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Project Summary 

Size-at-age of Pacific Halibut (Hippoglossus stenolepis) has declined significantly since the 1980s. For 
instance, the average weight of a 20-year-old female declined from 55 kg in 1988 to 20 kg in 2014. The 
decline in size-at-age corresponds to a period of declining Pacific Halibut recruitment, spawning biomass, 
and reductions in catch limits for the directed commercial Pacific Halibut longline fishery. The causes of 
changes in Pacific Halibut size-at-age are poorly understood. This study was organized into two 
manuscripts to address a suite of hypotheses related to environmental, ecological, and fishery effects on 
growth and size-at-age of Pacific Halibut in the northeast Pacific Ocean (Figure 1). 

In the first manuscript, trends in growth and size-at-age of Pacific Halibut were examined using fisheries-
independent length-at-age from the International Pacific Halibut Commission (IPHC) from 1914 to 2014. 
The objectives of this chapter were to: (1) describe patterns in temporal and spatial variability in size-at-
age and growth of Pacific Halibut, and (2) identify potential environmental and ecological covariates 
influencing growth of Pacific Halibut. Specific potential environmental covariates include the Pacific 
Decadal Oscillation, which is an index of basin-wide sea surface temperatures, and summer sea surface 
temperatures along the continental shelf of the Gulf of Alaska. Specific ecological variables include 
annual biomass estimates of Arrowtooth Flounder (Atheresthes stomias) and Pacific Halibut to investigate 
the potential role of inter- and intraspecific competition, respectively.  

Pacific Halibut size-at-age exhibited dramatic “rollercoaster” trends in the northeastern Pacific Ocean from 
1914 to 2014, with low size-at-age in the 1920s, gradually increasing to a maximum in the 1970s and 
1980s, followed by steep declines after 1990. These findings are consistent with other studies, although 
there is some indication that trends in size-at-age have stabilized during 2013 to 2015 (Clark et al. 1999, 
Clark and Hare 2002, Stewart et al. 2016). We found strong regional trends in Pacific Halibut size-at-age 
over this time period. The highest size-at-age and subsequent steepest declines were observed in the 
central and western Gulf of Alaska. In contrast, length-at-age was more stable in Southeast Alaska, 
British Columbia, Oregon, and Washington between 1914 and 1980, and low size-at-age was not 
observed in these areas until after 1980. Relatively few data were available from the Bering Sea and 
Aleutian Islands prior to 1990, but it appears that temporal trends in size-at-age were similar to trends in 
the western Gulf of Alaska. 

We found strong support for the hypothesis that Pacific Halibut growth is negatively related to Arrowtooth 
Flounder biomass owing to interspecific competition for limited shared prey resources. Arrowtooth 
Flounder biomass increased nearly five-fold from 1960 to 2013 (Spies and Turnock 2013), and there is 
evidence of resource limitation from 1986 to 2008, which was a period of low biomass of Walleye Pollock, 
a shared dominant prey item of Arrowtooth Flounder and Pacific Halibut (Dorn et al. 2013, Yang 1995). 
We found some support that Pacific Halibut growth is negatively related to Pacific Halibut biomass owing 
to intraspecific competition among Pacific Halibut themselves (i.e. density-dependent growth), which is 
consistent with a previous study that found a strong negative relationship between mean weight at age-8 
and abundance of age-8 Pacific Halibut (Clark and Hare 2002). Although regional indices of biomass for 
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Pacific Halibut or Arrowtooth Flounder were not available, there is strong evidence from NOAA bottom 
trawl surveys that densities of both of these species are markedly higher in the western Gulf of Alaska, 
suggesting that competition may be more prominent in the west than in the east (von Szalay et al. 2010). 
Finally, we found no evidence of a temperature effect on Pacific Halibut growth, which is consistent with a 
previous study that found no relationship between the Pacific Decadal Oscillation and growth (Clark and 
Hare 2002). However, there may be an indirect or lagged response of growth to environmental variability. 
For example, although the underlying mechanisms remain poorly understood, warm ocean temperatures 
are related to strong year classes of Pacific Halibut, which could lead to delayed density-dependent 
growth as cohorts recruit to the fishable stock (Parker et al. 1995, Clark et al. 1999). Future research into 
environmental or climate effects on Pacific Halibut growth, recruitment, or biomass should focus on low 
frequency trends or integrated effects (e.g. Di Lorenzo and Ohman 2013). Overall, our model results 
indicated that a relatively low percentage of variability in Pacific Halibut growth could be explained by the 
environmental and ecological variables examined in this study (28%), which suggests that other factors 
are more influential. 

In the second manuscript, we used a sex-, age-, and size-structured equilibrium model to examine the 
cumulative effects of size-selective fishing on Pacific Halibut size-at-age. The objective of this chapter 
was to determine whether observed changes in size-at-age can be explained by selective fishery 
removals of the larger individuals at a given age. The steep declines in size-at-age predicted by our 
model simulations suggest that size-selective fishing could be a major factor in observed declines in size-
at-age of Pacific Halibut since the 1980s. Owing to misspecifications in the previously used stock 
assessments, realized harvest rates of Pacific Halibut were very high from the 1990s to 2010, exceeding 
IPHC harvest policy in almost all years during this time period. Based on calculations using estimated 
mean fishing mortality F, fishing explained approximately 30% and 50% of observed declines in 
coastwide weight-at-age from the 1980s to 2014 for age-15 females and males, respectively. Even more 
striking, fishing was able to explain nearly 100% of the observed declines in size-at-age in areas 2B and 
2C in the eastern Gulf of Alaska, where F has been highest from the 1980s to 2014. However, in areas 
3A and 3B, where the largest declines in size-at-age have been observed, fishing only explained 
approximately 25% of observed declines for age-15 individuals, which we attribute to relatively low 
estimates of F in these areas. These findings are compatible with conclusions from the first manuscript, 
which suggest that interspecific and intraspecific competition may play a more prominent role in the 
western Gulf of Alaska, where densities of both Pacific Halibut and Arrowtooth Flounder are highest. 

