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Abstract

Global warming has been implicated in widespread demographic changes in Atlantic

salmon Salmo salar populations, but projections of life-history responses to future climate

change are lacking. Here, we first exploit multiple decades of climate and biological data

from the Burrishoole catchment in the west of Ireland to model statistical relationships

between atmospheric variables, water temperature, and freshwater growth of juvenile

Atlantic salmon. We then use this information to project potential changes in juvenile

growth and life-history scheduling under three shared socioeconomic pathway and rep-

resentative concentration pathway scenarios from 1961 to 2100, based on an ensemble

of five climate models. Historical water temperatures were well predicted with a recur-

rent neural network, using observation-based atmospheric forcing data. Length-at-age

was in turn also well predicted by cumulative growing degree days calculated from these

water temperatures. Most juveniles in the Burrishoole population migrated to sea as 2-

year-old smolts, but our future projections indicate that the system should start produc-

ing a greater proportion of 1-year-old smolts, as increasingly more juveniles cross a size-

based threshold in their first summer for smoltification the following spring. Those failing

to cross the size-based threshold will instead become 2-year-old smolts, but at a larger

length relative to 2-year-old smolts observed currently, owing to greater overall freshwa-

ter growth opportunity. These changes in age- and size-at-seaward migration could have

cascading effects on age- and size-at-maturity and reproductive output. Consequently,

the seemingly small changes that our results demonstrate have the potential to cause

significant shifts in population dynamics over the full life cycle. This workflow is highly

applicable across the range of the Atlantic salmon, as well as to other anadromous spe-

cies, as it uses openly accessible climate data and a length-at-age model with minimal

input requirements, fostering improved general understanding of phenotypic and demo-

graphic responses to climate change and management implications.
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1 | INTRODUCTION

The Earth's climate is warming (IPCC, 2022), leading to changes in

near-surface air temperature, humidity, air pressure, wind, and pre-

cipitation, which in turn influences ecosystems across multiple levels

(i.e., individual, population, and community) (Woodward et al., 2010).

Species may respond to changes in their environment by phenotypic

plasticity, evolutionary adaptation, or migration (Sears & Angil-

letta, 2011). However, changes are happening at an unprecedented

rate, and many species may be unable to adapt quickly enough to

avoid population decline and possible extinction (Radchuk

et al., 2019; Reed, Schindler, & Waples, 2011). This is particularly the

case for species that undertake seasonal migrations, as successful

migration relies on fine-tuned responses to environmental cues (Cro-

zier et al., 2008). The adaptation of migratory individuals to their sur-

roundings manifests in their life-history traits such as growth

pattern, age- and size-at-migration, and reproduction timing. Juvenile

Atlantic salmon Salmo salar L. 1758 typically spend 1–5 years in

fresh water before undergoing the physiological smoltification pro-

cess and migrating to sea as smolts. They then spend between one

and three winters at sea, before completing the life cycle by return-

ing to spawn. A decrease in the age-at-smoltification with increasing

temperatures has already been observed in some populations (Rus-

sell et al., 2012; Thorstad et al., 2021). Widespread recent declines in

Atlantic salmon stocks appear to be driven predominantly by

declines in marine survival, possibly related to climate change

(ICES, 2022). Climate-driven impacts in fresh water can also directly

affect population dynamics via reductions in smolt numbers, or indi-

rectly via carry-over effects on marine survival and growth, and the

number of years spent at sea (Mobley et al., 2021). It is, therefore,

crucial to quantify and understand how juvenile Atlantic salmon will

respond to climate change across their native range in the coming

decades.

The Atlantic salmon is native to river systems draining into the

North Atlantic Ocean, the Baltic Sea, and the Barents Sea (Klemetsen

et al., 2003; MacCrimmon & Gots, 1979; Thorstad et al., 2011, 2021).

Atlantic salmon that occur in linked river and ocean systems are

within their physiological requirements for temperature (see Bennett

et al., 2021). Lower and upper thermal limits are 0 and 27�C, respec-

tively, for juvenile life stages (Elliott, 1991; Elliott & Elliott, 2010; Jen-

sen et al., 1991; Thorstad et al., 2021), with growth occurring

between 7 and 23�C with an optimum of 15:9�C (Elliott & Hur-

ley, 1997). The effects of climate change are expected to be most

prominent for the populations at or close to the edges of the distribu-

tion range (Thorstad et al., 2021), with the southernmost populations

disappearing, and the northernmost populations experiencing signifi-

cant changes in life-history and, consequently, population dynamics.

Physiological processes in ectotherms are dependent on ambient

temperatures (Atkinson, 1994; Hazel & Prosser, 1974; Van Der

Have & De Jong, 1996), but the precise relationship between temper-

ature and growth in ectotherms is uncertain (Sears & Angilletta, 2011).

Cumulative growing degree days (CGDD) is the accumulation of ambi-

ent temperatures over time relevant for growth and development in

ectotherms, and this metric of physiological time is widely applied in

agronomy and entomology (Neuheimer & Taggart, 2007). The use of

CGDD in fish ecology is increasing, and several studies show strong

linear correlations between CGDD and growth in immature fish (Che-

zik et al., 2014; Neuheimer & Taggart, 2007; Venturelli et al., 2010).

Growth in juvenile Atlantic salmon is controlled by both intrinsic and

extrinsic factors. Temperature and photoperiod are key determinants

of both internal (e.g., physiological processes) and external (e.g.,

resource availability) processes, varying substantially across seasons.

