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from source to sea

Atlantic salmon under climate change.

Understanding the influence of growth in demographics and population dynamics.
Context

Recent climate-induced environmental changes in the marine ecosystem (Hoegh-Guldberg and Bruno
2010), combined with other direct or indirect anthropic pressures like habitat degradation (Halpern et al.
2008) and over harvesting (Christensen et al., 2003; Worm et al., 2006) affect the productivity of many
fish populations. Understanding the demographic and ecological mechanisms shaping the response of
fish populations to multiple stressors is a prerequisite for scientific expertise on the status of population
and for sound science based management (Soulé 1991; Butchart et al. 2010). There is already growing
evidence of reduced recruitment in fish population, which is particularly visible in the North Atlantic
(Britten et al. 2016). Other reported changes affect fish survival at older stages as well as their
phenotypes, like maturation age, body length or body weight with consequences on the productivity and
resilience of populations.

Still, stock assessment models are generally primarily designed to capture variation in abundance and
rarely explicitly address the variability in phenotypic traits among individuals or over time in response to
environmental changes (Pepin et al., 2022; Szuwalski et al., 2023). Failure to consider variability of key
phenotypic traits, such as body size, sex-ratio or fecundity, and the processes that drive them, can lead
to biased estimates of demographic rates and ultimately of population dynamics and productivity
(Mangel et al., 2010). As a result, biological and management reference points derived from those
models may be biased with regards to the current level of population productivity (Thorson et al., 2015;
Miller et al., 2018; Szuwalski et al., 2023). This may also impede the use of stock assessment models
to forecast future population dynamics and population productivity in the context of environmental
changes. Developing stage-based population models that explicitly capture the effect of environmental
changes on key life history traits can provide a better understanding of past changes, can improve our
capacity to forecast population dynamics and productivity in a context of climate change, and can
ultimately help informing the management and conservation of aquatic resources within an ecosystem-
based management framework.

For many fish species, growth and the body length reached at some key stages in the life cycle is driving
key demographic transitions like survival and maturation. Growth is the result of individual capacity to
acquire and assimilate resources within a given environment, thus any change in the environment
(temperature, trophic resources) is likely to influence individual growth (Woodward et al., 2021). Hence,
understanding the drivers and mechanisms that control the variations of growth of individuals and how
those changes affect life history traits and demographic parameters is therefore critical to assess the
response of individuals and populations to environmental changes.

Quantifying the effects of multiple pressures on the life cycle is particularly challenging for anadromous
fishes that share their life cycle between a freshwater breeding habitat and the marine environment
where they need to acquire sufficient resources for a surge in body growth and maturation (Gross 2019;
Thorstad et al. 2021). This is even more difficult as the as marine phase of anadromous fishes is difficult
to observe. Distributed across the north Atlantic ocean and the Baltic sea, the abundance of many wild
Atlantic salmon (Salmo salar) populations declined dramatically over the last decades (Limburg and
Waldman, 2009; Chaput 2012; Olmos et al. 2019; ICES 2021). The decline in A. salmon abundance is
most often attributed to a decline in smolt survival (Chaput 2012; ICES 2021). In addition, other marked
changes observed in the demographic structure and phenotypes of adults returning to rivers after the
marine sojourn may impact population dynamics and productivity (Mobley et al. 2021). Reduction in the
size at age, which is particularly visible in South European populations (Todd et al. 2012; Jonsson et al.
2016; Bal et al. 2017) is expected to further exacerbate the impact of ongoing changes through a
reduction in females fecundity (Hanson et al. 2020). In addition, changes in the sea-age composition of
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returning fish have been observed widely, as the proportion of early maturing fish increased from the
1970’s to the early 2000’s, and then reached a plateau or even declined over the last 20 years (Jonsson
et al. 2016; Olmos et al. 2019). In addition, recent literature suggests a pan-population common decline
in growth during the first summer at sea (Vollset et al., 2022; Tréhin et al., accepted), likely due to a
bottom-up response to climate change in the marine environment, and correlated with a rise in
temperature and a decline in abundance and energetic quality of available salmon preys (Olmos et al.,
2020; Vollset et al., 2022).

