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Abstract

Anchovy and sardine populated productive ocean regions over hundreds of
thousands of years under a naturally varying climate, and are now subject
to climate change of equal or greater magnitude occurring over decades to
centuries. We hypothesize that anchovy and sardine populations are limited
in size by the supply of nitrogen from outside their habitats originating from
upwelling, mixing, and rivers. Projections of the responses of anchovy and
sardine to climate change rely on a range of model types and consideration
of the effects of climate on lower trophic levels, the effects of fishing on
higher trophic levels, and the traits of these two types of fish. Distribution,
phenology, nutrient supply, plankton composition and production, habitat
compression, fishing, and acclimation and adaptation may be affected by
ocean warming, acidification, deoxygenation, and altered hydrology. Obser-
vations of populations and evaluation of model skill are essential to resolve
the effects of climate change on these fish.
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Climate change:
long-term, continuous
changes in climate
caused by
anthropogenic
emissions of
greenhouse gases or
aerosols or changes in
land use

Greenhouse gases
(GHGs): gases
(including H, O, CO,,
CHy, and N, O) that
affect the earth’s
radiative balance by
inhibiting reradiated
heat from exiting the
atmosphere

Landings: the
number or weight of
fishes caught and
brought ashore by
commercial,
recreational, artisanal,
and/or subsistence
fisheries

Projection:

a set of quantitative
estimations of future
ecosystem conditions,
often based on model
simulations of climate
responses to
greenhouse gas
emissions and other
forcing agents
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INTRODUCTION

Climate change and fishing are the two dominant processes by which humans affect small pelagic
fish. Both climate change and fishing have increased since about 1850. Industrial fishing and green-
house gas (GHG) emissions rose together as technology developed and both fish and fuel were
abundant and accessible. However, although fishing can ideally result in production equilibrium—
i.e., removals of fishes are compensated for by increased fish production at lower fish densities—
increasing GHG concentrations result in climate disequilibrium. For the coming generations,
although capture fisheries are unlikely to increase much beyond current levels, the earth will
warm, the oceans will acidify, and hydrology will change. How will small pelagic fish respond?

Anchovy and sardine made up 52% of landings of small pelagic fish and 13% of global capture
fisheries in 2012 (FAO 2014). The bycatch of anchovy and sardine fisheries is relatively low and
their efficiency is relatively high (Kelleher 2005), with relatively low GHG emissions per landed
weight (Parker & Tyedmers 2015), both of which result from the schooling behavior of the fishes
and the purse seine fisheries that target them. They are used for aquaculture feed, industrial oil,
health supplements, and human consumption (Barange et al. 2014). Anchovy and sardine are key
forage for marine predators, including fish, squid, marine mammals, and seabirds. They are of
increasing interest for conservation because of their perceived role as critical forage for charismatic
megafauna (e.g., marine mammals and seabirds) in many regions, and are often in the public eye
(Cury et al. 2011). Here, we consider anchovy and sardine species that complete all or most of
their life cycle in water of oceanic salinity. The areas occupied by these species include all oceans
and several inland seas and, collectively, these species constitute a large majority of the biomass
of all anchovy and sardine.

Understanding the evolution and past variability of anchovy and sardine and their causes,
including climate and fishing, is necessary to detect and predict the responses of these fishes to
atmospheric and oceanic changes caused by GHG emissions. These changes include the warming
of the earth; changes in ocean biogeochemistry, including acidification and deoxygenation; and
alteration of the hydrological cycle.

This review consists of three parts. The first part addresses the past, including anchovy and
sardine evolution, their populations, and fishing. The second part addresses the present relations
of anchovy and sardine to the environment. Finally, the third part addresses the future, including
projected effects of climate change on anchovy and sardine, observations to date consistent with
these projections, and recommended actions.

THE PAST

Anchovy and sardine evolved over millions of years (Grant & Bowen 1998), during which the
earth’s climate varied naturally. GHG emissions have now accelerated changes not only in tem-
perature but also in ocean chemistry (Gattuso et al. 2015) and hydrology (IPCC 2013). The past
evolution and fluctuations of anchovy and sardine in a naturally varying ocean may inform us
about their potential to respond to future rapid change (Munday et al. 2013).

The Evolution of Anchovy and Sardine

Anchovies (Engraulis) and sardines (Sardinops, Sardina, and Sardinella) have been described as
having “shallow population histories in deep evolutionary lineages” (Grant & Bowen 1998). This
implies that the two taxa and their species evolved millions of years ago but have relatively recently,
and in places repeatedly, established populations. Molecular genetics indicate that anchovy and
sardine speciated tens of millions of years ago (Grant & Bowen 1998).
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Sardinops and Sardina split from a common ancestor approximately 19 million years ago (Bowen
& Grant 1997). Approximately 500,000 years ago, Sardinops colonized five main locations: off
California, Japan, Chile-Peru, Australia, and South Africa (Bowen & Grant 1997). Sardina is the
European sardine; Sardinella includes tropical and some subtropical sardines (Parrish et al. 1989).

Engraulis separated from Encrasicholina in the Americas tens of millions of years ago (Grant etal.
2005). Engraulis splitinto Old World and New World groups approximately 3—8 million years ago
(Grant & Bowen 2006). Old World (Japan, Australia, South Africa, and the Northeast Atlantic) and
New World (California, Chile-Peru, and Argentina-Brazil) populations were established hundreds
of thousands of years ago (Grant & Bowen 1998).

Several traits common to both anchovy and sardine are noteworthy. Most species are 7
selected—i.e., they have a large reproductive potential and thus are capable of rapid popula-
tion growth (Murphy 1968). Most species are fecund, with serial spawning of many pelagic eggs
(Blaxter & Hunter 1982). High fecundity allows for high recruitment and rapid population growth
under conditions favorable for survival in a variable environment (Murphy 1968). Anchovy are
smaller, shorter lived, and less fecund than sardine (Lindegren et al. 2013, Murphy 1968). An-
chovy and sardine have similar life histories, composed of a brief pelagic egg stage, hatching,
yolk-sac larvae, feeding larvae, metamorphosis, juveniles, and mature adults. Both anchovy and
sardine have elongated and compressed bodies. Both are silvered, with species-specific, guanine-
containing scales whose accumulation in anoxic sediments provides a record of past abundance
(Field et al. 2009). Both taxa school, particularly in daytime, to minimize predation (Kaltenberg
& Benoit-Bird 2009). However, they also differ in key traits.

