B RAT IR SC AT R ZE 6k
5 1937 % 2015 4E 101-108 101

NL— R zR T 2 BERNERADOS1+3I/2

EREPES
KERETE Y v & — hKEMRER

Dynamics of marine population with Pareto genealogies
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Shallow genealogies are ubiquitous characteristics to many marine species, which are adequately de-
scribed by a multiple-merger ancestral process. A recent reduction of genetic variability is most likely
caused by Pareto-tailed reproduction. Population models with highly skewed offspring distributions
lead to Beta(2 — e, @)-coalescent based genealogies, where the reproduction law of each offspring
to exhibit power-law Pareto tails of index o € (1,2) displays occasional extreme events with one
individual allowed to produce a large amount of offspring. Standard fisheries models assume that the
recruitment comes from a lognormal distribution, whereas the real world is teeming with high vari-
ability phenomena. The statistical properties of the sum of the skew values in offspring production
specify the variation in the magnitude of population replenishment, as described by the generalized
central limit theorem. The recruitment, i.e. the sum of the independent and identically distributed
numbers of offspring with Pareto(a) distribution has the same tail index @: the number of recruits
can have huge and mostly unpredictable changes from generation to generation. Because heavy tails
cause extreme events to occur more frequently than the (log)normal approximation leads us to ex-
pect, and the sample mean of observations in the heavy-tailed case is unstable showing unlimited
variability, determining uncertainty inherent in fish populations on the basis of historic recruitment’
variability could yield misleading results.

1 ELC®IC

Y QHERE AT TEEE Y LIV OBR & RN REBHHE XN TS, 20 DNA EERSIDS
BNG =03, FERR DT VY MEN (Kingman, 1982) Tk, FHHEKBOERY 1 XD &K~
N2 7 LAEDZBURIER L WD EARBEERE TRl XN T VWS, LI L, £ DB TIE. £HF
DILKFFHA RO 2 K& <M EH RIS o - L HEXNTEY (Grant et al., 2012), T
DURBEARAIIKIZERY A X2MR/FL - THEOKEY - BKEE2RBRLAZ LIRS,
—7. BRZHOI % ELEERANETITHANRMBRIZBTFORONS Y X HMBOTAEL,
SETE R Ih BE DR 72 B4R 2 1% reproduction sweepstakes (a few big winners and many losers) % B ¥ #2
U, DBOBEFENFREFDOK I REWMIF] LN ERIEEANEOR O RGEB % E
A, EFEINTVWS (Hedgecock and Pudovkin, 2011), F% 7~ < XABRTHANDKGEET
=N, L ACRMRIZFS U RVWEROBANNS L WD EEE (%) B, —EHos
BVETHFOBBRFAOE2F OO N —MME#la <2) TEdIh, ok ISR
ZEI7 Lk b &5 (Schweinsberg, 2003; Huillet, 2014), Pacific oyster 3 & U' Atlantic cod Tl
CBEIT LRV MERRE L BE T REBHENT 52 X T 3 (Eldon and Wakeley, 2006; Sargsyan
and Wakeley, 2008; Birkner and Blath, 2008; Eldon, 2011; Birkner et al., 2011, 2013; Steinriicken et al.,
2013; Eldon et al., 2015), /=, ¥ 7 Sardinops melanostictus O 3 b 2> R 7 DNA Bi%| T
BRI NHEHET VIV OBETIE, 7 UVIVEEARY MLE I AT Y FHRDMEHIRED 5.
ZEHITVEY MIHUSHEMRR (2463702 b2RELERMVAY 2R3 3ZBHI N
7= (Niwa et al. #ffih),
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BEANERIZBIIZSEI7 LY NOFEER. FINNIZEERIIEOEVBRANNEZ &
RERL, EREPHICEEKED, 0L REFATI. FISIZK S RINAD YD A RIZEY
DEDLY THBRNSYFERED (FOBROSBIELELE) 20O, KELOBA,PLLEE
ThHd, AAXTE, KL — MNHEIIR>TELEETIEPEAOMARBEEYIaL—Y a3y
L. EABBIBOMSHIILE 2 283 3,

