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 Forage fi sh are a critical component of marine ecosystems because they integrate energy across trophic levels within marine food 
webs. Many studies have highlighted the importance of this group, and past research eff orts have focused largely on studying 
forage fi sh within off shore and estuarine areas. In contrast, limited information is available for forage fi sh on the inner continental 
shelf (<50bm water depth), where they encounter a range of anthropogenic stressors and support critical apex predator popula-
tions, including species of conservation concern. We highlight the importance of forage fi sh within inner shelf marine ecosystems 
using examples from the Northern California Current and describe outstanding research needs for forage fi sh within this topical 
area. Addressing these research needs is a critical step for maintaining productive forage fi sh populations within inner shelf 
ecosystems considering the social- , management- , and climate- driven changes that are expected to impact coastal regions in the 
coming decades.   

      INTRODUCTION 
 Forage fi sh, defi ned here as a broad range of  small 

pelagic schooling fi shes from several families (e.g., 
Clupeidae, Engraulidae, Osmeridae, Ammodytidae), are 
a critical component of  ocean ecosystems because of  the 
role they play within marine food webs (Alder et al.  2008 ; 
Pikitch et al.  2014 ). Forage fi sh are the nexus between lower 
and upper trophic levels because they serve as an energy 
transfer portal from plankton to apex predators that live 
both above and below the surface of  the water (Figure  1 ). 
Indeed, their role in nutrient conversion is so important 
that forage fi sh can serve as a bottleneck for energy trans-
fer across trophic levels, which, in turn, can lead to pro-
nounced changes within marine communities. Forage fi sh 
can also exert “wasp- waist control” in marine ecosystems, 
where they exhibit top– down control on zooplankton and 
bottom– up control of  upper trophic predators (Cury et al. 
 2000 ). In addition, the rapid and large population fl uctua-
tions that forage fi sh exhibit in response to environmental 
change (Pikitch et al.  2014 ) can serve as especially strong 

demographic drivers of  upper trophic levels during forage 
fi sh population downturns, such as occurred during the 
2014– 2016 marine heatwave in the northeastern Pacifi c 
when unproductive ocean conditions led to the death of 
530,000 to 1.2 million common murres  Uria aalge  (Piatt 
et al.  2020 ).  

 In addition to their ecological importance, forage fi sh 
also play a vital role in food security and economic devel-
opment worldwide, accounting for 25– 30% of  global fi sh 
landings annually (Alder et al.  2008 ; Alheit et al.  2019 ). 
For example, the Anchoveta  Engraulis ringens  is currently 
ranked fi rst in marine capture fi sheries production, com-
prising 10% of  the world total and representing twice as 
much as the second- ranked species ( https://bit.ly/33704Zd ). 
Forage fi sh landings are used as bait and for human con-
sumption, although they more typically support broader 
reduction industries that produce fi shmeal and fi sh oil. In 
addition, forage fi sh provide indirect economic benefi ts by 
supporting upper trophic predator populations (Santora 
et al.  2020 ). As a prey source for larger fi nfi sh, forage fi sh 
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also support commercial fi sheries for many other species, as 
well as a range of  related industries that include recreational 
angling, tourism, and wildlife watching (Alheit et al.  2019 ). 
Thus, despite their small stature, forage fi sh have an outsized 
impact through their contributions to the structure and 
functioning of  marine food webs (Hazen et al.  2019 ) and via 
the economic benefi ts they provide to coastal communities 
(Alder et al.  2008 ). 