This study contributes to understanding the environmental, ecological, and fishery effects on growth and 
size-at-age of Pacific Halibut. It is likely that all factors examined in this study contribute to some degree 
to temporal and spatial variability observed in Pacific Halibut size-at-age. Pacific Halibut assessments 
should consider future climate and ecological variability and could benefit from the inclusion of predator, 
competitor, and prey dynamics through multispecies modeling. Additionally, the high degree of migration 
that occurs throughout the lifetime of Pacific Halibut warrants the development of a spatially explicit stock 
assessment model (Skud 1977, Webster et al. 2013). Finally, we demonstrated the benefits of using a 
growth-type group model instead of relying solely on mean size-at-age when establishing harvest policy, 
because the latter assumes that fishing has no effect on size-at-age. Given that a high coefficient of 
variation in length-at-age renders Pacific Halibut vulnerable to size-selective fishing effects, the most 
effective management action would be to reduce harvest rates to diminish the intensity of size selection. 
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Accomplishments and Significant Results Relating to Project Objectives 

Objective 1:  Describe patterns in temporal and spatial variability in size-at-age and growth of 

Pacific Halibut. 

 
Methods 

Our study area covers a large region in the northeast Pacific Ocean, from Oregon to the eastern Bering 
Sea. The IPHC manages Pacific Halibut as one stock, and divides the area into ten management areas 
and one closed area in the Bering Sea (Figure 2). Length-at-age data comprised more than 390,000 
fisheries-independent observations collected from 1914 to 2014 (Table 1). They include observations 
from the modern IPHC setline survey (1996-2014), historical IPHC trawl and setline survey (1961-1996), 
and samples from IPHC special research projects, which are comprised predominately of individual fish 
taken during tagging or gear experiments (1914-1959). Ageing methodology has improved over the last 
century, and the IPHC now relies on the break-and-bake method to age otoliths instead of reading 
surface ages. The method of break-and-bake has shown to reduce aging bias in older fish (>16 years) 
(Forsberg and Stewart 2014). We used individuals between age-8 and age-16 to represent long-term 
temporal and spatial variability in size-at-age, because they are well represented in the survey data and 
appear to suffer from minimal bias in surface ageing. We used break-and-bake age estimates when they 
are available, otherwise surface ages were used. 

To describe spatial and temporal trends in size-at-age, we obtained the mean and standard deviation of 
length-at-age by sex, year, regulatory area, and statistical area, which were examined visually. Statistical 
areas are much smaller than regulatory areas and have been used to tabulate catch, biological and 
biometric data. To describe variability in growth over the time series, we fit a standard three-parameter 
Ludwig von Bertalanffy growth model to length-at-age data by sex, decade, and regulatory area: 

0(1 exp( ( )))aL L k a t      , 

where La is length at a given age (cm), L∞ is the mean asymptotic length (cm), k is proportional to the rate 
at which L∞ is reached (year-1), and t0 is the theoretical age at length zero (years). We assumed a normal 
error structure and examined residual plots to ensure that assumptions were not violated. We tested for 
statistically significant differences between sexes and among regulatory areas within each decade by 
comparing the full model (different L∞, k, and t0) to simpler candidate models (e.g. two parameters the 
same, one parameter the same, no parameters the same) using the Akaike Information Criterion (AIC) 
(Akaike 1974). Because Pacific Halibut appeared to demonstrate linear growth, we also fit a simple linear 
model to length-at-age data by sex, decade, and regulatory area: 

0 1aL age     . 

We compared fits of the linear and corresponding von Bertalanffy models using AIC. 

Results 

Plots of length-at-age by sex demonstrate long-term trends and variability in size-at-age (Figure 3). 
Length-at-age data for ages-8 and older suggest that size-at-age was small in the 1920s, gradually 
increased into the 1970s and 1980s, and declined through 2014. These trends appear to be consistent 
between males and females, but were not detected in ages < 6 (Figure 3 A and B).  
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Lengths-at-age by IPHC regulatory area were grouped by region due to low sample sizes and poor 
spatial coverage in early years. Area 2 includes 2A, 2B, and 2C, Area 3 includes 3A and 3B, and Area 4 
includes 4A, 4B, 4C, 4D, 4E, and the closed area in the Bering Sea. Regional summaries reveal that the 
most extreme changes in size-at-age occurred in Area 3 (Figure 4). For example, the mean (±SE) fork 
length of an age-15 female in Area 3 was 110 cm (±6.7) in 1925, 165 cm (±2.5) in 1985, and only 95 cm 
(±1.1) in 2014. In contrast, available data suggest that length-at-age was more stable in Area 2 between 
1914 and 1980, and low size-at-age was not observed until post-1980 (Figure 4). Although relatively few 
samples were available from Area 4 prior to 1990, the data suggest that temporal trends in size-at-age 
were more similar to Area 3 than Area 2. During the period of peak size-at-age (1970s and 1980s), the 
highest observed size-at-age occurred in Area 3 for both males and females (Figure 4). In 2014 size-at-
age was lowest in Area 3 for both sexes, highest in Area 2 for females, and comparable in Area 2 and 4 
for males. Regardless of long-term trends, all areas have exhibited steep declines since 1990. 

Using age-15 females as a reference age and sex, summaries by IPHC statistical area show decadal 
changes in size-at-age at a finer spatial scale (Figure 5). These finer scale summaries highlight the 
extreme changes in length-at-age in the western Gulf of Alaska, especially near Kodiak Island and 
extending west past the Alaska Peninsula. 

At least two von Bertalanffy growth parameters differed statistically between males and females and 
among decades. Females had a higher L∞ (asymptotic length) and lower k (proportional to the rate at 
which L∞ is reached) than males in most decades (Figure 6). Further, growth parameters changed over 
time, with declines in both L∞ and k for both males and females in recent decades. Results from 
comparisons of von Bertalanffy growth models by regulatory area, sex, and decade using AIC were 
somewhat less consistent, although all best model fits suggest that at least one growth parameter was 
different among regulatory areas. 

