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The reproductive value of large females: consequences of shifts
in demographic structure for population reproductive
potential in Chinook salmon
Jan Ohlberger, Daniel E. Schindler, Randy J. Brown, Joel M.S. Harding, Milo D. Adkison,
Andrew R. Munro, Lara Horstmann, and Joe Spaeder

Abstract: While conservation and fisheries management are often concerned with changes in population abundance and
distribution, shifts in population age–size structure are commonly observed in response to human and environmental stressors.
Chinook salmon (Oncorhynchus tshawytscha) have experienced widespread declines in mean age and size throughout their North
American range. We investigated the consequences of declines in body size for spawner reproductive potential in terms of total
egg mass per female. Our case study is the Yukon River where Chinook salmon have supported subsistence, commercial, and
recreational fisheries. Using historical observations on individual body size from throughout the Yukon River and the relation-
ship between female size and total egg mass from the Canadian portion, we estimate a decline in average female reproductive
potential of 24%–35% since the 1970s. Because spawner abundances and the population sex ratio have not shown clear trends
over time, our results suggest a reduced total population reproductive potential. Changes in spawner quality should be consid-
ered when developing management reference points, and conservation of population demographic structure may be necessary
to sustain productive Chinook salmon systems.

Résumé : Si les variations de l’abondance et de la répartition des populations sont des préoccupations répandues en conservation et
en gestion des pêches, des changements de la structure par âge des populations en réponse à des facteurs de stress d’origine humaine
ou environnementale sont couramment observés. Les saumons chinooks (Oncorhynchus tshawytscha) ont connu des baisses à grande
échelle des âges et des tailles moyens dans toute leur aire de répartition nord-américaine. Nous avons examiné les conséquences de
diminutions de la taille du corps sur le potentiel de reproduction des géniteurs représenté par la masse totale des œufs des femelles.
Notre étude a porté sur le fleuve Yukon, où les saumons chinooks supportent des pêches commerciales, sportives et de subsistance. En
utilisant des observations passées sur la taille du corps individuelle à la grandeur du fleuve Yukon, ainsi que la relation entre la
taille des femelles et la masse totale de leurs œufs dans le tronçon canadien, nous estimons une baisse du potentiel de
reproduction moyen des femelles de 24 % à 35 % depuis les années 1970. Comme les abondances de géniteurs et le rapport de
masculinité de la population ne présentent pas de tendances claires dans le temps, nos résultats indiqueraient une diminution
du potentiel de reproduction total de la population. Les variations de la qualité des géniteurs devraient être prises en considéra-
tion dans l’établissement de points de référence pour la gestion, et le maintien de la structure démographique des populations
pourrait être nécessaire pour soutenir des systèmes de saumons chinooks productifs. [Traduit par la Rédaction]

Introduction
Conservation is most concerned with changes in the abundance

and distribution of populations in response to human and envi-
ronmental stressors. However, changes in life-history traits and
demographic structure are also commonly observed in response
to stressors such as harvesting (Hutchings 2005; Jørgensen et al.
2007) and climate change (Daufresne et al. 2009; Cline et al. 2019).
Shifts in demographic and life-history characteristics can impact
future population recruitment and abundance (Shelton et al.
2012, 2015; Stige et al. 2017) and provide leading indicators of
population collapse (Clements and Ozgul 2016; Clements et al.

2017). In fishes, the age and size structure of spawners can affect
future population abundance, because larger females often con-
tribute disproportionally more to population replenishment due
to higher reproductive investment (Marshall et al. 2010; Barneche
et al. 2018). While the influence of large females on population
productivity remains controversial (Andersen et al. 2019), the im-
portance of conserving a diverse population age and size structure
has been emphasized, particularly in the context of fisheries sus-
tainability (Birkeland and Dayton 2005; Marshall et al. 2010; Hixon
et al. 2014). Specifically, it has been shown that indices of repro-
ductive potential that integrate information on abundance and
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demography can improve recruitment predictions and the esti-
mation of management reference points (Murawski et al. 2001;
Morgan et al. 2011).

In anadromous Pacific salmon, management is commonly fo-
cused on the numerical abundance of fish on the spawning
grounds, which implicitly assumes that the number of spawners
limits population productivity. Management objectives for salmon
are typically expressed in terms of escapement goals (i.e., the num-
ber of fish allowed to escape the fisheries to reproduce), and their
management is usually governed by the principle of maximum
sustained yield (MSY). The age, length, or mass of spawners is
rarely considered when setting management objectives, though
there is increasing awareness of the importance of spawner age–
size structure (Forbes and Peterman 1994; Schindler et al. 2013;
Fleischman and Reimer 2017). The common practice of defining
management objectives in terms of numbers of spawners may
face unexpected challenges when population demographic struc-
ture changes systematically over time. For example, declines in
reproductive potential of females due to shifts toward smaller fish
may negatively affect offspring production and survival of offspring
and thus population recruitment. Such trends in average reproduc-
tive potential could introduce bias into spawner–recruit models that
form the basis for current salmon fishery management.