Because CGDD integrates time and temperature, the method offers

good possibilities for investigating the effects of climate change on

growth, and subsequent changes in life history of juvenile Atlantic

salmon.

Recent reviews of climate change effects on Atlantic salmon

suggest that changes in water temperature and hydrology will cause

significant shifts in life-history traits such as growth and age- and size-

at-smoltification with cascading effects on age- and size-at-maturity,

pace of life and ultimately reproductive output (Jonsson & Jons-

son, 2009; Thorstad et al., 2021). Consequently, seemingly small

changes in the life history of juvenile Atlantic salmon may cause sig-

nificant changes in population dynamics. Moving from qualitative

explorations to quantitative projections can be supported by the

development and validation of models that can then be driven by

future climate projections.

Quantitative approaches have been developed to investigate cli-

mate change impacts on Atlantic salmon. For example, Hedger et al.

(2013), Piou and Prévost (2012) and Sundt-Hansen et al. (2018) have

used individual-based models to quantify individual and population-

level responses to changes in climate. However, these studies build

on large amounts of observational data (e.g., discharges, fish density

estimates, genetics), to calibrate and parameterize the models to spe-

cific populations. The data requirements of these approaches make

them difficult to apply to broad spatial scales such that they are appli-

cable to populations across the distribution range of the species. We

sought to design a model workflow quantifying the impact of global

warming on a key life-history trait in the Atlantic salmon, which would

be applicable across the distribution range for both data-poor and

data-rich populations. The Intersectoral Impact Model Intercompari-

son Project (ISIMIP) offers a framework for consistently projecting the

impacts of climate change across affected sectors and spatial scales

(Frieler et al., 2017), which is well suited to the Atlantic salmon as it

inhabits a wide geographic area and several distinct habitats (e.

g., freshwater, coastal, and marine).

The overarching aim of this study is to develop a modeling work-

flow that ties atmospheric climate data to the key life-history traits

size- and age-at-smoltification via freshwater growth. Specifically, we

(1) statistically model a relationship between atmospheric data ISIMIP

phase 3a and in-situ water temperature using a neural network

approach; (2) establish a statistical relationship between length-at-age

and CGDD using a generalized linear model; (3) couple the water tem-

perature model with the length-at-age model, and future climate pro-

jections from ISIMIP phase 3b; and (4) analyse the life-history

response using a calibrated reaction norm for smoltification.
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2 | MATERIALS AND METHODS

2.1 | Study site

The Burrishoole catchment (53�560 N, 9�350 W) is situated in the west

of Ireland. The catchment is �100km2 in size and consists of lakes

and streams draining into the northeast Atlantic Ocean through Clew

Bay (Figure 1). Due to the temperate oceanic climate, air temperatures

historically rarely exceed 20�C, and the minimum water temperature

is typically between 2 and 4�C (de Eyto et al., 2022).

Monitoring of diadromous fish in the Burrishoole catchment

began in the late 1950s. Complete monitoring of migrating diadromous

fish has been in place since 1970, with sea-entry traps on the Mill Race

and Salmon Leap (Figure 1). Atlantic salmon in the Burrishoole catch-

ment migrate as 1- to 3-year-old smolts from March to June, with

more than 90% migrating as 2-year-olds (Piggins & Mills, 1985). The

annual number of smolts declined from �16,000 in the 1970s to

around 5500 in the mid-to-late 2010s (Marine Institute, 2020).

2.2 | Model workflow

To investigate the effects of climate change on juvenile Atlantic

salmon in the Burrishoole, a multistep workflow was developed using

Python (Van Rossum & Drake, 2010). The multistep workflow consists

of four main steps: (1) statistical modeling of water temperatures from

atmospheric data; (2) statistical modeling of length-at-age from CGDD

calculated from modeled water temperature; (3) coupling of the water

temperature model, the length-at-age model, and future climate pro-

jections; and (4) analysis of life-history response (Figure 2). Multiple

substeps to the workflow are only briefly described, but more detailed

descriptions are found in the supplementary material S1a, S1b, S2, S3,

S4 and S5.

This study uses climate data from the ISIMIP as it provides a

framework to assess the effects of climate change by offering openly

accessible historical and current data, and future climate projections

(Frieler et al., 2017). The ISIMIP consists of several phases: phase 3a

provides climate reanalysis data from the historical to contemporary

climate, and phase 3b provides historical, current, and three future

climate scenarios based on the combination of three shared socioeco-

nomic pathways and representative concentration pathways (i.e., SSP-

RCPs) (https://www.isimip.org/). In short, the three SSP-RCP

scenarios denote the socioeconomic trends in combination with the

level of greenhouse gas (GHG) emissions, with SSP1-RCP2.6 being a

low emission scenario, SSP3-RCP7.0 a medium to high emission sce-

nario, and SSP5-RCP8.5 a high emission scenario (see Meinshausen

et al., 2011; Riahi et al., 2017). The ISIMIP phase 3a and 3b

data applied in this study have a daily temporal and

0:5�latitude� longitude spatial resolution and comprise near-surface

air temperature (�C), near-surface wind speed (ms�1), precipitation

(kgm�2s�1), snowfall flux (kgm�2s�1), surface downwelling shortwave

radiation (Wm�2), surface downwelling longwave radiation (Wm�2),

near-surface specific humidity (unitless), and near-surface relative

humidity (%).

