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Abstract

3

§ We used 11 restriction endonucleases to study mtDNA variation in 101 Dall’s porpoises

' Phocoenoides dalli from the Bering Sea and western North Pacific. There was little phy-
logeographic patterning among the 34 miDNA haplotypes identified in this analysis, sug-
gesting a strong historical connection among populations across this region. Nonetheless,
mtlINA variation does not appear to be randomly distributed in this species. Both G,
and aAMova uncovered significant differences in the distribution of mtDNA variation
between the Bering Sea and western North Pacific populations, These miDNA results,
coupled with differences in allozyme variation and parasile infeslation, support the
demographic distinctiveness of Bering Sea and western North Pacific stocks of Dall’s por-
poise. The lack of a strong phylogeographic orientation of mtDNA haplotypes within the
Dall’s porpoise is similar to the pattern reported in other vertebrales such as coyotes,
blackbirds, chickadees, marine catfish, and catadromous eels. Like Dall’s porpoise, these
species are broadly distributed, and have large populations linked by moderate to high

levels of gene flow. Fowever, the more complex, deeply branched phylogenetic network
of mtDNA haplotypes within Dall's porpoise, relative to these other vertebrates, suggests
important differences between these species in the forces shaping mtIDDNA variation. One
such force is the effective size of female populations, which appears to have been com-
pavatively large and stable in Dall’s porpoise.
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population structure of this species. The mitochondrial

Introduction DINA (mitDNA) dato reported here compliment earlier eeo-

intensive, bong-term stucdy of o species s olten initially
motivated by management concerns. I many cases,
knowledge pained from these studies also provides valu-
ss {Avise (994

able insighls mnto the evolutionary proce

Moritz 1994), A case in point s the North Pacific Dall's
porpoise, Phecernondes dellls Bespite s high population
numbers, estimated o be bebween 144 and 281 million
Jones ot wl, 1987), the Dall's porpoise is becoming increas
ingly threatened. Resource managers” concemn for the
increasing number of porpoises killed accidentally in
sabmon and sguid deift nets or purposefully by o growing

harpoon fishery has prompled rescarch cxamining the
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logical and binchemical studies used to support manage-
ment decisions concerning the Dali's parpoise (fones of al,
L9867 Winans & Jones 1988 Furthermore, our results [pro-
vide useful comparative data for exploning, more general-

by, the evolutionary forces shaping the architechure of

intraspecific mtDNA polymorphism,

The geographizal range of Fodelll, » small, typically
black and white porpoise, extends in a bread arc from
Ballenas Bay, California, north and westward across the

North Pacific and Bering sea to Honshu, Japan (Fig 1),

Two Dall’s porpeises colour morphs, so-called braei- and

.

dilti-ty pes,

{ are recognized and differ in the amount of
white on the ventral surface and their geosraphical range.
I the froei-type, the prominent white ventral patch char-

15 across the thorax between

acteristic of this species exten
the base of the fippers, much further than in the dalli-type,

inaddition to these two colour forms, alt black or all grey
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individuals are oceasionally sighted. Truei-tvpe individu-
als predominate in the coastal Japanese population, while
riz

dufli-type characterize the Sea of lapan and Okhotsk Sea

poputation and offshore North Pacific and Bering sea pop-
ulation (Kasuya & Jones 1984),

the United States
) has been concerned with the man-
fishore North Pacific Dall’s
alation. As well ns encompassing much of the total geo.

National Marine

I recent years,

Fishery Service (!
agement ol the o#s 5 pUrpoise pop-
graphical range of this species, a significant portion of this
Linited States 200

Conservation Zone and under the mandate of the ©

population falls within the mile Fishery
Aarine
Mammal Protection Act. Salmon and squid dreift net fishe
ervies aperating within this region lay down approximate-
fy 2000000 ko of fishing nets in which as many as 12000
annually

all's porpoises become fangled and drown
;

Uones ef af 19875 NMES was charged with establishing
Fimits on the number of parpoises that could be killed
annually and had to determine whether incidental kil lim-
its shoutd be calewdated for single or mulliple populations

of the Dall's porpotse in the North Pacific and Be ring Sea.
Datls porpoises are fast, powertul swhmmers capable of
braversing great distances, but it was unknown if this
potential for long distance dispersal would be reflected in
extensive gene flow across thetr distribution. Structured
populations of sther social cetaceans with high dispersal

potentiab had been observed (Baker of of, 19900 Moelze] &

Disver 1991 suggesting the possibiily that the Dall's pos
J U 4 { ; I

poise showld be managed as o subdivided population
The population genetie struciure of the Dali's porpoise
was alsa interesting in the light of published, miDNA-
based studies of other moderate and hieh disperaal verte
‘\
varintion in cetaceans (e Baker of ol 1990 Wada ¢t al
19913, th

et

hough there have been other siudies of meD

Dyrates,

as one of the tirst large-scale restriction frae-

fength polymorphism (RELP investization is of 4

cetacean that bad nob been severely expiotted by humans,

Fhus, we ressoned that the patlern of mith! variafinn

would reflect historical demographic foress unlinked (o

160 00W

This study examined 13 Dall's porpos

140 oW

recent increases in human exploitation of Dall’s porpoises.
Other farge scale sarvevs of population heterogeneity in
cetaceans, such as Dizan and co-workers” (19917 research

on gpinner porposes, used onfy restriction enzymes
known to cut polymorphic sites in the assaved species.
Hattmates of mtDNA divergence and nuclectide diversity
resulting from such studties are ‘biased” and make compar-
soms across taxa difficult

