
Page 1 of 22 

The generalization of Gulland’s method: how to estimate maturity ogives 1 

when juvenile data are missing while spawner demography is known 2 

Mikko Heinoa,b,c,d,*, Olav Rune Godøb,e, Ulf Dieckmannc 3 

a Department of Biological Sciences, University of Bergen, PO Box 7803, N-5020 Bergen, Nor-4 

way 5 

b Institute of Marine Research, PO Box 1879 Nordnes, N-5817 Bergen, Norway 6 

c Evolution and Ecology Program, International Institute for Applied Systems Analysis (IIASA), 7 

A-2361 Laxenburg, Austria8 

d Institute of Oceanography, National Taiwan University, Taipei 106, Taiwan 9 

e NORCE Norwegian Research Centre AS, PO Box 22 Nygårdstangen, N-5838 Bergen, Nor-10 

way 11 

*Corresponding author: tel +47 5558 4544, fax +47 5558 4450, email mikko.heino@uib.no12 

13 

Published as:
Heino, M., Godø, O. R., and Dieckmann, U. 2019. The generalization of Gulland’s 
method: How to estimate maturity ogives when juvenile data are missing while 
spawner demography is known. Fisheries Research, 219: 105265.

mailto:mikko.heino@uib.no
mhe050
Stamp



Page 2 of 22 

Abstract 14 

The proportions of mature individuals at age or length, collectively known as the maturity ogive, 15 

are a key population characteristic and serve as critical input to age-disaggregated stock assess-16 

ments. John Gulland showed in 1964 that it is possible to estimate maturity ogives even when 17 

representative data on immature individuals are not available, provided that one can distinguish 18 

newly mature individuals (first-time spawners) from those that had matured earlier (repeat 19 

spawners). Gulland’s method offers a valuable tool for obtaining information on an unobserved 20 

part of a population and is also applicable to other ontogenetic transitions, such as metamor-21 

phosis, smolting, ontogenetic niche shifts, and sex change. Here we present a full derivation of 22 

Gulland’s method from first principles, applicable to the general case in which the survival of 23 

immature, first-spawning, and repeat-spawning individuals may differ. Better observation 24 

methods, in particular in sclerochronology and histology, are expected to make meeting this 25 

method’s data requirements—i.e., the separation of first-time and repeat spawners—more often 26 

achievable, and estimating maturity ogives could serve as an additional incentive for allocating 27 

resources to enhanced data collection. With the generalization presented here, we hope to make 28 

Gulland’s method better known and more widely accessible. 29 

 30 

Keywords: maturity ogives, life-history transitions, reproductive potential, stock dynamics 31 

1. Introduction 32 

Maturity ogives measure the proportions of mature individuals at age or length and serve as a 33 

key characteristic of populations, directly impacting their reproductive potential (Murua and 34 

Saborido-Rey, 2003; ICES, 2008; Flores et al., 2015). The demographic structure of the mature 35 

part of a population has profound consequences for recruitment and population dynamics (Trip-36 

pel et al., 1997; Ottersen et al., 2006; Köster et al., 2013; Hixon et al., 2014). At the same time, 37 
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fish maturation is a highly plastic process that is influenced by an array of environmental factors 38 

such as food availability and temperature (Stearns and Crandall, 1984; Trippel, 1995). This 39 

implies that it is important to see maturity ogives as dynamic, rather than static, population 40 

characteristics and that an accurate understanding of stock dynamics necessitates the regular 41 

updating of a stock’s maturity ogive. 42 

When representative measurements of both immature and mature individuals are avail-43 

able, it is straightforward to estimate a population’s maturity ogive as the proportions of mature 44 

individuals among all individuals, mature and immature, across all age or length classes. Indeed, 45 

it would seem obvious that data on both immature and mature individuals were always needed 46 

for estimating maturity ogives. However, John Gulland has shown, already more than 50 years 47 

ago, that this is not necessary: age-dependent maturity ogives can be calculated based on age-48 

specific proportions of first-time spawning individuals among all spawning individuals (Gul-49 

land, 1964). This is potentially a very important methodological discovery, because obtaining 50 

representative samples of both immature and mature individuals can be difficult. A number of 51 

challenges are evident: immature and mature fish may be spatially segregated, sampling gear 52 

may have reduced catchability for smaller sizes, and—when obtaining data from commercial 53 

fisheries—fishermen often face regulations specifically designed to reduce catching juvenile 54 

fish that may end up being discarded. Gulland’s method therefore offers considerable promise 55 

in the many situations in which only the mature part of a population is amenable to quantitative 56 

sampling. 57 

In reality, Gulland’s method has seen only sporadic use, probably because it is rare that 58 

first-time and repeat spawners are separated as part of routine stock monitoring. However, in 59 

some fish populations, the age at first spawning can be estimated from scales or otoliths based 60 

on so-called spawning checks. This is the case for Northeast Arctic cod (Gadus morhua), for 61 

which spawning checks can be identified in otoliths (Rollefsen, 1933; Zuykova et al., 2009). 62 
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Indeed, Northeast Arctic cod is the stock for which Gulland first devised his method. Since then, 63 

the method has recurrently been applied to this commercially and economically important stock 64 

(Jørgensen, 1990; Heino et al., 2002; Svåsand et al., 2003; Zuykova et al., 2009; Yaragina, 2010) 65 

and contributes to the maturity ogives used in the official stock assessment (Zuykova et al., 66 

2009; ICES, 2017). Another important example of such applications is Norwegian spring-67 

spawning herring (Clupea harengus), for which scales can be used to identify first-time spawn-68 

ers (Lea, 1928; Runnström, 1936; Engelhard et al., 2003). Gulland’s method has been applied 69 

to this stock in a few publications (Engelhard and Heino, 2004a, 2004b) and, since 2010, in the 70 

official stock assessment (ICES, 2016). Species for which Gulland’s method has not yet been 71 

used, even though first spawning can be identified from otoliths or scales, are as diverse as 72 

shortnose sturgeon (Acipenser brevirostrum; Taubert, 1980), steelhead trout (Oncorhynchus 73 

mykiss; Narver, 1969), Atlantic halibut (Hippoglossus hippoglossus; Devold, 1938), and orange 74 

roughy (Hoplostethus atlanticus; Francis and Horn, 1997). Future developments in sclerochro-75 

nology could make this list much longer. 76 

Gulland (1964) presented his method through a worked example rather than in terms of 77 

general equation(s). He also noted that differential survival between immature and mature fish 78 

will bias the results, but considered this bias unimportant and did not present a correction. Terje 79 