2.2.1 | Step 1: Water temperature model

To establish a link between atmospheric conditions and water tem-

peratures, daily average in-situ water temperatures (1961–2019) from

the Burrishoole catchment were obtained from the Marine Institute

Ireland (Marine Institute Ireland, doi: 10/cvft), measured in the Mill

Race (Figure 1). Historical to concurrent climate reanalysis data (i.e.,

GSWP3-W5E5 observation-based, climate-related forcing data) were

obtained from ISIMIP phase 3a (1961–2019). To retain as much data

as possible, missing values in the Mill Race time series were linearly

interpolated if the consecutive number of missing values was less

than 30 days. If the number of consecutive missing values was more

than 30 days, the entire year was removed from the time series.

The years 1965, 1967, 1974, 1991, 2012, 2013, and 2017 were

excluded due to extended periods of missing data, and 1990 and

2005 were removed due to calibration and sensor issues (E. de Eyto,

pers. comm.).

The in-situ water temperature and modeled atmospheric data

were merged, centered, and scaled according to quantile range scaling

using RobustScaler from the scikit-learn module (Pedregosa

et al., 2011). Information on seasonality was encoded using sine and

cosine transformations of the day of year, which results in equal
F IGURE 1 Location of electrofishing sites (green circles) and fish
traps (red circles) in the Burrishoole catchment, Co. Mayo, Ireland.
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F IGURE 2 The four-step model workflow for quantitatively estimating length-at-age and life history of juvenile Atlantic salmon in response
to climate change. Step 1 describes the collation of necessary data and construction of the water temperature model. Step 2 details the data
preparation and construction of the length-at-age model for juvenile Atlantic salmon. Step 3 shows the coupling of the ISIMIP phase 3B
projections to the water temperature model, and the subsequent coupling with the length-at-age model. Step 4 shows the post-processing of
length-at-age projections to estimate smoltification probability and proportion of 1-, 2- and 3-year-old smolts. Shapes are according to ISO 5807
standard.
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spacing between every date (e.g., day 365 is as close to day 1 as day

1 is to day 2). The merged dataset was then split into a training

(1961–1994) subset and a validation (1995–2019) subset. A long

short-term memory neural network (i.e., LSTM) was selected based on

fidelity of multiple approaches measured by mean absolute error (i.

e., MAE) and mean root squared error (i.e., RMSE) (see supplementary

material S1a).

The LSTM neural network allows for modeling of nonlinear rela-

tionships and was constructed of a masking layer, an LSTM layer with

16 nodes and a tanh activation function, a dropout layer with a drop-

out rate of 0.2 to prevent overfitting, and a dense layer with a single

node using a linear activation function. Additionally, a call-back func-

tion based on the validation RMSE and patience of 10 epochs was

specified to prevent overfitting (see supplementary material S1b). The

LSTM neural network was set up using the TensorFlow and Keras

modules (Abadi et al., 2016; Chollet, 2013).

2.2.2 | Step 2: Length-at-age model

To assess the effect of water temperature on juvenile Atlantic salmon,

fish length data from three sources within the Burrishoole catchment

were obtained (Figure 1). First, annual catchment-wide electrofishing

surveys are carried out every year between July and October at

approximately 40 sites distributed across the catchment. Body lengths

of 30,912 wild juvenile Atlantic salmon belonging to 20 cohorts from

these surveys were extracted from 2000 to 2019. Second, high-reso-

lution monitoring is carried out in the Srahrevagh River using a fish

trap to capture all life-history stages from swim-up fry to sea-migrat-

ing smolts (McGinnity et al., 1997). These records include measured

body lengths of 2999 wild juvenile Atlantic salmon belonging to nine

cohorts sampled between 1998 and 2017. Finally, a subsample of

migrating smolts that is killed for biometric sampling each year at the

Mill Race and Salmon Leap Traps, and body lengths from 3366 Atlan-

tic salmon smolts belonging to 20 cohorts sampled between 2000 and

2019 were included. In total, information on 37,277 individual fish

was collated, but after the removal of outliers and observations with

missing values, the number of fish in the analysis was reduced to

37,258 juvenile Atlantic salmon. A further reduction to the sample

number was undertaken due to missing water temperature data for

years after 2019, and so the final number of fish in the analysis was

brought down to 35,719. In all cases, body length is expressed as the

fork length.

After amalgamation of fish body length data, age classification

was performed based on body length and time of capture using a

Gaussian mixture model (with the expectation-maximization algo-

rithm) from the scikit-learn module (Pedregosa et al., 2011). A sliding

window technique was used to subdivide the year into shorter time

periods accounting for growth. Backcalculation of age in days for each

fish was done using a 2-year smolt trajectory and a fixed date for egg

deposition in the riverbed substrate, allowing for alignment of cohorts

consistent with Gregorian calendar years. The fixed egg deposition

was set as the date of winter solstice (i.e., 21st of December), which

falls well within the spawning window of adult Atlantic salmon in the

Burrishoole (see supplementary material S2).

The CGDD for each cohort was calculated from the date of fixed

egg deposition and for the entire freshwater residency using

Equation (1),

CGDD¼
Xn

i¼1

Td�Tb, ð1Þ

where Td is the daily mean water temperature obtained from the

LSTM neural network predictions using climate reanalysis data, and Tb

is the lower threshold temperature for growth (i.e., baseline tempera-

ture). Based on repeated iterations of an ordinary least squares (OLS)

model with varying baseline temperatures, Tb was set to 0�C based

on the highest coefficient of determination and lowest AIC (see sup-

plementary material S3).