 Due to their economic and ecological importance, for-
age fi sh have been a priority for researchers throughout the 
world (Alheit et al.  2019 ). Yet, even though they inhabit a 
range of  habitats— from the open ocean to continental and 
insular shelf  areas, and into bays and estuaries— our under-
standing of  marine forage fi sh is almost entirely based on 
studies conducted on the outer shelf  and in oceanic and 
estuarine areas. In contrast, very little information is avail-
able regarding forage fi sh over the inner continental shelf  
(i.e., areas within 5 km of  the coast with water depths <50 m; 
Kirincich et al.  2005 ). For example, a Web of  Science search 
conducted in September 2020 located 22,837 entries using 
the search term “forage fi sh,” yet only 1.4% of  these entries 
also included the key words “inner shelf” or “nearshore.” 
Although a recent volume (Alheit et al.  2019 ) indicates that 
more attention is being paid to forage fi sh in some coastal 
areas, our understanding of  forage fi sh remains biased 
strongly towards offshore and estuarine waters. Thus, an 
improved knowledge of  forage fi sh dynamics in inner shelf  
areas is needed for proper management and conservation of 
coastal ecosystems, for several reasons. First, the inner shelf  
includes locations often targeted for conservation mea-
sures, such as marine reserves and protected areas, yet these 
areas are also at risk from a multitude of  anthropogenic 
pressures. Coastal areas immediately adjacent to the inner 
shelf  support a large and increasing human population with 
easy access to the ocean that puts pressure on marine hab-
itats through recreational activities, commercial fi sheries, 
a growing aquaculture industry, runoff  of  pollutants and 
wastewater, vessel fuel spills, and nearshore infrastructure 
development for navigation and renewable energy. Second, 
inner shelf  areas provide critical connectivity for fi shes that 
move between shallow water areas and deepwater areas 
between life stages, and for central- place foragers, such as 
seabirds and marine mammals that breed in coastal areas. 
Third, the infl uence of  anthropogenic climate change is pro-
nounced in inner shelf  ecosystems and can lead to a range 
of  impacts, such as increases in low oxygen events, ocean 
acidifi cation, rising sea levels, and ocean warming (Harley 
et al.  2006 ). Finally, factors affecting primary productivity 
and the distribution of  consumers and predators are highly 
dynamic, localized, and linked to natural and anthropo-
genic features (Santora et al.  2020 ). Taken together, this 
indicates that our understanding of  forage fi sh in offshore 
waters is unlikely to translate directly to forage fi sh inhabit-
ing inner shelf  systems and ultimately handicaps our ability 
to model the impacts of  different management policies and 
a changing climate on upper- trophic level predators and the 
ecosystem as a whole. 

 In October 2019, approximately 50 representatives from 
state and federal agencies, policymakers, nongovernmental 
organizations, private companies, and academia gathered in 
Newport, Oregon to discuss the impacts of  existing knowl-
edge gaps related to forage fi sh research. The day- long event 
began with presentations to provide background knowledge 

regarding the inner shelf  zone, forage fi sh ecology, and links 
between forage fi sh and their predators. It was then followed 
by small and large group discussions to identify major infor-
mational needs pertaining to forage fi sh and articulate steps 
that could be taken to advance our understanding of  this 
group. In this article, we distill the knowledge gaps initially 
identifi ed by participants at the 2019 workshop into a pri-
ority list of  key research needs that we view as being the 
most important for advancing our knowledge base and, ulti-
mately, implementing science- informed, ecosystem- based 
management. Although all coastal ecosystems have forage 
fi sh that support fi sheries and apex predator populations, we 
frame our discussion on forage fi sh research needs by high-
lighting examples from the Northern California Current 
(NCC), because this system has many aspects to it that are 
well studied, including work by members of  our research 
group that encompasses oceanographic processes, forage 
fi sh, and apex predators. We begin by providing a brief  over-
view of  the NCC upwelling ecosystem for context before 
highlighting four critical research needs that are needed 
to improve our understanding of  forage fi sh ecology and 
enhance the conservation of  the inner shelf  ecosystems in 
which they are found (Alder et al.  2008 ; Pikitch et al.  2014 ; 
Alheit et al.  2019 ).  

   FORAGE FISH RESEARCH WITHIN THE NORTHERN 
CALIFORNIA CURRENT 

 The NCC spans from Vancouver Island, British 
Columbia, Canada to Cape Mendocino, California and 
supports a diverse suite of  marine life. Productivity in this 
system is driven by seasonal, wind- driven coastal upwelling 
(Checkley and Barth  2009 ) that stem from winds generated by 
atmospheric pressure systems (i.e., North Pacifi c High) that 
blow southward along the coast from approximately March 
to October each year. This results in a defi cit of  water near 
the coast that initiates upwelling of  cold, nutrient- rich waters 
from below. As this nutrient- rich water moves into the photic 
zone in the coastal ocean, it fuels phytoplankton blooms that 
serve as the basis of  a rich food web from zooplankton to 
large, upper trophic predators. As in other regions, feeding 
habits of  forage fi sh in the NCC vary seasonally and between 
years depending on environmental conditions, with diets con-
sisting primarily of  phytoplankton, copepods, and euphausi-
ids during cool upwelling periods (Peck et al.  2021 ). 