Even if the underlying mechanisms of those changes are still unclear, the available knowledge strongly
suggests that the first months of life at sea, from the time of smolt migration to the end of the first
summer-autumn at sea, is a critical period for both survival (Friedland et al. 2009) and maturation
(Mobley et al. 2021). Indeed, there is now growing evidence that the growth and body length of fish at
certain audit point in the life cycle has a critical influence during this critical phase. In particular, body
length of smolts at migration has been shown to modulate return rates, with bigger smolts having a
higher probability of returning (the “bigger-is-better” hypothesis; Gregory et al., 2018; Gregory et al.
2019; Simmons et al. 2021). In addition, evidences now accumulate that the body length reached at the
end of the first summer at sea partly determines the decision to mature after only one winter at sea or
to delay maturation. Recent modeling work proposes probabilistic maturation reaction norm as a
proximate mechanism: the maturation decision would depend on an individual body length threshold at
the end of the first summer at sea, with small size increasing the probability to delay maturation decision
(Tréhin et al. 2021). Available results also provide strong evidence for a difference between males and
females in the maturation decision, with females having a lower probability to mature as 1SW than males
of similar size (Mobley et al. 2020; Tréhin et al. 2021). Any changes in the sea-age composition of adults
can dramatically affect the amount of eggs spawned in rivers. Indeed, the proportion of females, together
with females’ body length and weight dramatically increase with the duration of the marine sojourn.
Nevertheless, a longer marine sojourn also means a higher risk of mortality before reproduction (Mobley
et al. 2020). Hence, the observed decline in marine growth could result in dramatic changes in life history
and phenotypic traits of returning fish and may in turn result in a widespread reduction in reproductive
potential and marine survival, further precipitating the large-scale and long-term declines in salmon
return rates observed throughout the North Atlantic basin (ICES, 2021a).

Yet, the complexity of salmon life history, and the difficulty in observing salmon at sea still fuels
uncertainties on the mechanisms and the drivers of the changes in survival, maturation, and the resulting
abundance and composition of returns. In particular, the way variations in growth during both the
freshwater and the marine phase may shape demographic and population dynamics remain difficult to
quantify. Improving our understanding of the drivers and mechanisms underlying those variations is
therefore critical to better understand the response of populations to environmental changes, anticipate
their capacity of adaptation to future changes and propose the most adapted management measures.

Working hypotheses and objectives

Population dynamic models of salmon life cycle developed so far (Olmos et al., 2019; Olmos et al., 2020;
Tréhin, 2022) are not structured by length and hence cannot explicitly represent how demographic
parameters depend on growth and/or length of fish. In particular, the dependence of post-smolt marine
survival to the body length at smolt migration and the sex-specific dependence of the probability to
mature as 1SW to the body length of fish at the end of the first summer at sea have not been tested
empirically within a length structured life cycle model. The “bigger-is-better” hypothesis developed by
Gregory et al. (2019) and Simmons et al. (2021) is based on results demonstrating that bigger smolt
have a higher return rates, but their approaches do not consider the potential influence of the length-
dependent maturation process on the return rate.

The objectives of this internship are to test the hypothesis that the variability in abundance, sea-age
composition, sex-ratios and length structure in adult returns are shaped by the articulation of length-
dependent survival and maturation demographic transitions. Expectations to be tested are:

e We expect the post-smolt survival to be highly variable among years;

e We expect large temporal variations in the maturation schedule, and differences between sex,
with females having a lower maturation rate after 1 year at sea than males;
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o We expect the distribution of body length at smolt migration and growth during the first summer
at sea to be good predictors of the variation in the survival and the maturation rates.

The proposed approach is to develop a life cycle model structured by sex, age, stage and length that
proposes an explicit representation of transitions occurring during the first and second year at sea, i.e.
post-smolt survival, sex-specific maturation decision, and survival after the maturation decision in order
to investigate the contribution of key demographic and ecological drivers to the variability in abundance,
sea-age composition and sex-ratios in returns and the resulting egg deposition. Salmon are typically
observed and sampled when they migrate to the sea at the smolt stage and when they return as adults,
but no direct observations are available between those two stages. The model will be built within an
Integrated Population Modelling (IPM) framework. IPM are appropriate tools to combine various sources
of observations to draw inferences on hidden (non-directly observed) demographic processes (Parent
and Rivot, 2012; Schaub and Abadi, 2011; Zipkin et al., 2019). The Bayesian framework (based on tools
like Nimble or STAN) will be used for inferences.