Two noteworthy divergent traits are feeding and migration. Anchovy and sardine eat phyto-
plankton and zooplankton at or near the base of the food web by filtering particles from water,
biting individual particles, or both (van der Lingen et al. 2009). Gill rakers are used for filtering.
Anchovy have coarse filters, capable of retaining relatively large particles; sardine have fine filters,
capable of retaining smaller particles. Anchovy both filter and bite, whereas sardine primarily filter.
Consequently, sardine consume smaller plankton than anchovy (Rykaczewski & Checkley 2008,
van der Lingen et al. 2009). Sardine are generally larger and faster swimmers than anchovy
(Blaxter & Hunter 1982). Consistent with this, sardine often migrate farther than anchovy
(Checkley et al. 2009b). This movement may consist of a return migration following passive
transport from a spawning location during the planktonic egg and larva stages [e.g., the Japanese
sardine migration between spawning habitats off Honshu and the juvenile habitat in the Kuroshio-
Opyashio Extension (Watanabe et al. 1995)] or a migration between feeding and spawning grounds
by older fish [e.g., the Pacific sardine migration between California and Washington or British
Columbia (Demer et al. 2012)]. The sardine run along the east coast of South Africa is a migra-
tion noteworthy for its regularity and human interest (van der Lingen et al. 2010). By contrast,
anchovy are smaller and migrate less (e.g., from onshore to offshore). The body-size differences
are also consistent with the differing bioenergetic requirements of their primary feeding modes
(van der Lingen et al. 2009). The gliding associated with filter feeding confers a bioenergetic ad-
vantage to the larger sardine, whereas the picking motion is bioenergetically advantageous for the
anchovy.

Populations

Both anchovy and sardine populations exist in most temperate and productive coastal regions in
the oceans and major seas (Figure 1, Table 1). A notable exception is the absence of sardine
from the Northwest Atlantic. Within populations, stocks (Kasapidis 2014, Parrish et al. 1989) are
usually the target of fisheries.
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Recruitment: the
entrance of fish into
the part of a
population that is
available to be caught
by a fishery

Stocks: isolated
subpopulations that
may or may not show
significant genetic
divergence (often the
unit targeted by
fisheries management)
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Figure 1

Anchovy (Engraulis spp.) and sardine (Sardinops spp., except for Sardinella brasiliensis) populations and major sources of nitrate for new
production in their habitats (mixing, upwelling, and/or rivers). Major rivers are shown as black lines. Anchovy: (D) Japanese anchovy,
E. japonicus; (@) northern anchovy, E. mordax; (®) anchovy, E. eurystole; (@) European anchovy, E. encrasicolus; (®) Australian
anchovy, E. australis; (®) Peruvian anchoveta, E. ringens; (@) anchoita, E. anchoita; (®) cape anchovy, E. capensis. Sardine:

(®) Japanese sardine, S. melanostictus; (@) Pacific sardine, S. sagax; (®) pilchard, S. pilchardus; (®) Australian sardine, S. sagax
neopilchardus; (®) Pacific sardine, S. sagax; (@) Brazilian sardine, Sardinella brasiliensis; (®) Benguela sardine, S. sugax.
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Anchovy populations in all regions have multiple stocks (Kasapidis 2014, Zarraonaindia et al.
2012). The world’s largest single-species fishery, with a maximal biomass of 22.8 million tons
(MT), is for Peruvian anchoveta (Table 1). Among anchovy and sardine stocks, those with the
fifth-, sixth-, and seventh-ranked maximal estimated biomass levels caught by fisheries are the
South African anchovy (7.9 MT), Argentine-Brazilian anchoita (5.4 M'T), and Japanese anchovy
(3.8 MT), respectively. Most anchovy stocks are coastal (i.e., in areas of the ocean bounded by
land on one side).

Sardine populations have varying degrees of stock structure within regions (Kasapidis 2014,
Parrish et al. 1989, Smith 2005). Among anchovy and sardine stocks, the Japanese sardine has the
second-largest maximal biomass caught by fisheries (19.5 MT). The third-, fourth-, and eighth-
largest maximal biomasses are for sardines off Peru (11.8 M'T) and Namibia (11.1 MT) and in the
California Current (3.6 M'T), respectively.

Each region with large populations of anchovy and sardine is nourished by upwelling, the
upward movement of nutrient-rich water from beneath the mixed layer into the euphotic zone,
often stimulated by winds. However, it is notable that the Japanese sardine, which is second in
maximal landings only to the Peruvian anchoveta, inhabits the Kuroshio-Oyashio Transition Area,
which undergoes deep, convective mixing each winter (Yasuda 2003). Many anchovy populations
occur along coasts with rivers, notably the northern, European, and Japanese anchovies and the
Argentine-Brazilian anchoita. The greater population structure of anchovy compared with sardine
may be related to their greater affinity for coastal waters and (in some cases) rivers compared
with sardine, which often occur farther offshore (Rykaczewski & Checkley 2008, Swartzman et al.
2008). The offshore distribution of sardine, which have finer gill rakers, is consistent with plankton
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Climate variability:
variability in climate
that occurs naturally
and is unrelated to
anthropogenic
emissions of
greenhouse gases or
aerosols or to changes
in land use
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communities that are composed of relatively small individuals in offshore waters (Rykaczewski &
Checkley 2008, Zarauz et al. 2009). The larger size and longer migrations of sardine may also
contribute to the lower genetic heterogeneity within its populations.

The current populations of anchovy and sardine were established within the last 500,000 years
and show low genetic diversity (Bowen & Grant 1997). The “shallow life history” of most an-
chovy and sardine populations indicates that they fluctuated greatly in size and, for some popu-
lations, were extirpated and recolonized (Grant & Bowen 1998). Climate variability, particularly
Milankovitch cycles of the past 500,000 years and the associated variations in ocean temperature
and sea level, has been proposed to be an important factor in the past ebb and flow of populations of
Old World anchovies (Grant & Bowen 2006). Warming and cooling shifted the suitable habitats,
and a low sea level restricted movement of populations. Refugia are likely important for popu-
lation survival at a small size (Lecomte et al. 2004). Examples of refugia for current populations
include the Galapagos for the Peruvian anchoveta (Bertrand et al. 2004), the Pacific coast of Baja
California for the Pacific sardine (Lluch-Belda et al. 2003), and river plumes for the European
sardine (Bellier et al. 2007).

