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Effects of Outboard Motor Emissions on Early Development of the
Kif f ifish Oryzias latipes

Abstract
'fwo 

slroke outboafd engi c\ produce lafge quanlilics of combustion cmissiurs pef liter ol fuel consumed. To deternine thc
cnr i ronment l  f i \k  of  oulborrd mot(r  emissions (OME) to rhe eany l i l .  sra le\  of  f ish.  wc cxposed k i  i t i , , l r  dvtedaka).  Or:Lrr
kt?.r. embryo\ ro ralcr conhninrred $ith OME . Tine lin larval dc\clopment. incidcncc of l val abnor'rlahties. and lar\a]
mofl alilr' ttll iDcreased. an d lcnslh of hatc hed larr ic dccreased. $ ith e\po\ uri to increasin g conccnrrarion \ of O N,t E cont.rm in ated
$alcr' Chcnicalanal)sis using sol ph.rseexnactio.. jbllo\aed by gas chrorn.rrographt'. indicalcd ligh concen rralion\ ofpotyc)
clic aronratic hrdrocubon\ in lhc OllE $ ater. Apflicalion of the\e fesulrs ro h,,-porhetic.rl lakes suggests \ignificanl Iisks to fish
developrrcnl in the cr\e of high 0trr[ input rrte\ to sn|ll lakes.

Introduction

T$o-stroke outboard cngines are common, )et
inefflcient, powcl sources forboats ofmany kinds.
Because these engines combine luel intake and
combustion in the sitme stroke, sonre of the in
comin-9 fuei-air mixlure passes Lrncombusted
through the cylinder. Gascs are enitted into the
aturospherc and solubil ized l iong with unburned
fuel directlv inlo the water (Jackivicz and
Kuzminski 1 973a). Becausc of this inefficiency.
two-str-oke outboard engines are currcntly being
examined as major contibutors of hydrocarbons
k) the environment. HydrocarboDs emilted fion
oulboard engines leprescnt approximately 30cl,:
of the total emissions liom off-road vehicles (U.S.
EPA 1996a). T*cstroke outboard motors produce
approximately 200 to 300 g of hydrocarbons per
liter of fuel conbusted (Tjalnlund et ql. 1996J.
Pleasurc boats exhaust L-59 x l0! I iters (,120 mil-
l ion gallons) of unburned rasolinc and other hy
drocalbons into U.S. wrters each year - I vol-
une equivalent to 40 Exxon Valdez-size oil tanker
spil ls (Melc 1993.).

Polycvclic aromatic hvdlocarbons (PAHs.y are
conlmon constitLlents of combustion cInissions
and are known carcinogens and ntutagens (Neff
1979). They can cause changes in behavioral par-
le rn . .  s rL r \ \  th  rnd  rcpr t ' Ju f l i , rn  in  rn l I in , . , , r ! . rn -
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isnrs (Connell ancl Mil ler 198,11. Outboard motor
emissions (OME) contaminated water can, in high
concentr-atlons. have toxic effects on a variety of
adult fish species (Tiarnlund et.i. 1996). Hovt-
eve[. l i tt]c is known about the effects of PAH
emissions fion outboard engines on embryonic
and earlv lift stage development offish (Jackivicz
and Kuzminski 1973b).

Until recently outboard engincs were not sub-
Ject to emission regulations (Mele l993). Hor-
ever. bt:ginning in Deccmber. 1997 thc U.S. EPA
inposed air polludon standards on recreational
watercraft. Ti-qhter standards rvill be phascd in
over a period of ten vcars and wil l rcsult in more
efllcient. clcaner-burning, direct luel injection
engines. Neverthcless. rvith an cstimated 120
mill ioD two-sh.oke outboard en-qines cuncntly in
use in the United Srares (Mele 1993). the PAHs
emitted into aquatic environnenls $,i l l  l ikely rc-
main substantial.

