transported exceeded 200 t per season (Figure 4.4.4). Below
200 t and the spawning success could range from 5 to 22 smolts per spawner. Above
200 t and the spawning success only exceeded 5 smolts/spawner in one year (~7
smolts/spawner).

It was also hypothesized that water temperature during incubation might influence
spawning success because average water temperatures were often close to the ther-
mal limit for Atlantic salmon eggs. Winter water temperatures have been observed to
rise faster than summer temperatures over the last thirty years (daily records from
the adjacent River Itchen). No significant relationships were found between water
temperature (max and mean) and spawning success either for the whole dataset or
either the group above or below the 200 t sediment transported threshold.

Examination of the long term trends in suspended solids show a steady decline in
suspended solids concentration over the last thirty years both in the upper and lower
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catchments giving some cause for optimism. This equates to an average reduction in
suspended sediment concentrations of approximately 20~25%. It should however be
remembered that it is the mobility of this sediment that is the important factor and
the high variability in spring discharge since the late 1980s suggests that this feature
will continue to dominate the population dynamics of the River Test for the foresee-
able future.

In summary, the environmental impact of diffuse pollution on the salmon population
of the River Test appears to be substantial indicating a link between stock status and
environmental factors operating in freshwater. These effects have been measured on
a catchment scale and have implications for the management of salmon on this river
as well as for the interpretation of stock recruitment data in general. Similar effects
are likely to exist on other rivers.

Spawning years 1992-2006

25.0

g o

2201 °°

2 e

1))

4]

% 150 g

=)

@ °

g 100 -

g0, o

g °

2 °

z 501 o ©

2 e, o® °
0.0 T T T T T

0 200 400 600 800 1000 1200 1400
Susp Solids Load (T/season)

Figure 4.4.4. Spawning success and suspended solids load

Evidence for later age at maturity in Norwegian salmon stocks in recent
years

There is much evidence for historic fluctuations in the age at maturity of Atlantic
salmon. In the 1990s, there appeared to be a decrease in the age at maturity in many
stocks. For example, the proportion of 1SW salmon has increased in North American
stocks over the period 1970-1991 (Ritter, 1993), and in five UK rivers there was an
increase in the 1SW proportion from 1930-1950 until ca. 1990 (Turrell & Shelton,
1993). However, analysis of longer time periods indicates that the 1SW proportion in
salmon populations has also been high in earlier periods (Turrell & Shelton, 1993;
Summers, 1995).

Common patterns in the proportions of 1SW fish indicate that similar forces may af-
fect the timing of maturation over a wide geographic range. Experiments have shown
that the age at maturity of salmon can be influenced by both genetic (Thorpe et al.,
1983; Gjerde, 1984) and other factors — for example, large smolt size may increase the
chance of maturation after one year in the sea (Skilbrei, 1989).

Analysis of the pre-fishery-abundance (PFA) of Norwegian salmon stocks indicates a
significant positive relationship between the number of 1ISW salmon in one year and
the number of 2SW salmon in the following year (Hansen et al., in prep). The regres-



ICES SGBICEPS REPORT 2009

4.6

sion between PFA for 1SW salmon in year n and PFA of 25SW salmon in year n+l
shows positive residuals in the more recent years in three regions in Norway (Figure
4.5.1), suggesting that more salmon return as 2SW fish than expected from the num-
ber of 1SW fish the previous year.
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Figure 4.5.1. Unstandardised residuals from the regressions of PFA of 1SW salmon in year n and
2SW salmon in year n+1 in three Norwegian regions.

The 1SW component is typically male-dominated, and if there is a tendency for later
maturity one would expect an increase in the male proportion among 25W salmon.
The apparent later age at maturity might be explained both by more salmon delaying
age at maturity, or by survival in the second year at sea having increased relative to
survival in the first year at sea. If the first hypothesis is true one might expect an in-
crease in the proportion of male salmon among the returning 25W fish, whereas the
sex ratio among 2SW fish is more likely to be unchanged if the second hypothesis is
more valid.

Baltic Sea — changes in post-smolt survival and the factors affecting it

The Study Group reviewed information on post-smolt survival arising from the work
of the Baltic Salmon and Trout Assessment Working Group (WGBAST). WGBAST
initiated preliminary analyses during their 2008 meeting to evaluate the possible rea-
sons for the low at-sea survival of salmon stocks in the Baltic Sea. Further details are
available in the working group report (ICES, 2008b), and work will continue during
the WGBAST meeting in 2009.

Background

The post-smolt survival of salmon in the Baltic Sea is believed to have decreased in
recent years, both for wild and hatchery-reared smolts (ICES, 2008b). According to
post-smolt survival estimates generated from the assessment model, this decline
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started in the mid 1990s and has continued since then. The reasons behind the ob-
served decline are unclear, but at least two main hypotheses have been discussed.

e The “ecosystem hypothesis” states that changes in the Baltic Sea ecosystem
have negatively affected salmon post-smolt survival rates by, for example
changes in prey species abundances and increased competition or preda-
tion from other species. The Baltic Sea has undergone pronounced changes
in the last two decades, characterised by several regime shifts in species
composition (ICES, 2007). Climate changes affecting salinity, oxygen levels
and temperature are believed to be the main drivers of this process, but
fisheries and eutrophication also have impacts on the observed changes.

e The “smolt quality hypothesis” states that the increased mortality among
hatchery-reared smolts is due to changed hatchery practices. The latter
have been subject to continual improvements — for example, higher fat and
energy contents of the feed, in combination with favourable river tempera-
tures especially in autumn, have resulted in improved growth rates in
hatcheries and increasingly large smolts. There is a general concern that
the large size of reared smolts may have negative fitness consequences in
the wild.

Preliminary analyses

Different estimates of survival were used in analyses as response variables, including
post-smolt survival rates derived from the WGBAST assessment model, Carlin-tag
recapture rates for Swedish hatchery stocks (see Section 4.7), and a more direct esti-
mate of survival for two Swedish wild populations that was based on the relation
between river production (parr densities) and the subsequent number of returning
spawners.

Data on potential explanatory variables characterising the Baltic Sea ecosystem and
the smolt hatcheries were collected from different data sources, including other ICES
working groups which kindly agreed to let WGBAST have access to their data. In
total, data on 102 predictor variables were obtained, including abundances of seal,
cod, herring, sprat, phytoplankton and zooplankton, and salmon smolts. Information
from hatcheries, and data on temperatures and salinity in different parts of the Baltic,
were also included as predictor variables.

Initial analyses of single predictor variables were carried out using both traditional
and Bayesian statistical methods. The working group then formulated more precise
hypotheses focusing on factors that were judged, based on initial analyses, to be po-
tentially important in describing variation in salmon sea survival. These hypotheses
were tested using multivariate statistical procedures. It is important to note that sig-
nificant associations do not necessarily indicate causal relationships between re-
sponse and predictor variables.

Initial analyses showed that salmon survival was negatively correlated with seal
abundance, indicating that predation by seals on salmon post-smolts (or older
salmon) might be worth studying further. There was also a negative association be-
tween salmon survival and total smolt production (including both wild and hatchery
smolts) in the Baltic Sea, suggesting that mortality at sea may be density dependent at
some life stage. These results were further supported by the findings that the salmon
survival index for two large Swedish populations correlated negatively with parr
densities in these rivers, which may indicate density-dependence in the river and/or
the sea. In addition, salmon survival correlated positively with herring abundance
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and recruitment, indicating that herring may be an important, but limiting, food
source affecting performance of salmon at sea.

Preliminary tests of hypotheses using multivariate analyses

WGBAST agreed on the following more specific hypotheses for testing with more
refined multivariate analyses:

e Competition hypothesis: In this analysis, the idea was to test if intra-
specific competition for food is important in explaining variation in post-
smolt survival. In this case the survival of smolts would decrease when the
smolt abundance increases.

¢ Food availability hypothesis: Young herring are considered important prey
for young salmon in the Baltic Sea. Therefore, increased recruitment of 0+
herring in the smolt year should lead to higher survival if herring abun-
dance is a limiting factor. This hypothesis is strongly connected to the
competition hypothesis above. If herring recruitment directly affects post-
smolt survival, then by definition, at-sea survival is density-dependent and
should be affected by smolt production in rivers and hatcheries.

e Seal predation hypothesis: If salmon smolts are subject to substantial seal
predation, then the increase in number of seals along the migration path of
post-smolts should coincide with lower survival. If such a pattern is re-
vealed, the predation hypothesis remains possible, but is not necessarily
more likely than other hypotheses that might lead to similar predictions.

e Smolt quality hypothesis: This hypothesis is relevant only for hatchery-
reared smolts and states that the increased mortality is due to changed
practices in hatcheries. Pre-release factors suggested to be important in-
clude size, condition factor and fin damage.

These hypotheses are not mutually exclusive, i.e. all of them can be true at the same
time. In order to analyse the relative credibility of the possible combinations of the
first three hypotheses, a Bayesian approach was used to calculate the posterior prob-
ability for each combination. In addition to these biological hypotheses, there is un-
certainty about whether post-smolt by-catch from pelagic trawling in the Bothnian
Sea may decrease the survival of smolts. Consequently, each combination of biologi-
cal hypotheses was analysed with and without such an assumption. The first three
hypotheses were tested using recapture rates of hatchery-reared smolts from Swed-
ish, Finnish and Latvian hatchery stocks as a response variable and the abundance of
smolts, seals and herring recruitment as biological predictors. In addition, fishing
effort in coastal and offshore fisheries was used in order to remove its effect on the
tag return rate.

The model which included only the seal counts was assigned the highest probability
(>0.4) as a predictor (Table 4.6.1). Models including estimated smolt abundance were
assigned small probability compared to other combinations. One explanation for this
might be that the competition and the food availability hypotheses are strongly con-
nected, although these were analysed separately in this investigation. These two hy-
potheses should be combined in future analyses. A model with no predictors is
equally likely with a model including seal counts and herring recruitment.

The smolt quality hypothesis was tested by including information on smolt size and
condition factor, and was tested for two rivers separately, Luledlven and Umealven.
Multiple regressions, using tag-recapture rates from these rivers, total fishing effort in
the Baltic Sea, and information on smolt length were used to test the effects of smolt
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length on survival rates at sea. No significant effects of smolt length were observed
for these rivers.

Relatively little data were available in relation to smolt condition factor, only cover-
ing the years 1998 to 2005. In analyses including total effort and smolt condition as
predictor variables, no significant effects of condition factor (Fulton’s index) were
observed on tag recapture rate for these two populations. However, because of the
low statistical power in these analyses, results should be viewed with caution.

Table 4.6.1. Explored combinations of potential covariates for tag return rate (survival index). Left
column shows the probability of the combination of covariates. An empty cell indicates that the
covariate is not included. “+” denotes a positive association an indicates a negative associa-

“_r

tion.
Covariates

P (combination) Smolts Seals Herring Trawl
0.446 -
0.15
0.144 - +
0.088 - -
0.036 - + -
0.035 - -
0.025 -
0.02 -
0.017 - - + -
0.006 - - -
0.005 +
0.005 - - + -
0.004 - -
0.001 - +
0.001 - + -
0 +

Conclusions

Marine survival of post-smolts has varied with rather strong year effects across a
range of stocks, suggesting that common factors are affecting all stocks in the same
way. This supports a view that important causes behind the variation are Baltic-wide
changes in environment or factors acting in the main feeding area. However, the
variation between stocks is approximately equal to variation within stocks, which
means that stock specific covariates (related to estuaries for example) should also be
analysed further.

Results from preliminary analyses indicated that survival of post-smolts in the Baltic
Sea may be density-dependent. Several survival indices were negatively correlated
with the total production of wild and hatchery-reared smolts in the Baltic. Salmon
survival also correlated positively with herring recruitment. Together, these results
highlight the possible influences of ecosystem changes in the Baltic Sea because, fol-
lowing the logic of the competition/food availability hypotheses, changes in the eco-
system could potentially affect the sea carrying capacity for salmon, which may vary
between years. Density-dependence at sea, combined with different carrying capaci-
ties in rivers, could lead to opposite developments in river stocks — while some in-
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crease, others decrease. This may have implications for sensible management objec-
tives and how to achieve them.