2 EEICHEERDEOREVHRAOWSKH

—(EEDERBRAIIRERIZETF (KA OBD Pareto(e) 27 (1 < @ < 2) IZHEHERIZRD &
T3 (0FY, FOBDPEREIIRIVE IATHREESAEIER e+ 1 ORXFETRILTY
%), COBEEARZ2FOENDREFREMOBDZEIIHE > THA L BetaR - ,2) 7

Ly b (BEOREDRERRIEH Beta 245) THLR X 41 (Schweinsberg, 2003; Huillet, 2014), £
F DT VIV IXEABHER K OME CTHE o -3 DXFHMHICHHL T S (Berestycki et al., 2007,
2008), ™ 1. hybrid-Lambda 71T 23 A (Zhuetal.,, 2013) 2ff>T>¥Ial—Ya v U ASE
i (B2 85D THEEMH) 95 Beta 37 LY bR (o = 1.24) O—Hfl &, Birkner and
Blath (2008) D7)V T VY XA >TER LA Beta I7 L&Y b - I ab— a3 iz & D FERK
UZARIEREARD T LIVEEANRY MVT, M IZEBAFTTE i BEIEETIERER (BEE
) OB, HBVE, i@ELDRINTORAS TORERT, BB, o > 2 TBetaR~a,a) A7
LY M& Kingman (24K) a7 L&Y bOBEFREBIZZY, TUVVEEARI MLELT
Wright-Fisher #2§ D Ewens-Watterson i & 5 X %,

BHEENNL — MHIZRED & &, REROEAY A X (MAR) OZHEDELEH o DRF
Al (o BESM) D, REICEMBINEOHVERADVIER (1<a<2) OMALASF3
I AT, BADENRLARIZKELS TS, AOZMBERM (demographic stochasticity) 23f&# T
XV, DF), BEFHICLOIBRUENILTE, HREOMARIFEHRDEDY THREEN
IV FEREL, FIMICKEZMA (BBERE) »PES, ZHIIXU. Kingman 27 LtV b
REBEETI2EMEFATI. BAIZLDFOEDONTY NI L, BOoBHI+oKE I,
MARITHRERNIZEE D,
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1: Pareto genealogy. (a) Beta(2 — a, @)-coalescent tree (sample size n=106, a = 1.24). (b) Haplotype (e) and
site (o) frequency spectra; the circles show the means over 5000 pseudo-samples (z = 106). The solid line depicts’
the asymptotic behavior (n — o) with @ = 1.24 and coalescent mutation rate 6 = 6.0; the slope of the dashed line
isa-3. :
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3 NU—I"BEETHIEYERAOMAY S FTIIR

MAERED R — Ml (BEMBRAER) »oHEBINAZKERRAY, BU. NSV —bhaMmi
RO TR AEREL, RIEREFIERINI AR E2ERT S, EIRFAK EHYIX) 2NEL,
Bi=12,..., N) B3RO F (RIEROBENEA) ORKEX; &, EED 1 < a <2 D Pareto(a)
vaKitl

PX;>x)=Cx*

IZHES i1d. BEREBC, BESNEAD 72 ) THMARKELX] 1 meps = C/%a/(a-1) > 13 (22
T, FOBDORIHDEIX[CYY, 00) 2 U, C2 1IXEBTHSB), FORDHBUIFIEL BV (Var[Xi] =
), £, MIMARE, $4bL, NU—MIE=3Y X, OXBHIFOBDNZYFLRUL S5V
KEW, ThbL, —bHOERERIZ & Y (Zaliapin et al.,, 2005), N — oo T (8 —ay) /by I3EE
B = 1 M (maximally-skewed) o ZRE D IZINR U (aN = mgpsN, by = [T(1 - a) cos(an/Z)]l/“N”“)\
BRSO o 133 — MEBUZI—B T3, Zor ¥, EHYC XX

aBeta(2 - @, @)Cmgt \ /@D
2u/0 )

