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Food from the SeaFood from the Sea

 ““FisheriesFisheries”” definition -- includes all  definition -- includes all ““fishedfished””
speciesspecies
 Seaweed, including kelpSeaweed, including kelp

 Invertebrates (lobster, crab, krill, oysters,Invertebrates (lobster, crab, krill, oysters,
shrimp, etc.)shrimp, etc.)

 Fish: bottom dwellers, e.g., hake, haddock,Fish: bottom dwellers, e.g., hake, haddock,
cod, and pelagic fish, e.g., sardine, anchovy,cod, and pelagic fish, e.g., sardine, anchovy,
herring (small) and mackerel, tuna, etc.herring (small) and mackerel, tuna, etc.
(large)(large)

 WhalesWhales
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Why are we talking aboutWhy are we talking about
fisheries?fisheries?

 Important as food for us!Important as food for us!
 ~18% of world~18% of world’’s total protein intake, ~$86 billions total protein intake, ~$86 billion

industry, ~43.5 million people employedindustry, ~43.5 million people employed

 Important Important ““toptop”” predators in marine food webs predators in marine food webs
 Keystone Species Concept: Keystone Species Concept:   Paine (1969):  A species

whose impacts on its community or ecosystem is
disproportionately large relative to its abundance or
total biomass (e.g., kelp forest otters)

 Some fish may be keystone species, others just the
“top” predator in an ecosystem

 “Ecosystem engineers”: create, modify & maintain
habitats
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Over-fishing removes the top predators,Over-fishing removes the top predators,
which affects the entire food webwhich affects the entire food web

“Fishing down the marine food web” (Pauly et al. 1998)

Pauly & Maclean 2003
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More More ““whywhy’’ss”” directly relevant to  directly relevant to planktonicplanktonic
ecosystemsecosystems

 Role of fish eggs, larvae and juveniles inRole of fish eggs, larvae and juveniles in
open ocean food webs: prey and predator,open ocean food webs: prey and predator,
depending upon life cycle stagedepending upon life cycle stage
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Developmental StagesDevelopmental Stages

Fuiman & Werner 2002
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Fish LarvaeFish Larvae
Fresh vs. Marine Larvae
•  Fresh water eggs tend to be
bigger, as do their larvae (more
advanced)

•  Marine larvae take longer to
develop: avg. time 36 days, relative
to freshwater larvae developing in
21 days.

•  More likely to broadcast eggs in
marine environment, with more
eggs per spawning event

Why?  Patchy food supply vs.
           Competition for food

Fuiman & Werner 2002
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Larvae Larvae vsvs. Juveniles:. Juveniles:
MetamorphosisMetamorphosis

 Definition: A complete alteration of form andDefinition: A complete alteration of form and
habithabit

 In fish not as extreme as in insects and in someIn fish not as extreme as in insects and in some
forms (direct development) the larval stage isforms (direct development) the larval stage is
absentabsent

 Change in habit: Change in habit: planktonic planktonic to benthic/substrateto benthic/substrate
 Change in form: eye migration (flat fishes), filterChange in form: eye migration (flat fishes), filter

feeders to parasites (lampreys), reduction in sizefeeders to parasites (lampreys), reduction in size
(eels), specialized structures occurring only in(eels), specialized structures occurring only in
larvae (adhesive organs, elongated fins andlarvae (adhesive organs, elongated fins and
spines, etc.)spines, etc.)
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Metabolic rate & Stored EnergyMetabolic rate & Stored Energy

Fuiman & Werner 2002



K.E. Selph, OCN 621, Spring 2010

““RecruitmentRecruitment””
 Definition: fish surviving to the point ofDefinition: fish surviving to the point of

becoming exploitable, as defined by gear,becoming exploitable, as defined by gear,
fishing area or rules (i.e., size, sex, otherfishing area or rules (i.e., size, sex, other
factors)factors)

 Low RecruitmentLow Recruitment
 Over-fishing of adults Over-fishing of adults         low reproductionlow reproduction

low recruitmentlow recruitment

 Environmental Factors?  Even without fishingEnvironmental Factors?  Even without fishing
pressure, there is high recruitment variabilitypressure, there is high recruitment variability
year-to-yearyear-to-year



