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Introduction

Water Movement and Aquatic Animal

Health Workshop

R. L. Stephenson

It is my pleasure as Director of the St. Andrews Biological Station (SABS) to

provide the introductory comments for these proceedings of the Workshop on

Water Movement and Aquatic Animal Health which was held 21-22 Novem-

ber 2005 at the historic Fairmont Algonquin Hotel in St. Andrews, New

Brunswick.

Management of animal health is one of the most important issues facing the

aquaculture industry. The role of water movement in relation to aquatic animal

health—while intuitively of great importance—is a complex topic that requires

a range of expertise and the collaboration of experts in oceanography,

aquaculture, epidemiology, and fish health.

The goal of the workshop was to bring together interested parties from across

Canada and other countries to discuss the management of aquatic animal

health using oceanographic tools and expertise. It was intended to help regula-

tory authorities and industry stakeholders better define and manage animal

health across the diverse aquatic environments that support Canada’s wild

fisheries and aquaculture industries.

The concept of the workshop developed from a SABS research project that ex-

amined oceanographic influences on the spread of infectious salmon anemia

(ISA) among salmon farms in the southwestern part of the Bay of Fundy. The

project was led by Dr. Fred Page and funded by the DFO Aquaculture Collabo-

rative Research and Development Program (ACRDP), DFO Science, and the

aquaculture industry. Because the outputs from this project were beginning to

be used by managers, it was

felt that a workshop should

be held to compare local ex-

perience with that of re-

searchers and managers

with similar experience in

other geographic areas and

on other diseases.

Dr. Christine Power, of the

Canadian Food Inspection

Agency, opened the work-

shop with a presentation on

an investigation into an out-

Bull. Aquacul. Assoc. Canada 105-1 (2005) 3

Opening session



WMAAH 
Work shop 
Com mit tee 

Blythe Chang, co-chair 

Sharon McGladdery, 
co-chair 

Dave Aiken 

Mi chael Beat tie 

Nathalie Bruneau 

Brian Glebe 

Steve Ellis 

Lori Gustafson 

Sandi McGeachy 

Chrissy McGregor 

Steve Neil 

Gilles Olivier 

Fred Page 

Jay Par sons 

Vic to ria Pedersen 

Jamey Smith 

Su san Waddy 

Work shop participants at  

the lob ster din ner held at 

An der son House on the 

campus of the Huntsman 

Ma rine Sci ence Cen tre. 

break of avian in flu enza in Brit ish Co lumbia. The spread of avian flu by wind 
borne trans mis sion of the vi rus in dust shows many simi lar i ties to the spread of 
aquatic an i mal dis ease through wa ter. 

The remain der of the work shop fo cused on case stud ies of man ag ing open-wa 
ter dis ease out breaks in North Amer ica and Eu rope. Ex perts who had mod elled 
aquatic an i mal dis ease trans mis sion us ing ocean o graphic tools, along with 
man ag ers re spon si ble for de vel op ing guide lines, pol i cies, and reg u la tions re 
lated to in fectious dis ease con trol, were in vited to speak at the work shop. The 
pre sen ta tions ex am ined the in flu ences of wa ter move ment on trans mis sion, 
patho ge nic ity, and success of con trol mea sures, in both finfish and shell fish. 
The ma te rial pre sented en com passed west coast, east coast, and fresh wa ter dis 
ease mod els for North Amer ica, as well as trans-bound ary dis ease man age ment 
ex pe ri ence. In ad di tion, pre sen ta tions were given by ex perts fa mil iar with sim
i lar prob lems in the aquaculture in dus try in Nor way and Scot land. 

The work shop con cluded with dis cus sion ses sions on the in cor po ra tion of wa 
ter move ment sci ence into aquatic man age ment tools and plans, and on the in 
for ma tion gaps that still ex ist and the research needed to ad dress these is sues. 
Summa ries of the dis cus sions are in cluded in these pro ceed ings. 

This work shop was the fourth in a series of aquaculture work shops held in St. 
An drews since 2002. These St. An drews Aquaculture Work shops are a col lab 
o ra tion be tween the St. An drews Bi o log i cal Sta tion and the Aquaculture Asso 
ci a tion of Can ada (AAC). For each work shop, SABS de vel ops the sci en tific 
pro gram, and ob tains fi nan cial sup port, while AAC pro vides or ga ni za tional 
sup port and pub lishes the pro ceed ings. The top ics of the pre vi ous work shops 
were had dock culture (2002), con trol of grilsing in salmon (2003), and bio 
tech nol ogy (2004). The Fifth St. An drews Aquaculture Work shop—Use of 
Ex otic Spe cies in Aquaculture—will be held 11–13 Oc to ber 2006.  
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An In ves ti ga tion into the Po ten tial Role 

of Aero sol Dis per sion of Dust from 

Poul try Barns as a Mode of Dis ease 

Trans mis sion dur ing an Out break of 

Avian In flu enza (H7:N3) in Abbotsford, 

BC in 2004 

Christine A. Power 

Dur ing the win ter and spring of 2004, an avian in flu enza out break oc 
curred in the Lower Fra ser Valley of Brit ish Co lumbia. In the early 
stages of the out break, the in fected pre mises were fairly close together 
(within 2 to 3 km of one an other) and down wind from the prevail ing 
NE winds on the Matsqui Prai rie at that time of year. While the sci en 
tific lit er a ture does not define wind move ment as a prin ci ple source of 
avian in flu enza vi rus trans fer, dis cus sions with sci en tific lead ers in the 
field of avian in flu enza from It aly, the Neth er lands, and the United 
King dom in April 2004 re vealed mark edly di ver gent opin ions from 
“highly sceptical” to “a con sid er able fac tor to deal with”. Clearly re 
vealed was the ab sence of any test ing to sup port or re fute a wind borne 
the ory of transmis sion dur ing re cent out breaks in Italy and the Neth er 
lands. A prelimi nary as sess ment of the likeli hood of wind play ing a 
role in transmis sion in volved the use of hourly weather data pro vided 
by En vi ron ment Can ada and BC Wa ter Land and Air Pro tection. This 
as sess ment was fol lowed by a more an a lytic ap proach pro vided by the 
math e mat i cal plume mod els of the Me te o ro log i cal Ser vice of Can ada’s 
Emer gency Response Di vi sion. A field study was con ducted in early 
April to eval u ate if avian in flu enza vi rus was being spread into sur 
round ing ar eas on dust par ti cles emit ted from barns con tain ing in fected 
birds. Air sampling con ducted in side an in fected barn re vealed a high 
quan ti ta tive es ti mate of vi ral load per cu bic me ter of air of 292 TCID50. 
Out door samples us ing low volume air samplers were all neg a tive for 
the pres ence of vi rus. High vol ume air sampling con ducted out doors 
con firmed that avian in flu enza vi rus was cir cu lat ing in the air outside 
barns dur ing the outbreak, yet it remained un clear if the vi rus was alive 
and there fore po ten tially in fectious. Cur rent and fu ture plans to fur ther 
un der stand ing of aero sol dis per sion in volve col lab o ra tions with ac a de 
mia and other gov ern ment depart ments. A planned field study will aim 
to val i date mod els for pre dict ing the move ment of ge neric bi o log i cal 
agents from live stock barns into the sur round ing en vi ron ment. 

Background of the Outbreak 

Dur ing the win ter and spring of 2004, an avian in flu enza out break oc curred in 
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the Lower Fraser Valley of British Columbia (BC). Over a 3-month period, ap

proximately 13.6 million commercial poultry and 18 thousand backyard birds 

were destroyed as part of disease control measures implemented by the Canadian 

Food Inspection Agency (CFIA). Most of the commercial poultry were broilers 

from uninfected flocks that went directly to slaughter at maturity to be used for hu

man consumption. While 42 commercial operations were found infected, consti

tuting 5% of the operations in the Valley, a wider cull of 410 non-infected poultry 

flocks took place which affected more than half the producers in the region. The 

economic impact of this outbreak on the livelihoods of BC poultry producers and 

the associated support industries was severe and recovery is expected to be pro

tracted. Fortunately, the avian influenza subtype causing disease in the region had 

minimal effects on persons living in the area or those working with infected poul

try. Only two confirmed cases of mild conjunctivitis were reported in disease con

trol workers directly in contact with infected birds over the outbreak timespan.(1,2) 

Avian influenza is a contagious viral infection caused by the influenza virus Type 

“A”, which can affect most species of food-producing poultry (chickens, turkeys, 

quail, guinea fowl, ostriches, emus, ducks, geese, and pheasants), as well as pet 

birds and wild birds. Avian influenza viruses can be classified as low pathogenicity 

(LPAI) or high pathogenicity (HPAI) according to the severity of the illness caused 

in birds. LPAI strains are much more common than HPAI strains in bird populations 

and typically cause less severe illness and on occasion no clinical signs in infected 

birds. However, some LPAI strains are capable of mutating into HPAI strains which 

leads to a severe form of the disease with high mortality. There are many influenza 

subtypes, two of which include H5 and H7. Historically, only the H5 and H7 sub

types are known to have become highly pathogenic in avian species.(2) 

On February 9, 2004 on the northeast corner of the Matsqui Prairie, British Co

lumbia, a broiler breeder producer noticed a mild drop in egg production and feed 

consumption, and a slight increase in mortality, in a 52-week-old flock of 9200 

birds. The farm’s veterinarian and the feed company representative investigated 

the case and samples were submitted to the British Columbia Ministry of Agricul

ture, Food and Fisheries (BCMAFF) diagnostic laboratory for routine postmor

tem. Pathogenic findings included unusually firm lungs and inflamed tracheas. 

The clinical illness appeared to resolve over subsequent days.(1,3) 

A diagnosis of avian influenza was made by BCMAFF’s poultry pathologist on 

February 16, 2004. Within a few days, the subtype of the virus was identified as 

H7N3 by the National Centre for Foreign Animal Disease (NCFAD). This disease 

event, though mild in impact on the flock, is believed to be the origin or starting 

point of the HPAI outbreak. This farm is referred to as the “index premises”.(1,3) 

On February 17, 2004 an adjacent barn on the index premises containing a youn

ger flock of 9030 birds (24 weeks of age) began to show an alarming rise in mortal

ity. On February 19, 1500 birds were found dead. Infection of this second flock 

with the mutated strain of the avian influenza virus constituted the beginning of the 

HPAI outbreak event. Three weeks later a second premises 1.6 km away showed 

signs of infection, then one week later three more premises (2 to 3 km) south and 

west became infected. Two weeks later 11 additional commercial premises (less 

than 1 km from one another) were identified as infected and in this way the epi

demic began slowly and picked up speed as more flocks became infected.(2) 

By the time the outbreak was brought under control, infected farms appeared in 

three clusters, each of which had a diameter of 5 to 6 km. In a few cases outlying 

farms were positive on the screening test but flocks did not show clinical signs or 

appear to contribute to local spread. 
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Investigation Approach 

Dur ing the outbreak of high patho ge nic ity avian in flu enza (H7N3) in the Lower 
Fra ser Val ley, the Brit ish Co lum bia Emer gency Op er a tions Cen tre (BCEOC) es 
tab lished an ep i de mi ol ogy team. A key role of this team was to in ves ti gate the 
sources of the vi rus on the Matsqui Prai rie and the mul ti ple, po ten tial modes of 
transmis sion of the vi rus from farm to farm. This was ac complished through the 
con tri bu tions of many pro fession als serv ing on the team and from other fed eral 
and pro vin cial de part ments. We re ceived more than 15 fully refer enced re ports on 
key sub jects of con cern, each care fully written dur ing the outbreak. These reports 
were used to steer a course through the cri sis by pro vid ing an swers to imme di ate 
ques tions. As well, they pro vided the knowl edge and in for ma tion required to en 
sure we were gath er ing the right data for the fi nal ep i de mi o log i cal analy sis of the 
avian in flu enza out break events. 

From early on, the spread of the HPAI vi rus in the Abbotsford area was in ves ti 
gated from many points of view in or der to es tab lish the most prob a ble means of 
dis ease spread during the outbreak event. The po ten tial roles of wild birds, 
ground water, sur face water, wind-borne parti cles, bio-se cu rity gaps (inter-farm 
move ment of peo ple and equip ment), hatch er ies, feed and feed mills, farm ser
vice per son nel and CFIA staff in their erad i ca tion ef forts were eval u ated by the ep
i de mi ol ogy team dur ing the course of the outbreak. While this ar ti cle fo cuses on 
the aero sol as pects of the in ves ti ga tion, a complete re port en ti tled: “The Source 
and Means of Spread of the Avian In flu enza Vi rus in the Lower Fra ser Valley of 
British Co lumbia Dur ing an Out break in the Win ter of 2004” is avail able to the 
pub lic on the Agency website.(2) 

In the early stages of the out break, the in fected premises were found to be fairly 
close to gether (within 2 to 3 km of one an other) and down wind from the prevail 
ing NE winds on the Matsqui Prai rie at that time of year. While the sci en tific lit er 
a ture does not define wind move ment as a prin ci ple source of avian in flu enza vi 
rus trans fer, dis cus sions with sci en tific lead ers in the field of avian in flu enza from 
It aly, the Neth er lands and United King dom in April 2004 re vealed mark edly di 
ver gent opin ions from “highly sceptical” to “a con sid er able factor to deal with”. 
Clearly revealed was the ab sence of any test ing to sup port or re fute a wind borne 
the ory of transmis sion dur ing re cent out breaks in Italy and the Neth er lands. 

Background on Poultry Barn Emissions 

Poul try barn emis sions in the Lower Fra ser Valley have long been a fo cus of in 
ter est by Air Qual ity Me te o rol o gists in the BC Min is try of Wa ter, Land and Air 
Pro tec tion (BCWLAP) due to con cerns over their con tri bu tion to summer time air 
pol lu tion. A con sul ta tion with Min is try staff in April proved very in for ma tive as 
they an swered many ques tions con cern ing the amount of dust emit ted from poul try 
barns and the po ten tial for wind borne disper sion. Briefly, an aero sol con sists of 
solid or liq uid par ti cles suspended in air.(4) Dust, smoke and fog are ex amples of 
aero sols. Dust emis sions can be bro ken down into two basic fractions: vis i ble par ti 
cles larger than 10 µm in di ame ter which set tle out by grav ity, and in vis i ble par ti 
cles less that 10 µm which are light enough to be sus pended in air for long pe ri ods. 

In the Lower Fra ser Val ley, many poul try farms use saw dust, a readily avail able 
by-prod uct of the lumber in dus try, as lit ter for their flocks. Poul try feed, faecal 
ma te rial from birds, along with feath ers and dan der, also con trib ute to the dust 
emis sions from barns. 

Con tained in the BCWLAP re port were the re sults of a study con ducted by the 
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Sus tain able Poul try Farming Group in which aero sol emis sions from an 
Aldergrove, BC broiler op er a tion were mea sured over a full growth cy cle. While 
any one ob serv ing dust emis sions from a barn with dimen sions of 40 x 400 ft (12 x 
122 m) with 20,000 birds bed ded on saw dust would agree they are sub stan tial, of 
par tic u lar in ter est is the in vis i ble por tion which can be suspended in air and trans
ported by wind. This fraction con sti tutes a parti cle size of less than 10 µm in di am-
e ter and is in vis i ble to the na ked eye. Emis sions of this size range were mea sured 
from a 24-in fan over 7 wk revealing out put of 25 to 40 g/m3 per 24-hour pe riod. 
To il lus trate the mag ni tude, this rep re sents a mil lion-fold el e vated con cen tra tion 
of aero sol ized dust near a poul try barn fan as compared to out door air in a semi-ru 
ral area such as Aldergrove. Of all mea sured to tal partic u late mat ter (vis i ble and 
in vis i ble) emit ted, 40% was in the in vis i ble size frac tion of less that 10 µm in di 
ame ter. This in di cates that a sizable por tion of dust emis sions from poul try barns 
have the po ten tial to re main sus pended in the air for up to sev eral days. Given that 
spring time winds in the Fra ser Valley of ten range be tween 5 to 10 km/h, poul try 
barn dust could possi bly be found tens of ki lo me ters from their source.(4) 

Lit tle is known about the sur vival of avian in flu enza vi ruses in dust par ti cles. 
Pub lished stud ies in di cate that sur vival is best  in dry air where the rel a tive hu mid 
ity is less than 50 to 70%. It has been sug gested that other factors ca pa ble of sig nif i 
cantly de creas ing the sur vival of the avian in flu enza vi rus in aero sols in clude ul tra 
vi o let ra di a tion, ozone reac tion prod ucts, air ions, and pol lut ants while high air sa 
lin ity found in coastal ar eas may pro vide a pro tective ef fect on vi rus sur vival.(5) 

The avian in flu enza vi rus sur vives for many weeks in wet poul try ma nure at 
cool spring tem per a tures (4°C) and for up to 10 days at 25°C. The vi rus dies 
within a day or two in dry faeces. The con cen tra tion of vi rus shed in the faeces of 
in fected poultry is very high. A gram of in fected fae ces can contain as many as ten 
bil lion in fec tious vi rus par ti cles. Trans mis sion of con tam i nated ma nure from an 
in fected premises to a sep a rate sus cep ti ble flock can oc cur through the move ment 
of peo ple, equip ment, and ve hi cles. Barn to barn move ment con sti tutes the high 
est risk ac tiv ity for trans fer, while de po si tion of con tami nated ma nure in the vi 
cin ity of a suscep ti ble flock is cate go rized as of some what lesser risk. It is thought 
that a small amount of con tami nated dust ad her ing to boots, cloth ing or equip 
ment is suf fi cient to trans mit the vi rus from an in fected barn to a sus cep ti ble 
flock.(6) Once in fected, the flocks themselves are known to shed enough live vi rus 
into their lo cal ized en vi ron ments to be con sid ered as “vi rus fac to ries”. 

Initial Steps in the Investigation

 In the early weeks of the out break, the CFIA tried sev eral pro ce dures of eu tha na 
sia and car cass disposal on the first two in fected premises to es tab lish a hu mane de-
pop u la tion method and a safe way to dis pose of thou sands of in fected car casses. 

Barns on the in dex premises un der went bird removal by hand trans fer to a con 
veyor belt that transported the car casses to an open door at one end of the barn. The 
carcasses were loaded into a grinder which in turn was emp tied into a dump truck 
for local ised transpor ta tion for compost ing. This pro cess of mov ing car casses out 
side the barn fol lowed by grind ing for compost ing was rec og nized for the po ten tial 
it held to trans mit in fected feath ers and dust into the wind and sur round ing en vi ron 
ment. Car cass dis posal ac tiv i ties were con fined within barns af ter wards. 

On Premises 2, the CFIA tried out an es tab lished eu tha na sia method pro vided by 
a BC poul try in dus try which, be cause of the size of the equip ment, re quired that 
birds be transported outdoors for the pro cess. This led to a sig nif i cant amount of 
feather dis per sion on the wind and into the sur round ing en vi ron ment. This 
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method was never repeated and it, too, was held up by gov ern ment and in dus try as 
an un for tu nate learn ing ex pe ri ence. 

Did these events con trib ute to the spread of vi rus to other premises? This ques 
tion was in ves ti gated through a qual i ta tive risk as sess ment which eval u ated the 
like li hood of trans mis sion dur ing the known hours of high risk ac tiv ity on these 
farms, con sid er ing the wind di rection and speed at those times, and the timing of 
in fection on Premises 2, 3, 4, and 5. Ini tially, mete o ro log i cal data were ob tained 
from the Abbotsford air port hourly ob serva tions for this as sess ment. A con sul ta 
tion with BCWLAP led to ad di tional me te o ro log i cal data pro vided from two air 
ports with the daily reports pro vided in sche mat ics called “wind roses”.(4) 

The prelimi nary as sess ment using wind directions and speed dur ing high risk 
ac tiv i ties on Pre mises 1 pro vided a mod er ate risk rat ing for wind borne disper sion 
to Premises 2, a low risk rat ing for Pre mises 3, and a neg li gi ble risk rat ing for Pre 
mises 4 and 5. The risk of trans mis sion from Pre mises 2 was esti mated as neg li gi 
ble for Pre mises 3 and low for Pre mises 4 and 5.(7) This as sess ment was fol lowed 
by a more an a lytic ap proach pro vided by the math e mat i cal plume mod els of the 
Me te o ro log i cal Ser vice of Can ada’s Emer gency Re sponse Di vi sion. By cal cu lat
ing an es ti mate of dust (and vi rus) dis per sion parame ters from these barns, of fer 
ing rough “guess ti mates” of in fectious dose in poul try (by Agency 
epidemiologists) to the Me te o ro log i cal Ser vice, the plau si bil ity of air borne 
spread of vi rus from these two pre mises was esti mated through mod el ling of air 
borne plumes. Simi lar es ti mates of risk of trans mis sion were ob tained.(8) There 
ex ists con sid er able lack of cer tainty about the in puts to the model which requires 
ex per i men tal work to clar ify. 

We con cluded that these events may have con trib uted to the spread of dis ease. 
How ever, in ad di tion to the dust dissemi na tion asso ci ated with these events we 
be gan to rec og nize that the vol ume of ex hausted dust from these in fected barns 
may ul ti mately have been more in flu en tial in trans mis sion. The con tin u ous op er 
a tion of fans required to ven ti late birds and dis posal crews over many days and 
nights leads to sig nif i cantly greater emis sions than what would be ex pected by 
out door ac tiv i ties alone. 

As the out break pro gressed, ev i dence of what ap peared to be wind borne trans 
mis sion rein forced the Agency’s resolve to min i mize any po ten tial air borne trans 
mis sion. The Agency’s on-farm ac tiv i ties were di rected by CFIA’s HPAI dis ease 
con trol strat egy such that once an in fected flock was identi fied, ef forts were made 
to de stroy birds as quickly as possi ble to limit the amount of vi rus pro duced. Dur 
ing dis posal ac tiv i ties, dead birds were col lected in doors and sealed in boxes be 
fore be ing trans ported off the farm. Barn doors were kept closed as much as pos si 
ble dur ing the dis posal pro cess to prevent air currents from spread ing the virus. 
In-barn compost ing of birds and lit ter was in tro duced by Agency re search staff 
early in the out break and con ducted thereaf ter by Agency op er a tional staff. Wher 
ever pos si ble, com post ing took pre ce dence over re moval and in cin er a tion of birds. 

A Field Study Aimed at Capturing Live Virus Around Infected Barns 

In early April 2004, the ep i de mi o log i cal in ves ti ga tors de cided to un der take a 
study to ex amine air borne spread of vi rus near in fected barns. This study was con 
ducted col labor atively with De fence Re search and De vel op ment Can -
ada-Suffield (DRDC) of the De part ment of Na tional De fence (ex perts in sampling 
and de tection of bi o log i cal agents in aero sols), Health Can ada pro vid ing the lab o 
ra tory test ing ex per tise, and En vi ron ment Can ada’s Me te o ro log i cal Ser vice 
which set up a mo bile me te o ro log i cal station lo cally that pro vided hourly wind 
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data to the field crew. 
The goal of the study was to eval u ate if avian in flu enza vi rus was being spread 

into surround ing ar eas on dust par ti cles emit ted from barns con tain ing in fected 
birds. Agency epidemiologists hy poth e sized that airborne trans mis sion of the vi 
rus might be con trib ut ing to the rapid and ex tended spread of the out break.(9) 

Air sam pling near in fected barns 

The study as sessed air sam ples col lected adja cent to three in fected pre mises us 
ing low vol ume air sam plers. On each farm, air sam ples were col lected every fif 
teen min utes for a 24-hour pe riod both up wind and down wind from the ven ti la 
tion fans of the barns. Of a to tal of 240 air samples col lected from fixed lo ca tions, 
all were de ter mined to be neg a tive for the avian in flu enza vi rus. 

Air sam pling in side an in fected barn

 Live virus—virus ca pa ble of caus ing dis ease—was detected in both of the two 
samples col lected by high vol ume air sampling in side an in fected barn. A quan ti 
ta tive es ti mate of vi ral load per cu bic me ter of air was deter mined and found to be 
very high at 292 TCID50 (dose le thal to 50% of sus cep ti ble tis sue cul ture). 

Air sam pling in the sur round ing area of in fected barns

 Nine air sam ples were col lected within one ki lo me ter of in fected pre mises us 
ing high vol ume air sampling. Very low lev els of vi rus were de tected in one of 
these samples some 800 me ters from an in fected barn. Test ing was un able to de 
ter mine if this re mote sam ple of vi rus was alive or dead. 

Al though this study con firmed that avian in flu enza vi rus was cir cu lat ing in the 
air outside barns dur ing the outbreak, it remained un clear if the vi rus was alive 
and there fore po ten tially in fec tious. 

Additional Efforts to Further Study Aerosol Dispersion 
Using Plume Modelling 

The plau si bil ity of airborne spread of vi rus in the Lower Fra ser Valley was the 
sub ject of pre lim i nary mod el ling con ducted dur ing the out break.(8) In ad di tion, 
for eight weeks during the outbreak, a mo bile weather sta tion dispatched from 
Van cou ver (En vi ron ment Can ada), was placed on a farm on the Matsqui Prai rie 
to cap ture lo cal me te o ro log i cal data for gen er at ing ret ro spec tive pre dic tions of 
air borne move ment dur ing the out break pe riod. In-barn vi ral con cen tra tions mea 
sured in air (by DRDC) and the time se quence of infected pre mises events in the 
Lower Fra ser Val ley col lected by the Agency is be ing used in the anal ysis. An an 
tic i pated out come of this work is clar i fi ca tion on the role of air borne disper sion in 
the early in fections on the Matsqui Prai rie (prior to March 19, 2004) and in the 
cre ation of the south and west clusters of in fected pre mises that emerged in early 
to mid April. This study is being con ducted in con tin ued collab o ra tion with En vi 
ron ment Can ada’s En vi ron men tal Emer gency Re sponse Di vi sion, whose ex per
tise in pre dict ing wind borne plumes us ing com plex math e mat i cal mod els will 
form the foun da tion of this project. At the time of writ ing, this pro ject is mid way 
to wards comple tion with an ex pec ta tion for windup by au tumn 2006. 