Multiple length-at-age models were then parameterized linking

body length (mm) to CGDD (�C �day) using the Statsmodels module

(Seabold & Perktold, 2010). Based on model fidelity, a generalized lin-

ear model using the gamma distribution and natural logarithmic link

function was selected (see supplementary material S4). The 95% pre-

diction interval for the model was obtained by normal approximation

of the sampling distribution of the coefficients with 50,000 random

draws.

2.2.3 | Step 3: Coupling of models and projection

To generate future projections of water temperatures for the Mill

Race, atmospheric data produced by five general circulation models

(i.e., GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0,

and UKESM1-0-LL) for the SSP-RCP 1–2.6, 3–7.0, and 5–8.5 climate

scenarios (2020–2100) were obtained from ISIMIP phase 3b for the

0:5�latitude� longitude grid cell overlying the Burrishoole catchment.

These data were used to simulate future water temperatures by

forcing the LSTM neural network derived in Step 1, and the ensemble

mean was calculated and used to determine the number of CGDD

experienced and body length achieved for every cohort from 2021 to

2098 using the length-at-age model derived in Step 2.

2.2.4 | Step 4: Analysis of life-history response

To investigate the response of juvenile Atlantic salmon to climate

change, the body length distribution was simulated for a total of

10,000 fish per cohort using a normal approximation of the sample

distribution of the coefficient (i.e., the prediction interval) at three key

time points via the length CGDD model: (1) first decision window for

smoltification; (2) time of seaward migration for 1-year-old smolts;

and (3) time of seaward migration for 2-year-old smolts. We further

assume no early maturation of male parr due to no available records.

The probability for smoltification as a 1-year-old was calculated using

Equation (2):
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Pðwill smolt next springÞ
¼1�Pðwill not smolt next springÞ
¼1� e52:321�0:862�FL� �

,

ð2Þ

where FL is body length expressed as fork length (adapted from Met-

calfe, 1998 [p. 99, Table 1]), and iteratively calibrated to the smolt run

of 1983 reported in Piggins and Mills (1985). Using Poisson sampling

(i.e., independent Bernoulli trials) and a uniform probability distribu-

tion, each fish was assigned to one of two alternative categories: “will

smolt as a 1-year-old” (success) or “will not smolt as a 1-year-

old” (failure). Subsequently, for fish in the “will not smolt as a 1-year-

old” category the probability of being a smolt as a 2-year-old was

calculated using Equation (3):

P immature fish is nowsmoltð Þ¼ e0:0823�FL�8:774, ð3Þ

where FL is body length expressed as fork length and iteratively calibrated

to the smolt run of 1983 reported in Piggins andMills (1985). Again, using

Poisson sampling and a uniform probability distribution, non-smolts were

assigned to the either of two categories: “are now 2-year-old smolts”
(success) or “will not smolt as a 2-year-old” (failure). The remaining fish

that did not smolt as 1- or 2-year-olds were then considered to be 3-

year-old smolts (more detail is contained in supplementary material S5).

The impact of climate change on smolt age composition was then

calculated for each cohort, and the underlying trend was quantified

using OLS regression. Lastly, the length distribution of 1-year- and 2-

year-old smolts was visualized over time using the JoyPy module.

2.3 | Ethics statement

Ethical review and approval was not required for this study because

the data used in this article were collected by the Irish Marine Insti-

tute for stock assessment purposes and therefore does not fall under

the EU and Irish directives on animal welfare (2010/63/EU, SI No

543 of 2012). The sampling infrastructure (fish traps) operates under

license (Fisheries Acts 1959–2003) from the Department of

Agriculture, Food and Marine and by permission of the Minister of

Agriculture, Food and Marine.

3 | RESULTS

3.1 | Historic to contemporary

3.1.1 | LSTM neural network

Comparison of in-situ and statistically modeled water temperature in

the Mill Race showed close agreement for the training period (1961–

1994) with an RMSE¼0:654�C and MAE¼0:488�C, and the valida-

tion period (1995–2019) with an RMSE¼0:844�C and

MAE¼0:633�C (Figure 3). Due to the model setup, the year 1961 is

F IGURE 3 The residual error between observed and predicted water temperature (top panel), and the in-situ water temperature (black line)
and long short-term memory neural network water temperature prediction (red crosses) for the training (1961–1994) and validation (1995–2019)
dataset in the Mill Race (bottom panel). Years excluded due to accumulation of internal sate (green), prolonged periods of missing data (blue
shaded), and measurement error (red shaded) are shown in the top panel, and the delineation of the training and validation period is shown by the
vertical dashed line in both panels.

TABLE 1 Ordinary least squares regression of annual average
water temperature as a function of year for observed and modeled
water temperature in the Mill Race (Burrishoole Catchment, Co.
Mayo, Ireland).

Observed average water
temperature (�Cyear�1)

Modeled average water
temperature (�Cyear�1)

Intercept �35.250*** (8.633) �23.940*** (6.316)

Year 0.023 *** (0.004) 0.017*** (0.003)

R2 0.368 0.344

R2 adj. 0.355 0.333

N (DF) 50 (48) 58 (56)

Note: Water temperature was modeled using a long short-term memory

neural network. Standard error in parentheses. *p < 0.1;

**p < 0.05; ***p < 0.01.

Abbreviation: DF, degrees of freedom.
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omitted from the time series. The high fidelity of the LSTM neural net-

work when driven by the 0:5�latitude� longitude ISIMIP phase 3a

obsclim data was considered sufficient for the projection of water

temperatures in the Mill Race.