The model will be developed based on an extensive data set from the survey of the A. salmon population
of the Scorff river (Brittany, France; one of four index river for A. salmon in France (ICES 2021)) between
1996 and 2018. Data mainly consists in:

e estimates of abundance of migrating smolts and of adults that returns after the marine phase,
including uncertainty (based on a model developed by (Buoro et al. 2019));

e data on the sex and age structure of smolts and adults (from scale reading and molecular sex-
ing);

e length structure of the smolt and returning adults;

e proxies of individual growth trajectories based on scale reading of returning adults

Main steps of the internship

e Develop a demographic model structured by sex, age, stage, and length for the transition from
smolt to adult return;

¢ Introduce size selective post-smolt survival and size selective maturation within this model,

e Develop a back-calculation model to infer fish length based on scale reading (based on the
model developed by V. Sylve (Sylve, 2019);

e Combine the demographic model with multiple sources of observation within a Bayesian inte-
grated Population Modelling framework to draw inferences and test the aforementioned ecolog-
ical hypotheses;

e If time available, explore the capacity to estimate temporal variation of the survival after the
maturation stage (considered constant in all models so far).

All those models will be developed with R and Nimble (or STAN for statistical inferences). The applicant
will beneficiate from data sets already compiled. The models won'’t be developed from scratch as the
applicant will beneficiate from pre-existing models and codes.

Collaborations

Le/la stagiaire bénéficiera d’'un contexte de travail local dynamique : 'TUMR DECQOD est une des équipes
de recherche leader sur le fonctionnement des populations de salmonidés migrateurs, et bénéficiant
d’'une grande expérience dans la modélisation démographique/dynamique de population.

Le stage s’inscrit dans une dynamique de recherche en développement au sein de TUMR DECOD
autour des modéles de populations structurés en taille. Le travail s’'inscrira dans une collaboration avec
d’autres équipes de TUMR DECOD (notamment basées Ifremer Brest) développant des approches
similaires sur des poissons petits pélagiques marins (anchois, sardines). Un stage de M2 sur ces
modéles d’étude devrait étre lancé en paralléle, et des échanges sont prévus entre les deux cas
d’application.

Le stage s'inscrit aussi dans une collaboration de long terme avec 'lUMR ECOBIOP et en particulier

3



Sujet de stage - Master 2 / Ingénieur - 2024 Septembre 2023

Etienne Prévost et Mathieu Buoro (maitrise des données du Scorff et des questions de démographie et
de dynamique des populations). Il mobilise en outre les données de 'ORE DiaPFC et les liens de longue
date avec l'unité U3E. Enfin il entre en résonnance avec les activités de recherche-développement du
Péle MIAME OFB/INRAE/institut Agro/UPPA.

Intérét du stage en termes d’acquis pour la/le stagiaire

e Modélisation démographique et dynamique des populations
e Approche intégrée des cycles de vie dans les dimensions spatiales et temporelles

e Outils de modélisation génériques pour I'écologie statistique: Modéles Bayesiens Hiérar-
chiques, modélisation des cycles de vie, approche multi-échelles, covariation spatiale, analyse
des incertitudes

Lieu du stage / Encadrement

Lieu du stage UMR DECOD, Rennes
Encadrement ¢ Etienne RIVOT, UMR DECOD, Institut Agro, Rennes

Tél : 02 23 48 59 34 ; email: etienne.rivot@institut-agro.fr
e Marie NEVOUX, UMR DECOD, INRAE, Rennes
Tel*:02 23 48 50 15 ; email : marie.nevoux@inrae.fr
Collaborations Etienne Prévot et Mathieu Buoro, UMR ECOBIOP St Pée sur Nivelle
Eric Edeline, UMR DECOD, INRAE, Brest
Maxime Olmos, Christophe Lebigre, UMR DECOD, Ifremer, Brest

Profil requis

Ce stage comporte une forte composante d’analyse quantitative (dynamique de population,
modélisation, analyse des données, statistiques). |l s’adresse aussi bien a i) un étudiant de Master 2
« Recherche » orienté « modélisation et statistiques » intéressé par la modélisation pour I'écologie et la
gestion des ressources renouvelables ; ii) un étudiant en 3¢™e année d’école d’'ingénieur (type Agro)
intéressé par la recherche pouvant justifier d’'une compétence en analyse quantitative.