The homaology of animal mIDNA and the phyvlogenetic
intormation carvied by the maolecule make comparisons
across taxa particulacly useful for insights into evolution
ary and demographic processes. In this respect, the large
mDNA-based RELP

vides fertiie opportunity tor exploring

number of “unbiased’ uddios pro-
the torces which
shape mDNA variation in natural popualations. Here we
compare the pattern of miNA |mp|ut)-'|u~ variation
observed in Dall's porpoises 1o that observed in Coyoles
Cands fatrans (Lehman & Wayne 1991), blackbirds Agelaivs
phocuicens (Ball ef al. T988), black-capped chickadees Purus
ahricapitlus (GUHE of ol 1993, calfish

(Avise of af. American eels Angoidin

hardhead Ardgs el

TURTY, and voulrili
{Avise et ol 19861 All these species share broad population
and lile hisiory characteristics that make such a cormpari-
son powerbud including high-disperssl potential, expan-
slve distributions and farge current-day population size.
Addit mnaéh, these species show similar geographical pat-
lerns of mEDNA vartation. Ideptical or vory closely related
N A haploty

strong evolutionary linkage among populalions across the

pes are distributed widely suggesting o

rangze of gach species, Thus, we have attempied o control

for extrinsic or intrinste differences in dispersal in order to
focus on other historcal snd ecologicat lactors that can

shape miDNA variation in natural popuiations.

Materials and methods

< andd two har

. St . -
bour porpoises (Phocoes phocoy nn The subseguent anaby-

sig focused on 10 Dalls porpeises collected from the

; )
iy Lovling

1996 Blackwell Scwnce L, &




Bering Sea and North Pacific Ocean within o region

bounded by 1e97E and 179°W longitude and 46"N and
567N latitude (see Fig 1) These 101 porpoise were inci-
dental casualties of the salmon and squid deifl net fisheries
srpm‘.itén‘q within this region, Tissue samples were collect-
ed by US foreign fishery nbsm\( rs, immediately frozen at
)
exaumined were collec

" aﬂd stoved at =70°C. The majority of the porpoises
:-?c'l in 1983 (=38 and in 1986
(= 58 with the remaining five collected in the interven-

ing vears. This sample contained Y6 dalfi-tvpe individuals,
rwo fruci-type individoals, two all black individuals and
vne black-cross individual (an offspring of a all black by
truel-type mating). The additional four porpoises studied,
rever Dall’s and two harbour, were found stranded on the
San juan Islands, in Pugel Sound, Washington State
Precise sampling locales and collection dates for all 105

wrpolses are avatlable upon request.
!

DINA extraction, restriction digests, elecbrophorests ond

Southorn blotting

Whole genomic/ mHINA preparations were obtained from
heart or liver fissue. A
E'unmn;'or-li;f.(:d in Sl of grinding buller (100-ma Tris-

WL plt 5.0 Bt NaCl 50-mne BDTA, pbt 9.1; 200-mm

AICTURE; UD i I_)S)A The homogenate was then filtered

pproximately L5 of tssue was

[
through cheesectoth and 123 mb of 3-8 KOAC was added.
This solution was incubated on ice for = 30 min and SN

HI000 coam. for Tmin in a Serval RB-5C centrifuge to
peliet cellular debris, The supernatant was extracted once
with an egual volume of [_ﬂ'lk‘au:i, followed by a second

extraction  with  phenol/chloroform//isoamyl  aleohol

4y, and a third extraction with f"iil('n‘('w!m'nuf’ih‘(‘)d(ﬂ\"l
alcohol solution 24:1) IDNA was recovered b}«’ colel-
ethane! [H‘(‘('ipildhnl] (Sambrook of af, 1989, The pellet was
dissoived in 200pl of E?rf 'H{, and dialysed overnight
after 8
v Nl TYET) were
sod separately to digest a 10-uL aliquot of DNA prepared
.E'mm vach individtml porpoise: Aspd18, Bambll, Bell,
HalBH, Dwal, FreRl, EeoRV, Hindlll, Hpal, 5tul, Xbal

Restriction endonuclense digestions were carried out

against | = TE with one buffer change

Fhe following l‘f.‘fw'll"u‘li()il enzyimes {

overnight under assay conditions tecommended by the

verclor i}\. A Imy‘m nis were separated elec s':xpiu.n'é.>1'la‘.1l~

Hoagarose gels. Aller in-gel sdenaturation, the

QL whionated DNA samples were fransfered onto a
SCP butfer (10 1 Nadl,

A, plt 7.0-7.5) was used for

nvlon membrang (Fetabing
E AP0, L BDY

Both bansfers sl post transfer ‘\,mhmw of the mern-

Chres fo five blobs were prel

£ 4 overni g.’ b t
A0k of pr rebyebridization solublon (109 dextran sal-
S NaCl, 1% RIS

Hlots were probed with ultra-pure iwilNA that was either

Following prehybridization,

canctome-primed or nick-transiated in the presence of Jo

wel] Swience Lt Moderiar Br
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HRACTE. Probe was pn)pm‘cd from caesium gracient-
purificd mitochondrial DNA (see procedure outlined i
Lansman of al. I‘JBI) &’,\'Er'm‘tvd from fresh Dall's POTPOLSE
liver. Both prehvbridization and hybridization were per-
formed at 65°C in sealed bags with constant agitation.
Following hybridization, blots were washed in three 15-
min mlhb‘ of increasing stringency atb 65°C 2x5CP 1%
S08; (1.2 =< SCP 01 SDS; 01 = SCP 0.05% SDS). The resuli-
ing banding patterns were visualized on autoradiographs
following overnight exposures,