Key Questions from a Regulatory Disease Control Perspective 

Agency dis ease con trol pro grams would ben e fit from hav ing in for ma tion to sci 
en tif i cally de lin eate a high risk zone around an in fected premises for live stock 

Bull. Aquacul. Assoc. Canada 105-1 (2005) 12 



erad i ca tion pur poses. With ques tions such as: What is the ra dius and con cen tra 
tion of dust emit ted from a barn on the ground? What is the radius and con cen tra 
tion of dust emit ted from a barn and car riage in the sur round ing air? In short, what 
are the distance bands of prob a bil ity for high, me dium and low con tami na tion and 
hence cor re spond ing risk? 

Agency dis ease con trol and zon ing pro grams could also ben e fit from hav ing en 
vi ron men tal con tam i na tion pre dic tions for the iden ti fi ca tion of low risk traf fic 
routes for disposal of livestock. The core ques tion for these pur poses is: “What is 
a safe distance for a barn to be from the road to avoid aero sol disper sion from 
trucks car ry ing in fected live stock?” 

How can these questions be an swered through the sci en tific pro cess? 

There are three broad ar eas of inves ti ga tion re quired to make ac cu rate geospatial 
pre dic tions of risk for the avian in flu enza vi rus: range of en vi ron men tal con tam i na 
tion, vi a bil ity of the bio log i cal agent in the en vi ron ment, and infectivity of the agent 
in the tar get ani mal spe cies. Each of these di men sions re quire sep a rate stud ies. 

En vi ron men tal con tam i na tion. First, through combin ing ex per tise from the fields 
of aero sol phys ics, me te o rol ogy, ag ri cul tural en gi neer ing, en vi ron men tal bi ol ogy 
and ep i de mi ol ogy the fol low ing questions can be probed and clar i fied: What is the 
ra dius and con cen tra tion of dust (bi o log i cal agents) emit ted from a barn on the 
ground? What is the geo graph ical ra dius and con cen tra tion of dust emit ted from a 
barn and carriage in the sur round ing air? What are the geo graph ical dis tance bands 
of high, me dium and low con tami na tion and hence cor re spond ing risk? What level 
of nat u ral ex po sure to livestock is ex pected within these bands? 

Agent vi a bil ity in the en vi ron ment. Second, lit tle is known about the sur vival of 
avian in flu enza vi ruses in dust par ti cles due to the limited ex per i men tal work con 
ducted to date. The core fields of ex per tise sug gested to ad dress the ac compa ny 
ing ques tions would be vet er i nary vi rol ogy, en vi ron men tal bi ol ogy, and aero sol 
phys ics. The ques tions in clude: What is the vi a bil ity of the bio log i cal agent in 
dust par ti cles and drop lets of vary ing sizes (weights) un der differ ent en vi ron men 
tal cir cum stances (soil, wa ter, air) un der vary ing con di tions of tem per a ture, hu 
mid ity and sun light. 

Infectivity of the agent in the target spe cies. To ad dress the third body of ques
tions re quires ex per tise from the fields of vet er i nary vi rol ogy and pa thol ogy. 
These questions re volve around: What is the in fective dose and route(s) of trans 
mis sion of the bi o log i cal agent in the live stock spe cies of in ter est? There is a pau 
city of in for ma tion in the sci en tific lit er a ture for avian in flu enza but, none the less, 
it is very much needed for ac cu rate risk pre dic tions. 

Over all, the plume mod el ling ap proach ap pears to of fer a sig nif i cant op por tu 
nity for ad vances in sci ence-based de ci sion mak ing in the field of reg u la tory vet 
er i nary med i cine. 

Plans for a Collaborative Study to Address Localized Dispersion from Barns 

A pro posed pro ject will ad dress the first body of ques tions fo cus ing on pre dict 
ing geospatial dis per sion of bio log i cal agents from barns and roadsides. Collab o 
ra tors in clude the Uni ver sity of Vic to ria, De fence R and D Can ada, En vi ron ment 
Can ada – Emer gency Response Di vi sion, Dycor Inc., and the CFIA. 

Ex ist ing math e mat i cal mod els for air borne and ground dis per sion of dust from 
ven ti la tion sys tems have a solid sci en tific ba sis in the field of par ti cle phys ics and 
dis per sion dy namics. Through the pro posed field study, these mod els will be vali 
dated for predict ing the move ment of generic bi o log i cal agents from live stock 
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barns into the sur round ing en vi ron ment. Ex haus tion of known quan ti ties of a se 
lected bi o log i cal agent (Bti ) from the ven ti la tion sys tems of barns will be fol 
lowed by sampling of the nearby en vi ron ment, in clud ing lo cal barns and their 
live stock. The sci en tific in for ma tion to be de rived from this pro ject should pro 
vide greatly improved es ti mates of zone size for con trol ling diseases of 
barn-housed livestock and assess ing the safe dis tance for vehi cle traffic from 
barns. In ad di tion to val i da tion of ex ist ing dis per sion mod els, the de vel op ment of 
the field sampling and detection tech niques dur ing the course of the field study 
should lead to the creation of an ep i de mi o log i cal tool capa ble of detection of any 
bi o log i cal agent emit ted from a barn ven ti la tion source. 

Conclusions 

The pat tern of dis ease spread during the avian in flu enza out break in Abbotsford 
sug gested that an air borne mech a nism may be in volved. In ves ti ga tive work to 
date points to the need for ap plied re search in volv ing sci en tific dis ci plines be 
yond the tradi tional bound aries of vet er i nary epidemiologists. This of fers ex cit 
ing new challenges and op por tu ni ties for an ex change of ex per tise be tween sci en 
tific dis ci plines in the fields of ep i de mi ol ogy, en vi ron men tal bi ol ogy, vi rol ogy, 
par ti cle phys ics, aero sol dy nam ics and me te o rol ogy. Also, the abil ity to better un 
der stand the mech a nism and likeli hood of dis ease trans mis sion of avian in flu enza 
by aero sol means will of fer impor tant in for ma tion to a global commu nity want ing 
to know the real risks asso ci ated with avian in flu enza. 
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Na tional Aquatic Ani mal Health Program 

(NAAHP) 

Re spon si bil i ties, Part ner ships…and Ocean og ra phy 
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Can ada’s Na tional Aquatic An i mal Health Program (NAAHP) is 
aimed at ad dress ing in creas ingly strin gent in ter na tional trade re 
quire ments and im prov ing Can ada’s ca pac ity to pre vent, de tect, 
and respond to diseases that pose a sig nif i cant threat to our 
aquatic re sources. The NAAHP al lows Canada to meet trade obli 
ga tions laid down by the World Trade Or ga ni za tion Agree ment 
on San i tary and Phytosanitary Mea sures and will pro tect Can -
ada’s farmed and wild aquatic re sources from se ri ous in fectious 
dis eases. The pro gram is led by the Ca na dian Food In spection 
Agency (CFIA) and co-de liv ered with Fish er ies and Oceans Can
ada (DFO). This fed eral ini tia tive com ple ments pro vin cial pro 
grams aimed at man ag ing en demic dis eases that  cause sig nif i 
cant losses if not actively con trolled. Both gov ern ment disease 
con trol re spon si bil i ties rely on strong aquaculture in dus try par 
tic i pa tion in man ag ing farm-level pro duc tion (op por tu nis tic) 
dis eases. At all stake holder levels, how ever, a com mon key to 
suc cess is a clear un der stand ing of the role of the aquatic en vi 
ron ment in spread ing the in fections of con cern. This paper cov 
ers the fed eral in ter est in improv ing our knowledge of the role 
of water in or der to help de sign more ef fective con trol pro grams 
and im prove ac cu racy of dis ease risk as sess ments. 

What is Canada’s NAAHP? 

Can ada’s Na tional Aquatic An i mal Health Program (NAAHP) is an ini tia tive to 
co or di nate and build on es tab lished fed eral, pro vin cial, and pri vate in dus try ex 
per tise to op ti mise han dling of out breaks of in fectious dis eases that threaten 
aquatic an i mal trade (intra- and in ter na tional) or resource con serva tion. It is de
signed to comple ment regional pro grams aimed at man age ment of re cur rent en 
demic diseases, as well as aquaculture in dus try man age ment of pro duc tion dis
eases of con cern. 

The NAAHP ad dresses in creas ingly strin gent in ter na tional aquatic an i mal 
health stan dards re quir ing coun tries to adopt of fi cial aquatic an i mal health pro 
grams that are founded on ro bust sci en tific knowl edge. These are aimed pri mar ily 
at reduc ing the risk of dis ease spread re lated to sea food trade but they also form 
the basis for coun tries to develop mea sures to pro tect their aquatic re sources from 

Nancy House 
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“The NAAHP is 

aimed at proactive 

health management 

and early 

intervention to 

maximise 

production 

efficiency, lower 

reactive disease 

control costs, and 

minimise the need 

for extreme disease 

control measures.” 

ex po sure to dis eases that pres ent a sig nif i cant threat. These in ter na tional stan 
dards have in creased sig nif i cantly in scope over the last 5 to 10 years as dis eases 
have spread around the world and coun tries have real ised the need to develop dis
ease con trol pro grams simi lar to those well-estab lished for ter restrial food pro 
duc tion sec tors. 

The NAAHP is aimed at proactive health man age ment and early in ter ven tion to 
maxi mise pro duc tion ef fi ciency, lower re ac tive dis ease con trol costs, and mini 
mise the need for ex treme disease con trol mea sures. A piv otal compo nent to en 
sure these ob jec tives are met ef fec tively is a solid under standing of dis ease dy
namics not only within vulner a ble aquatic an i mal pop u la tions, but also of the role 
of water move ment in the spread of in fectious dis ease agents of con cern. 

The Science Component of the NAAHP 

Sci en tific knowl edge en com pass ing a wide range of ex per tise is es sen tial for 
pro duc ing the data required for: 

i. de vel op ment of ap pro pri ate reg u la tory frame works; 
ii. ac cu rate risk as sess ments and re lated de ci sion-mak ing; 
iii. ef fec tive sur veil lance strat e gies; and 
iv. rapid and ac cu rate dis ease di ag no sis. 

Clas si cally, this has in cluded pa thol ogy, ep i de mi ol ogy, par a si tol ogy, mi cro bi
ol ogy, vi rol ogy, and mo lec u lar pa thol ogy, which pro vides an ex cel lent foun da 
tion for un der stand ing the host-patho gen in ter ac tion. When this in for ma tion is 
combined with related hu man activ i ties, it of ten forms the ba sis for reg u la tory 
con trols and disease con trol mea sures. However, the role of the en vi ron ment in 
which the host, patho gen, and hu mans in ter act is of ten un der es ti mated, over 
looked, or qual i ta tively ‘guesstimated’. This can pose a sig nif i cant challenge for 
de vel op ment of reg u la tions or dis ease con trol pol i cies that are both ef fec tive and 
jus ti fied on the ba sis of ‘solid’ sci ence. 

The re cent expe ri ence gained with the ap pear ance, im pact and ef forts at control 
of in fectious salmon anaemia (ISA) in At lan tic salmon (Salmo salar) in the Bay of 
Fundy—cov ered else where in these pro ceed ings—was one of the ma jor cat a lysts 
that high lighted the need to co or di nate fed eral, pro vin cial, and in dus try aquatic 
an i mal health ex per tise. It also high lighted the need for multidisciplinary sci en 
tific exper tise input into dis ease con trol mea sures. One key suc cess was the in te 
gra tion of ocean o graphic ex per tise and tech niques with the ep i de mi o log i cal 
mod els de vel oped for ISA. On the ba sis of this, the new NAAHP re cog nised the 
need to in clude such ex per tise and in for ma tion in the de vel op ment of its sci en tific 
pro gram. Simi lar rec og ni tion is re flected in the pa pers pre sented at this work shop 
by par tic i pants from the in dus try, the prov inces, and from scien tists from other 
coun tries and an i mal dis ease con trol back grounds. 

As a back drop for the work shop, a brief de scrip tion is given here of the fed eral 
pro gram and the ra tio nale for in ter est in in cor po ra tion of wa ter move ment tech 
niques within the sci ence compo nent of reg u la tory aquatic an i mal disease con trol 
and man age ment de ci sion-mak ing. 

NAAHP Genesis and Organisation 

In spring 2005, fed eral fund ing was received to up date Can ada’s fed eral aquatic 
an i mal health pro gram and bring it into line with in creas ingly strin gent in ter na 
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tional aquatic an i mal health stan dards. The fund ing was given to two fed eral au 
thor i ties, the Ca na dian Food In spec tion Agency (CFIA) and Fish er ies and Oceans 
Can ada (DFO), for co-de liv ery of the fed eral reg u la tory com po nents of NAAHP. 

The sci en tific foun da tion of the NAAHP is man aged through DFO and is based on 
a strin gent qual ity as sur ance and control pro gram en com pass ing fed eral di ag nos-
tic and re search labo ra to ries, as well as any non-fed eral labo ra to ries that under 
take ac tiv i ties to sup port the new reg u la tory lab o ra tory sys tem. 

CFIA pro vides the pro gram di rection un der the au thor ity of the Health of An i 
mals Act. This brings Can ada’s aquatic and ter restrial an i mal health pro grams un 
der the same leg is la tive um brella. It also brings aquatic an i mal dis ease man age 
ment un der the same Agency re spon si ble for both terrestrial an i mal and plant dis 
eases. In ad di tion to pro gram lead er ship, CFIA is respon si ble for aquaculture 
health sur veil lance. DFO is re spon si ble for de liv er ing the sci ence com po nent of 
the NAAHP. A Na tional Di ag nos tic Lab o ra tory Sys tem (NDLS) is being built on 
DFO’s ex ist ing aquatic an i mal health lab o ra tory in fra struc ture for de liv ery of reg 
u la tory di ag nos tics, tech nol ogy de vel op ment, and tar geted re search to sup port 
reg u la tory con trol of mandatorily re port able dis eases. DFO is also re spon si ble for 
sur veil lance of wild aquatic re sources, as per sur veil lance pro grams de vel oped 
and overseen by the CFIA. 

The CFIA pro grams in clude risk anal y sis, im port/ex port con trol mea sures and 
main te nance of the na tion ally re port able dis ease list us ing in ter na tion ally set cri 
te ria for of fi cial con trol mea sures.(6) They also over see the NDLS qual ity as sur 
ance and quality con trol pro gram, and co or di nate aquaculture fa cil ity sur veil 
lance and de vel op ment/test ing of emer gency re sponse plans. 

National Diagnostic Laboratory System (NDLS) 

The Na tional Di ag nos tic Lab o ra tory Sys tem (NDLS) is comprised of four DFO 

Aquatic An i mal Health Cen tres lo cated at the Pa cific Bi o log i cal Sta tion in 
Nanaimo, Brit ish Co lum bia; the Fresh wa ter In sti tute in Win ni peg, Man i toba; the 
Gulf Fish er ies Cen tre in Moncton, New Bruns wick; and the Charlottetown 
Aquatic An i mal Patho gen Biocontainment Lab o ra tory (CAAPBL) in Char lotte 
town, Prince Ed ward Is land. The CAAPBL is Can ada’s of fi cial aquatic patho gen 
biocontainment fa cil ity for reg u la tory re search. 

The Na tional Di ag nos tic Lab o ra tory Sys tem also in cludes the es tab lish ment of 
a Na tional Cen tre of Ex per tise (NCE) for aquatic an i mal health at the Gulf Fish er 
ies Cen tre, where both na tional di ag nos tic and re search ac tiv i ties will be 
co-housed. The Na tional Lab o ra tory Co or di na tor (NLC) will be based at the Gulf 
Fish er ies Cen tre. The NDLS lab o ra to ries will pro vide qual ity con trolled di ag nos-
tic and re search data to sup port a new reg u la tory frame work being de vel oped un 
der CFIA’s Health of An i mals Act. 

The NLC will be re spon si ble for en sur ing that di ag nos tic lab o ra tory ser vices are 
de liv ered uni formly across the coun try and meet in ter na tion ally ac cepted di ag 
nos tic stan dards. To this end, all fed eral NDLS lab o ra to ries will func tion un der 
na tional co or di na tion, di rec tion, and over sight. The CFIA will re quire all NDLS 

labs to be ISO 170925 ac cred ited for spec i fied offi cial test pro ce dures, which is 
con sis tent with the re quire ments of CFIA’s lab o ra to ries in the ter res trial an i mal 
health pro gram. Pro vin cial or pri vate di ag nos tic lab o ra to ries in ter ested in join ing 
the NDLS and un der tak ing fed eral dis ease di ag nos tic ac tiv i ties will also need to 
be ISO 170925 ac cred ited. 
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“In a situation 

where a reportable 

or immediately 

notifiable disease is 

detected, the NDLS 

laboratories will 

report directly to the 

National Aquatic 

Animal Health 

Science Branch, 

which is the official 

notification point to 

CFIA.” 

Each fed eral sys tem lab o ra tory will meet QA/QC stan dards, pri or i tize, co or di 
nate and con duct research un der the di rection of the NLC, con trib ute to con tin 
gency planning and sup port disease response un der CFIA di rec tion. Re gional 
aquatic an i mal health is sues will be man aged directly through regional DFO ad 
min is tra tion and un der the In tro duc tion and Transfers Code. In ad di tion, the lab o 
ra to ries will pro vide con fir ma tion of na tion ally listed dis eases, and pro vide train 
ing to pro vin cial or pri vate lab o ra to ries for the screen ing of listed diseases. The 
web-based NAAHP da ta base will be used to fa cil i tate na tional co or di na tion of 
data from all fed eral, pro vin cial, and pri vate labs part nered within the NDLS. 

The CFIA is devel op ing a pro posed national list of re port able and imme di ately 
no ti fi able dis eases that are ex otic to all or parts of Canada. The man age ment of 
dis eases on this list, where they are ex otic, will be a fed eral re spon si bil ity. Re port 
ing of these dis eases will be im me di ate (noti fi able) for ar eas identi fied as be ing 
neg a tive, and at reg u lar in ter vals (e.g., bi an nual re port able) where the dis eases 
are en demic. Stake holders and part ners will be con sulted prior to fi nal iz ing the 
list, an tic i pated be fore the end of 2006.  It may take up to two years to make the 
nec es sary mod i fi ca tions to the Health of An i mals Reg u la tions to fully in cor po 
rate all the con trols re quired for the fi nal list of re port able and im medi ately no ti fi 
able dis eases. 

In a sit u a tion where a re port able or im me di ately no ti fi able dis ease is de tected, 
the NDLS lab o ra to ries will re port di rectly to the Na tional Aquatic An i mal Health 
Sci ence Branch, which is the of fi cial no ti fi ca tion point to CFIA. In the event that a 
listed dis ease is de tected and re ported to the CFIA via this route, the CFIA is re 
spon si ble for co or di nat ing the emer gency re sponse mea sures re quired. 

Dur ing, and af ter final is ation of, the trans fer of reg u la tory au thor ity from DFO 

to CFIA, DFO will main tain its re spon si bil ity for pro vi sion of sci en tific ad vice and 
in for ma tion via the Na tional Aquatic An i mal Health Science Branch (for merly 
the Na tional Reg is try for Aquatic An i mal Health) for re gional/en demic dis ease 
is sues. This in cludes sci en tific ad vice on dis ease risks as so ci ated with 
non-NAAHP listed diseases for in tro duc tions and transfers commit tees, as re
quired. 

Wild Stock Surveillance 

In ter na tional stan dards re quire of fi cial aquatic an i mal health man age ment pro
grams to in clude sur veil lance of wild fish, shell fish, and crus ta ceans, where these 
are in con tact with a stock or pop u la tion (wild or cul tured) that re quires certif i ca 
tion of proof of free dom from a disease deemed to pose a threat to resources 
within the coun try of a trade part ner. 

The CFIA is re spon si ble for de sign ing the wild sur veil lance pro grams nec es sary 
for listed disease agents. Sev eral mech a nisms can be used for sampling wild pop 
u la tion, such as us ing those col lected for re search pur poses, for stock as sess ment 
or hab i tat in ves ti ga tions, from pro cess ing plant in spections, as well as from in 
ves ti ga tion of wild aquatic an i mal mor tal ity in ci dents. Wild pop u la tion sur veil 
lance will fo cus on the sampling required to re in force proof of freedom from 
speci fied dis ease agents (cer tif i ca tion), or to map the ex tent of the distri bu tion of a 
dis ease agent for the pur poses of de fin ing pop u la tions that remain free of the in 
fection (zonation). Some sampling of wild stocks may also be re quired for val i da 
tion of di ag nos tic tools using Cana dian spe cies or to as sess effi cacy un der Ca na 
dian aquatic en vi ron men tal con di tions. 
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DFO pro vides the sci en tific ad vice on ep i de mi ol ogy, ecol ogy, and ocean o -
graphic/hy dro graphic factors that relate to sur veil lance or con trol plans for fed er 
ally report able and no ti fi able dis ease agents.  In this re gard, the impor tance of un 
der stand ing the role of wa ter move ment in the spread of vi a ble in fectious agents, 
or their vec tors, can not be un der es ti mated. 

Zoning for Specific Disease and Water Movements 

Zones are de fined as geo graphic ar eas en com pass ing a pop u la tion of an i mals 
which has a health status that dif fers from other sus cep ti ble pop u la tions or spe cies 
lo cated in a neigh bour ing or more distant lo ca tion. An area sur round ing a zone 
pos i tive for a spec i fied dis ease and which con tains spe cies suscep ti ble to that dis
ease is con sid ered neg a tive. The de lin ea tion be tween pos i tive and neg a tive zones 
is strongly cor re lated to wa ter move ment as well as ge og ra phy. Ef fec tive 
zonation for an open water pop u la tion in a fresh wa ter catch ment area must in 
clude con sid er ation of flow, flood ta bles, and nat u ral and ar ti fi cial bar ri ers. Thus, 
an un in fected pop u la tion up stream from an in fected pop u la tion can be sub ject to 
practi cal con trol mea sures, whereas the re verse would be dif fi cult, if not impos si 
ble. The health sta tus of aquatic an i mals grown in land-based fa cil i ties with 
flow-through or open wa ter dis charge is equally im por tant in de fin ing the health 
status of pop u la tions down stream. This con cept is well-un der stood for many 
fresh wa ter fish produc ers who choose sites where fa cil i ties can be fed by fish-free 
up stream or well-wa ter sources. In ad di tion, these con sid er ations are in cor po 
rated into the OIE Code Chap ter on Zonation.(5) 

In open ocean, estuarine, or large river and lake ar eas, how ever, the hy dro 
graphic compo nent is more diffi cult to de fine for dis ease zonation. For these ar
eas, knowl edge about the per sistence of the patho gen out side the host, along with 
knowl edge of any vec tors impor tant for active (rather than pas sive) trans mis sion, 
is es sen tial for overlay over the water move ment in for ma tion for the area. In 
many cases, such in for ma tion is lack ing and histor i cally have simply been de
fined based on geo graphic presence or ab sence data for samples col lected for sur 
veil lance. Although useful for map ping pur poses, such in for ma tion is of limited 
value for disease man age ment and con trol pur poses. 

The NAAHP has de vel oped a geo graphic in for ma tion sys tem (GIS) web-based 
da ta base, which uses the map ping compo nent for presence or ab sence data. How
ever, the zones de vel oped around these data have to be re viewed care fully against 
the dis tri bu tion of sus cep ti ble spe cies, tidal flow in for ma tion, drain age ba sin, and 
catch ment area in for ma tion. Even where these are de fin able, the lines drawn may 
have to be recon sid ered in light of hu man activ i ties that negate use of the hy dro 
graphi cally set bound ary. In ad di tion, the dy namic nature of rivers, es tu ar ies, 
coast lines and hu man de vel op ment demands that such zones un dergo reg u lar re 
view and re vi sion as nec es sary. 

Of crit i cal impor tance for con trol of dis ease spread to naïve sus cep ti ble pop u la 
tions is an ac cu rate def i ni tion of the ‘buffer zone’. This is the area that borders 
such pop u la tions and which is the fo cus for targeted sur veil lance for early de tec
tion of spread of an in fectious dis ease to wards vul ner a ble pop u la tions. As with 
wa ter catchment ar eas, these zones have to be de fined tak ing into ac count all nat 
u ral and man-made ac tiv i ties that flow or drain into them. The scale of the buffer 
zone also has a sig nif i cant im pact on the de gree of sur veil lance ac tiv ity re quired 
for an ef fec tive early warn ing sys tem. That is, the amount of tar geted sur veil lance 

“Experience in both 

plants and land 

animal disease 

control—developed 

over the last 

hundred years— 

can be readily 

applied to the 

relatively new 

aquatic disease 

control 

environment.” 
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nec es sary to en sure de tection of the patho gen if it did spread to the naïve pop u la 
tions in the area. Ef fective buffer zones have to be based on phys i cal geo graphic 
bound aries or wa ter move ment char ac ter is tics that pro vide as sur ance of neg li gi
ble wa ter ex change be tween pos i tive and neg a tive host pop u la tions (e.g., tidal cy 
cles, estuarine chan nel flows, embayments). Thus, in clu sion of wa ter move ments 
and phys i cal char ac ter is tics re lated to ep i de mi ol ogy of a dis ease of con cern is es 
sen tial for de fin ing dis ease con trol zones that can ef fec tively protect the in teg rity 
of neg a tive zones.

 As with all zones, how ever, hu man activ i ties have to be taken into ac count to 
en sure there are no sig nif i cant ac tiv i ties (fish er ies, aquaculture, or com pletely un 
re lated activities) that circumvent the nat u ral or geo graph ical bound aries. 