The cape anchovy off South Africa is noteworthy for the lack of a refugium (Grant & Bowen
2006). The cape anchovy consists of two genetic types, each of which is more closely related to
the European anchovy than to the other cape anchovy type. The cape anchovy appears to have
been repeatedly extirpated and refounded, the source being Europe. An explanation may be that
the cape anchovy habitat in the Benguela Current System is bounded by two warm currents:
the Angola Current to the north and the Agulhas Current to the east. Under warming, the cape
anchovy is unable to shift poleward, lacking a refugium. The cape anchovy off South Africa may
thus have been extirpated during past warm periods and be unusually vulnerable to ocean warming
from future climate change.

Fluctuations Over Time: The Paleontological Record

Coastal basins with high primary productivity and low exchange of bottom water often contain
anoxic sediments in which fish parts are preserved, forming a record of past fish occurrence
(Soutar & Isaacs 1969). Sediment cores reveal annual varves that contain fish scales, bones, and
otoliths (Field et al. 2009, Finney et al. 2010, Jones 2016, Soutar & Isaacs 1969). Time series
of the deposition rate of fish scales and otoliths have been constructed for periods of centuries
to millennia (Field et al. 2009, Jones 2016). These can be used to characterize fluctuations in
populations of small pelagic fish prior to industrialized fishing and GHG emissions. Some anoxic
basins are at or near regions of high production and the known, modern-day spawning locations
of anchovy and sardine, allowing comparisons of deposition rates and populations (Field et al.
2009). Anchovy and sardine populations expand and contract laterally as they grow and shrink,
respectively (Barange et al. 2009b, MacCall 1990). The degree to which sedimentation of fish
parts represents changes in population size or distribution is uncertain. In general, population size
varies with scale deposition rate off California and Peru (Field et al. 2009). Although not exact,
the deposition rate of fish scales is often used as a proxy for the abundance of anchovy and sardine
over the past few millennia.

The Santa Barbara Basin is adjacent to the dominant spawning habitat of anchovy and sardine
on the US West Coast. The basin flushes infrequently and is typically anoxic (Goericke etal. 2015).
The deposition rates of anchovy and sardine scales have fluctuated over the past two millennia
with weak but significant positive correlation (Baumgartner etal. 1992). Periods have existed when
both rates are high, both are low, or one is high and the other is low. Modes of variation with a
50-80-year period exist for both species, similar to that of the North Pacific climate (Minobe 1997).
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Analysis of fish scales in sediment cores from other locations also indicates that anchovy and
sardine fluctuated prior to climate change and fishing. Anchovy and sardine abundance have
alternated in the Gulf of California since at least 1,730 years before present (YBP) (Holmgrenurba
& Baumgartner 1993). Anchovy and, to a lesser degree, sardine scales in the sediments of basins
off Peru and Chile show variations prior to fishing on a range of scales over the past 1,500 years
(Guifiez et al. 2014, Valdes et al. 2008). A core to approximately 600 YBP from Walvis Bay,
Namibia, was dominated by sardine scales that varied with an approximate period of 25 years
(Shackleton 1987).

In summary, anchovy and sardine scales accumulated at sites off California, Peru, Chile, and
Namibia at variable rates both before and after the start of human fishing activity. This variability
is likely the response of the anchovy and sardine populations to climate variation (Baumgartner
etal. 1992, Lindegren et al. 2013).

Fishing Peaks and Greenhouse Gases Accumulate

The period since about 1950 is one of accelerating GHG accumulations and asymptotic landings
by capture fisheries (Figure 2). Rates of emission and accumulation of GHGs in the atmosphere
and ocean continue to increase (IPCC 2013). pCO, in the atmosphere has increased from a
preindustrial concentration of 280 ppm to more than 400 ppm (Keeling 2016). Seawater pH has
decreased by 0.11 units, equivalent to a 30% increase in the concentration of hydrogen ions (IPCC
2013). Simultaneously, the annual global fisheries catch reached a maximum of 130 MT in the
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Figure 2

Climate and fisheries time series, showing atmospheric pCO; (Keeling 2016), the annual global temperature anomaly relative to its
mean for the twentieth century (NOAA 2016), reconstructed catch and reported landings for global fisheries (Sea Around Us 2016),
and reported global landings of anchovy and sardine (FAO 2016).
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Bottom up: describes
changes at the base of
the food web
influencing
populations at higher
trophic levels, often
stimulated by climate
or ocean change

Top down: describes
changes at the top of
the food web
influencing
populations at lower
trophic levels, often
stimulated by fishing
mortality or predation
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mid-1990s and has since fluctuated around 110 M'T (Pauly & Zeller 2016). All major stocks of
anchovy and sardine have been fully exploited (Herrick et al. 2009). The catch of individual stocks
of anchovy and sardine has fluctuated in a way that is consistent with fluctuations estimated from
scale deposition rates in the geological record, with Namibia a notable exception. The fisheries
off Japan, the west coast of North America, Peru, South Africa, and Northwest Africa have varied
on a scale of 50-80 years, with decline followed by recovery (Barange et al. 2009a). However, the
sardine fishery off Namibia, which peaked in 1993, has not recovered (Boyer & Hampton 2001,
Kirchner et al. 2009).

CURRENT UNDERSTANDING

Fisheries have led to observations, analysis, and modeling as means to understand the spatial and
temporal variation of populations of small pelagic fish. Habitats have been described and mech-
anisms for population variability proposed (Checkley et al. 2009b, MacCall 2009). The resultant
understanding can be used to create models to predict future states and thus inform management
and policy decisions under climate variability and change. This understanding also shows how
fisheries management has a limited ability to control fluctuations in stock size, consistent with the
primary control of those stocks being from the bottom up (i.e., climate) rather than from the top
down (i.e., fishing).