March 13. 2008 Article in NY TimesMarch 13. 2008 Article in NY Times
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ScienceScience 3 March 1995: 3 March 1995:VolVol. 267. no. 5202, pp. 1324. 267. no. 5202, pp. 1324
Climatic Warming and the Decline of Zooplankton in the California CurrentClimatic Warming and the Decline of Zooplankton in the California Current

DeanDean Roemmich  Roemmich and John McGowanand John McGowan
Scripps Institution of OceanographyScripps Institution of Oceanography

        Since 1951, the biomass ofSince 1951, the biomass of macrozooplankton  macrozooplankton in watersin waters
off southern California has decreased by off southern California has decreased by 80 percent80 percent..
During the same period, the surface layer warmedDuring the same period, the surface layer warmed——byby
more than 1.5more than 1.5°°C in some placesC in some places——and the temperatureand the temperature
difference across thedifference across the thermocline  thermocline increased. Increasedincreased. Increased
stratification resulted in less lifting of thestratification resulted in less lifting of the thermocline  thermocline byby
wind-driven upwelling. A shallower source ofwind-driven upwelling. A shallower source of upwelled upwelled
waters provided waters provided less inorganic nutrientless inorganic nutrient for new biological for new biological
production and hence supported a smaller zooplanktonproduction and hence supported a smaller zooplankton
population. Continued warming could lead to furtherpopulation. Continued warming could lead to further
decline of zooplankton.decline of zooplankton.
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HHoo: Critical Period: Critical Period
 Hjort Hjort (1914)(1914)

 After yolk-sac absorption, larvae must feed within a limitedAfter yolk-sac absorption, larvae must feed within a limited
period of time or pass period of time or pass ““the point of no returnthe point of no return””, after which they, after which they
will die of starvation regardless of food availability.will die of starvation regardless of food availability.

 An extreme interpretation of this hypothesis would be thatAn extreme interpretation of this hypothesis would be that
events during only a very short period of larval historyevents during only a very short period of larval history
determine relative year class strength.determine relative year class strength.
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HHoo: Match-Mismatch: Match-Mismatch
 Cushing, 1975, North Sea herringCushing, 1975, North Sea herring

 Fish spawn on a fixed schedule, but plankton blooms areFish spawn on a fixed schedule, but plankton blooms are
variable from year to year.  Therefore, good recruitment yearsvariable from year to year.  Therefore, good recruitment years
are those where there is a good match between the timing of theare those where there is a good match between the timing of the
bloom and drift of larvae through nursery area.bloom and drift of larvae through nursery area.

 The attractiveness of this hypothesis is in linking year classThe attractiveness of this hypothesis is in linking year class
success to the main feature in the coastal production cyclesuccess to the main feature in the coastal production cycle
(spring bloom) and its mechanistic explanation (critical depth(spring bloom) and its mechanistic explanation (critical depth
concept).concept).

Cowen & Shaw 2002
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 LaskerLasker, 1975 & 1978, Northern anchovy, 1975 & 1978, Northern anchovy
 First feeding of larvae is dependent uponFirst feeding of larvae is dependent upon

availability of high densities of availability of high densities of appropriateappropriate
foodfood

 Requires strong stratification for aggregationsRequires strong stratification for aggregations
of foodof food
 e.g., anchovy larvae need dense blooms of nakede.g., anchovy larvae need dense blooms of naked

dinoflagellate dinoflagellate prey, which develop during periodsprey, which develop during periods
of low mixing -- shallow (20-30 m chlorophyll max)of low mixing -- shallow (20-30 m chlorophyll max)..

HHoo: Stable Ocean: Stable Ocean

Amphidinium sp. Ceratium sp.
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HHoo::    PredationPredation

Because average fish larvae diesBecause average fish larvae dies
soon after hatching, predation issoon after hatching, predation is
now believed to be the majornow believed to be the major
source of fish mortality.source of fish mortality.

