
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=bher20

Human and Ecological Risk Assessment: An International
Journal

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/bher20

Potential population-level impacts of future oil
spills on Pacific herring stocks in Puget Sound

Julann A. Spromberg, Sarah E. Allan & Nathaniel L. Scholz

To cite this article: Julann A. Spromberg, Sarah E. Allan & Nathaniel L. Scholz (19 Feb
2024): Potential population-level impacts of future oil spills on Pacific herring stocks in
Puget Sound, Human and Ecological Risk Assessment: An International Journal, DOI:
10.1080/10807039.2023.2301529

To link to this article:  https://doi.org/10.1080/10807039.2023.2301529

This work was authored as part of the
Contributor’s official duties as an Employee
of the United States Government and
is therefore a work of the United States
Government. In accordance with 17 USC.
105, no copyright protection is available for
such works under US Law.

Published online: 19 Feb 2024.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=bher20
https://www.tandfonline.com/journals/bher20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10807039.2023.2301529
https://doi.org/10.1080/10807039.2023.2301529
https://www.tandfonline.com/action/authorSubmission?journalCode=bher20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=bher20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/10807039.2023.2301529?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/10807039.2023.2301529?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/10807039.2023.2301529&domain=pdf&date_stamp=19 Feb 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/10807039.2023.2301529&domain=pdf&date_stamp=19 Feb 2024


Potential population-level impacts of future oil spills on 
Pacific herring stocks in Puget Sound

Julann A. Spromberga, Sarah E. Allanb, and Nathaniel L. Scholza 

aEnvironmental and Fisheries Science Division, Northwest Fisheries Science Center, National Marine 
Fisheries Service, NOAA, Seattle, WA, USA; bAssessment and Restoration Division, Office of Response 
and Restoration, National Ocean Service, NOAA, Homer, AK, USA 

ABSTRACT 
Oil spills threaten the productivity of marine forage fish that spawn 
in shallow shoreline habitats. In western North America, this includes 
Pacific herring (Clupea pallasii), a keystone species for marine food 
webs. Crude oil-derived polycyclic aromatic hydrocarbons (PAHs) are 
highly toxic to herring embryos and larvae. Despite our understand
ing of individual-based toxicity, the impacts of oil spills at the popu
lation-scale remain uncertain. We modeled the response of Puget 
Sound herring stocks to simulated oil spills and found that declining 
stocks are less likely to withstand the short-term impacts of a small, 
localized spill. Moreover, conventional stock assessment methods 
may only detect large population declines in response to high rates 
of mortality in a single year, or sustained losses across multiple year 
classes. We discuss the importance of herring life history and envir
onmental variation on the predictive usefulness of conventional 
population modeling as a basis for estimating injury to highly vari
able marine forage fish resources.
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Introduction

Oil spills and Natural Resource Damage Assessments

Seabed oil development, marine and land-based (i.e., rail) transport, and industrial refin
ing operations often occur in proximity to commercially and ecologically important fish 
populations, creating the potential for injury to these resources as a consequence of acci
dental spills. In the United States, a key impetus for characterizing the impacts of oil spills 
is the Natural Resource Damage Assessment and Restoration (NRDA) process (Burlington 
2002). The goal of NRDA is to quantify spill-related injuries to natural resources and serv
ices so that appropriate restoration can occur. The toxicity of oil to individual fish is well 
known (Incardona and Scholz 2017, 2018; Incardona 2017). However, the links between 
individual-based injury and the productivity and demographic characteristics of wild 
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populations and sub-populations (i.e., stocks) remain poorly understood (Heintz et al. 
2000; Scholz and Incardona 2015; Fodrie et al. 2014). For example, the 1989 Exxon Valdez 
oil spill in Prince William Sound, Alaska caused extensive oiling of Pacific herring (Clupea 
pallasii) spawning habitat. Subsequent field assessments documented developmental 
abnormalities and larval mortality (Hose et al. 1996; McGurk and Brown 1996; Norcross 
et al. 1996), which were confirmed by laboratory toxicity tests (Marty et al. 1997; Carls 
et al. 1999; Incardona et al. 2015). However, the degree to which the spill contributed to 
the decline of the Prince William Sound herring stock and collapse of the fishery 3–4 years 
later is unresolved (Peterson et al. 2003; Short 2003; Thorne and Thomas 2008; Incardona 
et al. 2015; Ward et al. 2017). Following the Cosco Busan oil spill in 2007, injuries to her
ring eggs were documented at oiled spawning sites and an estimated 14% to 29% of the 
San Francisco Bay herring spawn deposition was impacted (Incardona et al. 2012a, 2012b; 
Cosco Busan Oil Spill Trustees 2012). However, population-level effects from the spill 
were not determined, despite record low spawning biomass and the closure of the com
mercial fishery in subsequent years, in part due to high variability in historical spawning 
records and the importance of other environmental factors in the development and growth 
of herring (Cosco Busan Oil Spill Trustees 2012). Population models that scale individual 
injuries in oil-exposed fish over space and time to changes in stock abundance and demo
graphics could substantively inform post-spill injury assessments for NRDA and fisheries 
management decisions. Such models could also provide a framework for predicting the 
risks that future spills may pose to fisheries resources (Raimondo et al. 2006; Ohlberger 
and Langangen 2015; Langangen et al. 2017; Carroll et al. 2018; White et al. 2022; 
Langangen et al. 2023).

In the context of oil spill injury, environmental exposure conditions, cumulative toxic 
impact, and species life history characteristics are all key determinants of individual fit
ness and lifetime reproductive success and, by extension, population-level responses 
(Barron and Ka’aihue 2001; Barron et al. 2003; Barron 2017). Population models devel
oped to inform oil spill injury assessments draw from conceptual models for each of the 
key determinants and link them to investigate potential population-level effects. Models 
may also include factors that are independent of a spill impact, such as water tempera
ture, as well as those that may or may not be associated with a spill, such as prey avail
ability or carrying capacity. Moving from conceptual relationships to a quantitative 
model requires quantifying the empirical data linking environmental exposure condi
tions, developmental toxicity, and aggregate outcomes at the population-scale. These 
relationships are informed by existing crude oil exposure-response information and the 
life history characteristics of the focal species. Demographic data are typically derived 
from field surveys collected over multiple years and are more available and comprehen
sive for commercially managed fisheries, such as Pacific herring. Field observations of 
oil deposition or oil transport and fate models can be utilized to generate exposure 
scenarios and projected outcomes to inform management, response, and assessment.