 Efforts to gain an ecosystem- scale understanding of for-
age fi sh stock dynamics across the entire California Current 
ecosystem were initiated nearly 100 years ago and have been 
driven largely by the needs of fi sheries management (Peck et al. 
 2021 ). Much of our understanding of forage fi sh abundance 
and distribution patterns in the NCC comes from regional 
surveys in coastal waters (Emmett et al.  2006 ). These surveys 
primarily used surface trawls and have taken place from late 
spring to early fall, although recent studies have progressed 
to using vessel- mounted acoustics that are supplemented with 
trawling to ground-truth acoustic signals (Phillips et al.  2017 ; 
Peck et al.  2021 ). Moored acoustic systems have been used to 
examine diel and seasonal variations in forage fi sh in a few loca-
tions (Kaltenberg et al.  2010 ). Shipboard acoustic and aerial 
surveys combined with net sampling have been used to charac-
terize forage fi sh biomass in the California Current ecosystem 
for stock assessments ( https://bit.ly/3G8CEBm ) used to man-
age fi sheries by the Pacifi c Fishery Management Council and 
the National Marine Fisheries Service. Nevertheless, the great 
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majority of surveys in the NCC and other eastern boundary 
upwelling ecosystems have been conducted in the mid to outer 
shelf  areas, neglecting forage fi sh found in the inner shelf  
waters where they may be exposed to environmental drivers 
and processes on different scales, and where management may 
include individual state and/or regional policies.  

   RESEARCH NEEDS FOR FORAGE FISH WITHIN 
THE NCC INNER SHELF MARINE ECOSYSTEM 

   Research Need #1: Expanding Surveys of Forage Fish 
Abundance and Distribution 

 Effective continual monitoring is needed to track interan-
nual variability in the abundance and distribution of all forage 
fi shes (i.e., fi shed and unfi shed species), along with funding for 
such work. Most forage fi sh surveys have focused on fi shed 
species in mid- shelf  and offshore waters, and only recently 
have inner shelf  waters been surveyed using unmanned surface 
vehicle technologies and industry vessels ( https://bit.ly/3pZx-
HVL ). Furthermore, relatively few NCC forage fi sh species 
undergo formal biomass assessments or even regular moni-
toring of their population status (Table   1 ). For example, the 
Northern Anchovy  E. mordax  uses the inner shelf  from spring 
to fall and is a key prey type for numerous upper trophic- level 
predators (Brodeur et al.  2014 ; Szoboszlai et al.  2015 ; Litz et 
al.  2019 ); this species also supports a signifi cant commercial 
baitfi sh market in the NCC. The central stock of Northern 
Anchovy, centered in California, is currently undergoing a 
stock assessment, the last of which was conducted in the 1990s 
(Jacobson et al.  1995 ). In contrast, there is no formal assess-
ment for the northern stock of this species, which has shown 
signs of increasing population size in recent years (Auth et al. 
 2018 ). Abundance and distribution surveys for nonfi shed for-
age fi sh species that are found in inner shelf  areas, such as the 
Pacifi c Sand Lance  Ammodytes personatus  are not undertaken 
in the coastal waters off  the state of Washington, Oregon, or 
northern California, despite it being found in the diets of >100 
species of fi sh, seabirds, and marine mammals (Szoboszlai et 
al.  2015 ). However, there has been some research conducted on 
Pacifi c Sand Lance in the inland waters from Alaska to Puget 
Sound (Baker et al.  2019  and references therein). Similarly, 
there are no efforts underway to survey the abundance and 
distribution of smelts (Osmeridae) in the marine waters of 
the NCC, even though they too are an important diet item 
for many predators. Given the key role that forage fi sh play 
in marine ecosystems and the lack of monitoring programs 
and survey work for forage fi sh within the inner shelf  for use 
in stock assessments, there is great need for baseline survey 
work to provide a scientifi c basis for management. Moreover, 
establishment of regular abundance and distribution surveys 
will also facilitate hypothesis testing related to the ecological 
drivers of forage fi sh abundance and their infl uence on the 
population dynamics of their predators (see below).   