Because ol the known toxicity of PAH5 to
aqutrtic l i le (Payne er a/. I 988. Connell and Millcr
198,1, NelT 1979). u'e hvpothesized rhat OME
would adversely el'fcct the development of fish
larvae. We investigated the effccts of OME con-
taminated watcr on the de\'clopment of kil l i f ish
(Medaka). Ort:las 1al?e.r. We also mcasured the
PAH content olthe OME contaminated watcr. and
applicd eur laboratory findings to assess the en-
vironmental risk to lakes.
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Methods

Exposure Water

We collected $ atcr I to 2 days prior to oul expo-
sure experiments. liom Pass Lake, Fidalgo Island,
Washington, *hich is a relatively pristine lake
where outboard engine use is prohibited. A 1968
Evinude model 3836 three horsepowcr.lwo stroke
outboard engile with a fuel mixture ol rcgular
unleaded gasoline and twocycle motoroil (50:1)
was used fbr thc study. To determine if outboard
enrissions could cause any toxic eflects in the test
organism and to define a range ofoutboard emis-
sion concentntions to be used in a deflnit ivc ex
periment, we conducted a pre-test. The outboard
enginc was opeftlted at medium thr-ottle in apoly
ethylenc tank containing 129 L of lake water for
30 minutes. This volume of water and run timc
was chosen simply for convenience- Based on
toxicity test results l iom the pre-test (below), we
decided to use a 60 minute run time and same
volume of watcr (129 L) in the dcfinit ive experi-
mcnt. To determine fuel burned, the t'ucl tank was
*eighcd before and alier operation. The control
and OME contaninated \\"atcrs were l l l tered
through a 750 pnl mesh nrtex screcn to remove
Iarge particles. The control (untainted lake) wa-
l e r  $ r \  u \ e d  t u  J i l u r e  l h c  O M E  u u t e r  t o . i r  u a -
ter soluble lractions (WSF)-100c/c, 801r,, 60%.
4oic,20c/a.07r. To prevent fungal and bacterial
gro$th methylene blue dye was added to each
dilution at a concentration of 0.I ml L r.

Tox city Test

We used the killilish Onzids /allll€.! as a test or-
ganism because it readily reproduces in the labo-
ratory. has been used in maDy toxicological stud
ies. and the developmcntal stages ofthe transparcnt
enrbryo have been well documented. Embryos are
1.5 mm in diameter. The larvae are 4 to 5 rnm in
length at hatching, which occurs in about eleven
days at their optimum temperature of25'C. They
begin feeding about 2,1 h atier hatch (Kirchen and
West 1969). We obtained healthy killitish embryos.
approximately 29 h post-l'efiilization, liom Caro
lina Biological Supply Co. and exposed then to
10 ml of eachWSFin l5 ml Corni ng steri le poly
styrene cel1 well plates. The wells were placed in
a 25 t I C incubator with a twelve h light:dark
cycle (Kirchen and West 19691.
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In the pre{cst. to deline a rtngc of OME con-
centrations to use in toxicity tests. we exposcd
only one embryo per WSF conccntration. In the
dcfinitiYe test, to better define the dose rcsponse.
we used six cmbryos per WSF concentration. To
estrblish a well-defined baseline l2 embryos were
used per contrQl. A11 results presented are based
on the det'initive test.

Daily obseNations of the embryos were made
with adissecting rnicroscope at 16x,25x. and:10x.
We recordcd data on heart rate. pigmentation, fin
and organ development. and movenlcnt. Death
was determincd by the absencc of a heartbeat.
DevelopmeDtal stages (Kirchen and West 1969.)
\\"cre noted until approximately 125 h post fef
tilization. Within 8 h post-hatching, the lan'ae were
prcserved in 5% tirrmalin and within 7 days lar
vallength was measured using an IBM-PC Optimas
program and a Sony VCC Mdeo canera, cali-
brated to a Wild l6x lens.

Chemistry

Outboard motor emissions water ( 1007c water-
soluble fraction, WSF) was analyzed using U.S.
EPA Method 525 (Supelco 1995. Eichelberger et
al. 1988). Solid phase cxtractions u ere pertbmed
using Supelco Inc. ENVITNL lE cartridges and J.T.
Baker@ Ultra-grade resi-analyzed toluene and
methanol. Each column was conditioned with 2
X 6 ml of toluene:methanol ( l0: I ) followed by 6
ml methanol and 6 ml nanopure H.O. Ten nrl of
100c/r WSF werc extracted irt 3 to 4 psi and a
uow rate of 5 ml min I fbllowed by l5 min of air
to dry the samplc. Samples were eluted with 2 X
I ml of toluene:methanol (10:l ) and refi igerated
at 3 to 4'C for approximatcly 2,+ h pdor to anilly-
sis. Sarnples werc analyzed using a Hewlett
Packard 5890 gas chromakrgraph. Sample sol-
vcnt blanks and a standard solution containing
l0 ppm of 16 diflerent PAHS were run under the
same conditions trnd used to identity and quan
tify unknown pcaks present in the OME samples.