If high concentrations of predatorsIf high concentrations of predators
(e.g.,(e.g.,piscivorous piscivorous fish or jellyfish),fish or jellyfish),
then higher mortality of larval fish.then higher mortality of larval fish.

Likely that survivors are derived fromLikely that survivors are derived from
faster growing cohorts of larvaefaster growing cohorts of larvae
because they spend less time inbecause they spend less time in
the stage vulnerable to predatorsthe stage vulnerable to predators

Cowan et al. 1996

i.e., as fish get bigger, they swim 
fasters and can see predators better:

more likely to escape predation
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Larval PredationLarval Predation

Bone et al. 1995

Larval predation alsoLarval predation also
variably successfulvariably successful

As fish gets bigger,As fish gets bigger,
searches largersearches larger
volume of water,volume of water,
faster, and can faster, and can ““seesee””
fartherfarther
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Feeding success of larvaeFeeding success of larvae

•• Anchovy larvae fedAnchovy larvae fed
rotifers (crustaceans)rotifers (crustaceans)

•• Younger larvae haveYounger larvae have

lower success thanlower success than
older larvae.older larvae.

•• Younger larvae canYounger larvae can’’tt
““seesee”” as far, and can as far, and can’’tt
swim as fast, so donswim as fast, so don’’tt
search as much areasearch as much area

Hunter 1972



K.E. Selph, OCN 621, Spring 2010

Why larger larvae feedWhy larger larvae feed
successfullysuccessfully

 swimming speedswimming speed

 activity levelactivity level

 visual developmentvisual development

 response time to preyresponse time to prey

 reduced error -- learningreduced error -- learning

 persistence following misspersistence following miss
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Agents of Mortality for Young FishAgents of Mortality for Young Fish

Fuiman & Werner 2002
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Aside: Fish Behavioral Changes inAside: Fish Behavioral Changes in
Response to PredationResponse to Predation

 Avoidance BehaviorAvoidance Behavior
 Distribution, e.g., Werner et al. 1983Distribution, e.g., Werner et al. 1983

studying juvenile bluegill sunfish in pondsstudying juvenile bluegill sunfish in ponds

 Schooling: Protection in numbersSchooling: Protection in numbers
 Escape Activities: sit and wait, run away, orEscape Activities: sit and wait, run away, or

hide?hide?

 ReproductionReproduction
 Spawning stuporSpawning stupor

 Parental careParental care
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Bluegill SunfishBluegill Sunfish
ExperimentsExperiments

 Juveniles (3 size classes)Juveniles (3 size classes)
placed in ponds that withplaced in ponds that with
or without a predatoror without a predator
(largemouth bass)(largemouth bass)

 Without predator: all 3Without predator: all 3
size classes found in opensize classes found in open
water (better food)water (better food)

 With predator: smallestWith predator: smallest
prey fish stayed inprey fish stayed in
vegetated regions of thevegetated regions of the
pond (suboptimal food forpond (suboptimal food for
them): resulted in a 27%them): resulted in a 27%
decrease in growth ratesdecrease in growth rates
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 ““SchoolingSchooling””    A group of fish swimmingA group of fish swimming
at about the same speed in roughlyat about the same speed in roughly
parallel orientation and maintaining aparallel orientation and maintaining a
constant nearest-neighbor distanceconstant nearest-neighbor distance

 ““ShoalShoal””  all social groups of fishall social groups of fish
(includes schooling)(includes schooling)

 Schools break ranks during feedingSchools break ranks during feeding
and usually lose their integrity at nightand usually lose their integrity at night

 Shoaling functions: protective role,Shoaling functions: protective role,
early predator detection, passiveearly predator detection, passive
defense, & enhanced food detectiondefense, & enhanced food detection

 Usually shoals of Usually shoals of clupeoid clupeoid fish breakfish break
to feed on particles, but not whento feed on particles, but not when
filter-feeding.  May be morefilter-feeding.  May be more
competition involved when particlecompetition involved when particle
feeding.feeding.

