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* End-to-end ecosystem modeling approach
 Bridging the gap: a simple model of micronekton
e Habitats and Spatial dynamics

e Parameters
e Optimization
e Evaluation

* |IPCC A2 projection

e Conclusion
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Marine life is (should be) here
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9@@ Intro
CLS ECOSYSTEM MODEL =

COLLECTE LOCALISATHIN SATELLITES

PAGE 4

Predator’s population
dynamics model

Ho

Ocean

Primary Production
Ocean from satellites

Physics

3-D models
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C LS First step: predicting the distribution of prey g

Mar-ECO station North Atlantic, (IMR, Bergen Norway) showing acoustic detection of micronekton

Epi-pelagiclayer < = o
80
-+
NIGHT =
- - 100
- Day length
et 6 D We have developed a model of micronekton,
& > 6 surface (small prey organisms)
Epipelagic layer
Uo S The MODEL: 6 functional groups in 3 vertical
Mesopelagic layer layers. Several components exhibit diel vertical

migrations, transferring energy from surface to
deep layers. The biomass of each component
Is computed with an energy transfer coefficient
directly from the observed or modelled
vertically integrated primary production
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CLS  Functional group = multi-species population &%

Lindeman (1942), Schaeffer (1965), Jennings (2005):

PP Ryther (1969), and lverson (1990): P = PP x TET

b F,=P,-E"-c
% (with n the trophic level) (TE trophic transfer efficiency; TL trophic level)
= le
g a window in the biomass size
= , (weight) spectrum defined by: ‘
(T EER— F F=Fl-en)
E A E: energy transfer from PP to
the functional micronekton
- @ group (trophic level ~2.5)
t.: time of development for
5% |/ . Pl _ reaching the minimum size
| | | > (weight), linked to
fo b ! tmai=-1/ALN(0.05] +t, | temperature
«eenage : > A: mortality coefficient, control the “mean
“lifespah; age” and lifespan, (i.e. the turn over) of the
Lehodey (2001) population, also linked to temperature.
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ﬁh E2E — prey

C Ls Parameterizing A N

Can we link A to meaningful biological parameters that are used to
characterize the turnover of a population, i.e., generation time (~age
at maturity t, or lifespant_)?

substituting t___ by previous - log t,,,,=0.5496+0.957*log(t,,) (N=432, r2=0.77) .
definition of lifespan (i.e., =or
-1/ALn(0.05) +t), we 7 L5
i g
obtain: §* sl
{0957 — _ In(X) N 1 v’g‘ i
m 100.5496 D 100.5496 r " 0.5
Um Froese and Bihnolan (2000)
that, given the range of standard
error of the original regression, 05— . o - . 2o
can be simplified as: t _(log years)
FiG. 4. Relationship between life span (7,,,,) and length at first maturity (7).
tm =1/A+1/3 tr *t..x — age at L *0-95 (Taylor, 1958)
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G
D I:S Temperature and development

2

f metabolism of ectotherm animals is linked to

.- ambient temperature

o \E“‘—HH\H \E
% 44 - we obtain similar result using age at
= maturity and ambient temperature

y=-011x+72 of micronekton species
=0.74
n=103
0 . 9 - a Cephalopod
0 20
8 P ¢ Crustacean
T/(1+(Te/273)) 7 o Fish
Gillooly et al. (2002) propose a model = 67
explaining relation between temperature EE > S
and development time of post-embryonic 547 .
(hatching to adult) zooplankton species 37
(rotifers, copepods and cladocerans) 27 y2= -0.1252x +7.6541
incubated at different constant 17 R*=0.8834
temperatures ranging from 5 to 30°C 0 | | | | | | |
0 4 8 12 16 20 24 28
Tl (1+ (Te/273))
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C |_5 Dynamic of a MTL component =

A is the mortality coefficient that
control the turn over of the MTL
(Mid-Trophic Level) component,
~ the time of development to the
age at maturity

A is linked to temperature

t is the recruitment time, i.e. the
minimum time between “birth”
coinciding with the apparition of
PP and the age at which
organisms reach a size large
enough to be included
(“recruited”) in the MTL