The results suggest that seals may affect survival of salmon. However, the available
information on grey seal food preferences is limited, and much more information on
seal ecology is necessary to evaluate these relationships. Further questions to explore
include: 1) to what extent are seals feeding on smolts, post-smolts or larger salmon?
2) Is survival higher for stocks that are less exposed to seals? These require improved
information on post-smolt migration routes and the spatial distribution of seals in
spring and summer months.

With regard to the effects of rearing conditions on post-smolt survival rates, the
available data are very limited, making it difficult to draw any general conclusions.
There was no direct evidence for a negative association between body length of
reared smolts and their survival at sea. However, more detailed studies of these rela-
tionships are necessary, including possible non-linear associations between these
variables. Some further information on the effect of smolt condition on survival rates
is included in the next section.

WGBAST recognised that future work on salmon survival rates in the Baltic should
preferably include data on the biological characteristics of salmon stocks that may be
associated with changes in sea survival, for example time series on growth, somatic
condition and age composition of returning spawners. Such information would be
valuable when formulating hypotheses and would also be important in identifying
causal relationships between response and predictor variables.

Baltic Sea - review of Swedish tagging experiments and implications for
estimating post-smolt survival

Following the construction of hydro-electric power plants in Sweden about a century
ago, hatcheries were established to compensate for the loss of salmon (and sea trout)
due to dam construction. The main objective at the outset was to produce fish for
fisheries, although conservation has become an important goal more recently. In or-
der to evaluate the success of the hatchery releases, a smolt tag was developed by
Borje Carlin. This tag has been used in Sweden for the last 60 years in order to evalu-
ate hatchery releases and is still in use today (Figure 4.7.1).

Figure 4.7.1. Carlin tags

The Study Group reviewed the information from a number of long-term Swedish
tagging experiments carried out in the Baltic:

Data set | — This incorporates information from a number of tagging investigations
and includes recoveries from commercial fishermen, anglers and hatcheries with de-
tails about the recapture site, and length, weight and the sex of the fish. This informa-
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tion is now compiled in an Access database and contains in excess of 250,000 recap-
tures, most of them from Swedish rivers entering the Baltic Sea.

Data set Il - For some tagging experiments conducted at the hatchery in Alvkarleby
on the River Dalédlven (60°38'35” N, 17°26’47” E) information on the condition of the
tagged fish (marks, etc.) were recorded prior to release. These tagging details have
been merged with the recapture details, so it is now possible to examine recapture
information in relation to smolt condition. The data set contains 53,851 tagged fish of
which 3,907 (7.26 %) were recaptured. Analysis of these data were split between three
different recapture sites: Baltic Sea (where most of the fish were caught by commer-
cial fishery), river (an 8km stretch of the river from the mouth to Alvkarleby, where
most of the fish were caught by anglers), and hatchery (Figure 4.7.2).

Data set Il — In some years wild smolts have also been caught and tagged on the
River Dalalven allowing direct comparison of the recapture rate of wild and hatchery
fish from the same strain.

Figure 4.7.2. Alvkarleby and River Dalilven. P = Hydroelectric power plant; H = adult salmon
trap. The red line indicates the migration route of salmon and sea trout (also used before the con-
struction of the power plant). Broodstock have been caught with different types of nets along this
migration route, although angling is not allowed.

Results and discussion

Data set |

For all seven rivers in data set I with sufficient data for comprehensive analysis, the
recapture rate has declined since the 1950s (linear regression: slope=-0.00128; {=68.09,
p=0.0389) (Figure 4.7.3). Recapture rates for some tagging experiments were very
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high. The reasons for this are unclear, but may reflect occasional large numbers of
recaptures in herring nets.
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Figure 4.7.3. Recaptures of salmon tagged as smolts for seven rivers along the Swedish east coast.

Data set Il

Recapture rates at different types of sites

The recapture rates of salmon have varied markedly between recapture sites, with
the recapture rate of salmon in the Baltic Sea having decreased more than that for the
hatchery trap and the river catches (Figure 4.7.4). The steeper decline in the Baltic Sea
is not only due to increased mortality and changes in the Baltic Sea environment.
There have been changes also in the commercial fishery, with a particular reduction
in the use of drift nets. In addition, it is understood that the willingness of the fisher-
men to return tags has diminished in more recent years; interviews have confirmed
that some fishermen do not return tags. In the river (anglers) and the hatchery trap
the decrease in recapture tae is less dramatic and tag return rates and fishing pressure
have remained reasonably consistent. Nevertheless, tag recapture rates have de-
creased significantly in all three recovery sites (Table 4.7.1).
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Figure 4.7.4. Recapture rate of salmon from the Baltic Sea, River Daldlven and hatchery trap. Only
salmon tagged at the hatchery in Alvkarleby are included in this analysis.

Table 4.7.1. Changes in recapture rates over the last five decades for salmon tagged on the River
Dalédlven. The number of tagging experiments differ between experiments because some of those
having very low recapture rates in the Baltic resulted in no returns in the river or in the hatchery.

Salmon No. tagging Intercept Slope R-square  F-value P
recaptured experiments

in/at

Baltic Sea 127 6.30 -0.00314 0.399 82.86 <0.001
River 85 0.89 -0.000447  0.246 27.04 <0.001
Hatchery 69 0.26 -0.000126  0.068 4.89 0.0304

Recapture rates due to fish condition at tagging

Various categories of damage to the fish were recorded for some tagged batches;
these were not noted in all years. These ‘injuries’ to the fish included: fin erosion,
and/or damage/abnormalities to the operculum (gill cover), lower jaw and eyes (sus-
pected blindness in one eye). Damage to paired structures (gill covers, pelvic and
pectorial fins) were mostly not separated between left and right side, meaning that
one or both sides could be injured. The level of fin erosion could vary from a small
but visible wound to a totally eroded fin, but differing levels of severity were not in-
cluded in the analysis. Overall, the frequency of occurrence of different ‘injuries’ was:
dorsal fin 58.3 % of all tagged fish, caudal fin 2.6 %, pectoral fins 2.1 %, gill covers 1.7
%, pelvic fins 1.6 %, eye 0.17 %, and lower jaw 0.02 %.
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The fish were categorised as in Table 4.7.3; release year, release date (Julian date) and
length of fish at tagging were included as continuous variables. The data were first
analysed with PROC LOGISTIC (SAS statistical software) in order to investigate the
overall effect of the independent variables. The categories of injury indicated an
overall difference in recapture rate; length at release, day and year of release also in-
fluenced recapture rate (Table 4.7.2).

Thereafter the data were analysed with PROC GENMOD (SAS statistical software),
assuming binary response of recapture, in order to calculate least-square means for
the categories and the differences between them. Fish with injuries to the dorsal fin
were affected less than fish with other injuries.

Table 4.7.2. Logistic regression (response variable = recapture; 0 = not being recaptured, 1 = recap-

tured).
Effect d.f. Wald Chi- p
square
Fish injury category 3 42.25 <0.001
Release year 1 1765.0 <0.001
Release day 1 40.86 <0.001
Length at tagging 1 320.45 <0.001

Table 4.7.3. Least-square means (and standard error; see text for more information) for the wound
categories. Means denoted with the same letter are not significantly different at the 0.05-level.

Fish injury category Estimate Standard
(mean) error
Healthy (no injuries) 0.0604° 0.0299
Just dorsal fin injured 0.0592° 0.0264
Other fins injured 0.03582 0.1070
Dorsal fin and other fins injured 0.03922 0.0977
Data set Il

Recapture rates of wild smolts were higher, on average, than recapture rates for
hatchery fish from the River Dalédlven (Figure 4.7.5). There was no significant correla-
tion between the recapture rates of wild and hatchery fish, even though these origi-
nated from the same river (p=0.435).
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Figure 4.7.5. Recapture rates of wild and hatchery produced salmon in River Daldlven.

Conclusions

1. The results from tagging experiments need to be interpreted with caution
and should take account of changes in fishing pressure, the willingness
among different categories of fishermen to return tags and the type of recap-
ture site.

2. Recapture rates for hatchery-reared smolts on many rivers have typically
been lower than those for wild fish, indicating that hatchery fish have lower
post-smolt survival. The injuries (fin damage, etc.) observed in many hatcher-
ies might be one explanation for this, although not the only one.

3. Hatchery fish possess many characteristics which make them different from
wild fish. Therefore comparison should be done with great caution.

Fecundity of Penobscot River broodstock

Information on long-term changes in broodstock fecundity for the Penobscot River
(USA) was made available to the Study Group. This had been compiled as part of the
task to identify life history characteristics that may have changed in response to
changes in ocean survival. The available evidence indicated a decline in average fe-
cundity (eggs/female) from the 1870s to 1921, and stable or increasing fecundity since
a stock recovery programme commenced on the river in the 1960s (Figure 4.8.1).

Data on individual female fecundity were also compared. Data on individual female
size (length) and eggs spawned were located for 1872, one of the first years that Craig
Brook National Fish Hatchery (CBNFH) was in operation (Atkins 1873), and for 2002
and 2003 (Wilkie, 2006, unpublished data). No broodstock were collected on the Pe-
nobscot River from 1963 to 1966. However, during this period the fecundity of fe-
males from the Rivers Narraguagus and Machias was reported (Baum and Meister,
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1971). Juveniles reared from these two stocks were used in the restoration pro-

gramme on the Penobscot from 1963 to 1966 (Baum 1997),

and are likely to represent

the origins of the current Penobscot stock. These published fecundity relationships

were therefore included in the comparison (Figure 4.8.2).

Although spawning meth-

ods varied among the years, the slopes of the length fecundity regressions differed
(ANCOVA p<0.05) between 1872 and 2002-2003. In addition, the length fecundity
regression for Machias and Narraguagus River salmon was similar to that deter-

mined in 1872.
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Figure 4.8.1. Average fecundity (eggs/female) based on total eggs produced and number of fe-

males spawned at Craig Brook National Fish Hatchery from 1871
States Atlantic Salmon Assessment Committee database.
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Figure 4.8.2. Fecundity of individual females measured by Wilkie (2002 & 2003) and Atkins (1872),
and output of the regression from Baum and Meister (1963-1966) for broodstock from the Narra-
guagus and Machias rivers used to begin restoration of the Penobscot River.

The differences observed could be due to domestication (Heath et al., 2003), freshwa-

ter growth rate (Jonsson et al., 1996, Thorpe et al., 1984), or

the age composition of the
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samples (Randall, 1989). It is thought that the age of the salmon sampled very likely
affected the results and this is subject to ongoing investigation.

Exploratory analyses

The Study Group completed a number of exploratory analyses using the biological
characteristics data sets described in Section 3.2.

Condition Factors — considerations in their application and use

For decades, fisheries biologists have used a range of simple statistical indices to
measure and compare the “quality” of individual fish within a given population, and
to express their size and “plumpness” as some form of condition index or condition
factor. These various indices all are based on relationships between the observed
weight of the fish and its observed length. Within any given fish species or popula-
tion, a long, “thin” fish will have a low condition index and a short plump fish will
have a high index. Marshall et al. (2004) have reviewed much of the recent literature
pertaining to the range of condition indices available. Fulton’s K is given by
(W*1000/L3) x 100000, where W is the weight in kg and L the fork length in cm, and
has been widely applied in fisheries biology. Its attraction is its very simplicity: it re-
quires no “prior knowledge” of the weight-length relationship and can be calculated
for any fish for which weight and length are known. Its problem also is its very sim-
plicity, in that it assumes that fish grow isometrically according to the length cubed.
If the actual weight-length allometry of a particular species, or series of populations,
is >3 then K tends to increase with length. For exponents <3, K tends to decrease with
length. A considerable recent literature has accumulated on attempts to circumvent
these difficulties and, as reviewed by Blackwell et al. (2000) and outlined below, per-
haps the most appropriate means of assessing variation in fish condition is to calcu-
late the relative mass index, Wk.