Results

Toxic ty Test

After 2 | I h of cxposule, all control cmbryos had
hatched. Delayed hatching was obsen'ed in the higher
WSFs (Figwe l). Dclays in embryo development
were evident as carly as l8.5 h liter initial expo-
sure to OME water (:15.5 h posffertilization). Final
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hatch timc in 807r, WSF rvas 353.5 hours posr-
exposure. i.e. 142.5 hours later than complete
hatching in the 061, WSF

Numerous morpholo-qicrl abnormalit ies oc-
cuned in embryos or lanae exposedtoOME (Table
1 ). Effects included underdeveloped or abnornral
eyes, absence of spleens or swim bladders, spi-
nal abnormalit ies. underdeveloped hearts. and
monality. In WSFs of 607r or greater embryonic
eyes lacked visible pupils. Spleens, easily visible
in the control fish. were fiequently absent in lar-
vae exposed to 20% or greater WSF (Table 1).
Kyphosis (abnormal spinal curvature) occunrd
in 506/o of embryos cxposed to ,107c or grcater
WSFs. ln addition, irregular or slowed heart rates
were observed in water-solubie fiactions (WSFs)
of 607r and higher The length of newly hatched
larvae decreased rvith increasing WSFs of OME
(Figure 2). At 172 h. 177o of embryos in 607c

y.  { .0079x + 4.95
Rz = O.a72

Perc€nt Water Solubte Fraction of OIVE

Figurc 2. Llu!.rl length dccrcrses with increa\ing WSF.

WSF died (Table I )and overall mofiality increased
with an incrcasing percent WSF (Figure 3).

Chem stry

After operating the engine. the tank watcr had a
stong odor of oil and gasolinc. appeared cloudy,
and was tan in color The solvents eluted liom
lhe ( r f t r iL lFe \  in  tuo  phr .c .  rnL l  the  rop  orgrn ic
laver was mn throu-qh the gas chromatograph.
Despite this phase separation. recovery of PAHs
from the standard solutjon was 90% or greater
with low background noise in the untainted wa
ter samplc.
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The OME sanples containcd numerous highly
concenlrated PAHs. Because of the complexity
of the mixturc and overlapping peaks. onlv fbur
specific PAHs rvere idcntif ied in the OME wa-
ter: Naphthalcne (N), Acenapthene (A), Benzo-
Ik lf l  uoranthrene (BkF), and Benzlalarthracene
(BaA). Concenlrations of PAHs ir the 100% WSF
\\. cre l lJO to 5000 lr-rg Lr (Figure ,l).

T
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Discussion and Environmental Risk

We lound numerous adversc det'eloprnental ef-
l ce t .  in  L  i l l i f i .h  e ' ,po .cJ  I , ,  ,  'U lhourd  motor  cmi : \ -
sion (OME) water Our data clearly indicate adelay
in developnrent t ime of embnos exposed to OME
$ ler i l t l l l  $.rlcr-:i, l lrble lraclion (r,nccnlrutions.
Lcvels of PAHs in the 207c or greater WSFs un-
doubtedly account fi)r the mortality at hatching
and othcr adverse effects obscrved in our study.
Assunring similar compound solubil ity, observed
ellects would be at concentrations of about 1000
ptg L' N. 360 prg L BaA.280 pg L-L BkF, and
36 gg Lr A. Othcr studies repofi biological ef-
fects at similar concentfations. For example. naph-
thalene is toxic to pink srlmon 1iy at 920 pg L I
'Nc f l  lq79 ] .  J r rd  *  ' l r  rb le  l ronr l t rc  . l c l r  r  a l  i r  e '  l re
lethal to nrarine larval stages at concentrations of
100 to l000 gg  Lr  (Conne l l  and Mi l le r  198,1) .
Acenaphthenc at a corcentration of 608 pg L I

causes 507 mortalit! in the earlv l i le slage ol
lathead minnows (Cairns and Ncbeker l9E2).

C l tcmi i r l  p r , ' Ju .  t '  o l  ou lbuJrJ  m. ' t , t r  ( rn i .
. ion .  h , r rc  beer r  l i ' und  in  aqur t i c  cnr  i runnrcn t . .
Trace constituents of outboard motor oils and
exhausts (cefiain C27 to C35 pentacyclic tcrpanes)
were lbund in the plankton of Conception Bay,
Newlbundland, Canada (Bieger et al. 1996). Little
infornration exists on concentrations of PAHs in
lirke water. Conccntrttions of total PAHS were
.025 to 0.23,1 prg L I iD Lake Constrnce Gennany
(Bolneftand Kunte 196,1) and.005 prg L I in Lake
Erie at Buftalo. New Vrrk (Basu and Saxena 19713).