1/A

tm=1/1+1/3t,

0 4 8 12 16 20 24 28 32
TO

based on a few obs., we fixed t, to the development
time needed to reach a weight of 1g, which is also
linked to temperature (with same slope) and lead to
e
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g@e E2E — prey . .
CLS Model = numerical solution of PDEs &

e
Computational GRID Ax )
° .N .N ° ° ﬁ .N /ﬁ
3-layer ocean MASK (etopo2 data) - : mi  Fmf Nmet

Finite difference approximation:

-upwind differencing for advection terms
- two-point centered-space differences

Closed boundaries

Initial conditions (climatological “spin-up”)

ADI numerical solver (unconditional convergence)
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E2E — prey
I

CLS Spatial Dynamics =

Mid-trophic Production (= recruitment)

m 2 m 2 m
a‘Sn :D(a Sn + a Sn J_i(ﬁsrrln)_ai(ﬁsrrln)) n :1"-6$m :1'”trmax
y

ot x>  dy® ) Ox
S;l‘n — S;n_l, for 1S m < \_tryj Initial condition: SSU - cEn ‘Pl]
Neumann boundary conditions 3S 3s
(mpermeability): i, =b; =—2L=—L=0, O(5)000Q

Mid-trophic biomass

2 2
OF, :D[a Fo , O°F,

- ox

ot

2 2 a (aFn)_i(\’}Fn)_AFn-l_Fn'
0X oy oy
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G LS Results: P/B epipelagic micronekton N

Epipelagic (daytime)

micronekton (2005)

Production (g m2d)

Biomass (g m=)

Ysdeg x 6 day

Physical fields from MERCATOR
(http://www.mercator-ocean.fr/)
Satellite derived Primary production
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CLS Results: day/night epipelagic biomass =

Epipelagic Biomass (g/m2) 02-2003
- A 1/12t deg x 6 day

=R e e

24 Physical fields from MERCATOR
(http://www.mercator-ocean.fr/)
Satellite derived Primary production

6 surface

Epipelagic layer

Gﬂ'

Mesopelagic layer

o
o

30°W

60°wW _
. . - (- day .
Bathypelagic Biomass (g/m2) 02-2003 - sunset, sunrie
SDDN =g — . == " ey ; . nlght
2 AT S -3_ o T o 27
: 24
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9 References:
6 Lehodey et al. (1998). Fish. Oceanog.
0° 3 Lehodey, (2001). Prog. Oceanog.
Lehodey et al. (accepted) Prog. Oceanog.
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CL 2nd step: evaluation ... either direct ... N

COLLECRE LOCALISATHIN SATELLATES

Hldaka et al. (2003): flggglgm I\;j‘ 'll;ouallrgi}croncktor'nbiomas;inq;u;{)[ie:m?hmlay?mfthegue.st.err_srzﬁpiclal—subtropicalPaciﬁ:in]anua.rytoFebmary
micronekton blomass (Jan_Feb 1998) In the upper 200 m . Number indicates station number referable to the station number e 1.

Day: <1 mg WW m=3 during the day (0.001-0.07 mg WW m) notable
exception of large anchovy schools (-> 23.3 mg WW m-3)

Night: 3-38.8 mg WW m= = 0.3-3.88 mg WW m-?

03/98

areg

22
= 21

v

NEC
area

aica

W\m
] 8§ 1015 B

10“

Epipelagic layer
Day: Mar 1998

120 150 180 150 120 90

Epipelagic layer
Day: Mar 2000

120 150 180 150 120 90

0.0 05 1.0 15 20

EASTROPAC cruises 1967-1968 (Blackburn and Laurs, 1972):

distributions of micronekton in the EPO in the upper 200m showing an increase
in biomass between day and night from ~1-8 to 10-20 ml/1000 m?, and still some +*
higher concentration near the coast of Peru.
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C Ls ... or indirect

COLLECRE LOCALISATHIN SATELLATES

Positions of whales (Balaecnoptera
physalus) (one color by individual) tracked
with satellite tags (Cédric Cotté, CEBC)
superimposed on predicted micronekton in
the surface layer during day and night for
the 3@ week of Sep 2003.