Habitats

Anchovy and sardine require plankton for food. A useful way to classify populations is by the source
of new nitrogen on which their food relies (Figure 3). New production is based on nitrogen from
outside the system (Dugdale & Goering 1967). Fishing removes nitrogen in anchovy and sardine
from their habitat. At a steady state, an upper limit on fish production is based on the input of
new nitrogen (Ryther 1969). We hypothesize that variation in the supply of new nitrogen among
habitats influences the magnitude of primary production, its temporal variability, the composition
of the plankton, and ultimately the productivity of anchovy and sardine populations. These sources
are projected to vary with climate change because of changes in winds, stratification, river flow,
and the nutrient content of the source water.

Anchovy are present where new nitrogen is supplied primarily by coastal, wind-driven up-
welling or rivers (Figure 1, Table 1). Examples where coastal, wind-driven upwelling is the
dominant source in anchovy habitats include Peru, Japan, the California Current System, Europe,
South Africa, and southern Australia. The anchoita is noteworthy for its close association with the
Rio de la Plata (de Macedo-Soares et al. 2014). Many European anchovy stocks have river associ-
ations, e.g., in the Bay of Biscay (Bellier et al. 2007), the northwest Mediterranean Sea (Agostini
& Bakun 2002), and the Aegean Sea (Lloret et al. 2004). The northern anchovy habitat includes
water affected by the plume of the Columbia River (Emmett et al. 2005). Anchovy spawning
and migration off China and Taiwan are related to freshwater (T'sai et al. 1997, Tu et al. 2012).
Anchovy eggs are found in salinities as low as 15 off Japan (Oozeki et al. 2007). Thus, although
upwelling is the principal source of new nitrogen in the anchovy habitats, rivers also contribute.

Sardine generally occur farther offshore than anchovy (Gutierrez et al. 2007, Rykaczewski &
Checkley 2008). New nitrogen is supplied in these habitats by upwelling or deep mixing. The
Pacific sardine in the California Current System inhabits a region dominated by wind-stress-
curl-driven upwelling, in which the offshore increase in wind speed causes slow but widespread
upwelling (Rykaczewski & Checkley 2008). This process has not been quantified in other regions
but may be common, given the ubiquity of wind-stress-curl-driven upwelling (Chelton etal. 2004).
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River

Example:
Japanese sardine

Upwelling

Example:
Peruvian anchoveta

Figure 3

Example:
anchoita

Processes that supply new nitrate to anchovy and sardine habitats. Upwelling caused by wind is the most common mechanism that
supplies nitrate from below the surface waters to these habitats. The Peruvian anchoveta is the world’s largest single-species fishery,
and new nitrate is supplied by coastal wind-driven upwelling. Not displayed is upwelling driven by wind-stress curl, which is important
for the Pacific sardine (Rykaczewski & Checkley 2008) and possibly also for sardine elsewhere. Mixing occurs when surface water is
cooled by cold, dry winter winds and convection mixes these cooled waters deep in the water column, bringing nitrate-rich waters to
the surface. An example is the habitat of the Japanese sardine in the Kuroshio-Oyashio Transition Area (Yasuda 2003). Rivers supply
nitrate to coastal waters and are particularly important for anchovy. The anchoita habitat includes the Plata Plume Water (de

Macedo-Soares et al. 2014).

The Japanese sardine is noteworthy for its occurrence in the Kuroshio-Oyashio Transition Area
(Watanabe 2009). New nitrogen is supplied in this region by deep convective mixing in winter
and lateral advection (Yasuda 2003). The depth of mixing is positively related to sardine survival
(Nishikawa & Yasuda 2008).

Each region has a dominant source of new nitrogen that is reflected in the stock of anchovy
or sardine that has the largest maximal abundance (Figure 1, Table 1). In the Humboldt Cur-
rent region, the Peruvian anchoveta habitat is dominated by strong wind-driven upwelling ow-
ing to its proximity to the equator, coast orientation, and persistent winds (maximal biomass
22.8 MT). In the Northwest Pacific, the Japanese sardine, which has a large population size, in-
habits the Kuroshio-Oyashio Transition Area, where new nitrogen is supplied by deep convective
mixing and lateral advection (maximal biomass 11.8 MT). In the Benguela Current region, the
Namibian sardine habitat is dominated by wind-driven upwelling (maximal biomass 11.1 MT).
The Argentine-Brazilian anchoita is present in a region where both the Rio de la Plata and
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upwelling are sources of new nitrogen (maximal biomass 5.4 MT). The Pacific sardine is dom-
inant in the California Current region, where wind-stress-curl-driven upwelling is the primary
source of new nitrogen (3.6 MT). Hence, either anchovy or sardine has shown maximal biomass
in the period of fisheries in each region, each with a distinct source of new nitrogen.

How will upwelling, mixing, and rivers, as sources of new nitrogen for anchovy and sardine,
respond to climate change? Anchovy are more closely associated with land, including coasts,
capes, orographic features, and rivers, all of which are geographically fixed. Sardine rely more on
open-ocean processes, away from land. Hence, anchovy have different constraints than sardine in
their ability to respond to latitudinal shifts in water properties (such as warming) and hydrology.
It is necessary to project air-sea fluxes of temperature and momentum (wind), which influence
upwelling and mixing, and river discharge, as well as the nutrient content of the source water, to
project new production in anchovy and sardine habitats and hence their potential productivity.

Mechanisms of Fluctuations

Mechanisms causing fluctuations of anchovy and sardine worldwide have received much attention
(Alheit & Bakun 2010, Alheit et al. 2009, MacCall 2009). Although these are not the primary
focus of this review, they are useful to create a conceptual understanding, which can then inform
future projections of the responses of anchovy and sardine to climate change. Mechanisms vary
in their specificity (e.g., species, populations, and stocks) and processes. A general theme is the
relative importance of bottom-up and top-down control. A prevailing view is that the fluctuations
of the size of anchovy and sardine stocks have been controlled primarily by climate variability
(bottom up) and secondarily by mortality (top down) and intrinsic traits of the species. This view is
consistent with both the paleontological record and observations during the period of fishing. The
paleontological record indicates that, given a variable climate, including temperature, wind, and
hydrology, fluctuations of anchovy and sardine stocks are inevitable. However, the characteristics
of these fluctuations are likely affected by fishing and, at times, other sources of mortality. In
particular, the recovery of stocks from low to high abundance may be slowed or prevented by
even modest mortality caused by directed fishing, bycatch, or other factors, including marine
mammals, seabirds, jellyfish, and disease (Boyer et al. 2001, Essington et al. 2015, Lindegren
etal. 2013, MacCall et al. 2016, Ward et al. 2001). Similarly, the rate of decline of a stock caused
principally by changes in climate may be accelerated by mortality of the types just listed (Essington
etal. 2015, Lindegren et al. 2013, Pinsky & Byler 2015). Finally, the duration of a period of low
abundance may be prolonged by enhanced mortality (Essington et al. 2015).