The relative mass index, Wr, appears to be the most useful condition factor for appli-
cation in ecological studies of fish. In their comprehensive review of the computation
and application of the most commonly used condition indices, Blackwell et al. (2000)
affirmed that Wk may well provide a beneficial fisheries management tool in its use
as a surrogate for body condition, biochemical reserves and overall fish health. They
emphasised the importance of assessing the data for length-dependence prior to
computation of a population mean Wr. Certainly, from inspection of regression re-
siduals, one can readily ascertain if there is a systematic pattern to the departures of
individual fish from the predicted weight (Ws) equation (see below) for fish of par-
ticular length. For example, if the length-related pattern of Ws decreases (or in-
creases) and then increases (or decreases) due to intermediate-sized fish being of
markedly lower (or higher) observed weight for their length, then Wr should not be
used (Blackwell et al., 2000). However, the problem still remains of distinguishing
mathematical length-dependence — such as a consistent increase (or decrease) in Wr
with length — from ecologically real increases (or decreases) in condition of longer
and perhaps older fish. It is certainly plausible that larger fish might well have very
different prey preferences and be plumper for their length than smaller fish. Not-
withstanding the interpretational complexities presented by length-dependence, per-
haps the greatest advantage of Wk is that by calculating the standard weight/length
equation for Ws by means of the regression line percentile (RLP) method (see below),
mathematical length-dependence can be effectively eliminated (Blackwell et al., 2000).
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Wr for individual fish is computed as the ratio between the observed weight (W) and
the standard (that is, predicted) weight (Ws) for a fish of that length. Ws is estimated
from a single regression model derived from multiple populations or samples. In
treating each population separately, weight-length (log transformed) regressions are
calculated for each population and back-transformed weights are then estimated for
each cm grouping for the separate populations. The 75t percentiles across all popula-
tions for each cm grouping are then determined and these are converted to loga-
rithms and regressed on the logarithm of each cm grouping. This final regression
provides the Ws line for predicting weight of any individual fish from its known
length. Wk then is simply the ratio of W to Ws.

Problems with W,

In recognizing the problem of length-dependence of Fulton’s K when the allometric
exponent departs from the assumed value of 3, Jones et al. (1999) proposed a new in-
dex (M = BL?H) which is based on measurements of body length (L) and height (H)
(i.e. depth of the body measured at the anterior insertion of the dorsal fin) and in-
cludes the parameter B, which is derived by regression. B is estimated from the linear
regression of M on L?H. In testing their model with empirical data on Chinook
salmon they could clearly show a better prediction of individual fish mass when us-
ing M than by using Fulton’s K. The problem with applying their method is that
salmon biologists typically measure only fork length and weight and therefore this
index cannot be applied to contemporary data sets or historical time series. Sutton et
al. (2000) also emphasised the shortcomings of condition indices based on isometric
assumptions. Their focus of interest was on lipid reserves of Atlantic salmon parr and
although they review a number of studies which indicate a high correlation between
somatic condition and lipid content, they found that Fulton’s index was only a poor
correlate.

Condition factor also can change seasonally within a population, and Hansen & Nate
(2005) addressed this specific problem for walleye in Wisconsin, USA. They found
Wr to be highest in spring, lowest in early summer and intermediate in late sum-
mer/autumn and that for spring/early summer samples Wr was not an especially
good predictor of condition. They accordingly proposed a new relative mass index
which allowed incorporation of a seasonal adjustment factor.

Neff & Cargnelli (2004) compared four indices of condition factor for bluegill sunfish
and found all to be highly correlated with one another, though only Wr and K corre-
lated with observations of non-polar lipid density for individual fish. Their conclu-
sion was that K was a good predictor of individual energetic state and overall quality
during the breeding period.

Application of Condition Factors to recent studies of adult Atlantic salmon

Todd et al. (2008) investigated two independent time series (1993-2006) of 1SW
salmon captured in Scottish net fisheries. The River North Esk is an estuarine seine
net fishery and comprises fish that have mainly originated from the River North Esk.
Strathy Point is a mixed stock bag-net fishery; tagging studies have shown that these
nets exploit fish destined for rivers on the east, north and west coasts of Scotland and
occasionally also Ireland. To circumvent the potential problem of length-dependence
of condition indices, Todd et al. (2008) expressed the condition of each year-class
(adult return year) of these salmon as the predicted weight (PWt) at standard length.
Year classes of lower PWt are of poorer somatic condition. For the two time series,
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the mean lengths of 1SW fish sampled over the study period were 58 cm (River North
Esk) and 60 cm (Strathy Point).

Todd et al. (2008) recorded very similar results for the two time series (Figure 5.1.1).
Both showed PWt peaking in 1997 but then declining steadily and precipitously to
2006. Subsequent monitoring in 2007 and 2008 indicate that condition factor has sta-
bilized, or perhaps even risen slightly, above the 2006 nadir. PWt correlates very
strongly with Wr: for Strathy Point (1993-2006) the correlation between PWt and
mean Wk for the 14 year classes yielded a coefficient of 0.997 (p<<0.001). Clearly, ei-
ther of year class PWt or mean Wr provide the same measure of average salmon con-
dition factor. From these time series of PWt, and by utilizing the OISSTv2 dataset,
correlations were drawn with de-trended residuals of sea surface temperature (SST)
anomalies in the Norwegian Sea during the midwinter months prior to migratory
return of these 1SW fish (Figure 5.1.1). The conclusion drawn was that recent warm-
ing of the North Atlantic had indirectly led to a decline in feeding conditions for
these southern European 1SW salmon. It was suggested that in recent years, some
1SW salmon appear to have been effectively starving during their last few months at
sea and were apparently catabolising their energy reserves before even re-entering
freshwater to spawn.
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Figure 5.1.1. A. Predicted weight (PWt) £95% CI at standard length (SL) for adult 1SW Atlantic
salmon. B. Example mean monthly SST anomalies (OISST v2) for the eastern North Atlantic
Ocean, calculated with a weighting kernel of o = 500km and centred on 64.5°N 4.5°E in the Nor-
wegian Sea. For all time-series, weighted running means (o = 1 year) were used to de-trend the
data.
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Further analyses of individual fish were undertaken and total lipids extracted. Since
PWt can be computed only for an entire year class (or population), Todd et al. (2008)
applied the relative mass index, W, in determining condition factor for individual
fish of known (laboratory-extracted) lipid reserves. They showed that the relation-
ship between condition factor and lipid content was sigmoid, and that poor condition
fish in 2006 were returning as much as 30% underweight and yet with lipid reserves
depleted by as much as 80% compared to a full condition individual. Such reduc-
tions in condition and lipid reserves will have marked influences on individual sur-
vivorship and fecundity. Moreover, as well as probably producing fewer eggs, it is
likely that poor condition females will produce smaller or poorer quality offspring.

Subsequent analyses of lipid reserves and fatmeter monitoring (www.distell.com) of
large samples of fish from Strathy Point in 2007 and two other net fisheries on the
north coast of Scotland in 2008 have shown that the relationship between body condi-
tion and lipid reserves is not consistent among years. 2006 was the year of “skinny
1SW fish” from a number of locations in the British Isles, and lipid reserves at a given
condition factor were lower in 2006 than in 2005 and 2007, despite Wr being closely
similar for the three years. Clearly, therefore, it will not prove possible to hindcast
lipid reserves for time series of observations based on length and weight alone. Con-
dition factor can be calculated for these time series but in the absence of empirical

observations no retrospective statements can be made concerning past lipid reserves.
Future assessments of year-class variations in lipid reserves must be based upon con-
tinuing monitoring of commercial catches by means of fatmeter interrogations.

Future applications of condition factor analysis

The Study Group recognised that ecologically informative data pertaining to the
health of wild salmon stocks and their performance at sea can be readily derived
from time series analysis of condition factor variation, as apparent from Todd et al.
(2008). It is important to emphasize here that measures of condition factor can be
made that are independent of assessments of stock or population abundances. As
long as population samples are representative of the maturity grouping(s), are sea-
sonally defined and suitably large, then considerable insight can potentially be
gained into the indirect effects of ocean climate change and regime shifts in plankton
distributions and prey availability from analyses of condition factor. The concordance
in temporal pattern for the two time series investigated by Todd et al. (2008) affirmed
that the causal factor(s) is(are) attributable to the oceanic environment, and not a
manifestation of freshwater conditions. Further, data such as these can be obtained
and interpreted independently of any assessment of mortality rates. Todd et al. (2008)
also found that condition factor was effectively “set” for the whole year class of 1SW
salmon: condition factor did not change significantly during the June-August netting
season. Therefore, even temporally constrained samples can provide informative and
reliable data.

In taking forward possible analyses of condition factor, the Study Group recognised
that a number of factors might need to be borne in mind:

¢ Analyses should be confined to net fisheries in near-shore or estuarine
conditions. Rod caught fish are likely to be of limited value because of the
difficulty in assessing how long fish have been in the river, during which
time they will have been losing weight, declining in condition and catabo-
lising reserves.
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e The need for consistency and accuracy in measuring fish and in scale-
reading.

¢ Recognising potential sampling biases. Fishing gear can be size selective
and may not sample particular size classes of fish (e.g. a relatively large
mesh has to be utilised in Norwegian bag nets and may therefore miss the
smallest 1SW fish). However, since Wk is effectively independent of size it
will still be plausible to apply this condition index to population data from
those fisheries.

The initial studies of Todd et al. (2008) focused on 1SW 1SW fish in the expectation
that this maturity grouping would show the clearest signal of any response to ocean
climate change or alterations in planktonic prey availability. MSW fish are believed to
migrate to ocean feeding grounds distinct from those exploited by fish destined to
return as 1SW adults, and may therefore show complex responses to environmental
variability. For example, how would the final adult condition factor of a 2SW fish
that had a “good” first year at sea, but a “poor” second compare with one that had a
“good” first year, but a “poor” second year?

The Study Group recommended that further efforts should be made to identify data
sets for which condition factor can be assessed and extend such condition factor
analyses to other stocks and to MSW fish. A comparison between Baltic populations
and southern and northern European populations would be especially valuable,
given their differing marine migratory trajectories and destinations. Furthermore,
since it appears that stocks in northern Finnish rivers, which discharge into the Bar-
ents Sea, have not shown the same overall recent population declines as North Atlan-
tic stocks (e.g. Niemald ef al., 2004), a comparison of condition factor from time series
in these locations would be especially valuable and informative.

The Study Group therefore encouraged collection of appropriate time series of data
from stocks around the North Atlantic, noting:

e Any time series observations of weight, length and river/sea-age (from
scale reading) can be of value in assessing trends in condition factor. Even
short time series are of value when comparing the performance of the 1ISW
and MSW maturity groupings.

e The only data necessary are the date and place of capture, fork length (in
cm, rounded down to the nearest 0.5 cm), fresh weight in kg (to the nearest
50 g) and the sea and river ages (scale reading).

¢ Information on sex is also very valuable, but if based upon external secon-
dary sexual characteristics can be extremely unreliable for small 1SW fish
(<55 cm) and for early-running 2SW “spring” fish (sampled in the UK). So-
called 25W summer salmon captured in June-September can usually be re-
liably sexed from external features, and since there is now very little net-
ting of spring salmon data available from many places will be from this
period.

Assessment of Fulton’s K'versus Relative Mass Index, Wy

The Relative Mass Index, Wk, provides a reliable measure of condition factor for indi-
vidual fish, and one which is largely free of length-dependence. Eliminating all influ-
ences of length-dependence with any condition index is quite probably impossible, if
only because all indices include fish length in their computation. However, as dis-
cussed above, some indices are much more vulnerable to this mathematical problem
than other indices.
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Since much of the fish size information made available to the Study Group consisted
of population mean lengths and weights for different sea-age classes, an assessment
was required of the utility of computing a single index of condition factor (with no
prior knowledge of length/weight allometry for fish of that population) and for
whole year classes within a time series. The assumption is that only the annual mean
length and mean weight of each year class within a time series are available. The as-
sumption also is that those means are arithmetic — the raw data have not, for exam-
ple, been transformed to logarithms to provide geometric means.