Of more interest perhaps is the finding that a simple linear model performed better by AIC than the three-
parameter von Bertalanffy model 24% of the time (32 of the 136 models). In particular, the early decades 
(1910 to 1950) were well described by a linear trend for both sexes and in all regulatory areas. Two things 
may be contributing to this phenomenon: (1) the maximum ages in the samples from early decades are 
much lower than later decades, and (2) sample sizes are much greater in later decades (Table 1). 
Related to the first point is the fact that Pacific Halibut appeared to demonstrate linear growth until age-
25, and an apparent asymptotic length (L∞) is not achieved until much later in life. For example, a visual 
examination of sex-specific models in the 1920s and 2000s shows that a linear trend fit better for the 
1920s and a von Bertalanffy growth curve fit better for the 2000s because older ages are represented in 
the sample from the 2000s (Figure 7). To compare linear model estimates across decades, we truncated 
the data at age ≤ 25 because growth was well described by a linear trend up to this age (Figure 8). The 
intercept and slope parameters for both sexes exhibited strong temporal trends, with the highest 
estimates for the slope parameter corresponding to the period of high size-at-age between 1960 and 
1980 (Figure 8). These estimates should not be used for predictions beyond age-25, because they would 
imply infinite growth.   

Objective 2:  Identify potential environmental and ecological covariates influencing growth of 

Pacific Halibut, including intraspecific and interspecific competition and environmental variability. 

Methods 

We used a multiple regression approach to test hypotheses related to intraspecific competition (i.e. 
density dependence), interspecific competition between Pacific Halibut and Arrowtooth Flounder, and 
environmental variability. The response variable used in regression analyses, termed proportional growth 
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(G), was obtained by taking the difference between the median length �̅� at a given age a in sampling year 
i and the median length of the previous age in year i-1 divided by the median length in year i-1 for unique 
combinations of sampling year, cohort year j, and sex k: 

, , , , , , 1, 1, , 1, 1, ,( ) /a i j k a i j k a i j k a i j kG L L L    
. 

We limited our analyses to fish sampled in areas 2B, 2C, 3A, and 3B, because they were best 
represented in our sample. Using this procedure we obtained 490 observations of proportional growth 
between 1964 and 2013. We used annual estimates of Pacific Halibut (HAL) and Arrowtooth Flounder 
biomass (ATF) from stock assessments to test for intraspecific and interspecific competition, respectively 
(Spies and Turnock 2013, Stewart and Martell 2014). Challenges associated with obtaining regional 
estimates of Pacific Halibut and Arrowtooth Flounder biomass prevented us from testing for differences in 
growth between regions; therefore, we conducted a coastwide analysis for the entire Gulf of Alaska. To 
test for environmental effects, we used wintertime PDO values (November to March) at 2 lags, including 
year i (PDO corresponding to November of year i-1 through March of year i) and year i-1 (PDO_1). The 
wintertime PDO is potentially a good descriptor of environmental conditions experienced by Pacific 
Halibut during summer feeding periods in the North Pacific because summer conditions are established 
during this winter period (Mantua et al. 1997). Similarly, we included sea surface temperatures (SST) at 2 
lags (SST and SST_1) to test for direct temperature effects on growth. We obtained SST from the 
Extended Reconstructed SST (ERSST) database, a global monthly SST analysis covering a 2.0 degree 
latitude by 2.0 longitude grid from 1854 to present (NOAA_ERSST_V4 data provided by the 
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their website at http://www.esrl.noaa.gov/psd/). 
The annual SST value is the mean summer time SST (May to August) obtained from 12 “stations” (points 
along the 2.0 grid) on the Gulf of Alaska continental shelf and includes roughly 3 stations for each 
regulatory area (2B, 2C, 3A, 3B). Our measure of proportional growth was negative about 20% of the 
time, which may be partially attributed to harvest of faster growing individuals. To account for this 
probable mechanism, we included annual harvest rates of Pacific Halibut as a covariate in our model, 
which we estimated as the ratio of total catch (M mt) to the estimated biomass in a given year (Stewart 
and Martell 2014). Time series of all covariates used in our model can be found in Figure 9.  

We explored relationships between proportional growth and environmental and ecological covariates with 
a generalized additive modeling (GAM) approach using the ‘mgcv’ package in the statistical computing 
software R version 3.2.5 (Wood 2006, R Core Team 2016). Preliminary results from the GAM suggested 
that relationships could be adequately described by a simple linear or quadratic model. The exception 
was harvest rate, which we modeled using a third order polynomial. The full multiple linear regression 
model took the following form: 

2 2

1 2 3 4 5

2 2 2

6 7 8 9 10 11

2 2 3

12 13 14 15 16

_1 _1

_1 _1

.

t k

t

G sex age PDO PDO PDO PDO

SST SST SST SST HAL HAL

ATF ATF HR HR HR

     

     

     

       

     

      

Models were fit using weighted least squares regression to account for the much higher variance of 
observations prior to the modern survey period, which began in 1996. Observations were weighted by the 

inverse of the variance in proportional growth during the two periods (
2 pre-1996 =0.0047, 

2 post-

1996=0.00049). Because observations of proportional growth were more likely to be similar within years or 
cohorts, we considered random effects models to account for random differences among sampling years 
and cohort years using the ‘nlme’ package for linear mixed effects models (Pinheiro et al. 2016). We 
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compared the full model (no random effects) with models containing a random cohort effect, a random 
sampling year effect, and both a cohort and year effect, and retained the best random effects structure 
throughout the model fitting process. Candidate models were selected using AIC. To describe the 
predictive power of candidate models, we used the ‘piecewiseSEM’ package in R to calculate a marginal 
R2 and conditional R2, which indicate the proportion of variance explained by the fixed effects and the 
proportion of the variance explained by the combination of fixed and random effects, respectively 
(Nakagawa and Schielzeth 2013, Lefcheck 2015). The marginal R2 and conditional R2 are given by: 

 

2

2

( ) 2 2 2

f

LMM m

f l

R




  


   

and 

2 2

2

( ) 2 2 2

f l

LMM c

f l

R


 

  




   , 

where 
2

f
, 

2

l , 
2

e  represent the variance of the fixed effect components (predicted values), random 
effects, and residuals, respectively. 