Restriction enzymes generally cleaved an individual
porpoise’s mitochondrial genome into several lragments
(Appendix 1L Incages where more than one fragment pat-
tern was generated, the most common pattern observed
was chosen as the reference and designated by the letter
code 'O Less common Tragiment patterns were coded with
f.

by a particular restriction enzyme could be related to one

other fetters, In all cases, the difterent patterns produced
another by a series of single restriction site changes, Thus,
iowas possible to infer restriction site changes from the
fragment pattern data {Bermingham 1990y, For all Dall’s
porpoises examined we recorded the presence or absence
of vach restriction site {Appendix 2). The letter codes for
each of the 11 restriction enzyme palterns were combined
to deline each porpoise’s composite ntDNA haplolype
(Appendix 23 ndividuals possessing the same composite
genotype were considered o have identical mtDNA hap

foby pes.

MEDNA sequence divervence analyses

The extent of sequence divergence between Individuals

was c'.-wlc‘uhuvd using the maximum likelihood estimate
described in Nei & l jima (1983). Average mIDNA diver-
wence within () and between (0,0 sampling Jocalities of
Dall's porpoises were estimated Dy averaging pairwise
comparisons of sequence divergence across all individu-
als,

The mitechondiial genomes of the two harbour por-

polses were plso examined with the same 11 restriction

engyres used to cut the Dall's porpoise DNAL Phocogi

phocosna andd Phocoensides dalli differed Lo such an extent

that mest enzyme patierns could not be readily

wi by changes inoa few restriction sites. M a resull,

we could not use Phocoenn phocorna as an outgroup in the

chviogernetic analvses discussed below. For estimating

sequence divergenos between these bwo species, we used

the proportion of shared fragments (Eneles 1981

[

Phydogesietic wind poprdation genelic analyses

a0l
Pay

mtliN A haplobype phylogenies Tor Dall’s por-

poises were constructed by paur using the hewrist

Lo

<

search setting Swolord 1993) The free bisection and
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reconnection (TBR)Y branch swapping algorithm was cho-
sen to search For optimal trees within this search frame-
work, In order to examine the possibility that our single
houristic search became stranded at a Tocal’ rather than
"elobal” optimim, we performed 100 ‘abbreviated” heuris-
tie searches, In each of the replicate searches, taxa were
added randomiy and the search was terminated after 20
trees were found. Inour analysis, Testyiction enzyme s siter
changes were treated as relaxed Dollo characters as sug-
gested by Swol ford & Olsen (1990)

scheme, restriction site nmm were given bwo times the

). Under our weighting
waight of restriction site fosses. This criterion was based
on previous observations suggesting that (1) polymorphic
restriction sites were more likely to (all within protein cod-
ing repions {Cann ¢f al 1984) aned (2} most substitutions
within protein coding regions were transitions at the third
position of a codon (MeMilian & Palambi 1995), Thus it
seemed justified o assume that most substitutions causing
A restriction site to be pnl_\’z‘l\():'f:\ﬁ"\'ig‘ were transitions at the
third position of & codon (see also Lehman & Wayne,
1991). Six base restriction enzyme sites contained two such
pogitions. A restriction site was Jost 16 either of these posi-
Hons changed. On the other hand, there was only one way

)

b regain o lm\um%!\f lowt site. 1 ikewise, there was only
o way to grain a ‘one- Gff site
& Olson, TY90),

For p('apula tion  genetic analysis, D(')I‘pk_?i}ﬁ{‘f-i WETE

fermpleton 1983 Swotlord

srouped into three broad ve'nympluml regions: the Bering

25, the Aleutians {(Aleulian Tslonds south to BOYN;
s (south of 509N and

The two

Sea (i
i 45, and the western North Pac ific
LROoTW; =24y (e b

collected off the coast of the San fuan

wernhi Gf Yall’s porpoises
vistands, WA were not
used in the analysis of population struclure. Although no
ohvious physical barries partitions the range of the Dall’s
porpoise Into these units, these divisions were define o by
Provious stock distinctons based on differences in parusite
abhundance and disttibution (Walker 1991, reproductive
ting (Kasuya & Jones THEA Jones of al 1987, and thee chis-
ribution of soxyme variation {(Winans & Jones 1488).

Wo explored the s patial distribution of mitochondrial
varialion wsing (-1_1.;-11}-.%154 of molecutar
Loy (Nep 19703

variance (AMOYA)

Takahata &

{Eweoffier of ol Py
I

walurmbi TUES). In DUt aMova analysis we userd the nume

L':w' of wwitmfmn site differences between haplotypes as a

Papulations were o yeicdered tu be sig-

Buchisdean
!‘,l%'iu.u‘gta'-; di['{(:.‘_z'{"ni from one another if the observed w 1thw

repopulation varkance was less than 95% of the within-

Irwwg:ml.ziium variances produced by 500 random prrmaiae

ons of the squared Buclidean distance ratrix, Simitarly,

iy B Doy s significant population heternpenety

i the observed Cg vatue was far

ated by rance wles et .
ratedd oy ranciomuy d SHEOING,
: ) 5 &1

yvalues ren
s into ideniical sized demes {see Palumby &
0 Pabambi of 4l 1991}

Census estimation of effective female popudation size in

Dait’s porgoise

The Dall's porpoise 15 one of the most abundant marine

cotaceans, Current astimates of total population 1 size fall
1987). We use the

2.1 million individuals, as a rea-

between 144 and 2.8 million (Jones ¢f al.
average of estimates, or
sonable appm\mwt;on of th(' total mpulutwn size for this
species. OF these 2.1 mittion individuals approximately