Influence and Effect of the Aquatic Environment 

on Effective Disease Management  

There are many chal lenges in aquatic ani mal dis ease man age ment, but it is in 
creas ingly re cog nised that dis eases con tinue to spread in ter na tion ally de spite in 
tense mon i tor ing pro grams and of ten strin gent con trol mea sures. Ob vi ously, 
much of this spread can be at trib uted to in complete knowl edge of the ep i de mi ol 
ogy of the dis eases in ques tion, as well as dif fi cult to de tect sub-clin i cal in fec 
tions. How ever, the greatest un known quan tity in any dis ease con trol pro gram is 
the role of the aquatic en vi ron ment in in flu enc ing dis ease spread. This in flu ence 
ap plies to the patho gen as well as to bi otic and abiotic trans mis sion vec tors. 

The qual ity and accu racy of de ci sion mak ing for disease con trol relies on as 
com plete an un der stand ing of the ep i de mi ol ogy of the dis ease as pos si ble. In 
compar ing the dis ease trans mis sion in the aquatic en vi ron ment with that on land, 
it is in ter esting to note that aquatic dis ease spread has more in common with plant 
pests than dis ease in ter restrial farming. Open fields, ex po sure to air move ment 
and air borne vec tors, as well as re lated wild spe cies coun ter parts, show some 
strong par al lels to pro duc tion chal lenges in the aquatic en vi ron ment. Ex pe ri ence 
in both plants and land an i mal disease con trol—de vel oped over the last hun dred 
years—can be readily ap plied to the rel a tively new aquatic dis ease con trol en vi 
ron ment.  The new NAAHP co-de liv ery with a CFIA lead will en sure this ex pe ri 
ence is brought into the multidisciplinary ap proach re quired for ef fective aquatic 
an i mal dis ease con trol. 

Canadian Experience 

There are two exam ples where wa ter move ment has played an im portant, but 
dif fer ent, role in the in tro duc tion or distri bu tion of aquatic dis ease. In 2002, the 
in tro duc tion of Haplosporidium nelsoni or multinucleate sphere X (MSX) to oys 
ters in the Bras d’Or Lake sys tem of Cape Breton Island, Nova Sco tia showed no 
hy dro graphic link to in fected oys ter stocks lo cated along the eastern sea board of 
the United States. Also, the well known pref er ence of this patho gen for pro lif er a 
tion in lower sa lin ity, sug gests that the spread north was un likely via ocean drift—  
al beit pos si ble—with its un known pu ta tive in ter me di ate host. Al though wa ter 
cur rents did not play an ob vi ous role in in tro duc ing MSX to Can ada, they have 
been impor tant in in flu enc ing the dis tri bu tion of the dis ease within the Bras d’Or 
Lake sys tem. De tailed in for ma tion on this work is pro vided elsewhere in these 
pro ceed ings.(4) Af ter 3 years, spread of in fec tions ap pears pri mar ily re lated to hu-
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man trans fers of oys ters be tween leases within the Bras d’Or Lake sys tem. 
The sec ond ex am ple is also well-de scribed else where in these pro ceed ings. In 

fec tious salmon anae mia (ISA) in fects At lan tic salmon in the Bay of Fundy, New 
Brunswick and Maine, USA. Ini tial at tempts to pre vent spread of the dis ease be 
tween Ca na dian and Amer i can salmon farms, lo cated me ters away from each 
other across the Maine–New Brunswick bor der, were doomed to fail ure based on 
the prox imity of the farms and the strong tidal in flu ences mix ing the wa ters 
shared by both coun tries at the mouth of the Bay of Fundy and Gulf of Maine. The 
sub se quent de vel op ment of bay man age ment ar eas (BMAs) de fined by wa ter cur
rents is de scribed by Ellis et al.,(1) along with sim i lar ex pe ri ences and strat e gies 
de vel oped in Scot land(2) and Norway.(3) 

Summary 

The cre ation of an in ter na tion ally cred i ble sci ence-based Na tional Aquatic An i 
mal Health Pro gram pro vides Can ada with the tools to meet in ter na tional trade 
ob li ga tions to pro tect Can ada’s wild and farmed aquatic re sources. The reg u la 
tory dis ease con trol re spon si bil i ties of the NAAHP share the same in for ma tion 
needs as con trol pro grams aimed at the man age ment of en demic and op por tu nis 
tic dis eases—no ta bly as com pre hen sive an un der stand ing as pos si ble of the dy 
namics of in fectious agents in the aquatic en vi ron ment being used to grow sea 
food. 

For the evolv ing fed eral aquatic an i mal health pro gram, dis eases fall ing un der 
reg u la tory con trol will be man aged by con trol mea sures that in cor po rate ocean o 
graphic factors into the deci sion-mak ing pro cess. In rec og ni tion of the dy namic 
en vi ron ment and evolv ing aquaculture and aquatic ep i de mi o log i cal knowl edge, 
these mea sures will also be designed to be flex i ble and sub ject to reg u lar re view. 
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Ap pli ca tion of a Tidal Cir cu la tion Model 

for Fish Health Man age ment of Salmon 

Farms in the Grand Manan Is land Area, 

Bay of Fundy 

B. D. Chang, F. H. Page, R. J. Losier, D. A. Greenberg, 
Blythe Chang 

J. D. Chaffey, and E. P. McCurdy 

One mech a nism that may fa cil i tate the spread of vi ral dis eases among 
salmon farms is waterborne trans port of the vi rus. In Nor way and Scot 
land, dis ease spread is man aged by us ing hy dro graphi cally-de fined 
con trol and sur veil lance zones, based on one tidal ex cur sion around 
farms. We in ves ti gated the ap pli ca tion of simi lar zones for the man 
age ment of in fectious salmon ane mia (ISA) among salmon farms in the 
south ern Grand Manan Island area in the Bay of Fundy. We esti mated 
tidal ex cur sions around farms us ing two ap proaches: a simple method 
based on 5-km ra dius cir cles around farms and a more complex 
method us ing a 3-di men sional tidal wa ter cir cu la tion and par ti cle trans
port model. Us ing both meth ods, we de ter mined the over laps of the 
pre dicted con trol zones with farm sites and with con trol zones of farms 
in the area. We also ex am ined the po ten tial for waterborne dis ease 
spread be tween farms in the southern and east ern ar eas of Grand 
Manan Is land. 

Introduction 

The vi ral dis ease in fec tious salmon ane mia (ISA) first ap peared among ma rine 
salmon farms in the south west ern New Bruns wick (SWNB) area of the Bay of 
Fundy in the summer of 1996.(1) Ep i de mi o log i cal stud ies in Nor way in di cated 
that the ISA vi rus was likely trans mit ted via in fected salmon, fish wastes, and/or 
process ing effluents, and that sea wa ter was a signif i cant route for dis ease trans 
mis sion.(2,3) These stud ies found that prox imity of a farm to ISA-in fected farms, 
slaugh ter houses, and pro cess ing plants was among the great est risk fac tors, es pe 
cially where the sep a ra tion dis tance was less than 5 km. In Scot land, the spread of 
ISA over large dis tances was re lated to trans fers of live fish and harvest col lec 
tion, while at the lo cal scale, ISA may have been trans ported among neigh bor ing 
farms by wa ter cur rents.(4-6) 

)The pat tern of oc cur rence of ISA in SWNB(1,7  sug gests that both large-scale vec
tors and smaller-scale pas sive trans port via sea wa ter have oc curred. Murray(6) 

sug gested that in areas with high tidal cur rents and farms lo cated close to gether, 
such as SWNB, lo cal transmis sion mech a nisms such as pas sive spread through 
wa ter may be more im portant than in ar eas with lower cur rents and greater sep a ra 
tion be tween farms. 

Nor way and Scot land have im ple mented hy dro graphi cally-based con trol zones 
to re duce the po ten tial for waterborne trans port of the ISA vi rus. Within con trol 
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zones around in fected farms there are require ments for fallowing and disin fection 
of farms, restric tions on fish trans fers, and in creased fish health sur veil lance. In 
Scot land, the con trol zone is de fined as a cir cle, with a ra dius equal to one tidal ex 
cur sion from the cen tre of a farm.(4,8) The max i mum tidal ampli tudes in Scot land 
(esti mated from maps of tidal cur rents) trans late into tidal ex cur sions of 7.1 km in 
main land Scot land and 3.6 km in Shetland.(8) In Nor way, the con trol zone is de 
fined as a cir cu lar area with a ra dius of at least one tidal ex cur sion (but not less 
than 5 km) from the cen tre of a farm, or an equiv a lent area de ter mined from hy 
dro log i cal or ep i de mi o log i cal data.(9) Be cause most farms in Nor way are in areas 
of weak tides, the ac tual dis tance of one tidal ex cur sion will of ten be less than 5 
km.(4) Both Scot land and Nor way also use larger zones where in creased fish 
health sur veil lance is re quired. In Nor way, the sur veil lance zone in cludes all 
farms whose con trol zones over lap with the con trol zone of an in fected farm,(9) 

while in Scot land, the sur veil lance zone (or man age ment area) includes all farms 
hav ing over lap ping con trol zones where at least one farm is in fected.(4) 

One of the responses to the ISA out break in SWNB was to or ga nize the salmon 
farms into Bay Man age ment Ar eas (BMAs), within which all farms should syn 
chro nize smolt place ment, har vesting, and fish health man age ment strate gies.(10) 

Our pro ject was ini ti ated to pro vide ocean o graphic data that could be used to con 
firm or re vise these BMA bound aries, and to assist in fish health 
man age ment and farm site se lec tion. We es ti mated con trol 

Fig ure 1 
zones based on one tidal ex cur sion using two meth ods. A simple 

Salmon farm sites and 5-km radius buffer 
ap proach, in which tidal ex cur sions around farms were es ti 
mated as a 5-km ra dius cir cu lar zone, was com pared to a more 

zones in the south ern Grand Manan Is land 

complex ap proach in which tidal ex cur sions were esti mated us -
area (BMAs 19–21). Also shown are 

ing a tidal cir cu la tion and par ti cle track ing model. The south ern 
salmon farm sites in the east ern Grand 

Grand Manan Is land 
Manan Is land area (BMAs 17 and 18). 

area was the ini tial 
geo graphic fo cus. 
We also ex am ined 
po ten tial wa ter link 
ages be tween farms 
in the south ern and 
east ern Grand Manan 
Is land ar eas. 

The mean tidal am 
pli tude in the Grand 
Manan area is about 
5 m. In the year 2000, 
there were 7 salmon 
farms op er at ing in 
this area, within 3 
BMAs (Fig. 1). Since 
2001, 4 ad di tional 
farms have op er ated 
in this area. The min 
i mum dis tance be 
tween each farm and 
its near est neigh bor 
(the short est dis tance 
via wa ter be tween 
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site bound aries) ranged from 0.3 to 2.8 km (av er age 1.0 km) in 2000 and from 0.3 
to 1.9 km (av er age 0.9 km) in 2001. There are cur rently 9 salmon farms op er at ing 
in the area. The short est dis tance be tween a farm in the east ern area and a farm in 
the south ern area is 2.4 km (be tween farms 172 and 316). 

)We pre vi ously re ported pre lim i nary re sults from this project(11  and ad di tional 
)de tails can be found in two tech ni cal re ports.(12,13  Other re ports(14-16) de scribe the 

ap pli ca tion of this ap proach to other ar eas of SWNB. The purpose of this paper is 
to de scribe the ap proach used in those re ports, us ing the Grand Manan Island area 
as an ex am ple, and to in clude some new anal yses. 

Methods 

A simple method of es ti mat ing the zone equiv a lent to one tidal ex cur sion 
around each farm in volved draw ing a cir cle with a 5-km ra dius around the cen tre 
of the site or, if known, around the cen tre of the cage clus ter. We ex cluded land ar 
eas which fell within the circle, as well as any wa ter ar eas sep a rated from the farm 
site by land. These cir cle-based zones were cre ated us ing the MapInfo Pro fes 

Ta ble 1. Sur face ar eas of 5-km ra dius buffer zones (ex clud ing land and ar eas 

of wa ter sep a rated from the farm by land) and model-de rived tidal ex cur sion 

ar eas, and max i mum straight line dis place ment of model par ti cles dur ing 

one tidal ex cur sion (12.4 h), for salmon farms in the south ern Grand Manan 

Is land area. Farms shown in bold ital ics started op er at ing in 2001. 
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sional® 7.0 buffer tool and are henceforth re ferred to as buffer zones. The max i 
mum pos si ble area of a 5-km ra dius buffer zone (i.e. if there were no land areas 
within the zone) was 78.5 km2. We deter mined the over laps of each 5-km ra dius 
buffer zone with farm sites and with the buffer zones of farms in the study area. 

More pre cise es ti mates of the tidal excur sions around farms were made us ing a 
(3-di men sional par ti cle track ing model (ver sion Au gust 2004) 17) cus tom ized for 

our study area. The model es ti mates the tidal cur rents by di vid ing the geo graphic 
area into tri an gles (fi nite el e ments) and by nu mer i cally solv ing the equa tions of 
mo tion at each x,y,z,t grid point. A depth pro file of the cur rent is cal cu lated at 

Ta ble 2. Ta bles of over laps of tidal ex cur sion ar eas and farms sites, us ing 

two meth ods of es ti mat ing tidal ex cur sion ar eas. l in di cates an over lap of 

the orig i nat ing farm’s 5-km ra dius buffer zone with farm sites (top ta ble) and 

with farm buffer zones (bot tom ta ble); n in di cates an over lap of the orig i nat 

ing farm’s model-de rived tidal ex cur sion area with farm sites (top ta ble) and 

with model-de rived tidal ex cur sion ar eas (bot tom ta ble). Shaded ar eas in di 

cate farms which started op er at ing in 2001. 
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each cor ner of ev ery tri an gle ev ery 2.07 sec onds. The model is fully non-lin ear, 
has up to 21 depth lev els, and has vari able hor i zon tal res o lu tion (min i mum 
~50 m). The model also simu lates wet ting and dry ing of intertidal ar eas. Al 
though the generic model code has the ca pa bil ity of in clud ing bound ary forcing 
us ing mul ti ple tidal con stit u ents, in ter nal wa ter den sity and sur face winds, we 
only used bound ary forcing by the prin ci pal lu nar semi-di ur nal (M2) tide for the 
sim u la tions pre sented here. 

Thirty-six model par ti cles were released ev ery hour over a 12-h period (to rep re 
sent con di tions over a tidal cy cle) from a 200 × 200 m grid lo cated at the ap prox i 
mate cen tre of each farm or, if known, at the cage clus ter (i.e. a total of 12 re leases 
and 432 par ti cles from each farm). The par ti cles were re leased and main tained at 
1 m be low the sea sur face. The po si tion of each par ti cle was re corded ev ery 20 
min dur ing one tidal cy cle (12.42 h). Some parti cle tracks were shorter than one 
tidal cycle, be cause the tracks ter mi nated if they hit the shore. To de lin eate the 
geo graphic area cov ered by one tidal excur sion, the ma rine sur face area in the vi 
cin ity of each farm was di vided into 100 × 100 m square cells. A farm’s tidal ex 
cur sion area was then es ti mated by com bining all cells that were in ter sected by at 
least one of the 432 par ti cle tracks re leased from that farm. 

We tab u lated the over lap of each model-derived tidal ex cur sion area with farm 
sites and with the tidal ex cur sion ar eas of farms. The model-derived tidal ex cur 
sions also al lowed us to mea sure the in ten sity of the over laps: by de ter min ing the 
number of re leases (out of 12) that had at least one parti cle over lap ping farm sites 
and the number of par ti cles (out of 432) that over lapped farm sites. 

Results 

Fig ure 2 
Es ti mated con trol and sur veil lance zones of farms in the south ern Grand 

Salmon farm sites and model Manan Is land area 
de rived tidal ex cur sion areas in the 

south ern Grand Manan Is land area Con trol zones for farms op er at ing in the south ern Grand Manan Is-

(BMAs 19- 21). land area, as es ti mated by 5-km ra dius buffer zones, ranged in size from 
32.0 to 71.6 km2 (Ta ble 1, 
Fig. 1). Buffer zones of 
farms op er at ing in 2000 
over lapped an av er age of 
4.1 farm sites and all 7 
buffer zones (in clud ing 
the orig i nat ing site and 
buffer zone), while buffer 
zones of farms op er at ing 
since 2001 overlapped an 
av er age of 7.4 farm sites 
and 10.6 buffer zones 
(Ta ble 2). In all instances, 
the over laps of buffer 
zones with farm sites 
were re cip ro cal; where 
one farm’s buffer zone 
over  lappe d a  se c  ond 
farm’s site, the sec ond 
farm’s buffer zone over 
lapped the first farm’s 
site. 
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The over laps of buffer zones with farm sites in 2000 in di cated two completely 
sep a rate groups of farms: farms in BMAs 20 and 21 in one group and farms in 
BMA 19 in the other group. With the ad di tion of  4 new farms in 2001, the overlaps 
of buffer zones with farm sites still sug gested two groups, but they were not com
pletely iso lated: there were some over laps be tween farms in BMAs 21 and 19. The 
over laps among buffer zones, both in 2000 and since 2001 sug gested that all 
south ern Grand Manan Island farms should be in one sur veil lance zone.

 Con trol zones, as es ti mated us ing model-derived tidal ex cur 
sions, were gen er ally elongated, rather than cir cu lar and were 

Fig ure 3 smaller than the corre spond ing 5-km ra dius buffer zones, ex 
Model par ti cle tracks for each of 12 cept in the case of farm 381 in BMA 19 (Ta ble 1 and Fig. 2). The 

model tidal ex cur sion ar eas re sulted in fewer over laps than the re leases (0 to 11) started at hourly 

5-km buffer zones (Ta ble 2). For farms op er at ing in 2000, the in tervals and tracked for one tidal 

model tidal ex cur sion ar eas over lapped an av er age of 1.9 farm ex cur sion (12.4 h) from farm 403. Finfish 

sites and the same number of tidal ex cur sion ar eas (in clud ing farms are shown as small white polygons. 

the orig i nat ing farm site and tidal ex cur sion area), while for The larger blue poly gon is the farm’s to tal 

farms op er at ing since 2001, there was an av er age of 2.1 over - tidal ex cur sion area. Re lease 3 started 

near the time of high wa ter and re lease 9 

started near the time of low wa ter. 
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Ta ble 3. Num bers of model-de rived par ti cle tracks from each farm which over lapped farm sites. Also 

shown, in brack ets, are the num bers of par ti cle re leases which had over lap ping par ti cle tracks. There 

were 12 par ti cle re leases, at hourly in ter vals, from each farm site. Each re lease con sisted of 36 par ti cles, 

for a to tal of 432 par ti cles from each farm. Par ti cles were tracked for one tidal ex cur sion (12.4 h). For 

farm 202, the num ber of par ti cle tracks over lap ping the orig i nat ing farm site was slightly less than 432, 

be cause one point in the par ti cle re lease grid lay just out side this farm’s site bound aries. Shaded ar eas 

in di cate farms which started in 2001. 

laps with farm sites and 4.5 over laps with tidal ex cur sion ar eas. For farms op er at 
ing in 2000, all overlaps be tween tidal ex cur sion ar eas and farm sites were recip 
ro cal; how ever in 2001, there were four in stances where overlaps were not recip 
ro cal (Ta ble 2). 

The over laps of tidal ex cur sion ar eas with farm sites op er at ing in 2000 in di cated 
that the three BMAs in the south ern Grand Manan Island area were completely 
sep a rate. How ever, for farms oper at ing since 2001, there was some wa ter ex 
change be tween farms in BMAs 20 and 21, while BMA 19 re mained sep a rate. The 
over laps among tidal ex cur sion ar eas in 2000 in di cated that sur veil lance zones for 
all farms would only in clude farms within one BMA, while the over laps since 
2001 in di cated that the sur veil lance zones for 7 of the farms would in clude farms 
in more than one BMA. 

Fig ure 3 shows the in di vid ual hourly re leases from farm 403 (simi lar maps for 
)other farms in this area can be found in Page et al.(12 ). The model parti cle tracks 

show that the dis place ment of a par ti cle from its starting point does not in crease 
con stantly over time; at times, due to the change in the tide, the par ti cle may  move 
closer to its starting point. 

The high est number of re leases over lap ping a farm site was 9 (apart from the 12 
re leases over lap ping each orig i nat ing farm site; see Table 3). This occurred in two 
in stances: re leases from farm 292 over lap ping its nearest neigh bor, site 202; and 
re leases from farm 403 over lap ping its nearest neigh bor, site 408. In all other in 
stances, there were 6 or fewer re leases overlapping farm sites. 

A map of the spa tial dis tri bu tion of the den sity of all parti cle tracks from farm 403 
)is shown in Fig. 4 (for other farms see Page et al.(12 ). All 432 par ti cle tracks over-
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lapped with the orig i nat ing farm’s site, with the ex cep tion of farm 202, where only 
427 par ti cle tracks overlapped the same farm’s site, be cause one of the points in the 
start ing grid for that farm was lo cated just out side of the farm’s site bound aries 
(Ta ble 3). There were just three other in stances where greater than 50% of the par 
ti cle tracks overlapped a farm site: 289 par ti cle tracks (67%) from farm 292 over 
lapped farm site 202; 221 par ti cle tracks (51%) from farm 403 over lapped farm site 
408; and 216 par ti cle tracks (50%) from farm 202 over lapped farm site 292. 

Es ti mated wa ter ex change be tween farms in the southern 
and eastern Grand Manan Is land ar eas 

There was just one over lap of a 5-km ra dius buffer zone from the south ern area 
with a farm site in the east ern area and vice versa (Fig. 5): the buffer zone of farm 
172 (BMA 18) over lapped farm site 316 (BMA 19) and the buffer zone of farm 316 
over lapped farm site 172. None of the buffer zones of farms in BMA 17 over 
lapped with buffer zones of farms in the south ern area (BMAs 19 to 21), but buffer 
zones of farms in BMA 18 over lapped with the buffer zones of farms in BMAs 19 
to 21 in the south ern area. 

There were four over laps of 
model-de rived tidal ex cur sion ar - Fig ure 4 

eas of farms in the east ern area Model-derived tidal ex cur sion area of farm 403 in the south ern 

over lap ping farm sites in the south - Grand Manan Island area. The shad ing rep re sents the num ber of 
ern area (Fig. 6): the tidal ex cur sion model-de rived par ti cle tracks in ter sect ing each 100 × 100 m square 
area of farm 172 (BMA 18) over - cell within the farm’s to tal tidal ex cur sion area. Thirty-six par ti cles 
lapped farm sites 316 and 381 were re leased from the farm site at hourly inter vals over a 12-h pe -
(BMA 19) and the tidal ex cur sion riod (to tal of 12 re leases and 432 par ti cles) and tracked for one tidal 
area of farm 300 (BMA 18) over - ex cur sion (12.4 h). Farm sites are shown as small white polygons. 
lapped the same two farm sites in Num bers in pa ren the ses in the legend are the num bers of 100 × 100 
BMA 19. The in - m cells within each range. 
ten sity of these 
overlaps was rela 
tively small: 1 to 3 
of the hourly re 
leases and 29 to 33 
of the par ti cles re 
leased in  each 
case. There were 
no over  laps of  
tidal ex cur sion ar 
eas of farms in the 
south ern area with 
farm sites in the 
east ern area. The 
tidal ex cur sion ar 
eas of two east ern 
Grand Manan Is 
land farms (farms 
172 and 300 in 
BMA 18)  each 
over lapped with 
the tidal ex cur sion 
ar eas of two farms 
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in BMA 19 and two farms in BMA 21 in the south ern Grand Manan Island area. 

Discussion 

In this study we compared simple and more complex es ti mates of the tidal ex 
cur sions around salmon farms in the south ern Grand Manan Island area, as pre 
dic tors of the po ten tial for waterborne spread of dis ease among farms. The simple 
ap proach, us ing 5-km ra dius cir cu lar zones, can be easily done us ing commer -
cially-available soft ware. The more com plex ap proach re quired the de vel op ment 
of a tidal cir cu la tion model cus tomized to our study area. This lat ter ap proach is 
more ex pen sive and time-con suming but pro vides more precise esti mates of the 
tidal ex cur sion ar eas around farms. 

Our choice of a 5-km ra dius for the simple ap proach was based on pre limi nary 
in for ma tion on the cur rent speeds in the area, as well as ep i de mi o log i cal stud ies 
and man age ment prac tices in Nor way.(2,3,9) The par ti cle tra jec to ries es ti mated by 
our model sug gest that this was a reason able choice for our study area, al though it 
un der es ti mated the max i mum dis tance trav elled by most par ti cles re leased from 
farms in BMA 19 and overes ti mated the max i mum dis tance trav elled by most par 
ti cles re leased from farms in BMA 20. 

If we use 5-km ra dius buffer zones to de lin eate 
Fig ure 5 

con trol zones (as in Nor way and Scot land) for 
Map showing 5-km ra dius buffer zones around farms in 

farms op er at ing in the south ern Grand Manan 
the eastern and south ern ar eas of Grand Manan Is land. 

Is land area in 2000, we would find that all farms 
Thicker out lines in di cate the buffer zone of one farm in 

in BMAs 20 and 21 would share the same con trol 
the east ern area (farm 172) which over lapped a farm site zone, while the two farms in BMA 19 would be 
in the south ern area (farm 316) and the buffer zone of in a sep a rate zone. The over laps among buffer 
one farm in the south ern area (farm 316) which over - zones sug gest that all south ern Grand Manan Is-
lapped a farm site in the east ern area (farm 172). land area farms should be 

in one sur veil lance zone. 
If we use the model-de-

rived tidal ex cur sions to 
de lin eate con trol zones 
for  sout  h  ern  G rand 
Manan Is land area farms 
in 2000, we find that most 
of  the con t rol  z  ones 
would in clude just one 
other farm (ex cept the 
con trol zone of farm 303 
would con tain no other 
farms) and none would in 
clude any farms out side 
the orig i nat ing farm’s 
BMA. The new farms 
added in 2001 did not sub 
stan tially in crease the av
er age number of farms per 
con trol zone, but did cre
ate a link from farms in 
BMA 20 to BMA 21, al 
though not in the re verse 
di rec tion. The over laps 
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among model tidal ex cur sion ar eas sug gest that the surveil lance zones in 2000 
would only in clude farms in one BMA, but in 2001 most sur veil lance zones would 
in clude farms in more than one BMA. 