Fluctuations of anchovy, sardine, the environment, and their relationships have been described
and analyzed, yet mechanistic understanding is incomplete. Ocean temperature has been shown
to be important to explain fluctuations in anchovy and sardine in the North Pacific (Chavez
et al. 2003, Jacobson et al. 2005, Lindegren et al. 2013, Takasuka et al. 2007), the Humboldt
Current System (Alheit & Niquen 2004), and the Black Sea (Guraslan et al. 2014). Pacific sardine
production was more closely related to upwelling caused by wind-stress curl than to coastal wind
stress (Rykaczewski & Checkley 2008). Sardine recruitment off Namibia was related to ocean
temperature and wind (Daskalov et al. 2003) and the area of suitable habitat (Kirchner et al. 2009).
Proxies for the Atlantic meridional overturning circulation and the associated nutrient supply to
surface waters were related to the catches of major anchovy and sardine fisheries in the Atlantic and
Pacific (Kamykowski 2012). Zooplankton displacement volume explained variation in anchoveta
population size off Peru for 1961-2005 (Ayon et al. 2004). Cumulatively, these studies indicate
the importance of temperature and food to populations of anchovy and sardine worldwide and
thus control from the bottom up by climate.
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Top-down effects comprise mortality from natural predators and fishing. Anchovy cannibalize
their eggs and larvae (Takasuka et al. 2004). Intraguild predation has been proposed to contribute
to the alternation of abundances of anchovy and sardine (Irigoien & de Roos 2011). Juvenile
albacore have been estimated to consume up to 17% of northern anchovy prerecruitment biomass
in the California Current System (Glaser 2011). Boobies, cormorants, and pelicans were estimated
to consume 14% of anchoveta production before the fishery and 2% during the fishery in the
Humboldt Current System (Jahncke et al. 2004). Australian salmon were estimated to maximally
consume 15% of Australian sardine (Hughes et al. 2014). Jellyfish have been proposed to both
prey on the young stages and compete for the food of anchovy and sardine (Lynam et al. 2006,
Roux et al. 2013). Sharks, seabirds, and marine mammals feed on sardine during the sardine run
off South Africa (O’Donoghue et al. 2010). Fishing on top predators and anchovy affected the food
web of the Black Sea by reducing their predation on the plankton, allowing blooms of competing
gelatinous zooplankton (Daskalov et al. 2007).

Direct competition for food between anchovy and sardine appears to be rare. Anchovy and
sardine have different feeding selectivities. Other taxa—particularly vertically migrating midwater
fish and, at times, jellyfish—are as important (if not more important) competitors (Koslow et al.
2014, Robinson et al. 2014). Also, populations of anchovy and sardine are, in general, spatially
and temporally separate (de Macedo-Soares et al. 2014, Guderrez et al. 2007, Rykaczewski &
Checkley 2008, Swartzman et al. 2008).

Anchovy and sardine populations have been characterized as wasp-waist, exerting pronounced
effects on both their planktonic prey and predator populations (Cury et al. 2000). The top-down
effect may exist at small but not large scales (Atkinson et al. 2014, Ayon et al. 2008). Moreover,
increasing estimates of the abundance of midwater fish that migrate daily to the surface to feed
on the plankton indicate that anchovy and sardine may not control the zooplankton, as implied
by wasp-waist dynamics (Koslow et al. 2014).

Most hypotheses about anchovy and sardine population dynamics have been built around cor-
relations without strong mechanistic understanding. This might be sufficient if future climate
change were to be similar to past climate variability and if we had a sufficient duration of high-
quality historical observations to represent all modes of natural variability. Neither is likely true.
We still lack a complete understanding of responses to natural variability, especially at low fre-
quency. Future climate modes may differ from those of the recent historical period, as has occurred
over centennial scales (MacDonald & Case 2005). Hence, we need a mechanistic understanding
that builds on the growing knowledge of biogeochemistry, plankton composition and trophic
interactions, fish morphology, and bioenergetics as well as our best estimation of future condi-
tions. Multiple mechanisms for population fluctuations may exist, and an understanding built on
correlations between landings and the environment is unlikely to suffice.

Models

Models are necessary for prediction, which in turn is needed to inform decisions under climate
change. We briefly consider two types of models: statistical and mechanistic. Both are useful, albeit
for different purposes and at different spatial and temporal scales. Models must be at a spatial scale
consistent with those of fish populations and stocks and their environment.

Statistical models normally assume that the relationships between model parameters and the
response variable do not vary over time. Thus, statistical relationships derived from past observa-
tions are used to create a model that explains past variability and allows for near-term forecasts.
The properties of the system and knowledge of initial conditions limit the degree of forecasting in
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regard to time and detail. These two limitations make statistical models most useful for near-term
predictions.

Two examples are stock-recruit relationships and equation-free models. The relationship be-
tween the biomass of a fish stock and the number of fish that recruit to its fishery at a certain size or
age is fundamental to fisheries management (Quinn & Deriso 1999). This density-dependent rela-
tionship assumes that the number of progeny that recruit to a fishery is proportional to the number
of eggs spawned until an environmental carrying capacity is reached. Departures from this rela-
tionship are density independent and attributed to the environment. Implicitly, the stock-recruit
relationship does notaccount for climate variability and change, although environmental terms can
be added to expand this type of model. Equation-free models reconstruct the behavior of systems
directly from time-series data without the standard assumption of equations for the relationships
between variables and have been applied to the Pacific sardine (Deyle et al. 2013). However, such
models are unable to project the future state of ecosystems on the scale of climate change.

