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Using tagged and recaptured Atlantic salmon Salmo salar (n = 106) the present analysis shows 

that the most commonly applied linear back-calculation method for estimating past length, the 

Dahl-Lea method, resulted in overestimation of the length of large smolts and underestimation of 

small smolts. A correction equation (y = 0.53x + 6.23) for estimating true smolt length (y) from 

lengths back-calculated from adult scale measures (x) to account for these systematic 

discrepancies is proposed. 

 

KEYWORDS 

allometry, back-calculation, circuli; growth, increment analysis, Salmo salar 

 

This article is protected by copyright. All rights reserved.

 
 

   
 

This article has been accepted for publication  in the Journal of Fish Biology  and 
undergone full peer review but has not been through the copyediting, typesetting, 
pagination and proofreading process, which may lead to differences between this
version and the Version of Record. Please cite this article as doi: 10.1111/jfb.13863

  



A
cc

ep
te

d 
A

rti
cl

e
 

 

Longitudinal measures of individual growth histories are essential for the interpretation of 

variability in successful life histories. At the population level, measures of growth history permit 

interrogation of the relationship between growth and survival of salmonids across differing life 

stages and the probable environmental factors influencing growth at those times (Friedland et al., 

2000; Peyronnet et al., 2007). Individual growth histories of teleosts have been inferred from 

patterns of incremental scale growth, manifest as the formation of distinct ridges, or circuli, in 

the calcified part of the scale (Casselman, 1990). In many species, somatic growth in length is 

demonstrably correlated with scale growth because the scales increase in size, but not number, as 

the fish grows. This correlation potentially enables back-calculation of length at age from scale 

measurements if the length of the fish at capture is known.  

Conventionally, growth histories of Atlantic salmon Salmo salar L. 1758 have been 

inferred from back-calculated lengths generated by the Dahl-Lea method, which assumes a 

simple linear isometry between scale radius and body length throughout the life of the individual 

fish (Shearer, 1992). This method was considered generally reliable for back-calculation of body 

length increase during the marine migration (Shearer, 1992).  However, given the marked shift in 

growth rate at the transition between the juvenile (fresh water) and sub-adult–adult (marine) 

phases, it is likely that there are also similarly marked changes in scale–length allometry at that 

transition in the individual’s life history (Lindroth, 1963; Tremblay & Giguère, 1992). While 

there are known to be inaccuracies in applying simple back-calculations, such as the Dahl-Lea 

method (Heidarsson et al., 2006), they continue to be used to estimate salmonid growth over the 

marine phase ( Friedland et al., 2000; Kuparinen et al., 2009; Todd et al., 2012). 
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The purpose of the present analysis was to provide an empirical assessment of the 

accuracy and precision of the Dahl-Lea method within a subsample of adult S. salar tagged and 

measured as emigrant smolts and recaptured at their migratory return to the River North Esk, a 

major S. salar river in eastern Scotland, UK. A full exploration of the body-to-scale relationship 

across a wide range of S. salar ages and sizes is beyond the scope of the present study ( for 

alternatives to back-calculation see Friedland et al., 2009; Jensen et al., 2012; for more empirical 

data see Lindroth, 1963). Rather, estimates of variability in back-calculated values and a simple 

equation to correct smolt lengths back-calculated using the Dahl-Lea equation are provided.  

Between 1982 and 2010, S. salar smolts emigrating from the River North Esk were 

intercepted in a diversionary lade trap near the head of tide (56.75
o
 N, 2.45

o
 W). Fork length (LF) 

was recorded to the nearest 0.5 cm (rounded down) prior to 2000 and to the nearest 0.1 cm 

thereafter. Individual smolts were uniquely tagged and the adipose-fin clipped to aid their 

identification as return adults [for details, see Friedland et al. (2000) and Todd et al. (2012)]. 

Adults were recaptured in commercial net fisheries in or adjacent to the river mouth. Fork length 

was recorded to 0.5 cm (rounded down) and mass to the nearest 0.1 kg. A sample of scales from 

the standard region (left-hand side of the fish, 3–6 rows above the lateral line and posterior to the 

dorsal fin; Shearer, 1992) was removed for further analysis. Scales from a subsample of 

recaptured adults were available for the present analysis. 