   Research Need #2: Understanding Bottom– Up Control 
ofbForage Fish Populations 

 Although characterizing interannual population variability 
of forage fi sh populations is important, quantifying the driv-
ers of that variability is the only means by which to develop 
predictive, mechanistic scenarios for future conditions. This 
includes understanding both abiotic and biotic drivers of bot-
tom– up control of forage fi sh populations (Peck et al.  2021 ), 
including those that lead to large- amplitude population fl uctu-
ations of forage fi sh. In the NCC, interannual variation in the 

lipid and fatty acid content of forage fi sh has been observed 
under different ocean conditions (Litz et al.  2010 ), and sea-
sonal variation in these measures for both phytoplankton and 
copepod communities highlight the strong role oceanographic 
conditions can play in infl uencing predator– prey interactions 
at lower trophic levels (Miller et al.  2017 ). For example, fatty 
acid profi les differed and total lipid was lower in zooplankton 
collected in the winter of 2014– 2015 during a marine heatwave 
compared to those collected during the cooler 2012– 2013 win-
ter (J. Fisher, Oregon State University, personal communica-
tion). Trophic position can vary as well for many forage fi sh 
species, with a more direct link to bottom– up processes during 
years with stronger, more productive upwelling (Brodeur and 
Pearcy  1992 ; Miller et al.  2010 ). However, to identify mecha-
nisms and predict outcomes requires data on how nearshore 
oceanographic processes affect the lower trophic levels upon 
which forage fi sh feed, as well as data on forage fi sh abun-
dance, growth, body condition, reproduction, and survival. 

 More research is also needed to determine the relative con-
tributions of bottom– up and top– down processes in driving 
changes in forage fi sh stock abundance and prey quality (Boldt 
et al.  2019 ), as well as evaluating the role that competition 
among forage fi sh species play in infl uencing their population 
dynamics in inner shelf  waters. Recent empirical work (Miller 
et al.  2010 ) in the California Coastal Current has questioned 
the validity of the wasp- waist paradigm in some years, and 
some modeling work suggests that trophic interactions may 
be more species- specifi c than ecosystemwide (Kaplan et al. 
 2019 ). Nevertheless, a well- informed predictive model based 
on a more mechanistic understanding of the interactions of 
bottom– up and top– down forcing on forage fi sh populations 
that includes the ecological specifi cs of the inner shelf, includ-
ing its functional role as a signifi cant spawning and nursery 
area for some forage fi shes, would be of great benefi t.  

   Research Need #3: Evaluating Links Between Forage Fish 
and Upper Trophic Predators 

 Information on predators of forage fi sh on inner shelf  
areas is limited, yet such information is critical for construct-
ing dynamic food web models that can assess the mechanism(s) 
that drive complex trophic relationships. A wide variety 
of marine predators depend on forage fi sh as their primary 
prey, including elasmobranchs, teleosts (e.g., demersal fi shes, 
salmon, tuna), seabirds, cetaceans, and pinnipeds (Brodeur et 
al.  2014 ; Pikitch et al.  2014 ; Szoboszlai et al.  2015 ; Hazen et al. 
 2019 ), many of which are of conservation concern. For exam-
ple, Pacifi c salmon  Oncorhynchus  spp. comprise a number 
of species and stocks in the NCC that are classifi ed as either 
threatened or endangered under the U.S. Endangered Species 
Act, and these species often consume forage fi sh (Brodeur et 
al.  2014 ). Similarly, the marbled murrelet  Brachyramphus mar-
moratus , which is also listed as globally endangered ( https://
www.iucnr edlist.org/ ), feeds primarily on forage fi sh in inner 
shelf  waters of the NCC during the breeding season and is 
unable to nest successfully without an abundant supply of 
forage fi sh prey (Betts et al.  2020 ). Indeed, recent work using 
high- throughput genetic sequencing found more than a dozen 
forage fi sh species were used by murrelets during the breeding 
season, including commercially important species (Fountain 
et al., unpublished data). Many seabirds and pinnipeds are 
restricted to nearshore areas during the production of young, 
because they implement a central place foraging strategy that 
constrains foraging activities to areas that are in close proximity 
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to nesting colonies, rookeries, and haulout sites. Finally, it is 
possible that large releases of hatchery salmon into the NCC 
ecosystem creates both predation and competition challenges 
for forage fi shes (Thayer et al.  2014 ; Litz et al.  2019 ). Although 
this is likely a transient event as smolts migrate offshore and 
prespawning adults migrate back inshore, the magnitude of 
such impact is currently unknown and should be the focus of 
future work. 