A number of time series providing length and weight data for individual fish, de-
rived from sampling programmes in fisheries around the UK and Ireland, were made
available to the Study Group. These included fish from fisheries mainly exploiting
single river stock (e.g. Welsh Dee, River North Esk) and fish sampled in mixed stock
fisheries (e.g. Strathy Point, NE England and Irish drift net fisheries) and ranged from
exclusively wild fish (e.g. River North Esk, Wear) to stocks with a small hatchery
component (e.g. Welsh Dee) to fish derived exclusively from hatchery tagging pro-
grammes (e.g. Rivers Tyne, Ogmore, Taff, etc.). These were used to compare the con-
dition factors (Fulton’s K), derived from the annual mean length and mean weight of
each year class within a time series, against the alternative Relative Mass Index (Wr)
for these stocks (Figures 5.2.1 and 5.2.2). Mean Wk is here derived from all individual
fish within a year class and compared with K calculated from only the mean length
and weight. Sample sizes for single year classes ranged from 10 to 1328 fish per year
for given maturity groupings (only 1ISW and 2SW fish were analysed).
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Figure 5.2.1. Scatterplots for wild (or presumed wild) 1ISW and 2SW salmon captured in coastal or
estuarine net fisheries. The exception is the River Dee (Wales), the data for which include a small
proportion of hatchery-reared fish and for which all captures were from the trap at Chester (near
the head of tide).
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Figure 5.2.2. Scatterplots for hatchery-reared fish tagged. These samples were derived from fish
of known river of origin (tagged with CWTs) and recovered in either or both the Irish and NE
England coastal drift net fisheries.

Figures 5.2.1 and 5.2.2 illustrate the relationship between these two metrics for wild
and hatchery-reared stocks respectively and show a clear and consistent pattern. It is
evident that the simple condition factor (Fulton’s K) derived from the mean length
and weights for each year class within a population provides an adequate qualitative
descriptor of variation in condition factor at the population level. The regression coef-
ficients of the various data sets are very similar, and wild and hatchery-origin fish
show the same overall morphometric relationship. It is also evident that even small
sample sizes lead to the derivation of plausible measures of annual condition. How-
ever, the regression intercepts (“elevations”) are population-dependent. This will be
due to inherent differences in the shape of fish from different populations (e.g. River
Dee fish are notably different to the remainder in Figure 5.2.1).

Thus, the simple condition factor, K, derived from mean length and weight data
alone, can provide an objective, qualitative means of deciding whether or not a popu-
lation time series is showing systematic increase, decrease, or no change in somatic
condition. However, this approach has limitations and is of no quantitative value for
between-stock comparisons.

Biological characteristics data sets — temporal trends

Preliminary examination of the various stock-specific biological characteristics data
sets described in Section 3.2, using simple plots of these data against time over avail-
able time series, indicated substantial evidence of variability both over time and
among stocks. Subsequently analysis of possible time trends was completed using the
non-parametric Mann-Kendall statistic (Mann, 1945; Kendall, 1975) and the statistical
programming environment R (R Development Core Team, 2007). One of the reasons
this method was selected was that it does not assume any particular functional form
for the trend (e.g. linear, exponential). These analyses were performed over a stan-
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dardized time period starting from 1984 and extending to the most recently available
data, typically 2007.

Essentially, the Mann-Kendall statistic assesses each data point and counts of the
number of data points in future years that exceed it (assigned +1) and also the num-
ber that are less (assigned -1). These values are summed over all data points. Thus, if

there are n observations in the time series Yk (k=1,...,n) then the statistic is:

M= SI(Y,.Y)

k=1 j=k+1

where I(,) is an indicator variable defined by the sign of D =Y, —Y;.If D is positive
thenI=1, if D is negative thenI=-1,if D=0 thenI=0.

The null distribution of the statistic M (i.e. assuming no trend) was calculated by
Monte-Carlo simulation. The observations were re-ordered at random so that they
were potentially assigned to different years and the value of M calculated. This was
repeated 1000 times. These values of M under the null hypothesis were compared
against the observed value of M to estimate the p-value (Manly, 2001).

The null hypothesis was that there is no trend. It was recognised that a potential
problem with this approach is that it does not taken account of any correlation be-
tween successive or neighbouring years. The presence of such correlations might af-
fect the p-values obtained and may require further consideration in future.

The results are presented in Table 5.3.1 Missing values indicate no time series avail-
able; ‘0’ indicates a non statistically significant trend (P>0.05); ‘- is a negative trend
(p<0.05); and ‘+' is a positive trend (p<0.05). It is evident that there are significant
trends over time for many of the variables explored.
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Table 5.3.1. Trends in biological characteristics over time: ‘0’ means not enough evidence at the 5% level to detect a trend. “+" is a positive trend (p>0.05), *-* is a negative
trend (p<0.05).
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5.4 Biological characteristics data sets — spatial patterns

The Study Group examined two approaches for assessing patterns in the changes in
biological characteristics over broader spatial scales. For these purposes the individ-
ual river stocks were allocated to different groupings. For the first approach, the con-
ventional NAC (Canada and USA) and NEAC north (Russia, Norway, Finland, N&E
Iceland) and NEAC south (British Isles, France and S&W Iceland) stock complexes
were used. However, for the second analysis the NAC rivers were further sub-
divided into two groups based on a latitudinal split.

Standardised (z-score) analysis

The first approach used a standardised (z-score) analysis to examine the trend in
mean smolt age. This analysis was restricted to wild stocks and extended over avail-
able time series. The length of the time series varied between stocks, extending as far
back as 1911 (though not complete) for the River Wye (UK), the shortest was from the
River Argard (Norway) which started in 1992. Of the 18 wild stocks available, 6 were
from Southern NEAC, 5 from Northern Neac and 7 from the NAC areas, respectively.
In deriving the z-score, the data for year n were standardised in relation to the mean
smolt age between 1983 and 1994 as follows:

Zn = (Mean smolt agen — mean smolt ageisss-94) / STD19s3.94, where STD = standard de-
viation.

The reference period of 1983-1994 was taken as this was +/- 5 years either side of
1988/9 which is the period when there was a marked change in marine mortality
(ICES, 2008); 5 years also represents approximately one salmon generation. The trend
in mean smolt age was examined by geographical area and for each geographical
area the mean standardised smolt age was determined.

The results of this analysis are presented in Figures 5.4.1 to 5.4.3. and indicate that in
the samples from the NAC area and the Southern NEAC area there has been a sig-
nificant decline in mean smolt age from the 1970s and 1960s, respectively (P<0.05). In
contrast, for the samples from the NEAC Northern area smolt age has remained con-
stant since the early 1970s (P>0.05). For this area there is an indication of an increase
in mean smolt age up until the late 1990s — early 2000s followed by a recent decline.
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Figure 5.4.1. Standardised mean smolt age for stocks from the Southern NEAC area
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Figure 5.4.2. Standardised mean smolt age for stocks from the Northern NEAC area
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Figure 5.4.3. Standardised mean smolt age for stocks from the NAC area

The decline in mean smolt age may be the consequence of an increase in growth rate
as the faster growing parr migrate to sea earlier (Metcalfe et al., 1989; Jkland et al.,
1993). The increase in growth rate may relate to an increase in temperature (Elliott et
al. 2000; Jonsson et al., 2005), and/or an increase in growth as a result of density-
dependent processes (Gibson, 1993; Jenkins et al., 1999; Imre et al.,, 2005; Lobon-
Cervi4, 2005), and/or increased freshwater production. A possible consequence of the
increase in growth rate and smolts migrating at an earlier age is to dampen the im-
pact of an increase in marine mortality. This assumes that the higher survival rate to
smolt for a one-year-old smolt (S1) is not outweighed by their higher marine mortal-
ity. A decline in smolt age may affect reproductive success as egg size is smaller for
S1 as opposed to 52 smolts of the same sea-age and early survival (egg to swim-up)
may also be lower (Moffett et al., 2006).

These possible effects might be explored further to assess whether available data
sources (adult and juvenile) tell a common story, to investigate possible implications
for pre-smolt and post-smolt survival and adult return (perhaps even the age and
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size composition of adult fish), and what marine environmental effects might influ-
ence this.

However, this relatively simple initial analysis of trends in mean smolt age within
each geographical region has highlighted certain issues that may need to be consid-
ered in taking forward further analyses:

e The sample size in some years was as low as 3 fish (for this analysis all the
data were included irrespective of sample size).

e The choice of reference period — in this analysis 1983-1994 was used, but
this meant that there were few years of data for the reference period for
some rivers. For example, there were only 3 years of data in the reference
period for the River Gaula), and in the case of the River Argérd, where
there was only one year of data available between 1983 and 1994, the river
had to be excluded from further analysis.

e A statistically more robust approach may be more appropriate.

¢ Mean smolt age data have been derived from all returning monitored fish.
The data make no allowance for possible differences in the seasons over
which they were captured or for changes in the mix of different maturity
groupings in the run. Given the potential link between smolt age and sea-
age, examination of trends in smolt ages might usefully be completed for
the separate maturity groupings.

Meta-analysis

The second approach used meta-analysis, which statistically combines the results of
several studies (in this case different rivers) to address a shared research hypothesis.
Just as individual studies summarise data collected from many participants in order
to answer a specific research question (i.e., each participant is a separate data-point in
the analysis), a meta-analysis summarises data from individual studies that concern a
specific research question (i.e., each study is a separate data-point in the analysis).

This is normally done by identification of a common measure of effect size. An effect
size is a statistical measure portraying the degree to which a given event is present in
a sample (Cohen, 1969). The type of measure (e.g., standardized mean difference) is
called the effect, and its magnitude is considered an effect size. Different measures of
effect size are calculated for different types of primary data, commonly modelled us-
ing a form of meta-regression. In this instance, all effect sizes were calculated from
Pearson correlation coefficients between a given variable and year. Resulting overall
averages when controlling for study characteristics can be considered meta-effect
sizes, which are more powerful estimates of the true effect size than those derived in
a single study under a given single set of assumptions and conditions.

Fail-Safe Tests were also applied in these analyses. These tests are statistical methods
for estimating the magnitude of the publication bias known as the file-drawer problem
(Rosenthal, 1979). These techniques calculate the number of non-significant, unpub-
lished studies that need to be added to a summary analysis in order to change the
results from significant to non significant. A large fail-safe number indicates that
many unpublished studies are required to change the statistical results, and thus one
may be more confident in the results from the summary analysis.

This approach was used to explore relationships for most of the available biological
characteristics and a selection of results appears in Figure 5.4.4. These provide the
central tendencies (means) for four stock groups and the total effect — if the error bar
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crosses the vertical zero-line the effect is non significant at the p = 0.05-level. These
analyses were performed over a standardised time period starting from 1984 and ex-
tending to the most recently available data, typically 2007. All available data were
included, although the completeness of the data sets varied considerably for the dif-
ferent biological characteristics, as indicated in Table 3.2.1. Median and mean run
dates were converted to day of the year prior to analysis.

The following stock complex groupings were used in the meta analysis:

¢ NEAC north - rivers in Russia, Norway, Finland, Iceland (N&E).
e NEAC south - rivers in UK, France and Iceland (S&W).

e NAC north (denoted Newfoundland in Figure 5.4.4) - Rivers Western Arm
Brook, Middle Brook, Conne and Miramichi.

e NAC south (denoted Scotia Fundy in Figure 5.4.4) - Rivers Nashwaak, St
John (Mactaquac), La Have and Penobscot.

All the results arising from the meta analysis are provided in Table 5.4.1 (where ‘0’
denotes a non-significant relationship, ‘+" indicates a significant increase relative to
the mean and ‘- denotes a significant decrease). These analyses indicated a number
of significant trends over time for certain variables at the stock complex level (Table
5.4.2). With respect to smolt age, the meta analysis provided results consistent with
the earlier z-score approach, although with the latter approach a significant decrease
was apparent only for the NAC Northern area (as opposed to the NAC area as a
whole with the z-score approach).
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Figure 5.4.4. Example meta-analysis plots for selected biological characteristics —

for stock groupings see text.