T4 % 515 (Schweinsberg, 2003; Huillet, 2014), Z 2T p xR ) BREEK, gk NoT it
R 7= V) BRI RE (coalescent mutation rate) TH 2 (EHEIZIZERTOIZEAOLND), LB 2
DEMY A A2 BEEMAY 1 X Ny LIES,

HARIZEENZVE U, Bl ORIMABE E() OA. N@) BPEEZ UICHE XN TRZ D
ENHALERMHERING, 2D, RAEHE@ 0> bRIHAR (Kl t+1) OEMIZHFS T 5H
HEB NG THY, ZLOBRAIZFEERERV., MARPERT S BENBRAERAD k1, /mrps
DEIEVENBRAH LR L, ENFEAERAOHTL %2

N(1)/No = ki-1,1E()/Eo

¥ B L (Bg/Ny = mgps = —5E)s Z T Kr-1t IFEEEAEE DO H D I A-— FIRT

(E(t + 1))‘1+7 (N(t) )*’
Kepel =

o No

YIRET B, 1-yldah— FAOBEKRFEE. 1 3EFAY X (EEHAR) ORFMEEZRY
0<y, 1< 1), TDL SEFEEEREIL Gompertz €T )V

N@e+1) (E(t+ 1))’ N(z))‘
No B No

=
=0

TR I, MRERE THEIYND, ZORIE, WEEHRT 5 & BEFERH Ornstein-Uhlenbeck i&
R RY, AEOMEGHEET T O 1 IEM L A% XD (Niwa, 2014), ZZ Tk, /S — Ml
ADANOZHMRERYE (FOBROBIRZNTY FOME) LEGHESHO FAMHLIZBD2) &
BEROA R ERL, BELH)IC X 3RE%EM (environmental stochasticity) IZFH A,

TEHREM KGR Tk, EESVEAR L FRMA LRI & ORI B EREN R EEEBRREC + 1)/5 =
(NO/N)* ZIRE L. MABDOBRADHTRIZIF— M A XK ELEN(y=1)LEXD
(Hilborn and Walters, 1992; Rochet, 2000; Lorenzen and Enberg, 2002), & 7-. B4 EE{RITHREHR
BWTHY (D8 Var[X;] DBEBRMEZ2KE). BEEROERNER) L, BELEHIZLIEHIN, M
AERE E() RIS VA LR ) A ARASTL B L TEHNS, DL ¥ Inky, BFHLD
DIERDHIIRK D RERL R D,
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ZIZTIE BTN RS A—=ZDMEIENy =104 a=1248&T0=60, £V —b3HDE
[Xm, 00) & xy = 338 £ U7z (C = x& = 1366), Dk IESNFHAD 7V EIMAREIL mrps = 1746
B, RN =0) 2 EHERY 1 XNy & U, 10° HHROEFAY 1 X (N@) BELTIAR
BEQ) PR EYIalb—Ya vk, BEEHEORSY FVay b (K2) 2R3, K
ELMADHE, BV ANHEKRTLI20080053,

n
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el e Sghgen aeowi e s Jw adult population E(1)/Ep. The
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4 BABEBORHME