 Given that changes in the forage fi sh community can 
have a strong effect on the productivity and survival of  many 
predators (Cury et al.  2011 ; McClatchie et al.  2016 ; Piatt 
et al.  2020 ), better assessment of  the dietary preferences of 
different predator species, and how their preferences shift in 
space and time are also needed. For example, Gladics et al. 
( 2014 ) used a combination of  methods to examine nearshore 
interactions between the piscivorous common murre, three 
piscivorous fi shes, and forage fi sh across contrasting ocean 
conditions, and could serve as a model for future work. Such 
data will help to prioritize conservation actions for key prey 
species in inner shelf  food webs, and for those species that 

might shift into that role with projected climate change. A 
promising fi rst step in this direction would be the undertak-
ing a comprehensive review of  previous work on nearshore 
apex predator diets; such an effort should fi ll species-  and 
guild- specifi c data gaps, as well as generate a preliminary list 
of  forage fi shes that are especially important for supporting 
predator populations. In addition to understanding the tro-
phic relationships between forage fi sh and their predators, 
it is also critical to locate and protect inner shelf  foraging 
hotspots of  upper trophic predators given that the ocean is 
spatially heterogeneous with respect to forage fi sh distribu-
tion (e.g., Phillips et al.  2017 ). This is a key consideration for 
conservation and management of  central place foragers such 
as seabirds and pinnipeds, because their reproductive success 
depends on the proximity of  forage fi sh to terrestrial breeding 
areas. If  those hotspots are consistent both spatially and tem-
porally, they may warrant consideration for protection from 
human activities. 

 Decreased primary productivity and warm sea surface 
anomalies have led to extreme variability in marine food webs, 

  Figure  1 .                  ( A ) Forage fi sh are a critical nexus within marine food webs because they transfer energy (arrows) from lower trophic 
levels to upper trophic levels comprised of predatory fi sh, marine mammals, and seabirds. Forage fi sh represent a wide range 
of species, with the ( B ) Pacifi c Herring  Clupea pallasii , ( C ) Pacifi c Sardine  Sardinops sagax , and ( D ) Northern Anchovy  Engraulis 
mordax  being especially important in coastal ecosystems along the western coast of North America. Photo/illustration credits: 
( A ) Moni Kovacs and Kathleen Cantner, ( B ) Janna Nichols, ( C ) Geoff  Shester, and ( D ) National Marine Fisheries Service. 

(A) (B)

(C)

(D)
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with cascading negative impacts on survival, productivity, and 
physiological condition of apex predators (Figures   2A, 2B ; 
McClatchie et al.  2016 ; Piatt et al.  2020 ; Soledad Lemos et al. 
 2020 ). Examining the effects of extreme shifts in ocean condi-
tions on forage fi sh availability will help to reveal mechanisms 
underpinning this relationship. It is also important to iden-
tify spatially explicit differences in population trends of key 
forage fi shes to evaluate spatial variation in bottom– up and 
top– down forces linked to forage fi sh abundance. Detailed diet 
studies of upper trophic predators are a requisite by which 
spatial and temporal changes in forage fi sh availability and 
relationships to ocean climate can be evaluated. However, 
such research needs to go beyond documenting prey use alone 
and must include a focus on temporal and spatial variation 
in the energetic profi tability of consuming different forage 
fi shes (Litz et al.  2019 ). Energy content is a product of both 
body size and energy density and varies as a function of ocean 
conditions (von Biela et al.  2019 ); therefore, studies evaluating 
how forage fi sh availability affects populations of apex pred-
ators should include assessments of the taxonomic composi-
tion of forage fi sh found in predator diets, as well as their size 
and energy density.   

   Research Need #4: Predicting the Eff ects 
of Future Climate Change 

 Although it is impossible to accurately predict the long- 
term effects of  anthropogenic climate change on marine com-
munities, recent anomalies may provide a preview of future 
changes that are expected in NCC nearshore areas. From 

2014– 2016, the NCC experienced one of the most extensive 
warming events of the past 2 decades when a reduction in 
winter storms in the Gulf  of  Alaska created a warm water 
lens that shifted south and prevented sustained upwelling in 
the NCC (Bond et al.  2015 ); it was then followed by one of the 
warmest El Niño events on record in the North Pacifi c (Jacox 
et al.  2016 ). The fallout of this extended warming period prop-
agated throughout the northeastern Pacifi c and the impacts 
on forage fi sh populations are thought to have been extensive 
(Arimitsu et al.  2021 ). In the absence of their normal crus-
tacean prey, many forage fi sh diets shifted to gelatinous and 
lipid- poor, warmwater zooplankton species during warm 
years, such as occurred during the North Pacifi c marine heat-
wave of 2015– 2016 (Brodeur et al.  2019 ; von Biela et al.  2019 ). 
These alternative prey taxa are thought to be less energeti-
cally profi table and led to lower fi sh body condition (Brodeur 
et al.  2019 ), which likely drove down forage fi sh productivity 
and energy content. This, in turn, negatively impacted food 
resources for higher trophic level predators during anoma-
lously warm ocean years (McClatchie et al.  2016 ; Piatt et al. 
 2020 ; Soledad Lemos et al.  2020 ). Warming ocean tempera-
tures are also likely to increase metabolic demand of forage 
fi sh species and alter the foraging behavior and profi tability 
of their predators (Piatt et al.  2020 ). 