Both meth ods of es ti mat ing wa ter ex change ar eas in di cated link ages be tween 
the south ern and east ern Grand Manan areas. How ever, the model-derived tidal 
ex cur sion ar eas in di cated that the link ages were pri mar ily in one di rection, from 
two farms in BMA 18 to ward farms in the south ern area, and were rel a tively low in 
in ten sity. 

The mod el ing ap proach al lows us to quan tify the over laps among farms, both 
tem po rally and spa tially. Be cause the hourly re leases were spread over the tidal 
cycle, the num ber of re leases that have over laps with farm sites or tidal ex cur sion 
ar eas (Ta ble 4, Fig. 3) pro vides an in di ca tion of the tempo ral nature of the over 
laps. For exam ple, if the over laps of par ti cles re leased from one farm over lapped 
with an other farm in 3 of the 12 hourly re leases, this rep re sents about 25% of the 
tidal cy cle. Such in for ma tion could be used by farmers to time activ i ties, such as 
har vesting, to min i mize potential impacts on neighboring farms. 

The number of model par ti cle tracks from a farm which over lap other farm sites 
(or other tidal ex cur sion ar eas) pro vides an esti mate of the over all in ten sity of the 
over lap. This in for ma tion could be used 
to the pre dict the risk of waterborne 
spread of dis ease be tween farms lo cated Fig ure 6 

too close to gether to achieve 100% sep a - Map showing model-de rived tidal ex cur sion areas of farms in the 

ra tion or where there are so cio eco nomic east ern and south ern ar eas of Grand Manan Island. Thicker red 

pres sures to place a man age ment area out lines in di cate the tidal ex cur sion areas of two farms in the 

bound ary in a cer tain lo ca tion. This east ern area (farms 172 and 300) which over lapped farm sites in 

meth od ol ogy could also be used to esti - the southern area (farms 316 and 381 in BMA 19). None of the 

mate the cu mu la tive risk of a par tic u lar tidal ex cur sion ar eas of farms in the south ern area over lapped 
farm to virus originating from more than any farm sites in the east ern area. 
one farm. 

It must be men tioned 
that we do not know 
enough about the ISA vi 
rus to con fi dently trans 
late the rel a tive ex po sure 
in dex into a risk of in fec
tion. In for ma tion is lack 
ing on rates of vi ral shed 
ding from in fected fish, 
sur vival of the vi rus in 
sea wa ter, and amount of 
vi rus required to in fect a 
fish, es pe cially in field 
con di tions. In a related 
study of ISA out breaks 
among salmon farms in 
Cobscook Bay, Maine and 
ad ja cent ar eas of SWNB, it 
was found that tidal dis 
per sion, as predicted by 
the model meth od ol ogy 
used in our study, did play 
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a sig nif i cant role in the spread of ISA in that study area, al though the pre dic tive 
power of model-es ti mated wa ter move ment alone was rel a tively small and many 

)other fac tors were also im portant.(18  Nev er the less, the au thors sug gested that the 
use of model-pre dicted tidal ex cur sions would pro vide ben e fits for the con trol of 
dis ease trans mis sion among salmon farms. 

Our model-pre dicted tidal ex cur sion ar eas were de ter mined com pletely by the 
M2 tide. Al though the M2 tide is the ma jor compo nent of the tide in this area, other 
fac tors do play a role, and when they are in cluded in the model the par ti cle tra jec 
to ries and ex po sure maps will be mod i fied to some de gree. The model ap proach 
can also be cus tom ized with dif fer ent time scales and dif fer ent re lease and par ti 
cle tra jec tory pa ram e ters, such as the depth of par ti cle re lease, ver ti cal move ment 
be hav ior, the du ra tion of par ti cle in fectious ness, the den sity of the release grid, 
and the temporal sequence of release. 

Fish health spe cial ists, members of the salmon aquaculture in dus try, and reg u 
la tors have indi cated to us that the more pre cise es ti mates of wa ter ex change ar eas 
ob tained us ing the model justify the in creased ex pense and effort re quired, as 

)compared to the re sults ob tained us ing simple cir cle-based esti mates.(19  Ide ally 
we would like to see such an ap proach imple mented be fore aquaculture sites are 
ap proved, so that un wanted water exchange scenarios could be avoided. 
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Mike Beat tie 

Fig ure 1 

Map of south western New 

Bruns wick and ad ja cent 

ar eas of Maine, showing 

locations of salmon farms 

and Bay Manage ment Ar eas 

(BMAs) in 2005. Salmon 

farms in New Bruns wick are 

shown in red; farms in Maine 

are blue. 

Wa ter Move ment and Fish Health 

in the Salmon Farm ing In dus try of 

South west ern New Bruns wick 

M. J. Beattie, S. M. McGeachy, B. D. Chang, and F. H. Page 

Salmon farming in south west ern New Bruns wick is the larg est sin gle 
agri-food busi ness in At lan tic Can ada. The in dus try has suf fered sig 
nif i cant losses from in fectious salmon ane mia (ISA) over the past de 
cade and in response the New Bruns wick De part ment of Ag ri cul ture, 
Fish er ies and Aquaculture has de vel oped and imple mented a series of 
dis ease man age ment and con trol strat e gies, and these have been coor 
di nated with simi lar ef forts in the ad ja cent United States. Lo cal 
knowl edge of wa ter move ment has con trib uted sig nif i cantly to the de-
vel op ments on both sides of the Can ada–United States bor der and it is 
an tic i pated that wa ter move ment will con tinue to be an impor tant con 
sid er ation in the on go ing evo lu tion of dis ease man age ment and con trol 
strat e gies. Ad di tional ap pli ca tions of ex ist ing knowl edge con cern ing 
wa ter move ments are identi fied, as are some pri or ity re search ar eas 
that will con trib ute to an tic i pated man age ment needs.

 Introduction 

The finfish aquaculture in dus try within south 
west ern New Bruns wick (SWNB), Canada is 
dom i nated by At lan tic salmon (Salmo salar) 
farming. The salmon in dus try is the larg est 
gross ing sin gle prod uct agri-food in dus try in At 
lan tic Can ada. In 2004 the in dus try con sisted of 
96 li censed salmon farms that pro duced 35,000 
tonnes of salmon with a value of Can$175 mil 

(lion. 1) The in dus try is lo cated through out SWNB 

(Fig. 1) and in the  adja cent east ern Maine area of 
the United States. The in dus try is also ex per i 
ment ing with the pro duc tion of had dock, cod, 
and hali but. Shell fish, mainly blue mus sels and 
scal lops, and multi-trophic (salmon-mus -
sels-sea weed) farm ing are also be ing ex plored. 

There are sev eral dis eases that can, or have the 
po ten tial to, af fect farmed salmon in this area. 
The agents for sev eral finfish dis eases are 
known to at tach to sub strates that can be trans
ported by water (Ta ble 1).(2-6) The most eco nom-
i cally-sig nif i cant dis ease af fect ing farmed 
salmon in SWNB over the past de cade is infec 
tious salmon ane mia (ISA). ISA first af fected 
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Table 1. Some finfish diseases for which there is evidence of waterborne trans

port, including potential waterborne substrates. 

Disease Potential waterborne substrates 

Bacterial diseases 

Furunculosis (Aeromonas salmonicida) Lipids, sediments, sea lice, plankton 

Bacterial kidney disease (BKD) Feces, sediments 

(Renibacterium salmoninarum) 

Yersiniosis/Enteric redmouth disease Feces  


(ERM) (Yersinia ruckeri)
 


Viral diseases 

Infectious pancreatic necrosis (IPN)  


Infectious salmon anemia (ISA)  


Pancreas disease (PD)  


Infectious hematopoietic necrosis (IHN)  


Fish silage, sea lice 

Mucous, feces, blood, sea lice 

Blood, processing wastes 

Mucous, feces 

Information sources: Holm,
(2) 

Evelyn et al.,
(3) 

Traxler et al.,
(4) 

Austin and Rayment,
(5) 

and Rolland 

and Nylund
(6) 

farmed salmon in this area in 1996(7) and has been present every year since. Ini

tially, four farms with 1995 year-class fish were infected. This rose to 25 farms in 

the 1997 year-class (Fig. 2). For the 1998 through 2004 year-classes, the number 

of infected farms varied between 24 and 3 farms with a trend toward fewer in

fected farms over time. 

Infectious Salmon Anemia: Risk Factors 

Research from various salmon farming areas of the world has identified several 

risk factors associated with the spread of ISA (Table 2).(8-11) Although most of the 

studies have not explicitly included water movement as a potential factor in their 

analyses, they have included the distance from an infected farm and this has con

sistently been a statistically sig

nificant factor in the presence of 

the disease. 

In SWNB, farms are located rel

atively close together, particu

larly in comparison to areas such 

as Norway and Scotland. For ex

ample, within the Lime Kiln Bay, 

Bliss Harbour and Back Bay area 

there are 17 farms within a circu

lar area of 5-km diameter (Fig. 3). 

Tidal excursion analyses(12-18) in

dicate that water is exchanged be

tween many farms in the SWNB 

area and that some of the ex

change is between farms located 

on opposite sides of the interna

tional border between Canada 

Figure 2 

Number of salmon farms 

in southwestern New 

Brunswick infected with 

infectious salmon 

anemia (ISA), by year-

class (up to December 

2005). 
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and the United States (Fig. 4). Hence, wa ter transport of patho gens is likely to be a 
sig nif i cant mech a nism for disease spread within and be tween salmon farms in the 
SWNB and eastern Maine ar eas. 

The im pli ca tion of dis ease ex change is sup ported by sta tis ti cal anal y ses. A risk 
(analy sis study con ducted by McClure et al. 11) on data from salmon farms within 

SWNB in 2002 in di cated that the risk of devel op ing ISA de creased with increas ing 
dis tance be tween infected and unin fected farms. Spe cif i cally, when the dis tance 
was < 0.5 km the risk was 5.5 times greater than when the dis tance was ≥ 5 km. 

Ta ble 2. Risk fac tors as so ci ated with the spread of ISA in Nor way and the south west ern New Bruns wick area 

of Can ada 

Risk Fac tor	 Ref er ences 

Nor way 

• prox im ity to an ISA-in fected farm	 8,9 

• prox im ity to a fish pro cess ing plant dis charg ing im prop erly dis in fected ef flu ent	 8,9 

• de lay in re moval of in fected stocks	 8,9 

• trans fer of live fish be tween sea wa ter sites	 8 

• co-ex ist ing mul ti ple gen er a tions on a farm (multi-year-class site)	 8 

• in creased distance from hatch ery to farm site	 9 

• pur chase of smolts from mul ti ple hatch er ies	 8,9 

• no sep a ra tion of smolts from older fish for the first three months in sea wa ter	 8 

South west ern New Bruns wick, Can ada 

• large ini tial pop u la tions of fish in cage	 10 

•	 mod er ate fish den sity (num ber/vol ume) 10 

•	 higher smolt weight (≥ 99 g) 11 

•	 higher cu mu la tive mor tal ity dur ing first year in sea wa ter (i.e. re duc tion in the gen eral health of 10,11 
smolts af ter trans fer to sea wa ter) 

•	 higher fre quency of weight sam pling (ad di tional stress) 10 

•	 co-ex ist ing mul ti ple gen er a tions on a farm (multi-year-class site) 10 

•	 higher num ber of mortal ity dives per week (per haps re lated to in creased stress on fish or 10,11 
trans fer of dis ease be tween sites if di vers vis ited mul ti ple sites with same gear) 

•	 sites be long ing to com pa nies with more than one site (shar ing of equip ment or person nel 10 
be tween sites) 

•	 de liv ery of dry feed to the site by the feed com pany 10,11 

•	 a re duc tion in the health or pro duc tiv ity of fish in the first cold-wa ter sea son 10 

•	 high abun dance of pollock in the cage 11 

•	 less fre quent sea lice treatments 10,11 

•	 fewer months feed ing moist feed af ter smolt trans fer 10 

•	 shorter dis tance be tween an un in fected site and an in fected site 10,11 

•	 pro cess ing ves sels passing within 1 km of the site 11 

•	 depth of nets < 10 m 11 

•	 depth of wa ter un der cages > 3 m (pos si bly higher stress due to higher cur rents) 11 
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When the dis tance was 0.5 to 2 km, the risk was 2.0 times greater and when the dis
tance was 2 tο 5 km the risk was 1.2 times greater than when the distance was ≥ 5 
km. The anal y sis also in di cated that sites hav ing har vest boats passing ≤ 1 km of 
the site had 7.5 times the risk of con tract ing ISA than sites where the ves sels passed 
at a dis tance > 1 km. 

)An other study(19 ex plic itly uti lized es ti mates of the tidal ex cur sion path ways as 
prox ies for disease trans port in an analy sis of risk factors as so ci ated with ISA out 
breaks in SWNB and east ern Maine. That study found that about 11% of the vari a 
tion in the oc cur rence of ISA in fected farms was as so ci ated with a farm be ing 
down stream of an in fected farm. 

In ad di tion to the wa ter transport, the mag ni tude of the water cur rent within a 
farm may in flu ence the health sta tus of caged fish and their sus cep ti bil ity to dis 

(ease. For ex am ple, McClure et al. 11) have sug gested that strong wa ter cur rents 
may cause fish, par tic u larly smolts, to get pushed against the net, re sult ing in skin 
and fin damage, and this may re duce the health i ness of the fish and pro vide open 
sores for the ISA vi rus to en ter. 

Infectious Salmon Anemia: Management Strategies 

In SWNB the New Bruns wick De part ment of Ag ri cul ture, Fish er ies and	 	 Fig ure 3
 


Salmon farms in Bay
Aquaculture (NBDAFA) is respon si ble for the devel op ment of fish health 
man age ment reg u la tions and con trol strat e gies for the aquaculture in dus - Man age ment Ar eas (BMAs) 8 

try and has im ple mented sev eral man age ment and con trol strat e gies (Ta - (Back Bay), 9 (Bliss Har bour) 

ble 3). NBDAFA’s fish health man age ment pro gram has fo cused on re - and 10 (Lime Kiln Bay), with 

duc ing the ex po sure of the caged salmon to the ISA vi rus. Biosecurity model-pre dicted tidal ex cur sion 

pro to cols (vessel traffic, har vesting pro ce dures, etc.), a fish health mon i - ar eas. The small solid polygons 
tor ing pro gram, early re moval of fish from pos i tive cages, vacci na tion, are farm sites; larger shaded 
and a Bay Man age ment Area strat egy have all been im ple mented.(20,21) 

ar eas are tidal ex cur sion ar eas. 

Single year-class farm ing	 	 Farms and tidal ex cur sion ar eas 

for BMA 8 are shown in blue, for 

One of the man age ment prac tices im ple mented by NBDAFA is sin gle BMA 9 in red, and for BMA 10 in 
y ear-class  far  m ing  with green.
fallowing between salmon 
gen er a tions. This ap proach 
was first used  in Nor way to 
con trol the spread of ISA and 
was in tro duced in SWNB in 
1998. Prior to im ple men ta tion 
of this strat egy in SWNB, most 
farms were multi-year-class 
sites. However, when sin gle 
year-class farm ing was first in 
tro duced, farms were al lowed 
to have some “hold overs”, i.e. 
a 3- to 4-month over lap of gen 
er a tions in the third year of pro 
duc tion (no fallowing be tween 
gen er a tions)  to al low for a con 
stant sup ply of mar ket fish dur 
ing the late spring and early 
summer peri ods. As the in dus 
try has ad justed to sin gle 
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year-class farming, the number of hold over sites has declined con sid er ably. For 
ex ample, in 2002 there were hold overs at 20 farms in SWNB; in 2003, the number 
of hold over sites was re duced to 3; and in 2004 there was just one hold over site. 
New strategies have been in tro duced to al low main tain ing of mar ket fish for a 
lon ger time, while hav ing a complete fal low, in clud ing hav ing a few ded i cated 
hold over sites in low risk ar eas and later smolt en try. 

Can ada–United States co or di na tion 

An other ma jor as pect of the man age ment strat egy has been for NBDAFA to 
work closely with the United States De part ment of Ag ri cul ture to co or di nate ISA 

man age ment strat e gies be tween Maine and New Bruns wick. Farms in SWNB are 
very close to farms in ad ja cent Cobscook Bay, Maine and tidal ex cur sion anal y 
ses in di cate that wa ter is exchanged be tween farms that are on op po site sides of 
the Can ada–United States bor der (Fig. 4).(14,19) 

Be cause of this po ten tial for patho gen ex change, con sid er able co or di na tion of 
ac tiv i ties be tween the two ju ris dic tions has been de vel oped. This in cludes co or 
di na tion of: 1) farm service ves sel move ments (common har vest and feed ves
sels); 2) di ag nos tic testing and fish health surveil lance pro grams (same farm 
com pa nies and same pri vate vet er i nar i ans, but dif fer ent di ag nos tic lab o ra to ries); 
3) site des ig na tion and de pop u la tion cri te ria; and 4) smolt place ment. 

Bay Man age ment Ar eas 

An other ma jor aspect of the ISA man age ment strategy has been to di vide the 
SWNB area into geograph i cally dis tinct Bay Man age ment Ar eas (BMAs) (Fig. 1). 
Al though wa ter move ment was a rel a tively mi nor con sid er ation when these 
BMAs were initially de fined in 1998, ef forts now un der way to rede fine the BMA 

bound aries and re duce the number of BMAs from 21 to about 6 have been largely 

Ta ble 3. In fectious salmon ane mia (ISA) man age ment and con trol strat e gies that 

have been im ple mented  by the New Brunswick De partment of Ag ri cul ture, Fish er 

ies and Aquaculture (NBDAFA). 

Man age ment and Con trol Strat egy Year 
Im ple mented 

ISA Sur veil lance Pro gram in clud ing monthly pri vate vet vis its; testing of 1997-1998 
moribund fish by IFAT, PCR and virol ogy 

Cage by cage de pop u la tion and fallowing 1998 

Con trol and con tain ment of pro cess ing wastes 1998 

Dis in fec tion of equip ment, di vers, etc. 1998 

Smolt en try re stric tions 1998 

Sin gle year-class re struc ture 1998-2002 

Bay Man age ment Area (BMA) fallowing 2003 

Au dit of pro cess ing plants 2003 

Ves sel traf fic re stric tions and har vest boat cer tif i ca tion 2003 

Wharf us age re stric tions 2003 
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based on wa ter move ment in for ma tion. One of the main goals of the refine ment 
of the BMA structure is to have “buffer zones” (zones with out farms) between ad 
ja cent BMAs. The ra tio nale is that this will help to elimi nate “step ping stones” for 
dis ease trans fer be tween BMAs, as well as pre vent cycling of dis ease be tween 
BMAs. When cre at ing these “buffer zones” wa ter move ment will be a ma jor cri te -
rion—ide ally, there should be no over lap between tidal ex cur sion ar eas of farms 
in ad ja cent BMAs, but in the event that can not be at tained, wa ter move ment in for 
ma tion can be used to min i mize such in ter ac tions. As an ex ample, Fig ure 3 shows 
the model-pre dicted tidal ex cur sion ar eas for farms in 3 adja cent BMAs in SWNB: 

BMA 8 (Back Bay), 9 (Bliss Har bour) and 10 (Lime Kiln Bay). The con sid er able 
over lap among the tidal ex cur sion ar eas in these 3 BMAs sug gests that they 
should be combined into one larger BMA. In prac tice, NBDAFA and the salmon 
in dus try have been treating these ar eas as one BMA for several years. The new 
BMAs will also in cor po rate knowl edge of wa ter transport be tween salmon farm
ing ar eas in east ern Maine and SWNB. 

Im pacts of manage ment mea sures 

The im ple men ta tion of these ISA man age ment strat e gies and con trol mea sures 
has co in cided with a re duc tion in the prev a lence of ISA in SWNB (Fig. 2). For ex 
ample, the number of farms with mul ti ple year-classes on site (hold over of fish) de 
clined from 20 sites in 2002  to 1 site in 2004. This cor re sponds with a re duc tion in 
the number of farms with ISA from 16 in the 2002 year-class to 3 in the 2004 
year-class. Table 4 compares the numbers of de pop u lated cages or fish and the time 
un til the first appear ance of ISA on multi-year-class farms and sin gle year-class 
farms in SWNB. It is clear that at sin gle year-class farms there were fewer in fected 
cages or fish, as well as a lon ger time be fore the onset of ISA in fec tion. 

De tails on the numbers of in fected farms and numbers of fish re moved from four 
odd year-class Bay Man age ment Ar eas (BMAs) since the 1997 year-class are given 
in Ta ble 5. In all of these BMAs there has been a gen eral de cline in the num bers of 
fish re moved in sub se quent 
year-classes, and in the case 
of Seal Cove (one of the ini
tial ISA out break lo ca tions in 
SWNB) there has been no 
ISA re-in fec tion. 

Future Role of Water 
Movement in Disease 
Management 

As men tioned above, wa
ter move ment con sid er 
ations have played a sig nif i 
cant role in the devel op ment 
and im ple men ta tion of ISA 

man age ment and con trol 
strat e gies in SWNB and east
ern Maine. It is an tic i pated 
that wa ter move ment con 
sid er ations will con tinue to 
play an impor tant role in 
dis ease man age ment in the 

Fig ure 4 

Two ex am ples of 

model-pre dicted tidal 

ex cur sion ar eas (one for a 

farm in New Bruns wick 

and one in Maine), which 

over lap farm sites on 

both sides of the bor der. 

The two farm sites are 

shown as small polygons 

(pink for the site in New 

Brunswick and blue for 

the site in Maine). The 

larger pink and blue 

shaded ar eas are the tidal 

ex cur sion ar eas for these 

two farms. Other farm 

sites are small black (New 

Brunswick) and grey 

(Maine) polygons. 
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future. There are several areas in which the existing water movement information 

can be incorporated into industry and fish health management practices to help re

duce water- borne exchange of pathogens between farms. There are also some ar

eas needing additional research. 

Application areas 

Existing knowledge of water movement can be used to: 

• 	 Help determine the zones of influence for each farm site: “downstream” effects 

for specific diseases. This would be useful for defining containment or control 

areas for new disease outbreaks, potential new farm sites, and Bay Management 

Area boundaries. It is recognized that the utility of these definitions will depend 

in large part on the accuracy of water and pathogen transport information. 

• 	 Establish if there is a best time within a tidal cycle to harvest diseased fish from 

an infected farm so that the spread of waterborne pathogens to other fish farms 

is minimized. This would be useful to companies when they plan and imple

ment their harvesting strategies. 

• 	 Identify the strength of water currents and water exchange between farms for 

consideration in the placement of smolts. Some smolts may be more suscepti

ble to disease than others and hence farmers may wish to put these smolts into 

farms that are least likely to experience exposure to pathogens and/or stressful 

environmental conditions. 

• 	 Help redesign local farm grids so cage orientation at each farm optimizes water 

exchange through cages and minimize exchange between cages. 

• 	 Help define the best routes for harvest vessels, in order to minimize the poten

tial for disease spread to fish farms. 

Research areas 

Areas of research that should include consideration of water movement include: 

• 	 The development of sea lice population dynamics models that explicitly in

clude water movement as an integral part of the models. Sea lice are often iden

tified as a vector for the transfer of diseases between cages and farms and it 

would be useful to have the capability to predict the geographic location and 

timing of the spring “pulse” in sea lice populations so the industry could take 

this into consideration when planning their farm stocking schedules. 

• 	 The establishment of the probability of exposure to plankton blooms. Areas 

with historically high probabilities of plankton blooms could be avoided or 

abandoned, smolt entry times could be scheduled to avoid pending blooms, and 

Table 4. Time from smolt entry until the first appearance of infectious salmon anemia (ISA) and the numbers 

of cages or fish depopulated at farms infected by ISA in southwestern New Brunswick, comparing 

multi-year-class and single year-class farms. 

Year-class 1999 2002 

Multi- Single Multi- Single 

Farm type year-class year-class year-class year-class 

Mean time from smolt entry until ISA infection 6 months 12 months 6.75 months 12 months 

Mean number of cages or fish depopulated at 6 cages 3 cages 207,000 fish 103,000 fish 

infected farms 
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har vesting sched ules could be ad justed to al low removal of mar ket fish be fore a
 
pend ing bloom oc curs. 
 

•	 The devel op ment of a wa ter ex change based plan ning tool for multi-user group 
in ter ac tions. 

•	 The predic tion of the transport path ways of dis eases from un treated ef flu ent of 
wild fish pro cessors and of in va sive spe cies or disease agents from un treated 
bal last water of ships. Such pre dic tions could be in cor po rated into an anal y sis 
and plan ning tool that would iden tify in ter ac tions with po ten tially sus cep ti ble 
pop u la tions within the transport and dis persal do main. 

•	 The es ti ma tion of the hold ing ca pac ity or sus tain able bio mass within BMAs 
from both en vi ron men tal and fish health per spectives. For the lat ter, wa ter 
move ment con sid er ations may help re duce en vi ron men tally-in duced stress to 
caged salmon through di rect water move ment link ages or in di rectly through 
poor flush ing and wa ter qual ity pro cesses. When combined with more refined 
wa ter move ment in for ma tion con cern ing trans port path ways be tween farms, 
the on set of dis ease within cages and its sub se quent spread to other cages and 
farms may be reduced. The in for ma tion may also con trib ute to min i miz ing the 
risk of transfer ring diseases from wild fish to cul tured fish and vice versa. 

•	 The use of wa ter move ment knowl edge to help iden tify the lo ca tion of possi ble 
dis ease res er voirs. This knowl edge could be used to help place farms out side 
these areas or in areas that would not con trib ute patho gens to the res er voirs. 