Chinook salmon (Oncorhynchus tshawytscha) have experienced
widespread changes in age and size structure throughout their
North American range, resulting in declines in the mean body size
of spawners over at least the past 40–50 years. In many popula-
tions in Alaska (Kendall and Quinn 2011; Lewis et al. 2015) and
along much of the west coast of North America (Ohlberger et al.
2018), fish are returning to freshwater habitats to spawn at
younger ages and are smaller at a given age compared with previ-
ous decades. Trends of declining average weight in fishery catches
of North American Chinook salmon during the 1950s–1970s were
reported by Ricker (1981). The widespread declines in mean age and
length-at-age in Chinook salmon populations have raised the
question of how these changes have affected their reproductive
potential and what the implications might be for population pro-
ductivity and sustainable fisheries harvest. Yukon River Chinook
salmon have provided a key food and cultural resource to indige-
nous communities in Alaska and the Yukon Territory for millen-
nia and have supported commercial fisheries for more than a
century. However, Chinook salmon populations have experienced
declines in productivity, especially over the last decade, concur-
rent with pronounced declines in mean body size (Schindler et al.
2013; Ohlberger et al. 2016).

In this study, we investigated the consequences of body size
declines for the reproductive potential of Chinook salmon in the
Yukon River, where abundant data were available on historical
age, sex, and length compositions, and on the size dependence of
female reproductive potential. We investigated drainage-wide
trends in mean length of females and combined these with esti-
mated relationships between female length and fecundity or egg
mass to reconstruct historical changes in the reproductive poten-
tial of female spawners. We compared changes in mean body
length of spawner populations with changes in mean length of
fish caught in commercial and subsistence fisheries and evaluated
the contribution of changes in capture methods to apparent size
declines in the catches. Finally, we estimated variation in the propor-
tion of females over time and how trends in sex ratio and mean egg
mass per female have affected the total reproductive potential of the
population. We end with a discussion of the implications of these
changes in reproductive potential for estimating management refer-
ence points when using spawner–recruit analyses.

Materials and methods
Chinook salmon hatch and rear in fresh waters, migrate to the

ocean to feed and mature, and return to their natal rivers to
spawn and then die (Healey 1991; Quinn 2005). Chinook salmon
that enter the ocean in western Alaska typically spend 1 year growing
in fresh water and 2–5 years in the ocean. The Yukon River is one of
the largest rivers in North America with a length of over 3000 km. It
flows from northern British Columbia in Canada through the Yukon
Territory and through the US state of Alaska into the Bering Sea.
Chinook salmon from the Yukon River spawn in tributaries through-
out the drainage, including the US and Canadian portions of the river
(Fig. 1; Brown et al. 2017). This population is among the largest wild
Chinook salmon populations in the world.

Reproductive potential as a function of body size
Data on fecundity and egg mass of Chinook salmon were used to

estimate relationships between female body size and reproductive
potential. Chinook salmon were sampled on the Yukon River main
stem during the years 2008–2010. The fish were caught during their
spawning migration at the village of Eagle, Alaska, close to the US–
Canada border (i.e., Canadian-origin stock). The dataset contained
140 individual female Chinook salmon with information on length,
body mass, fecundity, and total egg mass. We analyzed these data
using nonlinear least-squares regressions of the form

R � aSb

where R is a measure of reproductive potential (egg number or
total egg mass), S is body size (female length or mass), a is the
estimated allometric scalar, and b is the estimated allometric ex-
ponent. We pooled data collected over multiple years, because
sample sizes in any given year were small and models including
year effects were not supported (using AIC model selection). Re-
sidual plots were used to ensure homoscedasticity and normality.

In addition to the number and mass of eggs, energy content of
the eggs was determined for a subset of 59 individuals. Eggs were
freeze-dried for 48 h and pressed into pellets weighing 0.5–1 g.
Energy content of eggs was determined using bomb calorimetry
(Parr Model 6300). Five benzoic acid standards were analyzed at
the beginning of each analytical day, and the standard was run
after every 10 samples. Instrument error was ±0.003 kJ·g–1 based
on 36 measurements of the standard. We used this reduced data-
set to estimate the relationship between female body size and
total energy content of the ovaries.

