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A B S T R A C T

As habitat degradation threatens global biodiversity and conservation efforts are resource limited, maximising 
the effectiveness of habitat protection and thus restoration of wild populations is essential. For animals that 
occupy multiple habitats throughout their lifetime, understanding how the immediate (i.e., affecting a given life 
stage) and carry-over (i.e., affecting a subsequent life stage) effects of habitat quality impact their population 
dynamics could help prioritise effective habitat protection. Here, we use a bespoke integrated path analysis 
model that simultaneously accounts for effects of habitat characteristics, density-dependent regulation, and 
random effect structures, to draw inference from a case study dataset for the threatened diadromous fish, Atlantic 
salmon (Salmo salar). We show that higher quality growing habitat promotes greater young-of-year (YOY) body 
length by the end of the growing season that results in a subsequent higher probability of them surviving to be 
detected as seaward migrating juveniles. Further, these growing habitat characteristics, along with instream 
macrophyte cover, promote higher YOY abundance at the end of the growing season. Higher YOY abundance is 
associated with, on average, shorter YOY and a lower probability of subsequent survival, suggesting density- 
dependent processes are evident throughout these juvenile life stages. Our study demonstrates that detailed 
population and habitat monitoring data can be used to disentangle and quantify immediate and carry-over effects 
from myriad other regulatory processes. We postulate that such findings are useful to prioritise effective habitat 
management that maximises its beneficial (or minimises its detrimental) immediate and carry-over effects to 
different life stages of the target population.

1. Introduction

An organism's habitat provides abiotic and biotic resources and 
conditions essential for an individual to persist (i.e., survive and 
reproduce; Hall et al., 1997). Accordingly, the degradation and loss of 
habitat is one of the most urgent threats to global biodiversity, with 
population declines across terrestrial and aquatic ecosystems in part 
attributed to a reduction in habitat suitable to support the functioning of 
wild populations (Arthington et al., 2016; Powers and Jetz, 2019; Hogue 
and Breon, 2022). Strategies to mitigate habitat loss and remediate 
human impacts on ecosystems are therefore prevalent in conservation 
(Bond and Lake, 2003; Geist and Hawkins, 2016). Identifying habitats in 
which to invest restoration efforts can be challenging, particularly for 

species that exhibit ontogenetic shifts or migration and thereby inhabit 
multiple, sometimes inaccessible or unknown, environments (Pretty 
et al., 2003; Palmer et al., 2005). In these cases, management actions 
tend to target accessible habitats associated with critical life history 
stages or major stressors for restoration (e.g., Rogosch et al., 2024). 
Correspondingly, a growing literature is using population monitoring 
data to evaluate the effectiveness of those restorations (e.g., Belder et al., 
2018, 2021; Noe et al., 2022). Rather than use population monitoring 
data to measure the effectiveness of habitat management a posteriori, 
however, we postulate that these data could be used to prioritise habitat 
protection or restoration a priori.

To be successful, habitat management must be based on an under
standing of what constitutes high quality habitat and how this affects 
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population processes. Effects of habitat conditions associated with a life 
stage can affect individual performance and population demographic 
rates during that life stage (here, immediately), but also in subsequent life 
stages, referred to as carry-over effects (e.g., Harrison et al., 2011). 
Carry-over effects have been documented in a wide range of species with 
complex life histories, including birds (Norris and Taylor, 2006), am
phibians (Chelgren et al., 2006), mammals (Beltran et al., 2019), and 
fish (Dingeldein and White, 2016). For example, a study of the pond- 
breeding frog, Rana aurora aurora, found that favourable aquatic 
habitat conditions were associated with larger body size at meta
morphosis and attendant improved survival and earlier emigration from 
ponds to terrestrial habitats (Chelgren et al., 2006). Neglecting to 
consider carry-over effects could, therefore, underestimate the influence 
of habitat quality on a population. Furthermore, identifying habitat 
conditions with both beneficial immediate and carry-over effects would 
allow for prioritising intervention where advantages are most likely to 
propagate through the population. Detecting and quantifying carry-over 
effects between subsequent life stages can, however, be difficult due to 
their possible interaction with myriad other processes regulating pop
ulation functioning, such as density-dependent competition (Norris and 
Taylor, 2006; Harrison et al., 2011). This emphasises the need for suf
ficient data and understanding to disentangle these effects on wild 
populations under study.

Atlantic salmon (Salmo salar; hereafter salmon) are a diadromous 
fish species that spends between one and eight years in freshwater 
before migrating to sea to feed and grow prior to returning to rivers as 
adults to reproduce (Hansen and Quinn, 1998; Klemetsen et al., 2003). 
Within freshwater, salmon undergo ontogenetic shifts in habitat use 
from development in riverbed gravels through to rapid growth in sum
mer juvenile growing habitat (Armstrong et al., 2003). Despite a good 
understanding of salmon life histories and considerable conservation 
efforts, they have suffered widespread population declines around the 
North Atlantic over the last five decades (Gillson et al., 2022; ICES, 
2024) and were recently listed as ‘near threatened’ globally, and 
‘vulnerable’ in Europe, by the International Union for the Conservation 
of Nature (IUCN) Red List Assessment (Darwall, 2023; Sayer, 2024).