Results 

Preliminary exploration of the covariates used in regression models showed moderately high correlations 
among Pacific Halibut biomass (HAL), Arrowtooth Flounder biomass (ATF) and harvest rate (HR) (Table 
2). This was not surprising because these indices displayed strong trends over time (Figure 9), and HAL 
was used to estimate HR.  

The best fit model by AIC suggests that proportional growth was higher in females, decreased linearly 
with age and ATF, remained relatively constant from low to intermediate HRs, and decreased rapidly at 
the highest HR (Table 3, Figure 10). The best fit model included a random intercept for sampling year, 
and the estimates for standard deviation of the random intercept and residuals for sampling year suggest 
that the within-year variability in growth (i.e. variability among ages) was nearly four times larger than 
between-year variability (Table 4).  

Alternative candidate models included HAL, quadratic terms for ATF and HAL, and/or for PDO. The best 
fit model had a marginal R2 of 0.23 and a conditional R2 of 0.28, which indicates that approximately 23% 
of the observed variance in the data can be explained by the fixed effects and 28% can be explained by 
the fixed and random effects combined. Alternative candidate models boasted similar or better marginal 
and conditional R2 values, but did so at the cost of additional parameters (Table 3). No candidate models 
included SST at either lag or PDO_1 (PDO lagged -1 year). 
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Objective 3:  Determine whether observed changes in Pacific Halibut size-at-age can be explained 

by fishery removals, size-selective fishing, and discard mortality.  

Methods 

We used an age- and size-structured equilibrium model developed by Martell et al. (2015) to examine the 
relationship between the cumulative effects of size-selective fishing and fishery removals on size-at-age. 
We focused on size-selective fishing caused by minimum size limits and gear selectivity because they are 
most readily controlled by managers. For fishing mortality, we included all mortality of a given species 
associated with fishing activity, including directed harvest, bycatch in non-directed fisheries, and discard 
mortality of sub-legal fish or fish that die as a result of lost gear. We hypothesized that fast-growing 
individuals are subjected to higher total mortality relative to slow growing individuals because they recruit 
to the minimum size limits at a younger age. Over time, the result is a truncated population, comprised of 
smaller, slower growing individuals. A similar model was used to examine post-release survival and the 
efficacy of size limits in blue, white, and striped marlin fisheries (Pine et al. 2008). Parametrization of 
these types of models relies heavily on pre-existing knowledge or published values of somatic growth, 
survivorship, natural mortality, maturity, and fishery selectivity. The growth curve, which defines mean 
size-at-age and variability in size-at-age, is used to generate a series of “growth-type groups,” or groups 
within a cohort that differ in growth and relative abundance (Walters and Martell 2004). Model results are 
evaluated in terms of changes in mean size-at-age with fishing mortality under equilibrium conditions. As 
model results are sensitive to the level of variability in size-at-age (as measured by the coefficient of 
variation in mean length-at-age), fishery selectivity, and discard mortality rates, we explored interactions 
among these parameters on the estimates of optimal fishing mortality, and the resulting changes in size-
at-age. 

We compared observed declines in size-at-age with predicted declines in size-at-age given estimates of 
historical fishing mortality from the 1980s to 2014. Obtaining estimates of fishing mortality on a coastwide 
or regulatory area scale proved very challenging due to limitations associated with how Pacific Halibut 
biomass is assessed and apportioned between regulatory areas. The 2015 assessment provides 
estimates of the coastwide exploitable biomass (Ebio), or the fraction of the total biomass available to the 
directed fishery (> 82 cm) (Table 5) (Stewart et al. 2016). The Ebio is apportioned between regulatory 
areas based on the weight-per-unit-effort of legal-sized Pacific Halibut in the IPHC survey (Table 5) 
(Webster and Stewart 2016). The Ebio is then divided by area using the IPHC harvest policy, which is 
19.6% coastwide, 21.5% for areas 2B, 2C, and 3A, and 16.1% for area 3B (Stewart et al. 2016). We 
estimated the realized harvest rates for coastwide and regulatory areas as the ratio of total removals to 
total Ebio and apportioned Ebio accordingly (Table 6). We estimated historical mean fishing mortality rate 
F from the mean harvest rate (or exploitation rate, u) over 2000-2014 using the following equation: 

(1 exp( )) /u F Z Z    , 

with an assumed constant M of 0.2.  

We treat such estimates of historical fishing mortality rate as approximations and interpret results as an 
index of fishing mortality for several reasons: (1) there is uncertainty (CV = ~ 20%) in the Ebio estimates, 
(2) Ebio only includes legal-sized fish, so actual coastwide exploitation rates are likely to be lower, and (3) 
errors in spatial apportionment of Ebio estimates by regulatory area are likely, as the procedure does not 
account for the geographic distribution of small fish. We also could not include any information about 
harvest rates in the 1990s because the modern survey began in 1997 and apportioned Ebio estimates 
were not available before 2000. Despite these potential caveats, the fact that realized harvest rates 
exceeded the target harvest rates defined by the harvest policy in most years between 2000 and 2014 in 
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all areas leads us to surmise that fishing mortality rates were likely very high throughout the study area 
over this time period (Figure 11). 

Results 

Even moderate levels of fishing mortality in our model resulted in large reductions in size-at-age under 
equilibrium conditions. The coastwide model predictions of weight-at-age under increasing fishing effort 
exhibited the same general shape of the observed reductions in weight-at-age from the 1980s to 2014, 
which indicates that size-selective fishing is likely a contributing factor to declines in size-at-age (Figure 
12). There was little to no change in size-at-age predicted for younger ages (< 8 years), because they are 
not recruited to the minimum legal size limit, and therefore are not subject to the cumulative effects of 
size-selective fishing. Differences in size-at-age became more pronounced with age, as fishing effects 
compound with each subsequent year of selective removals. Using estimated mean F (Table 7), fishing 
explained approximately one half to one third of the observed declines in coastwide weight-at-age from 
the 1980s to 2014 for age-15 females and males, respectively (Figure 12). 