Compétences requises : Connaissances en écologie, dynamique des populations, bio-mathématiques,
bio-statistiques. Une connaissance préalable de I'analyse statistique Bayesienne est préférable.

Période / Rémunération

Période : 6 mois entre Janvier et Ao(t 2024
Indemnité : Indemnité de stage réglementaire (~ 550 euros / mois)
Références

Aas, J., Klemetsen, A., Einum, S., and Skurdal, J. 2010. Atlantic Salmon Ecology. John Wiley & Sons, Oxford:
Wiley-Blackwell.

Bal, G., Montorio, L., Rivot, E., Prévost, E., Bagliniére, J.-L., and Nevoux, M. 2017. Evidence for long-term change
in length, mass and migration phenology of anadromous spawners in French Atlantic salmon Salmo salar:
changing s. salar size and phenology. J. Fish Biol 90(6): 2375-2393. doi:10.1111/jfb.13314.



Sujet de stage - Master 2 / Ingénieur - 2024 Septembre 2023

Britten, G.L., Dowd, M., and Worm, B. 2016. Changing recruitment capacity in global fish stocks. PNAS 113(1):
134-139. doi:10.1073/pnas.1504709112.

Butchart, S.H.M., Walpole, M., Collen, B., van Strien, A., Scharlemann, J.P.W., Almond, R.E.A., Baillie, J.E.M.,
Bomhard, B., Brown, C., Bruno, J., Carpenter, K.E., Carr, G.M., Chanson, J., Chenery, A.M., Csirke, J.,
Davidson, N.C., Dentener, F., Foster, M., Galli, A., Galloway, J.N., Genovesi, P., Gregory, R.D., Hockings, M.,
Kapos, V., Lamarque, J.-F., Leverington, F., Loh, J., McGeoch, M.A., McRae, L., Minasyan, A., Morcillo, M.H.,
Oldfield, T.E.E., Pauly, D., Quader, S., Revenga, C., Sauer, J.R., Skolnik, B., Spear, D., Stanwell-Smith, D.,
Stuart, S.N., Symes, A., Tierney, M., Tyrrell, T.D., Vie, J.-C., and Watson, R. 2010. Global Biodiversity:
Indicators of Recent Declines. Science 328(5982): 1164—1168. doi:10.1126/science.1187512.

Chaput, G. 2012. Overview of the status of Atlantic salmon (Salmo salar) in the North Atlantic and trends in marine
mortality. ICES J. Mar. Sci. 69(9): 1538-1548. doi:10.1093/icesjms/fss013.

Christensen, V., Guénette, S., Heymans, J. J., Walters, C. J., Watson, R., Zeller, D., & Pauly, D. (2003). Hundred-
year decline of North Atlantic predatory fishes. Fish and Fisheries, 4(1), 1 24.

Friedland, K.D., MacLean, J.C., Hansen, L.P., Peyronnet, A.J., Karlsson, L., Reddin, D.G., o) Maoiléidigh, N., and
McCarthy, J.L. 2009. The recruitment of Atlantic salmon in Europe. ICES J. Mar. Sci. 66(2): 289-304.
doi:10.1093/icesjms/fsn210.

Gregory, S.D., Armstrong, J.D., and Britton, J.R. 2018. Is bigger really better? Towards improved models for testing
how Atlantic salmon Salmo salar smolt size affects marine survival. J Fish Biology 92(3): 579-592.
doi:10.1111/jfb.13550.

Gregory, S.D., Ibbotson, A.T., Riley, W.D., Nevoux, M., Lauridsen, R.B., Russell, I.C., Britton, J.R., Gillingham, P.K.,
Simmons, O.M., and Rivot, E. 2019. Atlantic salmon return rate increases with smolt length. ICES J. Mar. Sci.:
fsz066. doi:10.1093/icesjms/fsz066.

Gross, M. 2019. Salmon face uphill struggle. Current Biology 29(24): R1269-R1272.
doi:10.1016/j.cub.2019.11.074.