half are female (Rasuya 1978). incidental catch data suy-

gest Lhat 38% of ail females caught are %{*\'un!iv makie

[dlata averaged d over seven years; Jones ef o C19R7 ) suggest-

ing o total adult fernale popitlation size of [ 609 000 individ-

Fig, 2 U ol the rsany possible smasimum parsimoeny nepwirks

detaiting the evelulonary colationship amony mitochondrial

Phacpenddes dalf Tee

penoty pos abseryisd in e were generated by

a Dewristie search with th coriford
PO Y using

Heedy ax o rest

fogenette package Pave |

Vo that o restriction sile loss ks twioe as

o3
¥i

il e
EE pmnllnp

riction sie gain {s
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IR hapk

nursher bt cendre rete type ientificaiion ¢

b sestrichion s ¢ arrav for vach milINA
hapiotype bs glven in #
sients b mewuzlmn ol i

Black cirdles are hypothe it

arm

senls o skngle restrichion sk \"11;'m§-§:', f Lopvarks along

dusignaie the changes (see Appendix
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uals, Correcting for overlapping generations by dividing
by the generation time of 4.5 years suggests an effective
fernale population size of = 135333 individuals (see Nei

LORTY.

Comiparisons qcross faxn

Mitechondrial DNA haplotype diversity in the Dall’s por-
poise was compared ¢ published studies of mtDNA
diversity in coyotes (Lehman & Wayne 1991), blackbirds
(Ball ef al, 1988), chickadees (Gill ef af, 1993), marine catfish
(Avise ef al. T987), and catadramous eels (Avise of al. 1986),
Each of the above data sets was reanalysed using the
restriction site weighting scheme used for Dall's porpoise.
For the covote data set, our analyses excluded vestriction
enzymes with r-values of 4 and 53,0 As with Dall’s por-
poise, minimum-length networks were drawn from the
shortest length tree suggested by a heuristic search of the
computer program Fauy. by cases where more than one
most parsimonions tree was found, minimum-length net-

works were drawn from a single, randowmly chosen tree.

Results

In the 103 Dalls porpoises collected from the Bering Sea
(= 28), Aleutians (=49, western North Pacilic (= 24),
and San Juan slands, WA (n=2) we assayed 50-56 restrie-
Hon enzyme sites per mdlwdml], representing between
300 and

genome.

16,4 kb mitochondrial

36 base pairs, of the
hirty-nine restriction sites were monomorphic
and 23 were polymaorphic (see Appendix 2} No miDNA
heleroplasmy or size heterogeneity was observed,

Phiylogenetic analyses

[here were 34 mitochondreial haplotvpes identified from
the 103 individuals of Dall’'s porpoise surveyed. Our
heuristic search strategy on vaur vielded many equally
st ;::.11'.'<imm1imm trecs. An unrooted patsimony net-
work (Fig, 2 shows the changes in each polymorphic site
along one of the most parsimonious arrangements. This
network s presented to detail the complexity of the evolu-

tionary relationships amony, mitochondrial haplotypes

Mo single genotvpe, or cluster of

within Dall's porpoise.
Jesely related hapioivoes dominsted his st ark
closely related hapiotypes dominated this network.
30 andd 323

aod i seven or more individuals, these :;m]’

Although five of the 34 haplotyp

WETE repre

§(\E'\.’§'_?(.‘5 differed from each other by an average ol six
restriciion site changes. Within this network, mtDNA hap-

fobvpes differed by as many as 1T restriction sites, corre-

sponding to an estimated L9% mtONA sequence diver-

sence. W any of the shortest-ength trees, many

restriction sites changed more than onee. For example,

"

within the network presentec in Fig, 2, nine of the 23 poly-

P 23 A . Tt H P « N
G Blackwell Solence Lid, Molvoudnr £olo 47 6]
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morphic restriction enzyme sites ave hypothesized to have
changed more than once. Some are envisioned o have
changed many times. Restriction sites “F and “w’ were lost
independently four times and site 'v' five limes along this
particular network., This extensive amount of parallel
change in these data made determination of the true evo-
utlonary relationships among mitochondrial haplotypes

impossible

Popudation genctic analyses

For the examination of population heterogeneity, we
assumed that there was no temporal variation in mtNA
haplotypes across the three year peried of this study. To
test this assumplion we compared the composition of
miDNA haplotvpes tound in porpoises collected in 1983
{rr=36) Lo the composition of mIDNA hapiotypes found in
porpoises collected n 1986 (1 =58) using the Gy analysis.
No temporal structuring of mIDNA genotypes was ovi-
dent over the entive collection, or within any of the three
hypothesized geographical regions.

Additionally, we assumed that our collection of por-

poises represented o random sample of the popualation.