 The large sea surface temperature anomalies of  the 
2014- 2016 marine heatwave (Bond et al.  2015 ) also resulted 
in an unprecedented expansion of  toxic algal blooms that 
closed commercial fi sheries, and the toxins likely prop-
agated up the food web to stranded marine mammals via 

   Table  1 .        Forage fi sh species found in inner shelf waters of the Northern California Current (NCC). Included are fi sh species that are part of the 
forage base throughout their entire lives, as well as species where only the juvenile stage fi lls that role (e.g., salmon, rockfi sh). Information on 
stock assessments or at least some form of population biomass estimates for the species and whether they are listed under the Endangered 
Species Act (ESA) is provided. Predators that feed on these species are listed by group: birds (B), marine mammals (M), and fi sh (F). Fisheries 
that do or have targeted these species are also noted. Portions of a species’ life cycle spent in nearshore waters is either partial (P) or full (F). 
Occupation of the NCC is either resident (R) or transient (T). Fisheries that target each species include commercial (C), sport (S), tribal (T), or 
none (N). Invertebrate species that are part of the forage base, such as squid, krill, and mysids, are not included. 

 Species  Assessed? 
 ESA 

Listed?  Predators 

 Full/
partial life 

cycle  Resident/Transient 
 Target 
fi shery 

 Pacifi c Herring  Clupea pallasii   Some  No  B, M, F  P  R  C, S, T 

 Pacifi c Sardine  Sardinops sagax   Yes  No  B, M, F  P  T  C 

 Northern Anchovy  Engraulis mordax   Yes 1      No  B, M, F  P  R  C 

 Whitebait Smelt  Allosmerus elongatus   No  No  B, M, F  P  R  S 

 Surf Smelt  Hypomesus pretiosus   No  No  B, M, F  F  R  S, T 

 Night Smelt  Spirinchus starksi   No  No  B, M, F  P  R  C, S 

 Longfi n Smelt  S. thaleichthys   No  No  B, M, F  P  R  S 

 Eulachon  Thaleichthys pacifi cus   No  Yes  B, M, F  P  R  S, T 

 Pacifi c Sand Lance  Ammodytes 
personatus  

 No  No  B, F  F  R  N 

 Top Smelt  Atherinops affi  nis   No  No  B, M, F  P  R  S 

 Pacifi c Mackerel  Scomber japonicus   Yes  No  M  P  T  C 

 Chinook Salmon  Oncorhynchus 
tshawytscha  

 Yes  Some  B, M, F  P  R  C, S, T 

 Chum Salmon  O. keta   No  No  B, M, F  P  R  C, S, T 

 Coho Salmon  O .  kisutch   Yes  Some  B, M, F  P  R  C, S, T 

 Pink Salmon  O. gorbuscha   No  No  B, M, F  P  R  C, S, T 

 Sockeye Salmon  O. nerka   No  Some  B, M, F  P  R  C, S, T 

 Juvenile rockfi sh  Sebastes  spp.  Adults only  No  B, M, F  P  R  N 

     1   Stock assessment undertaken only for the central subpopulation   
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forage fi sh that consumed plankton (McCabe et al.  2016 ). 
Copepod assemblages failed to undergo the typical transi-
tion from  warmwater, lipid- poor species to coolwater, lipid- 
rich species during summer months (Fisher et al.  2020 ), and 
colonial gelatinous pyrosomes moved north (Figure   2C ), 
substantially reducing phytoplankton biomass (O’Loughlin 
et al.  2020 ). The timing and spawning of  pelagic fi shes were 
also altered, with Northern Anchovy and Pacifi c Sardine 
 Sardinops sagax  larvae present year- round, indicating 
nearly continuous nearshore spawning in species that nor-
mally spawn offshore during the summer months (Auth et 
al.  2018 ). Although the full extent of  how these especially 
warm conditions impacted marine food webs is still being 
realized, it appears likely that this type of  anomalous event 
will increase with projected climate change in the NCC 
ecosystem. 