•	 Ex ami na tion of wa ter move ment and dis ease spread pat terns in an at tempt to 
aid in the iden ti fi ca tion and quan ti fi ca tion of disease risk factors. In gen eral, 
data on the wa ter transport path ways could be in cor po rated into sta tis ti cal ex 
plo ra tions iden ti fy ing dis ease risk fac tors. More spe cif i cally, the knowl edge of 
wa ter transport path ways could be combined with the patho ge nic ity of ISA ge 
no types in a re fine ment of the sta tis ti cal iden ti fi ca tion of risk fac tors. So far 12 

Ta ble 5. Num bers of farms in fected by in fec tious salmon anemia (ISA) and num bers of fish 

re moved due to ISA in four Bay Man age ment Ar eas (BMAs) in south west ern New Brunswick. 

BMA No. of 1997 year-class 1999 year-class 2001 year-class 2003 year-class 
farms in 

BMA No. of No. of No. of No. of No. of No. of No. of No. of 
ISA- fish ISA- fish ISA- fish re  ISA- fish 

in fected re moved in fected re moved in fected moved in fected re moved 
farms farms farms farms 

10 10 9 583,880 3 25,577 2 95,000 1 15,000 
Lime Kiln 

Bay 

9 7 6 583,990 4 215,707 2 418,700 1 15,000 
Bliss 

Harbour 

8 8 3 114,760 3 33,000 1 62,030 1 15,000 
Back Bay 

20 4 3 206,820 0 0 0 0 0 0 
Seal Cove 

To tals 29 21 1,489,450 10 274,284 5 575,730 3 45,000 
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Ta ble 6. Geno types of in fectious salmon ane mia vi rus (ISAv) found in salmon farms in south western New 

Brunswick, based on com par i sons of seg ments 6 and 8 of the vi rus in sam ples col lected from Oc to ber 2004 

to Sep tember 2005. Ini tial test ing of sam ples was by polymerase chain re ac tion (PCR), with fol low-up test ing 

of PCR-pos i tive sam ples us ing the in di rect flu o res cent an ti body tech nique (IFAT). 

Seg ment Seg ment Num ber Num ber Com ments 
6 8 of Farms of Bay 

Man age ment 
Ar eas 

H0 European 12 8 Oc to ber 2004–May 2005 

H2 North American 3 3 

H2 Eu ro pean 1 1 July 2005 

H2a North Amer i can 1 1 April–May 2005 

H2b North Amer i can 1 1 May–July 2005 

H4 North Amer i can 5 4 strong IFAT; all 2003 year-class 

H4a North Amer i can 5 3 strong IFAT; all 2003 year-class 

H4b North Amer i can 2 2 weak IFAT; 2004 year-class 

H8 Eu ro pean 1 1 July 2005; same site H2 Eu ro pean 

HRPC! North Amer i can 1 1 2004 year-class 

HRPC2 North Amer i can 1 1 strong IFAT; 2003 year-class; 
Oc to ber 2004–March 2005 

HRPC3 North Amer i can 1 1 March 2005 

ge no types have been iden ti fied in salmon farms in SWNB (Ta ble 6), not all of 
which are vir u lent. Some of these geno types are wide spread, while oth ers have 
only been detected at one farm. Some have been found in only one year-class, 
and most are only pres ent dur ing part of the year. 

Conclusions 

Wa ter move ment con sid er ations have played a sig nif i cant role in the devel op 
ment and im ple men ta tion of ISA man age ment and con trol strat e gies in SWNB and 
east ern Maine. It is an tic i pated that wa ter move ment con sid er ations will con tinue 
to play an impor tant role in dis ease man age ment in the fu ture. 
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ISA: Find ings from a High-Risk Re gion 

in Maine and New Bruns wick 
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and P. Merrill 

The history and patterns of in fectious salmon ane mia (ISA) in ci dence 
in the Quoddy re gion of Maine and New Brunswick have raised ques
tions about the role of waterborne transmis sion in the spread of dis 
ease. We summa rize our ob serva tions and epidemiologic ef forts to un 
der stand the impor tance of hydrographics in the dis persal of the ISA 

vi rus (ISAv). In cluded are de scrip tions of year-class car ry over and in 
fec tion sum ma ries, vi rus sur vival and sea wa ter de tec tion stud ies, and a 
ret ro spec tive anal y sis of the re la tion ship be tween ISA out breaks on At-
lan tic salmon sites con nected by a sin gle tidal ex change. The re sult ing 
find ings help to so lid ify con cerns that waterborne trans mis sion of 
ISAv is a vi a ble mech a nism of dis ease trans fer in the Quoddy re gion, 
though only one compo nent of a compli cated hi er ar chy of risk factors. 
We con clude by de scrib ing a plan to re-con fig ure bay man age ment 
zones to achieve better hy dro graphic sep a ra tion be tween zones and 
farmed salmon year-classes in Maine and New Bruns wick. 

Introduction 

Ocean og ra phy is cen tral to the study of ma rine organ isms and eco sys tems. The 
in te gra tion of ocean o graphic con cepts into the study of aquatic an i mal patho gen 
move ments, how ever, is not com mon place. The im por tance of wa ter cir cu la tion 
to reg u la tory bound aries, biosecurity pro to cols, dis ease con tain ment plans, and 
ul ti mately the dis sem i na tion of waterborne patho gens, is rec og nized,(1) but hy 
dro graphic in for ma tion per ti nent to patho gen dis persal is not uni formly ap plied. 
Con trib ut ing to this prob lem is the in complete avail abil ity of information on lo 
cal ized tidal ex change and patho gen per sis tence char ac ter is tics. Also con trib ut 
ing is the scarcity of sci en tific efforts to gather and test evi dence of waterborne 
dis persal of dis ease in the field. Ocean o graphic and epidemiologic re sources cen 
tered on the Quoddy re gion of Maine and New Brunswick of fered a unique op 
por tu nity to clar ify the impor tance of hydrographics to the lo cal spread of ISA. 
We pro vide an over view of our efforts to chron i cle dis ease out breaks, as sess 
patho gen survival and dis persal in the water col umn, and empir i cally test mod 
eled move ments of tid ally-dispersed parti cles against ob served out breaks of ISA 

in the field. 

History and Local Conditions 

ISA was first iden ti fied in Nor way in 1984 and sub se quently de tected in farmed 
At lan tic salmon (Salmo salar) in south west ern New Bruns wick, Can ada in 1996.(2) 
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By 1997, the vi ral dis ease had spread to sev eral farms in a 
three-bay man age ment area in New Brunswick; in 1999, 24 
Ca na dian sites were af fected by ISA, in clud ing 9 of 12 sites 
on the west side of Deer Island.(3) Some of these sites were 
as close as 2 km to US farmed salmon op er a tions in neigh 
bor ing Cobscook Bay. 

The prox im ity of ISAv-in fected sites raised con cerns for 
the US farmed salmon in dus try for sev eral reasons. First, 
since the early 1990s, some compa nies have op er ated 
salmon farms on both sides of the in ter na tional bor der 
(Fig. 1). Boats, fish, equip ment, and per son nel histor i cally 
have moved across the ma rine border freely. Sec ondly, 
wa ter cir cu la tion mod els(4,5) sug gested that di lute con cen 
tra tions of vi rus par ti cles released from south ern Deer Is 
land could reach US salmon farms via the mouth of Maine’s Cobscook Bay. The 
like li hood of waterborne trans mis sion ap peared sub stan tial. Third, sea lice 
(Lepeophtheirus salmonis and pos si bly Caligus spp.), which can move on tidal 
cur rents, are doc u mented vec tors of ISAv.(6,7) 

In 2001, ISA vi ral infec tion was de tected in Maine(8) at salmon sites in 
Cobscook Bay (Fig. 2). In De cember 2001, the Sec re tary of Ag ri cul ture declared 
an ISA dis ease emer gency, which permit ted funds to be allo cated to USDA’s An 
i mal and Plant Health In spec tion Ser vice (APHIS) to as sist Maine’s salmon in 
dus try over a 2-year period. Between the be gin ning of the out break and the emer 
gency dec la ra tion, a group of fish health vet er i nar i ans and bi ol o gists de vel oped 
ISA dis ease con trol stan dards based on ex ist ing New Brunswick ISA pol i cies and 
practices imple mented by the Nor we gian salmon in dus try. The final stan dards 
were pub lished in early 2002 as the USDA APHIS In 
fec tious Salmon Ane mia Dis ease Standards.(9) 

The APHIS ISA Pro gram was im ple mented in early 
Jan u ary 2002 in part ner ship with the Maine De part 
ment of Ma rine Re sources (DMR), which reg u lates site 
leas ing and has the le gal au thor ity to is sue quar an tines 
and de pop u la tion or ders. Maine DMR also over sees 
en force ment re sources for Maine’s nearshore ma rine 
wa ters. Be cause fish in 16 of 17 ac tive cage sites in 
Cobscook Bay had al ready been reported to be in 
fected with ISAv by the end of 2001, a strat egy of com-

Fig ure 2 

At lan tic salmon farms ac tive dur ing 2002-2004 in the 

Cobscook and Passamaquoddy re gion. The in terna 

tional bound ary is rep re sented by a black line. The 

red line de picts a bay man age ment bound ary ar bi 

trarily drawn to sep a rate year-classes in the United 

States. Sites with 2002 en try year-class fish are 

shown in green. Sites hold ing al ter nate year-class 

fish dur ing the same time pe riod are shown in brown.  

Basemap data were pro vided by the Cobscook Bay 

Re source Cen ter. 

Fig ure 1 

The bi-na tional At lan tic 

salmon farm ing region of 

in terest in Maine and New 

Bruns wick. Basemap data 

pro vided by ESRI. 
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plete, bay-wide depopulation was undertaken immediately. Over 1 million salmon 

had either died or been depopulated prior to the program’s initiation and an addi

tional 1.6 million first-year fish were culled in the program’s first 2 weeks. Com

pensation, covering 60% of the industry’s average cost of production, was paid on 

the 1.6 million fish destroyed under the program. The bay-wide eradication was 

widely presumed to have helped prevent the virus from traveling farther west 

along the Maine coast to approximately 20 other salmon farming sites situated in 

marine waters up to 100 miles west of Cobscook Bay. After the depopulation, all 

cages, nets, feed systems, other farming equipment, and vessels were cleaned and 

disinfected during a planned 3.5-month fallow of the entire bay. Six farms in 

Cobscook Bay’s southern half, delineated by an arbitrary line designed to split the 

region into two management zones (Fig. 2), were repopulated in May 2002 at re

duced density and with a single-year class of salmon. 

Both the industry and USDA committed to strict biosecurity guidelines, since 

many risk factors identified in the transmission of ISA are related to biosecurity 

issues.(9) These include handling and disposal of processing wastes, blood, and 

stun water; mortality removal and disposal; controlling movements of vessels, 

equipment, and human traffic; maintenance and use of disinfection stations; and 

fallowing and sea-lice management. Mandatory monthly surveillance and inte

grated pest management plans were imposed by regulators and/or voluntarily 

adopted by industry. Vaccination was voluntary, but universally employed, in 

those first few years. 

Despite a succession of new cases in neighboring New Brunswick, 
Figure 3 

sites in Maine remained ISA-free for 13 months after the spring 2002 
Proportion of ISAv infected cages 

re-stocking. However, in June 2003, surveillance testing of moribund 
in Maine’s high-risk Cobscook and fish and/or fresh mortalities at all US marine sites indicated low-level 
Passamaquoddy region, by year- ISAv infection in salmon from one cage at each of two sites in Cobscook 
class. 2001* (pre-program) figures Bay. Fish in the infected cages were harvested and/or culled within 2 
were estimated from clinical weeks of detection. Fish in three more cages on those two sites were de-
observations in combination with clared infection-positive by the end of 2003. However, both farms 

results from voluntary laboratory brought the majority of their fish to market successfully, without any in-

submissions. All other year-class dication of further spread of infection to neighboring farms that year. 

figures are based on laboratory The next year-class (2003) to enter the bay was sited in the northern 

results from the ISA active zone of Cobscook Bay (Fig. 2), and fared similarly to the class before it. 

ISAv was detected 13, 14 and 15 months post-entry at the three 2003 
surveillance program. Total 

year-class sites. In a situation referred to as ‘carryover’, the 2003 
stocked cages varied by year 

year-class had been stocked 8 months prior to full removal of the 2002 
class: 140 cages in 2001, 88 in 

year-class in the region (though the classes were separated by the arbi
2002, 80 in 2003, and 52 in 2004. 

trary zonation system shown in Figure 2). However, 

because the line separating the management zones 

into north and south sectors was based on practical 

rather than hydrographic considerations, actual sepa

ration between the two year-classes was not 

achieved. Consequently, the overlap between classes 

resulted in an effective carryover of previous 

year-class fish, and a holdover period that ended 6 

months prior to the initial ISAv detection in the 2003 

year-class. Similar conditions (again with an overlap 

of year-classes across the north-south zone boundary 

in Cobscook Bay) led to even earlier detection (dur

ing the effective holdover) and more costly removals 
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for the following 2004 year-class. 

Figures 3 and 4 are graphical depictions of the losses suffered over the 2001 to 

2004 year-classes in Maine’s high-risk Cobscook and Passamaquoddy region. 

Fish were not stocked in the region in 2005, in anticipation of the implementation 

of a more effective bay management strategy in 2006. Figure 3, which shows the 

proportions of infected cages, demonstrates strong improvement since the imple

mentation of the control program in 2002. However, a review of the proportion of 

infected sites over the same time-span (Fig. 4) shows a conflicting message of 

minimal effect. These contrasting patterns, together with the knowledge that 

many other documented risks had been successfully controlled, initiated further 

investigation into the role of waterborne transmission in the region. Evolving dis

cussions with oceanographers(4,10,11) confirmed suspicions that existing bay man

agement zones were not hydrographically distinct. The emerging patterns also 

provided indirect demonstration of the potential role of holdovers, in regions uni

fied by tidal exchange, in the spread of virus from older, carrier, or pathogen-tol-

erant fish to more recently introduced, naïve year-classes. 

Environmental Sampling and Pathogen Survival 

During the initial culling activities associated with the ISA Program, efforts 

were undertaken to attempt to detect ISAv from a wide variety of environmental 

samples including a number of alternate fish species,(12) boat hulls, water, nets, 

cage floats, and pontoons. Evidence of ISAv was isolated through cell culture or 

detected by molecular techniques (RT-PCR) in each of these broad cat

egories, except for the nets. 

Later, in an effort to learn more about ISAv, the disease it produces, Figure 4 

and more effective means of detection and control, USDA APHIS Vet- Proportion of ISAv infected sites by 

erinary Services, Micro Technologies, Inc., the NB Department of Ag- year-class in Maine’s high-risk 

riculture, Fisheries and Aquaculture (NB DAFA), and a cooperative region of Cobscook and 
Deer Island salmon producer partnered to observe, sample, test, and Passamaquoddy bays. 2001* sites 
research an ongoing outbreak at a site on the west shore of Deer Island. preceded the ISA Program. Sites 
We visited the site 9 times between January and June of 2003 and sam-

were designated infected if one or 
pled water, fish, boat hulls, cage surfaces, mussels, and sediments dur

more cages were found positive by
ing each visit. Genetic material was repeatedly detected by RT-PCR in 

two laboratory tests (culture,
all sample types except mussels and sediments (Table 1). 

In a complementary study, we learned that viral survival in non-ster- RT-PCR, and/or IFAT) in two fish. 

ile seawater varied greatly with temperature, ranging from 1 to 2 days Total sites varied by year class: 8 

sites in 2001, 6 in 2002, 3 in 2003,at 16°C to up to 14 days at 4°C.(13) A simultaneous analysis of water 


sampled from within and around the perimeter of a clinically-diseased and 4 in 2004. 


site recovered RT-PCR evidence of ISAv genetic mate


rial dispersed through the water column up to 1.5 km 


from the site.(13) 


All of these findings, coupled with the need for some 

thorough epidemiological and statistical support for a 

more realistic management strategy based on effective 

zonation, led us to pursue the empirical study we 

address next. 

Empirical Field Study 

Anecdotal evidence supports the inference of an ac

tive role for tidal dispersal of virus, and there is labora-
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tory rationale for waterborne transmission. Risk factor studies from both sides of 

the Atlantic also strongly imply ‘proximity to infected farms’ as a risk factor for 

ISA.(14-17) A goal of risk factor studies is to explore a wide array of general risks. In 

the case of ISA transmission factors, water movement as a general category (prox

imity) would easily qualify in this respect. Proximity risks are typically approxi

mated using straight-line (or elliptical) distances from a source of infection, and a 

site’s disease status is often evaluated at a single-point-in-time or as a cumulative 

measure. However, proximity risks may be mediated by hydrographic exchange of 

waterborne virus, or by ‘external’ issues that could fall under the broader category 

of proximity (e.g., mixing of crew off-site, sharing of equipment and vessels, pred

ators or parasites, overlapping traffic patterns, and shared environmental stressors). 

To more closely define the specific role of hydrographics in the field transmis

sion of ISA, we conducted a retrospective analysis of disease incidence in the 

Quoddy region. In this analysis we explored the apparent impact of modeled water 

circulation patterns specific to the region, against month-to-month changes in the 

spatial incidence of disease over time.(18) The hydrographics were still approxi

mated (e.g. focusing on one rather than two or three tidal excursions), but based on 

the best available oceanographic knowledge of tidal influence in the region.(4,5,11) 

The details of this study will be reported elsewhere,(18) but a summary of the high

lights follows. 

Our goal was to test for spatiotemporal evidence that disease distribution might 

track water circulation patterns. We looked at the location and timing of ISA out

breaks (cage-by-cage and month-by-month) across 32 sites in the Quoddy region 

(Fig. 2). We focused on the spring-entry 2002 year-class, primarily because of the 

uniform availability of records, and defined an outbreak case as any cage testing 

positive for ISAv in 2 fish by 2 tests under the ISA surveillance programs. The 

Quoddy region is a historically active salmon farming region that has been heavily 

impacted by ISA for a number of years. Seventy-eight percent of our 32 study sites 

dealt with ISAv in one or more cages at some point during the targeted production 

cycle. 

Hydrographic relationships between sites were estimated from tidal excursion 

maps generated from Fisheries and Oceans Canada’s tidal circulation and particle 

transport models.(4,5,11) These models predict water direction and strength from the 

principal lunar tide and local bathymetry, and have been substantiated by years of 

field data from current meters and drifters. From these maps we generated a list of 

farms considered ‘upstream’ (or 

within one tidal excursion) of 

Table 1. Proportions of positive results from environmental samples each of our 32 study sites. In the 

submitted for ISAv RT-PCR testing. example shown in Figure 5, 

models suggest that Site A 
Sample Number Total Proportion (shown in black) receives tidal 

type RT-PCR + submitted flow from one upstream site (in 

Boat hulls 5 15 0.33 green), and distributes tidal flow 

to six downstream sites (in red) 
Sediments, mussels 0 38 0 

Sea lice 43 44 


Cage pontoons 24 45 


within a single 12.4-hour tidal 
0.98 	 cycle. 

0.53 	 We compared disease inci

dence data to proximity risk as 
Seawater, on-site 23 45 0.51 

Seawater, off-site 30 85 


Salmon 207 285 


defined by the tidal exchange 
0.35 	 m odels  using t im e-ser ies  

0.73 	 cross-sectional (TSCS) regres-
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sion. If we had only one ob serva tion per site (e.g., ISA status at the end of the cy 
cle), a stan dard regression format would be ap pro pri ate. Simi larly, if we mon i 
tored one site re peatedly over time (e.g., record ing the number of new ISA cages 
each month), a time se ries analysis could be a use ful ana lytic tool. But be cause 
data for mul ti ple months ex isted for each of mul ti ple sites, TSCS re gression was a 
more con struc tive ap proach. TCSC was orig i nally de signed as an econ o met rics 
method—to look at fac tors driv ing eco nomic growth, or po lit i cal up ris ings, or re 
cessions, across na tions or re gions and over time. It has also been used in the hu 
man med i cal field (e.g., to iden tify so cio eco nomic fac tors rel e vant to health).(19) 

Our findings in di cated that the number of new ISA outbreak cages de tected on a 
given site in a given month was asso ci ated with sev eral pre dic tive fac tors.(18) Sta 
tis ti cally sig nif i cant pre dic tors of new outbreaks each month in cluded 1) the num
ber of out breaks on-site in pre vi ous months, 2) the number of cages sus cep 
ti ble on-site at the begin ning of the month, as well as 3) whether hold overs Fig ure 5 
from a previ ous year-class were on-site dur ing the stock ing of the 2002 

An ex am ple of a site (Site A, in 
year-class. How ever, the vari able with the strongest influ ence was the 

black) with dif fer ent mod eled 
number of new out breaks up stream in the same month. We re viewed this 
re la tion ship on a week-by-week ba sis to find that the greatest pre dic tive as -

up stream and down stream in 

so ci a tion for down stream out breaks fell on up stream events 2 to 3 weeks flu ences. The model iden ti fies 

one up stream site (in green) prior. This lag pe riod corre sponds well with vi ral in cu ba tion pe ri ods de 

scribed in ISAv lab o ra tory tri als.(20,21) within a sin gle tidal ex change, 


We also broke the dataset down, site by site, to iden tify hot-spots or spe - and 6 down stream sites (in red) 

cific sites where the timing of out breaks was best pre dicted by within the same tidal period. 

hydrographics. Using this ap proach, we found two clus ters: along north - Basemap data were pro vided by 

west ern Deer Is land and the east ern tip of Estes Head. These were loca tions the Cobscook Bay Re source 

where up stream events predicted down stream out breaks, over time, more Cen ter. 
of ten than chance would al low. Note that a number 
of si mul ta neous events had to come to gether to be 
in cluded in this list: an in fected and shed ding pop u 
la tion up stream, a sus cep ti ble pop u la tion down 
stream, and ul ti mately a down stream outbreak—all 
oc cur ring within the ‘cor rect’ frame of time. Such a 
se quence would need to hap pen with some reg u lar 
ity over time to show up as a cluster, or hot-spot, in 
this analysis. 

It is impor tant to rec og nize that the pre dic tive 
power (R2) of our model was low. Sta tis ti cal stud ies 
can in di cate two things about re la tion ships. They 
can re late the reg u lar ity (or pre sumed re peat abil ity) 
of the ef fect across the dataset (typ i cally dis closed 
in the p value). They can also in di cate the strength 
of the re la tion ship (re flected in odds ra tios, or the R2 

value, or other sim i lar mea sure). For exam ple, in 
hu mans, one’s cho sen pro fession is thought to pre
dict lon gev ity to some de gree. This re la tion ship 
may oc cur reg u larly across datasets, but many other 
fac tors (e.g., life style and ge net ics) will con trol a 
por tion of the to tal risk. Our sit u a tion with ISA 

trans mis sion and wa ter move ment is sim i lar. Hy 
dro graphic prox im ity re veals some, likely re li able, 
in for ma tion about ISA in ci dence in this re gion, but 
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other fac tors (many un ac counted for in our analy sis) play a role as well. 
Factors of pos si ble or prob a ble rel e vance that were not tested in our study in 

clude dis ease se ver ity or chronicity, biosecurity, par a sites, wild fish pres ence, 
storm events, fish ing/drag ging sea sons, ge net ics and vac ci na tion his to ries of the 
salmon, and husbandry or site char ac ter is tics that could in flu ence immune re
sponse. The lat ter cat e gory might in clude high en ergy vs. low en ergy sites, stock 
ing den si ties, trans fers or splits, pre da tion, peri ods of ex treme or stunted growth, 
or con cur rent dis ease. Ad di tion ally, over the last 16 months, sur veil lance, di ag 
no sis and con trol ef forts have been sig nif i cantly compli cated by the emer gence of 
sev eral new ge no types of the ISA vi rus, in clud ing an ap par ently non-patho genic 
ge no type closely re sembling a simi lar geno type in Eu rope. We’re also con cerned 
that we have yet to iden tify an en vi ron men tal res er voir for the vi rus. Wild 
salmonids—as spec u lated by re search ers across the At lan tic(22,23) —or sea lice, or 
other spe cies of ani mals, may play that role. 

Conclusion 

From this se ries of stud ies and ob serva tions, we con cluded that hydrographics 
likely do play a role in the trans mis sion of ISA in the Quoddy re gion, though the 
in flu ence ap pears to be lim ited in de gree. Be cause even a few out breaks are too 
many, the in for ma tion gained through this anal y sis has been used to fur ther the 
re-con fig u ra tion of re gional man age ment strat e gies. These ep i de mi o log i cal find 
ings, sup ported by tidal mod el ing and GIS-as sisted eval u a tion of en vi ron men tal 
risk fac tors have led to a new bi-national bay man age ment strategy to be imple 
mented start ing in spring 2006. The aim of this strat egy is to in clude, within a sin 
gle man age ment zone, all of Cobscook and Passamaquoddy bays, and sites off 
Deer and Campobello is lands, as well as the St. An drews area. In de fin ing the 
bound aries of bay man age ment zones hy dro graphi cally, we hope to re duce the 
chances of hy dro graphic spread of ISAv from one bay man age ment zone to the 
next. A goal is to de lay the on set of the in dex case of ISA in a given pro duc tion cy 
cle, and sub se quently improve chances of a full pro duc tion cy cle for each new 
year class. Ad di tion ally, given the pre dis po si tion of ISAv (as an orthomyxovirus) 
for ge netic shift and drift, it is sen si ble to limit op por tu ni ties for fu ture mix ing of 
vi rus ge no types and en vi ron ments as much as pos si ble. 

References 

1. Murray AG, Peeler EJ. 2005. A frame work for un der stand ing the po ten tial for emerg ing dis 
eases in aquaculture. Prev. Vet. Med. 67: 223-235. 

2. Mul lins JE, Groman D, Wadowska D, 1998. In fec tious salmon ane mia in salt wa ter At lan tic sal- 
mon (Salmo salar L.) in New Bruns wick, Can ada. Bull. Eur. Assoc. Fish Pathol. 18:110- 114. 