SERBE ORI IL T A — NERATK X (y = 0.1) & * Poisson ITH Y. B/ >2 THBK
ERMA (DD LA 1.33%) OHEBEFBIEERSHE L. TONT A —XEIXEMAY 1 XDRRH
HEACELT —ETHS (M3a), IF— MHOEBEEBKEENTFALS (y-o 1) IZo2NEBE
REED H BT FE Poisson MIZ 25, M 3bid, SBESBHOLERBORBIABN IF— NANEE
WIEMENF KRB LB/ AP LITNTL 2T 2T (BAY 1 XIZFEBMMEERZNA1=05
A)o B 3c AL RTGHD 27 BEZFEDOIARRIIERIT D 5 B2 X /- S EEREE D FE Poisson
IR M % R 3 (Niwa, 20064),
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3: Intermittency of extreme events (E/Zg > 2, i.e. exceeding the 98.7% level) in recruitment time series.
(a) Strong density-dependence in reproduction (cohort effect y = 0.1), temporal correlation A = 0 (a) and 0.8 (a).
The solid line shows the Poisson prediction (with a parameter value of 0.0133) of random recruitment following
a maximally-skewed a-stable distribution S, ([E — ay]/by) with @ = 1.24 for a stationary population. (b) No
temporal correlation (1 = 0), cohort effects 0.1 < y < 0.9. The thick solid (resp. dashed) line depicts inter-
event histogram of recruitment with weak y = 0.9 (resp. strong ¥ = 0.1) density dependence in reproduction.
(c) Aggregated inter-event histogram across 27 fish stocks in the North Atlantic (Niwa, 2006a). Plotted (solid
circles) is the cumulative number of time intervals for extreme events that the recruits exceed the 86% level of
recruitment. The solid line shows the stretched exponential fit to the data (e), and the dashed line the exponential
function fitted to the shuffled data (o).

EMY A XORERMERE (A DME) ZMARBDOOGRIZHEL RV, IF— MNAOEBEIEN
BBB (y > D& NIBMASNERINCHRET SHEEIEL 25 (K4da), —FH, KERM
ADDHDOBIIFBEDRE (y DfE) OFEB2ZIIT. EXREH(y=1=0)DEELH (@ = 1.24)
WW—BLTW3, M4a THESOZEDEREUMARRIAFT— 22N BEBRL, SO HADEIIZX
AUTREDBOFEH L HE (TROLLEATYLEASE) ZAVIIABRKRZERLLAED
(In(E/(E)s50)/SD[In E)sp) Z &5 L=/ %2 X 4b ITRT, WOEERFITIX. I-— MIRIF VG
. MARBIIHBERSH I STVWDEIIZRZS (RIIERETERIHEERT)., 30~504F
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BREOBHIMR & ) 226 KD 27 MEEROMARRFONEE Y S BRI L IZEEL L,
EETF—22RBU-EHEN A (M4e) X, FOE (< 2) TRERSAIZKSTWBH, SEDHE
(>2) TRERSA LY EAANKEILANZMADRE S 1S (Niwa, 2006a).

01 02 05 1. 2 5 10 20 0.01 X 1
Recruits E/E; Log-recruits (standardized) Log-recruits (standardized)

4: Recruitment from Pareto reproduction (@ = 1.24). (a) Density-dependent effects on the recruitment distri-
bution (Ao for A =08andy =0.1;afor A =0andy = 0.1; m for 2 = 0 and y = 0.9). The solid line shows the
maximally-skewed a-stable distribution S, ([ — ay1/by) with @ = 1.24 for a stationary population, plotted against
E/Zp. (b) The same as Panel a but obtained by aggregating the standardized data sets across disjoint intervals of
50 generations (the simulated time series of recruits are partitioned into short blocks). The dashed line shows the
standard normal probability density function (PDF); the solid line shows the a-stable distribution (¢ = 1.5 and
B = 0.97) fitted to solid and open triangles. (c) Relative number of times a given level of recruits observed across
27 fish stocks in the North Atlantic (Niwa, 2006a); cod (o), Greenland halibut (a), haddock (), herring (), plaice
(#), saithe (1), sole (9), sprat (v) and whiting (m). Plotted are the positive parts of log-transformed standard-
ized recruitment, In(E/(E)obs)/SD[ln Z]ops > 0. The solid lines show the standard normal cumulative distribution

function(CDF).