An important factor contributing to the observed population declines 
is higher mortality of early salmon life stages as river conditions and 
freshwater habitats have deteriorated due to, for example, agricultural 
inputs, pollutants, channel modifications, and impoundments (Dudgeon 
et al., 2006). An additional – somewhat overlooked – consideration 
could be that any beneficial carry-over effects of freshwater habitats on 
subsequent life stages, such as the positive effect of increased body size 
on subsequent survival at sea (Gregory et al., 2019; Gosselin et al., 
2021), are diminished when freshwater habitat is sub-optimal (e.g., 
Burnett et al., 2017). Although considerable restoration has targeted 
freshwater habitats to assist salmon population recoveries, success of 
these strategies appears limited, or unmeasurable due to insufficient 
monitoring (Lennox et al., 2021). Effective strategies often target habitat 
quality (Lennox et al., 2021), for example, restoring habitat complexity 
through the addition of instream structures (van Zyll de Jong and Cowx, 
2016).

After emerging from spawning gravels in spring, young-of-year 
(YOY) salmon generally exhibit limited dispersal to establish feeding 
territories, which they will hold throughout the growing season, irre
spective of how the quality of habitat in those territories might change 
(Crisp, 1995; Armstrong et al., 1994; Beall et al., 1994; Armstrong et al., 
2003). In lowland rivers, the quality of this “juvenile growing habitat” is 
characterised by the amount of instream macrophyte cover, such as 
Ranunculus spp., and sufficient water velocity to sustain adequate drift 
feeding opportunities (Riley et al., 2009; Marsh et al., 2021). The ben
efits of high-quality juvenile growing habitat include increased YOY 
abundance and length at the end of the growing season (Marsh et al., 
2021). Although habitat use by YOY salmon has received considerable 
research attention (Armstrong et al., 2003; Crozier and Siegel, 2023), 
the extent to which the immediate benefits of high-quality YOY growing 

habitat carry-over to their subsequent seaward migrant life stage has 
been largely neglected (Crozier and Siegel, 2023).

The aim of this study was to explore whether, with detailed data and 
understanding, we could detect and quantify both the immediate and 
carry-over effects of habitat quality on population processes of a 
threatened migratory species. To do this, we used a rich ten-year dataset 
of juvenile salmon population monitoring data, including individual 
telemetry, together with site-specific juvenile growing habitat moni
toring data. These data were collected on a population inhabiting a river 
of deteriorating habitat quality, in part due to long-term intensification 
of agricultural practices (Grabowski and Gurnell, 2016; Cowley, 2022). 
We developed an integrated path analysis model to test two research 
questions: i) does the quality of juvenile growing habitat immediately 
affect YOY abundance and mean length? and ii) do the effects of juvenile 
growing habitat carry-over to influence the subsequent probability of 
YOY surviving to be detected as a seaward-migrating juvenile in the 
following spring? We expected that higher juvenile growing habitat 
quality would be associated with higher YOY abundance and mean body 
length (Table 1). Moreover, we hypothesised that longer YOY would 
have a higher subsequent probability to survive and be detected as 
seaward migrating juveniles, despite stronger regulatory negative 
density-dependence, operating through resource competition, at sites 
with higher YOY abundance.

2. Materials and methods

2.1. Data

2.1.1. YOY salmon sampling
Sampling of YOY salmon was undertaken on the River Frome, a 

lowland, aquifer-fed chalk stream located in Dorset, Southern England 
(Fig. 1), which is one of five monitored “index” rivers in the UK that 
collect and submit adult salmon abundance and biological data annually 
to the International Council for the Exploration of the Sea (ICES, 2024). 
YOY salmon abundance and length data were collected during annual 
juvenile salmonid surveys across the River Frome catchment in late- 
August to mid-September from 2015 to 2024. Multiple (k) pass deple
tion electro-fishing surveys (description of electro-fishing settings used 
in Marsh et al., 2020) were carried out at 17 to 21 sampling sites 
(ranging in length between 55 and 170 m; Fig. 1, Table S1). At the end of 
each pass, captured YOY salmon were lightly sedated (2-phenox
yethanol: 0.2 ml/l), measured to the nearest mm (fork length), marked 
with a uniquely identifiable Passive Integrated Transponder (PIT) tag 
(12.5 mm length, 2.12 mm diameter; Biomark, Idaho, USA) inserted into 
the body cavity, and adipose fin clipped to provide an external indica
tion of capture. To avoid possible effects of tag burden, fish smaller than 
60 mm (2015 to 2023, < 0.5% of sampled fish in each year, Table S2) 
and 70 mm in length (2024, < 3.5% of sampled fish, Table S2) were not 
tagged (Richard et al., 2013; Vollset et al., 2020). Post-processing, fish 
were placed in holding bins with aerated water until all fishing passes 
were completed and they recovered normal behaviour, after which they 
were returned to their site of capture. All procedures were completed by 
licensed personnel under a UK Home Office A(SP)A License (PPL 30/ 
3277 and PP9506723). The total catch of YOY salmon at a sampling site 
ranged from 3 to 484 between 2015 and 2024, with 14,480 individuals 
sampled in total.