Mechanistic models are numerical representations of the dynamical processes within a system
using equations to specify relationships between variables. Such models vary greatly in complexity,
ranging from those with few parameters (e.g., the Lotka-Volterra model) to those with many
parameters (e.g., end-to-end models). Of interest are models capable of representing the effects
of climate variability and change on populations and stocks of anchovy and sardine. We briefly
review models of anchovy and sardine that are not time dependent (i.e., equilibrium models) and
those that depend on time. We acknowledge that this is but one classification of models.

Equilibrium models, including Ecopath (Pauly et al. 2000) and related types, have been used
to characterize food webs with anchovy and/or sardine across many systems. Ecopath has been
adapted to include bottom-up forcing (Steele & Ruzicka 2011) and time dependence (Ecosim;
Pauly et al. 2000). A general use of this model has been to evaluate the effects of changes to the
ecosystem caused by fishing. This type of model has shown that the Benguela Current System has
undergone major reorganizations, particularly off Namibia from the 1960s (abundant sardine) to
the 2000s (few sardine, increased gobies and jellyfish) (Shannon et al. 2009). The Atlantis end-
to-end model has been applied to the southern Benguela Current System (Smith et al. 2015).
Similar models have been used to characterize the food web off southern Australia, which includes
a major sardine stock, with particular attention to interactions between species, including seals and
squid (Goldsworthy et al. 2013). The Mediterranean Sea has been fished heavily, and equilibrium
models provide insight into the importance of top-down effects on the ecosystems, including on
anchovy (Halouani et al. 2015, Piroddi et al. 2015). The northern California Current System was
modeled in detail using both fisheries-dependent and fisheries-independent data and including
both climate (sea-surface temperature) and fishing, showing the overriding importance of bottom-
up processes (climate) (Field et al. 2006) and jellyfish (Ruzicka et al. 2012). Ecopath-type models
are particularly useful for comparing systems (Shannon et al. 2009). Collectively, these studies
are consistent with climate regulation of the bottom-up control of anchovy and sardine and their
ecosystems but also highlight how they are affected by fishing and other forms of predation.

Many dynamical models exist for systems with anchovy and sardine. There has been a pro-
gression from less complex, yet insightful, one-dimensional models (Oguz et al. 2008) to more
complex models capable of recreating important characteristics of anchovy and sardine dynam-
ics (Fiechter et al. 2015, Rose et al. 2015). The main elements characterize the water flow and
properties in time and space, usually using regional ocean models; the basic biogeochemistry,
using nutrient-phytoplankton-zooplankton-detritus models; and the upper trophic levels, includ-
ing anchovy and sardine, using individual-based and bioenergetic models. End-to-end dynamical
models may also include a submodel describing fishing behavior. Initial and boundary conditions
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and external forcing can be derived from climatology, past time series, or projections from coupled
atmosphere-ocean global circulation models.

Such models exist for all regions. The Black Sea was invaded by the ctenophore Mnemiopsis
leidyi, and the anchovy there declined but subsequently began to recover. These dynamics, based
on a model, were attributed to competition, predation, and habitat changes (Oguz et al. 2008). A
model described European anchovy recruitment in the northwest Mediterranean Sea as depending
on the place of spawning and drift of eggs and larvae as well as on the Ebro River (Ospina-Alvarez
etal. 2015). A full life-cycle model of European anchovy in the northern Aegean Sea successfully
reproduced observed characteristics of the stock, including migration (Politikos et al. 2015). Re-
tention and habitat, including future pCO,, have been indicated to be important in the Benguela
Current System (Brochier et al. 2013, Travers-Trolet et al. 2014). The effect of El Nifio on the
anchoveta in the Humboldt Current System has been modeled (Xu et al. 2015). The spawning
location off Japan and temperature and food in the Kuroshio Extension and Kuroshio-Oyashio
Transition Area were shown to be important to the survival and growth of sardine larvae and juve-
niles (Nishikawa & Yasuda 2011, Okunishi et al. 2012). Climate effects on the northern anchovy
and Pacific sardine in the California Current System were modeled by combining general circu-
lation, regional ocean, individual-based, bioenergetic, and fishing models (Fiechter et al. 2015,
Rose et al. 2015). The past dynamics of anchovy and sardine, including long-term fluctuations,
were successfully reproduced. The success of this model depends in part on knowledge and rep-
resentation of biological traits distinguishing anchovy and sardine. A simpler model of the same
populations recreated both paleontological (before fishing) and recent (with fishing) fluctuations
of anchovy and sardine (Lindegren et al. 2013).

Collectively, these and other models form the basis for projections of anchovy and sardine
under future climate change. They have shown that both bottom-up and top-down processes and
species traits must be included. T'wo major challenges are the need to include climate change that
is global in origin but regional in expression and the need to continue to improve our ability to
characterize the relation of fish to the environment, particularly in terms of fish behavior.

CLIMATE CHANGE

GHG emissions cause warming of the earth, acidification of the ocean, and alteration of hydrology.
These phenomena, in turn, affect anchovy and sardine in various ways, some known and others
not. Projections for the future range from basic (including the poleward movement of populations
with warming) to complex (based on the results of mechanistic models). Collectively, this spectrum
of possible population responses begs for verification with observations.

Predicting Climate-Change Impacts on Anchovy and Sardine

The effects of future climate change (i.e., change attributed to increased GHG concentrations as
well as changes in aerosols and land use) are necessarily based on assumptions regarding future
emissions adding to current levels. Changes in atmospheric conditions associated with increased
GHG concentrations are explored under scenarios of external forcing currently termed repre-
sentative concentration pathways (RCPs) IPCC 2013). The physics of global warming and the
chemistry of ocean acidification are well understood and accepted. The subsequent effects on
ocean dynamics and ecology, including anchovy and sardine, are less well understood.
Populations and stocks of anchovy and sardine inhabit regions of the global ocean, and therefore
projections of change on the regional scale are needed. Climate change varies regionally (IPCC
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2013). The finite but multiple potential effects of warming, acidification, and hydrology on small
pelagic fish combined with the range of RCPs, regional variation, and uncertainty in future model
projections lead to a large range of possible outcomes. The longer the projection is, the greater
the uncertainties are. Long-term projections rely entirely on mechanistic models.