S5IZRLAZESIZ, £V A X (EIERAR) DELE InN¢+1)/NOIXERSHFIV LA
R TREOEVEE 2 #H> (M a lZEFY 1 AOKBMEESRVA=054. Rbikahs— D
BEKFEIBRV y = 0.1 BE, ERIZZESHAAOLTIED), BEHEELIZL 1=0). BEK
FHEDRD (y = 0.1) & ¥, EERBERIAGRNRARENHIMKD, Ih— NAOBEKREMEHT
BB (y—-1) LEAERITEAIERS BY (BEERL - 1), BEELE)E (maximally-skewed)
BEDHIZHEL (Ka), EFAY A XDOHINKNEZEBRENRIY, £/, HHEFEMHEOE—RE
FOOTEFHDOWNEEI NPT RS, Zhik. BEEKEEDNHE 23 LMARKOS T DIE
WK S72DTHL (Kda), ERY A ZOREHENKAE RS (A - 1) L EAFEXNTRMEIH
{7255, ZoHE, EAE (E) O#X FEDLLT (REHBE—E). THE (&) OFHED
DEPER DA (BIR. ZEEBRIE2) Z#Ed2 (Hb),

ERAH &Y BRMTEDE VDT, FAO HIEEE! (1950-2002) 12 & 2 57 224 7 El D &
£E) (K 6a) THEIX N TS (Niwa, 2006b), Z DIEESHR IR EHRER Y D Ar (= 1, 10, 20, 30)
EFDEENE In[Y(t + A)/ Y ()] ZIZEELLUEF UL DT, ERIL o BELHFDOELHET— &
ANDLETIEDZERT (@ = 1.65), FEBMIRDOHHEDOHRE (95%) DT —&X % AWT a BEDAHIZ
LTEDLE ZERBMOMBEIZe=2LR2Y, ERFRIGEHIELND R, HU A
FHITZ 100 FIZ 1 EORLEIL, O BESHTIXTD3MG B3EIZ1E) OHEETHRET
%, Fl, M FERERIZELBROM TA In[Y(e+i+1)/Y(e+)] LREZD. Ar =30 [HOLE
BOMZE>TH, HADEOHDIIERI NS THATHZ3DHW9H»3 (HOBREEHEDFHE
IR U 220,

6b I%, JERIHD 27 WHEFROENBAREHE (BRAIKIFIEZ30~50 F£RE) 2 KEHFEEIC
BHEL, FRMET -2 TNTN2 R BHESHTH D (Niwa, 2007), 53770 R ER ITARHEE
BROMIZELEI D, EEOEETIIAAORE 2) KANEVR LN, EHENHTH S,

STH-LLDLEUENREAROY I 2L —YaYy - F—& (BRIIEY 10° #KR) 2. B
RIRI SO MRIZE S U TEEDEDOEH L D8 ZHCESRZERENL L -5 DEEF LD
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5: Population fluctuations. (a) No temporal correlation (1 = 0), cohort effects 0.1 < y < 0.9. Solid (resp.
open) circles are for the population with weak y = 0.9 (resp. strong y = 0.1) density dependence in reproduction.
(b) Strong density-dependence in reproduction (cohort effect y = 0.1), temporal correlation 0 < A < 0.8. Solid
(resp. open) circles are for the population with strong 2 = 0.8 (resp. no) temporal correlation in population
abundance. The black solid lines show the a-stable distribution fitted to solid (¢ = 1.5 and 8 = 0.98) or open
(a = 1.4) circles; the dashed line shows the normal PDF.
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6: Population fluctuations. (a) Ar-year growth rates of fishery landings across 224 countries (Niwa, 2006b);
At = 1(O), 10 (¢), 20 (a) and 30 (m) years. The solid line shows the a-stable distribution (@ = 1.65) fitted to
annual growth rates. (b) Population growth rates across 27 stocks in the North Atlantic (Niwa, 2007). Standardized
data are aggregated. The dashed lines show the standard normal CDF.