Oil toxicity to fish embryos and larvae

Fish embryos and larvae are particularly vulnerable to oil toxicity. This is in part 
because many marine species spawn in the upper water column or along shorelines, 
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which are habitats where spilled oil is likely to accumulate and persist, increasing the 
exposure risk for resulting early life stages. Lipid-rich eggs and larvae readily accumulate 
oil chemicals, and metabolic detoxification pathways in the liver and other tissues do 
not fully mature until later in development (Incardona and Scholz 2017). Additionally, 
translucent embryonic and larval fish in the photic zone of the water column or inter
tidal areas are susceptible to photoenhanced toxicity during or after exposure to oil 
(Barron and Ka’aihue 2001; Barron et al. 2003; Barron 2017). Crude oil-derived polycyc
lic aromatic hydrocarbons (PAHs) are a driver of developmental toxicity in fish 
(Incardona et al. 2004; Barron et al. 2004); exposure during early development causes a 
range of morphological and bioenergetic effects that reduce the survival of marine fish 
through either acute larval lethality or latent reductions in fitness and productivity 
(Heintz et al. 2000; Incardona et al. 2004, 2009, 2014, 2015, 2021; Hicken et al. 2011; 
Edmunds et al. 2015; Sørhus et al. 2017, 2021; Morris et al. 2018; Laurel et al. 2019).

In the decades since the Exxon Valdez disaster, Pacific herring have been a focal spe
cies for studies on oil toxicity (Hose et al. 1996; Carls et al. 1999; Incardona et al. 2009, 
2012a, 2012b, 2015). Herring are a commercially, ecologically, and culturally important 
forage fish species throughout the Pacific coastal waters of North America. They spawn 
primarily on subtidal aquatic vegetation in nearshore habitats that are especially vulner
able to short-term and lingering impacts of shoreline oiling. Across years, herring stocks 
form spawning aggregations at specific times and locations. Embryonic development 
occurs while eggs are adhered to vegetation, and hatched planktonic larvae tend to 
remain in nearshore waters close to their spawning grounds for 2–3 months thereafter. 
These early life history characteristics increase the potential for oil exposure across a 
large portion of a given cohort, lasting over the course of several years in spawning hab
itats where shoreline oiling persists. Both embryonic and larval herring are susceptible 
to injury from oil exposure, including photoenhanced toxicity (Barron et al. 2003). 
Embryonic herring are especially sensitive; oil exposure during early development causes 
a characteristic suite of acute and latent injuries, including PAH-driven developmental 
cardiotoxicity (Incardona et al. 2009; Incardona et al. 2021) that leads to persistent 
latent effects on cardiorespiratory performance (Incardona et al. 2015).

Puget Sound herring stocks

In the southern Salish Sea, Puget Sound supports a diverse estuarine and marine ecosys
tem. Additionally, approximately 4 million people live and work in the Puget Sound 
basin, a number that continues to increase (U.S. Environmental Protection Agency 
2021). The oil refining and transport industries in the region rely upon significant infra
structure that includes tankers, port terminals, refineries, pipelines, and oil-by-rail. The 
expansion of crude oil exports is expected to increase future tanker traffic in the Salish 
Sea by several-fold (Greene and Aschoff 2023).

Puget Sound Pacific herring stocks have been closely monitored for decades, reflect
ing their importance as a historic commercial fishery, tribal resource and linchpin for 
food webs that support seabirds, pinnipeds, Chinook salmon, and Southern Resident 
Killer Whales – the latter two species currently listed as threatened and endangered 
under the U.S. Endangered Species Act, respectively (Sandell et al. 2019). The 
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Washington Department of Fish and Wildlife (WDFW) manages 21 herring stocks in 
Puget Sound, each delineated by the spawning areas they utilize (Figure 1). The WDFW 
describes the conservation status of each stock based upon estimated spawning biomass 
relative to the long-term (i.e., prior 25 years) mean biomass. Four stocks are considered 
healthy or moderately healthy, five are depressed/declining, nine are at critically low 
abundances, and the conservation status of three are unknown (Sandell et al. 2019). The 

Figure 1. Discrete Pacific herring spawning locations in Puget Sound. Circled areas represent site-spe
cific fidelity for distinct stocks (Stick et al. 2014). Dotted circles indicate the four central Sound stocks 
that were the focus of this study. Map courtesy of Blake Feist adapted from Shelton et al. 2017.
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stocks are managed by WDFW as independent populations. The degree of connectivity 
between them is not well understood (Siple and Francis 2016). It has been proposed 
that up to 20% migration could occur between some stocks (Stick et al. 2014), but this 
has not been consistently observed in later biomass estimates from field surveys 
(Sandell et al. 2019) or predicted from other modeling assessments (Landis and Bryant 
2010; Siple and Francis 2016). This suggests that the variation in stock abundance over 
time may be driven by local embryo and larval survival rates. Consistent biomass to egg 
production relationships observed across stocks (Stick et al. 2014; Sandell et al. 2019) 
reinforces the importance of local survival rates to stock productivity. There is some 
evidence from otolith stable isotope microchemistry that some stocks remain resident 
near spawning grounds, while others move to feeding areas where they may mix with 
other stocks (Gao et al. 2001; Burger et al. 2017). Given that the four stocks currently 
considered healthy or moderately healthy are in close proximity to depressed and 
declining stocks that vary independently (Siple and Francis 2016; Sandell et al. 2019), it 
is unlikely that density-dependent migration is a strong driver for most stocks. Their 
ecological significance and well documented vulnerability to oil toxicity make Pacific 
herring well-suited for investigating potential stock-level responses to future spills.

Pacific herring life history includes reproductive maturity starting at age two, annual 
spawning, and a life span of up to 9–11 years depending on the region. In Puget Sound, 
life spans do not exceed 6–9 years (Landis and Bryant 2010; Stick et al. 2014). While it 
is unclear if individual herring have interannual fidelity to specific spawning sites, 
schools of spawning herring return to consistent spawning locations year after year. 
Eggs are deposited on submerged vegetation or hard substrates in nearshore areas. 
Hatching occurs at approximately two weeks post-fertilization, and currents carry larvae 
to rearing areas. After metamorphosis and the onset of free feeding, young-of-the-year 
(YOY) initially rear in sheltered bays and inlets before moving to open water during 
their first fall. Juveniles form schooling aggregations for 1–2 years until they join the 
reproductively mature adult schools (Norcross et al. 2001; Stick et al. 2014). Rates at 
which herring survive and recruit to the spawning stage are highly variable across years 
(Stick et al. 2014; Siple et al. 2017), in part due to highly fluctuating YOY survival in 
response to environmental conditions (Cooney et al. 2001; Siple and Francis 2016). 
Influential determinants of YOY survival include (1) predation on spawned embryos by 
birds, fish and marine invertebrates (Bishop and Green 2001; Norcross and Brown 
2001); (2) marine currents and the productivity of larval rearing areas (Cooney et al. 
2001; Norcross and Brown 2001; Stick et al. 2014); (3) the abundance of planktonic 
prey during the critical first feeding period (summer to fall) (Cooney et al. 2001; 
Norcross and Brown 2001; Stick et al. 2014; Siple and Francis 2016); and (4) the length 
of the overwinter starvation period prior to onset of spring plankton blooms (Cooney 
et al. 2001; Norcross and Brown 2001; Stick et al. 2014; Siple and Francis 2016). For 
example, predation rates on spawn can be highly variable across years, with estimates 
ranging from 27% to over 95% (Bishop and Green 2001; Norcross and Brown 2001).