Due to large differences in growth and fishing mortality between areas in the Gulf of Alaska, we found 
regional models to be quite informative. For example, in areas 2B and 2C, where F was very high over 
this time period, fishing could explain nearly all of the observed declines in weight-at-age for age-15 
females, and more than one of half for age-15 males (Figure 13). Conversely, in areas 3A and 3B, where 
F was comparatively low and observed declines in weight-at-age were very large, fishing explained less 
than one third of observed declines in weight-at-age for both sexes since the 1980s (Figure 14).  

Model results were weakly sensitive to shifting the fishery selectivity curve to the left and right by 20% at 
the age of entry for the Pacific Halibut fishery (Figure 15). Age of entry corresponds to ages 8 to 10 and 
10 to 14 for female and male Pacific Halibut, respectively. Interestingly, shifting the fishery selectivity 
curve by ±20% does not change the ultimate weight-at-age trajectories predicted by the model. Males 
appear to be slightly more sensitive to changes in fishery selectivity than females. We found that 
increases in F do not influence the shape or magnitude of the effect of selectivity on weight-at-age (Figure 
15). Simply stated, predicted changes in weight-at-age are the result of high fishing mortality rates and 
cannot be explained by shifts in the selectivity curve.  

Changes in the minimum legal size limit and discard mortality resulted in minimal changes to predicted 
weight-at-age under equilibrium conditions (Figure 16). Instead, increases in fishing mortality appear to 
have the strongest influence on predicted weight-at-age. For example, the predicted mean weight of age-
15 females was the same for all size limits between 50 and 125 cm under a wide range of discard 
mortality rates for F<0.25. If the size limit was increased to >125 cm then our results indicate that weight-
at-age would remain relatively constant even at high levels of F. At a discard mortality rate of 0.5, an 
unrealistically high rate for the directed Pacific Halibut fishery, we found that discard mortality counteracts 
the effects of size-selective fishing because most discarded sub-legal fish do not survive. Under current 
fishery selectivity, we found no evidence that reducing the size limit would result in changes in predicted 
size-at-age. 

We found a strong interaction between CVL and fishing mortality rate (Figure 17). If CVL is low (e.g. CVL 
=0.01), there is no relationship between fishing and size-at-age. However, as CVL increases, the effect of 
fishing on size-at-age is multiplicative. If CVL was actually higher than estimated, fishing could easily 
explain 100% of the observed declines in size-at-age.  
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Edited by G.H. Kruse, H.C. An, J. DiCosimo, C.A. Eischens, G.S. Gislason, D.N. McBride, C.S. Rose, and 
C.E. Siddon. Alaska Sea Grant, University of Alaska Fairbanks. pp. 41–63. 

Sullivan, J.Y. 2016. Environmental, ecological, and fishery effects on growth and size-at-age of Pacific 
halibut (Hippoglossus stenolepis). Master’s thesis. University of Alaska Fairbanks, Fairbanks, Alaska. 
107 pp. 

Manuscripts Under Review  

Sullivan, J.Y., Kruse, G.H. Mueter, F.J. 2016. Spatial and temporal trends in growth and size-at-age of 
Pacific Halibut (Hippoglossus stenolepis) related to environmental and ecological variability in the North 
Pacific Ocean. Submitted to Marine and Coastal Fisheries: Dynamics, Management, and Ecosystem 
Science. 

Sullivan, J.Y., Martell, S.J.D., Kruse, G.H. 2016. Cumulative effects of size-selective fishing on size-at-
age of Pacific halibut (Hippoglossus stenolepis). Submitted to the Canadian Journal of Fisheries and 
Aquatic Sciences. 

Presentations 

Marine Science Symposium. January 2015. Poster presentation: “Mechanisms Influencing Growth and 
Size-at-Age of Pacific Halibut.” Co-authors: Drs. Gordon Kruse and Steven Martell. Anchorage, AK. 

Western Division of the American Fisheries Society Student Colloquium. February 2015. Oral 
Presentation: “Declines in Size-at-Age of Pacific Halibut.” Co-authors: Drs. Gordon Kruse and Steven 
Martell. Logan, UT. 

University of Alaska Fairbanks Student Symposium. April 2015. Oral Presentation: “Unsolved Mysteries: 
Declines in Size-at-Age of Pacific Halibut.” Co-authors: Drs. Gordon Kruse and Steven Martell. Juneau, 
AK. 

Annual Meeting of the North American Association of Fisheries Economists. May 2015. Oral 
Presentation: “Implications of Bycatch and Wastage of Pacific Halibut.” Co- authors: Drs. Steven Martell, 
Ian Stewart, and Gordon Kruse. Ketchikan, AK. 

Annual Meeting of the American Fisheries Society. August 2015. Poster Presentation: “Long-term 
Variability in Size-at-Age of Pacific Halibut.” Co-authors: Drs. Gordon Kruse and Steven Martell. Portland, 
OR. 

Annual Meeting of the American Fisheries Society. August 2015. Oral Presentation: “The Dumping 
Debate: Implication of Pacific Halibut Bycatch and Wastage.” Co-authors: Drs. Steven Martell, Ian 
Stewart, and Gordon Kruse. Portland, OR. 

Annual Meeting of the Alaska Chapter of the American Fisheries Society. November 2015. Oral 
Presentation: “The Role of Fisheries in Declining Size-at-Age of Pacific Halibut. Co-authors: Drs. Gordon 
Kruse and Steven Martell. Homer, AK. 
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Alaska Marine Science Symposium. January 2016. Oral Presentation: “Can Fishing Explain Declines in 
Size-at-Age of Pacific Halibut?” Co-authors: Drs. Steven Martell and Gordon Kruse. Anchorage, AK. 

Western Groundfish Conference. February 2016. Poster Presentation: “Environmental and Ecological 
Factors Influencing Growth of Pacific Halibut in the Gulf of Alaska since 1914.” Co-authors: Drs. Gordon 
Kruse and Franz Mueter. Newport, OR. 