ERTIZRY, ZORHATRBRNZREPELIENTMEIEDNTE Y, FREE (95%) DT —
REHNT o BESHEIZLETIEDAL E, KEBBOEIZe=2245, £HZEHMASAIL T
EGEBEBOLHGE2HEEL D LTI5HE. AFHBBIERIBIIK-STEBHL TS L#ETX
hTlLE>,

BRI, A (FRf) BRI O EIBAE T 2B 2 — MAICEBEREENRVEE (y = 1)
OEGEHREEGEFANS, Y32 —Ya VT, RGN =0) 2ETEERAY 1 ANy =10* &
U, ESNBAD-) EEMARE % mpps = 1746 & KEBZMEIZKRELIZEEH LT, £HITE
BB D> b, HE\VIE, ZEEBEBR (NG ~ ) ITBRLTLES (H8), BEMEN
FLRD (Y- 1) LIEBITNIBZMAPRZ BRIE LY (K4a), ZOER, EMOMRY
A7 @EED, NV — M HIIKOBREBEELAF IV ATIX, MABREEHBBOTAEN
DT, I—Fh— MHNBEYHROLZWVIIAERE TR, ADEMERMIZE T, EHORS BV
ARETHEHEREDLED,
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7: The same as Fig.5 but obtained by aggregating the standardized data sets across disjoint intervals of 50
generations (the time series of growth rates are partitioned into short blocks). Fitting the a-stable distribution to
the central part (95%) of the distribution of the data gives @ = 2, i.e. the normal PDF (black solid lines). Dashed
lines are the a-stable distribution (@ = 1.4) fitted to open circles (1 = 0 and y = 0.1).
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BEANERIIS T2 RETRHM DS ENIKIL, Pareto(e) DI BEEICL>THEL S
(1<a<2), ZOEMATIK. BAMRERIZBETHFOBRDNS Y IBBOTKEIL., FISIC KR
BIEOECEAN VD, BRICEMBIEOEWEAD S EF O AEE Tl A D 2MRER
M (BBRAVBRTFEORDONSYF) BEETIEN, ZOLFOMAR SV — M. $4b
b EBAPBRTFOBDBH) OEBIFOBONASVELEUL bAX . HHEOEITIE
a+ 1 DRFAIRESTVS, MARBTEHDED) THERNTY F42[KL (HEHIRE) . 4
AT R EZIA (FBERE) MRS, I—F— NABEYSENFVEFTIE, SHEREET
FRTY VHITHEL, EABRINIRIMASRI 2, X512, EHY 1 XOEE L e
RV, BENENSVEATREHIIAELG (FA) EMHRERY. FNNLARENRZ S
Ly, EMIREICHE/MARE RO, 4. EHROBHD S IZMNARRE & EABEEILH Y 2
BEHIRED T AR INTLE D, £UT, KEREFE CTEERIER I N TV 2 EkEEE
EFNTIRI—F— MNABEDRLZRBLAVD, NV — NEAERTO BEANEOERY 1
AOKEIZ IR T REELETH B,
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8: Uncontrolled growth of a population with no cohort effect on the recruitment. The values of the density effect
parameters were set to ¥ = 1 (density independence in reproduction) and A = 0.1 (weak temporal correlation in
population abundance). Shown are the routes to extinction (Panel a) and explosion (Panel b) in a population model
with Pareto (@ = 1.24) reproduction. A total of 10° simulations (each with the initial population size of Ny) was
run to obtain risk of population extinction (or explosion) from the demographic stochasticity and the endogenous
factor; 90.57% of the time series went extinct within 100 generations, and population explosion takes place in
9.43% through the double exponential growth. The solid lines (scaled population size N(z)/Ny) depict the median
over all extinct (or explosive) trajectories; the shaded areas represent the (2.5%, 97.5%) quantile-intervals.
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