 Given that climate- driven changes are creating condi-
tions outside the range of  recent historical variation, it is 
perhaps not surprising that current forage fi sh distribution 
and production models have experienced reduced predictive 
ability (Muhling et al.  2020 ). Findings such as these empha-
size the importance of  research to better understand forage 
fi sh distribution and abundance, their underlying popula-
tion drivers and population variability, and their interaction 
with apex predators; projected climate change scenarios 
lend urgency and add heightened importance to this work. 
Recent anomalous events also demonstrate the need for 

studies aimed at understanding fundamental responses to 
climate warming, such as full lifecycle physiological toler-
ances (Muhling et al.  2020 ). Although we view all of  the 
research needs we have outlined as important, the anoma-
lous events recorded in recent years may only hint at the full 
scope of  how anthropogenic climate change may alter inner 
shelf  marine ecosystems globally, including forage fi sh. 
Thus, undertaking research to improve our understanding 
of  forage fi sh in inner shelf  systems at present provides the 
best opportunity to gain the knowledge needed to conserve 
and manage this key group as our oceans continue to be 
impacted by a changing climate.   

   CURRENT CHALLENGES AND FUTURE OPPORTUNITIES FOR 
UNDERSTANDING FORAGE FISH IN THE NCC 

 Forage fi sh are well recognized for both their economic 
value and their ecological importance, and this recognition 
has been better acknowledged recently by federal- , state- , 
tribal- , and local- level policy processes. For example, federal 
legislation in the United States has included fi shery man-
agement plan amendments designed to protect unfi shed for-
age species and adopt a broader and more comprehensive 
view of ecosystem- based fi shery management ( https://bit.
ly/3JOL5UD ). Although not specifi cally aimed at address-
ing inner shelf  areas, this represents a promising step towards 
broader recognition of the economic and ecological val-
ues that forage fi sh provide, and the importance of their 

  Figure  2 .                  Recent changes in the coastal marine ecosystems have led to ( A ) large- scale seabird die- off s, as shown by this com-
mon murre  Uria aalge  mortality event, and ( B ) reduced body condition of marine mammals, such as this Guadalupe fur seal 
 Arctocephalus townsendi . Mortality and reduced health can occur in apex predators due to reductions in the availability of the 
forage fi sh upon which they depend. In addition, changes in ocean conditions are also leading to an infl ux of new species into 
coastal ecosystems, such as ( C ) the pyrosome  Pyrosoma atlanticum , which has been found to be abundant and widespread in 
coastal waters of the Northern California Current during recent warming events; the impact of pyrosomes on forage fi sh prey 
availability is currently unknown. Photo credits: ( A ) David Irons, ( B ) Jane Holbrook, Oregon Marine Mammal Stranding Network, 
( C ) Richard Brodeur. 

(A) (B)

(C)
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conservation for both ecosystem functions and human popu-
lations (Anstead et al.  2021 ). 

 In our view, we predict that several obstacles that have 
historically constrained research on forage fi sh within inner 
shelf  systems may be overcome using diverse approaches that 
have been implemented in other settings (Duffy et al.  2013 ; 
Kuebbing et al.  2018 ; Menge et al.  2019 ; Muelbert et al.  2019 ; 
Table  2 ). As is common for other interdisciplinary and long- 
term ecosystem research, a combination of limited budgets 
and the short- term nature of funding cycles for research and 
monitoring ultimately restricts the scope of projects to short 
time periods and prevents capturing longer- term fl uctuations 
in forage fi sh populations. The shallow nearshore environ-
ment also imposes a unique set of logistical challenges that 
can impede forage fi sh research. These areas contain hazards 
to both navigation and working conditions that are particu-
larly pronounced in rough weather, and larger research ves-
sels designed to work in deeper open waters are ill equipped 
to handle such conditions. Additionally, the patchy nature 
of forage fi sh necessitates surveying large areas of the ocean, 
requiring extremely mobile and/or long- endurance sampling 
platforms. Translating correlative observations into causal 
mechanism for predictive modeling remains diffi cult because 
of these pronounced limitations and obstacles.  