Prey sp.: small fish,

squids and crustaceans Primary production (Seawifs
derived) for the same week
decoupled !

hitp:/ww,cls.fr © 2008 Connaitre aujourd’hui, mieux vivre demain

(Mysids and krill).
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E2E — prey

RS
C

COLLECTE LOCALISATHIR SATTLLETE,

Next step: optimization with data assimilation &8

MarEco lander

IMR, Bergen P -
-t: - | ‘ f B | r A
Kindly from N. O. - . | I . 1 | i
Handegard. A - = . . =
S Tere | s ' o | I’ B
rie e | I | ‘ ‘
Pre |
1" | | i
ool NI WININ(A(N|(H]E
o = o & :
& K & = -4 % u;i? ;"F
Mid-trophic functional groups
Nb of epi meso m- bathy m- hm-bathy
Layers meso bathy
: — 0 0 0 0 0 0
Matrix of Energy transfer coefficients used : = s - = = -
for the 3-layer 6-components mid-trophic
levels model, according to the depth and = DD o) < - .
3 017 | 0.10 | 0.22 0.18 0.13 0.20

the number of corresponding layers
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CLS

Predicting habitat and dynamics of large
oceanic predators

Tuna in Hot Wate?
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CLS Predator model =

EULERIAN AGE-STRUCTURED POPULATION DYNAMICS MODEL
QO Advection-diffusion equation for each cohort with source/sink terms
(reproduction/ageing/natural mortality/fishing)

HABITAT-DRIVEN MOVEMENT
U Animals move towards favorable habitats (feeding or spawning)

1st cohort ------- 2yr
—--=-4yr last cohort

Skipjack

Movement toward 10
Feeding Habitat =
Food abundance x
accessibility (T, DO)

ﬂortality T e o

feeding grounds

Index
o
(9]

Age-structured Bigeye ——Istoohort By
Population IF MATURE o
Seasonal /\/\‘ /\
Growth switch g os AR
mortality by cohort £ / M j \
0.0 —— \/ T w(\;lw w."\ —S—
5 15 4 25
aning success -

Spawning Habitat =
Food & T for larvae
Absence of predators
(i.e., adults’preys)

Recruitment

ovement toward

spawning grounds
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E2E — predator
Q@

CLS SEAPODYM underlying equations N

A system of ADR equations with Neumann boundary conditions:

AN = ~div(v,N,)+AN, -mN,_ +S, a=0,.,(k_+k, -1)
t'Ya —dIV(V )+diV(DaDNa)—(rna+ fa)Na+Sa,a:(kL+kJ)’__’K
niv,

oo =NON,| o= S, = A(PP,F,N,_,...)

Velocity V and diffusion D are linked to the habitat index HO [0, 1]

oL OH, =(, H. )i
=y, D Da-D{l (C+Ha)j(1 P[OH, )

oy

The feeding habitat index is the function of micronekton F and environmental factors:
temperature T and oxygen O in the layer z :

3
= Z@a,z(Fzz +TY Fu+(1-1)> F "Zj (F, 0 0 )e
z=1 k# z k#z F21 F22 B=ren

e,,=Pl0,;0,.)G(T;6; ) \Fyy Fp  FigJbaty

Ua :G+XaaHa ,
0X
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CL Example of feeding habitat (Atlantic bluefin) g
O e W

UNH LPRC project: ABFT habitat (Tagging data kindly from M. Lutcavage)

Predicted habitat and obs.
individual tr

latitude

Observed individual tracks (satellite tags)
superimposed on the feeding habitat

Z003.0 20035

2001.5 zooz.o 20023

= Low resolution simulation (1/2 deg x month)
temperature X prey = habitat based on SODA and satellite-derived PP
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CLS Ex. of movement: Loggerhead turtle &9

COLLECTE LOCALISATRIK SATELLATES

0

Displacement during
May 2005 -> May 2006

29 turtles
released B ¥

180 200 220 240 260

Ongoing project in collaboration with NMFS Hawaii
(Jeff Polovina and Mélanie Abecassis)
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CL Ex. of movement: Loggerhead turtle 49

COLLECTE LOCALISATHIN SATELLATES

[y
N M

B 7 LS -.! ot .o ‘
q 29 turtles
2 released """ Final position in May 2006

T T T T T
180 200 220 240 260

Simulation of a cohort displacement for the same period (1 year)
First try without data assimilation in the physics

485 483

Currents only Currents + movement
4425 A2y

40

3575 - b 3575

315

2725

225 225

w0
o
w0

152
173
152
173
194

=}
o
w0

194
204.5

a2
[
w0

W 2
[o] by
w f}
- &l

21475
21475

Simply drifting with currents Currents + active swimming controlled by habitat =

- - - : = — temperature preference x available prey in first 100 m
Ongoing project in collaboration with NMFS Hawaii