In the River Frome, the majority of YOY salmon undergo a physio
logical transformation to adapt to saltwater (known as smoltification) 
and begin their seaward migration at age 1 year (Ibbotson et al., 2013). 
Every spring following the juvenile salmonid surveys, populations of 
seaward migrating juveniles have been monitored using PIT telemetry 
and trapping at East Stoke, which is located downstream of all sampled 
sites and 8 km upstream of the tidal limit (Fig. 1). In this study, we 
limited our analyses to age 1 seaward migrants detected from February 
to May (n = 1340) because: i) these fish constitute the large majority of 
the seaward migrating juvenile population (e.g., approximately 75%; 
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Ibbotson et al., 2013), and ii) any carry-over effects of summer growing 
habitat were expected to be more detectable among these juveniles 
compared to the minority of juveniles that followed alternative life 
strategies involving more time in the river before migrating to sea. 
Although the PIT antennas were not 100% efficient at detecting seaward 
migrants, we assumed that their efficiencies did not differ by fish size 
and so could be neglected without biasing our inferences.

From these juvenile monitoring data, we generated annual site- 
specific YOY salmon catches and mean YOY salmon lengths between 
2015 and 2024, and annual numbers of spring seaward migrants origi
nating from each of those sites between 2016 and 2025. This resulted in 
a dataset containing n = 179 site- and year- specific observations.

2.1.2. Habitat surveys
At each site in each year, habitat surveys were completed prior to 

salmonid sampling during the same survey period. To survey the 
habitat, we recorded the site length (m) and habitat characteristics at 
five quadrats (0.5 m × 0.5 m) evenly spaced across the river channel 

width along ten transects evenly spaced through the length of the site (n 
= 50 quadrats). At each transect, we recorded wetted channel width 
(m). At each quadrat, we recorded water depth (cm) in the centre of the 
quadrat, and estimated the percentage vertical view of the riverbed 
substrate composed of gravel and cobble (grain size > 2 mm; Went
worth, 1922, hereafter referred to as coarse sediment), the percentage 
vertical view of Ranunculus spp. (water crowfoot, the dominant 
macrophyte), and a classification of surface water velocity (velocities <
and ≥ 50 cm/s were classified as slow and fast velocity, respectively). 
For each year, the product of the site length and mean wetted channel 
width described the site area (m2) and site-level habitat characteristics 
were derived by taking a mean of the quadrat measures of water depth, 
Ranunculus cover, and coarse sediment (Figs. S1-S2). To describe water 
velocity at the site-level, we calculated the proportion of quadrats 
classified as fast velocity (Fig. S2). Lastly, to describe the position of a 
site within the catchment, we calculated the shortest river distance be
tween the downstream start of each site and the tidal limit (Table 1) 

Table 1 
Model terms considered for each sub-model in the integrated path analysis model (YOY = young-of-year salmon).

Sub-model Explanatory 
variable

Terms tested Hypothesis

YOY 
abundance

Ranunculus cover Linear, 
quadratic

YOY salmon abundance is highest in sites with intermediate Ranunculus cover (Marsh et al., 2021)

Depth Linear, 
quadratic

YOY salmon abundance is highest in sites with intermediate depths (Armstrong et al., 2003)

Fast velocity Linear, 
quadratic

YOY salmon abundance is highest in sites with heterogenous water velocity (Heggenes et al., 1999)

Distance from tidal 
limit

Linear, 
quadratic

YOY salmon abundance is highest in the middle of the catchment (Parry et al., 2018)

Coarse sediment Linear YOY salmon abundance is highest in sites with more coarse sediment (Armstrong et al., 2003; Suttle et al., 2004)
YOY length Salmon abundance Linear YOY salmon length is lower in sites with greater YOY salmon abundance due to density-dependent competition, even at 

low abundances (Achord et al., 2003; Gregory et al., 2017)
Ranunculus cover Linear YOY salmon length is greater in sites with higher Ranunculus cover (Marsh et al., 2021, 2022)
Coarse sediment Linear YOY salmon length is highest in sites with more coarse sediment (Suttle et al., 2004)
Fast velocity Linear YOY salmon length is greater in sites with faster water velocities (Marsh et al., 2022)

Seaward 
migrant

Salmon abundance Linear The probability of YOY salmon surviving to be detected as a seaward migrant is higher in sites with higher YOY salmon 
abundance due to advantages of schooling and predator avoidance (Courchamp et al., 2008; Riley et al., 2018)