Historical age, sex, and length compositions
Data on individual age, sex, and length (ASL) of Chinook salmon

returning to the Yukon River were obtained from the Arctic–
Yukon–Kuskokwim Database Management System of the Alaska
Department of Fish and Game (provided by Holly Krenz). ASL data
were available from the late 1960s, though sample sizes were
small until the early 1970s, so our analyses start in 1971. The data
consisted of individual observations of Chinook salmon ASL that
were taken from commercial catches, subsistence catches, test
fisheries, weir operations, handpicked or carcass surveys, and
other less common sampling types, such as those from mark–
recapture and acoustic telemetry projects. Additional data with
ASL information on Chinook salmon were obtained from Fisher-
ies and Oceans Canada for the weir at Blind Creek (2003–2018) and
the commercial fishery at Dawson City (1975–2006) in the Cana-
dian portion of the Yukon River. The full ASL dataset contained
0.38 million samples (�58% males, 42% females). Table S1 in the
online Supplementary Material1 contains information about the
main sampling locations, including sampling methods, number

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2020-0012.
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of samples, and years. The Yukon River has six fishery manage-
ment areas in the US portion of the river, which are referred to as
subdistricts Y1–Y6 (Fig. 1).

ASL data were filtered prior to statistical analyses. For analyses
that relied on length information, we excluded samples without
length information, lengths smaller than 100 mm or larger than
1500 mm (which were considered errors in the database;

<0.001% of samples), and unknown or uncommon measurement
types. We kept samples for which length was recorded as either
mid-eye to fork of tail (MEF), the vast majority of length measure-
ments in our dataset, or tip of snout to fork of tail (SNF). We
converted samples measured as SNF to MEF lengths using the
empirically estimated formula: MEF = a + bSNF, where a and b are
the regression intercept and slope, respectively (a = 44.13, b = 0.85;

Fig. 1. Map of the Yukon River. Shown is the Yukon River drainage, which extends from Alaska in the US into the Yukon Territory and British
Columbia in Canada. Yellow to brown shading indicates elevation, thickness of blue lines indicates stream order, thin gray line indicates the
watershed boundary, short black lines indicate borders between management areas in the US portion of the river (subdistricts Y1–Y6), dark
red circles indicate major (large) and minor (small) spawning sites of Chinook salmon (Brown et al. 2017), and large numbered orange circles
indicate main sampling locations for age–sex–length (ASL) data. Overlapping circles were repositioned to show location numbers, which refer
to those listed in the online Supplemetary Material, Table S11. Map created using R version 3.6.1. [Colour online.]
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Pahlke 1988). For analyses that relied on sex information, we cor-
rected historical data from the weir sampling projects on the
Andreafsky and Gisasa rivers, which reported proportions of fe-
males among 4-year-olds of over 20% in some years, by reassigning
age-4 females to males. This is in line with confirmed sex data
showing that the proportional female contribution to 4-year-olds
is less than 5% and is consistent with recent sampling protocols
used at the Andreafsky River and Gisasa River weirs by the US Fish
and Wildlife Service (Mears 2012; Carlson 2012).

Location-specific changes in mean body size over time
We selected sampling locations with the longest available time

series that started in the 1970s. In addition, we pooled samples
from subsistence fisheries along the main stem of the US portion
of the Yukon River in management subdistricts Y4–Y5, where
most subsistence catch occurs. The analysis includes time series
based on weir or carcass samples and samples taken from com-
mercial, subsistence, or test fisheries. To analyze location-specific
trends in mean size of Chinook salmon over time (not sex-
specific), we fit multiple linear regression models of increasing
complexity that accounted for changes in gear type and mesh size
selectivity, as well as changes in size by sampling date. The full
model had the following form:

Li � �0 � �yY � �gG � �mM � �dD � �i

where Li is the length of an individual; Y is year; G is gear type; M
is mesh size; D is day of year of capture; �0 is the intercept; �y, �g,
�m, and �d are regression coefficients of the fixed effects for year,
gear type, mesh size (factors), and capture date (continuous), re-
spectively; and �i � N(0, �2) is a normally distributed error term.
We fit models of varying complexity to assess how adding the
covariates affected the estimated temporal trends. For escape-
ment samples (weir operations and carcass surveys), we fit models
with a year effect only and models with effects for year and date of
capture. For catch-based samples (commercial, subsistence, and
test fisheries), we fit models with year effect only and models with
effects for year, date of capture, gear type, and mesh size.