Mean river age

Total ——
Scotia Fundy - 00—
Newfoundland - O
SNEAC {HO—
N NEAC A 00—

-0.8 -0.6 -0.4 -0.2 0.0 0.2 04

Increasing

Decreasing I
river age

river age
Effect size

Fail safe number = 298.0

Mean (adult) run date

Total 4

Scotia Fundy { ————O——

Newfoundland -

S NEAC -

N NEAC -

-0.5 0.0 0.5

Increasing
mean run date

-1.0 1.0

Decreasing
mean run date

Effect size
Fail safe number = 5.5

Prop. run - 2SW

Total 4

Scotia Fundy -

Newfoundland

S NEAC - t {

N NEAC - —o—

-0.50 -0.25 0.00 025 0.50

Increasing
prop. run 2SW

Decreasing
prop. run 2SW

Effect size

Fail safe number =0

Mean sea-age

Total - —&—
Scotia Fundy - —O0——HA
Newfoundland O
SNEAC \H—O————
N NEAC 4 —O—

-0.8 -0.6 -0.4 -0.2 0.0 0.2 04 06

Increasing
sea age

Decreasing
sea age

Effect size
Fail safe number =119.4

Prop. run - 1ISW

Total q

Scotia Fundy -

Newfoundland -

S NEAC - ' {

N NEAC - 00—

0.0 0.5 1.0
Increasing
prop. run 1SW

Decreasing
prop. run 1SW

Effect size
Fail safe number = 259.2

Prop. run — previous spawners

Total — @
Scotia Fundy - —H
Newfoundland - 00—
SNEAC { —O——
N NEAC + —0—
-1.0 -0.5 0.0 0.5 1.0
Decreasing Increasing
prop. run PS prop. run PS
Effect size

Fail safe number =17.2



Mean length - 1SW

Total 4 —@—
Scotia Fundy - —0O—
Newfoundland 4 —O0—

SNEAC { ——0O—

N NEAC - —O0—
-0.5 0.0 0.5 1.0
Decreasing Increasing

mean fork length mean fork length

Effect size
Fail safe number = 50.5

Mean length — previous spawners

Total § ——
Scotia Fundy 1 o
Newfoundland 4 00—

SNEAC { FO———

N NEAC -

-0.5 0.0 0.5 1.0

Increasing
mean fork length

Decreasing
mean fork length

Effect size

Fail safe number =0

Mean weight — 2SW

Total ——
Scotia Fundy At 1
Newfoundland - A
S NEAC -} 1
N NEAC - —0—
-0.5 0.0 0.5
Decreasing Increasing
mean weight mean weight
Effect size

Fail safe number =9.7

ICES SGBICEPS REPORT 2009

Mean length - 2SW

Total 4 —@—
Scotia Fundy - —O—
Newfoundland - t O—
S NEAC - —O—
N NEAC - —O—
-15 -10 05 00 05 10
Decreasing Increasing
mean fork length mean fork length

Effect size
Fail safe number =0

Mean weight — 1ISW

Total § —&—
Scotia Fundy - 00—
Newfoundland 00—

SNEAC { ———-O—H

N NEAC -

-0.5 0.0 0.5 1.0

Decreasing
mean weight

Increasing
mean weight

Effect size
Fail safe number = 94.4

Mean weight — previous spawners

Total —e—
Scotia Fundy - 0
Newfoundland - 00—

SNEAC {HO—

N NEAC - —O—
-1.0 -0.5 0.0 0.5
Decreasing Increasing
mean weight mean weight
Effect size

Fail safe number =0



ICES SGBICEPS REPORT 2009

Prop. female - 1ISW

Total - ——

Scotia Fundy 1 —O0—H
Newfoundland -t ‘

S NEAC | 1 ‘

N NEAC | 00—

050 025 000 025
Prop. females Prop. females
decreasing increasing
Effect size

Fail safe number =0

Prop. female - previous spawners

Total § ——
Scotia Fundy —O—
Newfoundland 4 00—
S NEAC - O
N NEAC - —O—
-0.50 -0.25 0.00 0.25 0.50
Prop. females Prop. females
decreasing increasing
Effect size
Fail safe number = 18.0
Condition factor — 2SW
Total —@—
Scotia Fundy { ——QO——
Newfoundland 4 FO—mm
S NEAC - 00—
N NEAC 4 —O—
-0.5 0.0 0.5 1.0
Condition Condition
decreasing increasing
Effect size

Fail safe number =0

Prop. female - 2SW

Total 4 —
Scotia Fundy O
Newfoundland - ——O0—
S NEAC 4 00—
NNEAC {—O0——

-0.5 0.0 0.5

1.0
Prop. females Prop. females
decreasing increasing
Effect size

Fail safe number =94.4

Condition factor - 1ISW

Total 4 ——
Scotia Fundy - t {
Newfoundland { +———O——

SNEAC {—O0—

N NEAC | ——O—1

-0.25 0.00 0.25 0.50 0.75 1.00

Condition
increasing

Condition
decreasing

Effect size

Fail safe number = 24.3

Condition factor — prev. spawners

Total 4 o
Scotia Fundy -
Newfoundland - — 00—
SNEAC { ¢ ;
N NEAC 4 0
-0.5 0.0
Condition Condition
decreasing increasing
Effect size

Fail safe number = 4.0



ICES SGBICEPS REPORT 2009

82

Table 5.4.1. Results of meta analysis at the stock complex level — indicating significant increase (+) or decrease (-) relative to the mean (o denotes non-significant relationship).
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Table 5.4.2. Summary of significant trends in biological characteristics at the stock complex level
derived from the meta analysis (PS = previous spawners).

f:)i?;lex Increasing trend Decreasing trend

NAC (N) Stock status - 2SW Mean river age
Mean sea-age Mean run date (earlier)
Prop. PS in run Median run date (earlier)

Mean length & weight - 1SW
Mean length & weight - PS
Prop. Female in PS

NAC (S) Prop. Female in 2SW Stock status - 1ISW
Stock status - 2SW
Mean total age

Mean run date (earlier)

N NEAC Stock status - 1SW Mean length & weight - 2SW
Prop. 1ISW in run Prop. Female in PS
Prop. 2SW in run
SNEAC Mean run date (later) Mean river age
Prop. 1SW in run Mean sea-age
Prop. Female in 2SW Mean total age
Prop. Female in PS Prop. PS in run

Mean length & weight - PS

Overview of preliminary analyses of temporal and spatial trends

Preliminary analyses of the biological characteristics data sets available to the Study
Group focused mainly on the 1ISW and 2SW sea-age classes. Some data in respect of
older sea-age classes were available to the Study Group, but these were restricted to
relatively few stocks and sample sizes for these stock components were believed to be
small. In light of these caveats, and given the time available at the meeting, the char-
acteristics of these older stock components have not, as yet, been examined. How-
ever, some provisional analyses of fish categorised as previous spawners (PS) have
been included in the following summary. For the purposes of this summary, the
separate hatchery and wild data sets for the St John (Mactaquac) and La Have Rivers
in Canada have been treated as separate stocks.

Stock status

Overall, 45% of the individual salmon stock data sets indicate a significant declining
trend in the stock status variable (all sea-age groups combined) over the time series
analysed (1984-2007). These stocks with declining trends are restricted to North
America and the NEAC Southern area; there is not enough evidence at the 5% level to
detect any negative trend for stocks in the NEAC Northern area. Only one of the
stocks, the Western Arm Brook in Canada, shows a significant positive trend over the
period. This is the most northerly of the North American stocks for which data are
available.

Meta analysis at the stock complex level (for NAC, based on the arbitrary groupings
described in Section 5.4) indicates a significant decrease in the stock status variable
for both 1ISW and 2SW salmon in the southern part of the NAC area, but a significant
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increase in stock status for 1SW salmon in the NEAC Northern area and for 2SW
salmon in the northern part of the NAC area.

Mean river age

The majority of the data sets (58%) indicate a significant decline in mean river (smolt)
age over the standard time series (1984-2007), the largest percentage of stocks indicat-
ing a significant trend of all the variables examined. Relatively few stocks (11%) indi-
cate a significant positive trend over the period and these are restricted to the NAC
Southern area (only the La Have River - wild) and the NEAC Northern area (the two
most northerly stocks for which data were available).

As indicated in Section 5.4, meta analysis at the stock complex level indicates a sig-
nificant decrease in mean river age in the northern part of the NAC area and in the
NEAC Southern area. The alternative z-score analysis, for wild fish only and over the
entire available time series, also demonstrated significant negative trends in mean
river age for both the whole NAC area (from the 1970s) and for the NEAC Southern
area (from the 1960s). River age has remained constant in the NEAC Northern area
since the early 1970s (p>0.05), although there is an indication of an increasing trend
up to the late 1990s / early 2000s, with a decline thereafter.

Mean sea-age

The majority of stocks demonstrate significant trends in mean sea-age since 1984, al-
though patterns are variable. In total, 40% of the data sets indicate a significant de-
cline in mean sea-age, 25% a significant increase and 35% no apparent trend. There
appear to be marked differences between the NAC Northern area, where 3 of the 4
stocks demonstrate significant increases in mean sea-age and there are no declining
trends, and the NAC Southern area where half of the stocks show significant de-
creases and there are no increasing trends. All of the stocks in the NEAC Northern
area demonstrate significant trends, with three stocks decreasing and two increasing;
the increases occur in the three most northerly stocks. It is not clear whether this
might reflect some possible latitudinal effect. In the NEAC Southern area, two of the
five stocks show a significant decline in mean sea-age and no stocks show a signifi-
cant increase.

Meta analysis at the stock complex level indicates a significant increase in mean sea-
age in the northern part of the NAC area and a significant decrease in the NEAC
Southern area.

Mean/Median run date

Data on run timing are relatively sparse for stocks from the NEAC area. However,
the available data suggest marked differences in the trend in run timing (data for all
sea-age classes combined) between the NAC and NEAC area. Over half the stocks in
the NAC area demonstrate significant negative trends (i.e. towards earlier running)
in median adult run date (and one third of stocks for mean run date); no stocks dem-
onstrate trends towards later running. In contrast, for the three stocks in the NEAC
area for which such data are available, all indicate significant positive trends (i.e. later
running) in either median or mean run date.

Meta analysis at the stock complex level indicates a significant decrease in mean run
date in the NAC area (north and south) and a significant increase in mean run data in
the NEAC Southern area.
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Proportion of different sea-age classes in the run

The proportion of 1ISW salmon in returning adult runs shows a significant increase in
many stocks (48% of all stocks). A high proportion of the stocks in the NAC Southern
area and in the NEAC Northern and Southern areas display similar positive trends.
However, a different pattern is apparent in the NAC Northern area, where one stock,
the Conne River in Canada, shows a significant negative trend in the proportion of
1SW salmon in the run and there are no stocks with positive trends. The Conne is the
only stock among the available data sets to indicate such a negative trend. Meta
analysis at the stock complex level indicates a significant increase in the proportion of
1SW salmon in the returning stocks for both the NEAC Northern and Southern areas.
No significant relationships are apparent for the NAC areas.

There is less evidence for consistent patterns of change in the proportion of 2SW
salmon in returning adult runs, with 67% of stocks showing no significant trend over
the time period and evidence of both significant increasing (14% of stocks) and de-
creasing (19% of stocks) trends for different stocks. Meta analysis indicates a signifi-
cant increase in the proportion of 2SW salmon in the returning stocks in the NEAC
Northern area, but no significant relationships elsewhere. Evidence of significant
positive trends in the proportion of both 1ISW and 25W salmon in the NEAC North-
ern area probably reflects declines in the proportion of older stock components in this
area.