Salmon length Linear The probability of YOY salmon surviving to be detected as a seaward migrant is higher in sites with higher mean YOY 
length as larger individuals have a higher probability of surviving to be detected the following spring (Zabel and Achord, 
2004)

Fig. 1. Location of the sites surveyed annually for young-of-year (YOY) salmon (purple circles), the location of the passive integrated transponder (PIT) antennas 
used to detect tagged seaward migrating juvenile salmon at East Stoke (blue square), and the tidal limit (orange triangle) of the River Frome (black line) within the 
wider river network (grey lines), with the location of the River Frome in Dorset, southern England (inset map). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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using R packages sf (Pebesma, 2018) and riverdist (Tyers, 2024). These 
variables were selected based on hypothesised a priori expectations of 
their influence on YOY salmon abundance and growth opportunities 
(Table 1).

2.2. Statistical analysis

2.2.1. Integrated path analysis model
To test the hypothesised immediate effects of annual site-specific 

YOY growing habitat variables on YOY abundance, mean length, and 
their carry-over effects to the subsequent likelihood of YOY salmon 
surviving to be detected as a seaward migrant, we developed an inte
grated path analysis model (Gimenez et al., 2012; Fig. 2).

The electro-fishing depletion method that sampled the YOY salmon 
can be used to estimate abundance from successive catches by ac
counting for capture probability (Parent and Rivot, 2013). The annual 
(y) site-specific (s) abundance of YOY salmon (YOYy,s) was a latent 
variable estimated by: 

C1,y,s∣Py,s,YOYy,s ∼ Binomial
(
YOYy,s,Py,s

)

C2,y,s∣Py,s,YOYy,s − C1,y,s ∼ Binomial
(
YOYy,s − C1,y,s,Py,s

)

C3,y,s∣Py,s,YOYy,s − C1,y,s − C2,y,s ∼ Binomial
(
YOYy,s − C1,y,s − C2,y,s, Py,s

)

C4,y,s∣Py,s,YOYy,s − C1,y,s − C2,y,s − C3,y,s

∼ Binomial
(
YOYy,s − C1,y,s − C2,y,s − C3,y,s,Py,s.

)

where C1,ys is the first YOY salmon catch from YOYy,s, C2,y,s,…,CK,y,s are 
successive YOY salmon catches in each of the remaining K = 4 passes 
from YOYy,s less the sum of the previous catches, and Py,s is the year- and 
site-specific capture probability that was specified as an inverse logit 
function of an intercept (α), site (βs) and mean annual site-specific water 
depths (β) (Glover et al., 2018). The effects of hypothesised explanatory 
variables on the latent variable YOYy,s were then estimated by: 

YOYy,s∣λ0y,s ∼ Poisson
(
λ0y,s

)

log
(
λ0y,s

)
= α0+ θ0χ0y,s + νy,s + log(area)

where λ0y,s is the expected year- and site-specific YOY salmon abun
dance, α0 is an intercept representing an overall mean YOY salmon 
abundance, the vector of coefficients θ0 = β01, β02,…, β0M describes the 
effects of M explanatory variables characterising habitat quality χ0y,s =

χ0y,s,1, χ0y,s,2,…, χ0y,s,M on estimated YOY salmon abundance, log(area)
represents an offset term accounting for the variation in fishing area 
between years and sites, and νy,s represents a year within site random 
effect which was specified as Normal(0, σ0). We included a random ef
fect to account for any unmeasured site-specific effects on YOY salmon 
abundance, which could vary inter-annually due to changes in fishing 
operator, as well as site proximity to spawning locations in the river.

Annual mean site-specific YOY salmon length (Lengthy,s) was esti
mated as a function of habitat variables, as well as the latent YOY salmon 
abundance (YOYy,s), following 

Lengthy,s∣μy,s, σ ∼ Normal
(

μy,s, σ
)

μy,s = α1+ β1aln
(
YOYy,s

)
+ θ1χ1y,s + ηs 

where μy,s is the expected year- and site-specific mean YOY salmon 
length, α1 is an intercept representing an overall mean length, 
β1adescribes the effect of natural log-transformed YOY salmon abun
dance estimate on mean YOY salmon length within each site in each 
year, the vector of coefficients θ1 = β11, β12,…, β1N describes the ef
fects of N explanatory variables characterising habitat χ1y,s = χ1y,s,1,

χ1y,s,2,…, χ1y,s,N on mean YOY salmon length, ηs represents a random 
effect of site which was specified as Normal(0, σ1), and σ is a model error 
term.