Halpern, B.S., Walbridge, S., Selkoe, K.A., Kappel, C.V., Micheli, F., D’Agrosa, C., Bruno, J.F., Casey, K.S., Ebert,
C., Fox, H.E., Fujita, R., Heinemann, D., Lenihan, H.S., Madin, E.M.P., Perry, M.T., Selig, E.R., Spalding, M.,
Steneck, R., and Watson, R. 2008. A Global Map of Human Impact on Marine Ecosystems. Science 319(5865):
948-952. doi:10.1126/science.1149345.

Hoegh-Guldberg, O., and Bruno, J.F. 2010. The Impact of Climate Change on the World’'s Marine Ecosystems.
Science 328(5985): 1523—-1528. doi:10.1126/science.1189930.

Hanson, N., Ounsley, J., Burton, T., Auer, S., Hunt, J.H., Shaw, B., Henderson, J., and Middlemas, S.J. 2020.
Hierarchical analysis of wild Atlantic salmon (Salmo salar) fecundity in relation to body size and developmental
traits. J Fish Biology 96(2): 316—326. doi:https://doi.org/10.1111/jfb.14181.

ICES. 2021. Working Group on North Atlantic Salmon. ICES. doi:10.17895/ICES.PUB.7923.

Jonsson, B., Jonsson, N., and Albretsen, J. 2016. Environmental change influences the life history of salmon Salmo
salar in the North Atlantic Ocean. J Fish Biology 88(2): 618-637. doi:10.1111/jfb.12854.

Koenig, W.D. 1999. Spatial autocorrelation of ecological phenomena. Trends in Ecology & Evolution 14(1): 22—-26.
doi:10.1016/S0169-5347(98)01533-X.

Limburg, K. E., & Waldman, J. R. (2009). Dramatic declines in North Atlantic diadromous fishes. BioScience, 59(11),
955 965. https://doi.org/doi: 10.1525/bi0.2009.59.11.7

Mangel, M., Brodziak, J., and DiNardo, G. 2010. Reproductive ecology and scientific inference of steepness: a
fundamental metric of population dynamics and strategic fisheries management. Fish and Fisheries 11(1):89
104.

Miller, T.J., O’Brien, L., and Fratantoni, P.S. 2018. Temporal and environmental variation in growth and maturity
and effects on management reference points of Georges Bank Atlantic cod. Can. J. Fish. Aquat. Sci. 75(12):
2159-2171.

Mobley, K.B., Granroth-Wilding, H., Ellmén, M., Orell, P., Erkinaro, J., and Primmer, C.R. 2020. Time spent in
distinct life history stages has sex-specific effects on reproductive fithess in wild Atlantic salmon. Molecular
Ecology 29(6): 1173—-1184. doi:10.1111/mec.15390.

Olmos, M., Massiot-Granier, F., Prévost, E., Chaput, G., Bradbury, I.R., Nevoux, M., and Rivot, E. 2019. Evidence
for spatial coherence in time trends of marine life history traits of Atlantic salmon in the North Atlantic. Fish and

5



Sujet de stage - Master 2 / Ingénieur - 2024 Septembre 2023

Fisheries 20(2): 322—-342. doi:10.1111/faf.12345.

Olmos, M., Payne, M.R., Nevoux, M., Prévost, E., Chaput, G., Du Pontavice, H., Guitton, J., Sheehan, T., Mills, K.,
and Rivot, E. 2020. Spatial synchrony in the response of a long range migratory species (Salmo salar) to climate
change in the North Atlantic Ocean. Glob Change Biol: gcb.14913. doi:10.1111/gcb.14913.

Parent, E., & Rivot, E. (2012). Introduction to hierarchical bayesian modeling for ecological data. Chapman &
Hall/CRC. 427 pp.

Pepin, P., King, J., Holt, C., Smith, H.-G., Shackell, N., Hedges, K., & Bundy, A. (2022). Incorporating knowledge
of changes in climatic, oceanographic and ecological conditions in Canadian stock assessments. Fish and
Fisheries, 23(6), 1332-1346. https://doi.org/10.1111/faf.12692

Schaub, M., & Abadi, F. (2011). Integrated population models : A novel analysis framework for deeper insights into
population dynamics. Journal of Ornithology, 152(1), 227-237. https://doi.org/10.1007/s10336-010-0632-7

Simmons, O.M., Gregory, S.D., Gillingham, P.K., Riley, W.D., Scott, L.J., and Britton, J.R. 2021. Biological and
environmental influences on the migration phenology of Atlantic salmon Salmo salar smolts in a chalk stream
in southern England. Freshwater Biology 66(8): 15681-1594. doi:10.1111/fwb.13776.