From the historic to the contemporary period (1961–2019), a sig-

nificant warming was found for the Mill Race. When quantified using

the observed and modeled time series, the long-term increase in

water temperature was �0:023 and �0:017�Cyear�1, respectively

(Table 1).

3.1.2 | Length-at-age

The juvenile Atlantic salmon observations from the historical and con-

temporary periods (1996–2019) were a mix of age classes, as deter-

mined by a Gaussian mixture model classification (Table 2). The

relationship between body length (mm) of these fish and CGDD was

positive and statistically significant using 35,719 observations belong-

ing to 23 cohorts (Kendall rank correlation coefficient; rτ ¼0:61,p<

0:001). A general linear model (GLM) with a gamma family, log link,

and Newey-West HAC estimator found body length to increase by

approximately 0:0146�0:0002% (p<0:001) degreeday�1 (GLM : β1

¼1:46�10�4�0:02�10�4,β0 ¼3:6463�0:010,R2
cs ¼0:99,p<0:001;

Figure 4).

3.2 | Future projections

3.2.1 | Water temperatures in the Mill Race

Future projections derived by coupling of the LSTM neural network

and atmospheric data from the ISIMIP phase 3b climate forcing

ensemble revealed warming of water temperatures in the Mill Race

across the 80-year period (2020–2100) under two of the three SSP-

RCP-scenarios (Figure 5). There was no significant linear long-term

trend in water temperature for SSP1-RCP 2.6 (p>0:05), whereas

SSP3-RCP 7.0 increased by �0:02�Cyear�1 p>0:01ð Þ and SSP5-RCP

8.5 increased by �0:03�Cyear�1 p>0:01ð Þ (OLS :R2
adj ¼0:89).

3.2.2 | Life-history response

When the length-at-age model is driven by the LSTM water tempera-

ture projections to simulate (1) length-at-smoltification decision;

(2) length-at-smoltification as 1-year-old smolts; and (3) length-at-

smoltification as 2-year-old smolts, the response to temperature

change, in terms of growth gain, differs between the three key

moments of freshwater residency (Figure 6; Table 3).

The different response to temperature changes between the key

life-history events results in diverging trends in the proportion of

Atlantic salmon that chose to smolt as 1-year-olds between SSP1-

RCP2.6 (β¼�0:0002 cohort�1,p<0:01), SSP3-RCP7.0 (β¼0:0011

cohort�1,p<0:01) and SSP5-RCP8.5 (β¼0:0017 cohort�1,p<0:01),

when quantified using OLS regression (R2 ¼0:830,F 5,228ð Þ¼
222:4,p<0:01; Figure 7).

Using OLS regression (R2 ¼0:825,F 5,228ð Þ¼220:1,p<0:01) to

estimate the effects of changing smolt age proportion on population

average age-at-smoltification (Figure 8), barring the effect of mortal-

ity, age-at-smoltification had an initial decrease before tending toward

current age-at-smoltification under SSP1-RCP2.6 (β¼�0:0002,p<

0:01), but decreased under SSP3-RCP7.0 (β¼�0:0011,p<0:01) and

SSP-RCP8.5 (β¼�0:0017,p< 0:01).

TABLE 2 Summary statistics
describing the length of juvenile Atlantic
salmon, measured in the Burrishoole
catchment, Co. Mayo, Ireland.

Age class Count Mean S.D. Min 25% 50% 75% Max

0 22,048 55.4 7.6 21 50 55 60 77

1 9021 98.7 14.7 48 89 98 108 164

2 1284 120.1 13.9 80 110 120 130 166

Smolt 3366 138.4 14.7 101 128 137 147 214

Note: Age-classes were determined using Gaussian mixture model classification.

F IGURE 4 Generalized linear model of body length (mm) as a
function of cumulative growing degree days (CGDD, �Cday) for the
23 observed cohorts of juvenile Atlantic salmon in the Burrishoole
watershed. The solid line represents the mean length, and the gray
bands represent the 95% prediction interval. The outer lines represent
the sample density.
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4 | DISCUSSION

This study provides a data-efficient approach to simulating length-at-

age in ectotherms under historical, contemporary, and future climates

using the ISIMIP framework. The potential of the approach is demon-

strated by elucidating life-history responses of the migratory, cold-

water-evolved Atlantic salmon under historical, contemporary, and

three future climate warming scenarios.

As has been previously reported, growth in ectotherms follows

thermal clines, with higher temperatures causing faster growth and

earlier maturation (Angilletta et al., 2004). For the Atlantic salmon, this

is ascribed to the combination of temperature and photoperiod (Met-

calfe & Thorpe, 1990; Power, 1981, 1986). This study shows that

water temperatures in the geographic area encompassing the Bur-

rishoole catchment will shift closer to the optimal growth temperature

of �16�C for Atlantic salmon parr proposed by Elliott and Hurley

(1997) under SSP3-RCP7.0 and SSP5-RCP8.5, whereas SSP1-RCP2.6

appears to remain close to contemporary conditions. Moreover, with

respect to the two most severe warming scenarios, it shows a length-

ening of the growth season by temperature (i.e., the period of time

within which temperatures of 7 to 23�C are experienced) is expected,

which effectively translates into an increase in growth potential for

juvenile Atlantic salmon in the Burrishoole River system over the

century.