Annual Meeting of the Western Division of the American Fisheries Society. March 2016. Oral 
Presentation: “Can Fishing Explain Declines in Size-at-Age of Pacific Halibut?” Co-authors: Drs. Steven 
Martell and Gordon Kruse. Reno, NV. 

Seminar, Fisheries Division, University of Alaska Fairbanks, May 2016. Environmental, Ecological, and 
Fishery Effects on Growth and Size-at-age of Pacific Halibut (Hippoglossus stenolepis). Thesis defense. 
Juneau, AK. 

Gordon will present a poster, titled “Cumulative Effects of Size-selective Fishing on Size-at-age of Pacific 
Halibut in the Northeast Pacific Ocean” at the Annual Meeting of the North Pacific Marine Science 
Organization (PICES), in November 2016. The PICES meeting will be attended by scientists from more 
than 20 countries around the world. Authors: Jane Sullivan, Dr. Gordon Kruse, and Dr. Steven Martell. 
San Diego, CA. 
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Outreach 

In April 2016, Gordon Kruse and Jane Sullivan traveled to Kodiak, AK, for ComFish, Alaska’s largest 
commercial fishery trade show. The meeting was attended by many stakeholders and other members of 
the Kodiak community. Jane gave a public presentation highlighting various components of the greater 
Pacific Halibut size-at-age project funded by the North Pacific Research Board, including the ageing 
project at the IPHC, bioenergetics modeling at the AFSC, and results related to environmental, ecological, 
and fishery effects on Pacific Halibut growth and size-at-age at UAF.  

Jane was featured on an Alaska Fish Radio segment, which reaches more than 30 Alaska stations and 
beyond. On the radio interview in March 2016, she talked about her research into reasons for declining 
Pacific Halibut size-at-age (http://www.alaskafishradio.com/halibut-slow-growth-can-be-connected-to-
fishing/). 

Jane developed a size-selective fishing game for children, which demonstrates how fishing can alter the 
size structure of a fish population. Players are encouraged to go “fishing” for halibut out of a tote. There is 
a 32 inch size-limit in the commercial Pacific Halibut fishery, so if they capture a fish less than 32 inches 
they have to throw it back into the tote. A total of five fish (≥ 32 inches) are harvested. Moderators help 
the kids re-calculate the average fish size, which will be less than the original average size because size-
selective fishing has occurred.  This game was used at three events in Juneau, AK:  (1) the Riverbend 
Elementary School Science Night in April 2015, (2) an event for Big Brothers, Big Sisters in May 2015, 
and (3) the Riverbend Elementary School Science Night in February 2016.  

With the help of committee member, Steve Martell, Jane developed an interactive time lapse of size-at-
age for public access, which can be viewed under the “Maps” tab of the IPHC Shiny App website 
(http://shiny.iphc.int/sample-apps/mseapp/). The interactive maps show changes in halibut size by age 
and sex over 1963-2013. This tool can be used for scientists, managers, as well as interested 
stakeholders and members of the public. 

In July 2015, Gordon and Jane participated in the Ted Stevens Day outreach activities at the Ted Stevens 
Marine Research Institute in Juneau, AK. Approximately 200 visitors attended the event, about a third of 
which were children. They gave demonstrations on the IPHC Shiny App and the interactive time lapse of 
halibut size-at-age. 

Jane gave a public presentation at Silverbow Bakery, a Juneau bakery/coffee shop in April 2015 as part 
of a course in Communicating Science. Audience members included the general public, commercial and 
sport fishermen, and representatives of the At-sea Processors Association, a trade association 
representing seven companies that own and operate 19 US-flag catcher/processor vessels that 
participate principally in the Alaska pollock fishery and west coast Pacific whiting fishery.  

In January 2016, Jane gave a presentation to the advisory board PCCRC in Anchorage. The PCCRC 
includes representatives from the American Seafoods Group, At-sea Processors Association, and Trident 
Seafoods. 

  

http://www.alaskafishradio.com/halibut-slow-growth-can-be-connected-to-fishing/
http://www.alaskafishradio.com/halibut-slow-growth-can-be-connected-to-fishing/
http://shiny.iphc.int/sample-apps/mseapp/
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Figures 

 

 

 
 

Figure 1.  A graphical abstract illustrating potential causes of declines in size-at-age and growth 
of Pacific halibut.  
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Figure 2.  Map of IPHC regulatory areas (polygons) where Pacific Halibut length-at-age data were 
collected. 
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Figure 3.  Boxplots of coastwide Pacific Halibut fork length-at-age (cm) from 1914 to 2014 for (A) age-5 
females, (B) age-5 males, (C) age-10 females, (D) age-10 males, (E) age-15 females, and (F) age-15 
males with a generalized additive model smoother (grey line) to aid in visualization. Boxplots show the 
mean length (black stripe in the box) and the 25th and 75th percentiles (upper and lower hinges of the dark 
box). The whiskers show 1.5 times the inter-quartile range, and observations beyond the whiskers are 
plotted as outliers (points). 
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Figure 4.  Mean fork length (cm) ± 1 SE of age-15 Pacific Halibut (A) females and (B) males in regulatory 
areas 2 (orange circles), 3 (blue triangles), and 4 (red squares) with LOESS smoothers fit to annual 
means to aid in visualization. 
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Figure 5.  Quintiles of mean fork length (cm) of age-15 female Pacific Halibut by IPHC statistical area 
(polygons) and decade (1910s to 2010s), ranging from very small (pale yellow) to very large (dark red). 
Note that spatial coverage prior to the 1980s was sparse and inconsistent (white areas indicate that no 
data were collected during that decade). 