A total of 247 scales from 67 adult one sea-winter (1SW) and 132 scales from 39 adult 

two sea-winter (2SW) S. salar tagged as smolts were retrieved for growth increment analysis. 

Commonly, a single scale is used in S. salar population studies to back-calculate length at age 

from an individual fish of known capture length. In the present analysis all scales from each 

individual that showed no evidence of significant replacement at the parr stage or of marginal 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
erosion were measured, resulting in 1–7 scales measured per individual. Scales were aged and 

measurements of annuli and the beginning of marine growth were made using standard methods 

(Shearer, 1992). Back-calculated smolt lengths varied among scales within an individual; 

furthermore, rounding down of the observed (i.e., true) smolt length by 0.5 cm introduced an 

error of between 3–5% across the range of smolt lengths. To incorporate these sources of 

uncertainty into the analysis a bootstrap approach was adopted. The dataset was randomly re-

sampled choosing one observation per individual. Error in smolt LF that were rounded down was 

accounted for by adding to the observed length a value sampled randomly from a uniform 

distribution (0–0.5 cm). This process was repeated 1000 times and the following statistical 

analyses were performed on each resampled data set comprising a single scale measurement 

from 106 individual S. salar.  All statistical analyses were performed in R 3.4.3 (www.r-

project.org) using the lme4 (Bates et al., 2015, 4), tidyverse (Wickham, 2017) and broom 

packages (Robinson, 2018). 

Smolt LF was back-calculated from scale measurements of the adult fish using the Dahl-

Lea method  (Francis, 1990):           
     , where L and S refer to the body length of the 

fish and to the scale radius, respectively. The subscript   refers to length at a feature of interest,   

(here,     beginning of marine growth period) and the subscript   refers to LF at capture. 

Absolute error in back-calculated lengths was calculated (i.e., accuracy= absolute difference 

between observed and back-calculated lengths) and age-related effects on accuracy were 

explored using generalised linear regression models with γ-error distribution and a log link. 

Because body-scale allometry is known to be affected by growth rates (Casselman, 1990; 

Francis, 1990), both river age (1–4 years) and sea age (1 or 2 years) were included as categorical 

covariates to test age effects on accuracy of back-calculation. The effects of sea and river ages 
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were tested by fitting a candidate set of models that included a null (intercept-only) model, 

additive effects and interactions between age covariates and back-calculated lengths. For each 

iteration the model with the lowest second order Akaike information criterion (AICc; Burnham 

& Anderson, 2002) value was recorded and the proportion of times each model was selected 

among the 1000 iterations was recorded.  Precision of the Dahl-Lea method was summarised by 

the mean CV in absolute error of back-calculated smolt lengths from each re-sampled dataset. 

Individual-level precision was the CV of error across re-sampled data within an individual fish. 

To improve the accuracy of future smolt LF back-calculations from adult S. salar scales, a 

correction equation from the re-sampled datasets was derived by ordinary least-squares 

regression of observed smolt LF (cm) against that back-calculated from the recaptured adult. The 

additional possible effects of sea and river age on the observed smolt LF were explored using 

AIC model selection in the manner described above. The applicability of correction equations to 

scale measurements for other S. salar within the River North Esk was investigated by comparing 

the distribution of smolt LF from large samples of smolts emigrating from the North Esk system 

during 2001–2011 with the distribution of back-calculated smolt LF from returning adults that 

emigrated in those same years. Because natural size-selective mortality affecting differences in 

emigrant and returning adult smolt LF cannot be excluded, this assessment was restricted to a 

visual assessment that the distribution of corrected back-calculated smolt LF (from adult scales) 

conformed more closely to that of emigrant smolts than did the uncorrected Dahl-Lea back-

calculations.  

Accuracy in back-calculation of smolt LF was not dependent on sea age or river age (the 

null model had a minimum value of AICc for 87% of iterations). Mean absolute error was ± 0.9 

cm (95% CI: 0.8–1.0 cm), or c. 7%, which was of similar magnitude to the error found by 
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Heidarsson et al. (2006) for S. salar from Iceland. However, unlike the samples of Heidarsson et 

al. (2006), the North Esk samples showed systematic bias in Dahl-Lea length back-calculations: 

the LF of larger smolts was overestimated and smaller smolts were underestimated, with this 

effect increasing at the extremes of true smolt LF. This pattern can be described also by the 

residuals from the regression of observed smolt LF on back-calculated smolt LF (Figure 1a), but 

is largely accounted for by the correction equation proposed below. 