 The development and funding of a long- term monitoring 
and research programs designed to address the research needs 
described herein provides the best opportunity to advance our 
knowledge base for inner shelf  forage fi sh (Table   2 ). Annual 
assessments of forage fi sh are critical for documenting popu-
lation fl uctuations related to local conditions and basin- scale 

anomalies, in addition to determining harvest levels for tar-
geted forage fi sh fi sheries that also provide an adequate prey 
base for upper trophic predators. Such a nearshore program 
could benefi t existing observation platforms and monitoring 
programs by augmenting offshore surveys that specifi cally 
target mapping and sampling of forage fi sh, such as the long- 
term ichthyoplankton data being collected along the Newport 
Hydrographic Line in the NCC (Auth et al.  2018 ). Additional 
data can be obtained by combined observational approaches, 
through traditional sampling methods that are tailored for use 
by recreational anglers and citizen scientists, as well as new 
technological approaches that include autonomous underwa-
ter vehicles, sail drones, environmental DNA analysis, optical 
and acoustic data, and imaging from aerial drones, among 
others. These emerging technologies provide new horizons 
for research in the undersampled nearshore zone, enabling us 
to overcome many historical challenges due to logistical haz-
ards. With respect to funding, a multidisciplinary, multiagency 
cooperative approach that implements the sharing of fi nan-
cial responsibility and resources would lead to the procure-
ment of comprehensive data sets that would fulfi ll the needs 
of researchers, managers, and policymakers alike. Although 
establishing and funding new cross- agency forage fi sh research 
programs will be challenging, we are optimistic that imped-
iments to such programs will be outweighed by the value of 
the new information they produce, and that steps can be taken 
now to move towards this larger goal. This is especially true 
given that research on forage fi shes on the inner shelf  must 
be undertaken soon if  we are to address the social- , manage-
ment- , and climate- driven changes that are expected in coastal 

   Table  2 .        Examples of approaches to advance recommendations of (1) expanding surveys of forage fi sh abundance and distribution, (2) 
understanding bottom– up control of forage fi sh populations, (3) evaluating links between forage fi sh and upper trophic predators, and (4) 
predicting the eff ects of future climate change in inner shelf marine ecosystems. 

 Challenge  Operational Needs  Examples of Solutions 

 Nascent public policy recognition of inner 
shelf forage fi sh research needs 

 Ecosystem- based public policy for understanding 
forage fi sh and associated trophic structures 

      •     Ecosystem- based amendments to United 
States fi shery management plans including 
highly migratory species ( https://bit.
ly/3JOL5UD ) 

   •     Financial support structures connected to 
public policy directives    

 Primarily short- term, small spatial scale 
research 

 Identify and augment existing long- term 
platforms and programs for inner shelf forage 
fi sh and predator monitoring and process 
studies; create new platforms 

      •     Newport Hydrographic Line (Auth et al.  2018 ) 
   •     National Oceanic and Atmospheric 

Administration Cooperative Institutes 
   •     Marine Biodiversity Observation Networks 

(Duff y et al.  2013 ) 
   •     Partnership for Interdisciplinary Studies 

Coastal Oceans (Menge et al.  2019 )  
  •     International Long- Term Ecological Research 

Network (Muelbert et al.  2019 )    

 Intentional opportunities for knowledge 
networking 

      •     Symposia co- convened by professional 
societies representing the diff erent 
disciplines 

   •     Researcher fi eld exchanges    

 Unite oceanography, climate science, fi sheries, 
upper trophic level research 

      •     Cooperative research agreements    

 Identify and fi ll gaps in data access and sharing; 
repository crosswalks 

      •     DataOne ( www.datao ne.org )    

 Hazards of work in nearshore  Invest in and operationalize new technologies 
using mobile and/or long- distance sampling 

      •     Autonomous underwater vehicles 
   •     Sail drones 
   •     environmental DNA analysis 
   •     Optical and acoustic data 
   •     Drone imagery    

 Use vessels suitable for surveying and sampling 
in the inner shelf 

      •     Collaborations with industry    
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regions and their associated marine ecosystems in the coming 
decades.  
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Understanding leadership skills is important for professionals in all disciplines. How-
ever, much of the leadership literature is written from business and finance perspec-
tives, with comparatively little exploration of leadership in the natural resource profes-
sions. The dearth of leadership-related publications is particularly evident in fisheries.

This book is composed of 68 short personal vignettes linked to current and past leader-
ship experiences and visions for the future, written by individuals representing all aspects 
of fisheries and aquatic resource management. The vignettes are designed to inspire the 
next generation of fisheries leaders to lead at all levels of the fisheries profession. The es-
says are organized into five general themes—leadership skills and tools, courage, vision, 
relationships and teamwork, and innovation. This book is meant to provide insights 
on understanding what good leadership is and how people become good leaders in the 
fisheries profession. The book underscores the difficulties, successes, and common issues 
that fisheries professionals can expect to face relative to fisheries leadership.
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