(Jeff Polovina and Mélanie Abecassis)

hittp:/Awwew.cls fr © 2008 Connaitre aujourd’hui, mieux vivre demain



oce N _
CL Application to 2 tuna species S

COLLECTE LOCALISATHIN SATELLITES

Skipjack (Katsuwonus pelamis) Bigeye (Thunnus obesus) W

VS

Ty Biology

4 yrs + «— Lifespan —

75 cm/ 20 kg «— Max size / weight — 180 cm / 225 kg
10-12 months < Age at maturity — 2.5 years

Very high «— Fecundity — Very high

~0.4 per month «— Natural mortality — ~0.1(-) per month

Micronekton «— Food — Micronekton

Warm 20 — 30 °C «— Thermal habitat — Large 10-30°C

Low! >3-4 ml I'1 OV ENREIERCEEA  Good! >1.5 ml |2

0-200 m «— Vertical habitat — 0-1000m

Tropical s eEUEIC RIS Tropical to sub-temperate
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Qe

CL MODEL CALIBRATION & VALIDATION g

COLLECRE LOCALISATHIN SATELLATES

1) Optimal estimation of parameters over the period 1985-2000 (Senina et
al, 2008) using fishing data and ocean state from a coupled BGCM
(ESSIC, U. Maryland, USA) forced by the NCEP 1948-2005 atmospheric
reanalysis

2) Verification of coherence of parameters estimates and model realism with
present knowledge

3) Check of model skill outside of the optimization period

4) Repeat the 3-step approach using the Climate Model ocean state (SRES
A2, IPSL model) to account for different environment (and biases!)
5) Compare

6) Run the full simulation (1860-2100) with optimal parameterization

hittp:/Awwew.cls fr © 2008 Connaitre aujourd’hui, mieux vivre demain
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CL MODEL CALIBRATION & VALIDATION g

COLLECTE LOCALISATHIN SATELLATES @

HE

Fishing data (Pacific)

[T |
o N

1 O
S B0 [ |

]

N EE IR
" .

ax

» Monthly catch data (spatially-distributed)

Nk | T IS NN N [N [ S B
1€ 120E MWIE 162E 160E 170E 180 TTDW 1S0W 1S0W 1400 130W 120W  T10W 100W W BOW

Skipjack = 4 purse-seine and 2 pole-and-line fisheries

Bigeye = idem skipjack + 15 long-line fisheries (original data on 5-deg
resolution)

» Quarterly length frequencies data

for each fishery by 5, 10 or 20 degree squares

Ex. Bigeye: 360,720 fishing events and 1,499 size frequency distributions

hittp:/Awwew.cls fr © 2008 Connaitre aujourd’hui, mieux vivre demain



~
Q@ _
CLS Implementation N

1
. Environmental ' 1 ADRmodel :
1 . 1 1 !
! Jorcing ! ' |nitial conditions 1
1 1 1 < 1
I I *
1 1
' Integrated PP ' 0-3 month .
1 1
: —+ 15 Larvae - juveniles Reseting
: 3-layer data : : model model
' ' arameters
: temperature, : (= 0..T | P
! oxygen, ! K-coh
: currents, : -conorts
: forage biomass : adults model
bmmmm e Y| Fmmm- 37 uasi-Newto yes
| I ] - - - - - """ "="=-"="="="="=-=-=
i Anthropogenic | Output
1 . 1
! forcing !
1 1 a
i ' Computing 1=
i Data by fishing fleets: | predictions
.\  Pole-and-line ! Reve.rsemo_dell: w imal”
: Purse-seine ' | _ Computing derivatives OPUm_a _
! Long-line ! Cost function of cost function parameterization
e e e e e e e e e e e e e e e e e e = = 1

A

Advantages: relatively low computational cost (doesn’t depend on the dimension of
parameter space), fast method convergence (~100 iterations)

Drawbacks: detection of local minima; depending on the model dimension may require
large RAM size (>16Gb), otherwise temporal files will be written;

hittp: /A, cls fr © 2008 Connaitre aujourd’hui, mieux vivre demain
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CLS Optimization method &

Maximum likelihood approach

e Model predictions:
P Sf,azEf,i,jNa,i,jAXAy

K e
Ctpl[eldj :qfEt,f,i,jzsf,aWaNa,i,jAmy’ Qtt,);ejg,r = K L
= Zf,azEf,i,jNa,i,jAXAy

a=1 i,jdr

« are being fit to observations by maximizing the likelihood function (or commonly,
minimizing negative log-likelihood).