The analysis of the proportion of PS in returning stocks indicates that this is increas-
ing over time for 25% of the available data sets examined; only one stock (6%) shows
a significant declining trend. Increasing trends only occur in the NAC Northern and
in the NEAC Northern area. There are no significant trends in the NAC Southern area
and the only significant negative trend occurs in the NEAC Southern area. Meta
analysis indicates a significant increase in the proportion of PS in the returning stocks
in the NAC Northern area, a significant decrease in the NEAC Southern area, and no
significant relationships elsewhere.

Mean length, weight and condition — 1SW salmon

The available data sets indicate differing patterns in the mean size of returning 1ISW
salmon both among stocks and over time. Significant increasing size trends are ap-
parent for many of the stocks in North America, and particularly in the northern area
where mean length is trending positively in all stocks. None of the stocks in the NAC
Southern area show significant increasing trends in mean length, but a number do in
respect of mean weight and condition factor; there are no negative trends in either
length or weight in the NAC area. In a number of instances significant increases in
length for a particular stock are matched by significant increasing trends in weight
and sometimes condition factor, but this is variable. For the River Miramichi, while
the mean length of 1ISW salmon shows a significant increasing trend, the condition
factor shows a significant decrease over time.

There is little evidence for trends over time in the NEAC Northern area, although
there are significant increases in the mean length of 1SW salmon returning to one
river and the mean condition factor of 1ISW salmon in another. These are the two
northernmost rivers in the area. There is greater variability in the NEAC Southern
area, with some stocks showing significant decreases in fish size, while others in rela-
tively close geographic proximity show significant increases.

Meta analysis indicates a significant increase in the mean length and weight of 1SW
salmon in the NAC Northern area, but no significant relationships in mean length or
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weight in the NAC Southern area or in either of the NEAC areas. There are no statis-
tically significant trends in the condition factor of 1ISW salmon at the stock complex
level.

Mean length, weight and condition — 2SW salmon

As with the 1SW fish, the available data sets indicate widely differing patterns in the
mean size of returning 2SW salmon both among stocks and over time. Both signifi-
cant increases and significant decreases in the size of 25W fish are apparent for differ-
ent stocks in North America, but with no clear geographical pattern. In the NEAC
Northern area there are no significant trends in the size of 25W fish apart from the
River Tuloma (Russia), where there has been a significant decrease in the mean
length and weight of 2SW salmon over the period. Once again, there is greater vari-
ability in the NEAC Southern area with some stocks showing significant decreases in
the size of returning 2SW fish, while others show significant increases.

For some stocks, common significant trends are apparent in the size of both returning
1SW and 2SW fish. This applies to certain stocks in the NAC Southern area (increas-
ing size trend) and in the NEAC Southern area (size of both 1ISW and 2SW fish de-
creasing on the North Esk, Scotland, but increasing on the River Dee, Wales).

Meta analysis indicates a significant decrease in mean length and weight of 2SW
salmon in the NEAC Northern area, but no significant relationships in the NEAC
Southern area or in the NAC areas. There are no statistically significant trends in the
condition factor of 25W salmon at the stock complex level.

Mean length, weight and condition — Previous Spawners (PS)

There are significant increasing trends in the size of previous spawning (PS) fish for
many of the stocks in the NAC area and there are no negative trends in either length,
weight or condition factor. The pattern in trends in the NAC area appears to be con-
sistent with that seen in the 1SW salmon, the dominant sea-age group in many of
these stocks. There are no significant trends in the size of PS fish returning to the
NEAC Northern area. Size data for PS are only available for three stocks in the NEAC
Southern area and these indicate no apparent trend in one instance, but decreasing
size trends in the other two stocks.

Meta analysis indicates a significant increase in the mean length and weight of PS in
the NAC Northern area, and a significant decrease in the mean length and weight of
PS in the NEAC Southern area. There are no statistically significant trends in the con-
dition factor of PS at the stock complex level.

Proportion of female fish

The available data sets indicate differing patterns in the proportion of female fish in
the returning 1SW, 2SW and PS fish over the period from 1984. For each stock com-
ponent, the majority of stocks indicate no detectable trend in the proportion of fe-
males (1SW 74%, 25W 56% and PS 67% respectively). However, while trends among
the remaining stocks tend to be negative (fewer females) for 1ISW salmon, they tend
to be positive for 25W salmon and PS.

For 1SW salmon, three of the stocks (30%) in the NAC area indicated a significant
decrease in the proportion of females and there were no positive trends. There were
no significant trends in the NEAC Northern area, while in the NEAC Southern area
the proportion of females increased for one stock, but decreased for another.
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In contrast to the 1SW fish, three of the stocks (33%) in the NAC area indicated a sig-
nificant increase in the proportion of females among the 2SW salmon and there were
no negative trends. Trends were more variable in the NEAC Northern area, with two
stocks indicating a significant decrease in the proportion of female 2SW salmon,
while one showed an increase. In the NEAC Southern area, there was a significant
increase in the proportion of females for two stocks and no negative trends.

Relatively few data sets are available in respect of PS. These indicate increasing
trends in the proportion of females for two stocks (50%) in the NAC area, decreasing
trends in one stock in the Northern NEAC area (33%) and no apparent trends in the
NEAC Southern area.

Meta analysis indicates no significant trends in the proportion of females in returning
1SW salmon. However, there is a significant increase in the proportion of female fish
in returning 2SW salmon in the NAC Southern area and in the NEAC Southern area.
For PS, the proportion of females is increasing significantly in the NAC Northern area
and in the NEAC Southern area, but decreasing significantly in the NEAC Northern
area.

Proportion of different sea-age groups among maiden spawners

Information on the proportion of different sea-age class fish among the maiden
spawners (fish returning to spawn for the first time) was largely confined to North
American stocks, and broadly reflects the proportions of different sea-age fish in the
run (see above). In respect of the proportion of 1SW salmon among the maiden fish,
positive trends were evident for half of the stocks in the NAC Southern area, while in
the NAC Northern area one stock shows a significant negative trend and there are no
stocks with positive trends. Where data were available for the NEAC area (one in the
Southern area and one in the Northern area), these both indicated a positive trend in
the proportion of 1ISW salmon.

There was an increasing trend in the proportion of 2SW salmon among the maiden
spawners in one stock (Conne River) in the NAC Northern area, and decreasing
trends were evident for half of the stocks in the NAC Southern area. There was no
apparent change for the one stock in the NEAC Northern area, while there was a de-
crease in the proportion of 25W salmon among the maiden spawners for the one
stock in the NEAC Southern area.

No significant trends in the proportions of maiden spawners were detected at the
stock complex level using meta analysis.

5.6 Exploration of two-way relationships

The Study Group completed some preliminary analyses to investigate potential inter-
relationships between selected stock characteristics for each river, over the standard-
ised time period from 1984. Simple linear regression models were used to test each
relationship since the analyses were essentially exploratory in nature. In the majority
of cases, this model seemed reasonable. In a few cases, a more complicated model
may have been more appropriate; such refinements might be incorporated in future
analyses. The relationships investigated were:

o 1SW weight v 2SW weight (fish sampled in the same year)

e 1SW weight (in year 'n") v 25W weight (in year ‘'n +1”)

e 1SW condition factor v 25W condition factor (fish sampled in the same
year)
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e 1SW condition factor (in year ‘n") v 25W condition factor (in year ‘n +1")
e Meanriver age v mean sea-age

e 1SW length v 1SW weight

e 25W length v 25W weight

e Mean river age v 1SW weight

e Meanriver age v 25W weight

e 1SW weight v total run size

e 25W weight v total run size

e 1SW weight v 1SW run size

e 25W weight v 2 SW run size

A series of plots were produced for each of the above relationships for each stock for
which appropriate data were available (Figure 5.6.1 provides two examples). Each of
the individual river plots also includes the p-value to assess the statistical significance
of the slope of the linear regression model. The Study Group noted that even if this p-
value is not small it does not necessarily mean that there is no relationship — only that
we are unable to detect it with these data. Table 5.6.1 summarises the results of the
linear regression models for each of the above relationships - ‘0" means that there was
not enough evidence at the 5% level to detect a trend; ‘+' denotes a positive trend
(p>0.05), and ‘-* denotes a negative trend (p<0.05).

The results are discussed briefly below. The Study Group noted that further work is
required to explore these and other relationships and to develop and explore possible
hypotheses.
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Figure 5.6.1. Example two-way plots for each individual stock of: (a) mean weight of 1ISW salmon
against the mean weight of 2SW salmon returning in the same year (i.e. from an earlier smolt co-
hort), and (b) mean weight of 1ISW salmon against the mean weight of 2SW salmon returning in
the following year (i.e. from the same smolt cohort). For stocks with both wild (W) and hatchery
(H) stock components the data are plotted separately. The p-values provide the statistical signifi-
cance of the slope of each linear regression model.

—_—
o
~—

Mean Weight 2SW

Mean Weight 2SW

Mean Weight 2SW

2.0

1.6

20 24 28 32

Western Arm E
1 .
- o
.
o
n o
T T T T
34 36 38 40
Mean Weight 1SW
Saint John H (
-] o
n o
n o o
_"/D/°°/°"‘/B
— o
o oo
— o o o
o
T T T T T T T T
48 52 56 60
Mean Weight 1SW
Penobscot (p=
] C)
n o
o°° So o
- o
o o © o
o o

40 45 50 55 6.0

Mean Weight 1SW

Mean Weight 2SW Mean Weight 2SW

Mean Weight 2SW

1.7

1.5

15 17 19 21

18 20

1.6

1.4

Miramichi (p=

o
T T T T T
40 42 44 46 48

Mean Weight 1SW

LaHave W (p=

Mean Weight 1SW

Teno (p=0.35

3.0 35 40 45 50 55

Mean Weight 1SW

Mean Weight 2SW Mean Weight 2SW

Mean Weight 2SW

24 2.8

2.0

1.6 18 2.0 22

14 16 18 20

Saint John W

©

Mean Weight 1SW

LaHave H (p=

40 45 50 55

Mean Weight 1SW

Naatamojoki (

o
_ Vo o
i D)
[} ° o
o o
- ° °
° °
o
T T T T T 1
3.8 4.2 4.6 5.0

Mean Weight 1SW



Mean Weight 2SW Mean Weight 2SW

Mean Weight 2SW

1.7 19

15

16 20 24 28

3.0 34

2.6

Tuloma (p= 0.«

Mean Weight 2SW

25

L T
3.5 45

Mean Weight 1SW

North Esk (p=(

Mean Weight 2SW

5.0 55

Mean Weight 1SW

Dee (p=0)

Mean Weight 2SW

Mean Weight 1SW

12 14

1.0

2.3

1.9

20 24 28 32

Argard (p= 0.0

3.0 35

Mean Weight 1SW

Bush (p=0.51"

Mean Weight 1SW

Wye (p=0.7)

54 58

Mean Weight 1SW

Mean Weight 2SW

Mean Weight 2SW

16 20 24

3.2

2.8

2.4

ICES SGBICEPS REPORT 2009

Gaula (p= 0.1t

— o
i 2
T o o )
- R . ©
_0
T T T T T T T 1
50 54 58 6.2
Mean Weight 1SW
Lune (p=0.49
C)
T o
o
- ) o
L,,,B_,/—v""
oo
| o
o
T T T 1
4.5 5.5 6.5 7.5
Mean Weight 1SW



ICES SGBICEPS REPORT 2009

S

Mean Weight 1SW Mean Weight 1SW

Mean Weight 1SW

2.0

20 24 28 32 1.6

15 20 25

Western Arm E

o

34 36 38 40
Mean Weight 2SW
Saint John H (
— o
n o
n o o
— o
4 —=
o o o
— o o o
o
T T T T T T T T
48 52 56 6.0
Mean Weight 2SW
Penobscot (p=
o ° °°° °
] ° ooo o o
o