Hydrocarbons of Jow solubil ity. including
PAHs, accumulate in surface fi lm! (the aquatic
surface miclolayer) where they reach hi-qh con-
cenfations (Hardy 1987, Hardy and Cle.uf l992.).
Thcse fi lrns pose a thrcat b surface l iving and
surface-teeding organisms (neuston) (Hardy et al.
1987) and. through wind and current patterns.
cleposit on beaches (Gardiner 1992).

Furthermore, shorelinc residents on some lakes
draw their drinking water directlv tiom the lake.
Thc U.S. EPA has established drinking water stan-
dards fbl only a f'cw PAHs (EPA 1996b). For
benzoIalpyrenc (BaP) the EPA standard is 0.2 Fg
Lr. and in Witshington Slatc the standard lbr
groundwater is 0.0013 prg L I (WAC- 173-200
0.10121). For napthalene, thc drinking \\"ater equiva-
len t  leve l  (DWEL)  is  100 prg  L ' .

.J

oc "."'- ^rC *"'.
s'n$- ".-" ..".* ,o**

a"." 
gf'

fi!ure ,1. Four P,\Hs and lhc ir colrce ntmtions in l00rt; \\'Sn
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Thc PAH concentrations found in our study
resulted fiom onc small (3 horseporver) outboard
enginc bulnin-q 0.5 l iters of fuel in a 129 L tank.
What might be the effccts of multiple engine
emissions on fish development in a real lake? The
conceltration ofPAHs in lake water resultiDg fronl
outboard enissions wil l bc the result of manv
in l ( r i r . l i np  l Jc lo I \ .  hu l  can  bc  lppr  r in r , r teL l  r .
fbllorvs:

PAH FS L l.Lke \raler = [(numbcr engines)( vefage
usc h dt ly  ) lL l i re lcon\umed engine h )(Fg $hrble
PAH produccd Lr  i i r . l  consumedl( fesidence t imc o1'
PAH. da)s) l  /  ( lakc \o lunle L l

Using this noclcl, we predict resultant PAH con-
centrations and fish larval toxicity based on sev
eral sccnarios of bott use and lake volume, ls-
suming negligible infl ow/outfl ow dilution (Table
2). Fuel consumptiim lbr outboald engines dif '-
fels greatll'. but for a nlodcrute-sized engine we
assumc 30 liters h I . In Table 2, quantit ics of PAH
emitted L I fucl consumed are based on our chcmi-
cal analvtical results. Liltt irnes of PAHs are de
rived liom the literature. For examplc, PAHs are
biodegraded in natural watcrs with half l ives of
tiom 0.5 to 20 days (naphrhalene) and 57 k) 529
days (benzo[a]pvrene) (Howard et al. l99l).The
lumo!cr t ime of PAHs in a controlled ccosystem
is l0 dals for naphthrlene and 1400 days tirr
benzo[a]pyrene (Neff I 9791.

As indicated (Table 2). with 60 outboards.
a\,eraging 1l hours per dal on a lake of I x 10111
liters r,olume. no toxic el ' lects on kil l i f ish larvae

or on clrinking u'ater criteria for napthalene would
be expected. Thirty-five outboards on a lake of I
x lOq litcrs. or less would result in napthalene
concentrations excccding EPA drinking water
citeria. but would nor likely bc k)xic to killifish
larvae. However, thc sanre 35 outboards on a very
small ( I x 103 L) lake would exceeddrinking water
criteria fbr napthalene and would also be toxic 10
kil l i f lsh larvae (based either on napthrlene or
benzo lk lt l  uoranthrene conccntrations). Thesc
estimates do not include the possible additive or
synergistic et'tects of the many other PAHs and
Lhemica l '  rcsu l t ing  l ' r , 'm OME cnr i . r i , ,n r .

In summary, our results suggcst that moder
ate use of two clcle outboard motors on large
lakes poses little or no threat to $ater quality.
Horvever, heavy usc ofsuch motols on small lakes
with low inflow/outflo\\" dilution could result ilr
PAH concentmtions grcat enough to inhibil carly
life stagc developrnent in some fish. Also. on some
lrkes PAHs tiom outboard motors could threaten
clrinking water quality.
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TABLE l. Scenrdos of lalc cont.rniD|lion fftnn oLrtbo.trd moror cmilsions.
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