Western
s

Hering !
Semn Alengans Pacific

1

A haploty
1is study, The

wions of the 34 midy ¥

datli wurveved uy il

s

miiL) e osame as depicted o Py
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Table 1 MDNA genetic diversity (1) {Nei 1973} wilhin and
between each of the three hypothestzed demes

Woestern

Location Bering Sea Aleutisns N. Pacific
Bering Sea 0.0064
Aleutians (10057 {.L3056

Western NL Pacific 0.0058 0.0059 {10045

Behavioural observations of some celaceans suggest that
associations of closely related individualy often move
together and ave stable over time (Wells ef al. L980; Bigg of
ol 1590; Wells & Scott 1990; Fored 1991 Amaos ef al. 1 U1y,
In owr sample of incidental kills, some individuals were
cotiected on the same day within the same area. This (act
cased the possibility that we may have sampled POUPOis-
es from the same (amily group. We examined how this
possibility would effecl our interpretation of the distribu-
tion of genetic variation by comparing the gene identity
prebabilities of groups of four or more porpaises collected
on the same day from the same area to same sized groups
dravwn at random from the entire data set. Individuals col-
lected from the same day in the same lacate were no more
refated to ane another than were individuals COMmMposing
random groups,

Indeed, individuals with Identical haplotypes were
generally found in more than one of the geopraphical
regrions. Three of the four most abundant haplotypes were
found across the entire sampling area and in the San Juan
Elands (Fig.3). (n addition, 1 values observed within the
three regions ranged between 0.0045 and 00064 and were
similar to fevels of divergence between regions which
ranged bebween (LG57 and 0.0059 (Table D) There was no
obvious phylogeographic orientation of sallochondrial
haplotypes nor any significant relationship between
mtDNA haplotype genetic distance and geographical dis-

tance (Mantel matrix correlation; r=0.074, =008 based
i 500U random permutations).
Both the Gy and amova analy

s osuggested that a

farge proportion of the genetic variation was partitioned
within rather than between the three geographical locales.
Forexample, the amova analysis partitioned 96.9% of the
total variance within populations and only 3.1% betwesn
populations (Table 3). However, mDNA variation was not
partitioned randomiy. Although neither pairwise analysis
distinguished between Bering Sea and Aleutian popula-
tlons, the western North Pacific population was identified
as distinet from both. This distinction is evident whether
these latter two groups were considered as a single popu-

lation or as two distinet popuiations (Table 3).

HIDNA divergence between Phovoenoides dalli and
Phocoena phocoena

The two Phoveena phocovss examined had the same
mHINA haplotype. This haplotype differed from the

mIDNA - haplotypes of Phococnoides dalli by estimated
]

54 and 0.062.

We wsed the W(..‘nglnvd average Of these values, 1,057, as

sequence differences that ranged between (U

vur estimate of the sequence diversence between the

mitochondrial genome of these two spectas,

iscussion

The Ball’s porpoise provided an interesting genetic case
study tor at least two reasons. Firsl, increases in mortality
from growing drilt-net fisheries and harpooning necessi-
tated a detailed examination of population helerogenelty
in this species. Genetic information on population subdi-
vision and the phylogenetic relationships between region
al populations had practical applications for establishing
short and fong-term management strategies for this
maarine mammal (Dizon ef af, 1992 Avise 1994 Moritz
U, HL':'L_)H(H}_-*, our mDNA analysis of this porpoise pro-

1’fz;\;lr_e!g,wm.'i'l!“

royethiodt

Fable 2 Sumrmery of resufis

tor the geographical

Nonephyvlogenetic methaods

structuritg of populations,

See methods for both a beied

Among all populations 22
Buring ‘ 16
Hering ML Pagifi [
Alsutinns f Western N Pacifi i

Boring Sea and Aleutians Weslern N Pacific

statisticnd test of

sipnilinnoe

TEe QAD e

EENE Y

himimum number of o

to values obtained frors 500 random bees (Slatkin 1989

Percentage variation betwesn pomilations,

gratlon events our estimate was determined by sonparing the ohsen

kel Soionee L, AMale P ol
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Table 3 Comparison of the patterning of mDNA diversily within several high dispersal vertebrate species,

Maximum

Average Within Y% sequence Yo of Individuals

number of species difference 0 or 1 site Genotype

nucleotides  nucteotide between removed from maost diversity
SPECHes examinesd diversity haploty pes comman haplotype (123 Reference
Dalt's Porpoise 0006 1o 28 093 this study
Blackbirds 0.002 0.8 74 0.80 Ball et al. (1988)
Chickadees 0002 0. 87 1 6d Gl ef af, £1992)
Lovates (005 2.1 63 073 Lehman & Wayne (1991)
Marine catfish 0002 08 13 Avise of al. (1987)
American gel 0.001 £R8) 93 Avise ot al. (1956)

vided an opportunity for cross-taxa comparisons of
mtONA phylogenetic networks with other abundan,
broadly distributed vertebrates with moderate to high dis-
persal. By focusing on these groups, we reasoned that we
could gatn ingights into the historical and ecological fac-
tors shaping the architecture of mtDNA variation that
would not be strongly linked to extrinsic or intrinsic dii-

ferences in dispersal.

Management implications of mitDINA variation in Dall’s

r’.«’("ﬂ'?l{}!}ff’

Managers charged with developing and Implementing
short- and long-term management strategies recuite infor-
mation on the genetic structure of populations across the
range of a species. RELP analyses of miDNA provide such
irformation and permit o phylogenetically based assess-
ment of the historical relationship of conspecific popula-
tons. Thus, 18 ds possible to determine If popuiations
acrogs the ange of & species are evolving along separate
evolalionary trajectories and ought o be considered as
evoiutionarily significant untts (E5Us: Ryder 1986, Waples
1991, Dizon of of. 1992; Moritz 19%

population differentiation {genetic

5o When measures of
or otherwise) fail to
discriminate distinet phvlogenetic entities, but are able to
statistically distinguish regional populations or stocks, the

COHTHNS

evolutionary significance of these populations be

exceedingly difficult, JF not impossible, o assess. This

vwes to the fact thet the thme between demographic
change and the compensatory genetic change can be long
(Pabymbi of gl 1991 Mo

Hon genetic markers such as microsatellites may decresse

illan of al. 19925 Higher resole.

the lag time between genetic and demographic change bul
o 0 1 Ll

will not ebminate it (Bruford & Wayne 1993), Thus, popu-
fations may behave os demographically sigmficant units

tung betore, It ever, they become evolutionary significent

units (see Moritz 1994) This s g conundnrm currently
plaguing resouroe managers and can be distilled into the
tollowling question: Do we manage our natural resources
1946

chkovel! Seience Lid, My L s

Us or both?