An increase in growth potential will, if realized, cause increased

growth rates, which is here shown as an increase in the length-at-age

for juvenile Atlantic salmon in the Burrishoole. This finding is in line

with Hedger et al. (2013), Piou and Prévost (2012), Sundt-Hansen

et al. (2018), all showing faster growth during freshwater residency.

For Atlantic salmon, growth rate will cause changes in life-history

traits age- and size-at-smoltification, which will have carry-over

effects on marine survival, age- and size-at-reproduction, and repro-

ductive investment (Gregory et al., 2019; Jonsson & Jonsson, 2007;

Mobley et al., 2020).

In Atlantic salmon, the decision to smoltify is made in late summer

the year prior to spring migration and is based on energetic status and

growth rate at that time and the likelihood of reaching a threshold

length at the time of migration (Metcalfe, 1998; Thorpe et al., 1998).

Our results show that the increase in growth rate caused by tempera-

ture will lead to an increase in the proportion of juveniles that satisfy

the conditions for smoltification as 1-year-olds and a reduction in the

proportion of juveniles that require 3 years to satisfy these conditions.

In accordance with the findings of Russell et al. (2012), Piou & Pré-

vost, 2012, Hedger et al., 2013, and Sundt-Hansen et al., 2018, we

find a decrease in the age-at-smoltification measured at the popula-

tion level in response to the temperature increase under SSP3-

RCP7.0 and SSP5-RCP8.5, but for SSP1-RCP 2.6 the reversal of the

GHG concentrations causes the initial decrease in age-at-smoltifica-

tion, which is gradually reversed over the century.

Sundt-Hansen et al. (2018) associated this reduction in freshwa-

ter residency (implicit from a decrease in age-at-smoltification) with a

shortening of the period subject to density-dependent mortality,

which would result in an increased smolt abundance. However, ambi-

ent temperatures regulate metabolism, and thus resource require-

ments, and may potentially strengthen density-dependent mortality

even if the period in which the density-dependent mortality occurs is

shortened. Further, a decrease in age-at-smoltification is likely to

entail a reduction in size-at-smoltification due to the migration win-

dow usually occurring once every year. Accordingly, when increasing

temperatures push a growth rate previously resulting in a 2-year-

smoltification trajectory into a 1-year-smoltification trajectory, it

results in the loss of an entire year of freshwater growth. Conse-

quently, the faster growth trajectories with a marginal improvement in

growth will likely not compensate for this loss of freshwater growth.

There will, however, be an increase in length-at-smoltification within

smolt age groups as the total growth potential between migration

windows increases.

The consequence of a reduction in age- and size-at-smoltification

on population vital rates is unclear. Gregory et al. (2019) showed that

marine survival, measured from time of smoltification to return as one

sea-winter spawner, is positively correlated with body size at the time

of smoltification, whereas Jonsson and Jonsson (2007) and Mobley

F IGURE 5 Ensemble average daily water temperature by day of year for the future projections under the three shared socioeconomic
pathways and representative concentration pathways (SSP1-RCP2.6 left, SSP5-RCP7.0 middle, and SSP5-RCP8.5 right). Each line represents the
day of year average temperature for the climate forcing ensemble with colors transitioning from blue to red toward the end of the century
(starting with 2020 and ending with 2100). The lower dashed line represents the lower growth threshold temperature of 7�C, and the upper
dashed line represents the upper growth threshold temperature for 23�C (Elliott & Hurley, 1997).
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et al. (2020) showed that females migrating at a younger age had a

higher propensity to return as multi sea-winter aged spawners (MSW).

Jonsson and Jonsson (2007) attributed this increased propensity to

return as MSW to an increased growth rate over the first sea-winter,

but they also pointed out that the relationship between early marine

growth and sea age is likely to be population-specific and might even

vary in sign across regions. How this will play out when growth rates

increase because of climate change is difficult to predict, as these

younger migrants are likely to reach greater body size and therefore

lower relative growth rates. If the consequences of temperature

increases follow the temperature-size rule and the intraspecific formu-

lation of Bergmann's rule (Angilletta et al., 2004; Ashton, 2004; Black-

burn et al., 1999), then a decrease in body size of adult spawners in

the Burrishoole is to be expected. Smaller body size in Atlantic

salmon, and fish in general, typically corresponds to a disproportional

decrease in reproductive output (Barneche et al., 2018). Further, the

F IGURE 6 Projected change between 1960 and 2100 in length-at-smoltification decision (a, b, and c), length-at-smoltification as 1-year-olds
(d, e, and f), and length-at-smoltification as 2-year-olds (g, h, and i) under the three shared socioeconomic pathways and representative
concentration pathways: SSP1-RCP2.6 (green), SSP3-RCP7.0 (orange), and SSP5-RCP8.5 (red) for juvenile Atlantic salmon in the Burrishoole. The
gray-shaded area represents the historical reference (2000 to 2020), and the red vertical line represents the historical average.
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disappearance of 3-year-old smolts is also a direct loss of life-history

diversity, which could then be associated with reductions in popula-

tion stability (Greene et al., 2010; Schindler et al., 2010).