Here we adapted age-structured population models for a subset of Puget Sound her
ring stocks, using abundance data derived from acoustical surveys of spawning adults. 
Our analyses included healthy and declining stocks (Figure 2, Table 1). We assessed 
how oil spills exposing the spawning areas of one or two stocks from between one to 
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Figure 2. Estimated Puget Sound herring spawning biomass for the four stocks from Quilcene Bay, 
Port Gamble, Holmes Harbor, and Skagit Bay from 1976 to 2016. Estimates from spawn deposition 
surveys, acoustic/trawl surveys of schooling spawners, or both (Stick et al. 2014, Sandell et al. 2019).

Table 1. Stock condition, connection, and 5 year mean spawning biomass reported in 2012 and 
2016 for select Puget Sound herring stocks (Stick et al. 2014; Sandell et al. 2019).

5 year mean (std) spawning biomass in tons

Stock Condition Possible connection to 2012 2016

Quilcene Bay Healthy Port Gamble 2935 (922) 3810 (2015)
Port Gamble Depressed Quilcene Bay 715 (528) 274 (102)
Holmes Harbor Moderately Healthy Skagit 1217 (1011) 534 (96)
Skagit Depressed Holmes Harbor 738 (426) 305 (164)
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nine spawning seasons might reduce stock productivity resulting from losses from the 
young-of-the-year (YOY) age class as a consequence of acute and latent mortality result
ing from oil exposure. Modeled assessment endpoints included changes to the intrinsic 
population growth rate (lambda, k), changes in future abundance (growing populations), 
and accelerated time to extinction (declining populations). Estimates of demographic 
uncertainty for all model parameters incorporated both the natural variability of stock 
dynamics (incorporating individual variability, variation in herring distributions in space 
and time, patchy food resources, and varying forms and rates of predation in marine 
ecosystems) and sampling error in the acoustical survey data. Our goal was to explore 
the usefulness of population models and field-collected abundance data, as means to 
assess injury to keystone forage fish species in the aftermath of future spill events.

Methods

Stock selection

We developed our population model based upon four herring stocks in the Central/South 
Puget Sound: Quilcene Bay, Port Gamble, Holmes Harbor and Skagit Bay (Figure 1). 
These stocks represent a range of conservation status conditions, spawning biomass esti
mates, potential for genetic/migratory interaction, and data availability (Table 1). While 
the Quilcene Bay and Holmes Harbor stocks are considered healthy and moderately 
healthy, respectively, the Port Gamble and Skagit Bay stocks are both depressed. The 
Quilcene Bay/Port Gamble and Holmes Harbor/Skagit Bay stocks are in close proximity to 
one another, and there may be genetic interactions via reciprocal migration (Stick et al. 
2014). Demographic data for age-specific survival and reproduction can only be derived 
from acoustic field surveys (Stick et al. 2014). Therefore, demographic parameters for each 
stock were calculated from acoustical data collected in years when the trends in the stock 
data matched the current designated conservation status of the stock (i.e., healthy, moder
ately healthy, or depressed, Table 1; years for which acoustical data was used are listed in 
Table 2).

Model development

An age-structured, stock-specific (based upon acoustical data) population matrix model 
was developed for each of the four stocks. The model structure was adapted from a pre
viously published Puget Sound herring model (Landis and Bryant 2010). Age-specific 
demographic rates for survival and reproductive contribution were incorporated into 
matrix models (described below) and assessed using RAMAS Metapop version 5.0 
(Applied Biomathematics, Setauket, NY), and MATLAB 2015b (The Mathworks, Natick 
MA). The projection matrix methods followed Caswell (2001) for deriving the transition 
matrix. The transitions from each age to the next were incorporated into a 9� 9 square 
matrix (A) by assigning each age a number (1 through 9 years) and each transition to 
age i from age j becomes the element aij of matrix A (i¼ row, j¼ column) to represent 
the proportion of the individuals in each year class in the next age. Reproduction in the 
model occurred at the end of each model time step (year) following all other survival 
events. Since the abundance data are based upon observation of schools of reproductive 
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adults, reproduction transition values also include recruitment, surviving to become 
reproductively mature. The models only tracked females, and used a sex ratio of 1:1 
(Stick et al. 2014). Some female herring become reproductively mature at age 2. Starting 
at age 3, all adults are assumed to spawn annually (Stick et al. 2014). The reproductive 
element (a1j) is the number of offspring that hatch and recruit to age 2 per individual 
in the contributing age, j. The reproductive values for each year class were calculated 
from an age/fecundity relationship (fecundity per individual of age X ¼((5419�age X)- 
2125); Chapman et al. 1941) as well as the stock-specific estimate for survival between 
egg-stage and initial recruitment at age two. Age one fish cannot be directly enumerated 
in the field with the standard adult surveys conducted by the WDFW, but the estimate 
for survival to age two encompasses the survival rate of this year class. The age 1 sur
vival estimates were not artificially separated to fit into discrete matrix elements because 
the associated variability could not be appropriately parsed based on available data. 
Therefore, transition values for age 1 (S1) were set at 1.0 with a standard deviation of 
0.0 to allow annual time steps in the model runs (Landis and Bryant 2010). The associa
tive properties of multiplication functioning in the matrix calculations allow this process 
to result in the same abundance calculations.

Average annual survival rates (with associated standard deviations) for herring ages 
two and older were calculated from the acoustic data estimating the spawner abundance 
for each stock available from WDFW (Stick et al. 2014). Although the transition matri
ces allowed stocks to have fish up to age nine, their incidence is very low, reflecting the 
contracted life history of Puget Sound stocks, which are slowly recovering (Landis and 
Bryant 2010; Stick et al. 2014). The available acoustic data are restricted to schools of 
spawner-stage fish that aggregate near shoreline habitats (Stick et al. 2014), and there
fore exclude reproductively immature fish. Also, acoustic data across several stocks 

Table 2. Transition values (and standard deviation, std) for each stock’s life history matrix. 
Additionally, the timespan and number of years (n) of acoustic data used to calculate the transition 
values are listed (Stick et al. 2014). Reproduction includes fecundity, survival between egg-stage and 
initial recruitment at age two. Age 1 survival is a placeholder to allow annual time steps. Age 2 sur
vival includes survival and recruitment to reproductive maturity at age 3. All other survival values 
are survival to the next year class.
Stock Rate Age 1 Age 2 Age 3 Age 4 Age 5 Age 6 Age 7 Age 8 Age 9

Quilcene Baya Survival 1.0 1.395 0.542 0.481 0.248 0.322 0.000 0.000 0.000
Std 0.0 1.313 0.295 0.416 0.256 0.297 0.000 0.000 0.000
Reproduction 0.0 0.744 1.207 1.670 2.133 2.596 3.059 3.522 3.985
Std 0.0 0.798 1.294 1.790 2.286 2.782 3.278 3.774 4.270

Port Gamble Survival 1.0 0.821 0.373 0.244 0.248 0.055 0.000 0.000 0.000
(1987–1992, N¼ 16) Std 0.0 0.503 0.293 0.268 0.350 0.159 0.000 0.000 0.000