http://www.junglewalk.com

Anchovies Schooling

Schooling BehaviorSchooling Behavior
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Escape ActivitiesEscape Activities
 ImmobilityImmobility

 predators tend to be visual: by not moving, the prey canpredators tend to be visual: by not moving, the prey can
““hide in plain sighthide in plain sight””; also many fish have cryptic coloring so; also many fish have cryptic coloring so
blend in better when stillblend in better when still

 Active flight/Refuge SeekingActive flight/Refuge Seeking

 Twilight change-overTwilight change-over

  most fish are active either during day or night-time, and their most fish are active either during day or night-time, and their
eyes are adapted to function best during their active period.eyes are adapted to function best during their active period.
At twilight, the eyes function the worst as the light levels areAt twilight, the eyes function the worst as the light levels are
changing rapidly -- time of increased vulnerability tochanging rapidly -- time of increased vulnerability to
predation from predators with predation from predators with ““intermediateintermediate”” eyes eyes

 prey response: cease activity early and start late or formprey response: cease activity early and start late or form
groups (schools)groups (schools)
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Fish Behavioral Changes inFish Behavioral Changes in
Response to PredationResponse to Predation

 Reproduction: must spawn successfully,Reproduction: must spawn successfully,
without being eaten and deter potentialwithout being eaten and deter potential
predators from their vulnerable youngpredators from their vulnerable young
 Spawning stupor: a behavior that results in increasedSpawning stupor: a behavior that results in increased

mortality from predation.mortality from predation.
 spawning fish are focused on spawning so are especiallyspawning fish are focused on spawning so are especially

vulnerable, e.g., they do not take evasive actions whenvulnerable, e.g., they do not take evasive actions when
predators approach (widespread behavior in fish)predators approach (widespread behavior in fish)

 Spawning fish tend to go to predictable places at predictableSpawning fish tend to go to predictable places at predictable
times: predators have adapted to this behaviortimes: predators have adapted to this behavior

 Why?  CostWhy?  Cost vs vs. benefit. benefit

 Parental care: young fish of species that have parentalParental care: young fish of species that have parental
guards have a higher survivorshipguards have a higher survivorship
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AtlantoAtlanto--
ScandianScandian
HerringHerring

Marti 1961:Marti 1961:

--  North Sea herring--  North Sea herring
feeding on feeding on CalanusCalanus

--  Can see year class--  Can see year class
as it gets older.as it gets older.

--  Also can see that--  Also can see that
only a few years areonly a few years are
good, most havegood, most have
poor recruitment.poor recruitment.

19301907 1956

1963

Abundance
vs. Age
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Payne, M. R. et al. ICES J. Mar. Sci. 2009 0:fsn211v1-6;
doi:10.1093/icesjms/fsn211

North Sea herring stock history from the stock assessment: (a) annual changes in SSB; (b) time-
series of recruitment at 6 months old; (c) mean annual fishing mortality (F) on the stock for ages
2-6-winter rings (wr; closed triangles) and ages 0-1 wr (open circles) from the stock assessment;

and (d) the stock residuals [ln(observed/fitted)] from the segmented-regression (hockey-stick)
model

SSB, Spawning Stock Biomass: total weight
of fish in stock that are old enough to spawn)

Recruits: 6 month old fish

SRR, Stock Recruitment Relationship:
residuals measure productivity of a fish stock
relative to expected recruitment of the stock

1965-77: high fishing mortality, collapse
of fishery
1977-80: total closure of fishery
1981-88: recovery phase
1989-2000: “normal fishery”
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Why is there a natural variation inWhy is there a natural variation in
recruitment?recruitment?