Jørgensen (1990) was the first to express Gulland’s method as a general equation. He also pre-80 

sented a way to account for the difference in survival between mature and immature fish, albeit 81 

indirectly, by adjusting the counts of repeat spawners. However, he did not present the deriva-82 

tion of the equations, nor did he allow for the survival of first-time spawners to differ from the 83 

survival of repeat spawners. Here we present a full derivation of Gulland’s method from first 84 

principles, applicable to the general case in which the survival of immature, first-spawning, and 85 

repeat-spawning individuals may differ. With this generalization, we hope to make Gulland’s 86 

method better known and more widely accessible. 87 
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2. Logic of Gulland’s method 88 

We first describe the general idea underlying Gulland’s method. When survival of all types of 89 

individuals of the same age is equal, the method is straightforward and can easily be illustrated 90 

graphically (Fig. 1). This simplifying assumption is then relaxed in the next section. 91 

The goal of Gulland’s method is to estimate the age-specific proportions 𝑜𝑜𝑡𝑡 of mature 92 

individuals for the population’s cohorts at each age 𝑡𝑡 from the observed (sampled) numbers of 93 

first-spawning and repeat-spawning fish, 𝑛𝑛𝑡𝑡F and 𝑛𝑛𝑡𝑡R, respectively. Since we are dealing with 94 

each cohort separately, the index 𝑡𝑡 can be interpreted as either age or time (both measured in 95 

numbers of spawning seasons), whichever is more convenient. An individual is born as a juve-96 

nile (life stage J), then matures and becomes a first-time spawner (F), before turning into a 97 

repeat spawner (R) for the rest of its life. Thus, the generalized ontogeny is of type J → ⋯ →98 

J → F → R → ⋯ → R → †, with each arrow corresponding to a time step, typically one year. As 99 

appropriate, other conventions for naming the successive stages can be adopted, as long as the 100 

distinction between juveniles, newly mature individuals, and individuals that were newly ma-101 

ture during earlier observation steps is maintained. 102 

Gulland’s method is iterative, progressing backward in time. The estimation is started 103 

from the earliest age at which a cohort is fully mature. In the absence of data on juveniles, this 104 

can be identified as the latest age at which the samples contain first-time spawners. We there-105 

fore take this as the reference time and denote it by 𝑇𝑇 (Fig. 1). At time 𝑇𝑇, the maturity ogive, 106 

by definition, has the value 𝑜𝑜𝑇𝑇 = 1. We can then work backward in time by noting that the 107 

proportion 𝑜𝑜𝑇𝑇−1 of mature individuals among all individuals one time step earlier, i.e., at time 108 

𝑇𝑇 − 1, equals the proportion 𝑟𝑟𝑇𝑇  of repeat spawners among all mature individuals at time 𝑇𝑇, 109 

𝑜𝑜𝑇𝑇−1 = 𝑟𝑟𝑇𝑇. The latter proportion is known directly from the sampling, 𝑟𝑟𝑇𝑇 = 𝑛𝑛𝑇𝑇R/(𝑛𝑛𝑇𝑇F + 𝑛𝑛𝑇𝑇R). For 110 

time 𝑇𝑇 − 2, the proportion 𝑜𝑜𝑇𝑇−2 of mature individuals among all individuals likewise equals 111 

the proportion of repeat spawners among all individuals at time 𝑇𝑇 − 1 (Fig. 1). This proportion 112 
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is not known from the outset. However, the proportion 𝑜𝑜𝑇𝑇−1 of mature individuals among all 113 

individuals in the cohort is known from the previous step, and the proportion 𝑟𝑟𝑇𝑇−1 of repeat 114 

spawners among all mature individuals is again known from the sampling. We can multiply 115 

these two proportions to determine 𝑜𝑜𝑇𝑇−2 = 𝑜𝑜𝑇𝑇−1𝑟𝑟𝑇𝑇−1 (Fig. 1). This equation is readily general-116 

ized for any time 𝑡𝑡. Thus, we obtain the general iterative equation for Gulland’s method under 117 

uniform survival probabilities, 118 

 𝑜𝑜𝑡𝑡−1 = 𝑜𝑜𝑡𝑡𝑟𝑟𝑡𝑡 , (1a) 

or equivalently, 𝑜𝑜𝑡𝑡 = 𝑜𝑜𝑡𝑡+1𝑟𝑟𝑡𝑡+1. Accumulating all iterations, the maturity ogive can be expressed 119 

as an explicit closed-form function of time 𝑡𝑡, 120 

 𝑜𝑜𝑡𝑡 = � 𝑟𝑟𝜏𝜏

𝑇𝑇

𝜏𝜏=𝑡𝑡+1

. (1b) 

3. Generalization of Gulland’s method 121 

We now derive Gulland’s method from first principles. This allows considering the role of 122 

survival, and of differences in survival between life stages, in a rigorous way. 123 

Changes in the abundances of fish in a cohort over one time step are described as follows, 124 

 𝑁𝑁𝑡𝑡+1
J = 𝑠𝑠𝑡𝑡

JJ𝑁𝑁𝑡𝑡
J(1 −𝑚𝑚𝑡𝑡) , (2a) 

 𝑁𝑁𝑡𝑡+1F = 𝑠𝑠𝑡𝑡
JF𝑁𝑁𝑡𝑡

J𝑚𝑚𝑡𝑡 , (2b) 

 𝑁𝑁𝑡𝑡+1R = 𝑠𝑠𝑡𝑡FR𝑁𝑁𝑡𝑡F + 𝑠𝑠𝑡𝑡RR𝑁𝑁𝑡𝑡R, (2c) 

where 𝑁𝑁𝑡𝑡
J, 𝑁𝑁𝑡𝑡F, and 𝑁𝑁𝑡𝑡R are the abundances of juvenile, first-spawning, and repeat-spawning fish 125 

at time 𝑡𝑡, 𝑠𝑠𝑡𝑡
JJ, 𝑠𝑠𝑡𝑡

JF, 𝑠𝑠𝑡𝑡FR, and 𝑠𝑠𝑡𝑡RR are the survival probabilities for the transitions J → J, J → F, 126 

F → R, R → R, respectively, and 𝑚𝑚𝑡𝑡 is the probability of maturation during the next time step. 127 

Here we have assumed that, at any time 𝑡𝑡, the survival probability for transitions R → R is in-128 

dependent of the number of preceding spawning events. 129 



Page 7 of 22 

The maturity ogive can always be expressed in terms of stage-specific abundances: 130 