Reproduction 0.0 0.204 0.331 0.458 0.584 0.711 0.838 0.965 1.092
Std 0.0 0.143 0.232 0.321 0.410 0.499 0.589 0.678 0.767

Holmes Harbor Survival 1.0 1.183 0.517 0.285 0.167 0.000 0.000 0.000 0.000
(1996–2009, N¼ 5) Std 0.0 1.141 0.082 0.254 0.110 0.000 0.000 0.000 0.000

Reproduction 0.0 0.744 1.207 1.670 2.133 2.596 3.059 3.522 3.985
Std 0.0 0.798 1.294 1.790 2.286 2.782 3.278 3.774 4.270

Skagit Bay Survival 1.0 0.531 0.206 0.123 0.092 0.000 0.000 0.000 0.000
(1995–2006, N¼ 6) Std 0.0 0.490 0.216 0.144 0.149 0.000 0.000 0.000 0.000

Reproduction 0.0 0.291 0.472 0.653 0.834 1.016 1.197 1.378 1.559
Std 0.0 0.109 0.176 0.244 0.312 0.379 0.447 0.515 0.582

aSurvival data from a subset of Port Gamble (1978–1992, N¼ 6) and reproduction data from Holmes Harbor (1996– 
2009, N¼ 5).
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consistently showed more age three fish in a given year than might be predicted from 
the proportion of age two fish the previous year. This is likely a consequence of some 
herring reaching reproductive maturity a year later (age three versus two), a migratory 
influx of age three fish to a particular stock, or a combination of both. Irrespective, the 
transition value from age 2 to 3 (S2, representing survival, recruitment to reproductive 
maturity and net migration), as calculated from observed data, accounts for this even if 
it yielded a value greater than 1.0 (Landis and Bryant 2010).

Density dependence was integrated as a ceiling factor related to the shoreline habitat 
historically available for spawning for each of the four focal stocks. The production of 
YOY resulting from fully utilizing all available spawning habitat defined the carrying 
capacity (Table 3). Spawning habitat is not currently limiting, as Puget Sound stocks 
have been estimated to use only 9–29% of the available nearshore habitat within their 
respective ranges (Shelton et al. 2014, 2017). The proportional extent of habitat use for 
each stock was determined from field survey data, as the basis for estimating the max
imum production of age one females if the stock spawned throughout the entire histor
ical distribution of suitable shoreline areas (Shelton et al. 2014). Carrying capacity 
would only come into effect if field surveys documented large increases in these stocks, 
with full use of available spawning habitats. Neither is the case for the Puget Sound 
stocks considered here. Therefore, density independent dynamics drive the model with 
a cap on age 1 abundance at the carrying capacity (Table 3).

Although acoustic data were unavailable for the Quilcene Bay stock, the survival rates 
of this population are considered to be similar to Port Gamble, with the exception of 
very low reproduction and embryo survival for the Port Gamble stock resulting from 
historic contamination (Stick et al. 2014). Therefore, acoustic data from years when the 
Port Gamble stock was categorized as healthy (1978–1992) were used to parameterize 
the age-specific survival rates for the Quilcene Bay model. To reproduce Quilcene Bay’s 
high growth rate, the reproductive values for Holmes Harbor (1996–2009) – the highest 
of the stocks with acoustic data available – were applied to herring from Quilcene Bay 
(Table 2).

Spawner biomass data from WDFW (2013–2016) indicate a reduction in Port 
Gamble, Skagit Bay, and Holmes Harbor forage fish abundance while Quilcene Bay 
increased by over 170% (Sandell et al. 2019). The overall estimated spawner biomass for 
the four focal stocks over a 30–year period (1976–2016) is shown in Figure 2. Intrinsic 
population growth rates for each modeled stock were calculated and compared to the 
field-collected survey data dating back to 2009, to ensure model calculations and param
eters were consistent with observed abundance trends over the past decade.

A prospective analysis of each stock’s transition matrix (A) explored the intrinsic 
population growth rate as a function of vital demographic rates (Caswell 2001; Caswell 

Table 3. Population model ceiling carrying capacity for age one individuals of each stock and initial 
abundances for all model runs. Initial abundance value was the sum of all ages according to the sta
ble age distribution.
Stock Carrying capacity (K) for age 1 Initial abundance (sum of all ages)

Quilcene Bay 24750000 20000000
Port Gamble 19522500 15000000
Holmes Harbor 4200000 4000000
Skagit Bay 9000000 7000000
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et al. 2004). The population growth rate, or lambda (k), equals the dominant eigenvalue 
of matrix A. The stable age distribution, or the proportional distribution of individuals 
among ages for a population at equilibrium, was provided by the right normalized 
eigenvector (w) corresponding to the dominant eigenvalue, k. The influence of each 
matrix element, aij, on k was assessed by calculating the sensitivity and elasticity values 
for matrix A (Caswell 2001; Caswell et al. 2004). Sensitivity quantifies the magnitude of 
change in k resulting from a per unit change in the matrix vital rate value (aij). The 
sensitivity of matrix element aij equals the rate of change in k with respect to aij, 
defined by dk/daij. Higher sensitivity values indicate greater influence on k. The elasti
city of matrix element aij is defined as the proportional change in k relative to the pro
portional change in aij, and equals (aij/k) times the sensitivity of aij. Elasticity also 
identified the vital rates that, when altered, had the most substantial and proportional 
impact on k. Additionally, model outputs relative to changes in ceiling carrying capacity 
(K) for each stock were also evaluated using a sensitivity analysis.

Endpoints

Model endpoints included population growth rates, percent change in population 
growth rate as a consequence of different oil spill scenarios, percent baseline abundance 
(increasing or healthy populations), and time to extinction (decreasing or depressed 
populations). Demographic variability was included in each model parameter as the 
standard deviation of the mean demographic values calculated from acoustic survey 
data (Table 2) and used to calculate uncertainty estimates for each model endpoint. 
Population growth rates were derived directly from each stock transition matrix as the 
dominant eigenvalue of matrix A (Caswell et al. 2004), and recalculated 10000 times to 
incorporate variability by selecting each survival and reproductive parameter value inde
pendently from the distribution of its mean and standard deviation. The model abun
dance runs, multiplying the transition matrix A by the age-specific abundance vector 
for each time step, projected annually for 100 years. To capture the variability in stock 
abundance estimates, projections were repeated 1000 times with each of the survival 
and reproductive parameter values selected independently from the distribution of its 
mean and standard deviation. The variability results from the variation in the observed 
acoustic abundance data that was used to parameterize the survival and reproductive 
values. Initial conditions were set such that the stable age distribution yielded numbers 
of spawning females similar to those recently observed in Puget Sound waters (Table 3, 
Sandell et al. 2019).