This question will have to be answered by the resource

to proserve potential or realized

managers responsible for the Dall's porpoise in the Nerth
Pacilic as our analyses suggest thal porpoise populations
in this area are demographically but not evolutionarily
distinet. The spatial distribution of Dall’s porpoise
miDNA variation suggested & very tight evolutionary
linkage among populations in the central Novth Pacific,
ldentical mtDNA haplotypes were distributed widely,
with no ebvious phylogeographic structuring, Indeed,
nearly 97% of the observed mitlDINA variation was found
within demes (Table 3). In addition, both East Pacilic indi-
viduals, sampled over 6000 km away, had miDNA haplo-
bypes identical to ones found within our primary study
area sugpesting that the close evolutionary relationship
among populations extended across the range of Dall's
porpoise, Despite this observation, mtDNA variation was
not distributed randomly across the central novth Pacific,
Statistically significant diflerences in the distribution of
mtDNA variation between the Bering Sea and near

Aleutian populations and the western North Pacific pop-

wlation argued against Dall’s porpol

s panmixis and for
the demographic distinction of Bering Sea porpoise (sensu
Moritz 1994).

The mtDNA evidence for the distinction of Bering Sea
porpoise resonates across studies of parasite toads, repro-

timing

ductive g, and isozyme varation, Comparisons

between populations of the Dall’s porpelse from the
pey porg

S BN North Pacific dentified differ

Bering

ences in both the presence and intensity of mfection of two
commaon cetacenn parasites, Phyflcbothrivm sp. (Cestodag

and Crassiegads spn (vemotoda) (Waiker 1987 Moreover,

the reproductive cycles of porpoises caplisred in these bwo

regions were out of phase. Calving was displaced by over
a month in the Bering Sea relative to the western North
Pacific suggesting differences in the breeding cycle that
may transtate into reproductive bareiers between the

regional populations (Jones of ol 1987),

Lastly, althoeugh
genotype proporiions at allozyme o were similar, het-

erozygol

o defiviencies st bwo lodl in the pooled sample
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suggested significant population heterogenetty across this
area. These anomalies Jed Winans & Jones (1988) to sup-
port the distinctiveness of the Bering Sea populations and
to suggest that the area south of the Aleutian Islands (our

Aleatian sample) represented a zone of mixing,

st DNA haplotype variation in the Dall's porpoise com-

pared o other Tigh dispersal vertebrates

Covotes {(Canfs lofrans), blackbivds (Agelain
capped chickadess (Parus atricapillus), hardhead cat-
(vl rostrato)

share many population and life history attributes with the

s phoeniceus),

blac
fishes (Arins Jeldisy, and American eels

Dall’s porpoise that make cross-taxa comparisons of the
e:n‘x"-hiim‘turv of extant mtDNA variation valuable, Like

Dall's porpoise, these north temperate species are atl capa-
ble of moderate to high dispersal as adults (blackbirds,
chickadees, coyotes, marine catfish), or larvae and adulls
{eels), have broad geographical distributions, and large
current-day  populations. Additional characteristics of

these species ave provided in Table 5. Moreover, the geo-

graphical patterning of mtDNA variation in these five
species was similar to Dall’s porpotse. Identical or closely
related mtDNA genotypes were widely distributed, sug-

gesting a Heht evolutionary linkage among populations

across the range of each species (Avise of ol 1986; Avise ¢f
af. 198 1985; Lehman & Wayne 1991, Gill of af,
199%), ‘

Although miD
Bt mugmphudl

Ball of af.

(Acvariation in all six vertebrates shows

structure, there were marked difter-
ences in the phylogenetic pattern of this variation among
the six species, Two simple measures helped highlight dif-
ferences in complexity: (1) the percentage of individuals O

or one restriction site change remoeved from the most com-

mon genotype: (2) the genotype diversity index {1-

Takle 8 Some lie-history paramoeters for several b

The higher the percentage of individuals 0 or 1 change
removed from the most common genotype the shallower
and maore star-like the miDNA phylogeny. The Tower the
genobype diversity index, the more a single genotype
dominated a population. Among cur sample of verte-
brates, Dall’'s porpoises possessed both the fowest per-
centage of individuals 0 or T site removed from the most
common genotype and the highest genolype diversity
index {Table 3).

Differences In these measures of complexity were
reliected in ditferences in the ‘shape” of the parsimony net-
works of mHINA variation (Fig. 4). Here we use 'shape” to
refer both o the depth of bifurcating networks, or the
point where all mIDNA lineages coalesced, and o the
actual p pattern of bmmhmy and extinclion events within
them. The mtDNA networks of blackbirds, chickadees,
hardhead catfish, and American cels and to a lesser extent

coyotes tended to be shallow and star-like and were dom-

inated by a single mtDNA haplotvpe or a cluster of close-
blackbirds,
3

74% of the mdividuals analysed carried l’lu*

v related haplotypes. As an example, in

assaved with 18 mestviction enzymes (16 re=6, 2 ¢
ENZYMes),
common haplotype or a haplotype one restriction site
removed from the common haplotvpe (Ball ¢f al. 1988}
INAs differed by six
A network resulting,