On the basis of the differing impacts projected under SSP1-

RCP2.6, SSP3-RCP7.0, and SSP5-RCP8.5, it is evident that anthropo-

genic influence on climate will have major implications for the future

F IGURE 7 Model prediction of the proportion of juvenile Atlantic salmon choosing to smolt as 1-year-olds (full saturation, black = historical,
green = SSP1-RCP2.6, orange = SSP3-RCP7.0, and red = SSP5-RCP8.5), 2-year-olds (medium saturation, black = historical,
green = SSP1-RCP2.6, orange = SSP3-RCP7.0, and red = SSP5-RCP8.5), and 3-year-olds (low saturation, black = historical,
green = SSP1-RCP2.6, orange = SSP3-RCP7.0, and red = SSP5-RCP8.5). The red line is the point of reaction norm calibration to Piggins and
Mills (1985).

TABLE 3 Ordinary least squares regression of change in length (mm) scaled to the 2000–2020 historical reference length at (1) length-
at-smoltification decision, (2) length-at-smoltification (1-year-olds), and (3) length-at-smoltification (2-year-olds) under SSP1-RCP2.6,
SSP3-RCP7.0, and SSP5-RCP8.5 for juvenile Atlantic salmon in the Burrishoole catchment, Co. Mayo, Ireland.

Length at decision Length at smoltification (1-year-old) Length at smoltification (2-year-old)

SSP1-RCP2.6 65.21*** (4.47) 7.75*** (8.85) �211.12*** (21.76)

SSP3-RCP7.0 �72.66*** (6.32) �125.21*** (12.52) �283.04*** (30.77)

SSP5-RCP8.5 �107.62*** (6.32) �184.17*** (12.52) �411.82*** (30.77)

Cohort * SSP1-RCP2.6 �0.01*** (0.00) 0.03*** (0.00) 0.17*** (0.01)

Cohort * SSP3-RCP7.0 0.04*** (0.00) 0.06*** (0.01) 0.14*** (0.01)

Cohort * SSP5-RCP8.5 0.05*** (0.00) 0.09*** (0.01) 0.20*** (0.01)

R2 0.82 0.88 0.92

R2 adj. 0.82 0.88 0.92

N (DF) 234 (228) 234 (228) 234 (228)

Note: Standard errors in parentheses. *p < 0.1, **p < 0.05, ***p < 0.01.

Abbreviation: SSP-RCPs, shared socioeconomic pathways and representative concentration pathways.
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of Atlantic salmon in the Burrishoole. It is possible given the most

optimistic response, as described in SSP1-RCP2.6, that climate change

impacts on Atlantic salmon may be reversed by the end of the cen-

tury. In stark contrast, gradually increasing impacts to the Atlantic

salmon in the Burrishoole are projected under the SSP3-RCP7.0 and

SSP5-RCP8.5 scenarios, potentially leading to reduced marine sur-

vival, reduced size- and age-at-reproduction, and reduced reproduc-

tive output. However, the prospects under SSP3-RCP7.0 are better

than those for SSP5-RCP8.5 as the population is given a better oppor-

tunity to adapt to climate change (see Reed, Schindler, Hague,

et al., 2011).

In this study, we demonstrated the ability of an LSTM neural net-

work to accurately estimate water temperature from the atmospheric

data available from ISIMIP phase 3a. The high accuracy of the neural

network on validation data indicates that it is useful for hindcasting

and forecasting water temperature in near, mid, and potentially dis-

tant time. Therefore, the method is a promising approach to studying

effects on climate change on juvenile Atlantic salmon when data avail-

ability for systems is poor. However, the LSTM neural network does

seem to struggle with extreme temperatures. This could be due to the

lack of discharge data, although the issue appears to be common for

machine learning models and may be a limitation of the approach (see

Feigl et al., 2021). Nevertheless, in line with the findings of Feigl et al.

(2021), we found that recurrent neural networks performed better

than other machine learning and traditional regression approaches

when long-term dependencies are relevant (i.e., temperature-

buffering of an upstream lake relative to the temperature monitoring

station; see supplementary material S1a).

The study shows that the CGDD, when calculated from water

temperature, is an excellent general predictor of length-at-age in juve-

nile Atlantic salmon. However, several discontinuities in the relation-

ship occur between size-at-age and CGDD at points in time that

correspond to life-history stage transitions, notably alevin (i.e., endog-

enous energy source via the yolk sac) to fry, and potentially parr to

smolt (Neuheimer & Taggart, 2007). These discontinuities may entail

the need for a more complex model, or combination of several

models, when quantifying the relationship between CGDD and

length-at-age over the span of several life stages. Nevertheless, in this

case, the use of a GLM with a gamma distribution and log-link suc-

cessfully captured the growth trajectory of the juvenile Atlantic

salmon in the Burrishoole catchment. However, we are aware that the

underlying mechanisms for life-stage transition are dependent on

genetics and growth, which again depends on temperature, photope-

riod, productivity, and fish density, and that these interactions may

become difficult to predict in future climates.

The first observed discontinuity in the length-at-age CGDD rela-

tionship occurred during the alevin-fry life-stage transition (i.e., fish

< 38 mm). The transition between alevin and fry life-stage requires

energy allocation into development of physical structures required for

the ingestion and digestion of exogenous food (Skoglund et al., 2011).