Catch likelihood: =In L(G‘CObS) = ZtlZflth’?d —ZZCS?SIn CP +ZZ'”(F(C{J?S +1))
i i 1 obs r
LF likelihood: —L, :t'%r?‘?( oo QY )2

Parameter scaling:

6,=8,+(6-8)[1rsn "

 Quasi-Newton minimization method being used requires evaluation of the gradient
of cost function (adjoint variables) with respect to control parameters

hitp:/www.cls fr © 2008 Connaitre aujourd’hui, mieux vivre demain
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CLS Optimal estimation of parameters Lo

PAGE 28

Estimated parameters | o -
(ESSIC reanalysis) ' T = i
0 Skipjack Bigeye j z
B, |0.296+0.0018 [0.073 +0.0005 e %
52| M. |05 0.25 + 0.003 ;: . a
§ 5|8 |-0.044 £0.0015 |-0.097 + 0.008 -] ol
A |31 80.6 + 0.008 “Stafloe :
g, [35* 0.82 + 0.012 2 T N
g 5|To  |305£00047 |26.2+0.013 S e
£gla |01 0.63 £ 0.02 |
BH, |0.5* 0.0045 + 6e-4 .|
|o, [262+0.0015 |[2.16+0.004 .| .
- ANES 13 + 0,004 . B
““|0  [3.86+0.0009 [0.46 +0.0006 e T
D (0440005  |0.22+0.002 : ]
V... |1.3£0006  [0.32+0.002 - = Yl
] 8

+ St_dev; * fixed 01178 01/83 01/88 01/93 01/98 o103 ° ‘ﬁiil‘er:gz‘?hl 50

Fitting Prediction vs observation

hittp:/fwin.cls fr © 2008 Connaitre aujourd’hui, mieux vivre demain



= I

CL Hindcast and comparison with other estimates g

COLLECTE LOCALISATHIN SATELLATES

Pacific bigeye =

i 8 E
I |

o
&
|

219
=251
201

a4

a4

< Predicted distribution of adult
+# biomass and observed (circles)
24 R | e .. longline catch

Black curve: SEAPODYM

Red curve: Statistical Stock-
recruitment model (MULTIFAN-CL)
used by the Western Central
Pacific Fisheries Commission

-36

-54

o
=
™

oo 0oovs 0ooms l DDE&SQ;SDEDD‘I- ooovo
0.45 - i 1 0.45 i
WCPO adult bigeye 0.38 - EPO adult bigeye 080
o 0.40 | optimizatior TOO= o | optimizatior +0.70
< 0.35 * Yloms S A > 060
g S 034 1
‘:T' +0.30 \“'J; 0.50
8 0.30 4 0.25 % 0.32 1 + 0.40
£ 1o £ 1
g £ 0.30
& 0.251 +0.20 @ 0307 +0.20
o204+ W/ M g15 028+ ———————1 010
1965 1970 1975 1980 1985 1990 1995 2000 1965 1970 1975 1980 1985 1990 1995 2000

hittp:/fwin.cls fr © 2008 Connaitre aujourd’hui, mieux vivre demain



QF@

CL Hindcast and comparison with other estimates g

COLLECTE LOCALISATHIN SATELLITES
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COLLECRE LOCALISATHIN SATELLATES

Pacific Skipjack

Adult skipjack in January 1992
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(OLLECTE LOCALISATHIN SATELLATES
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CLS Forecast under IPCC A2 scenario N
[ ... ., IPSL Earth Climate Model
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This model simulates realistic seasonal, interannual and decadal variability

in a statistical sense
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(OLLECTE LOCALISATHIN SATELLITES
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Effects of Climate Change

o

Revising parameters optimization

Bigeye SklpjaCk
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The estimated biology
reflects the environment

Bigeye has a long life span

and extended habitat
strongly influenced by
seasonal variability,
facilitating the revision of
parameters with CC
simulation