General circulation models are used to simulate the physical states of the atmosphere and
ocean on the scale of seasons to millennia. They can offer probabilistic projections of climate over
decadal to centennial timescales under assumed RCPs. Ensembles of general circulation model
simulations are used to characterize variability within and between models. General circulation
models are coupled with chemical and biological models to create earth system models. Models
have been compared in the Coupled Model Intercomparison Project Phase 5 IPCC 2013). During
evaluations of the ability of models to make predictions of climate variability, testing may include
withholding past data when fitting a model and then evaluating its ability to correctly reproduce
the withheld data. Future predictions may be compared with observations to evaluate model
skill over relatively short timescales. However, model assessment of climate-change projections is
more challenging given the long prediction times and climate variability, which can inhibit direct
comparison of model output with future observations and obscure detection of climate change in
observational records.

Trust in model projections is essential for their use by decision makers. Trust is based, in part,
on forecast skill as well as quantification of model uncertainty—i.e., how well different models
agree and how likely long-term projections are to come to pass. Hence, skill evaluation must be a
high priority. Weather forecasting benefits from the continuous assessment of forecast skill and
subsequent improvement of forecast models. A similar protocol should exist for model forecasts of
the effects of climate on anchovy and sardine. Interseasonal forecasts of Pacific sardine distribution
in the Pacific Northwest are promising (Kaplan etal. 2016). Implicit in skill evaluation are observa-
tions adequate for this purpose. Itis essential that time series of observations be sustained, curated,
used, and expanded in places where fisheries-independent observations do not exist. Observation
and skill assessment have been highlighted as key areas in climate-change research (IPCC 2013)
and attribution science (Natl. Acad. Sci. Eng. Med. 2016).

Over the decadal to centennial timescales relevant for anthropogenic climate change, the abil-
ity to evaluate skill through comparisons between projections and observations is limited. Unlike
forecasting efforts focused on changes at timescales of seasons to a year, it is impossible to quickly
acquire the data necessary to assess model projections of changes that occur over many decades.
Such projections rely on the ability of models to represent a wide range of mechanistic pro-
cesses that can influence anchovy and sardine. Uncertainty of projections must be considered in
a formal and systematic manner with an appreciation for differences among assumed RCPs, the
formulations and resolutions of different models (including circulation, biogeochemical, fish, and
higher-trophic-level models), natural variability in ecosystem conditions, and the role of mecha-
nisms of change that may not be represented in current models (Cheung et al. 2016, Hawkins &
Sutton 2009).

Observing

A common limitation for attribution is a sufficient observational time series (Natl. Acad. Sci.
Eng. Med. 2016), which is necessary to characterize natural variability and hence know whether
observations exceed natural bounds. Long time series of physical variables, such as sea level and
temperature, are more common than those of fish abundance and distribution. Both fisheries-
dependentand fisheries-independent data are useful. The world’s two longest time series of pelagic
ecosystems are those of the California Cooperative Oceanic Fisheries Investigations (Cal COFT)
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and the Continuous Plankton Recorder (CPR), which have been running since 1949 and 1931,
respectively. Time series are also needed to develop, execute, evaluate, and improve models.

General Projections

Potential processes that will influence the responses of anchovy and sardine to climate change
include (#) geographic shifts in distribution (often poleward); (b)) changes in phenology (seasonal,
biological cycles), including the spring transition, spawning, migration, and predation mortality;
(¢) changes in the magnitude and sources of nutrients, including new nitrogen and nutrient ratios;
(d) ocean acidification, including direct effects on fish and indirect effects on fish via the food web;
(e) habitat compression caused by shoaling of waters high in CO, and low in O,, altering trophic
interactions; (f) changes in primary and secondary production and plankton species composition
changes affecting trophic dynamics; (g) increased fishing mortality associated with changes in
aquaculture and food security; and (b) acclimation and adaptation. One challenge is to be able to
attribute observed changes to climate change rather than climate variability (Natl. Acad. Sci. Eng.
Med. 2016). Time series of observations spanning multiple decades are often needed to do this,
because climate variability occurs at multidecadal scales. For example, approximately 30-40 years
of data are needed in most regions to differentiate between the influences of climate change
and climate variability on phytoplankton (Henson et al. 2010). Because anchovy and sardine are
strongly influenced by bottom-up processes, a similarly long (or longer) timescale is likely needed.
Where attribution to climate change is not possible, consistency with it may be cited. Observed
variability always includes natural variability (Natl. Acad. Sci. Eng. Med. 2016).

Change in a climate variable does not occur in isolation (Bopp et al. 2013). Warming alters
stratification, habitable waters, and biological rates. Winds affect upwelling, flow, and mixing.
Upwelled or mixed water is rich in nitrate but also enriched in CO, and depleted in O,, with a low
pH and carbonate saturation state and changes in other nutrients (Rykaczewski & Dunne 2010).
Alteration of the hydrological cycle affects the amount, timing, and distribution of river discharge
and thus nitrate and buoyancy fluxes to the ocean. Anchovy and sardine may respond differently
to the same forces, reflecting their differing use of oceanic habitats and different diets.

Distribution shifts. Warming is predicted to cause populations to move to higher latitudes and
into deeper waters, although other movements may occur (Pinsky etal. 2013). Anchovy and sardine
have moved northward into the North Sea and adjacent waters in the past few decades (Alheit etal.
2012, Beare et al. 2004, Montero-Serra et al. 2015, Petitgas et al. 2012). This shift is consistent
with warming resulting from climate change. Although the occurrence of anchovy and sardine in
these waters may not be unprecedented, it has been proposed as a forerunner of future changes
(Enghoft et al. 2007).

Phenology. Changes in phenology are of particular concern because of their possible effects
on trophic interactions, such as Cushing’s match-mismatch hypothesis (Durant et al. 2007). An
analysis of the timing of the peak occurrence of anchovy and sardine larvae over six decades off
California showed variations in phenology (Asch 2015). Although phenological changes for several
species of larval fishes were consistent with climate change, variations in the phenology of anchovy
and sardine were more consistent with an influence of climate variability.