The transition is also characterized by a shift in behavior from pas-

sively hiding in the interstitial spaces of riverbed substrates to actively

F IGURE 8 Projected change in age-at-smoltification under the three shared socioeconomic pathways and representative concentration
pathways: (a) SSP1-RCP2.6 (green), (b) SSP3-RCP7.0 (orange), and (c) SSP5-RCP8.5 (red) for juvenile Atlantic salmon in the Burrishoole. The gray-
shaded area represents the historical reference (2000 to 2020), and the red vertical line represents the historical average.
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foraging (Einum & Fleming, 2004). This shift from endogenous to

exogenous nutrition also involves the start of intraspecific competi-

tion and territory establishment, after a period of higher densities sus-

tained by the use of resources acquired by parental fish in the marine

environment. Therefore, it is reasonable to assume that the relation-

ship between length-at-age and CGDD may deviate from that found

for other life stages. A potential second discontinuity in the relation-

ship between length-at-age and CGDD occurs during the parr-smolt

life-stage transition (i.e., apparent from fish ≥90 mm) due to the smol-

tification process. According to Kadri et al. (1996), Kristinsson et al.

(1985), Metcalfe (1998), Saunders et al. (1994), and Skilbrei (1988),

growth of juvenile Atlantic salmon accelerates when the life-history

decision has been made.

The length-at-age CGDD relationship relies on the fact that

growth is near-linear in the mid-range of temperatures (Neuheimer &

Taggart, 2007). However, like other statistical methods, it does not

have any track record under the extreme changes in water tempera-

ture that we may experience in the future. This study assumes that

the growth response to temperature is close to a bell-shaped curve,

and although our projected water temperatures do not exceed the

maximum growth temperature, it may still be a shortcoming of the

model. Nevertheless, it is possible that the current relationship

between length-at-age and CGDD breaks down given larger shifts

than observed over the validation period.

This study is limited by our desire for a data-efficient, geographi-

cally transferrable, approach using only abiotic and biotic variables

available for a large proportion of Atlantic salmon populations across

the native range. As datasets become available for modeling other

aspects of climate change impacts on juvenile Atlantic salmon, these

may be added to this workflow. We are aware that this limits the abil-

ity to accurately capture important underlying processes (e.g., evolu-

tionary responses), which determine the overall response of juvenile

Atlantic salmon in a climate change context. Although this paper

focuses on the plastic response of juvenile Atlantic salmon to warming

temperatures, potential evolutionary responses may add further com-

plexity. For example, Debes et al. (2020) showed that there is a herita-

ble genetic component to growth potential that contributes to

determining the smoltification reaction norm across different temper-

atures and productivity regimes (feeding rates). Evolution and plastic-

ity may, therefore, act either in the same direction or in opposite

directions, regarding age-at-smoltification depending on whether

higher or lower growth potential is selected at higher temperatures.

Further work is needed to evaluate these alternatives.

One other aspect that is worth considering is the probability of

an individual smolting in the following spring. It has been proposed

that this decision is made in late July (Metcalfe, 1998; Metcalfe &

Thorpe, 1992) and depends on an individual's phenotypic size and an

assessment of its energetic status. Furthermore, Debes et al. (2020)

suggest that there is also a genetic component to this decision. Those

individuals that postpone smoltification, as an adaptive response to

the expected local winter conditions, in the following spring are

observed to downregulate metabolism, suspend feeding, and adopt an

anorexic state despite adequate food availability (Metcalfe &

Thorpe, 1992). Given that there will likely be changes to winter ther-

mal regimes (i.e., warmer winters) in the future, it might be assumed

that this contemporary adaptive response to overwintering could

change. Although warmer winters might simplistically be presumed to

be less harsh, it is more likely that they will be more severe due to

heightened energetic demands and insufficient food to sustain higher

metabolic demands. This has been shown in several important studies

(Bradshaw & Holzapfel, 2006; Humphries et al., 2002; McGinnity

et al., 2009). Warmer winter temperatures are therefore likely to

select against the torpor strategy in the future as an effective strategy

for overwinter survival and thus favor faster-growing individuals and

result in an increased pace of life for the population overall.

However, these limitations do not imply that we cannot identify

changes to existing large-scale trends, such as the ones driven by tem-

perature. An example of this would be the underestimated length dis-

tribution of 1-year-old smolt, as we are unable to quantify growth for

fish in the 1-year-smolt trajectory after the smoltification decision.

Nevertheless, the growth response only causes a positive shift in the

length distribution, and the mechanism remains the same, implying

that it captures the large-scale trend. Moreover, the model may not

be robust due to the inherent uncertainty tied to extrapolation, and

the model chain has only been applied to one study system; the gen-

eralizability of the model workflow should be applied to several sys-

tems for validation. An improvement to the model workflow may be

obtained by re-estimation of Equation (2) from Metcalfe (1998), which

is derived from hatchery-reared fish, and does, most likely, overesti-

mate the smoltification probability found in the Burrishoole River sys-

tem due to differences in growth rates and resource limitations.

In conclusion, this study provides a data-efficient model workflow

applicable to ectotherms, in particular aquatic ectotherms, for investi-

gation of their life-history response to historical, contemporary, and

future climates. The potential of the model, although simplistic relative

to the underlying mechanisms, is shown by its ability to reproduce

findings in line with more complex and data-demanding approaches,

as well as expectations founded in best available knowledge on the

Atlantic salmon. Although the geographical transferability of the model

remains untested, the underlying data are commonly found through-

out the native range of the Atlantic salmon. This enables the transfer

of the model from data-rich to data-poor systems, allowing a range-

wide examination of climate impacts on Atlantic salmon. More gener-

ally, our modeling work emphasizes how increased growth potential in

ectotherms as a result of global warming can filter through the life

cycle in complex ways, potentially speeding up the overall pace of life.
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