40 45 50 55 6.0

Mean Weight 2SW

Mean Weight 1SW Mean Weight 1SW

Mean Weight 1SW

1.7

15

15 17 19 21

14 16 1.8 20

Miramichi (p=
o
T oo o
- oo °
'
o
- o &

J
T T T T T
40 42 44 46 438

Mean Weight 2SW

LaHave W (p=

45

5.0

Mean Weight 2SW

Teno (p= 0.15

— o

30 35 40 45 50 55

Mean Weight 2SW

Mean Weight 1SW Mean Weight 1SW

Mean Weight 1SW

2.4 2.8

2.0

16 1.8 2.0 22

14 16 18 2.0

Saint John W

Mean Weight 2SW

LaHave H (p=

40 45 50 55

Mean Weight 2SW

Naatamojoki (

4.6

5.0
Mean Weight 2SW



Mean Weight 1SW Mean Weight 1SW

Mean Weight 1SW

17 19

15

16 20 24 28

34

3.0

2.6

Tuloma (p= 0.:

35 4.5

Mean Weight 2SW

North Esk (p= (

5.0 55

Mean Weight 2SW

Dee (p=0)

Mean Weight 2SW

Mean Weight 1SW Mean Weight 1SW

Mean Weight 1SW

1.3

11

2.3

21

19

20 24 28 32

Argard (p= 0.9

3.0 3.5

Mean Weight 2SW

Bush (p=0.26

3.8 4.2

Mean Weight 2SW

Wye (p=0.83)
% ®q0° 00
©00
Lo ° o ©

o o ©° ° °
°

T T T 1T T 1

4.6 5.0 5.4 5.8

Mean Weight 2SW

Mean Weight 1SW

Mean Weight 1SW

ICES SGBICEPS REPORT 2009

2.6

2.2

18

3.2

2.8

2.4

Gaula (p=0.01

6.2

Mean Weight 2SW

Lune (p=0.55

4.5

55

65 75

Mean Weight 2SW



ICES SGBICEPS REPORT 2009

Table 5.6.1. Results of analysis of two-way relationships based on simple linear regression mod-
els: ‘0’ means that there was not enough evidence at the 5% level to detect a trend; ‘+" denotes a

positive trend (p>0.05), *-* denotes a negative trend (p<0.05).

> > - —_ —
3 . Te|EEEe|EE R |z |z 2RI B IR 2
3 E 3 S A I B - - -0t - D -t - 0 O - - - -
& g 2 s & 5 |53%|22|3%|23|2%\358|22|z5|25(22|22(832|82
NAC (N) [Canada Western Arm Brook W | 1984-06 51.2 o o o o - + o = o + + o o
Canada Middle Brook w 1984-05 48.8 + + o o o
Canada Conne River W | 1984-06 | 47.9 o + o o o
Canada Miramichi W 1984-07 | 47.0 o o o + o + + o o o o o o
NAC (S) [Canada Nashwaak W | 1984-07 | 46.0 +
Canada St John (Mactaquac) W | 1984-07 | 45.3 o + o + o + + o o o o o o
Canada St John (Mactaquac) H 1984-07 | 45.3 o o o o o + + o o o o o +
Canada La Have w 1984-07 | 44.4 + + + + o + + + + o o - -
Canada La Have H 1984-07 | 44.4 + o + + - + + o o - - o o
USA Penobscot H 1984-07 44.5 o o o o o o o + o o o (o) o
N NEAC |Finland/Norway |Teno W | 1984-07 | 70.8 o o + o - + + o o o + o o
Finland/Norway |N&itamaojoki W 1984-06 69.7 + + o o o + + o o + o o +
Russia Tuloma w 1984-08 | 68.9 o o o + o + + o o o o o o
Norway Argardsvassdraget W 1992-07 64.3 o o o o o + + o o o o o +
Norway Gaula W 1989-07 63.3 o + o o o + + o o o o o o
Iceland (N&E) Laxa | Adaldalur W | 1984-07 | 65.6
Iceland (N&E) Hofsa W 1984-07 65.4
S NEAC Iceland (S&W) Nordura W | 1984-07 | 64.6
Iceland (S&W) Ellidaar W 1984-07 64.1
UK (Scot) N. Esk Y 1984-07 56.7 + + + + + +
UK (NI) Bush W 1984-07 55.1 o o o o o + + o o o o o +
UK (E&W) Lune W | 1987-07 | 54.0 o o o o o o + o o o o - o
UK (E&W) Dee W | 1984-07 | 53.4 + + o o + + + = - o o - -
UK (E&W) Wye W | 1984-07 | 51.6 o o + o + + + - o o o o o
UK (E&W) Frome w | 1984-08 | 50.7
France Bresle W 1984-08 50.1
Summary - all areas No. of stocks for which data available 17 17 17 17 19 19 17 18 16 18 18 16 16
% of stocks with significant declining trend 0 0 0 0 16 0 0 17 6 6 6 19 13
% of stocks with significant increasing trend 29 35 29 35 21 89 88 11 6 11 11 0 25
% of stocks with no significant trend 71 65 71 65 63 11 12 72 88 83 83 81 63

The size and condition of 1SW and 2SW fish returning in the same year

It is evident that for a number of stocks (29%) there is a significant positive relation-
ship between the weight of 1SW and 2SW salmon returning in the same year (i.e. de-
rived from different smolt cohorts). In no instances are significant negative trends
identified, and all the plots in Figure 5.6.1 suggest positive trends even if the relation-
ships are not significant. Significant positive relationships are evident in the NAC
Southern area and in both the NEAC Northern and Southern areas. A very similar
pattern is evident for mean condition factor. These common patterns of larger (or
smaller) 1SW fish coinciding with larger (or smaller) 25W fish in returning stocks in
any year are consistent with common factors operating on the fish from the two sea-
group groups during their return migration. However, it should be noted that there
was also evidence of a correlation between size and condition of 1SW fish in year ‘n’
and 25W fish returning in the following year (‘n+1") suggesting common influences in
the early part of the marine phase (see below). The Study Group recognised that fur-
ther analysis of such data would be valuable to explore temporal and spatial patterns.
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The size and condition of 1SW in year ‘n’ and 2SW fish returning in the
following year (‘n+1’)

Similar positive relationships are also evident for many stocks (35%) between the
weight of 1SW returning in one year and the weight of 25W salmon returning in the
following year (i.e. derived from the same smolt cohort). As with fish returning in the
same year, there is no evidence of any negative relationships (Table 5.6.1 and Figure
5.6.1), and similar patterns are evident for mean condition factor. Significant positive
relationships are evident all areas. These concurrent patterns for particular smolt co-
horts suggest that common factors operating in the first period at sea may have a
large influence on growth and size at maturity of returning adult fish. Again, the
Study Group recognised that further analysis of such data would be valuable.

For some stocks, significant positive relationships are apparent between the
weight/condition factor of returning 1ISW salmon and the weight/condition factor of
returning 25W salmon in both the same and the following year. For other stocks, sig-
nificant relationships were only evident in one case.

Mean river age v mean sea-age

Analysis indicates very different relationships between river age and sea-age for dif-
ferent stocks. In some rivers, significant positive relationships apply (i.e. older smolts
tend to produce older adults). However, significant negative relationships are evident
for some other stocks. Viewed spatially, there appears to be more evidence of vari-
ability in these relationships in the NAC area, where significant positive and negative
relationships are evident, even in stocks in relatively close geographic proximity. The
only significant relationship identified in the NEAC Northern area is negative, while
only significant positive relationships (2) are evident in Southern NEAC. The link
between smolt size and the sea-age of returning adults for Southern NEAC stocks is
explored further in Section 5.7.

Length v Weight

Unsurprisingly, the length and weight of returning 1ISW and 2SW fish are positively
correlated. In most, but not all, instances these relationships are significant.

Mean river age v size of returning adults

The age of smolts (aged from adult scales) and the size of returning 1SW and 2SW
adults was compared to see whether there were any consistent patterns between the
age, and by inference the size of smolts, and the subsequent size (weight) of the re-
turning adults. A number of significant, but variable, relationships were apparent. In
the NAC Northern area and the NEAC Southern area significant negative relation-
ships were apparent for some stocks — i.e. older/larger smolts tended to result in
smaller returning adults. This is consistent with other evidence that smolt size can
influence the subsequent growth rate of salmon, with larger smolts showing slower
growth at sea (Jonsson & Jonsson, 2007). Such negative relationships were evident for
1SW salmon for one stock in the NAC Northern area and for both 1SW and 2SW
salmon in the NEAC Southern area. However, while there was a negative relation-
ship between smolt age/size and the weight of both 1SW and 2SW salmon in one ex-
ample, this applied only to 1ISW salmon in the other.

No significant relationships between smolt age/size and the weight of returning
adults was apparent for any of the stocks in the NEAC Northern area. However, in
the NAC Southern area some positive relationships occurred, indicating that
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5.7

older/larger smolts tended to result in larger returning adults. This was evident for
returning fish in two stocks - for both 1ISW and 2SW fish in one and just 1SW returns
in the other. This observation would appear to be at odds with the hypothesis that
larger smolts have slower growth at sea.

Size of returning fish v stock status variable

Provisional analyses were also completed to investigate possible links between the
size (weight) of returning adult 1ISW and 2SW fish in any year and the stock-specific
status variable for that year. For these purposes, relationships were explored with the
total stock status (all sea-age groups) and an age-specific stock status derived from
the total figure and the estimated proportion of each sea-class in the returning stock.
The latter is expected to be more informative. The Study Group recognised that these
analyses should be treated with caution given the concerns noted previously (Section
3.3), perhaps in particular with regard to the robustness of the stock status variable.

Considering only the comparisons between fish size and the age-specific stock status
variables, a relatively small number of significant relationships are apparent; these
are both positive (i.e. fish of larger mean size associated with better stock status) and
negative (i.e. fish of smaller mean size associated with better stock status). Only posi-
tive relationships apply for the NAC Northern area and the NEAC Northern area,
while both positive and negative relationships are evident in the other two areas.

Effect of smolt size and sex on sea-age of returning adult salmon

Section 5.6 noted the variable relationships that exist between river age and sea-age
among the various data sets explored. Intuitively, one might expect that the physical
condition of smolts entering the sea will have some impact on an individual’s subse-
quent growth rate and thus possibly the length of time it spends at sea before return-
ing to freshwater to spawn. This impact may also differ depending on the sex of the
fish. Although, an examination of this effect would best be done with known indi-
viduals, these data are not readily available across a large number of rivers. How-
ever, there are scale archives of returning adults from many rivers and, although
these represent data only from survivors, the Study Group considered it was worth
examining these for evidence of some relationship between smolt size and returning
adult sea-age and whether this might be affected by the sex of the fish.

The Study Group were able to explore a small subset of such data for the Rivers
Frome and Dee, UK (England & Wales). Readily available data for these rivers were
analysed using a Generalised Linear Model, with the dependent variable being sea-
age (1SW or MSW) and smolt size, sex and river as independent variables. In both the
Frome and Dee, smolt size had a significant (p<0.05) positive impact on the propor-
tion of female fish returning as 1SW fish (Figure 5.7.1). That is larger female smolts
had a higher probability of returning as 1SW fish than smaller female smolts. For the
River Frome, smolt size also had a significant positive effect in males and there was a
non-significant positive effect in the River Dee (Figure 5.7.1).
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Figure 5.7.1. Proportion of each male and female smolt size class returning to the
river as 1SW fish, from a subset of data from the River Frome and the River Dee.

These data require cautious interpretation given that they derive from survivors and
from a small sub-set of data from just two rivers. There may also be size-dependent
mortality effects that cannot be accounted for using these data. There was a sugges-
tion from these data that the relationship may have changed over time, possibly re-
flecting changing growth conditions in the marine environment or changes to a size-
dependent mortality rate. The Study Group considered that testing this hypothesis
further using data from more rivers over a wider geographical spread would be
beneficial.