3. McGeachy SM, Moore M J. 2003. In fec tious salmon ane mia in New Bruns wick: an his tor i cal 
per spec tive and up date on con trol and man age ment prac tices (1997–2002). In: In ter na tional 
re sponse to in fec tious salmon ane mia: Pre ven tion, Con trol, and Erad i ca tion: Pro ceed ings of a 
Sym po sium; 3–4 Sep tem ber 2002; New Or leans, LA (O Miller and R Cipriano, tech. 
coords.). US Dept. Ag ri cul ture, An i mal and Plant Health In spec tion Ser vice; US Dept. In te 
rior, US Geo log i cal Sur vey; US Dept. Com merce, Na tional Ma rine Fish er ies Ser vice (Wash 
ing ton, DC). Tech. Bull. 1902:145–153. 

4. Page FH, Chang BD, Greenberg DA. 2004. Fish health and ocean og ra phy pro ject of the 
Aquaculture Col lab o ra tive Re search and De vel op ment Pro gram: fi nal pro ject re port. Can. 
Tech. Rep. Fish. Aquat. Sci. 2543: vi+47 p. 

5. Greenberg DA, Shore JA, Page FH, Dowd M. 2005. A fi nite ele ment cir cu la tion model for 
embayments with drying intertidal ar eas and its ap pli ca tion to the Quoddy Re gion of the Bay 
of Fundy. Ocean Model. 10:211-231. 

6. Nylund A, Hovland T, Hodneland K, Nilsen F, Lovik P. 1994. Mech a nisms for trans mis sion 
of in fec tious salmon anae mia (ISA). Dis. Aquat. Org. 19:95-100. 

Bull. Aquacul. Assoc. Canada 105-1 (2005) 50 



7. Rollaand JB, Nylund A. 1998. In fec tious ness of or ganic ma te ri als orig i nat ing in ISA-in fected 
fish and trans mis sion of the dis ease via salmon lice (Lepeopththeirus salmonis). Bull. Eur. 
Assoc. Fish Pathol. 18:173-180. 

8. Bouchard DA, Brockway K, Giray C, Keleher W, Merrill PL. 2001. First re port of infec tious 
salmon ane mia (ISA) in the United States. Bull. Eur. Assoc. Fish Pathol. 21:86-88. 

9. USDA APHIS (United States De part ment of Ag ri cul ture An i mal and Plant Health In spec tion 
Ser vice) Veter i nary Ser vices, Maine De part ment of Ma rine Re sources and Maine Aquaculture 
As so ci a tion. 2002. In fec tious Salmon Ane mia Pro gram Stan dards. April 30, 2002. 

10. Brooks DA. 2004. Mod el ing Tidal Cir cu la tion and Ex change in Cobscook Bay, Maine. 
Avail able on line at cobscook.tamu.edu/re view/Cobscook.NEN_fi nal.pdf. 

11. Chang BD, Page FH, Losier RJ, Greenberg DA, Chaffey JD, McCurdy EP. 2005. Wa ter cir 
cu la tion and man age ment of in fec tious salmon ane mia in the salmon cul ture in dus try of 
Cobscook Bay, Maine and ad ja cent south west ern New Bruns wick. Can. Tech. Rep. Fish. 
Aquat. Sci. 2598: iii+54 p. 

12. MacLean SA, Bouchard DA, Ellis SK. 2002. Sur vey of nonsalmonid ma rine fishes for de 
tec tion of In fec tious Salmon Ane mia vi rus and other salmonid patho gens. In: In ter na tional 
Re sponse to In fec tious Salmon Ane mia: Pre ven tion, Con trol, and Erad i ca tion: Pro ceed ings 
of a Sym po sium; 3–4 Sep tem ber 2002; New Or leans, LA (O Miller and R Cipriano, tech. 
coords.). Tech. Bull. 1902:135–143. Avail able on line at www.aphis.usda.gov/vs/ 
aquaculture/isa-pro ceed ings.pdf. 

13. Giray C, Bouchard DA, Brockway KA, Merrill PL. 2004. En vi ron men tal per sis tence of in 
fec tious salmon ane mia vi rus. In: Ab stracts for the Pro ceed ings of the Second Maine At lan 
tic Salmon Tech ni cal Ad vi sory Com mit tee Re search Fo rum. Uni ver sity of Maine, Orono, 
Maine, USA, 7 Jan u ary 2004, p. 12. 

14. Jarp J, Karlsen E. 1997. In fec tious salmon anae mia (ISA) risk fac tors in sea-cul tured At lan 
tic salmon Salmo salar. Dis. Aquat. Org. 28:79-86. 

15. Vagsholm I, Djupvik HO, Willumsen FV, Tveit AM, Tangen K. 1994. In fec tious salmon 
anae mia (ISA) ep i de mi ol ogy in Nor way. Prev. Vet. Res. 19:277-290. 

16. Gustafson LL, Ellis SK, Bart lett CA. 2005. Us ing ex pert opin ion to iden tify risk fac tors im 
por tant to in fec tious salmon ane mia (ISA) out breaks on salmon farms in Maine, USA and 
New Bruns wick, Can ada. Prev. Vet. Med., 70(1-2):17-28. 

17. McClure CA, Hammell KL, Dohoo IR. 2006. Risk fac tors as so ci ated with outbreaks of in 
fec tious salmon ane mia in farmed At lan tic salmon, Salmo salar, in New Bruns wick, Can 
ada. Prev. Vet. Med. (in press). 

18. Gustafson LL, Ellis SK, Beat tie MJ, Chang BD, Dickey DA, Rob in son TL, Marenghi FP, 
Moffett PJ, Page FH. In sub mis sion. Hydrographics and the tim ing of in fec tious salmon ane 
mia out breaks among At lan tic salmon (Salmo salar L.) farms in the Quoddy re gion of 
Maine, USA and New Bruns wick, Can ada. Sub mit ted to Prev. Vet. Med. July, 2005. 

19. Shi L, Macinko J, Starfield B, Xu J, Regan J, Politzer R, Wulu J. 2004. Pri mary care, in fant 
mor tal ity, and low birth weight in the states of the USA. J. Epidemiol. Com mu nity Health 
58:374-380. 

20. Totland GK, Hjeltnes BK, Flood PR. 1996. Trans mis sion of in fec tious salmon anae mia 
(ISA) through nat u ral se cre tions and ex cre tions from in fected smolts of At lan tic salmon 
Salmo salar dur ing their presymptomatic phase. Dis. Aquat. Org. 26:25-31. 

21. Mikalsen AB, Teig A, Helleman AL, Mjaaland S, Rimstad E. 2001.  	De tec tion of in fec tious 
salmon anae mia vi rus (ISAV) by RT-PCR af ter cohabitant ex po sure in At lan tic salmon 
Salmo salar. Dis. Aquat. Org. 47:175- 181. 

22. Raynard RS, Murray AG, Greg ory A. 2001a.  	In fec tious salmon anae mia vi rus in wild fish 
from Scot land. Dis. Aquat. Org. 46:93-100. 

23. Devold M, Falk K, Dale OB, Krossoy B, Biering E, Aspehaug V, Nilsen F, Nylund A. 2001.  
Strain vari a tion, based on the hmagglutinin gene, in Nor we gian ISA vi rus iso lates collected 
from 1987 to 2001: in di ca tions of re com bi na tion. Dis. Aquat. Org. 47:119-128. 

Authors 

Steve Ellis, Lori Gustafson (Lori.L.Gustafson@aphis.usda.gov), Teresa 
Rob in son and Frank Marenghi are with USDA APHIS Vet er i nary Ser vices, 16 
Deep Cove Rd., Eastport Maine 04631. Cem Giray is with Mi cro Tech nol o gies, 
41 Main St., Rich mond, Maine 04537. At the time this work was done, Pe ter 
Merrill was with Micro Tech nol o gies in Rich mond. He is currently with USDA 
APHIS Na tional Cen ter for Import and Ex port, 4700 River Road, Riverdale, 
Mary land 20737. 

Bull. Aquacul. Assoc. Canada 105-1 (2005) 51 



Dario Stucchi 

Mod el ling the Trans port and Dis per sion 

of IHN Patho gens in the Broughton 

Ar chi pel ago, Brit ish Co lum bia 

D. J. Stucchi, R. F. Henry, and M. G. G. Foreman 

Nu mer i cal cir cu la tion mod els of the tides and the mean flow field in 
the Broughton Ar chi pel ago, BC are pre sented and de scribed. Tidal 
cur rents are en er getic in the outer regions of the model do main and at 
con stric tions and sills in side the ar chi pel ago. The mean sea ward sur 
face flow driven by fresh wa ter dis charge is a promi nent fea ture of the 
sub-tidal cir cu la tion. Model simu la tions of the trans port and dis per 
sion of IHN vi ral parti cles re leased from sev eral finfish farm sites 
showed that the surface estuarine flow transports the vi ral par ti cles 
many kilo metres sea ward, but the de tails of the dis tances trav elled and 
pathways are site spe cific. Dis tances trav elled dur ing the two-day life 
time given for vi ral par ti cles ranged from 3 to 33 km de pend ing upon 
lo ca tion of the re lease site. The simu la tions showed that within the 
two-day life time or time win dow used for the IHN vi ral par ti cles some 
finfish farm sites were di rectly down stream of, or con nected to, the 
site that was the source of the patho gen. 

Background 

On the British Co lumbia main land coast and to the east of Queen Char lotte 
Strait lies a group of is lands commonly re ferred to as the Broughton Ar chi pel ago 
(Fig. 1). The ar chi pel ago is composed of sev eral large islands, no ta bly its name 
sake and Gilford Is land, and many smaller is lands, dry ing rocks and reefs. Two 
ma jor fjords, Kingcome and Knight In lets, lie to the east of the ar chi pel ago and 
pen e trate deeply into the coastal moun tain range. The cir cu la tion in the ar chi pel 
ago and ad ja cent fjords and straits is pri mar ily tidal in na ture. Strong tidal cur 
rents and mix ing are con spicu ous fea tures of John stone and Queen Char lotte 
Straits (1) and in the nar row pas sages through the archi pel ago. Lo cal run off drives 
a promi nent estuarine sur face flow es pe cially in Knight In let.(2) The Klinaklini 
River at the head of Knight In let is the larg est river in the re gion and reaches peak 
dis charge in the summer. The surface cir cu la tion is also forced by lo cal winds.(3) 

The wa ters of the Broughton Archi pel ago and ad join ing fjords and water sheds 
of the re gion sup port the pro duc tion of most spe cies of Pacific salmon 
(Oncorhynchus). The Broughton Ar chi pel ago is also noted as a ma jor salmon 
farming area. There are a to tal of 26 finfish farm ten ures dis trib uted through the 
pas sages and chan nels of the ar chi pel ago (Fig. 1). In 2002, the farms of the 
Broughton pro duced 20,000 tonnes of At lan tic salmon (Salmo salar) (4) ac count 
ing for about 25% of the prov ince's to tal farmed salmon pro duc tion. 

In fec tious hematopoietic ne cro sis (IHN) vi rus is a rhabdovirus patho gen that is 
en demic in the Pa cific North west and in fects all five spe cies of Pa cific salmon 
(Oncorhynchus), At lan tic salmon (S. salar) and rain bow trout (O. mykiss).(5) In 
Brit ish Co lum bia the IHN vi rus is most of ten as so ci ated with sockeye salmon (O. 
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nerka) in the fresh wa ter en vi ron ment ei ther as fry or spawn ing adults.(6,7) At lan tic 
salmon are very sus cep ti ble to the IHN vi rus, and in 1992 the first re ported 
epizootic of IHN in farmed Atlan tic salmon was re ported in BC.(8)  Over the course 
of the next four years the in fection spread to 13 farm sites lo cated within 20 km of 
the in dex site.(7) The sec ond epizootic of IHN in farmed At lan tic salmon oc curred 
from 2001 to 2003 and af fected 36 At lan tic salmon farms in five sep a rate ar eas, 
one of which was in the Broughton Archi pel ago.(7)  Both epi zo ot ics re sulted in 
sig nif i cant mor tal i ties and eco nomic loss to the aquaculture in dus try in BC. 

In the 2001 epizootic, the co in ci dence in time of the ini tial cluster of IHN dis ease 
out breaks and the return ing adult salmon mi gra tion in the lo cal wa ter ways sug 
gested that wild salmon may have been the source of the in fection of the At lan tic 
salmon. The stud ies of Traxler et al.(9) demon strated that At lan tic salmon be come 
in fected when placed close to in fected fish and the rapid spread of the dis ease to 
other ad ja cent pens in the farm im ply that the trans mission is likely waterborne. 
Once an IHN dis ease outbreak is es tab lished in a farm it then be comes a res er voir 
or source of IHN vi ral parti cles. Ocean cur rents will dis perse and trans port the vi 
ral par ti cles into the surround ing water ways and pos si bly trans mit the dis ease to 
other finfish farms in the area. The pathways fol lowed, distances trav elled and 
tempo ral ex tent of the waterborne transport of the patho gen will de pend on the lo 
cal ocean cur rents. The spread of the dis ease to adja cent farm sites may also de 
pend on fac tors such as the viru lence of the par tic u lar vari ant of the patho gen, the 
health of the host farm pop u la tion, the in ac ti va tion time of the vi ral par ti cles in 
seawa ter, and the con cen tra tion of and du ra tion of ex po sure to the patho gen at 
finfish farm sites. 

Our goals in this con tri bu tion are to a) de scribe the nu mer i cal cir cu la tion mod els 
of the Broughton Archi pel ago that we have been de vel op ing, b) simu late us ing 
par ti cle track ing pro grams, the trans port and dis per sion of IHN patho gen based on 

Fig ure 1 

Site map of re gion 

show ing prin ci pal rivers, 

wa ter ways, is lands, 

lo ca tions of finfish 

farms, and the par ti cle 

re lease sites A, B, C 

and D. 
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Fig ure 2 

Map of root mean square 

(rms) ver ti cally-av er aged 

tidal currents (cm/s) in 

the model do main. 

the cur rents computed in our cir cu la tion mod els, and c) dis cuss the sig nif i cance 
that these simu la tions may have for the waterborne transmis sion of the disease be 
tween farm sites in the ar chi pel ago. 

Numerical Circulation Model 

The model do main stretches 150 km from the south ern end of John stone Strait to 
the north ern end of Queen Char lotte Strait and in land about 100 km to the head of 
Knight and Kingcome In lets, and in cludes the Broughton Ar chi pel ago (Fig. 1). 
This is a large and top o graph i cally complex region that presents many model ing 
chal lenges. The model uses vari able size tri an gu lar grid el e ments that vary in 
length from ap prox i mately 6 km in Queen Charlotte Strait to about 50 m in some 
of the nar row pas sages. The vari able grid ele ment size provides a better rep re sen 
ta tion of the compli cated coast line and bathymetry in the Broughton Ar chi pel ago 
than the uni form rect an gles that are of ten required by other nu mer i cal model meth 
ods. Model bathymetry and coastline were ob tained from the Ca na dian Hy dro 
graphic Service nau ti cal charts. A more com plete de scrip tion of the mod els and 
compar i sons of model results with ob serva tions are detailed in Fore man et al.(10) 

The two-di men sional (2D), fre quency-do main fi nite-el e ment model TIDE2D (11) 

was used to compute the tidal cur rents. TIDE2D computed ampli tudes and phase 
lags of tidal el e va tion and depth-av er aged veloc ity compo nents at all nodes of the 
model grid. Eight con stitu ents were used to ap prox i mate the tidal cur rents in 
TIDE2D (M2, S2, N2, K2, K1, P1, O1, and Q1), and in this re gion they account for most 
(80% to 90%) of the en ergy in the tidal el e va tion and cur rents. Tidal el e va tion 
forc ing was spec i fied along the open sea bound aries us ing his tor i cal ob ser va tions 
from tide gauges near those lo ca tions. 

The main fea tures of tidal cur rents in the model do main are the con spicu ously 
strong cur rents at the south ern end of Queen Char lotte Strait, the west ern end of 
Knight In let and in John stone Strait. In con trast, the tidal cur rents are gen er ally 
weak in the fjords and embayments (Fig. 2). Lo calized ar eas of strong tidal cur 
rents are ev i dent over sills and at hor i zon tal con stric tions in the wa ter ways of the 
re gion. 
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TIDE3D, a har monic finite el e ment method devel oped by Walters,(11,12) was 
used to compute three-di men sional (3D) di ag nos tic buoy ancy cur rents or mean 
flow field (Z0) arising from a spec i fied den sity field for the re gion. The 3D den 
sity field used to force the di ag nos tic TIDE3D cal cu la tion of the mean flow field 
was de rived from the summer cli ma tol ogy (July, Au gust and Sep tember) of all 
temper a ture and sa lin ity pro files ob tained from 1955 to the pres ent in the model 
do main. 

The computed mean sur face flow field ex hib its a gen er ally sea ward flow in the 
fjords, passages and straits in the model do main (Fig. 3). This sea ward sur face 
flow is gen er ally con sis tent with ob ser va tions and our un der stand ing of the 
ocean og ra phy of these re gions.(1-3) Compar i sons of the model and ob served 
mean sur face flows at the lo ca tions where sur face flow mea sure ments were 
taken in di cate that there was agree ment in the sea ward di rec tion of the flow, but 
the mag ni tudes were sub stan tially dif fer ent.(10) 

Par ti cle track ing simu la tions were carried out with a mod i fied ver sion of the 
DROG3D pro gram (13) dis trib uted by the Quoddy mod el ling group. DROG3D cal 
cu lates the po si tions and tracks of the par ti cles us ing the TIDE2D depth-av er aged 
tidal ve loc i ties and mean sur face flows computed by a di ag nos tic TIDE3D. The 
DROG3D program was mod i fied to permit the re lease of par ti cles at dif fer ent 
stages of the tide. An other mod i fi ca tion was made to per mit spec i fi ca tion of the 
length of time each parti cle was tracked. 

The ‘mark ers’ or par ti cles, which repre sent IHN vi ral par ti cles, are pas sive and 
neu trally buoy ant and are transported through the model grid by the computed 
cur rents (tides + mean sur face flow). In the sim u la tions, par ti cles were re leased 
hourly from farm sites into the surface layer over a 15-day pe riod in or der to en 
compass one complete fort nightly cy cle (neap and spring tides) of the tidal cur 
rents. Each par ti cle was tracked for two days (2-day life time) as this appears to be 
an ap pro pri ate time scale for the in ac ti va tion time of IHN vi ral par ti cles. 

Fig ure 3 

Mean sur face flow or Z0 

flow field pro duced by the 

di ag nos tic TIDE3D model 

and the aver age sum mer 

den sity field. 
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Results 

Par ti cle track ing sim u la 
tions were con ducted for 
many farm sites and lo ca tions 
of in ter est in the model do 
main but herein re sults from 
four farm sites (A, B, C and D 
in Fig. 1) are pre sented in Fig 
ures 4, 5, 6 and 7. The di a 
grams that fol low show the 
po si tions of each par ti cle 
plot ted hourly for two days 
(48-hour life time) after its 
release. 

Site A 

Par ti cles re leased at site A 
ex pe ri ence the rel a tively 
strong sea ward (west ward) 

sur face currents of Knight In let (Fig. 4). Up-in let or east ward move ment of the 
par ti cles on the flood ing tide was only slight and no par ti cles reached the junction 
of Tri bune Chan nel and Knight In let which is lo cated 1.5 km to the east of site A. 
Most of the par ti cles trav elled west ward through the lower reaches of Knight In let 
to Queen Char lotte Strait; however, some parti cles trav elled through Spring Pas
sage. Those par ti cles mov ing through Spring Passage passed close to finfish 
farms lo cated on Mid summer Island, possi bly ex pos ing the cul tured fish to the 
IHN patho gen. The max i mum dis tance trav elled by par ti cles released for this lo 
ca tion was 33 km—the larg est travel dis tance of all the sites simu lated. 

Site B 

Un like the par ti cles re leased 
from site A, par ti cles re leased 
from site B were dis persed 
over a large area. Most par ti 
cles were trans ported into 
Queen Char lotte Strait where 
they were widely dis persed. 
The strong tidal cur rents 
transported a small number of 
par ti cles south ward into 
John stone Strait and a very 
small num ber east ward into 
Knight  In le t  .  Max i  m um 
travel dis tances from the re 
lease point were about 19 km 
in the two-day life time of the 
particles. 

Fig ure 4 

Re sults of 

par ti cle track ing 

sim u la tion for site A. 

Fig ure 5 

Re sults of par ti cle 

track ing sim u la tion for 

site B. 
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Mid sum mer Is land only 4 

Site C 

The sim u la tion for par ti cles 
re leased at this site, which is 
lo cated at the east ern end of 
Mid sum mer Is land, were 
transported into Queen Char 
lotte Strait by the mean sea 
ward sur face flow and dis
persed over a large area. A 
small number of par ti cles 
were car ried eastward into 
Knight In let by the strong 
flood ing cur rents in Spring 
Pas sage. A note wor thy fea 
ture of this sim u la tion is the 
con cen tra tion and pas sage of 
par ti cles past the finfish farm 
at the north-western end of 

km away from the re lease 
point. Max i mum travel distances in two days were about 18 km. 

Site D 

The release point for this simu la tion was lo cated in a pro tected bay, and move 
ment of the par ti cles out of the bay was slow. How ever, once the par ti cles en tered 
Penphrase Pas sage the strong tidal cur rent and mean sur face flow quickly trans 
ported the parti cles south east through the pas sage and then west ward into Fife 
Sound (Fig. 7). Max i mum travel dis tance in two days was about 16 km from the 
re lease point. It is of note that the parti cles that en ter Fife Sound did not travel far 
enough in two days to reach an ac tive finfish farm site on the north shore of Fife 
Sound. 

Discussion and Conclusions 

The par ti cle track ing sim u la 
tions based on nu mer i cal cir cu 
la tion mod els are use ful tools for 
in ves ti gat ing the role of wa ter 
move ment in trans port ing and 
dis pers ing patho gens. The sim-
u la tions pro vided an es ti mate of 
the dis tances par ti cles were 
transported from their sources, 
the routes the par ti cles trav elled 
and a time history of par ti cle po 
si tions. The mod elled sur face 
cur rents in the Broughton Ar
chi pel ago and Knight In let 
trans ported pas sive, neu trally 
buoy ant vi ral par ti cles sea ward. 

Fig ure 6 

Re sults of par ti cle 

track ing sim u la tion for 

site C. 

Fig ure 7 

Re sults of par ti cle 

track ing sim u la tion for 

site D. 
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“The spread and 

severity of an 

epizootic result 

from the 

interaction among 

the pathogen, its 

host and the 

environment. The 

role of water 

circulation in the 

spread of the 

disease organism 

is but one part of 

the environmental 

component of the 

problem.” 

The dis tances the par ti cles travelled from the re lease sites, the routes taken and the 
dis per sion were site spe cific. Max i mum travel dis tances raged from 33 km in the 
case of re leases from site A to only 3 km for re leases under taken in very shel tered 
bays. The ex tent of the disper sion and dis tance varied with the strength of the tidal 
cur rents and the mean sur face flows. The simu la tions showed that within the 
two-day life time or time win dow used for the IHN vi ral par ti cles some finfish 
farm sites were directly downstream of, or connected to, the farm site that was the 
source of the patho gen. For sources lo cated close to Queen Charlotte Strait the en 
er getic tidal cur rent com bined with the sea ward sur face flow re sulted in a wide 
spread disper sion and transport of patho gens into the strait. 

As with other nu mer i cal cir cu la tion mod els, our Broughton Ar chi pel ago mod 
els are based on sim pli fy ing as sump tions and ap prox i ma tions. Fur ther more, in 
some regions of the model do main ob serva tional data used to force the model 
were lim ited. Con se quently, in ter pre ta tion of the par ti cle track ing sim u la tions 
should take into con sid er ation the limi ta tions and un certain ties of the model cur 
rents. A discus sion of sev eral of the impor tant limi ta tions fol lows, and a more de
tailed compar i son of the model with ob serva tions is pro vided by Fore man et al.(10) 

Winds are known to in flu ence the sur face cir cu la tion in fjords, and Baker and 
Pond(3) have shown that in Knight In let the winds are an impor tant fac tor driv ing 
sur face layer flow. How ever, be cause of the scar city of long-term lo cal wind mea 
surements and the ab sence of a high reso lu tion, at mo spheric cir cu la tion model for 
this top o graph i cally complex region, wind forc ing was not in cluded in the cir cu 
la tion model. 

In the ab sence of ad e quate mea sure ments of fresh wa ter dis charge into the 
model do main, ex cept for the Klinaklini River, the estuarine cir cu la tion in the 
model was driven in di rectly by the av er age summer den sity field, de rived from 
the cli ma tol ogy of the tem per a ture and sa lin ity ob ser va tions in the re gion. Ob ser 
va tions were most prev a lent in Knight In let and Queen Charlotte Strait, sparse in 
some of the ma jor chan nels (e.g. Tri bune Chan nel and Fife Sound) through the ar
chi pel ago and non ex is tent in most of the mi nor passages and embayments. Con 
se quently, in those areas that had lit tle or no data cov er age the un certainty in the 
mod elled cur rents was higher than in those regions with better data cov er age. 

The tidal model TIDE2D computes a depth-av er aged cur rent which is a simpli fi 
ca tion of the more compli cated ve loc ity pro files that have been ob served in 
fjords. In shal low waters where the flows are strong the verti cal-av er aged veloc 
ity provides a better es ti mate of the tidal cur rents than in the very deep areas of the 
model do main. Over all the depth-av er aged tidal cur rents will un der es ti mate the 
sur face tidal cur rents. 

To the ex tent that the mod els ac cu rately rep re sent the sur face tidal cur rents and 
the mean sur face (estuarine) flow, the impli ca tions that the simu la tions have for 
the waterborne transmis sion of the IHN vi rus from finfish farms are site spe cific. 
The simu la tions based on the two-day lifetime or in ac ti va tion time of the vi ral 
par ti cles showed that some finfish farms were con nected by wa ter move ments 
within this two-day time win dow. Using lon ger life times for the patho gen would 
en large the area for poten tial waterborne dis ease trans mis sion. 