Oil spill impact scenarios

Precisely modeling dynamic oil and PAH exposure conditions, as well as UV radiation 
and other co-stressors in a diversity of Puget Sound nearshore habitats for hypothetical 
oil spills was outside the scope of this study. We investigated scenarios with 10–90% of 
oiled spawning habitat, equating to 10–90% reductions in YOY survival based on obser
vations from previous spills and lab studies that show impacts inconsistent with long- 
term survival even with very low and transient exposures. These scenarios represent a 
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realistic range of exposure and individual effects conditions, as observed, for example, 
in field studies after the Exxon Valdez (Marty et al. 1997) and Cosco Busan (Cosco 
Busan Oil Spill Trustees 2012) oil spills and subsequent toxicity studies. Lab studies 
conducted after the Exxon Valdez spill exposed herring embryos and larvae to effluent 
from oiled gravel columns, simulating visibly oiled beaches, and showed that very low 
levels of crude oil cause severe morphological and cardiac defects (Carls et al. 1999; 
Incardona et al. 2009). Moreover, herring embryos transiently exposed to PAH concen
trations in the parts-per-trillion range showed lasting impacts on cardiorespiratory and 
swimming performance that are likely to preclude survival through the first year 
(Incardona et al. 2015). Though many of these studies have sought to determine lowest 
effects levels and mechanisms of action, results from environmentally relevant oil expo
sures show up to 100% acute mortality in early life stage herring, especially in the pres
ence of UV light (Barron et al. 2003). Previous work has characterized the degree of 
exposure within spawning habitat[s] (Cosco Busan Oil Spill Trustees 2012) and range of 
effects at different exposure levels (Incardona et al. 2012a), but population-level effects 
were not determined. We also investigated scenarios with mutliple years of impacts on 
herring spawn due to exposure to residual oil in shoreline and nearshore habitats that 
remains bioavailable or is remobilized by weather, extreme tides, or other factors, as has 
been observed in multiple spills (Flint et al. 2012; Yin et al. 2015; Short 2017; Nixon 
and Michel 2018).

Spill scenarios focused only on effects from oil exposures to fertilized embryos devel
oping on substrates near visibly oiled shorelines, independent of how the oil reached 
the shoreline. Scenarios explored the ability of the model to detect population-level 
impacts resulting from oil-induced toxicity in YOY fish of different mangitudes and 
durations. As noted above, we assumed that a proportion of exposed herring would not 
survive the near-term and delayed consequences of oil exposure and toxicity would 
manifest only within their first year. Therefore, YOY survival (herein S1) was the single 
demographic parameter altered in the model runs, reflecting combined losses from 
acute larval mortality and latent effects in the first year. Potential injuries to later life 
stages, including spawning adults or their reproductive capacity, were not considered 
for this study, though they could be included in an assessment of spill impacts when 
appropriate and as additional data become available. The associative properties of multi
plication functioning in the matrix calculations would result in the same outcomes if 
the proportional toxicity were applied to all the reproductive values, but S1 was chosen 
to simplify the scenarios, e.g., setting one value rather than nine for each run. Changes 
in population growth rate resulting from single year oil exposures in spawning and rear
ing habitats were directly calculated from each stock matrix for YOY oil-induced reduc
tions in survival ranging from 10–90%. (Methods are described in the ‘Endpoints’ 
section.) Reduced growth rates in response to habitat oiling were then compared to the 
baseline growth rate. To assess changes in stock abundance resulting from spill impact 
scenarios (Table 4), 100-year model projections were run with the simulated spills 
beginning at year five. (Abundance projection methods are described in the ‘Endpoints’ 
section.) Projections of abundance resulting from single year spill impacts were con
ducted for 50% and 90% reductions in survival. We also considered oil toxicity span
ning multiple spawning seasons as a consequence of repeated exposures to remnant oil 
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stranded or buried on spawning beaches beyond the year of a spill. To explore multi- 
year spill impacts, we evaluated scenarios where successive cohorts of YOY herring 
experienced declining degrees of reduced survival over 2, 5 or 9 years (Table 4).

Metapopulation scenarios

To assess the potential influence of migration between stocks, we constructed a simple 
metapopulation model that linked the Quilcene Bay and Port Gamble stocks with a 
reciprocal emigration rate of 5% annually (i.e., 5% of reproductively mature herring 
from Quilcene Bay emigrate to Port Gamble and vice versa). To examine this effect, we 
used the most severe impact scenario, whereby oil exposure was projected to cause a 
90% loss of age one herring in the year of the spill, thereafter incrementally decreasing 
to a 10% annual loss over the course of nine years. These loss rates were applied to the 
Quilcene Bay and Port Gamble stocks independently and then in tandem to evaluate 
how the movement of individuals between the two stocks might influence the popula
tion-level response(s) to a future disaster.

Results

Sensitivity and elasticity analysis

Recruitment to reproductive maturity, or juvenile survival rates through the first and 
second year (S1 and S2), had the greatest influence on the population growth rate for 
each of the modeled central Puget Sound herring stocks, as calculated by matrix sensi
tivity and elasticity analyses. The relative importance of early survival (egg to age 2) on 
the intrinsic population growth rate (k) was expected based upon the compressed popu
lation age structure of the stocks (Landis and Bryant 2010). Accordingly, environmental 
and demographic factors directing individual recruitment to the adult spawner stage 
(age 2 or 3) have an outsized influence on population growth rate and associated vari
ability. This dominance was evident when comparing the summed elasticity values for 
recruitment (S1 and S2) and total adult survival (S3-S9), (Table 5, Quilcene Bay 
(S1þ S2) ¼ 0.55 vs. (S3-S9) ¼ 0.13). Correspondingly, the reproductive contributions of 
age 2 (R2) and age 3 (R3) spawners had larger proportional influences on k than those 
of older fish (Table 5).

Table 4. Oil spill impact scenarios to assess changes in herring abundance resulting from a localized 
spill in the spawning area for each Puget Sound herring stock. All scenarios start exposure at model 
year 5 and extend for a defined duration. Example calculation for 90% mortality: YOY 
survival¼ S1�(1–0.9).

Oil spill impact scenario
Mortality reduction on YOY survival (S1) by year of the model run

Model year 5 6 7 8 9 10 11 12 13

50% loss, 1 year 50%
50% loss, 2 years 50% 50%
90% loss, 1 year 90%
90% and 50% loss, 2 years 90% 50%
50–10% loss, 5 years 50% 40% 30% 20% 10%
90–10% loss, 5 years (high short) 90% 70% 50% 30% 10%
90–10% loss, 9 years (high long) 90% 80% 70% 60% 50% 40% 30% 20% 10%
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We explored the influence of selecting spawning area as the stock-limiting resource 
and found that changes in spawning area carrying capacity did not disproportionately 
influence abundance. Estimates of spawning area defined the ceiling density-depend
ence, and the sensitivity of healthy, moderately healthy, and vulnerable (declining) her
ring populations was assessed by calculating the mean abundance at 100 years for the 
former and mean time extinction for the latter. In each case, the carrying capacity (K) 
was changed to −50%, −25%, þ50%, and þ100% relative to the estimated baseline 
(0%). Modifying the carrying capacity for the healthy Quilcene Bay and moderately 
healthy Holmes Harbor stocks yielded nearly 1:1 changes in abundance for K values 
ranging from −50% (52% resulting abundance) to −25% (73% and 77%), þ50% (147% 
and 154%) and þ100% (199% and 205%). The median estimated times to extinction for 
the declining Port Gamble and Skagit Bay stocks were not influenced by density 
dependence given that population abundances remained well below carrying capacity. 
Therefore, herring stocks of different sizes were not disproportionally sensitive to mod
est (one-fold) changes in carrying capacity, and any discrepancies in the estimation of K 
or future changes due to spawning habitat degradation or restoration will not skew or 
invalidate our results.