From among the YOY salmon tagged at each site in each year 
(YOY ý,s), the number of seaward migrants detected (Migranty,s

)
was 

estimated by 

Migranty,s∣P2y,s,YOÝ y,s ∼ Binomial
(
YOY ý,s, P2y,s

)

logit
(
P2y,s

)
= α2+ β2aln

(
YOYy,s

)
+ β2lLengthy,s 

where P2y,s is the probability of a tagged YOY salmon from year y and 
site s to survive and be detected as a seaward migrant (i.e., true survival 
confounded with detection efficiency), α2 is an intercept representing an 

Fig. 2. Schematic of the integrated path analysis model to test for the hypothesised effects of juvenile salmon growing habitat quality on young-of-year (YOY) 
abundance and mean length, and their subsequent carry-over effects on the likelihood of YOY salmon surviving and being detected as seaward migrants in the 
following spring.
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overall survival and detection probability, β2a describes the effect of the 
natural log-transformed YOY salmon abundance estimate, and β2l the 
effect of mean YOY salmon length, on the year- and site-specific prob
abilities.

2.2.2. Model fitting
To assess the validity and performance of our model, we used 

simulation testing to assess its ability to recover known parameter values 
from a simulated dataset (ten years, twenty sites, four fishing passes). 
The simulated dataset included year- and site-specific effects of an 
environmental covariate on YOY abundance and mean length, and year- 
and site-specific effects of abundance and mean length on the proba
bility of YOY to survive and be detected as seaward migrants. We ran 
this test for multiple simulated datasets and for each we found the model 
to produce converged parameter estimates incorporating their known 
values (see Figs. S3-S9 for an example simulation result).

After reassuring simulation results, we fit the model to the observed 
data to test our hypothesised explanatory variable effects. We first 
explored collinearity among pairs of explanatory variables and found no 
pairs were highly correlated (Pearson's correlation coefficient r ≥ |0.6|; 
Dormann et al., 2013) (Fig. S10). To promote a stable and robust model 
fit, and facilitate inference, explanatory variables were then z-stand
ardised by subtracting their mean and dividing by their standard devi
ation. To test the influence of the a priori hypothesised important 
explanatory variables (Table 1), we first fit a saturated model with all 
variables included, before iteratively removing variables for which the 
credible intervals of the coefficient estimate overlapped zero (suggesting 
a weak effect) and refit the model until all weak influences were 
removed.

We assigned all parameters weakly informative priors (Table 2) and 
estimated their values using Just Another Gibbs Sampler (JAGS; Plum
mer, 2003) called by R (R Core Team, 2025) via the package rjags 
(Plummer, 2023). Parameter values were estimated from four parallel 
Monte Carlo Markov Chains (MCMC) run for 100,000 iterations thinned 
by 1000, after an adaptation and burn-in of 40,000 and 20,000 itera
tions, respectively. To assess MCMC convergence, we inspected MCMC 
trace plots visually and calculated the R̂ convergence diagnostic 
(Vehtari et al., 2021) using package posterior (Bürkner et al., 2023); 
convergence was achieved if the chains were mixing and R̂ was <1.01 
for all parameters. To ensure that the model was well specified for our 
data, we compared observed data to simulated data from the posterior 
predictive distribution using package bayesplot (Gabry and Mahr, 2024).

3. Results

Five iterative steps removed explanatory variables with weak influ
ence. Visual assessment of the MCMC chains and R̂ convergence diag
nostic (all <1.01, with the exception of six parameters <1.02) suggested 
that the MCMC chains were stationary and well-mixed (Table S3, 
Figs. S11 - S12). For non-latent variables, posterior predictive checks 
indicated that the model was consistent with the data (Figs. S13 and 
S14).

Mean YOY abundance across sites was estimated to fluctuate mark
edly over time, ranging from 39 [95% credible intervals: 36, 44] in 2016 
to 123 [118, 130] in 2021, but was, on average, lower in the second half 
of the time-series relative to the first half (2015–2019: 96 [91, 102]; 
2020–2024: 80 [76, 86]; Fig. 3a). In contrast, mean YOY length across 
sites remained similar throughout the time-series, ranging from 9.09 
[8.75, 9.42] to 9.38 [9.01, 9.74] cm (Fig. 3b). The probability of a 
tagged YOY salmon surviving to be detected as a seaward migrant 
ranged between 0.08 [0.08, 0.09] and 0.12 [0.11, 0.14], with peaks in 
probability in 2016 and 2024 corresponding to the lowest estimates of 
YOY abundance (Fig. 3a and c). The mean capture probability of YOY 
salmon was estimated to range between 0.57 [0.52, 0.62] and 0.61 
[0.55, 0.66] throughout the time-series and was positively influenced by 
water depth (0.11 [0.03, 0.18]) (Figs. S15 and S16). While site-level 
variation in capture probability, YOY abundance and to a lesser 
extent, YOY length was evident, there was no clear spatial pattern 

Table 2 
Prior distributions for unknown parameters estimated in the integrated path 
analysis model (YOY = young-of-year salmon).