 𝑜𝑜𝑡𝑡 = 𝑁𝑁𝑡𝑡
F+𝑁𝑁𝑡𝑡

R

𝑁𝑁𝑡𝑡
J+𝑁𝑁𝑡𝑡

F+𝑁𝑁𝑡𝑡
R = 1

1+
𝑁𝑁𝑡𝑡
J

𝑁𝑁𝑡𝑡
F+𝑁𝑁𝑡𝑡

R

. (3) 

With expressions derived from Equations 2a–2c, the terms 𝑁𝑁𝑡𝑡
J and 𝑁𝑁𝑡𝑡F + 𝑁𝑁𝑡𝑡R can be expressed 131 

in terms of the cohort composition at time 𝑡𝑡 + 1. First, rearranging Equation 2b gives 𝑁𝑁𝑡𝑡
J =132 

𝑁𝑁𝑡𝑡+1F /𝑠𝑠𝑡𝑡
JF/𝑚𝑚𝑡𝑡. The maturation probability 𝑚𝑚𝑡𝑡 can be solved from Equations 2a and 2b as 133 

 
𝑚𝑚𝑡𝑡 =

1

1 +
𝑠𝑠𝑡𝑡
JF

𝑠𝑠𝑡𝑡
JJ
𝑁𝑁𝑡𝑡+1
J

𝑁𝑁𝑡𝑡+1F

. 
(4a) 

Substituting Equation 4a into the expression for 𝑁𝑁𝑡𝑡
J gives 134 

 
𝑁𝑁𝑡𝑡
J =

𝑁𝑁𝑡𝑡+1F (1 + 𝑠𝑠𝑡𝑡
JF

𝑠𝑠𝑡𝑡
JJ
𝑁𝑁𝑡𝑡+1
J

𝑁𝑁𝑡𝑡+1F )

𝑠𝑠𝑡𝑡
JF . 

(4b) 

Second, dividing Equation 2c with 𝑁𝑁𝑡𝑡F + 𝑁𝑁𝑡𝑡R, using the definition 𝑟𝑟𝑡𝑡 = 𝑁𝑁𝑡𝑡R/(𝑁𝑁𝑡𝑡F + 𝑁𝑁𝑡𝑡R), and 135 

rearranging gives 136 

 𝑁𝑁𝑡𝑡F + 𝑁𝑁𝑡𝑡R = 𝑁𝑁𝑡𝑡+1
R

𝑠𝑠𝑡𝑡
FR(1−𝑟𝑟𝑡𝑡+1)+𝑠𝑠𝑡𝑡

RR𝑟𝑟𝑡𝑡+1
. (4c) 

Inserting Equations 4b and 4c into Equation 3 gives 137 

 
𝑜𝑜𝑡𝑡 = 1

1+
𝑁𝑁𝑡𝑡+1
F

𝑁𝑁𝑡𝑡+1
R �1+

𝑠𝑠𝑡𝑡
JF

𝑠𝑠𝑡𝑡
JJ
𝑁𝑁𝑡𝑡+1
J

𝑁𝑁𝑡𝑡+1
F �

𝑠𝑠𝑡𝑡
FR(1−𝑟𝑟𝑡𝑡+1)+𝑠𝑠𝑡𝑡

RR𝑟𝑟𝑡𝑡+1
𝑠𝑠𝑡𝑡
JF

. 
(5a) 

This equation still contains two unknown ratios of abundances. As ratios, they are independent 138 

of total abundance and can instead be expressed solely in terms of parameters 𝑜𝑜𝑡𝑡+1 and 𝑟𝑟𝑡𝑡+1. 139 

Specifically, 𝑁𝑁𝑡𝑡+1F 𝑁𝑁𝑡𝑡+1R =⁄ 𝑜𝑜𝑡𝑡+1(1 − 𝑟𝑟𝑡𝑡+1) 𝑜𝑜𝑡𝑡+1𝑟𝑟𝑡𝑡+1 ⁄  and 140 

𝑁𝑁𝑡𝑡+1
J 𝑁𝑁𝑡𝑡+1F =� (1 − 𝑜𝑜𝑡𝑡+1) 𝑜𝑜𝑡𝑡+1(1 − 𝑟𝑟𝑡𝑡+1) ⁄ . Using these relationships, rearranging, and shifting 141 

the time index back by one time step gives 142 
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𝑜𝑜𝑡𝑡−1 =

𝑜𝑜𝑡𝑡𝑟𝑟𝑡𝑡

𝑜𝑜𝑡𝑡𝑟𝑟𝑡𝑡 + �𝑜𝑜𝑡𝑡(1 − 𝑟𝑟𝑡𝑡) + (1 − 𝑜𝑜𝑡𝑡)
𝑠𝑠𝑡𝑡−1
JF

𝑠𝑠𝑡𝑡−1
JJ � �𝑠𝑠𝑡𝑡−1

FR

𝑠𝑠𝑡𝑡−1
JF (1 − 𝑟𝑟𝑡𝑡) + 𝑠𝑠𝑡𝑡−1RR

𝑠𝑠𝑡𝑡−1
JF 𝑟𝑟𝑡𝑡�

. 
(5b) 

This iterative equation allows determining the value 𝑜𝑜𝑡𝑡−1 of the maturity ogive at time 𝑡𝑡 − 1 143 

from three sources of information: (i) the ratio 𝑟𝑟𝑡𝑡 of repeat spawners among all mature individ-144 

uals, known from (representative) sampling, (ii) three ratios of survival probabilities, possibly 145 

known from independent observations, and (iii) the value 𝑜𝑜𝑡𝑡 of the maturity ogive at time 𝑡𝑡, 146 

known from the equation’s previous iteration or because the cohort is known to be fully mature 147 

at time 𝑡𝑡. Equation 5b is similar to Equation 1a, but includes a correction in form of the denom-148 

inator, which accounts for differences in survival between the life stages. It is readily seen that 149 

Equation 5b reduces to Equation 1a as a special case when all survival probabilities are equal. 150 

Equation 5b contains three ratios of survival probabilities that all include 𝑠𝑠𝑡𝑡−1
JF , which 151 

therefore naturally serves as the reference against which the other survival probabilities can be 152 

compared. Sometimes it is more convenient to use another survival probability as the reference: 153 

for instance, when we use 𝑠𝑠𝑡𝑡−1RR  as the reference, Equation 5b becomes  154 

 
𝑜𝑜𝑡𝑡−1 =

𝑜𝑜𝑡𝑡𝑟𝑟𝑡𝑡

𝑜𝑜𝑡𝑡𝑟𝑟𝑡𝑡 + �𝑜𝑜𝑡𝑡(1 − 𝑟𝑟𝑡𝑡)
𝑠𝑠𝑡𝑡−1RR

𝑠𝑠𝑡𝑡−1
JF + (1 − 𝑜𝑜𝑡𝑡)

𝑠𝑠𝑡𝑡−1RR

𝑠𝑠𝑡𝑡−1
JJ � �𝑠𝑠𝑡𝑡−1

FR

𝑠𝑠𝑡𝑡−1RR (1 − 𝑟𝑟𝑡𝑡) + 𝑟𝑟𝑡𝑡�
. 