Baseline and oil spill scenario outputs

In the absence of an oil spill, the baseline conditions predict eventual growth to an 
equilibrium abundance for Quilcene Bay and Holmes Harbor stocks and, conversely, a 
decline in the Skagit Bay and Port Gamble stocks to the point of eventual extinction 
(Figure 3). The potential sizes of the of the Quilcene Bay and Holmes Harbor stocks are 
constrained by the amount of spawning habitat available, with acoustic survey-derived 
demographic data revealing highly variable estimated growth rates with one standard 
deviation corresponding to 23–33% of k. The mean (standard deviation) equilibrium 
abundances across all ages for Quilcene Bay and Holmes Harbor stocks were 100.8 M 
(56.5 M) and 14.6 M (7.1 M) individual herring, respectively. With intrinsic growth rates 

Table 5. Sensitivity and elasticity values calculated from the baseline matrix for each stock.
Sensitivity Elasticity

Parameter Quilcene Bay Port Gamble Holmes Harbor Skagit Bay Quilcene Bay Port Gamble Holmes Harbor Skagit Bay

S1 0.5126 0.2737 0.5042 0.3015 0.3221 0.3102 0.3349 0.3578
S2 0.2596 0.2461 0.2863 0.3351 0.2275 0.2289 0.2250 0.2112
S3 0.2731 0.2515 0.2471 0.2510 0.0930 0.1063 0.0848 0.0614
S4 0.0981 0.1250 0.0965 0.0733 0.0296 0.0346 0.0183 0.0107
S5 0.0333 0.0330 0.0196 0.0115 0.0052 0.0093 0.0022 0.0013
S6 0.0055 0.0102 0.0026 0.0015 0.0006 0.0006 0.0000 0.0000
S7 0.0006 0.0007 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
S8 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
S9 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
R2 0.2023 0.3514 0.2224 0.4245 0.0946 0.0812 0.1099 0.1466
R3 0.1773 0.327 0.1748 0.2675 0.1345 0.1226 0.1401 0.1498
R4 0.0604 0.1382 0.0600 0.0654 0.0634 0.0717 0.0666 0.0507
R5 0.0182 0.0382 0.0114 0.0095 0.0245 0.0253 0.0161 0.0094
R6 0.0028 0.0107 0.0013 0.0010 0.0046 0.0087 0.0022 0.0013
R7 0.0003 0.0007 0.0000 0.0000 0.0006 0.0006 0.0000 0.0000
R8 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
R9 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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below 1.0, the Skagit Bay and Port Gamble stocks both declined to extinction at an 
average (standard deviation) of 66 (13) and 74 (16) years, respectively.

Against this backdrop of widely varying yearly juvenile survival rates and consequent 
population growth rates, we estimated that the minimum single year loss of YOY her
ring due to oil toxicity in the range of 60–80% would be required to reduce the intrinsic 
population growth rate by one standard deviation from baseline depending upon the 
stock (Table 6). Although modest declines in early survival also reduced productivity, 
no spill impact scenario with an effect lasting for only one year reduced spawner abun
dances enough to be distinguishable from baseline with the natural variability and sam
pling error inherent in these stocks as observed in annual field surveys. Since this 
variability in abundance estimates can mask productivity losses, we examined a range of 

Figure 3. Modeled Puget Sound herring stock abundances for baseline (open circles and gray upward 
error bars) and nine-year exposure scenario (filled circles and black downward error bars). Shaded 
area in panel B indicates a post-spill downward abundance deflection exceeding one standard devi
ation from the unexposed baseline. The mean annual values (solid lines) and associated standard 
deviations are derived from 100-year model runs repeated 1000 times.
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potential oil spill impacts to identify when population level-effects may be observable in 
the field.

Local oil spills with decreasing impacts on survival over multiple years resulted in 
lower spawner abundance or shorter times to extinction, but only exceeded baseline 
model variability for the longest scenario (Table 4). The spill impact scenario with YOY 
mortality declining from 90% down to 10% over 9 years produced the largest change in 
abundance examined (Figure 3). This was the only scenario that produced an average 
abundance that dipped more than one standard deviation below the modeled baseline 
at any time point. The mean time to extinction for Skagit Bay and Port Gamble stocks 
decreased by 11 years with this exposure scenario, still within one standard deviation of 
the baseline (Table 7). Effects on spawner abundance result from direct oil-induced 
reductions in YOY survival decreasing recruitment over several years. The largest 
declines in abundance resulted from multiyear scenarios that produced recruitment 
losses across all spawner age classes. Once oil exposure and related impacts on YOY 
survival ended, the healthy and moderately healthy stocks began increasing (Figure 4). 
The relative abundances highlighted the loss of productivity over time whether or not 
field sampling may be able to detect these impacts in population demographics.

Metapopulation scenario outputs

Detection of oil impacts was further complicated with the addition of dispersal of 
spawners between stocks which either mitigated or exacerbated impacts depending 
upon the spill location and the relative size of the stocks. The influence of dispersal 
between the large Quilcene Bay and small Port Gamble stocks showed that even a 5% 
exchange of individuals between these stocks prevented the Port Gamble stock from 
declining to extinction (Figure 5). A localized spill affecting only Port Gamble produced 

Table 7. Time to extinction for Skagit Bay and Port Gamble stocks for each exposure scenario.
Skagit Bay Port Gamble

Scenario Median Minimum Mean (std) Median Minimum Mean (std)

Baseline 65 34 66(13) 73 35 74(16)
50% loss, 1 year 64 32 65(13) 72 31 73(15)
50% loss, 2 years 63 32 64(13) 70 30 71(15)
90% loss, 1 year 64 37 64(12) 71 33 71(16)
90% and 50% loss, 2 years 62 34 63(13) 69 34 70(16)
50–10% loss, 5 years 62 37 63(12) 70 35 71(15)
90–10% loss, 5 years (high short) 60 33 60(12) 67 25 68(16)
90–10% loss, 9 years (high long) 54 27 55(12) 61 26 63(15)

Table 6. Mean population growth rates (k), standard deviations (std) calculated directly from each 
stock matrix. The percent change in growth rate resulting from toxicity to YOY herring (percent mor
tality on first year survival, S1). Values in italics exceed the percent of one standard deviation of k.