Drainage-wide trends in mean length and reproductive potential
of females

To analyze drainage-wide changes in mean length of females,
we fit linear mixed effects models:

Li � �0 � �yY � �cC � by|u � �i

where Li is the length of an individual; Y is year, C is capture
method; �0 is the intercept; �y and �c are regression coefficients of
the fixed effects for year and capture method; by|u � N�0, �b

2� is a
normally distributed random effect for year nested in location (u);
and �i � N(0, �2) is a normally distributed error term. Capture
method was a combined factor of gear type and mesh size (e.g.,
“drift gillnet 8.5 in.”; 1 inch = 2.5 cm). Gear type by mesh size
combination with at least 500 samples across at least 10 return
years were included in the model. Nested random effects were
used to account for the lack of independence of the data within
years and locations. Inclusion of nested random effects was deter-
mined by comparing models with and without random effects by
AIC model selection (compared using restricted maximum likeli-
hood estimation). Inclusion of fixed effects was determined by
AIC-based multimodel inference using the MuMIn package
(Burnham and Anderson 2002) in R (version 3.6.0; R Core Team
2019) by evaluating the complete set of models with all combina-
tions of fixed effects (compared using maximum likelihood esti-
mation). The final models were fit using restricted maximum
likelihood estimation. Sampling date was not included in drainage-

wide models, because it was highly confounded with sampling loca-
tion.

The same model structure as described for estimating changes
in mean length of females was used to estimate changes in repro-
ductive potential. We used either egg number or total egg mass as
the response variable, where individual lengths were converted to
reproductive potential using the estimated relationships between
female length and egg number or total egg mass. We assume that
these relationships are time-invariant (i.e., that the relative allo-
cation of energy between somatic and reproductive growth has
not changed over time), because data to assess temporal changes
do not exist. By applying the empirically estimated relationships
between body length and reproductive potential to historical ob-
servations of individual lengths, we account for annual changes in
the population length distribution and the nonlinearity of these
relationships.

Changes over time in mean length and reproductive potential
of females were calculated as the difference between mean an-
nual point estimates for the first and last 5 years of the time series.
Because the choice of the reference time periods is arbitrary, we
also calculated the difference between mean annual estimates for
the first and last 3 and 10 years of the time series and report these
as our estimated ranges of relative change in mean length or
reproductive potential.

Validating effect size estimates by simulation
We compared the empirically estimated effect sizes from the

drainage-wide mean length model with simulated mean lengths
in the fishery catch using known mesh size selectivity and a wide
range of length distributions in the return (the fish that the gear
encounters). We simulated the expected mean length of fish
caught by a given mesh size in the lower river gillnet fishery using
established selectivity curves for Yukon River Chinook salmon
(Bromaghin 2005), which show a hump-shaped selectivity such
that extremely small and large fish have a lower probability of
being caught. We ran these simulations for a wide range of length
distributions in the return, using different mean lengths, vari-
ances, and skewness values. Different variances and skewness
values were used to reflect uncertainty in the shape of the length
distribution of returning fish. The simulation results were com-
pared with the effect sizes from the mean length model.

Drainage-wide changes in proportion of females over time
We modeled the proportion of females in the population as a

random walk process while accounting for differences in sampled
proportions by location, gear type, and mesh size. Changes in the
proportion of females over time were modeled using individual
observations of sex:

ot,u,c,i � Bernoulli {ilogit(yt,u,c) � as[1 � 2 ilogit(yt,u,c)]}

where ot,u,c,i is the observed sex of an individual i sampled at time
t in location u, with capture method c; and as is a bias term for
observed sex, which was assumed to be zero for internal exami-
nation (aint) and was estimated in the model for external exami-
nation (aext). This bias term reflects observation error in sex
determination that is independent of sex (probability of misclas-
sifying males as females equal to probability of misclassifying
females as males). Only some years contained samples for which
sex was determined using internal examination. The capture
method effect was a combined factor of gear type and mesh size,
as described for the mean length model. The probability of being
female was estimated in logit space:

yt,u,c � xt � u � c
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where u � N(0, �u) and c � N(0, �c) are normally distributed offsets
for location and capture method with means zero and standard
deviations �u and �c, respectively; and xt is the average proportion
female in the population (in logit space) in a given year, modeled
as a random walk:

xt � xt�1 � �t

where �t � N(0, �t) is a normally distributed error with mean zero
and standard deviation �t. The standard deviations �u, �c, and �t
were estimated in the model.

Results

Reproductive potential and body size
The estimated allometric relationships between female size and

egg number or total egg mass showed that the reproductive po-
tential of female Chinook salmon measured as number of eggs
scales hypoallometrically with body mass (b < 1), whereas repro-
ductive potential measured as total egg mass scales hyperallo-
metrically with body mass (b > 1). The allometric exponents for
fecundity and total egg mass against length were b = 2.4 and b =
4.8, respectively (Fig. 2). Total egg mass, which accounts for vari-
ation in the number and the size of eggs, thus scales to length
with an exponent larger than expected based on an isometric
relationship, where mass scales roughly to length cubed (b = 3.4,
not shown). These relationships of egg number and total egg mass
to length for Canadian-origin fish were used in the drainage-wide
mean length model and were thus assumed to be representative
of all Yukon River Chinook salmon. The allometric exponent of

the relationship between total energy in the ovaries and female
length was the same as that for total egg mass (b = 4.8), suggesting
that egg mass is a reliable proxy for reproductive energy invest-
ment in female Chinook salmon (Supplementary Material,
Fig. S11).