 

21 
 

 

Figure 6.  Parameter estimates (±1 SE) of von Bertalanffy growth parameters (A) L∞, (B) k, and (C) t0 for 
females (grey) and males (black) estimated by decade. Parameter estimates are well estimated in recent 
decades, and consequently the SE bars are difficult to see on this scale. 
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Figure 7.  Fork length (cm) at age (years) and von Bertalanffy growth model (solid lines) and linear model 
fits (dashed lines) for females (grey circles) and males (black x’s) for (A) 1920s and (B) 2000s. 
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Figure 8.  Parameter estimates (±SE) of linear model parameters (A) intercept, β0, and (B) slope, β1, for 
females (grey) and males (black) by decade. Data were truncated at age ≤ 25, because growth is well 
described with a linear trend up to this age. Parameter estimates are well estimated in most decades, and 
consequently the SE bars are difficult to see on this scale. 
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Figure 9.  Time series of covariates used in regression analyses, including (A) biomass (M mt) of 
Arrowtooth Flounder (ATF) and Pacific Halibut (HAL) in grey and black, respectively; (B) mean wintertime 
(November to March) Pacific Decadal Oscillation (PDO) values; (C) harvest rate of Pacific Halibut (total 
removals/HAL); and (D) mean summer (May to August) sea surface temperatures (SST) in the Gulf of 
Alaska. 



 

25 
 

 

Figure 10.  Partial residuals (grey points) and fitted values (black lines) for covariates in the best fit 
regression model, showing the relationship between proportional growth of Pacific Halibut (defined as the 
median annual increase in length conditioned on initial length) and (A) age (years), (B) sex, 
(C) Arrowtooth Flounder biomass (ATF) (M mt), and (D) annual harvest rate of Pacific Halibut. 
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Figure 11.  Estimated harvest rates from 2000 to 2014 in IPHC regulatory areas 2B, 2C, 2A, 3B, and 
coastwide (CW). Each bar represents a harvest rate in a given year with earlier years shown in darker 
bars and later years shown in lighter bars. The dashed lines represent the area-specific target harvest 
rates defined by IPHC harvest policy (21.5% in 2B, 2C, and 3A, 16.1% in 3B, and 19.6% coastwide). 
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Figure 12.  Coastwide model predictions of weight-at-age under a range of levels of fishing mortality 
(thicker grey lines represent higher levels of fishing mortality) compared with observed weight-at-age in 
the 1980s (points) and 2014 (triangles) for females (A) and males (B). The dashed black line shows 
predicted weight-at-age given our best estimate of historical mean fishing mortality (F=0.4). 
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Figure 13.  Model predictions of weight-at-age for the eastern Gulf of Alaska under a range of levels of 
fishing mortality (thicker grey lines represent higher levels of fishing mortality) compared with observed 
weight-at-age in the 1980s (circles) and 2014 (triangles) for females in area 2B (A), males in area 2B (B), 
females in area 2C (C), and males in area 2C (D). The dashed black line shows predicted weight-at-age 
given our best estimate of historical mean fishing mortality (F=0.8 in area 2B and F=0.6 in area 2C). 
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Figure 14.  Model predictions of weight-at-age for the western Gulf of Alaska under a range of levels of 
fishing mortality (thicker grey lines represent higher levels of fishing mortality) compared with observed 
weight-at-age in the 1980s (circles) and 2014 (triangles) for females in area 3A (A), males in area 3A (B), 
females in area 3B (C), and males in area 3B (D). The dashed black line shows predicted weight-at-age 
given our best estimate of historical mean fishing mortality (F=0.4 in area 3A and F=0.3 in area 3B). 
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Figure 15.  Model predictions of weight-at-age using different selectivity curves for F=0.5 (A) and F=1.0 
(B) under equilibrium conditions. The solid lines show results using the selectivity curve from the 2011 
assessment (used in this analysis), while the dashed and dotted lines show results when the curve is 
shifted to the left and right by 20%, respectively. Females are shown in grey and males are shown in 
black. 
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Figure 16.  Predicted mean weight (kg) of age-15 females by minimum size limit (cm) and fishing 
mortality rate in the coastwide model for three discard mortality rates (d): d=0.1 (A), d=0.2 (B), and d=0.5 
(C). The darker, thicker lines represent conditions resulting in larger mean weights, while the lighter, 
narrower lines represent conditions resulting in lower mean weights. 
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Figure 17.  Predictions of coastwide female weight-at-age under four assumptions of coefficient of 
variation in length-at-age (CVL): CVL =0.01 (A), 0.10 (B), 0.20 (C), and 0.30 (D). The different line types 
represent model predictions under F=0.2 (solid line), F=0.5 (dotted line), and F=0.8 (dashed line). 
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Tables 

 

Table 1.  Sample sizes of Pacific Halibut length-at-age data by sex and decade, including years and 
regulatory areas sampled and maximum age (years) observed in each sample.  

 

Decade Years sampled Areas sampled Sex n Maximum 
age 

1910 – 
1919  

1914, 1915 2B, 3A F 661 30 

   M 515 25 
1920 – 
1929 

1925 – 1927, 1929 2A, 2B, 2C, 3A, 3B F 4 476 27 

   M 4 476 25 
1930 – 
1939  

1930, 1933, 1935, 1936, 
1939 

2B, 4A F 1 656 29 

   M 1 430 30 
1940 – 
1949  

1946, 1947, 1949 2B, 3A F 2 097 29 

   M 3 070 23 
1950 – 
1959 

all years 2B, 2C, 3A, 3B F 26 557 32 

   M 19 423 30 
1960 – 
1969 

1963 – 1966  2B, 3A, 3B, 4A F 7 057 29 

   M 3 558 26 
1970 – 
1979  

1976 – 1979 2B, 3A F 1 581 25 

   M 1 388 21 
1980 – 
1989 

1981 – 1986, 1988, 
1989 

2A, 2B, 2C, 3A, 3B, 4C F 19 640 30 

   M 13 085 28 
1990 – 
1999 

1992 – 1999 2A, 2B, 2C, 3A, 3B, 4A, 4B, 4C, 
4D 

F 37 227 46 

   M 24 939 55 
2000 – 
2009  

all years 2A, 2B, 2C, 3A, 3B, 4A, 4B, 4C, 
4D, CLS 

F 76 518 55 

   M 66 701 53 
2010 – 
2014  

all years 2A, 2B, 2C, 3A, 3B, 4A, 4B, 4C, 
4D 

F 43 425 51 

   M 30 747 50 
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Table 2.  Correlation coefficients among variables used in regression analysis. Variables include 
(ATF=Arrowtooth Flounder biomass, HAL=Pacific Halibut biomass, SST=summer sea surface 
temperatures, SST_1=SST a lag of -1 years, PDO=Pacific Decadal Oscillation, PDO_1=PDO at a lag of -
1 years, HR=Pacific Halibut annual harvest rate). The lower half of the diagonal mirrors the top and is 
omitted to aid in visualization. Values are shown to demonstrate strength of association among covariates 
and not statistical significance.  