(5c) 

Figure 2 illustrates the sensitivity of the estimated maturity ogive to departures from 155 

equal age-specific survival between maturity stages. Not surprisingly, the sensitivity is greater 156 

when the estimated maturity proportion is near the middle of the possible range (Fig. 2, left 157 

panels) compared to when the proportion is near the border of the possible range (Fig. 2, right 158 

panels). The general tendency is that assuming equal survival ratios between maturity stages 159 

leads to positively biased maturity estimates (red colors in Fig. 2) when juvenile survival is low 160 

relative to repeat-spawning survival (𝑠𝑠𝑡𝑡−1
JJ /𝑠𝑠𝑡𝑡−1RR < 1) and/or when juvenile-to-first-spawning 161 

survival is low relative to repeat-spawning survival (𝑠𝑠𝑡𝑡−1
JF /𝑠𝑠𝑡𝑡−1RR < 1); the opposite is true when 162 
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these ratios are high. 163 

4. Example: Northeast Arctic cod 164 

We illustrate the generalized Gulland’s method for the 1928 cohort of Northeast Arctic cod, the 165 

first cohort for which suitable data are available. For this stock, historic samples are available 166 

from the spawning grounds, distinguishing first-time spawners and repeat spawners, but no 167 

representative data are available for juvenile individuals (e.g., Jørgensen, 1990; Heino et al., 168 

2002). For the 1928 cohort, the proportions of repeat spawners among all mature individuals 169 

equals 0 for ages 6 years and younger, equals 0.03, 0.24, 0.47, 0.66, 0.70, 0.85, 0.96, and 0.95 170 

for ages 7 to 14 years, respectively, and equals 1 for older individuals. Because only mature 171 

fish were subject to fishing in the spawning grounds, it is likely that juveniles experienced a 172 

higher age-specific survival (𝑠𝑠𝑡𝑡
JJ) than fish that entered the spawning grounds (𝑠𝑠𝑡𝑡

JF, 𝑠𝑠𝑡𝑡FR, and 173 

𝑠𝑠𝑡𝑡RR). We therefore let the ratio 𝑠𝑠𝑡𝑡
JJ/𝑠𝑠𝑡𝑡RR vary. In addition to considering the case 𝑠𝑠𝑡𝑡

JF/𝑠𝑠𝑡𝑡RR = 1 174 

and 𝑠𝑠𝑡𝑡FR/𝑠𝑠𝑡𝑡RR = 1, we examine a scenario in which individuals lacking spawning experience 175 

suffer from additional mortality during their spawning migration, by considering the case 176 

𝑠𝑠𝑡𝑡
JF/𝑠𝑠𝑡𝑡RR = 0.7 and 𝑠𝑠𝑡𝑡FR/𝑠𝑠𝑡𝑡RR = 0.9; the particular numbers here are chosen for illustrative pur-177 

poses only. 178 

Applying our generalization of Gulland’s method reveals that the estimated maturity 179 

ogive is potentially sensitive to departures from equal age-specific survival between maturity 180 

stages (Fig. 2, 3). For instance, when spawning individuals suffer from higher mortality than 181 

those that do not spawn, assuming that no such survival difference exists results in an ogive 182 

that is downward biased. If the survival difference is large (𝑠𝑠𝑡𝑡
JJ/𝑠𝑠𝑡𝑡RR = 2), the true ogive is up 183 

to about 15 percent points higher than the estimated one (Fig. 3a). If we assume that lack of 184 

spawning experience reduces survival, the maximal bias when 𝑠𝑠𝑡𝑡
JJ/𝑠𝑠𝑡𝑡RR = 2 is slightly lower, at 185 
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about ten percent points (Fig. 3b). 186 

A potential source of bias for estimating the maturity ogive of Northeast Arctic cod is 187 

skipped spawning (Jørgensen et al., 2006; Skjæraasen et al., 2012). The effect of skipped 188 

spawning on spawner demography is that the sampled proportions of repeat spawners among 189 

all mature individuals (𝑟𝑟𝑇𝑇) are less than their true proportions. The strength of this bias will vary 190 

with a cohort’s age, because skipped spawning depends on spawning experience. Figure 4a 191 

shows that if skipped spawning is very frequent and leads to a serious underrepresentation of 192 

repeat spawners, the estimated maturity ogive can be seriously biased downward. However, for 193 

the documented levels of skipped spawning (~24 % in 2006–2008, Skjæraasen et al., 2012), the 194 

bias is modest, at most seven percent points (Fig. 4a for 𝑥𝑥 = 0.25). 195 

Another possible source of uncertainty is the misidentification of first-time and repeat 196 

spawners. Figure 4b shows that misidentifying first-time spawners as second-time spawners or 197 

vice versa at a relatively high rate (20%) results in a modest downward bias in the estimated 198 

maturity ogive. The largest error is about seven percent points for ages 10–11 years. 199 

5. Discussion 200 

Here we have presented a derivation of the generalized Gulland’s method to estimate maturity 201 

ogives in the absence of data on juveniles. The information required instead are age-specific 202 

proportions of repeat spawners among spawning individuals, as well as ratios of age-specific 203 

survival among juveniles, maturing individuals, first-time spawners, and repeat spawners, all 204 

for a given cohort. These survival ratios can be based on independent observations or expert 205 

knowledge. This is more practical than the correction proposed by Jørgensen (1990), which 206 

requires adjusting the input data before applying the original Gulland’s method assuming stage-207 

independent survival (his Equation 3 and our Equation 1a). 208 

As underscored by our examples above, assuming the aforementioned survival ratios to 209 
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equal 1 can greatly bias the estimation of maturity ogives when these ratios in fact significantly 210 

differ from 1. While estimating survival in wild populations is always difficult, two mitigating 211 

considerations are worth emphasizing. First, it is only the aforementioned survival ratios that 212 

enter the generalized Gulland’s method, not the absolute values of survival probabilities. Sec-213 

ond, these ratios will deviate from 1 only when maturation stages differentially impact age-214 

specific survival. When such effects of maturation stages within each age class are weak, as-215 

suming the ratios to equal 1 will not cause major biases in the estimated maturity ogives. 216 