 Various explanations focus on the effects of:Various explanations focus on the effects of:
1) Food1) Food

critical periodcritical period
match-mismatchmatch-mismatch
suitabilitysuitability

2) predators2) predators
m = F*Dm = F*D
adaptive strategies to surviveadaptive strategies to survive
density dependent population regulationdensity dependent population regulation

3) drift/retention area during early life history3) drift/retention area during early life history
closed life cycle: hydrographic containmentclosed life cycle: hydrographic containment
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Recruitment Variability, contRecruitment Variability, cont’’d:d:
HHoo: Delayed Development: Delayed Development

Houde Houde (1987) (1987) Fish early life dynamics and recruitment variabilityFish early life dynamics and recruitment variability::
10-fold or greater fluctuations in fish recruitment can be due to10-fold or greater fluctuations in fish recruitment can be due to
small variations in mortality rates or stage durations in the earlysmall variations in mortality rates or stage durations in the early
life of fishlife of fish

note:
Ft = F0e-m(t)
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Agents of Mortality for Young FishAgents of Mortality for Young Fish

Fuiman & Werner 2002
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Density-dependent PopulationDensity-dependent Population
RegulationRegulation

 Potential contributing mechanismsPotential contributing mechanisms::
 Reduced fecundity of adults due to foodReduced fecundity of adults due to food

limitationlimitation
 Predation of adults on larvae or juvenilesPredation of adults on larvae or juveniles
 Direct competition for food between juvenilesDirect competition for food between juveniles

and adultsand adults
 Indirect effects of adults on food supply forIndirect effects of adults on food supply for

larvae, e.g., adults reduce stocks of adultlarvae, e.g., adults reduce stocks of adult
copepods to low levels, resulting in lowcopepods to low levels, resulting in low
abundance of abundance of naupliinauplii
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HHoo: Retention Area: Retention Area
 Survival depends upon being retained in areasSurvival depends upon being retained in areas

((““nursery groundsnursery grounds””) with specific hydrographic) with specific hydrographic
characteristicscharacteristics vs vs. loss to offshore advection. loss to offshore advection
e.g., Migration Triangle Hypothesise.g., Migration Triangle Hypothesis



K.E. Selph, OCN 621, Spring 2010

CoastalCoastal
ConveyorConveyor

BeltBelt

Gulf of Maine

Atlantic herring
spawning site

• Herring spawn in late
summer through autumn.
• Extended larval stage,
then complete transition
from larvae to juvenile
when 5-8 months old.
• Later, current turns
offshore: into a cyclonic
gyre, retaining larvae in
area.

Fuiman & Werner 2002
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Pacific HakePacific Hake

Adults migrate south over
shelf in winter

Spawn off So. Cal (deeper
than mixed layer and as far
as 300 km offshore): larvae
drift inshore

High recruitment:weak
upwelling
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Member/Vagrant HypothesisMember/Vagrant Hypothesis

a.k.a. Larval Retention Hypothesisa.k.a. Larval Retention Hypothesis

Members able to remain in favorable geographic setting (i.e., allows them toMembers able to remain in favorable geographic setting (i.e., allows them to
complete their life cycle)complete their life cycle)

Vagrants fail to reach appropriate habitat, generally donVagrants fail to reach appropriate habitat, generally don’’t reproducet reproduce
Key element: larvae must reach & remain within the nursery sites afterKey element: larvae must reach & remain within the nursery sites after

spawningspawning

Menhaden off N.
Carolina in winter:
spawn

Eggs float, larvae
feed on µzp, enter
estuaries and become
juveniles in 30-90
days

Same strategy:
flounder, striped
mullet and Japanese
sardine
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Summary: Why does fisheriesSummary: Why does fisheries
recruitment vary so much even in therecruitment vary so much even in the

absence of fishing pressure?absence of fishing pressure?
Basic species ecology with practical implicationsBasic species ecology with practical implications
 Vulnerability during early life historyVulnerability during early life history

 Starvation -- first feedingStarvation -- first feeding
 Predation -- poor escape abilitiesPredation -- poor escape abilities
(side topic: adaptive behavioral responses to predation)(side topic: adaptive behavioral responses to predation)
 Delayed developmentDelayed development

 Oceanographic context - random componentOceanographic context - random component
 timing and magnitude of food availabilitytiming and magnitude of food availability

 productive periods -- blooms & lagsproductive periods -- blooms & lags
 stable periods -- prey aggregationstable periods -- prey aggregation

 timing and magnitude of predator outbreakstiming and magnitude of predator outbreaks
 Vagaries of ocean currents -- drift/retentionVagaries of ocean currents -- drift/retention