Model component Parameter Prior

Ecological process
YOY abundance α0 ∼ Uniform( − 20, 20)

β01,…,β0M ∼ Uniform( − 20, 20)
σ0 ∼ 1/Gamma(0.01, 0.01)

YOY length α1 ∼ Normal(0,100)
β1a ∼ Normal(0,100)
β11,…β1N ∼ Normal(0,100)
σ ∼ 1/Gamma(0.01,0.01)
σ1 ∼ 1/Gamma(0.01, 0.01)

Seaward migrant α2 ∼ Logistic(0, 1)
β2a ∼ Uniform( − 20, 20)
β2l ∼ Uniform( − 20, 20)

Observation process
YOY capture probability α ∼ Logistic(0, 1)

β ∼ Uniform( − 20, 20)
βs ∼ Uniform( − 20, 20)

Fig. 3. Estimated mean a) young-of-year (YOY) salmon abundance, b) YOY 
salmon length, and c) probability of YOY salmon surviving to be detected as a 
seaward migrant across the study sites between 2015 and 2024. Points show the 
mean estimate and error bars denote the 95% credible intervals.
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(Figs. S16 and S17).
The final model retained the positive influences of Ranunculus cover 

(posterior mean estimate: 0.26 [95% credible intervals: 0.13, 0.39]) and 
coarse sediment (0.25 [0.12, 0.38]), and the negative influence of dis
tance from tidal limit (− 0.25 [− 0.38, − 0.14]), on estimated YOY 
salmon abundance, respectively (Figs. 4 and 5a). The proportion of fast 
velocity was found to positively influence estimated YOY abundance 
until the proportion reached approximately 0.44, after which it had a 
negative influence (Figs. 4 and 5a). Mean YOY length was shown to be 
negatively influenced by estimated YOY abundance (− 0.17 [− 0.25, 
− 0.07]) and positively influenced by coarse sediment (0.16 [0.07, 
0.24]) and the proportion of fast velocity (0.13 [0.03, 0.24]) (Figs. 4 and 
5b). Lastly, the probability of YOY salmon to survive and be detected as 
seaward migrants was negatively influenced by estimated YOY abun
dance (− 0.11 [− 0.18, − 0.03]) and positively influenced by mean YOY 
length (0.28 [0.19, 0.37]), with the probability increasing nearly three- 
fold from 0.06 to 0.15 with an increase in length from 7.7 to 11.0 cm 
(Figs. 4 and 5c). The indirect and overall effects of habitat variables on 
the probability of YOY salmon to survive and be detected as seaward 
migrants were relatively weak, whereas there was a larger overall 
negative effect of YOY abundance on the probability of YOY salmon to 
survive and be detected (Table 3).

4. Discussion

Population monitoring data is used to assess the efficacy of habitat 
protection or restoration a posteriori (e.g., Noe et al., 2022). We 
postulate that similar data, together with habitat monitoring data, could 
be used to help prioritise habitat protection or restoration a priori, 
particularly when both immediate and carry-over effects of habitat 
quality are considered. For salmon, we have shown that high-quality 
juvenile growing habitat promoted longer body length by the end of 
the growing season that – in turn – resulted in a higher probability of 
YOY salmon surviving to be detected as seaward migrating juveniles. We 
were able to quantify these effects in the presence of negative influences 
of YOY abundance on their length and (to a lesser extent) subsequent 
survival to be detected as a migrating juvenile, presumably due to 
competition for limited resources in the River Frome. At least for this 
river, it seems that ensuring high-quality freshwater juvenile growing 

habitat should result in benefits that carry-over to promote higher 
numbers of juveniles migrating to sea. Maximising the quantity of 
seaward migrating juveniles has the potential to improve salmon pop
ulation resilience to environmental change (Thorstad et al., 2021; Gill
son et al., 2022). Our findings therefore highlight that juvenile growing 
habitat is a priority target for protection and restoration of salmon 
populations. In particular, the River Frome, which has been judged to be 
in unfavourable condition based on habitat and water quality metrics 
(Grabowski and Gurnell, 2016; Cowley, 2022), could benefit from 
habitat management to provide clean gravels and encourage natural 
macrophyte assemblages throughout the juvenile growing period.

This study suggests that with sufficient data and understanding, we 
can disentangle and quantify the immediate and carry-over effects of 
habitat on populations of species with complex life histories (Norris and 
Taylor, 2006; Harrison et al., 2011). By quantifying the immediate 
habitat effects, we showed that sampling sites characterised by coarse 
substrate (gravel and cobbles) and, to a certain extent, faster water ve
locities, were positively associated with both greater YOY salmon 
abundance and mean length. Additionally, higher cover of the dominant 
macrophyte, Ranunculus spp., was linked to higher YOY salmon abun
dance. These findings confirmed our hypotheses of what constitutes 
good quality habitat in lowland rivers and are consistent with existing 
knowledge of juvenile salmon ecology, with macrophytes providing 
habitat complexity in the absence of large substrate in low-energy river 
systems (e.g. Heggenes et al., 1999; Beland et al., 2004; Riley et al., 
2009; Marsh et al., 2021). Surprisingly, water depth was not retained as 
an influential variable describing YOY abundance, despite often being 
reported as an important habitat consideration for juvenile salmon 
(Armstrong et al., 2003). This could be an artifact of the data collection 
process, whereby electro-fishing surveys targeted YOY salmon in habi
tats with depths ranging from 11.4 to 71.2 cm (upper quartile = 45.6 
cm), which was a limited range within the wider span of depths 
reportedly used by juvenile salmon (up to 100 cm; summarized in 
Armstrong et al., 2003).