The two most divergent blackbird mitl

reslriction sties. In contrast, the mtD)]
from an analysis of the Dall's porpoelse using only
enzymes (all r=56) was more complex and deeply
branched. The common haplotype and its nearest neigh-
boures thaploty pes one restriction site remnovec) accounted
for only 28% of the 103 Dall’s porpoises analysed and the
most dissimilar haplotyvpes differed 1T assayed sites
(Mable 3),

The mtDINA network of covetes was most similar to

that of Dall’s porpeise, However, even in coyotes 63% of

teh dispersal marine and terresteind vertebrates

Averagy
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Blaekbirds

Datlly porpo
I 1A gelaius phoen

g

vat high dispersal vertebrate species. As in Fig. 2, parsimony
. whs wore penerated by a heurlstic search by the phyloge
petic package rauy Swolford 1999) using the assurnption that a
A restrichion site gain

siriclion site toss s twice as likely as

e chvles represent observed mEDNA genotypes, the area of

A

hocorresponding to the proportion of individuals with that

H

wtype, Each radial arm represents o single restriction site

change. References Tor each study are cited in Table 4,

the individuals surveyed carried the common haplotype
fman & Wayne 10461, Table 4).

Porhaps the most interesting aspect of the covote network
! 8 e

o s nearest neiphbour (

was the number of missing intermaediates between the Lwo
predominant clades {Fig.d), Owing o the extensive

MTDNA VARIATION I[N DALL'S PORPOISE

numerical and geographical sampling of coyotes, ene was
left with the impression that missing intermediales repre-
sented mtDNA lineage extinction events. Although not
necessarily the case (see Saunders ef al. 1986), these extine-
tions might have resulted if the bwo major coyote mtDNA
clades had been alfopatrically separaled for some period,
a notion reinforced by the frequency distributions of coy-
ole mitochondrial tvpes on either side of the Rocky
Mountains.

It is possible that the observed differences in complex-
ity of the mIDNA networks in Fig 4 have a purely sto-
chastic explanation. Because the mitochondrial genome is
asingle genetic locus, two populations can have very dté-
ferent genealogical patterns under the same historical
demographic conditions {(Saunders ef @l 1986; Slatkin &
Hudson 1991). If we assume, however, that the observed
differences in complexity reflect real differences in the
generation and extinction of mUDNA variation, then how
might we explain the differences in the ‘shape” of miDNA
genealogies across the six vertebrate species compared
here? ‘

MEDNA evolutionary rate may bave vared across
these species. in this respect, the more complex genealogy
in the Dall’s porpoise sugpests that the rate of mtDNA
evolulion in this porpoise was high relative to these other
species, However, there is no support for accelerated
miDNA evolution in Dall's povpoise. The harbour por-
poise, Phocovks phocoena, and the Dall's pOrpokse represent
two o porpoise  subfamilies  (FPhocoeninae  and
Phocoenoidinaey which appeared between five and eight
million vears ago according to fessil evidence (Barmes
1985). Using these {ossil dates vielded an estimated por-
poise mtDNA evolutionary vate {0.72%-1.15% per million
vears) that was roughty half the 2% per miflion year rate
frequently proposed for vertebrate miDNA (Wilson ef ol

1985; Shields & Wilson 1987). The porpoise fossil record

aned S or evolutionary relationships may have been misin-
terpreted; however, it should be noted that depressed

Cenns Expected
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tve population sizes were reported i the reforences cited in
stimation of the female conses size of Dafls

ofintrasy

S Wilson g

ing for sarmyrle sive {Tajima i

af. 1 For ihis tabie the divergence rate
for mtINA was asapmed o be 2.0% per

e viars

alvubited with the porpoise-specilic meDNA divergence rate of 0.94% per miliion
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rates of molecular evolution in both mtDNA and nuclear
genes have been observed in other cetaceans (see Hoelzel
& Daver 1991; Schldtterer of of, 1991 Martin & Palumbi
1693, Thus, we do not believe that the ‘shape’ differences
between the nitDNA network of the Dall's porpoise and
those of these other species con be explained solely on the
rates  of molecular  evolution.

basts  ©f  different

Nevertheless, miDNA evolutionary rate differences can
influence the measures of shape used here and the very
‘shatiow” mIDNA networks of the harcdhead catfish and
American eel can be explained, in part, by relatively slow
rates of mDNA evolution {see Martin & Palumbi 1993},
Our measures of ‘shape’ will also be influenced by
demographic or evolutionary forces bulfering mtlNA lin
cages from widespread extinction. tt is obvious, for exam-
ple, that restrictions in gene flow have Jed Lo the mainte-
nence of divergent mDNA haplotypes {eg. freshwater
fish, Bermingham & Avise 1986; and possibly coyoles,
Lehman & Wayne 1991) Less obvious is whether or not
the complex soctal dynamics of many verlebrates might
also hove a pronounced effect oy the “shape’ of o mtDNA
network, Many cetaceans form highly sociat groups (Bigg
ef al. 1990 Wells & Scott 1990; Ford 1991; Amos of ol 1991
Long-term observations of these groups have suggested a
varying degree of social complexity from strong, long last-
ing ‘matriarchal associations (e killer whales: Bigg of al.
1990 Olesiuk gt af. 1990 to more Huid and ephemeral
associations among individuals (e.g. bottlenose and spin-
ner dolphing: Wursig & Wursig 1977; Norris & Dol 1980).
I cetacenns with strong group affinity, populations mighit

be envisioned as a mosaic of small isolated or semi-isolal:
ed, but very wmobile, demographic units rather than g
group of freely interbreeding individuals, Random genet-
i drift may act independently in cach social unit, baoth
facilitating the fixation of mtDNA lineages and buttering
mtEINA lineages from specics-wide extinetion. This soclal
complexity woukd both inflate levels of genetic diversily
and lead w the complex mtDNA genealogy observed in
his study (Siatkin T9H7),