Changes in mean body size over time
The estimated changes in mean length of Chinook salmon sam-

pled at various locations in the Yukon River suggest consistent
declines in body length of about 5%–7% since the late 1970s (Fig. 3).
The remainder of the observed change in the data are attributable
to changes in capture methods (i.e., due to gear selectivity) rather
than changes in demographic characteristics. For instance, the
mean length of Chinook salmon caught in the commercial fishery
at Emmonak in the lower river and in the US subsistence fishery
has declined by about 17% and 10%, respectively, whereas linear

Fig. 2. Relationship between female body size and reproductive potential for Yukon River Chinook salmon. Shown are data points (n = 140) and
nonlinear fits for fecundity (a, c) and egg mass (b, d) as a function of female length (a, b) and body mass (c, d). Gray bands are 95% confidence
intervals. Estimated allometric scaling exponents are shown at the top right. Fish were sampled at Eagle (Alaska) in the Yukon River in 2008–2010.
Parameter estimates are provided in Table 1.
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Table 1. Parameter estimates for the allometric relationships relating
fish size (length or mass) to reproductive output (fecundity or egg
mass).

Model Parameter Estimate SE p

Fish length vs fecundity a 9.35e-4 1.22e-3 0.446
b 2.36 0.194 <0.0001

Fish length vs egg mass a 8.71e-12 1.52e-11 0.567
b 4.83 0.258 <0.0001

Fish mass vs fecundity a 11.55 4.66 <0.05
b 0.724 0.0448 <0.0001

Fish mass vs egg mass a 7.20e-3 4.3e-3 0.0967
b 1.34 0.0656 <0.0001
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models that accounted for changes in gear type and mesh size
suggest a decline in mean length of 5%–7% when keeping these
factors constant (Supplementary Material, Fig. S21). In particular,
the lower river commercial fishery shifted to using smaller mesh
sizes since the mid-2000s (Supplementary Material, Fig. S31),
which has accentuated the observed change. To compare location-
specific time series that cover slightly different periods, percent-
ages were calculated by comparing years prior to 1990 with years
after 2010. The estimated declines depend on how these reference
periods are defined (e.g., using years prior to 1985 results in a
smaller decline for the Chena River). Nevertheless, our compari-
son shows that declines in body length are rather consistent
among locations when changes in sampling date, gear type, and
mesh size are accounted for in the models (Fig. 3). However, it
should be noted that estimates for spawner populations that are
based on carcass samples do not account for potential changes in
fishery selectivity experienced by these populations and may thus
underestimate the trends.

The drainage-wide analysis of changes in mean female body
length over time revealed declines in mean length of returning
females by about 6% (5%–8%) since the early 1970s (Fig. 4). The
trend in body size is apparent over the entire time period, though
it may have accelerated during recent decades. The gear and mesh
size effects suggest that the average size of females sampled is
smallest for fishwheels, intermediate for smaller-mesh gillnets
and weir or carcass samples, and largest for large-mesh (8–8.5 in.)
gillnets (Fig. 4). Estimated gear and mesh size effects were com-
pared with the expected mean size in fishery catches using a
simulation approach based on known mesh size selectivity for the
lower Yukon River Chinook salmon fishery (Supplementary Mate-
rial, Fig. S41). The expected mean size in fishery catches given a
mean length of 825 mm in the return (average value of the pre-
dicted year effects for gear type “weir” in the Yukon River model;
i.e., the size distribution of fish encountered by the gear) matched
closely with the mesh size effects for drift gillnets estimated by
the statistical model (Supplementary Material, Fig. S51).

Changes in reproductive potential over time
We used the same models to estimate changes in female fecun-

dity and total egg mass over time by converting individual obser-

vations of length to number of eggs or total egg mass per female
(thus accounting for variation in body length among individuals
sampled in a given year). The resulting declines were 15% (13%–
20%) in mean fecundity and 28% (24%–35%) in mean total egg mass
per female (Fig. 5). The average total egg mass produced per fe-
male has thus declined substantially since the early 1970s. In
other words, coincident with a reduction in the average number
of eggs per female has been a decline in the average mass of
individual eggs, because smaller females produce both fewer and
smaller eggs.