Because maturity ogives result from maturation dynamics of a cohort of individuals, the 217 

most natural biological unit for estimating ogives is a cohort. For this reason, we have presented 218 

the derivation here for cohorts, as did Gulland (1964) and Jørgensen (1990). However, Gul-219 

land’s method—and estimation of maturity ogives in general—can also be used with data from 220 

a single year or with data averaged over a range of years. The implicit assumption is that age-221 

specific changes in maturity observed for concurrently recorded age groups is similar to what 222 

would have been observed when following a cohort over time. The situation is analogous to 223 

growth curves, which can be estimated either by cohort or by year (Beverton and Holt, 1957, p. 224 

282; Gulland, 1969, p. 93; Ricker, 1975, p. 205). The disadvantage of any such estimations by 225 

year is that factors that are specific to a cohort will confound the detection of age-specific 226 

change, be it in maturity or in size. For example, strong year classes of Norwegian spring-227 

spawning herring show different maturation dynamics compared to weak ones (Engelhard and 228 

Heino, 2004b; ICES, 2016). Whether cohort-to-cohort or year-to-year variability leads to prac-229 

tically significant differences between estimations by cohort and by year is probably case-spe-230 

cific. 231 

Gulland’s method also applies to irreversible life-history transitions other than matura-232 

tion, such as metamorphosis, smolting, other ontogenetic niche shifts, and sex change. Each of 233 

these transitions might pose specific challenges, for example, in regard to the identification of 234 
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newly transitioned individuals. Furthermore, some of these transitions might not be strictly ir-235 

reversible. For example, sex change can be bi-directional in some non-commercial reef fishes 236 

(e.g., Sunobe and Nakazono, 1993; Nakashima et al., 1996; Munday et al., 1998). 237 

Skipped spawning has been implicated in a number of fish stocks (Rideout et al., 2005), 238 

including the stocks for which Gulland’s method has been used (Engelhard and Heino, 2005; 239 

Skjæraasen et al., 2012). Skipped spawning has the potential to bias maturity ogives downwards, 240 

if not accounted for. For the documented levels of skipped spawning, this bias is modest, but 241 

may act in the same direction as other sources of bias. Furthermore, when good estimates of 242 

skipped spawning are available, the estimation of maturity ogives can readily be adjusted to 243 

account for it. 244 

A major limitation of Gulland’s method is that it requires data that are only seldom 245 

recorded: distinguishing first-time spawners from repeat spawners with routine observations is 246 

rarely possible. Exceptions mainly come from stocks with long spawning migrations (such as 247 

cod and herring) or an anadromous life cycle (such as shortnose sturgeon and steelhead trout). 248 

These show a so-called spawning check, a visually detectable change in the zonation pattern of 249 

otoliths or scales. Long migrations increase the energetic cost of spawning, making the slowing 250 

down of growth upon maturation more marked than it would otherwise be (e.g., Folkvord et al., 251 

2014). 252 

For Northeast Arctic cod, the recording of spawning checks is part of routine data col-253 

lection (Mjanger et al., 2010). However, a strict validation of the assumption that the formation 254 

of the first spawning check is associated with the first spawning is as yet lacking. Experiments 255 

support the notion that substantial energy investments in reproduction are reflected by reduced 256 

otolith growth, but leave open the question whether such changes in the otolith growth of wild 257 

cod are always associated with reproduction or can originate also from other sources of ener-258 
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getic stress. Furthermore, it remains possible that some spawning cod do not develop a corre-259 

sponding spawning check (Irgens, 2018; Arild Folkvord, University of Bergen, pers. comm.). 260 

Our numerical tests suggest that Gulland’s method is not overly sensitive to moderate error 261 

rates in assessing whether a spawning fish is a first-time or second-time spawner. 262 

There are a number of possibilities to identify first-time spawners in the absence of 263 

visually marked changes in otoliths or scales. First, numerical methods might allow detecting 264 

changes in growth that are not visually obvious as spawning checks (Rijnsdorp and Storbeck, 265 

1995; Engelhard et al., 2003; Baulier and Heino, 2008; Brunel et al., 2013). This requires back-266 

calculations of growth, which can be based on both archived and fresh materials. The efficiency 267 

of such estimates could potentially be improved using automated image analyses. Unfortunately, 268 

detecting maturation from growth trajectories suffers from limited accuracy, especially for in-269 

dividuals captured soon after maturation (Baulier and Heino, 2008; Brunel et al., 2013). 270 

Second, advances in sclerochronology offer new possibilities for extracting life-history 271 

information from otoliths and scales that go far beyond traditional visual examinations. For 272 

example, patterns of ontogenetic vertical migrations in deep-sea fish can be deduced from oto-273 

lith microstructures and stable-isotope composition (Lin et al., 2012; Chang et al., 2015). Like-274 

wise, migrations of eel between marine, brackish, and freshwater environments can be deduced 275 

from the ratios of strontium and calcium in their otoliths (Jessop et al., 2008). An experimental 276 

study with European plaice (Pleuronectes platessa) showed that reproduction alters the zinc-277 

to-calcium ratio in the blood plasma and otoliths of females, offering a potential tool for detect-278 

ing both age at first reproduction and skipped spawning seasons (Sturrock et al., 2015). Also 279 

these methods apply to archived as well as fresh materials. 280 

Third, histological methods offer what is potentially the most precise approach to sepa-281 

rating first-time and repeat-spawning female fish, at least for determinately spawning boreal 282 

species: mature females with postovulatory follicles (POFs) are repeat-spawners, whereas those 283 
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lacking POFs are first-time spawners, provided that POFs persist long enough after spawning 284 

relative to the timing of the sample collection (Rideout et al., 2005). This condition is easily 285 

fulfilled in cod where POFs persist for more than a year (Witthames et al., 2010; Folkvord et 286 

al., 2014). Unfortunately, histological methods require samples that are specifically conserved 287 

for such analysis, which makes them unlikely to be applicable to historical materials. Moreover, 288 

obtaining age estimates still requires the reading of otoliths or scales. 289 

Gulland’s method offers the prospect of estimating maturity ogives for species in which 290 

it is difficult to obtain representative data on the juvenile part of the population. This will often 291 

necessitate collecting new kinds of data, or using existing materials in novel ways, in order to 292 

differentiate between first-time and repeat spawners. At the same time, elucidating individual 293 

life cycles with such new data will probably be valuable in its own right. The prospect of ob-294 

taining information on a population’s demographic composition by applying Gulland’s method 295 

can add motivation for investing scarce resources in enhanced analyses of otoliths and scales, 296 

as well as into histology. Exciting options for future applications of the generalized Gulland’s 297 

method presented here include obtaining information on the oceanic phase of anadromous it-298 

eroparous salmonids and estimating the maturity ogives of enigmatic deep-sea fishes such as 299 

orange roughy. 300 

Acknowledgements 301 

We thank Arild Folkvord for discussions on cod otoliths and two reviewers for valuable feed-302 

back that has helped us to improve the manuscript. MH acknowledges funding during the final 303 

preparation of this manuscript by the Ministry of Science and Technology (MOST), R.O.C., 304 

grant number 105-2811-M-002-068. 305 



Page 15 of 22 

References 306 

Baulier, L., Heino, M., 2008. Norwegian spring-spawning herring as the test case of piece-307 

wise linear regression method for detecting maturation from growth patterns. J. Fish 308 