Baseline % change in k from % mortality on S1

Stock k mean k std 1 std as % of k 10% 20% 30% 40% 50% 60% 70% 80% 90%

Quilcene Bay 1.51 0.50 33 −3 −7 −11 −15 −19 −25 −31 −38 −48
Port Gamble 0.84 0.20 24 −3 −7 −10 −14 −19 −24 −30 −37 −47
Holmes Harbor 1.45 0.46 32 −3 −7 −11 −15 −20 −26 −32 −40 −50
Skagit Bay 0.81 0.19 23 −4 −8 −12 −16 −21 −27 −34 −42 −53
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minimal response in either stock, while a spill at Quilcene Bay or affecting both spawn
ing areas resulted in short term declines in both stocks (Figure 5). Quilcene Bay’s high 
spawner abundance provided large numbers of migrants to the Port Gamble Stock and 
mitigated the spill impacts. This demonstrates that migration from unaffected stocks 
after a spill event could simultaneously assist in recovery and mask the extent of injury.

Discussion

Stock resiliency depends on conservation status and growth trajectory

Our Pacific herring models demonstrated that the strongest determinants of resiliency 
to an oil spill in nearshore spawning and rearing habitats for Puget Sound stocks are 
the conservation status and the growth or decline trajectory of the stock at the time of 

Figure 4. Mean relative abundances in Puget Sound herring stocks following crude oil toxicity in 
spawning habitats that persist for 1, 2, 5, and 9 years. The modeled spill occurred at year 5. Standard 
deviations (not shown) averaged 63%, 55%, 267%, and 230% for Quilcene Bay, Holmes Harbor, Port 
Gamble and Skagit Bay, respectively.
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the spill. This intuitive result is exemplified by the accelerated extinction risk for declin
ing populations (Skagit Bay or Port Gamble), in contrast to a modest and temporary 
reduction in modeled spawner abundance for comparatively healthy stocks (Quilcene 
Bay or Holmes Harbor). Nevertheless, more than two thirds of Puget Sound stocks are 
currently in decline (Sandell et al. 2019), and thus particularly vulnerable to a future 
regional disaster.

Figure 5. Mean Puget Sound herring abundance (solid line) and baseline standard deviation for 
Quilcene Bay (A) and Port Gamble (B) stocks examining the combinations of 5% dispersal between 
the stocks for baseline and longest exposure scenario affecting either or both stocks. Standard devia
tions for each scenario were similar, so only baseline are shown for clarity.
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Variable natural processes strongly influence stock response and its detection

Modeled oil spill injury to wild herring stocks sharing the contracted life history charac
teristic of Puget Sound stocks (lifespan of 6 rather than 9–11 years as is typical of 
Pacific herring) was often masked by natural variability and sampling variability in the 
underlying spawner abundance numbers, as estimated from acoustic surveys. Pacific 
herring populations typically rely on older females (ages 7–11) to produce the majority 
of the offspring (Hixon et al. 2014). In Puget Sound stocks, young spawners occupy this 
role due to the population’s contracted age structure and this has increased the influ
ence of recruitment on k (Landis and Bryant 2010). With recruitment driven by local 
and highly variable natural processes, stock abundances vary considerably, limiting the 
ability to detect impacts, like an oil spill. If the population age structure expands toward 
its historic range, the influence on productivity of recruitment and early reproduction 
and the corresponding natural variability would decrease. Reduced variability in stock 
abundance would make future impacts easier to identify and measure. The natural proc
esses that most influenced abundance dynamics included dispersal (or migration), 
highly variable predation pressures, and the availability of food resources. 
Independently, each can result in increased or decreased survival, combining for good 
years, bad years, or neutral years. In good years with relatively high baseline productiv
ity, improved survival of unexposed embryos will likely offset localized losses in 
response to a small oil spill. Conversely, overlaying the impact of a spill at a time of 
unfavorable marine habitat conditions or high background predation pressures may 
exacerbate spill impacts in space and time. Therefore, the ecological footprint of small 
and localized oil spills will be more difficult to resolve in years of relatively high zoo
plankton abundance and low predation on nearshore herring spawn.

Modeling herring stock abundance in scenarios where stranded oil persisted in 
spawner habitats for several years revealed the importance of exposure duration. Forage 
fish monitoring data are inherently noisy and resulted in wide standard deviations 
around baseline abundance estimates. The standard deviation is a representation of nat
ural variability and observation error in the monitoring data used to parameterize the 
survival and reproductive rates carried through the model and serve as a backdrop for 
detecting a population-level injury signal attributable to a spill. These signals were only 
evident in the model results for the longest exposure scenarios, incorporating combined 
acute embryolarval and delayed young-of-the-year mortality 60% to 80% depending 
upon the stock (Table 6). Thus, while future Puget Sound oil spills are likely to produce 
significant localized losses of individual forage fish, several years of post-spill monitor
ing efforts will likely be needed to accurately determine the long-term, population-level 
consequences for dynamic stocks and the marine food webs they support.

Methods for identifying and quantifying oil spill impacts

Models can be useful for identifying priority data gaps; our approach here was con
strained by conventional fisheries methods for tracking forage fish trends in Puget 
Sound. Although acoustic surveys yield high quality adult distribution and abundance 
data, they can be expensive and therefore infrequent. Current, lower cost methods pro
ject future adult recruits from stock-specific spawner counts and rake surveys of egg 
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biomass. This creates a 2–3 year gap between direct measures of spawn in the nearshore 
and the subsequent direct measure of herring aggregations in offshore marine waters. 
While retrospective studies have been carried out to evaluate changes in fish stocks after 
oil spills (e.g., Deepwater Horizon; Fodrie and Heck 2011), they relied on extensive field 
surveys and concluded that processes unrelated to oil toxicity become more influential 
over the course of months and years. Parameterizing models based upon infrequent, 
lower cost field sampling methods could increase model uncertainty and, if used in iso
lation, limit the ability to distinguish between spill-related effects and natural drivers of 
the long-term stock response.

As noted above, there are important limitations when retrospectively using post-spill 
stock assessment data for the purposes of modeling spill-induced natural resource 
injury, as the two management goals are very different. Alternatively, the modeling 
framework developed here could be applied to forecast forage fish losses during and 
immediately after a spill based on direct site-specific measures of PAHs and related 
compounds in spawning habitats and biological matrices, in combination with labora
tory-derived thresholds for near-term (i.e., embryo-larval) and delayed (post-larval) 
mortality. The adverse outcome pathway for developmental oil toxicity in fish is now 
extensively documented (Incardona and Scholz 2016, 2017, 2018), at biological scales 
ranging from the dysregulation of specific ion channels in excitable myocytes to post- 
larval abnormalities in the structure of the heart and cardiac output, all of which under
pin swimming performance and survival in the aerobically-demanding life history of 
schooling herring. Therefore, the detection of bioavailable PAHs in nearshore spawning 
habitats, at concentrations sufficient to trigger propagating adverse outcomes, is a likely 
harbinger of acute and latent reduced survival.