Changes in proportion of females over time
The analysis of temporal changes in the proportion of females

of Yukon River Chinook salmon suggests substantial interannual
variation in the sex ratio, but no clear trend over time (Fig. 6). The
proportion of females in the annual escapement has varied be-
tween 0.31 and 0.50 since the early 1970s with an average of 0.4
(based on median values). A trend toward increasing male domi-
nance in the raw data was mostly driven by changes to smaller

Fig. 3. Percent change in mean length of Yukon River Chinook
salmon sampled in different locations. Shown are locations with
samples from either fishery catches (bottom three, blue) or carcass
surveys (upper three, green). Gray bars show the estimated decline
using models that include only year as categorical variable. Green
bars (carcass samples) show estimates using models that include
year and capture date. Blue bars (catch samples) show estimates
using models that include year, capture date, gear type, and mesh
size. Subsistence refers to pooled samples from subsistence fisheries
along the main stem of the Yukon River within subdistricts Y4 and
Y5. Estimated time series used to calculate these changes in mean
length are presented in Supplementary Material, Fig. S21. [Colour
online.]

Fig. 4. Drainage-wide changes in mean length of female Yukon
River Chinook salmon. Top: annual predictions of mean female
length based on a mixed effects model that accounts for differences
in mean length by gear type and mesh size and included location as
a random effect. Annual predictions were made for gear type “Weir”
(no mesh size). Bottom: effect size estimates for the different gear
type and mesh size combinations (blue lines: medians, gray bars:
95% confidence interval). The gray horizontal line indicates the
average effect size across capture methods to facilitate visual
comparison. [Colour online.]
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gillnet mesh sizes used in lower river commercial fisheries and
the tendency for males to mature at earlier ages and thus smaller
sizes compared with females. The model did not allow for
location-specific trends in sex ratio and thus identifies the com-
mon drainage-wide trend representative of the entire population.

The model offsets further revealed significant effects of gear
type, mesh size, and location in the proportion of females in the
samples (Fig. 6). The proportion of females was smaller than aver-
age in samples taken by fishwheels, electrofishing, and small-
mesh (5.25–6 in.) gillnets; about average in weir samples,
handpicked or carcass samples, and samples from medium-sized
drift (6.5 in.) or set (7.5 in.) gillnets; and larger than average for
large-mesh (8–8.5 in.) gillnets. The proportion female was close to
average in lower Yukon River data (subdistrict Y1), average or
below average for the middle river samples (Y2–Y5), and above
average in samples from the Tanana tributary (Y6) and the Cana-
dian portion of the river. Furthermore, the estimated bias for
external sex determination was small, but statistically significant
at a median value of –0.02, which corresponds to a bias of less
than 1%. Model predictions were compared with the proportion
female in the data for the two most common categories repre-
sented in the data (i.e., fish sampled in the lower river commercial

fishery (subdistrict Y1) using 8.5 in. set nets and fish sampled using
carcass surveys in the Tanana tributary (Y6)), which together ac-
counted for over 50% of all samples. The model accurately pre-
dicted the average proportion of females across years and the
variability pattern in the data (Supplementary Material, Fig. S61).

Discussion
It is well known that fecundity, the number of eggs produced by

a female prior to spawning, increases with body size in Chinook
salmon and that large fish devote more energy to individual eggs,
such that average egg size also increases with female body size
(Healey and Heard 1984; Beacham and Murray 1993). Total egg
mass (i.e., the mass of all eggs combined that a female produces
prior to reproduction) is therefore expected to increase with body
size. We evaluated the relationship between female body size and
total egg mass and found that it scaled hyperallometrically with
female size. The estimated mass scaling exponent was 1.3, which
matches the average scaling exponent found in marine fishes
(Barneche et al. 2018), and the estimated length scaling exponent
was 4.8. Assuming that the trade-off between number of eggs and
mean egg size reflects an evolutionary stable strategy that maxi-
mizes reproductive success in the environment experienced by
the fish, total egg mass is likely a better proxy for the reproductive
potential of a female compared with fecundity alone. This is sup-
ported by the relationship between female size and the total
amount of energy in the ovaries (Supplementary Material,
Fig. S11). Using available data on energy density of the eggs for a
subset of the fish sampled for fecundity and egg mass, we were
able to confirm that total energy in the ovaries shows the same
allometric scaling with female body size as total egg mass, sug-
gesting that egg mass is a reliable proxy for the total amount of
energy invested into reproduction by female Chinook salmon.