Aside from immediate effects, we were also able to quantify carry- 
over effects of juvenile growing habitat. We have shown that the posi
tive effects of habitat quality on mean YOY salmon length conveyed a 
positive influence on the probability to survive and subsequently be 
detected as a juvenile seaward migrant. This finding is consistent with 

Fig. 4. Explanatory variables retained in each sub-model in the final integrated path analysis model describing young-of-year (YOY) salmon abundance, YOY mean 
salmon length, and the probability of YOY salmon surviving to be detected as a seaward migrant. Coefficient estimates (and 95% credible intervals) are shown for 
each pathway.
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studies on other salmonid species, which have reported size-dependent 
overwinter survival in juvenile coho salmon Oncorhynchus kisutch 
(Quinn and Pederson, 1996; Brakensiek and Hankin, 2007) and chinook 
salmon O. tshawytscha (Zabel and Achord, 2004). Interestingly, Zabel 
and Achord (2004) found no relationship between mean length and 
survival, but rather the relative size of an individual was related to their 
survival prospects, with smaller individuals at risk of greater overwinter 

mortality. Being a larger size might be advantageous if it reduces pre
dation risk from gape-limited predators or provides physiological ca
pabilities to more easily evade predation (Healey and Reinhardt, 1995). 
Furthermore, a larger body size might increase success in outcompeting 
smaller conspecifics for favourable territory (Blanchet et al., 2006), 
thereby resulting in less risk adverse foraging behaviour (Reinhardt and 
Healey, 1997). Consideration should also be given to size-dependent 

Fig. 5. Partial effects of the explanatory variables retained in the final integrated path analysis model for a) young-of-year (YOY) salmon abundance; b) mean YOY 
salmon length; and c) probability of YOY salmon surviving to be detected as a seaward migrant. Lines and shaded ribbons show the mean estimate and 95% credible 
intervals for continuous explanatory variables. The partial effects calculate the effect of a specific variable while holding all other explanatory variables constant at 
their mean effect size. In b) and c), the Estimated YOY salmon abundance explanatory variable is shown on the natural log scale.
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tagging mortality, which Brakensiek and Hankin (2007) postulated 
could, in part, explain the lower apparent overwinter survival of juvenile 
coho salmon which were shorter at tagging.

To quantify immediate and carry-over effects, they must be disen
tangled from other population processes (Norris and Taylor, 2006). 
Density-dependence, usually negative and in the form of competition for 
limiting resources, is thought to be common in wild populations (Brook 
and Bradshaw, 2006), as in salmonids, particularly during their fresh
water juvenile stages (Grossman and Simon, 2020). Here, we found 
higher YOY salmon abundance at the end of the growing period was 
associated with, on average, shorter YOY salmon and the reduced 
probability of YOY salmon surviving to be subsequently detected as a 
seaward migrant, suggesting density-dependent processes were evident 
throughout these juvenile life stages. Similar findings have been re
ported elsewhere. For example, a study on intraspecific competition 
found individual growth and food consumption rates were reduced with 
increasing density in Arctic charr Salvelinus alpinus (Amundsen et al., 
2007), and a channel experiment has shown that juvenile Atlantic 
salmon are 27–33% larger in low relative to high density treatments 
(Puffer et al., 2015). Aside from negative density-dependence, we also 
hypothesised survival beyond the juvenile growing period to be posi
tively related to conspecific abundance, i.e., positive density- 
dependence, as seaward migrating juveniles form shoals to reduce 
their predation risk during daylight hours (Riley et al., 2014). The effect 
of abundance, however, was estimated to be negative (albeit weak), 
which could suggest overwinter habitat limitation (Quinn and Pederson, 
1996). In comparison with density-dependent growth, evidence for 
density-dependent mortality in salmonids has been less commonly re
ported in the literature (Grossman and Simon, 2020), potentially due to 
difficulties in detecting these effects (e.g. Teichert et al., 2013). The 
indirect effects of the habitat variables on the probability of YOY salmon 
to survive and subsequently be detected as seaward migrants were 
overall weak. This is likely because their effects are mediated by both 
positive and negative influences of salmon length and abundance, 
respectively, and changes in habitat during the intervening period 
(summer to spring), which was not considered here.