The migration phenology of forage fishes, including sardine, in the Columbia River plume was
linked to seasonal changes in sea-surface temperature, salinity, and river flow and not linked to
zooplankton abundance or upwelling (Kaltenberg & Benoit-Bird 2009). Although this study was
too short to be directly informative about climate change, it indicates that changes in temperature
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and hydrology will influence sardine phenology under a warming climate. The phenology of river
discharge, a source of new nitrogen, has changed in many regions and is projected to continue
to change (Stewart et al. 2005). It also indicates that the phenology of sardine spawning and pri-
mary and secondary production may evolve differently under climate change, leading to potential
seasonal mismatches, thus affecting mortality, growth rates, and recruitment.

Quality of source water. An unexpected consequence of warming is a poleward shift in the sub-
duction of source water upwelled in the California Current System (Rykaczewski & Dunne 2010).
The increased transit time between sinking and upwelling of water masses leads to higher nitrate
concentration and primary production in the habitat of anchovy and sardine. This mechanism
also alters nutrient ratios in the upwelled water, which may affect the species composition of the
plankton. Precipitation and river discharge will change, but not uniformly (IPCC 2013). Mean
precipitation in midlatitude and subtropical regions is predicted to decrease in dry regions and
increase in wet regions (IPCC 2013). Combined changes in climate and land use will cause the
amount and nutrient content of river water to vary (IPCC 2013), with potentially greater effects
on anchovy than on sardine.

Ocean acidification. The effects of ocean acidification on anchovy and sardine are perhaps the
most challenging effects of climate change to describe. CO; emitted by human activities accumu-
lates in the ocean, decreasing the carbonate ion concentration (CO; ™), pH, and saturation state
of calcium carbonate (CaCOjs) (Gattuso et al. 2015, IPCC 2013). The effects of these changes on
anchovy and sardine may be direct, such as effects on olfaction (Munday et al. 2009) or balance
and orientation (Checkley et al. 2009c¢), or indirect, via the food web (Bednarsek et al. 2014).

Habitat compression. Increased CO; and decreased O, move the aragonite compensation depth
(Feely et al. 2008) and oxycline (Bertrand et al. 2011) upward, compressing the habitat for both
competitors and predators of anchovy and sardine (Netburn & Koslow 2015).

Plankton composition and production. Primary production is projected to decrease at most
subtropical and temperate latitudes where anchovy and sardine occur (Bopp et al. 2013). How-
ever, production in upwelling regions may increase and merit particular attention (Rykaczewski
& Dunne 2010). Diatoms and other larger-sized phytoplankton are projected to experience more
precipitous declines in abundance than other types of phytoplankton (Marinov et al. 2010). This
has implications for anchovy and sardine, given their different feeding selectivities for plankton
(van der Lingen et al. 2009). Climate-change effects on primary production are projected to
become amplified at higher trophic levels (Stock et al. 2014). Gelatinous zooplankton may pro-
liferate with warming, eutrophication, the depletion of predators and competitors by fishing, and
increased substrate for reproduction, although there is little supporting evidence that ecosystems
worldwide are becoming dominated by jellyfish (Condon et al. 2013). The increased abundance of
whales and pinnipeds resulting from their protection (Estes et al. 2006) contributes to increased
predation mortality of anchovy and sardine. Harmful algal blooms, which may be increasing be-
cause of climate change, killed sardine off South Africa while minimally affecting anchovy (van der
Lingen et al. 2016). The finer filters of sardine are hypothesized to make them more vulnerable
than anchovy to these blooms.

Fishing. Demand for small pelagic fish is likely to increase for use in aquaculture (Merino et al.
2010). Food security may be at risk owing to conflicts arising from climate change, drought, and

changes in agricultural food production (Smith et al. 2011). Change in the availability of and
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demand for small pelagic fish will put stress on fisheries management. Distributional shifts caused
by climate change and expansion or contraction of populations will require new transboundary,
international efforts in management (Ishimura et al. 2013).

Acclimation and adaptation. Species may acclimate or adapt under climate change (Munday
et al. 2013). Both experiments and observations are useful to assess these processes. Studies in
locations where anchovy and sardine are exposed to conditions projected under climate change
may be particularly valuable. Coastal Peru—the habitat for the anchoveta, which is the world’s
largest single-species fishery—is such a place, with pCO; ranging up to 1,500 ppm (Friederich
et al. 2008). High levels of phenotypic plasticity may also reduce the ability of species to adapt to
climate change via natural selection: Acclimation will initially lead to greater survival and resilience
as change begins, but when conditions exceed the range to which a species has been previously
exposed, acclimation may no longer be sufficient to promote resilience (Anderson et al. 2013).

SUMMARY POINTS
1. Anchovy and sardine evolved over millions of years and share and differ in key traits.

2. Anchovy and sardine are part of an assemblage of fish that eat plankton and are forage for
predatory fish, squid, birds, and mammals. This assemblage may in places be dominated
by migrating midwater fish rather than anchovy and sardine.

3. Anchovy and sardine stocks have fluctuated, often asynchronously, on the scale of many
decades for millennia. These fluctuations occurred both before and after the start of
human fishing activity.

4. Anchovy and sardine populations vary primarily in response to climate.

5. Anchovy and sardine stocks can be classified by the source of new nitrogen supporting
their food webs.

6. Fishing may alter fluctuations in anchovy and sardine stocks, but it neither causes nor
prevents these fluctuations.

7. Climate change may affect anchovy and sardine populations through ocean warming,
acidification, habitat compression, nutrient supply, phenology, and changes in the food
web and demand for aquaculture.

8. Realistic models of anchovy and sardine populations with climate change and fishing and
at the appropriate scale and resolution are achievable.

9. Trust in projections derives from continued assessment of forecast skill and model
improvement.

FUTURE ISSUES

1. Time series of observations of anchovy, sardine, and the environment are necessary to
be able to attribute variations to climate change and for models.

2. Mechanistic modeling of climate-change effects on anchovy and sardine should be at
scales relevant to stocks, management, and policy.
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3. A focus is needed on bottom-up processes, particularly the supply of new nitrogen; top-
down processes, including fishing; and species traits.

4. Ocean acidification, acclimation, and adaptation merit particular attention and continued
research, especially in regions of extreme natural variability in the environment, such as
off Peru.

5. Forecast skill must receive greater attention if model projections for use in decisions are
to be trusted.
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