Soulé, M.E. 1991. Conservation: Tactics for a Constant Crisis. Science 253(5021): 744-750.

Silve, V. 2019. Back-calculation modelling from Atlantic salmon (Salmo salar) scales Rapport de stage de Master
1 Biodiversité Ecologie Evolution Parcours Modélisation en écologie, Université de Rennes 1 UFR Sciences de
la vie et de I'environnement. 25 pp.

Szuwalski, C. S., Hollowed, A. B., Holsman, K. K., lanelli, J. N., Legault, C. M., Melnychuk, M. C., Ovando, D., &
Punt, A. E. (2023). Unintended consequences of climate-adaptive fisheries management targets. Fish and
Fisheries, 24(3), 439-453. https://doi.org/10.1111/faf.12737

Thorson, James T., Cole C. Monnahan, et Jason M. Cope. 2015. « The potential impact of time-variation in vital
rates on fisheries management targets for marine fishes ». Fisheries Research 169:8-17. doi:
10.1016/j.fishres.2015.04.007.

Thorstad, E.B., Bliss, D., Breau, C., Damon-Randall, K., Sundt-Hansen, L.E., Hatfield, E.M.C., Horsburgh, G.,
Hansen, H., Maoiléidigh, N.O., Sheehan, T., and Sutton, S.G. 2021. Atlantic salmon in a rapidly changing
environment—Facing the challenges of reduced marine survival and climate change. Aquatic Conservation:
Marine and Freshwater Ecosystems 31(9): 2654—2665. doi:10.1002/aqc.3624.

Todd, C.D., Friedland, K.D., MacLean, J.C., Whyte, B.D., Russell, I.C., Lonergan, M.E., and Morrissey, M.B. 2012.
Phenological and phenotypic changes in Atlantic salmon populations in response to a changing climate. ICES
J. Mar. Sci. 69(9): 1686—1698. doi:10.1093/icesjms/fss151.

Tréhin, C., Rivot, E., Lamireau, L., Meslier, L., Besnard, A.-L., Gregory, S.D., and Nevoux, M. 2021. Growth during
the first summer at sea modulates sex-specific maturation schedule in Atlantic salmon. Can. J. Fish. Aquat. Sci.
78(6): 659-669. NRC Research Press. doi:10.1139/cjfas-2020-0236.

Tréhin, C., 2022. Réponse des populations de salmonidés migrateurs aux changements globaux. Rdle de la
croissance dans les stratégies d’histoire de vie et la dynamique de population chez le saumon atlantique (Salmo
salar). Thése de doctorat de l'institut National d'Enseignement Supérieur pour I'Agriculture I'Alimentation et
I'Environnement, Ecole interne Agrocampus Ouest. Spécialité Ecologie et Evolution. 292 pp.

Vollset, K. W., Urdal, K., Utne, K., Thorstad, E. B., Seegrov, Raunsgard, A., Skagseth, &., Cooper, R. J., Jstborg,
G. M., Ugedal, O., Jensen, A. J., Bolstad, G. H., & Fiske, P. (2022). Ecological regime shift in the Northeast
Atlantic Ocean revealed from the unprecedented reduction in marine growth of Atlantic salmon. Science
Advances, 8(9), eabk2542.

Worm, B., Barbier, E. B., Beaumont, N., Duffy, J. E., Folke, C., Halpern, B. S., Jackson, J. B. C., Lotze, H. K,
Micheli, F., Palumbi, S. R., Sala, E., Selkoe, K. A., Stachowicz, J. J., & Watson, R. (2006). Impacts of Biodiversity
Loss on Ocean Ecosystem Services. Science, 314(5800), 787 790. https://doi.org/10.1126/science.1132294.

Zipkin, E. F., Inouye, B. D., & Beissinger, S. R. (2019). Innovations in data integration for modeling populations.
Ecology, 100(6), e02713. https://doi.org/10.1002/ecy.2713.