Overall, this study has shown that detailed population and habitat 
monitoring data can be used to disentangle and quantify immediate and 
carry-over effects from among myriad other regulatory processes in a 
case study species, the Atlantic salmon. We postulate that such findings 
could be useful in managing habitat in such a way as to maximise its 
beneficial (or minimise its detrimental) immediate effects, as well as 
carry-over effects, to different life stages of the target population. The 
approach presented here is applicable to other taxa, populations, and 

datasets. For example, path analysis of capture-mark-recapture data has 
been used to detect direct, indirect, and/or lagged effects of environ
mental conditions and individual traits on demographic rates in 
migratory marine seabirds (Gimenez et al., 2012; Layton-Matthews 
et al., 2024). When considering the widespread threats of climate 
change and pollution on the survival on adult great black-backed gulls 
(Larus marinus), Layton-Matthews et al. (2024) identified pollution as a 
key stressor which reduced survival rates both directly and indirectly via 
its negative influence on body mass. The ability to detect and account for 
possible effects of explanatory variables, even if we lack data to describe 
a covariate or if the mechanisms underpinning a relationship are unclear 
can help advance our understanding of population processes. This is 
particularly relevant for species that migrate or exhibit ontogenetic 
shifts in habitat use for which we have incomplete knowledge or scarce 
monitoring data. For example, Gimenez et al. (2012) tested for both an 
indirect lagged effect of sea surface temperature on the adult survival of 
Atlantic puffin (Fratercula arctica) mediated through changes in prey 
(herring Clupea harengus) availability, as well as a direct lagged effect of 
sea surface temperature on adult survival, although the mechanism that 
could drive this relationship was not specified. In the current investi
gation, we included data collected with imperfect sampling or missing 
important explanatory variables. To address the latter, we included 
year-within-site and site random effects to account for unmeasured (but 
potentially influential) variables when estimating YOY abundance and 
YOY capture probability, such as site-specific water temperature and 
electro-fishing operator, respectively. We recommend that similar 
detailed population and habitat datasets be (re)analysed to explore 
whether effects of habitat quality carry-over to subsequent life stages, 
thereby underscoring the importance of those habitats in population 
management.

For the River Frome salmon population, our finding that the 
increased quality of YOY growing habitat translates to higher proba
bilities of individuals becoming seaward migrants suggests that the 
restoration of YOY growing habitat would be a good candidate to 
improve juvenile salmon production and thereby the numbers of juve
niles migrating that could return to this natal river to spawn. With a 
greater awareness of habitat effects that carry-over to subsequent life 
stages, it is hoped that we can get more “bang from our buck” when 
deciding how and where to restore habitats for population management, 
especially for migratory species with complex life histories of conser
vation concern, such as Atlantic salmon.

Table 3 
Indirect effects of habitat quality variables (R, Sd, D, F) and direct and indirect effects of estimated young-of-year (YOY) salmon abundance (A) on the probability of 
YOY salmon surviving and detected as seaward migrants (S), with mean YOY salmon length indicated as L. Indirect effects are the product of the partial path co
efficients (shown above the arrow in each pathway) and the overall effects are the sum of all direct and indirect effects. Indirect and overall effects were calculated in 
the model estimation process.

Variable Pathways Direct/indirect effect Overall effect

% Ranunculus cover (R) R →0.26 A̅̅̅̅→
− 0.11 S − 0.03 [− 0.06, − 0.01] − 0.04 [− 0.07, − 0.01]

R →0.26 A̅̅̅̅→
− 0.17 L →0.28 S − 0.01 [− 0.02, − 0.00]

% coarse sediment (Sd) Sd →0.25 A̅̅̅̅→
− 0.11 S − 0.03 [− 0.06, − 0.01] 0.01 [− 0.07, 0.05]

Sd →0.25 A̅̅̅̅→
− 0.17 L →0.28 S − 0.01 [− 0.02, − 0.00]

Sd →0.16 L →0.28 S 0.05 [0.02, 0.08]

Distance from tidal limit (D) D̅̅̅̅→
− 0.25 A̅̅̅̅→

− 0.11 S 0.03 [0.01, 0.05] 0.04 [0.01, 0.09]

D̅̅̅̅→
− 0.25 A̅̅̅̅→

− 0.17 L →0.28 S 0.01 [0.00, 0.02]

Proportion of fast velocity (F) F̅̅̅̅→
− 0.03 A̅̅̅̅→

− 0.11 S 0.00 [− 0.01, 0.02] 0.04 [0.01, 0.08]

F̅̅̅̅→
− 0.03 A̅̅̅̅→

− 0.17 L →0.28 S 0.00 [− 0.01, 0.01]

F →0.13 L →0.28 S 0.04 [0.01, 0.08]

Estimated YOY salmon abundance (A) A̅̅̅̅→
− 0.11 S − 0.11 [− 0.18, − 0.03] − 0.15 [− 0.23, − 0.08]

A̅̅̅̅→
− 0.17 L →0.28 S − 0.04 [− 0.08, − 0.02]
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