Shoreline Cleanup and Assessment Technique (SCAT) surveys are used to document 
stranded oil on beaches and other shoreline substrates to inform emergency response 
clean-up actions (e.g., Michel et al. 2013). While the presence of visible oil can serve as 
proxy evidence of exposure, it is important to note that early developmental toxicity in 
fish occurs in response to very low concentrations of PAHs. Therefore, acute and 
delayed injuries (Laurel et al. 2019; Gardner et al. 2019) are likely in spill zones where 
SCAT surveys do not report visible oil (Incardona et al. 2015). More sensitive oil detec
tion methods, such as chemical analyses of environmental media and passive sampling, 
will provide valuable information for exposure and injury assessments and reduce the 
risk of underestimating impacts to natural resources. Similarly, while damage assessment 
may rely on spawning and demographic data collected for fisheries management, when 
available, targeted collection of biological data may reduce uncertainty when modeling 
lost productivity or population-level impacts.

The modeling framework developed here could guide sampling methods to better 
assess the occurrence of impacts in the field. Given that oil-derived PAHs are known to 
be highly toxic to herring early life stages (Barron et al. 2004; Incardona et al. 2004, 
2009, 2015, 2021; Hicken et al. 2011), the proportional loss of age 1 recruits can be pre
dicted from PAH exposure conditions (particularly levels of tricycylic phenanthrenes) in 
oiled spawning habitats. Direct measures of recruitment loss could be incorporated into 
future abundance surveys, to reduce the uncertainty intrinsic to hindcasting based on 
abundance data for spawning adults (age 2–3 herring) collected several years post-spill. 
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Looking to the future, conventional forage fish monitoring programs can be expected to 
benefit from a new generation of biomarkers for oil exposure and biological response, 
the latter phenotypically anchored to adverse outcome pathways for acute and delayed 
mortality, or other productivity endpoints, such as reduced growth and fecundity. 
Further research on productivity endpoints across different age groups could inform 
model development to explore these effects. Over the past decade, efforts to develop 
new indicators have focused on ontogenetic pathways involving cardiotoxicity (e.g., 
Edmunds et al. 2015; Xu et al. 2016, 2017), and more recently the dysregulated develop
ment of the jaw, eyes, and other structures (Sørhus et al. 2017). The future incorpor
ation of these new tools into field surveys can yield information about individual forage 
fish condition (in relation to a prior sublethal crude oil exposure), beyond merely pres
ence or absence, at the critical life history stages between hatching and recruitment to 
adult spawning populations.

Migration between stocks could buffer declines

Our results also point to the importance of migration between stocks as a potential buf
fer against local extinctions. Specifically, our model outputs suggest that declining stocks 
could be supplemented by low but consistent in-migration (straying) from nearby, 
healthy stocks. These linkages in space and time should be evident as synchrony in the 
larger abundance trends across Puget Sound. However, Puget Sound herring runs are 
managed independently, reflecting an assumption of minimal straying (Bargmann 1998; 
Stick et al. 2014; Sandell et al. 2019). There is no indication of panmixing (Gao et al. 
2001; Small et al. 2005), but rather evidence that local-scale forces (e.g., local predation 
and prey availability) drive observed variability across stocks (Siple and Francis 2016). 
Consistent with this, it does not appear the robust Quilcene Bay population is supple
menting nearby stocks at risk (Sandell et al. 2019). Absent new data indicating a greater 
degree of interconnectivity among adult spawners, future impact assessments in Puget 
Sound are likely to be stock-specific, depending on the geographic location, timing, and 
size of the spill.

Implications of model assumptions

Our model focused on stock injury resulting from acute or latent mortality in YOY her
ring. Effects of oil exposures on Pacific herring predators and/or prey were not 
included. Potential oil impacts on predators could lead to decreased herring mortality. 
Conversely, impacts on prey could reduce food availability and growth potential, leading 
to increased herring mortality. Other additive or synergistic impacts from an oil spill, 
such as habitat degradation, fishery closures, or other factors were not considered, 
though these can also affect fish populations after an oil spill (Fodrie and Heck 2011). 
Additionally, our assumption that demographic rates vary independently may underesti
mate stock injury if, in fact, all ages of herring experience similar and coordinated influ
ences each year. All survival and reproductive parameters were varied independently 
because data suggested the Puget Sound stocks’ schooling and migratory behaviors are 
inconsistent with all the age classes schooling together year around (Gao et al. 2001). 
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The influence of density dependence on Puget Sound herring stocks is presently 
unknown (Stick et al. 2014; Sandell et al. 2019). Here we have assumed density-inde
pendent survival when YOY juveniles are below a stock’s carrying capacity. The relative 
impacts of a localized oil spill might be lessened by density-dependent compensatory 
mechanisms, wherein limited prey and other resources are freed up for surviving indi
viduals (Langangen et al. 2023). However, given the absence of density relationships for 
these forage fish stocks, and the corresponding lack of data for parallel oil impacts to 
zooplankton and other components of Puget Sound food webs (which would offset any 
compensatory response), we utilized density-independent processes in our models. 
Inaccurate application of density dependence could underestimate a stock’s response to 
an oil spill. New information on stock independence (e.g., genetics, migratory pathways) 
and driving environmental factors (e.g., sea surface temperature) could refine the model 
and reduce uncertainty about model assumptions and structure.

Conclusions

The health and productivity of wild Pacific herring populations have been a focus for 
large-scale natural resource injury assessments in the US for decades, from the collapse 
of the herring fishery in Prince William Sound in the years following the 1989 Exxon 
Valdez disaster (Hose et al. 1996; McGurk and Brown 1996; Carls et al. 1999; Marty 
et al. 1997; Peterson et al. 2003; Barron et al. 2004) to the 2007 Cosco Busan spill in San 
Francisco Bay (Incardona et al. 2012a, 2012b). Estimating toxicological injury is inher
ently a process of biological scaling, from molecular initiating events in the cells of indi
vidual fish to the dynamics of wild forage fish populations that feed seabirds, marine 
mammals, and threatened fish predators such as Chinook salmon. As we have shown 
here, population modeling can provide a useful framework for organizing existing stock 
assessment and ecotoxicological information for herring, but the approach is currently 
limited in its ability to determine population-level effects from a spill by the high degree 
of natural variability and observation error in forage fish aggregations, independent of 
oil spills. The strength of our model predictions could be improved with better demo
graphic data (particularly between the larval and spawner recruitment stages) and, even
tually, specific biomarkers for oil exposure and consequent/subsequent poor health in 
herring that survive to hatch in oiled spawning habitats. These gaps notwithstanding, 
population modeling in support of NRDA will be most promising for predicting 
population-level impacts when relatively large spills converge on the most vulnerable 
(declining) wild stocks. In other oil spill scenarios, the inability to determine a popula
tion-level loss through modeling for field surveys does not necessarily indicate a lack of 
injury in the resource. For smaller spills and more robust herring populations, we rec
ommend an assessment of lost fish or productivity based on direct contaminant moni
toring as it corresponds to specific toxicity thresholds from the expanding adverse 
outcome pathway for crude oil injury to fish early life stages. The latter approach would 
also allow consideration of parallel habitat stressors (e.g., temperature, UV radiation, 
other contaminants) that are known to exacerbate crude oil impacts but were not 
included here.
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