Biol. 73, 2452–2467. https://doi.org/10.1111/j.1095-8649.2008.02088.x 309 

Beverton, R.J.H., Holt, S.J., 1957. On the Dynamics of Exploited Fish Populations, Fishery 310 

Investigations Series. Ministry of Agriculture, Fisheries and Food, London. 311 

Brunel, T., Ernande, B., Mollet, F.M., Rijnsdorp, A.D., 2013. Estimating age at maturation 312 

and energy-based life-history traits from individual growth trajectories with nonlinear 313 

mixed-effects models. Oecologia 172, 631–643. https://doi.org/10.1007/s00442-012-314 

2527-1 315 

Chang, N.-N., Liu, E.Y., Liao, Y.C., Shiao, J.-C., 2015. Vertical habitat shift of viviparous 316 

and oviparous deep-sea cusk eels revealed by otolith microstructure and stable-isotope 317 

composition. J. Fish Biol. 86, 845–853. https://doi.org/10.1111/jfb.12605 318 

Devold, F., 1938. The North Atlantic halibut and net fishing. Fisk. Skr. Ser. Havunders. 5, 5–319 

47. 320 

Engelhard, G.H., Dieckmann, U., Godø, O.R., 2003. Age at maturation predicted from routine 321 

scale measurements in Norwegian spring-spawning herring (Clupea harengus) using 322 

discriminant and neural network analyses. ICES J. Mar. Sci. 60, 304–313. 323 

https://doi.org/10.1016/S1054-3139(03)00017-1 324 

Engelhard, G.H., Heino, M., 2005. Scale analysis suggests frequent skipping of the second re-325 

productive season in Atlantic herring. Biol. Lett. 1, 172–175. 326 

https://doi.org/10.1098/rsbl.2004.0290 327 

Engelhard, G.H., Heino, M., 2004a. Maturity changes in Norwegian spring-spawning herring 328 

Clupea harengus: compensatory or evolutionary responses? Mar. Ecol. Prog. Ser. 272, 329 

245–256. https://doi.org/10.3354/meps272245 330 



Page 16 of 22 

Engelhard, G.H., Heino, M., 2004b. Maturity changes in Norwegian spring-spawning herring 331 

before, during, and after a major population collapse. Fish. Res. 66, 299–310. 332 

https://doi.org/10.1016/S0165-7836(03)00195-4 333 

Flores, A., Wiff, R., Díaz, E., 2015. Using the gonadosomatic index to estimate the maturity 334 

ogive: application to Chilean hake (Merluccius gayi gayi). ICES J. Mar. Sci. 72, 508–335 

514. https://doi.org/10.1093/icesjms/fsu155 336 

Folkvord, A., Jørgensen, C., Korsbrekke, K., Nash, R.D.M., Nilsen, T., Skjæraasen, J.E., 337 

2014. Trade-offs between growth and reproduction in wild Atlantic cod. Can. J. Fish. 338 

Aquat. Sci. 71, 1106–1112. https://doi.org/10.1139/cjfas-2013-0600 339 

Francis, R.I.C.C., Horn, P.L., 1997. Transition zone in otoliths of orange roughy (Hoploste-340 

thus atlanticus) and its relationship to the onset of maturity. Mar. Biol. 129, 681–687. 341 

https://doi.org/10.1007/s002270050211 342 

Gulland, J.A., 1969. Manual of Methods for Fish Stock Assessment - Part 1. Fish Population 343 

Analysis (No. M4), FAO Manuals in Fisheries Science. FAO, Rome. 344 

Gulland, J.A., 1964. The abundance of fish stocks in the Barents Sea. Rapp. Procès-Verbaux 345 

La Réun. Cons. Perm. Int. Pour Explor. Mer 155, 126–137. 346 

Heino, M., Dieckmann, U., Godø, O.R., 2002. Estimating reaction norms for age and size at 347 

maturation with reconstructed immature size distributions: a new technique illustrated 348 

by application to Northeast Arctic cod. ICES J. Mar. Sci. 59, 562–575. 349 

https://doi.org/10.1006/jmsc.2002.1192 350 

Hixon, M.A., Johnson, D.W., Sogard, S.M., 2014. BOFFFFs: on the importance of conserv-351 

ing old-growth age structure in fishery populations. ICES J. Mar. Sci. 71, 2171–2185. 352 

https://doi.org/10.1093/icesjms/fst200 353 

ICES, 2017. Report of the Arctic Fisheries Working Group (AFWG), 19–25 April 2017, Co-354 

penhagen, Denmark (ICES Document No. CM 2017/ACOM:06). ICES, Copenhagen. 355 



Page 17 of 22 

ICES, 2016. Report of the Benchmark Workshop on Pelagic stocks (WKPELA), 29 Febru-356 

ary–4 March 2016, ICES Headquarters, Copenhagen, Denmark (ICES Document No. 357 

CM 2016/ACOM:34). ICES, Copenhagen. 358 

ICES, 2008. Report of the Workshop on Maturity Ogive Estimation for Stock Assessment 359 

(WKMOG), 3–6 June 2008, Lisbon, Portugal (ICES Document No. CM 360 

2008/ACOM:33). ICES, Copenhagen. 361 

Irgens, C., 2018. Otolith structure as indicator of key life history events in Atlantic cod (Ga-362 

dus morhua) (PhD thesis). University of Bergen, Bergen, Norway. 363 

Jessop, B.M., Cairns, D.K., Thibault, I., Tzeng, W.N., 2008. Life history of American eel An-364 

guilla rostrata: new insights from otolith microchemistry. Aquat. Biol. 1, 205–216. 365 

https://doi.org/10.3354/ab00018 366 

Jørgensen, C., Ernande, B., Fiksen, Ø., Dieckmann, U., 2006. The logic of skipped spawning 367 

in fish. Can. J. Fish. Aquat. Sci. 63, 200–211. 368 

Jørgensen, T., 1990. Long-term changes in age at sexual maturity of Northeast Arctic cod 369 