 

 ATF HAL SST SST_1 PDO PDO_1 HR 

ATF 1 0.61 0.36 0.34 0.16 0.16 -0.63 

HAL -- 1 0.38 0.38 0.29 0.35 -0.72 

SST -- -- 1 0.34 0.40 0.15 -0.36 

SST_1 -- -- -- 1 0.25 0.40 -0.28 

PDO -- -- -- -- 1 0.27 -0.41 

PDO_1 -- -- -- -- -- 1 -0.35 

HR -- -- -- -- -- -- 1 
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Table 3.  Model selection results for the top five models used in regression analyses. Results include 
terms used in each model (ATF=Arrowtooth Flounder biomass, HAL=Pacific Halibut biomass, HR=Pacific 
Halibut annual harvest rate, PDO=Pacific Decadal Oscillation, year=random intercept for sampling year), 
Δ AIC where “0” indicates the best model by AIC, the number of parameters in the model (k), the marginal 
R2, and the conditional R2. 

 

Model Δ AIC k Marginal R2 Conditional R2 

Age + Sex + ATF + HR + HR2 + HR3 + year 0 9 0.23 0.28 

Age + Sex + ATF + HAL + HR + HR2 +  

HR3 + year 

5 10 0.23 0.28 

Age + Sex + ATF + HAL + HAL2 + HR + HR2 + 

HR3 + year 

7 11 0.24 0.28 

Age + Sex + ATF + ATF2 + HAL + HAL2 + HR + 

HR2 + HR3 + year 

12 12 0.24 0.28 

Age + Sex + PDO + ATF + HAL + HAL2 + HR + 

HR2 + HR3 + year 

16 12 0.25 0.28 
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Table 4.  Best fit model parameter estimates (±SE), t-value, and p-value (related significance level) for 
the fixed effects and standard deviations (SD) for random effects. 

 

Parameter Estimate (±SE) t-value p-value 

Intercept 0.40 (0.080) 5.1 < 0.01 

Age -0.0061 (0.0010) -6.1 < 0.01 

Sex (male)* -0.020 (0.0040) -4.8 < 0.01 

ATF -0.050 (0.0083) -6.0 < 0.01 

HR -9.0 (2.9) -3.1 < 0.01 

HR2 126 (37.2) 3.4 < 0.01 

HR3 -544 (145) -3.7 < 0.01 

Random effects SD   

Year (intercept) 0.012   

Residual 0.044   
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Table 5.  Estimated coastwide exploitable biomass (Ebio, million tonnes) and the apportioned Ebio by 
IPHC regulatory area from 2000 to 2014. 

 

Year Ebio 2B 2C 3A 3B 

2000 0.2839 0.0134 0.0181 0.0693 0.0918 

2001 0.2499 0.0135 0.0167 0.0671 0.0723 

2002 0.2204 0.0153 0.0169 0.0711 0.0535 

2003 0.1914 0.0155 0.0170 0.0707 0.0406 

2004 0.1685 0.0104 0.0152 0.0647 0.0389 

2005 0.1484 0.0098 0.0098 0.0623 0.0323 

2006 0.1304 0.0092 0.0105 0.0591 0.0238 

2007 0.1142 0.0083 0.0088 0.0485 0.0229 

2008 0.1018 0.0073 0.0083 0.0439 0.0209 

2009 0.0885 0.0074 0.0063 0.0364 0.0172 

2010 0.0808 0.0085 0.0057 0.0288 0.0164 

2011 0.0760 0.0100 0.0058 0.0264 0.0138 

2012 0.0731 0.0098 0.0076 0.0260 0.0117 

2013 0.0724 0.0094 0.0087 0.0270 0.0102 

2014 0.0740 0.0114 0.0105 0.0244 0.0100 
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Table 6.  Estimated total removals (thousand tonnes) coastwide and by IPHC regulatory area from 2000 
to 2014. Total removals include harvest from the directed fishery, estimated discards from the directed 
fishery, sport harvest, subsistence harvest, and bycatch of halibut in other fisheries. 

 

Year Coastwide  2B  2C  3A  3B  

2000 41.97 5.69 5.08 12.71 7.87 

2001 42.70 5.46 4.89 13.49 8.41 

2002 44.22 6.39 5.03 13.72 8.98 

2003 44.57 6.30 5.24 14.66 8.91 

2004 45.34 6.64 6.48 16.15 7.93 

2005 45.09 6.87 6.54 16.37 6.77 

2006 43.05 6.79 6.39 15.94 5.77 

2007 41.00 5.71 5.66 16.76 4.94 

2008 38.53 4.67 4.67 15.54 5.83 

2009 34.55 3.95 3.70 13.94 5.86 

2010 32.82 3.98 3.27 13.19 5.54 

2011 27.05 4.01 1.81 10.43 4.22 

2012 23.44 3.56 2.18 8.40 3.21 

2013 21.79 3.50 2.61 7.92 2.49 

2014 19.28 3.51 2.71 6.17 2.05 

 

  



 

39 
 

Table 7.  A summary of historical instantaneous fishing mortality (F) estimated from harvest rates from 
2000 to 2014 for all IPHC regulatory areas combined and for areas 2B, 2C, 3A, and 3B. 

 

Region Minimum 25th quartile Mean 75th quartile Maximum 

Coastwide 0.18 0.32 0.40 0.50 0.60 

2B 0.42 0.58 0.79 1.19 1.60 

2C 0.34 0.4 0.64 1.00 1.30 

3A 0.22 0.29 0.39 0.49 0.70 

3B 0.11 0.25 0.29 0.37 0.47 

 