We did not include age in our models because it was previously
found that age did not contribute significantly to variation in
fecundity of Chinook salmon beyond the effects of body size
(Healey and Heard 1984) and because age estimation based on
scales is less reliable compared with length measurements, espe-
cially for older Chinook salmon (Skaugstad and McCracken 1991).
Location within a watershed, however, can affect reproductive
potential, especially in large rivers, where size-adjusted fecundity
can decrease with migratory distance (Beacham and Murray 1993).
Using fecundity samples from the lower Yukon River in combina-
tion with individual genetics, Bromaghin et al. (2011) suggested
that length-adjusted fecundity of Chinook salmon differed among
lower, middle, and upper Yukon River populations. Females
spawning in upper reaches of this large river system carried fewer
eggs compared with females of the same size spawning in lower
reaches. This difference likely reflects adaptations to location-
specific selection regimes and life-history trade-offs related to in-
river migration distances (Bromaghin et al. 2011). Our fecundity
data were collected near the US–Canada border and represent
Canadian-origin fish. The reproductive potential of fish that
spawn in the lower and middle portions of the river may have
been underestimated, but this cannot be assessed given the exist-
ing data, and it would not affect the general conclusion that per
capita reproductive potential has declined over time. To what
extent allometric scaling relationships of fecundity are tempo-
rally and spatially stable in Chinook salmon cannot be fully
assessed. We evaluated length–fecundity relationships using
literature data for Chinook salmon in the Yukon River and the
Kenai River in Alaska and found length-scaling exponents of 1.7–
2.4 (Supplementary Material, Fig. S71). Furthermore, the allomet-
ric scaling exponent of 2.4 used in this study is in line with
previous work (Beacham and Murray 1993) that applied a general
length-scaling exponent of 2.35 to standardize fecundity values
across North American Chinook salmon populations. While this
concordance indicates that size-scaling of fecundity may be tem-

Fig. 5. Drainage-wide changes in mean fecundity and egg mass
produced per female. Shown are annual predictions of mean female
fecundity (number of eggs) and total egg mass based on mixed
effects models that account for differences by gear type and mesh
size (as presented for the mean length model; Fig. 4). Vertical
whiskers represent standard errors. Individual observations of
length were converted to egg number or total egg mass using
estimated relationships for Yukon River Chinook salmon (Fig. 2).
Annual predictions were made for the gear type “Weir” (no mesh
size). Gray lines illustrate the long-term trends using loess
smoothers. Percent decline was calculated as the differences
between mean annual estimates for the first and last 3, 5, and
10 years of the time series.
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porally stable, we cannot rule out that the relationship between
female size and reproductive potential has changed over time,
including in Yukon River Chinook salmon.

Using a drainage-wide model, we estimated that the mean body
length of Chinook salmon in the Yukon River has declined by
about 6% (5%–8%) since the 1970s. It is important to note that this
model averages size trends across multiple salmon populations
sampled throughout the basin that may exhibit local adaptations
due to distinct freshwater conditions and ocean distributions or
differences in selection regimes (e.g., due to differences in harvest
or predation rates). Declines in mean body size are a result of
changes in the age composition and size-at-age of the return. Sim-
ilar demographic changes are apparent in many other North
American Chinook salmon populations, and several factors have
been hypothesized to contribute to these declines, including
environmental changes that affect growth and survival, size-
selective harvest, and intensifying predation by marine predators
(Ohlberger et al. 2018). Previous studies have shown that size-
selective fishing could produce an evolutionary response towards
smaller mean sizes of Chinook salmon within a few decades, if
exploitation rates and size selectivity were sufficiently strong
(Eldridge et al. 2010; Bromaghin et al. 2011), and evidence for
fisheries-induced evolution in exploited species exists (Jørgensen

et al. 2007; Kuparinen and Merilä 2007). On the other hand, size
trends are relatively consistent across populations from river sys-
tems throughout Alaska that experience different exploitation
rates (Lewis et al. 2015). Moreover, environmental conditions in
the North Pacific Ocean are changing at annual and decadal time
scales. Predation of Chinook salmon at sea by marine mammals in
the Northeast Pacific Ocean has increased over the last few de-
cades (Chasco et al. 2017). In particular, intensifying predation by
fish-eating killer whales (Orcinus orca) is likely contributing to de-
clines in mean body size of North American Chinook salmon
(Ohlberger et al. 2019). To what extent increasing predation, other
ecological changes, or fishing are responsible for size trends in
Yukon River Chinook salmon nevertheless remains speculative.

By applying the estimated relationships between female length
and total egg mass to historical observations of individual length,
we were able to reconstruct changes in average reproductive
potential of female spawners. Our approach accounts for the
nonlinear relationship between female size and reproductive
potential and year-to-year variation in the population size distri-
bution (not only changes in the mean). We assume that the esti-
mated relationship between length and reproductive potential is
representative of Chinook salmon throughout the drainage and
has remained constant over time. The estimated declines in fecun-

Fig. 6. Drainage-wide changes in the proportion of females and estimated fixed effects. Top: proportion of females in the population based
on an autocorrelated random walk process showing medians (thick line) and 90% confidence intervals (shaded area). Gray bars on the top axis
indicate the relative number of samples per year. Bottom: effect sizes for capture methods (i.e., combinations of gear type and mesh size (left),
and locations, subdistricts Y1–Y6 and Canada (right)). Circles and bars represent median estimates and 90% confidence intervals. [Colour
online.]
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dity and total egg mass of 15% (13%–20%) and 28% (24%–35%), re-
spectively, suggest a substantial reduction in the per capita
reproductive potential since the 1970s for Chinook salmon in the
Yukon River.