The mean CV of absolute error in Dahl-Lea back-calculations was 76.2% (95% CI: 76.0–

76.5%). Within individual fish, the mean CV of error in back-calculated smolt LF was 45% (95% 

CI: 40–50%), indicating differing scale-body proportionality among scales taken from the 

recommended body region. The relationship between observed smolt LF and back-calculated 

smolt LF did not differ between river or sea-age classes. A model that included only back-

calculated length to predict observed length most frequently had the minimum AICc in the 

candidate set (70% of iterations). Linear equations to predict the mean true smolt LF from Dahl-

Lea back-calculated lengths were derived from each of the 1000 re-sampled datasets (Figure 1a). 

The mean parameter estimates (95% C.I.) were: LFsmolt = 0.53(0.50 – 0.57)(ScSc
–1

)Lc + 6.23(5.76 

– 6.64), where LFsmolt was the observed smolt LF (cm),    was scale radius at smolt emigration,    

was scale radius at capture and    was salmon LF (cm) at capture. The Dahl-Lea method 

historically has been used to calculate smolt length from the scales of adults returning to the 

River North Esk (Friedland et al., 2000;  Todd et al., 2012). When compared with the 

distribution and range of emigrant smolt lengths observed over multiple years for that river 

catchment, the inaccuracies of Dahl-Lea back-calculation at both the lower and upper margins of 

the distribution were apparent. However, the distribution and range of smolt lengths obtained by 
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correcting back-calculated lengths using the equation derived here clearly were more comparable 

with observed emigrant smolt datasets than were the uncorrected Dahl-Lea estimates (Figure 1b). 

The relationship between scale growth, somatic growth and time at sea in S. salar is 

complex  (Todd et al., 2013). An extension of the work initially undertaken by Lindroth (1963), 

exploring in detail the scale–LF relationship and applied to a wide range of size and river-age and 

sea-age classes, would help to validate or refute the hypotheses implicit in various back-

calculation methods (Francis, 1990). In the absence of such data, and of detailed capture-tag-

recapture information for large samples of salmon for a given river system, simple correction 

applied to the Dahl-Lea method is recommended.   

The use of back-calculated lengths from the Dahl-Lea method is common in studies 

where estimates of size at age are required ecological variables (Kuparinen et al., 2009; Fjørtoft 

et al., 2014; Izzo & Zydlewski, 2017). However, the present results, together with other studies 

(Heidarsson et al. 2006) highlight that S. salar ecologists and managers should be aware of the 

(im)precision and potential inaccuracies of inferred growth metrics and qualify their conclusions 

when selecting and interpreting models including covariates based on back-calculated lengths. 

Quantitative differences in the relationship between back-calculation error and observed smolt 

size for different salmonid stocks may arise from factors affecting the validity of the back-

calculation method; these possibilities include differences in overall freshwater growth rate, or 

the incidence of short-term and rapid spring freshwater growth immediately prior to smolt 

emigration [i.e., run-out (Francis, 1990; Heidarsson et al., 2006)]. These possibilities require 

further consideration. However, the present analytical method, which incorporates into the 

estimates multiple sources of uncertainty (including measurement error and sampling error), does 
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provide an informed preliminary approach for validating growth history estimation from other 

taxa and growth structures. 
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Figure 1: Atlantic salmon Salmo salar scale back-calculation corrections. (a) Relationship 

between Dahl-Lea back-calculated smolt fork length (LF) estimates and measured smolt LF from 

tag recaptured fish on the River North Esk. ●, Median measurements from a single scale from 

each fish (n = 106) in the analysis; ▬, median fitted line; █, 95% credible intervals; - - -, the 1:1 

relationship. (b) Boxplots of Dahl-Lea back-calculated smolt LF of adults returning to the River 

North Esk in the smolt years 2001 to 2011 (n = 12,920; median LF = 11.6 cm, inter-quartile range 

= 2.6 cm); Dahl-Lea estimates corrected by the application of the relationship derived from tag 

recapture data (n = 12,920, median = 12.4 cm, inter-quartile range = 1.4 cm); observed smolt 

lengths in the same smolt year (n = 72,252, median = 12.1 cm, inter-quartile range = 1.5 cm).    
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