(Gadus morhua L.). J. Cons. Int. Pour Explor. Mer 46, 235–248. 370 

https://doi.org/10.1093/icesjms/46.3.235 371 

Köster, F.W., Trippel, E.A., Tomkiewicz, J., 2013. Linking size and age at sexual maturation 372 

to body growth, productivity and recruitment of Atlantic cod stocks spanning the 373 

North Atlantic. Fish. Res. 138, 52–61. https://doi.org/10.1016/j.fishres.2012.07.002 374 

Lea, E., 1928. Undersøkelser over den norske sild. Fra umoden til moden. Årsberet. 375 

Vedkomm. Nor. Fisk. 4, 1–36. 376 

Lin, H.-Y., Shiao, J.-C., Chen, Y.-G., Iizuka, Y., 2012. Ontogenetic vertical migration of 377 

grenadiers revealed by otolith microstructures and stable isotopic composition. Deep-378 

Sea Res. Part Oceanogr. Res. Pap. 61, 123–130. 379 

https://doi.org/10.1016/j.dsr.2011.12.005 380 



Page 18 of 22 

Mjanger, H., Hestenes, K., Svendsen, B.V., Wenneck, T. de L., 2010. Håndbok for prøveta-381 

king av fisk og krepsdyr. Versjon 3.16. August 2010. Institute of Marine Research, 382 

Bergen, Norway. 383 

Munday, P.L., Caley, M.J., Jones, G.P., 1998. Bi-directional sex change in a coral-dwelling 384 

goby. Behav. Ecol. Sociobiol. 43, 371–377. https://doi.org/10.1007/s002650050504 385 

Murua, H., Saborido-Rey, F., 2003. Female reproductive strategies of marine fish species of 386 

the North Atlantic. J. Northwest Atl. Fish. Sci. 33, 23–31. 387 

Nakashima, Y., Kuwamura, T., Yogo, Y., 1996. Both-ways sex change in monogamous coral 388 

gobies, Gobiodon spp. Environ. Biol. Fishes 46, 281–288. 389 

https://doi.org/10.1007/BF00005004 390 

Narver, D.W., 1969. Age and size of steelhead trout in the Babine River, British Columbia. J. 391 

Fish. Res. Board Can. 26, 2754–2760. https://doi.org/10.1139/f69-269 392 

Ottersen, G., Hjermann, D.Ø., Stenseth, N.C., 2006. Changes in spawning stock structure 393 

strengthen the link between climate and recruitment in a heavily fished cod (Gadus 394 

morhua) stock. Fish. Oceanogr. 15, 230–243. 395 

Ricker, W.E., 1975. Computation and interpretation of biological statistics of fish popula-396 

tions, Bulletin of the Fisheries Research Board of Canada. Department of the Environ-397 

ment, Fisheries and Marine Service, Ottawa, Canada. 398 

Rideout, R.M., Rose, G.A., Burton, M.P.M., 2005. Skipped spawning in female iteroparous 399 

fishes. Fish Fish. 6, 50–72. 400 

Rijnsdorp, A.D., Storbeck, F., 1995. Determining the onset of sexual maturity from otoliths of 401 

individual North Sea plaice, Pleuronectes platessa L., in: Secor, D.H., Dean, J.M., 402 

Campana, S.E. (Eds.), Recent Developments in Fish Otolith Research, The Belle W. 403 

Baruch Library in Marine Science. University of South Carolina Press, pp. 581–598. 404 

Rollefsen, G., 1933. The otoliths of the cod. Fisk. Skr. Ser. Havunders. 4, 3–14. 405 



Page 19 of 22 

Runnström, S., 1936. A study on the life history and migrations of the Norwegian spring-her-406 

ring based on the analysis of the winter rings and summer zones of the scale. Fisk. 407 

Skr. Ser. Havunders. 5, 1–107. 408 

Skjæraasen, J.E., Nash, R.D.M., Korsbrekke, K., Fonn, M., Nilsen, T., Kennedy, J., Nedreaas, 409 

K.H., Thorsen, A., Witthames, P.R., Geffen, A.J., Høie, H., Kjesbu, O.S., 2012. Fre-410 

quent skipped spawning in the world’s largest cod population. Proc. Natl. Acad. Sci. 411 

U. S. A. 109, 8995–8999. https://doi.org/10.1073/pnas.1200223109 412 

Stearns, S.C., Crandall, R.E., 1984. Plasticity for age and size at sexual maturity: a life-history 413 

response to unavoidable stress, in: Potts, G.W., Wootton, R.J. (Eds.), Fish Reproduc-414 

tion: Strategies and Tactics. Academic Press, London, pp. 13–33. 415 

Sturrock, A.M., Hunter, E., Milton, J.A., Johnson, R.C., Waring, C.P., Trueman, C.N., 2015. 416 

Quantifying physiological influences on otolith microchemistry. Methods Ecol. Evol. 417 

6, 806–816. https://doi.org/10.1111/2041-210X.12381 418 

Sunobe, T., Nakazono, A., 1993. Sex change in both directions by alteration of social domi-419 

nance in Trimma okinawae (Pisces: Gobiidae). Ethology 94, 339–345. 420 

https://doi.org/10.1111/j.1439-0310.1993.tb00450.x 421 

Svåsand, T., Ajiad, A.M., Buehler, V., Carvalho, G.R., Clemmesen, C., Dahle, G., Hard, J.J., 422 

Hauser, L., Hutchinson, W.F., Jakobsen, T., Kjesbu, O.S., Moksness, E., Otterå, H., 423 

Paulsen, H., Schnack, D., Solemdal, P., Thorsen, A., 2003. Demonstration of maternal 424 

effects of Atlantic cod: combining the use of unique mesocosm and novel molecular 425 

techniques (MACOM). Final Report, Project QLK5-CT1999-01617. Institute of Ma-426 

rine Research, Bergen, Norway. 427 

Taubert, B.D., 1980. Reproduction of shortnose sturgeon (Acipenser brevirostrum) in Ho-428 

lyoke Pool, Connecticut River, Massachusetts. Copeia 1980, 114–117. 429 

Trippel, E.A., 1995. Age at maturity as stress indicator in fisheries. BioScience 45, 759–771. 430 



Page 20 of 22 

https://doi.org/10.2307/1312628 431 

Trippel, E.A., Kjesbu, O.S., Solemdal, P., 1997. Effects of adult age and size structure on re-432 

productive output in marine fishes, in: Chambers, R.C., Trippel, E.A. (Eds.), Early 433 

Life History and Recruitment in Fish Populations. Chapman and Hall, London, pp. 434 