The spread and sever ity of an epizootic result from the in ter ac tion among the 
patho gen, its host and the en vi ron ment. The role of water cir cu la tion in the spread 
of the dis ease or gan ism is but one part of the en vi ron men tal compo nent of the 
prob lem. The in ac ti va tion time of IHN vi rus in sea wa ter and the fac tors gov ern 
ing the in ac ti va tion of the vi rus are also part of the en vi ron men tal compo nent. We 
have iden ti fied sev eral lim i ta tions of our nu mer i cal cir cu la tion mod els and we are 
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con tin u ing to improve the re al ism of mod elled cur rents within the Broughton Ar
chi pel ago. Im prove ments in our cir cu la tion mod els and better un der stand ing of 
the fac tors af fect ing the in ac ti va tion of the vi ral par ti cles in sea wa ter will en able 
us to as sess and un der stand the role of wa ter move ments in the spread and de vel 
op ment of this se ri ous disease in At lan tic salmon farms. The re sults of improve 
ments in our mod els and ad di tional cir cu la tion mea surements will be de scribed in 
fu ture manu scripts. 
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Sonja Saksida 

Fig ure 1 

Num ber of com pa nies, 

salt wa ter (SW) ten ures, 

and farmed salmon 

pro duc tion from the mid 

1980s to 2003 in British 

Columbia.  

Wa ter Move ment and Fish Health 

Man age ment of In fec tious Dis eases on 

Salmon Farms in Brit ish Co lum bia 

Sonja Saksida, Joanne Constantine, and Jim Brackett 

In Brit ish Co lum bia (BC), un der stand ing the lo cal wa ter move ment 
pat terns is es sen tial not only in ob tain ing and main tain ing farm ten 
ures in the ma rine en vi ron ment but also in man age ment of in fectious 
dis eases in farmed salmon. The im pact wa ter patterns have on dis ease 
man age ment deci sions de pends on the patho gen, the host, and the 
patho gen/host re la tion ship. The level of impor tance of the role of wa 
ter move ment in the man age ment of dis eases known to oc cur in BC 

farmed salmon is ex amined using the ex amples of salmon rick ett sial 
syn drome (SRS), furunculosis, and in fectious hematopoietic necro sis 
(IHN). 

Aquaculture in British Columbia 

Salmon farming in Brit ish Co lumbia (BC) be gan in the early 1970s us ing the Pa 
cific salmon spe cies Oncorhynchus tshawytscha (chi nook salmon), O. kisutch 
(coho salmon), and O. mykiss (rain bow trout). The At lan tic salmon (Salmo salar) 
was in tro duced to BC as a farmed species in the mid 1980s. 

As of 2002, an nual pro duc tion of farmed salmon had in creased to 83,000 met ric 
tons despite a sub stan tial de crease in the number of op er at ing compa nies from the 
peak of the late 1980s (Fig. 1). Pres ently, at least 90% of the to tal pro duc tion 
comes from only six compa nies. Much of the growth in pro duc tion be tween the 
1980s and the  pres ent is not due to in creased salt wa ter ten ures, which have only 
slightly in creased (range 121 to 140) since the 1990s. Cur rently, only ap prox i 
mately 60% of the tenures are in use. More sig nif i cantly, the in crease is the re sult 
of the switch to At lan tic salmon, which have better sur vival and growth rates, al 

low ing for pro duc tion ex pan 
sion. At lan tic salmon now make 
up ap prox i mately 82% of farmed 

(1,2) Insalmon pro duc tion in BC. 
ad di tion, other factors such as 
improved husbandry and fish 
health prac tices (i.e. increased 
avail abil ity of ef fi ca cious vac 
cines, less han dling and grad ing, 
pre ven tion of dis ease through 
screen ing, etc.) have con trib uted 
to in creased pro duc tion de spite 
the reduced numbers of sites 
avail able for ex pan sion. 
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Water Movement Around BC Farms 

Salmon farms are lo cated predomi nantly around Van cou ver Island, with the 
ma jor ity of the farms on the east ern side or “inside pas sage” be tween Vancou ver 
Is land and the BC main land (Fig. 2). The main land coastline is made up of a large 
number of in lets or fjords. As a result of the large river sys tems, the high rain fall, 
and the gla ci ated moun tains, a sig nif i cant por tion of this coastal area ex pe ri ences 
estuarine cir cu la tion: net sea ward move ment of sur face wa ter.(3) In gen eral the 
move ment of sur face water to ward the sea is stron gest dur ing the freshet. The sur
face wa ter layer can extend to great depths; for exam ple in farms lo cated in zone 
3-3 (Fig. 2) the depth of the sur face water lay ers range from 10 to 40 m.(4) Av er age 
sur face currents of up to 15 cm/sec are usu ally found on typ i cal 
farms in BC with rip tides some times reach ing 50 cm/sec on 
some farm sites. Fig ure 2 

Am ple wa ter move ment around a farm is con sid ered es sen tial Lo ca tion of farm ing ar eas lo cated around 

for the health of the farmed fish and the en vi ron ment, and is Van cou ver Is land, Brit ish Co lum bia. The 

therefore impor tant in main tain ing the rights to op er ate a farm black lines out line the Fish Health Sur veil 

on the lease. As part of the lease/li cense re quire ments for op er a - lance zones and the cir cles out line the 

tion of a farm in BC, the BC Min is tries of Ag ri cul ture and Lands farming re gions that share wa ter. 
(BCMAL) and En vi ron ment (BCMOE) re quire rou tine ben thic (source: http://www.agf.gov.bc.ca/fish er 
sampling di rectly un der the pen sys tems and within a de fined 

ies/health/fish_health_zone_map.pdf) 
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distance from the pen system (the footprint) to ensure minimal impact. 

Fish Health Management Considerations 

Farmed salmon health issues are managed at a population level. There are many 

factors to be considered when making decisions on how to manage a health prob

lem involving an infectious agent. 

The level of effect that the pathogen has on the susceptible salmon populations 

should be considered, including: 

• infectivity: what proportion of the exposed population will become infected 

with the pathogen; 

• pathogenicity: what proportion of the infected population will develop disease; 

• virulence: what proportion of the diseased population will become very sick 

or die; and 

• incubation period: the period of time from infection to disease.(5) 

When determining a management strategy, it is also necessary to have an under

standing of how the pathogen moves between susceptible hosts both within a pop

ulation (transmission) and between populations (spread). Transmission and 

spread can occur either by direct or indirect methods.(5) Table 1 outlines some of 

the various ways that pathogens can be transmitted or spread by direct and indi

rect methods. 

Direct methods involve the movement of pathogen as a result of direct contact 

with an infected individual or their immediate by-products such as feces, blood, or 

gametes (in the case of vertical transmission). Direct methods are thus very impor

tant in the movement or transmission of infection or disease within a population. 

Alternatively, indirect transmission or spread of the pathogen involves the move

ment of the pathogen itself. This can be done through another host (such as another 

species of fish or shellfish, etc.), attached to fomites (i.e. non-living material), or 

directly in the water (waterborne). As a consequence, indirect methods play a cru

cial role in the spread of infections/disease between susceptible populations. 

Waterborne spread of pathogens is of particular interest when considering a 

management plan, especially since salmon farming involves net-pen systems in 

the ocean. In BC, fish health professionals normally assume that the pathogens 

Table 1. Modes of transmission or spread of pathogens. The ticks (a) indicate modes 

(6,7)
of transmission or spread for the causitive agents of SRS, furunculosis, and IHN.

Direct Transmission or Spread 

Horizontal—fish to fish (direct contact, feces, 

cannibalism) 

Vertical—parent to progeny 

Indirect Transmission or Spread 

Vector—other species of fish, sea lice, etc. 

Vehicle—through fomites (people, equipment) 

Waterborne—current, carried by boats 

SRS Furunculosis IHN 

a a a 

a r a 

a a 

r a a 

a a a 
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causing dis eases in farmed salmon are ca pa ble of sur viv ing in water for a vari able 
length of time. Thus wa ter flow pat terns are con sid ered dur ing the devel op ment 
of a treatment plan or con trol pro gram. The impor tance that water move ment has 
in a man age ment de ci sion, how ever, is usu ally de pend ent on the se ri ous ness of 
the dis ease (i.e. how patho genic or vir u lent, is it a listed dis ease, etc.), the rate of 
spread, and the avail abil ity of ef fi ca cious treat ments. 

The follow ing is an out line of three dis eases found in BC farmed salmon re quir 
ing dif fer ent approaches to man age ment: net-pen level, farm level, or area man 
age ment. The in flu ence wa ter move ment plays in de vel op ing man age ment de ci
sions is dis cussed. 

Pen level man age ment 

Salmon rick ett sial syn drome (SRS) is a dis ease that oc curs in At lan tic salmon in 
a few salmon farming re gions in Brit ish Co lumbia. The caus ative patho gen is 
Piscirickettsia salmonis.(6,7). In BC, SRS is con sid ered a “chronic” con di tion with 
rel a tively low infectivity and patho ge nic ity. Only a small pro por tion of the ex 
posed pop u la tion on a farm de velops dis ease. Table 1 summa rizes the meth ods of 
trans mis sion/spread of SRS; waterborne trans mis sion/spread is known to oc cur. 

The over all mor tal ity rates as so ci ated with SRS in farmed At lan tic salmon are 
con sid ered low and known cases of ten go un treated for ex tended pe ri ods of time. 
When ther a peu tic in ter ven tion is de ter mined to be ap pro pri ate, farm-wide treat 
ment may be rec ommended, but more often treatment is pro vided only to the cages 
of con cern be cause of the factors described above. The ori en ta tion of the farm may 
be as sessed to de ter mine an ap propri ate treat ment re gime. Figure 3 dis plays two 
farm ori en ta tions with re spect to lo cal wa ter patterns. If the dis ease was lo cated in 
farm A then the vet er i nar ian may con sider treat ing only the af fected pens; however 
if the dis ease was on farm B then treat ment may be given to the af fected pens plus 
the pens im me di ately ad ja cent to the af fected pens or pos si bly the entire farm. 

Chronic dis eases such as SRS are man aged largely by tar get ing in di vid ual or 
small groups of pens within the farm. Wa ter move ment is not a ma jor con sid er 
ation in the con trol pro grams. 

Farm level man age ment 

Aeromonas salmonicida is the 
causative agent of furunculosis, a 
bac te rial dis ease di ag nosed in At 
lan tic salmon in BC.(6,7) This patho 
gen is con sid ered mod er ate to highly 
patho genic and vir u lent in At lan tic 
salmon. In BC, furunculosis can be 
con sid ered an acute dis ease be cause 
of its ap par ently rapid spread within 
a pop u la tion and its short in cu ba tion 
pe riod (days). Ta ble 1 summa rizes 
the meth ods of trans mis sion/spread 
of furunculosis. Waterborne trans-
mis sion/spread is known to oc cur 
and con sid ered an im por tant con 
trib ut ing factor in the move ment of 
the patho gen be tween pens within a 
farm. 

A 

Fig ure 3 

Two pos si ble di rec tions 

of wa ter flow within a pen 

sys tem. Pen sys tem A 

has wa ter flowing 

perpendicular to the 

sys tem. Pen sys tem B 

has wa ter flow ing par al lel 

to the sys tem. 

B 
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Furunculosis has caused se vere dis ease and mor tal ity on salt wa ter farms con
tain ing un pro tected At lan tic salmon pop u la tions. How ever, it has not been found 
to spread be tween sea wa ter farms in BC. When furunculosis is di ag nosed, the nor 
mal course of ac tion is to treat the en tire farm with one of the avail able in-feed 
antimicrobial treat ments. For tu nately, in re cent years, the preva lence of 
furunculosis has been de clin ing due to an ef fi ca cious vac ci na tion pro gram. Pres 
ently, all farmed At lan tic salmon are vac ci nated.

 In summary, when dealing with acute diseases such as furunculosis, the man 
age ment strat egy is to man age at a farm level (i.e. treat the entire farm). In these 
sit u a tions waterborne move ment of the patho gen is con sid ered an impor tant 
method of transmis sion within the farm. 

Area man age ment 

In fec tious hematopoietic ne cro sis (IHN) is a vi ral dis ease caused by a 
rhabdovirus (IHN vi rus). It has caused se ri ous dis ease in farmed At lan tic salmon 
in BC. At lan tic salmon farm ers in BC have faced two ep i dem ics of in fec tious 
hematopoietic ne cro sis (IHN): 1992-1996 and 2001-2003.  IHN has not been diag 
nosed in farmed salmon out side these two out breaks.(8,9) The dis ease is consid 
ered endemic in sockeye salmon. Atlan tic salmon, which have only rel a tively re 
cently been in tro duced as a farmed spe cies, are highly sus cep ti ble to the infec tion. 
In farmed At lan tic salmon in BC, IHN is a peracute dis ease. The IHN vi rus is 
highly vir u lent and the in cu ba tion pe riod  is short. The in fection spreads quickly 
through a farm pop u la tion and po ten tially to other farms result ing in sig nif i cant 
mor tal i ties. 

Ta ble 1 out lines the modes of transmis sion/spread of IHN. An in-depth discus 
sion of the most recent IHN ep i demic is pro vided below to il lus trate con trol of this 
type of dis ease in which waterborne transmis sion plays a sig nif i cant role.

 IHN ep i demic 2001-03

 Dur ing the 2001-03 ep i demic, 36 farms be came in fected with IHNv.(9) The epi 
demic was dev as tat ing: the dis ease spread to five farming re gions and an esti 
mated 12 mil lion fish died or were de stroyed dur ing the epizootic. The costs of the 
ep i demic af ter the first 23 out breaks was esti mated to be over $40 mil lion in di rect 
in ven tory losses and over $200 mil lion in lost sales, with the fi nal costs most 
likely sig nif i cantly higher. The cu mu la tive mor tal ity on smolt farms (< 700 g) 
was re ported to be as high as 77% and for harvest-sized pop u la tions cu mu la tive 
mor tal ity rates were reported to be as high as 53%.(9) 

There is no treat ment and at the time of the epi dem ics no ef fi ca cious vac cine for 
IHNv was avail able; there fore man age ment of the dis ease is much dif fer ent than 
for the other dis ease sit u a tions dis cussed. The vi rus is ca pa ble of sur viv ing in sur
face wa ter and is in fec tive at low titres, mak ing waterborne spread a signif i cant 
factor. It was recog nized that the in fection/disease spread quickly through in di 
vid ual farms and then to other farms lo cated in the vi cin ity. Therefore, a large 
com po nent of con trol ling the ep i demic was con di tional on un der stand ing lo cal 
wa ter move ment pat terns and how they af fect the spread of the dis ease. 

In ad di tion, there was an other type of wa ter move ment that may have been re
spon si ble for the spread of IHN be tween farms within an area. That is the move 
ment of IHNv in fected wa ter by the larger sup ply ves sels ser vic ing the farming in 
dus try (i.e. feed de liv ery and mor tal ity re moval). These ves sels are be lieved to 
have in ad ver tently moved infected wa ter (as bal last or en gine coolant wa ter) be 
tween farms within a re gion. 
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Waterborne ex po sure of the patho gen played a sig nif i cant role in spread ing the 
dis ease into other farming ar eas. At lan tic salmon smolts being trans ported in well 
boats are be lieved to have been ex posed to ef flu ent discharged from a plant pro 
cess ing At lan tic salmon from an in fected farm. Al though the ef flu ent was treated 
us ing a pro to col rec om mended by pro vin cial and fed eral gov ern ment au thor i ties, 
the method may have been in ef fective in kill ing all the vi rus. 

The con trol and erad i ca tion of this disease from the farmed pop u la tion required 
a co or di nated ef fort of fish health pro fession als (both pri vate and gov ern ment), 
farm ing com pa nies, pro ces sors, third party sup pli ers, and sci en tists. The con trol 
mea sures con tained two compo nents: mea sures to reduce the number of IHN vi 
rus and mea sures to reduce the move ment of the vi rus. 

Man age ment and control mea sures used to reduce the patho gen num bers 

It was ap par ent dur ing the ep i demic that the larg est risk for in fection came from 
the pres ence of farms in the area with in fected or dis eased At lan tic salmon that 
were shed ding vi rus. Further more, it was rec og nized that the vi rus was most viru 
lent in the At lan tic salmon smolt pop u la tions and these in fected pop u la tions were 
likely shed ding large amounts of virus into the wa ter. To re duce this risk, sev eral 
farms with smolts culled their en tire pop u la tion; the own ers were never compen 
sated for ei ther the cost of the fish or the cost of cull ing. Other mea sures imple 
mented to re duce the number of patho gens in cluded in creased fre quency of re
moval of dead and mor i bund fish from af fected sites and ear lier har vesting. Pro 
cess ing plants also es tab lished ef fec tive wa ter treat ment pro ce dures to re duce the 
risk of dis charg ing in fected wa ter back into the sea. 

Man age ment and control mea sures used to reduce the spread of patho gen 

The most impor tant ac tion that con trib uted to the erad i ca tion of IHN within an 
area dur ing the last ep i demic was the estab lish ment of high risk ar eas or zones. 
These zones were de fined by the pres ence of in fected sites, and pre sumed lo cal 
sur face wa ter flow pat terns. Ac tiv i ties were re stricted to within the zones (equip
ment move ment, trans port of staff, har vest ing, etc.). Biosecurity was in creased at 
a farm level. There was an in crease in mon i tor ing of non-in fected farms and the 
high risk ac tiv ity of trans port ing fish us ing trans port pens was stopped. 

In creased biosecurity was placed on third-party ac tiv ity which in cluded in tro 
duc ing ded i cated vessels that trav elled ex clu sively to in fected sites or non-in 
fected sites. Fur ther more, wa ter pick-up and dis charge pro to cols were estab lished 
to re duce the risk of in ad ver tent move ment of in fected wa ter. To re duce the risk of 
spread to other ar eas, pro to cols were estab lished for smolt trans port that stip u 
lated the regions where pump ing of water into the well boats should be stopped. 
This was based on pre sumed water move ment around the pro cess ing plants and 
within the in fected zones. 

Fi nally, farms were only re-pop u lated once all the in fected/ex posed pop u la tions 
had been re moved from the area. Near the end of the epizootic, infected fish were 
moved to a con tained re gion to allow for clean up to occur. Some compa nies 
elected to re pop u late the site with chinook salmon, which are not suscep ti ble to 
IHNv. 

The imple men ta tion of these man age ment mea sures reduced the length of time 
to con trol the ep i demic by al most 50%: 23 months for 2001-03 compared to 44 
months for the 1992-06 outbreak.(8,9) Many of these mea sures are now part of 
com pa nies’ Fish Health Man age ment Plans im ple mented by BCMAL gov ern 
ment reg u la tion in an tic i pa tion of the next out break.(10) 

“The most 

important action 

that contributed to 

the eradication of 

IHN within an area 

during the last 

epidemic was the 

establishment of 

high risk areas or 

zones.” 

Bull. Aquacul. Assoc. Canada 105-1 (2005) 65 



As dis cussed, dis eases such as IHN in farmed Atlan tic salmon must be man aged 
on an area basis, in ad di tion to crit i cal on-farm con trol mea sures. Un der stand ing 
wa ter move ment as an es sen tial compo nent in the spread of the patho gen be tween 
farms is an im por tant con sid er ation in de vel op ing con trol and man age ment pro 
ce dures. 

Summary 

Salmon farms in Brit ish Colum bia are sepa rated by rel a tively large dis tances. 
Wa ter move ment in farm ing ar eas is largely estuarine in in flu ence. Knowl edge of 
larger water flow pat terns, along with specific knowledge of wa ter move ment lo 
cally and within farms assists in the de vel op ment of ap pro pri ate health man age 
ment pro grams. These pro grams are also based on char ac ter is tics of the patho gen, 
in clud ing infectivity, patho ge nic ity, vir u lence, and modes of trans mis sion. Con 
sid er ation of all of these fac tors will deter mine the level of con trol: by pen, by 
farm, or by area man age ment. 

In BC, the possi bil ity of waterborne transmis sion for most in fectious patho gens 
is ac counted for in the de sign of health man age ment pro grams. The rel a tive im
por tance of wa ter move ment in each dis ease is de pend ent on the factors dis 
cussed. 

In creased un der stand ing of water move ment within farming re gions and within 
farms will assist in better design and imple men ta tion of health man age ment pro 
grams. 
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Ocean o graphic In flu ences on the


Man age ment of MSX Dis ease of


Amer i can Oys ters (Crassostrea


virginica) in At lan tic Can ada


Mary Stephenson and Brian Petrie 

Multinucleate sphere “X” (MSX dis ease), caused by Haplosporidium 
nelsoni, was de tected in Amer i can oys ters (Crassostrea virginica) in 
the Bras d’Or Lakes, Cape Breton, Nova Sco tia in Oc to ber 2002. Dis 
ease mon i tor ing of oys ters and other bi valves that had been in place 
since 1988 had not de tected the presence of MSX; there fore this de tec 
tion was con sid ered to be a new in tro duc tion of an ex otic patho gen. 
Be cause MSX was a World Or gani sa tion for An i mal Health (OIE = Of 
fice Internationale des Epi zo ot ics) listed dis ease, Fisher ies and Oceans 
Can ada re ported the de tec tion to the Chief Vet er i nary Of fi cer for Can 
ada and, in con sul ta tion with af fected gov ern ment and in dus try stake 
holders, imple mented con trols aimed at dis ease con tain ment. In sur 
veys con ducted through out At lan tic Can ada to es tab lish the geo graphic 
dis tri bu tion of the dis ease, MSX was de tected solely in mul ti ple ar eas of  
the Bras d’Or Lakes. Since the infec tive life-stage of Haplosporidium 
nelsoni is be lieved to be waterborne, it was es sen tial to con sider ocean 
o graphic in flu ences on dis ease dis per sion. The hy dro graphic con nec
tiv ity within the Bras d’Or Lakes and sub se quent links to the rest of 
At lan tic Can ada were re viewed. His toric ocean o graphic data were 
re-an a lyzed and flushing times were used to pre dict par ti cle transit 
times within the lakes. Based on the re sults of the sur veil lance, anal y sis 
of ocean o graphic pro files, and con sid er ation of in dus try ac tiv i ties, it 
was ad vised that a zonation ap proach be taken to man age the disease. 
The Bras d’Or Lakes of Cape Breton were de fined as MSX-pos i tive. 
Sub-zon ing within the lakes en abled in dus try ac tiv i ties to con tinue 
while pro tect ing ar eas not yet im pacted by MSX. It was also ad vised 
that in creased dis ease mon i tor ing be done in a buffer zone that en com
passed the At lan tic coast of Cape Breton. This ap proach was ac cepted 
and licen ces is sued with con di tions re flect ing this zonation strat egy. 
Re view of the MSX man age ment is on go ing. 

Introduction 

In Oc to ber 2002, Haplosporidium nelsoni, the caus ative agent of MSX 

(multinucleate sphere ‘un known’) dis ease of Amer i can oys ters, Crassostrea 
virginica, was de tected for the first time in oys ters in Ca na dian wa ters.(1,2) The af 
fected stocks were in a unique pop u la tion lo cated in the Bras d’Or Lakes of Nova 
Sco tia (Fig. 1). These oys ters were ocean og raphi cally and phys i cally iso lated from 
pre vi ously af fected oys ter pop u la tions, the clos est of which was in the Piscataqua 

Mary Stephenson 
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Fig ure 1 

Map of At lan tic Can ada 

showing the re sults of 

the dis ease sur vey and 

MSX zonation. Within the 

Bras d’Or Lakes the 

MSX-pos i tive ar eas 

were: 1. St. Pat rick’s 

Chan nel (mul ti ple sam ple 

sites), 2. Gillis Cove, and 

3. Eskasoni. MSX was not 

de tected at site 4, Cha pel 

Is land. 

River on the Maine–New Hamp shire bor der, USA.(3) MSX is an OIE-listed (Of fice 
Internationale des Epi zo ot ics, World An i mal Health Or ga ni za tion) dis ease of 
Amer i can oys ters, due to the sever ity of its impact on naïve pop u la tions. Mor tal ity 
lev els on impacted oys ter leases in Cape Breton were over 80 to 90%,  re in forc ing 
the se ver ity of the dis ease. Initial man age ment deci sions to pre vent the spread of 
MSX were based on con trol ling in dus try ac tiv i ties. 

The impor tance of ocean og ra phy was imme di ately noted due to the unique 
ocean o graphic and geo graphic features of the Bras d’Or Lakes. In this paper, the 
Bras d'Or Lakes are de fined as Whycocomagh Ba sin west, Whycocomagh Ba sin 
east, St. Pat rick's Chan nel, North Ba sin, St. Andrew's Channel, Great Bras d'Or 
Chan nel, Bras d'or Lake, East Bay, and West Bay (Fig. 1 and 3). Ocean og ra phy 
was in cluded in the re view of his toric dis ease in for ma tion, disease survey re sults, 
and hu man ac tiv i ties, to pro vide the sci en tific ad vice used for im ple ment ing mit i 
ga tive mea sures to prevent spread of MSX to un af fected pop u la tions in the Gulf of 
St. Law rence and At lan tic shore of Nova Scotia. 

Historic Disease Information 

Molluscs in At lan tic Canada were con sid ered free of all OIE-listed dis eases 
based on ac tive sur veil lance per formed by Fisher ies and Oceans Canada (DFO) 

since 1990, as well as on his toric dis ease in ves ti ga tions dat ing back to the 
(1930s. 4-6) Since 1990, over 8000 Amer i can oys ters have been screened for dis 

ease to meet the require ments for inter-pro vin cial trans fers through DFO’s Na 
tional Code on In tro duc tion and Transfer of Aquatic An i mals, and Fish ery (Gen 
eral) Reg u la tions, aimed at pro tect ing fish hab i tat from neg a tive dis ease, ge netic, 
and eco log i cal im pacts.(7) In ad di tion, sig nif i cant sampling of oys ters had been 
un der taken for disease research pro jects. Based on this in for ma tion, a map of en 
demic par a sites and dis ease pro files was de vel oped that en abled the in dus try to 
make ‘like-to-like’ dis ease pro file trans fers within At lan tic Can ada. The in for ma
tion gath ered re in forced the historic data on Malpeque dis ease (caused by an un
iden ti fied in fectious agent) and demon strated that oys ters within the south ern 

Gulf of St. Law rence are ho 
mog e nous and dif fer from 
those in the Bras d’Or 
Lakes.(8) Oys ters from the 
Bras d’Or Lakes re main sus 
cep ti ble to Malpeque dis ease 
when ex posed to sub-clin i 
cal car ri ers from the south 
ern Gulf of St. Law rence. 