Skipjack has a short life-

span, with equatorial core
habitat influenced by ENSO
variability: it is more difficult

to revise parameters
optimisation with CC
simulation
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BIGEYE Global average predlcted dlstrlbutlon
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model gives superficially realistic predictions in other oceans using parameters estimated from
Pacific populations
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Forecast using IPSL forcing D

(OLLECTE LOCALISATHIN SATELLITES

Bigeye Skipjack \@(

Adults biomass distribution
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Projection
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9@9 . . . . Projection
CL Climate vs (wrong) fishing impact =

COLLECTE LOCALISATHIN SATELLITES

Projection with average 1995-2000 fishing effort
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Conclusion: Model =

PAGE 40

v" An end-to-end marine ecosystem & stock assessment model
(ESAM?) has been developed and validated

v’ Itis ready to use for various applications for tuna species (from
stock management to impact studies, seasonal forecast & climate
change simulations)

v Within an ongoing project (French ANR PEPS: Peru Ecosystem
Projection Scenarios), we are developing a version for small
pelagics (i.e., sardine and anchovy) based on ROMS+PISCES

v' Though it is a multi-species model, optimization with several species
and higher resolution requires code parallelization

v" Possible evolution of the model with a fithess index, based on

physiology & energy budget, associated to each cohort and varying
In time and space

v' Coupling NPZD and M (mid-trophic level) to investigate the
feedback (zooplankton mortality, detritus)?
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CcLsg Conclusion: Mechanisms (ex. Bigeye) &8

CC simulation suggests:

» Change in spawning habitat. Improving both in subtropical latitudes and in the
eastern tropical Pacific (ETP) where the surface temperature becomes optimal
for bigeye tuna spawning.

» Change in feeding habitat. Also improving in the ETP due to the increase of
dissolved oxygen concentration allowing adults to access deeper forage.

» Conversely, in the Western Equatorial Pacific the temperature becomes too
warm in the equatorial region for bigeye spawning.

» This is compensated by an increase of larvae biomass in subtropical regions,
but ...

* ... increasing mortality of older stages due to lower habitat values (too warm
temperature in surface, decreasing oxygen concentration in sub-surface, and
less food), and displacement of surviving fish to the eastern region led to stable
(without fishing!) then declining adult biomass at the end of the Century.

e Each Ocean has its own response!
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Conclusion

Conclusion: data and forcing fields =
L

« Data assimilation! Fishing data but also: Acoustic data for the Mid-
Trophic level model or for biomass estimates of the focus species,
archival and conventional tagging data, larvae density (e.g. small
pelagics)

 Field studies and lab experiments for independent validation of key
parameter values, testing genetic plasticity, and new CC issues (pH ).

» As realistic as possible reanalyses of physical and biogeochemical
environment .

* More realistic CC model outputs with higher resolution. Ideally, CC
runs should combine a realistic historical period (forced with
atmospheric reanalysis ??) to help in data assimilation process and
evaluation, and then forcing with IPCC scenarios

*Realistic projection of fishing effort (fleets dynamic + economical
models)
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Thank you for the invitation to
attend this workshop

More details in :

Lehodey P., Senina I., & Murtugudde R. (2008). A Spatial Ecosystem And Populations Dynamics Model (SEAPODYM) -
Modelling of tuna and tuna-like populations. Progress in Oceanography, 78: 304-318.

Senina I., Sibert J., & Lehodey P. (2008). Parameter estimation for basin-scale ecosystem-linked population models of
large pelagic predators: application to skipjack tuna. Progress in Oceanography, 78: 319-335.

Lehodey P., Murtugudde R., Senina I. (accepted). Bridging the gap from ocean models to population dynamics of large
marine predators: a model of mid-trophic functional groups. Progress in Oceanography. Special issue of the
EUR-OCEANS conference “Parameterisation of Trophic Interactions in Ecosystem Modelling”, 20-23 March
2007, Cadiz, Spain.

Lehodey P. Senina I., Sibert J., Bopp L, Calmettes B., Hampton J., Murtugudde R. (accepted). Preliminary forecasts of

population trends for Pacific bigeye tuna under the A2 IPCC scenario. Progress in Oceanography. Special
issue of the 1t international CLIOTOP Symposium, La Paz, Mexico, 3-7 Dec 2007
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