63–102. 435 

Witthames, P.R., Thorsen, A., Kjesbu, O.S., 2010. The fate of vitellogenic follicles in experi-436 

mentally monitored Atlantic cod Gadus morhua (L.): Application to stock assessment. 437 

Fish. Res. 104, 27–37. https://doi.org/10.1016/j.fishres.2009.11.008 438 

Yaragina, N.A., 2010. Biological parameters of immature, ripening, and non-reproductive, 439 

mature northeast Arctic cod in 1984–2006. ICES J. Mar. Sci. 67, 2033–2041. 440 

https://doi.org/10.1093/icesjms/fsq059 441 

Zuykova, N.V., Koloskova, V.P., Mjanger, H., Nedreaas, K.H., Senneset, H., Yaragina, N.A., 442 

Aagotnes, P., Aanes, S., 2009. Age determination of Northeast Arctic cod otoliths 443 

through 50 years of history. Mar. Biol. Res. 5, 66–74. 444 

https://doi.org/10.1080/17451000802454874 445 

  446 



Page 21 of 22 

Figure captions 447 

Fig. 1. Schematic illustration of Gulland’s method when survival is equal for all individuals at 448 

a given age. At any point in time, a cohort is composed of juvenile (J), first-spawning (F), and 449 

repeat-spawning (R) individuals. For all ages 𝑡𝑡, the proportion of repeat spawners among all 450 

spawners is known from sampling, 𝑟𝑟𝑡𝑡 = 𝑛𝑛𝑡𝑡R/(𝑛𝑛𝑡𝑡F + 𝑛𝑛𝑡𝑡R). The maturity ogive 𝑜𝑜𝑡𝑡 is known from 451 

sampling to equal 1 down to the latest age 𝑇𝑇 at which first-time spawners are still present in the 452 

samples. For earlier ages 𝑡𝑡 < 𝑇𝑇, 𝑜𝑜𝑡𝑡 can be calculated iteratively using the equation 𝑜𝑜𝑡𝑡−1 = 𝑜𝑜𝑡𝑡𝑟𝑟𝑡𝑡. 453 

For understanding Gulland’s method, it is important to recognize that the proportions 𝑜𝑜𝑡𝑡 of ma-454 

ture individuals among all individuals and the proportions 𝑟𝑟𝑡𝑡 of repeat spawners among all ma-455 

ture individuals are measured relative to different totals (all individuals vs. all mature individ-456 

uals), as indicated by the gray extensions of the black curly braces. 457 

Fig. 2. Sensitivity of the estimated proportion of mature individuals to variations in relative 458 

survival between maturity stages. The left and right columns correspond to situations that could 459 

be encountered when estimating maturity proportions for near median and relatively early ages, 460 

respectively, that is, relatively high and low proportions of mature and first-spawning individ-461 

uals. On the left, assuming that all survival ratios are equal, the estimated maturity proportion 462 

is 𝑜𝑜𝑡𝑡−1 = 𝑜𝑜𝑡𝑡𝑟𝑟𝑡𝑡 ≈ 0.56, whereas on the right, it is much lower, at 𝑜𝑜𝑡𝑡−1 ≈ 0.062. The color bands 463 

indicate how much this estimate deviates from the true value (red: overestimation; blue: under-464 

estimation). Each color band has a width of 0.05. The white band is centered on the true value; 465 

hence, it covers an area in which the absolute error is smaller than 2.5%. In the top row, all 466 

survival ratios are varied, but 𝑠𝑠𝑡𝑡−1
JJ = 𝑠𝑠𝑡𝑡−1

JF  are kept equal, whereas in the middle row, 𝑠𝑠𝑡𝑡−1
JF =467 

𝑠𝑠𝑡𝑡−1FR  are kept equal. In the bottom row, 𝑠𝑠𝑡𝑡−1
JJ and 𝑠𝑠𝑡𝑡−1

JF  are varied independently, while 𝑠𝑠𝑡𝑡−1FR = 1 468 

is kept fixed. Notice that all axes are logarithmic. 469 

Fig. 3. Application of the generalized Gulland’s method to the 1928 cohort of Northeast Arctic 470 
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cod, Gadus morhua. In (a), maturing fish and first-time spawners are assumed to have experi-471 

enced the same survival probability as repeat spawners (𝑠𝑠𝑡𝑡
JF/𝑠𝑠𝑡𝑡RR = 𝑠𝑠𝑡𝑡FR/𝑠𝑠𝑡𝑡RR = 1), whereas in 472 

(b), they are assumed to suffer from reduced survival during the spawning migration 473 

(𝑠𝑠𝑡𝑡
JF/𝑠𝑠𝑡𝑡RR = 0.7 and 𝑠𝑠𝑡𝑡FR/𝑠𝑠𝑡𝑡RR = 0.9). In both panels, the ratio of juvenile to repeat spawner sur-474 

vival probability is varied; the size of the circular markers increases with the survival ratios 475 

𝑠𝑠𝑡𝑡
JJ/𝑠𝑠𝑡𝑡RR, which apply to all ages 𝑡𝑡. Filled circles correspond to the simpler case in which sur-476 

vival is independent of maturation stage, as is assumed when using the original Gulland’s 477 

method without our generalization. The results show how estimation errors as large as 100% 478 

can result when applying the original Gulland’s method to situations in which age-specific sur-479 

vival probabilities are affected by maturation stage. 480 

Fig. 4. Application of the generalized Gulland’s method to the 1928 cohort of Northeast Arctic 481 

cod when accounting for (a) skipped spawning and (b) errors in assessing an individual’s 482 

spawning experience. When some mature fish skip the spawning migration, samples from the 483 

spawning grounds show too low proportions 𝑟𝑟𝑇𝑇 of repeat spawners among all mature individu-484 

als. In (a), 𝑟𝑟𝑇𝑇 is corrected for this underrepresentation as 𝑟𝑟𝑇𝑇′ = 𝑟𝑟𝑇𝑇(1 + 𝑥𝑥)/[𝑟𝑟𝑇𝑇(1 + 𝑥𝑥) + 1 − 𝑟𝑟𝑇𝑇], 485 

where 𝑥𝑥 is the proportion of mature fish skipping spawning. In (b), it is assumed that there is a 486 

20% probability of assigning a first-time spawner as a second-time spawner, and vice versa. 487 

The thick curve shows the true ogive when spawning experience is assumed to have been cor-488 

rectly estimated. The boxes show the median value together with the interquartile range of 1000 489 

Monte-Carlo replicates in which erroneous assignments are present. Whiskers extend to the 490 

most extreme data point no more than 1.5 times the interquartile range away from the box, and 491 

dots show more extreme data points. 492 
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