The proportion of females in the population showed high inter-
annual variation, but no significant trend over time. The model
identified clear differences in the observed proportion of females
by gear type and mesh size used to sample the fish, consistent
with results from the mean length model (reproducing females
tend to be larger than males). This is in line with previous work on
the effects of mesh size on capture probability of Chinook salmon
that compared the ASL composition of catches from the lower
Yukon River drift net fishery in 2007–2009 and found that female
proportions declined from 53% in 8.5 in. gillnets to 33% in 5.5 in.
gillnets (Howard and Evenson 2010). Our model estimated the
average proportion of females caught in the lower river drift gill-
net fishery using 8.5 and 5.5 in. mesh sizes during those years at
53% and 37%, respectively. The higher proportion of females in the
upper portion of the Yukon River likely results from a combina-
tion of sampling design and underlying ecological differences. By
accounting for potential error in sex determination due to visual
examination, the model provides an unbiased estimate of the
proportion of females in the sampled population. The estimated
bias was statistically significant but biologically negligible at the
drainage-wide scale. The probability of misclassification is likely
small for postspawner surveys and visual examination of live fish
close to the spawning grounds, which make up a large proportion
of our data, yet external sex determination of lower river samples
can be associated with error (Lozori and McIntosh 2014).

While size declines and associated declines in egg deposition
per female may be less important compared with variation in
spawner abundance (Glover et al. 2018), abundances of spawners
in some of the major tributaries, such as the Chena and Salcha
rivers and the Canadian portion of the Yukon River, have re-
mained relatively stable or declined only slightly (Ohlberger et al.
2016; Cunningham et al. 2018). Reductions in exploitation rates,
primarily through restrictions to commercial fisheries, have re-
sulted in relatively stable spawner escapements despite declines
in run abundances as reported for many Chinook salmon popula-
tions in Alaska, including the Yukon River (Schindler et al. 2013).
Taken together, these findings suggest that population produc-
tivity has declined over the past few decades, in line with ear-
lier work on Chinook salmon populations in western Alaska
(Ohlberger et al. 2016). In addition to fewer eggs in the gravel, a
decline in the mean size of eggs can negatively affect recruitment
via reduced offspring survival (Einum and Fleming 1999, 2000). On
the other hand, density dependence during the subsequent life
stages may partly compensate for changes in egg survival. Unfor-
tunately, long-term time series of juvenile abundance that could
be used to estimate changes in survival rates over time were not
available. Nevertheless, the reduced reproductive potential of fe-
males may have contributed to declines in run abundances. De-
clining abundances may also be caused by lower marine survival,
for instance due to poor ocean feeding conditions or increased
predation mortality (Schindler et al. 2013; Chasco et al. 2017;
Manishin et al. 2019).

Whether declines in per capita reproductive potential can cause
recruitment reductions or bias estimates of management refer-
ence points in the Yukon River cannot be investigated at the
drainage-wide scale, because reliable estimates of run abundance
for the entire basin do not exist. Abundance estimates exist for
Canadian-origin Yukon River Chinook salmon, and a recent study
found limited differences in estimated escapement goals using
stock–recruit models based on either abundance or fecundity
(Jones et al. 2018). However, that study did not account for varia-
tion in egg size or female size-at-age and likely underestimated
the effect of changes in spawner quality on recruitment. Studies
on other fish species have found that integrating indices of repro-

ductive potential into stock–recruit relationships can have large
effects on reference points for fishery management (Murawski
et al. 2001). In such cases, declines in spawner quality would be
expected to result in an overestimation of population productiv-
ity and sustainable harvest levels as reproductive potential con-
tinues to decline, which may jeopardize conservation efforts.

In conclusion, we find that declines in mean body size of female
Chinook salmon returning to the Yukon River have occurred
since at least the early 1970s and that this has resulted in marked
reductions in the average egg mass per female. Because the sex
ratio in the population did not show a clear trend over time, our
findings suggest substantial reductions in the per capita repro-
ductive potential of spawners. Irrespective of the potential causes
of long-term declines in spawner quality, it is important that stock
assessments and the development of management reference points
consider changes in spawner quality. Without consideration of the
effects of changes in demographic structure and associated repro-
ductive potential, the sustainability of commercial and subsistence
fisheries may be at risk.
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