Differences in demographic parameters, particularly

historical swines in effective population size, may under-
Fatl } ki B

lie the wbhserved differences in “shape” of the genealogical
the Dall's

Hupersal species

nebworks of porpoise relative 1o those of the

Einder neutral 'H:vm‘\-' the

sther

¢ o common ancestry for all miDNA genes

(n generations) s bwice the fong term femnale elfective

pima 1983). One of the more remarkabie

population s {

features of mtDINA variation in chickadess, covotes, black-

catfish, and eols was the one-three order(s) of mag-

aitude discrepancy between the observed thme Lo common

ancestry of mibINA genes and the expected time based on

Lehumarn

current census estimates (1 Tabie 4 Avise plal 19

& Wayne 1991 The striling magnitude of this disc

as led many researchers o mmiudv that the popuia

tion sizes of these currently abundant animals were much
in the past (Wilson of ol 1985, Avise ef al. 1988;
Lehman & Wayne 1991). For covotes, this has certainly

smaller

been the case and recent sxpansions in population sizes
are well documented (Lehman & Wavne 1991). For black-
birds and chickadees, it is likely that Pleislocene climatic
cvles and the attendant reduction in suitable habitat dur-
ing glacial epochs depressed population numbers (Ball of
af, T988; GiHoef af. 1993). Likewise, Pleistocene reductions
in sea-level led to o decrense in shallow marine habitat and
were probably coupled to diminished population sizes for
nearshore  marine  fish

substrate-assoctated SpeCies

(Ghubman & Bermingham 1995) These habitat factors in

combination with high variability in female reproductive
success driven by high fecundity and high farvat mortatt-

P!‘oi:dbl\: accounted {or the low effective population
lable 4; Avise ef ol T988),

porpoise were the observed and

sizes in marine catfish and eels {
Cily me the Dalt's

expected tme to common ancestry of tlNA variation

sirnitar (Table 4. This similarity suggests thal this porpoise
has not undergone the large swings in population size that
apparently characterize chickadees, coyoles, blackbirds,
catfish, and eels. B seems reasonable to propose that envi
ronmental stability may underlic the apparent constancy
of population size of Dall’s porpoise, Dall’s porpoises live
slong the continental slope and in the deep watees of the
North Pacifie, an environment thal is extremely homoge
neous and stable. Day to day, season to season, and year to
year varlations in environmental conditions are shight,
especially when compared o most terrestrial and near-
shore marine environments. Moreover, this area was not
adversely aftected by lmcim‘iuﬂ environmental fluctua-
tions, Althoueh ses surface lem pa’t';-alurvs» across Lhis
region dropped slightly aimm;j pumda of plobal cooling,
there was little
(CLIMATL T

dicd not change. Thus envirenmental fluctualions, congid-

L.i\dﬂ(ﬁ;‘,f" in _\-L‘{II"[(JHI‘LLI S8 e Cover

6y aned the Dall’s porpoise range probably

cred 1o be one of the most important mechanisms causing

variation in popudation size Dedngelis & Waterhouse
P9R7L may not Fhave had o sovere impact on Dall’s por-
puise population numbers. Additionally, this porpoise has
several lify history characterisilos that shoudd make it far

Variation

ther restlient fo oxtreme population fluctuations.
H

in female repeoductive success s ik low, Dalls por

Birth te o single horge, well formed progeny,
a vear (Kosuva 197

poises give

purtured for over

evenile  morlality rates are low  {Table

Forthermors, they maintain a wide evological niche

ing onoa large variety of mesos and bathy-plankionic ver-

Brates and invertebrates (Rasuya 1978 Morejohn 19

This combination of historicsl and e hast

OUY Paran:

Lo the lone-term be [T enritnor fo e iy e e i pas b
A L BT teron bulle Elllc;i CAPFUITY DECESSAY W)

atlow the long-term maintenance of eguitibrivm popula-

corncitions
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Conclusions

Che mDNA dota set presented here provided information

i the population biclogy of the Dall’s porpoise of interest
wr both resource managers and students of evelutionary
bology. 5 light, vet significant differences in mtDNA vari-
ation, argued for the regional distinction of Bering Sea and

Aleutian populations. This conclusion reinforced pre

dons biochemical and ecological studies of the Dall’s por-
puise AUross this region. However, there was no sirong

wlogenetic orientation of miDNA haplotypes and near-

7% of the variation in this species is parlitioned within

Iy
repional populations, indicating remarkably tight evelu-
tionary hinkage among pepulations of this species across

egion. Similar wh\ loge mephu patterns ol extant
i"e“z%l):\;\ variation were evident in a number of broadly

distributed vertebrate species with moderate to high dis-
persal potential. Flowever, the more complex mtDNA net-
weork of the Dall’s porpoise relative to these other verte-
brates sugeested important differences in the historical
and voological factors shaping mIDNA variation. One
iraplication of these ditferences is that the Dall’s porpoise

may not have suffered the periodic swings in population

e that characterize most natueal populations, Thus, the

Dali’s porpoise may provide a rare snapshot of a gene

opy of a species matntaining stable effective popu-

latiom sive.
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Appendix 1
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B ppendix 2
tes eolvmorphic restriction site matrix for P.dellt as deduced from the restriction enzyme fragment patterns (see Appendix 1)
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