Overview and recommendations

The Study Group consider that the work completed to date, and detailed in this re-
port, should be regarded as preliminary. Progress has been made with compiling
data sets and analysing data, and it is readily apparent that the biological characteris-
tics of Atlantic salmon stocks are changing markedly across the geographical range of
the species. Various, sometimes conflicting, hypotheses were identified in the litera-
ture review, and a number of issues were explored in the various analyses completed
by the Group. However, the Study Group recognised that the time available did not
allow a detailed appraisal and prioritisation of hypotheses based on the data cur-
rently available, and that further data sets were believed to be available that would
facilitate this process. Thus, the Group believes that further work is necessary to bet-
ter explore temporal and spatial trends, investigate possible common patterns or re-
gional groupings, and develop and test hypotheses.

The Study Group noted the importance of monitoring programmes to collect age,
growth and other biological data from salmon stocks and the need for these to be
continued. Such studies are important for examining variations in marine recruitment
and links with environmental conditions. Changes in freshwater or marine growth
may be among the first signs that climate is having an unusual effect on salmonid
populations and can be useful in understanding and explaining fluctuations in abun-
dance and informing fisheries management in a period of potentially unprecedented
environmental change. However, the Study Group further recognised that such data
need to be better utilised and reported.
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The Study Group made the following recommendations; this includes the various

recommendations made earlier in the report:

i)

ii)

iii)

iv)

vi)

vii)

A similar Study Group should be held sometime in 2009/2010 to con-
tinue compilation and analysis of available data sets, and the devel-
opment and testing of appropriate hypotheses. It is hoped that
participation in the Group can be extended to provide wider expertise
relative to different stock complexes and disciplines.

The next Study Group should continue to include oceanographers to
assist with describing the salmon distributions and relating them to
the ocean environment and that consideration be given to extending
this to biological oceanographers

The collection and collation of data sets should be extended to include
freshwater stages (e.g. smolt age, smolt size, growth at age, etc.). The
Study Group noted that the available data were restricted largely to
biological data on adults, that freshwater data had been largely ig-
nored and that there was increasing evidence that freshwater influ-
ences might be instrumental to what subsequently happens in the sea.

In taking forward analyses, and possibly extending these to addi-
tional data sets, the Study Group recognised the importance of ad-
dressing data quality issues and the need to standardise approaches.
In particular, it was felt that information for different stocks should
include a description of data sources and of the methodology used to
record each variable to aid interpretation. The methods used to derive
salmon abundance measures and/or salmon survival/mortality esti-
mates also needed to be characterised according to the assessment
and calculation methods used. Further, an email address of an appro-
priate person able to provide a more detailed description of each data
set should be appended to the spreadsheet.

Further efforts should be made to identify data sets for which condi-
tion factor can be assessed and to extend such condition factor analy-
ses to other stocks and to MSW fish. A comparison between Baltic
populations and southern and northern European populations, in-
cluding rivers that discharge into the Barents Sea, would be especially
valuable, given their differing marine migratory trajectories and des-
tinations.

The existing biological data sets merit further examination, but fur-
ther efforts should also be made to extend the existing data sets by
filling gaps and by adding data from other stocks to aid in the exami-
nation of spatial patterns and the development of appropriate hy-
potheses. This should, ideally, include data from the Baltic as well as
the North Atlantic.

Data sets with less than 15 year time series should be included in the
analyses where this provides greater spatial scale or allows compari-
son with other available datasets. The Study Group recognised that
requests for additional data sets, and specifically for the raw data be-
hind the annual mean values, should ideally be made in response to
specific lines of enquiry and where worked examples/case studies
suggested useful lines to pursue.
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viii) Relationships between mortality (freshwater and marine) and growth,
and resulting biological characteristics, should be explored through
the application of appropriate life history models.

With the exception of the recommendation for a further meeting later in 2009
(planned to be held at ICES Headquarters in November — see Annex 4), which ICES
will need to note and approve, these recommendations are addressed largely to the
Study Group and to members of WGNAS and WGBAST to whom specific data re-
quests will be made.
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Name
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Phone/Fax

Email
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Richard Fairclough
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United Kingdom

TEL: +44 1925 542713
FAX: +44 1925 415961

miran.aprahamian@environment-
agency.gov.uk

Jon Barry

Cefas

Lowestoft Laboratory
Lowestoft

Suffolk NR33 OHT
United Kingdom

TEL: +44 1524 844113

jon.barry@cefas.co.uk

Johan
Dannewitz

Institute of Freshwater
Research

Swedish Board of Fish-
eries

SE-178 93 Drottning-
holm

Sweden

TEL: +46 8 69 90 656
FAX: +46 8 69 90 650

johan.dannewitz@fiskeriverket.se

Tan Davidson

Environment Agency
Chester Road
Buckley

Flintshire CH7 3A]J
United Kingdom

TEL: +44 1244 894520
FAX: +44 1244 550144

ian.davidson@environment-
agency.gov.uk

Stephen Dye

Cefas

Lowestoft Laboratory
Lowestoft

Suffolk NR33 OHT
United Kingdom

TEL: +44 1502 524508
FAX: +44 1502 513865

stephen.dye@cefas.co.uk

Adrian Fewings

Environment Agency
Colvedene Court,
Colden Common,
Winchester,
Hampshire SO21 1WP
United Kingdom

TEL: +44 7771 527299

adrian.fewings@environment-
agency.gov.uk

Peder Fiske

Norwegian Institute for
Nature Research,
NO-7485 Trondheim,
Norway

TEL: +47 73 80 1522
FAX: +47 73 80 14 01

peder.fiske@nina.no

Anton Ibbotson

CEH Wallingford
c/o River Laboratory,
East Stoke,
Wareham BH20 6BB
United Kingdom

TEL: +44 1929 401895

ati@ceh.ac.uk

Richard
Kennedy

River Bush Salmon
Station, 21 Church
Street, Bushmills, Co
Antrim

BT57 8QJ

United Kingdom

TEL: +44 28 20731435

richard.kennedy@afbini.gov.uk
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Dannewitz J. Overview of preliminary work completed by the Baltic Salmon and Trout As-
sessment Working Group (WGBAST) in relation to the low at-sea survival of salmon in the
Baltic Sea.

Davidson, I & Aprahamian M. Overview of stock status and biological characteristics of
salmon from the Rivers Dee, Wye and Lune, UK (England & Wales).

Dye S. Overview of oceanic environmental variables — spatial and temporal scales.

Fewings A. Overview of stock status and biological characteristics of salmon from the River
Test, southern England.

Fiske, P. Examination of relationships between returns of 1ISW and 25W salmon for two Nor-
wegian rivers and correlation with pre-fishery abundance (PFA).

Ibbotson A. Overview of stock status and biological characteristics of salmon from the River
Frome, southern England.

Kennedy, R. Overview of stock status and biological characteristics of salmon from the River
Bush, UK (N. Ireland).

Petersson E. Examination of Swedish historic salmon tagging data for the Baltic and the poten-
tial application of Meta analysis for examination of biological characteristics datasets from
different stocks.

Russell 1. Provisional analysis of salmon biological characteristics datasets from the North At-
lantic.

Russell I., Riley W., Privitera L., Moore A. & Potter E. Biological characteristics of Atlantic
salmon — review of background literature and bibliography.

Todd C. Relationships between oceanic conditions and growth condition of Atlantic salmon —
evidence from two time series in UK (Scotland).

Trial, J. Fecundity of Penobscot River (USA) broodstock.

Data sets

Amiro P. & Gibson, J. Salmon biological characteristics data for the La Have River (wild and
hatchery-origin) (1970-07) - Canada, Scotia Fundy Region.

Chaput, G. Salmon biological characteristics data for Miramichi River (1971-07) - Canada, Gulf
Region.

Davidson 1., Aprahamian M. & Russell I. Salmon biological characteristics data for the Rivers
Wye (1910-07), Dee (1937-07) and Lune (1987-07) - UK (England & Wales).

Erkinaro J. Salmon biological characteristics data for the River Teno (1972-07) and River
Naatamojoki (1975-06), Finland/Norway.

Euzenat G. Salmon biological characteristics data for the River Bresle (1984-08) — France.

Fiske P. Salmon biological characteristics data for the River Gaula (1989-07) and River Argard
(1992-07), Norway.

Gudbergsson G. Salmon biological characteristics data for Rivers Laxa i Aldaldalur (1974-07),
Hofsa (1971-07), Ellidaar (1949-07) and Nordura (1968-07) - Iceland.

Ibbotson A. Salmon biological characteristics data for the River Frome (1968-08) — UK (Eng-
land & Wales).
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Jones R. Salmon biological characteristics data for the St John (Mactaquac) River (wild and
hatchery-origin) (1978-07); and Nashwaak River (1972-07) - Canada, Scotia Fundy Region.

Kennedy R. Salmon biological characteristics data for the River Bush (1973-07) - UK (N. Ire-
land).

Maclean J. & Smith G. Salmon biological characteristics data for the River N. Esk (1981-07) —
UK (Scotland).

Reddin D. Salmon biological characteristics data for Middle Brook (1975-05) and Western Arm
Brook (1971-06) - Canada, Newfoundland.

Reddin D. & Dempson B. Salmon biological characteristics data for Conne River (1986-06) -
Canada, Newfoundland/Labrador.

Sheehan T. Salmon biological characteristics - standardised spreadsheet.
Trial J. Salmon biological characteristics data for the Penobscot River (1978-07) - USA.

Zubchenko A. Salmon biological characteristics data for the River Tuloma (1983-08) — Russia.
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Annex 4: Draft ToRs for proposed follow-up meeting

A Study Group on Biological Characteristics as Predictors of Salmon Abundance
[SGBICEPS] (Chair: Ian Russell, UK) will meet at ICES HQ, Copenhagen, in Novem-
ber 2009 [dates to be determined] to:

a) identify data sources and compile time series of data on marine mortality
of salmon, salmon abundance, biological characteristics of salmon and re-
lated environmental information;

b) consider hypotheses relating growth, mortality (freshwater and marine)
and/or abundance trends for Atlantic salmon stocks with changes in bio-
logical characteristics of all life stages and environmental changes;

¢) conduct preliminary analyses to explore the available datasets and test
the hypotheses.

SGBICEPS will report by 28 February 2010 for the attention of the WGNAS, ACOM,
WGRECORDS and SCICOM.

Supporting Information

Priority:

In June 2009, NASCO asked ICES to ‘continue the work already initiated to
investigate associations between changes in biological characteristics of all life
stages of Atlantic salmon, environmental changes and variations in marine
survival with a view to identifying predictors of abundance’. WGNAS began
work on this question but was unable to make significant progress due to other
work pressures. A separate expert group [SGBICEPS] was therefore set up to
take on this task and met for the first time in Lowestoft, England in March 2009,
incorporating scientists working on both Atlantic and Baltic salmon. SGBICEPS
completed preliminary analyses but recommends that work is continued in
order to make further progress in addressing NASCO’s request for advice.

Scientific

Justification and
relation to Action
Plan:

NASCO has indicated that there is interest in determining if declines in marine
survival of Atlantic salmon coincide with changes in the biological
characteristics of juveniles in freshwater or are modifying characteristics of
adult fish (size at age, age at maturity, condition, sex ratio, growth rates, etc.)
and with envrironmental change.

WGNAS was unable to make significant progress on this request from NASCO
due to lack of time. By addressing this topic within a Study Group it will be
possible to provide the opportunity for scientists working on both Baltic and
Atlantic salmon to contribute to the work.

Resource Meeting facilities at ICES HQ in November 2009 (3 days) for about 20 people.

Requirements:

Participants: Members of the WGNAS and WGBAST and other designated salmon experts.

Secretariat Final production of report.

Facilities:

Financial: None. NASCO agreed to sponsor the attendance of up to two analytical experts
at the first SGBICEPS meeting to expand the scope of the preliminary analyses
already carried out by WGNAS. It is hoped that similar provisions will apply
for future meetings.

Linkages To The proposal originates from WGRECORDS but will have direct significance to

Advisory WGNAS and ACOM in the context of the advice provided to NASCO.

Committees:

Linkages To There are linkages with WGBAST, SCICOM and WGRECORDS in relation to

other improving scientific understanding of salmon and co-ordinating science on
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Committees or diadromous species.
Groups:

Linkages to other NASCO
Organisations:
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