MSX was listed by the OIE 

as a re port able dis ease un til 
the end of 2005. Its listing 
was based on the dev as tat ing 
ef fects of the dis ease on C. 
virginica stocks on the At 
lan tic Coast of the United 
States.(9) It first ap peared in 
1957 in Del a ware Bay and 
by 1959 had spread to other 
ma jor oys ter beds in Ches a 

)peake Bay.(10,11 Mor tal i ties 
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were ap prox i mately 90 to 95% and the current oys ter in dus try in Chesa peake Bay 
is es ti mated to be 10% of pre-MSX val ues.(12) The disease spread north and south 
over the years, at trib uted of ten to hu man activ i ties re lated to trans fers of sub-clin 
i cal in fected oys ters.(13) The most north erly report of an MSX epizootic oc curred 
in 1996 in the Piscataqua River on the Maine–New Hamp shire bor der.(3) Low lev 
els of MSX have also been de tected in Pa cific oys ters (Crassostrea gigas) in Ko 
rea, Europe, and the west coast of the United States, but infec tions are lim ited and 
have had a neg li gi ble impact on the health of this spe cies.(9,14,15) 

In af fected pop u la tions of C. virginica in the east ern US, new in fec tions are de 
tected in early summer (June) and con tinue through to late fall. The  heaviest mor 
tal i ties oc cur in late summer and fall.(16-18) A sec ond wave of mor tal i ties is ob 
served the fol low ing spring as met a bolic ac tiv ity in creases and in fected oys ters 
ap pear un able to re cover. Tem per a ture and sa lin ity are the pri mary en vi ron men 
tal in flu ences on MSX pro lif er a tion in C. virginica. MSX is found in sa lin ity 
ranges of 10 to 25 ppt and sea wa ter temper a tures of 3º to 25ºC, with epi zo ot ics oc 
cur ring when con di tions ap proach 20 ppt and 20ºC. How ever, it is un clear if 
these pa ram e ters are im portant to the oys ter, the par a site, or its pu ta tive in ter me 
di ate host. 

The nat u ral barrier to dis ease cre ated by the cold wa ters of the Bay of Fundy and 
the At lan tic coast of Nova Scotia, as well as an absence of oys ter stocks along 
much of the At lan tic shore of Nova Sco tia, were thought to pro vide pro tection 
from dis eases such as Perkinsus marinus (Der mo dis ease), H. nelsoni and H. 
costale (SSO dis ease) that plague oys ters in the east ern United States.(19) It was re 
cog nised that if these dis eases were to emerge in the warm wa ters of the Gulf of 
St. Law rence and Bras d’Or Lakes the impact on oys ter stocks would likely be as 
dev as tat ing as those ex pe ri enced by stocks in the United States. The value of the 
At lan tic Ca na dian oys ter in dus try has been esti mated at Can$10 mil lion, with ap 
prox i mately 90% of pro duc tion coming from the south ern Gulf of St. Lawrence 
and the re main der from Cape Breton.(20) 

Tem per a ture and sa lin ity pro files within At lan tic Can ada, and spe cif i cally 
within the Bras d’Or Lakes, are within the ranges  doc u mented as suited for MSX 

pro lif er a tion.(21) How ever, win ter ice and du ra tion of freezing con di tions in At 
lan tic Can ada have not been a fac tor in Amer i can oys ter in ves ti ga tions and, there 
fore, were an un known in flu ence on and hope for con trol of MSX in Ca na dian 
oys ter stocks. 

pected.

Al though the dis tri bu tion and sea sonal dy nam ics of MSX in Crassostrea 
virginica in the United States have been es tab lished, lit tle is known about its life 
cy cle out side the oys ter. More over, the lack of knowl edge con cern ing the po ten 
tial in ter me di ate host of H. nelsoni com pli cates at tempts at dis ease con tain ment 
and mit i ga tion. As with other haplosporidian oys ter in fections, the spore stage, 
found al most ex clu sively in the oys ter’s di ges tive gland ep i the lium, is believed to 
be the in fec tive stage (Fig. 2).(12) How ever, ex per i men tal in fec tions of naïve oys 
ters have con sis tently failed to dem on strate this as a di rect mech a nism of trans 
mis sion of MSX. In ad di tion, MSX dis ease does not ap pear to de pend on oys ter 
den sity. This also in fers that an in ter me di ate stage may per sist in an un known 
host or state for ex tended pe ri ods. Thus, a waterborne host or car rier is sus -

(22, 23) The dis tri bu tion of H. nelsoni in both the Pa cific and At lan tic Oceans 
sug gests the in ter me di ate host may be a non-spe cific ubiq ui tous vec tor in the 
ocean en vi ron ment and in the Bras d’Or Lakes. The en vi ron men tal spe cies pro 
file within parts of the Bras d’Or Lakes, no ta bly St. Partrick’s Chan nel where 
MSX was first de tected, has been de scribed as ‘Vir ginian’ (i.e. simi lar to the 

Bull. Aquacul. Assoc. Canada 105-1 (2005) 69 



Fig ure 2


Heavy in fec tions of Haplosporidium nelsoni ob served in Crassostrea virginica in At lan tic Can ada. 2a)


plasmodial in fection within the con nec tive tissue of the gill (H & E stain, light mi croscopy 400x), 2b) spores of


H. nelsoni within the di ges tive tu bules (H & E stain, light mi croscopy 1000x), and 2c) spores of H. nelsoni 

within the di ges tive tu bules (scan ning electron microsopy) (Pho tos by A. Veniot). 

mid-At lan tic coast of the United States, 
where H. nelsoni has had the great est im -
pact).(24) This is not clearly eco log i cal and 
may re flect ship ping and other hu man links 
to the east ern USA. 

Human Activities 

Hu man ac tiv i ties may have played a part in 
the in tro duc tion of MSX into Cana dian wa 
ters. Al though de lib er ate im por ta tion of 
oys ters to the Bras d’Or Lakes is pro hib ited, 
rec re ational boat ing and com mer cial ship
ping traf fic—that have di rect links to Del a 
ware and Ches a peake bays—have been doc 
u mented.(25) MSX may have been in tro duced 
from hull foul ing, ballast water dis charge, or 
simply by dis posal of shells by vis it ing con 
sumers. Al though it is doubt ful that a di rect 
link be tween these ac tiv i ties and the ini tial 
in tro duc tion can be veri fied,  it is impor tant 
that they are consid ered in the anal ysis of its 
po ten tial spread both within the lakes and to 
other parts of At lan tic Can ada. 

Fol low ing the de tec tion of MSX, in dus try 
ac tiv i ties were re viewed and pro to cols for 
the har vest of oys ters were de vel oped with 
the stakeholders. These in cluded pre vent ing 
re-soak ing oys ters from Cape Breton in 
open waters and en sur ing that oys ters were 
pro cessed in plants that were not dis charg 
ing ef flu ent into open water. 

Results of MSX Disease Survey 

Fol low ing de tec tion of MSX in oys ters 
from St. Pat rick’s Chan nel in the Bras d’Or 
Lakes of Cape Breton, a meeting with key 
stake holders was held to re view both cur rent 
and his toric in dus try ac tiv i ties. It was de ter 
mined that oys ters had been transferred from 
the Bras d’Or Lakes to other parts of At lan 
tic Can ada, putt ing oys ter pop u la tions in the 
south ern Gulf of St. Lawrence at risk. 

Sites cho sen for sur veil lance rep re sented 
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commercially-important bays linked directly through transfers from the Bras 

d’Or Lakes, those linked indirectly (oysters from directly linked sites), or sites 

with no oyster transfer links.(26) 

A sample size of 60 was chosen to detect a presumed pathogen prevalence oc

curring in 5% of the population. Approximately 3000 oysters were sampled from 

39 sites.(9,27) Diagnostic testing followed OIE guidelines. Histopathology was 

used for disease screening, and polymerase chain reaction (PCR) and in-situ hy

bridization for infection confirmation. The molecular confirmatory tests were re

quired for differentiation between plasmodial stages of H. nelsoni and H. costale. 

When both haplosporidians were detected by PCR, an in-situ hybridization test 

reaction was used to identify the dominant infection within individual oysters.(28) 

Results from the 2002 fall/winter survey are shown in Figure 1. MSX was con

firmed in three areas of the Bras d’Or Lakes: 1) St. Patrick’s Channel (multiple 

sample sites), 2) Gillis Cove, and 3) Eskasoni. MSX was not detected in the south

ern basin at Chapel Island. Dual infections of H. nelsoni and H. costale were de

tected by PCR, but H. nelsoni was confirmed as the dominant in

fection. SSO was detected by histology and confirmed by PCR at 

low prevalences and intensities in areas of higher salinity outside Figure 3 

the Bras d’Or Lakes. OIE was notified of this new occurrence of Near-surface and sub-surface 

H. costale in Canada.(29) 
circulation in the Bras d’Or Lakes.

(21) 

With MSX and SSO disease distributions documented, two Figure reproduced with the 

main questions were considered: permission of the Proceedings of the 

Nova Scotia Institute of Science. 
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•	 Should oys ters be moved freely within the Bras d’Or Lakes to ar eas where 
these dis eases had not yet been de tected? 

•	 Should oys ters from ar eas of the Bras d’Or Lakes, where MSX had not been 
de tected, be ex ported to wa ters be lieved to be free of MSX? 

To ad dress these ques tions, con sid er ation of the ocean o graphic in flu ences 
within the Bras d’Or Lakes was required. 

Bras d’Or Lakes—Oceanography 

3).

The mean cir cu la tion in the Bras d’Or Lakes is estuarine; near-surface wa ters 
flow pre domi nantly out of the lakes into Syd ney Bight driven by fresh wa ter in 
flow, and deeper wa ters feature a re turn flow from the Bight into the lakes (Fig. 

(21,30) The Bras d’Or Lakes are semi-en closed with only three points of ex 
change with oce anic wa ters: i) the Great Bras d’Or Chan nel and ii) the Lit tle Bras 
d’Or Chan nel con nect with the sea in the north; and  iii) St. Pe ter’s Ca nal, a lock 
sys tem that opens oc ca sion ally to allow boats in and out of the lakes, to the south. 
The ex change be tween the lakes and the ocean is pre domi nantly through the 

Fig ure 4 

Box model depth ranges and flush ing times (con cen tra tion de creases to 1/e of orig i nal value, 

e-fold ing) by re gion: Whycocomagh Ba sin east (WBE), Whycocomagh Ba sin west (WBW), West Bay 

(WB), East Bay (EB), St. An drew’s Chan nel (St.A), St. Pat rick’s Chan nel (St.P), Bras d’Or Lake 

(BdOrL), North Ba sin (NB) and Great Bras d’Or Chan nel (GbdOr). 

Re gion WBE WBW WB EB St.A St.P BdOrL NB GBdOr 

Layer	 Layer Depth Ranges (m) 

1 0-10 0-10 0-10 0-10 0-10 0-10 0-10 0-15 0-15 

2 10-Btm 10-Btm 10-Btm 10-Btm 10-50 10-Btm 10-Btm 15-30 15-Btm 

3 50-Btm 30-Btm 

Flush ing Time Es ti mates (d) 

1 3.2 2.1 2.5 

2 670 701 45 

3 

67 57 12 25 5 1.7 

81 54 8 92 2.6 1.4 

259 

Par ti cle Trans port Times (d) 

1	 10.5 11.4 20.5 38.2, 3.5 7.5 20.1 
24.3 70.4 30 2.5 

9.1 
13.4 
5.7 

2 23.9 20.4 306 42.1, 18.7 42.4 25.6 
12.8 421 20.1 3.5 

30.1
 72.1 
9.4 

3 
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Great Bras d’Or Chan nel, which is about 320 m wide and a max i mum 16 m deep 
at its mouth, the nar row est point.(21) 

Flush ing times from a box model 

Es ti mates of the flush ing times in the Bras d’Or Lakes were made from a box 
model based on mass, heat, and salt con serva tion.(31) The lakes were di vided into 9 
geo graphic ar eas: Whycocomagh Basin west (WBW), Whycocomagh Basin east 
(WBE), St. Pat rick’s Chan nel (ST. P), North Ba sin (NB), St. An drew’s Chan nel 
(ST.A), Great Bras d’Or Channel (GBDOR), Bras d’Or Lake (BDORL), East Bay 
(EB), and West Bay (WB). Within each geo graphic area, 2 or 3 ver ti cal compart - Fig ure 5 

ments were de lin eated de pend ing on the area (Fig. 4). The model gave a best fit to Pro gres sive vec tor 

the distri bu tion of wa ter prop er ties through out the lakes and allowed cur rents and di a grams for St. Pat rick’s 
ver ti cal mix ing rates to be cal cu lated. A dye was in tro duced into the dif fer ent Chan nel and North Basin, 
compart ments of the model and its con cen tra tions were fol lowed over time.(31) 

Bras d’Or Lakes, NS. 
The times for the con cen tra tions to be 
re duced to about 37% (i.e., 1/e, where e 
is the base of nat u ral log a rithms, a com
monly used de cay scale) of their ini tial 
val ues were compiled. In the up per lay 
ers, flush ing times ranged from days 
(WBE, WBW, WB, NB and GBdOr), to 
weeks (St.P, BdOrL), to months (EB, 
St.A). 

An other ap proach to trac ing the po 
ten tial spread of waterborne par ti cles in 
the lakes was use of ex ist ing cur rent 
me ter data to cre ate paths that the object 
could take if it ex pe ri enced the flows 
mea sured by the in stru ment.(32) This as 
sumed that the ob serva tions are rep re 
sen ta tive of the flow over the area the 
par ti cle is pro jected to move. With the 
com pli cated ge om e try of the Bras d’Or 
Lakes, this is not a re li able as sump -
tion—par tic u larly be cause of changes 
in the coastline, par ti cles could be pro 
jected to end up in land. Con versely, the 
in stru ment pro vides a more likely in di 
ca tion of the strength of the cir cu la tion 
in the area, such that the over all dis 
tance the par ti cle is pro jected to travel 
may be rea son ably ac cu rate. 

Ex amples of the paths that par ti cles 
would take if they ex pe ri enced the 
flows re corded by the cur rent me ters 
are shown in Fig ure 5. Re cords from St. 
Pat rick’s Chan nel show a nearly bi-di-
rec tional flow, with cur rents di rected 
along the lo cal bathymetry with oc ca 
sional re vers ing. The ob ser va tions from 
North Ba sin fea ture con sid er ably more 
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vari abil ity imposed on a grad ual drift to the south east. 
For some bas ins, sev eral current me ter time se ries were avail able. We used the 

vec tor-av er aged cur rent speeds from the lakes and the lengths of the ma jor areas to 
give rough es ti mates of the time it would take a parti cle to move over the length of a 
par tic u lar ba sin (Fig. 4). 

Both ap proaches give simi lar re sults. Time scales asso ci ated with flush ing or 
par ti cle move ment within the lakes vary from days to a few months. The short est 
flush ing times, ~2 days, are in the tid ally-en er getic Great Bras d’Or Chan nel 
where the mean cur rents are among the stron gest in the lakes. The lon gest 
times—sev eral hun dreds of days—are in the iso lated, deep por tion of 
Whycocomagh Basin (which fea tures anoxic (west ern basin) or low ox y gen sat u 
ra tions), and in the deep part of St. An drew’s Chan nel (where re duced ox y gen sat 
u ra tions have also been ob served). In the remain ing ar eas of the lakes, flush ing 
times vary from 2 to 90 days and par ti cle tran sit times vary from 2 to 400 days, 
with most es ti mates in the range of 10 to 70 days. 

These re sults in di cate that waterborne ma te ri als could be car ried through re 
gions of the lakes within sea sonal time scales. 

Cur rents in Syd ney Bight–North ern Cape Breton 

The mean cir cu la tion in Syd ney Bight is domi nated by the out flow from the 
)Gulf of St. Law rence es tu ary.(33   This outflow becomes the Nova 

Fig ure 6 Sco tia Cur rent which has been tracked into the Gulf of Maine.(34) 

Data moorings 1 to 10 in the Cabot The gen eral con clu sion is that flow from the Bras d’Or Lakes is 

Strait used to cre ate sec tion plots of most likely to move south through the Syd ney Bight and onto the 

cur rents, cur rent vari abil ity (stan dard 
Sco tian Shelf. No ta bly, this makes the trans mis sion of MSX from 

de vi a tion), and the ra tio of monthly 
Maine to Cape Breton by ocean currents un likely. The mod el ling 
of the cir cu la tion in Syd ney Bight has con cen trated mainly on sea 

mean flow to 2 times the stan dard 
sonal time scales and has not dealt with cur rent vari abil ity. How 

de vi a tion. ever, there are some in situ 
mea sure ments from Syd 
ney Bight that al low us to 
ad dress the vari abil ity of 
the mean flows. 

A con sid er able amount 
of cur rent me ter data has 
been col lected at Cabot 
Strait off the north ern tip 
of Cape Breton from Cape 
North (about 1 to 2 km off 
the coast) towards St. Paul 
Is land. The ob ser va tions 
cover the months of June 
to Octo ber and pro vide 86 
monthly means at depths 
rang ing from 13 to 290 m 
(Fig. 6). Though the domi 
nant mode of the cir cu la 
tion was out of the Gulf, 13 
of the 86 monthly av er ages 
featured flow into the 
Gulf. Of these 13, seven 
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were from the moor ing closest to the coast at 28 and 50 m depth. We also com
pared the vari abil ity of the low frequency current (tides and in er tial pe riod mo 
tions were fil tered out) and the mean flow compo nent into and out of the Gulf. The 
mean flow compo nent was divided by two times the stan dard devi a tion in the 
same di rection (Fig. 7). A value of  >1 in di cates that the mean flow is larger than 
the low fre quency compo nent for 95% of the time. In 71 of the 86 cases, the ra tio 
was < 1; in 32 of the 86 cases, the ra tio was < 0.5. These sta tis tics indi cate that de 
spite the strength of the out
flow from the Gulf, the low 

Fig ure 7 fre quency vari abil ity is 
strong enough to re verse the Section plots of cur rents, current vari abil ity   (stan dard devi a tion), and the 

cur rents for a sig nif i cant ra tio of monthly mean flow to 2 times the stan dard devi a tion from June to 

amount of t ime in the Oc to ber, at depths rang ing from 13 to 290 m. 

months of Au gust to Oc to 
ber when MSX trans mis sion 
is pos si ble. 

Discussion 

To un der stand the dy nam
ics of MSX in At lan tic Can 
ada and pre dict the po ten tial 
for spread, the results of the 
dis ease sur vey were re 
viewed along with the 
ocean o graphic in for ma tion 
de scribed above. As well, 
hu man ac tiv i ties in volved 
with the oys ter in dus try, 
rec re ational boat ing, and 
com mer cial ship ping were 
con sid ered. 

The Bras d’Or Lakes are 
de scribed as a sin gle body 
of wa ter and are nearly 
com pletely sur rounded by 
land. The oys ter pop u la 
tions at risk within the lakes 
oc cur  in  t  he  sha l  low,  
near-shore bays en cir cling 
the coast line, sep a rated by 
the deep wa ters of the 
lakes.(24) The phys i cal sep a 
ra tion be tween the oys ter 
beds may pro vide limited 
pro tection from heavily in 
fected pop u la tions; how 
ever, it may not pro tect 
them from the nat u ral dis 
persal of the in fec tive stage 
or pu ta tive in ter me di ate 
host. The con nec tiv ity of 
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the var i ous bays within the lakes is demon strated by the flush ing times and es ti 
mates of par ti cle dis tri bu tion. This anal y sis sug gests a waterborne par ti cle, such 
as the infec tive stage of H. nelsoni, could be dis persed through out the lakes within 
one sea son. This in for ma tion sup ports the con cern that, al though MSX was not de 
tected at the south ern basin of the lakes, oys ters may have been ex posed to the dis
ease and are not yet ex press ing clin i cal signs at lev els the sam pling was not 
designed to detect (i.e. < 5% prevelance). 

Al though hy dro graphic con nec tiv ity within the lakes was es tab lished, ac tive 
trans fer of clin i cally-in fected oys ters to ar eas within the lakes where MSX had not 
yet been de tected was not sup ported. Distance be tween oys ter beds, cou pled with 
the vary ing en vi ron men tal pro files within the lakes, sug gests that al though the in 
fec tive stage of MSX could be dis trib uted to var i ous areas within a sin gle sea son, 
en vi ron men tal con di tions could de crease the im pact at lo cal lev els. 

In the Cabot Strait, the nearshore mean flow back into the Gulf of St. Lawrence 
ob served dur ing August–Octo ber in di cates that a waterborne par ti cle like the 
spore stage of H. nelsoni could be in tro duced into the Gulf. How ever, ex ten sive 
pen e tra tion into the Gulf be yond the Cabot Strait area can not be es tab lished with 
these current me ter data alone. Therefore, there would be a risk of en hanc ing the 
spread of MSX if in fected an i mals from within the semi-con tained eco sys tem of 
the Bras d’Or Lakes con tin ued to be phys i cally trans ferred and re-soaked in 
north ern Cape Breton. This ac tiv ity would be a de lib er ate breach of the nat u ral 
ocean o graphic bar rier cre ated by the Great Bras d’Or Channel to an area with hy
dro graphic links to the oys ter pop u la tions in the Gulf.

 Conclusions 

To de ter mine the de lin ea tion of MSX zones for dis ease man age ment, oceanog 
ra phy, dis ease dis tri bu tion, and hu man ac tiv i ties were taken into con sid er ation. 
Sub se quently, geo graphic bound aries were used to define bod ies of water af 
fected by MSX.(26) 

Thus the Bras d’Or Lakes were de scribed as an MSX-pos i tive zone (Fig. 1). 
Within this zone, sub-zones were es tab lished to pro tect ar eas of the lakes linked 
hy dro graphi cally and by hu man activ i ties, but showing no signs of MSX in fec tion. 

A buffer zone re quir ing in creased dis ease mon i tor ing was de lin eated around 
Cape Breton, predomi nantly on the At lan tic shore, but with sen ti nel pop u la tions 
on the Gulf of St. Lawrence shores. 

For SSO, an other dis ease previ ously listed by the OIE and de tected in At lan tic 
Can ada dur ing the en hanced sur veil lance for MSX dis ease, no con trol mea sures 
were imple mented. This was due to the broad distri bu tion of SSO and its de tec tion 
at low prevalences and in ten si ties. In ad di tion, no mor tal i ties or re duced con di 
tion of oys ters were attrib uted to this in fection in Ca na dian oys ter pop u la tions. 

The sci en tific advice was ac cepted and im ple mented through li cens ing mech a 
nisms to in dus try. This multi-dis ci plin ary ap proach to MSX man age ment de ci 
sions en abled in dus try ac tiv i ties to pro ceed while sci en tific in ves ti ga tions con tin 
ued. The MSX mon i tor ing con tinues and the con tain ment mea sures are re viewed 
in light of all new in for ma tion. In this con text, H. nelsoni has sur vived pro longed 
Ca na dian win ter tem per a tures. In ad di tion, MSX is in fa mous for ‘good’ and ‘bad’ 
years, de pend ing on en vi ron men tal con di tions. Ca na dian in for ma tion sug gests 
that MSX will per sist in this north ern most ex ten sion of its geo graphic dis tri bu 
tion; but stakeholders re main hopeful that temper a ture, sa lin ity and, most impor 
tantly, ocean o graphic bar ri ers, will pro vide the best foun da tions for re duc ing the 
long-term impact of MSX on oys ter pro duc tion in At lan tic Can ada. 
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Mod els of Hy dro dy namic Patho gen 

Dis persal Af fect ing Scot tish Salmon 

Pro duc tion: Mod el ling Shows how 

Scot land Erad i cated ISA, but not IPN 

Alexander G. Murray, Trisha L. Amundrud,


and Philip A. Gillibrand


Cou pled hy dro dy namic and par ti cle track ing mod els that are com
monly used to simu late wa ter qual ity can be adapted to in ves ti gate 
the advection of other par ti cles, in clud ing patho gens, and are there 
fore a use ful tool in dis ease con trol. The Fisher ies Re search Services 
Ma rine Lab o ra tory of Scot land has de vel oped nu mer i cal mod els to 
in ves ti gate the spread of dis eases af fect ing the salmon aquaculture 
in dus try in or der to ad vise on ap pro pri ate dis ease con trol mea sures. 
Three such mod els are de scribed here. First, a sim ple tidal excur sion 
model was suc cess fully used as part of an erad i ca tion pro gram of the 
vi ral dis ease in fec tious salmon anae mia (ISA). Second, a model com
bin ing sim ple hy dro dy nam ics and par ti cle track ing of par ti cles with 
dif fer ent bi o log i cal prop er ties was de vel oped. This model con firms 
the suit abil ity of the tidal ex cur sion model for un der stand ing con trol 
of ISA, but sug gests other patho gens such as in fectious pan creatic 
ne cro sis vi rus or lar val sea lice may be trans ported well beyond tidal 
ex cur sion limits. Third, a more complex hy dro dy namic model of 
Loch Torridon (north-west Scot land) was combined with a sea lice 
par ti cle model to gen er ate concen tra tions of sea lice lar vae. Pre 
dicted lo ca tions of high lice lev els are highly de pend ent on wind 
con di tions, in di cat ing that the lo cal en vi ron ment can greatly in flu 
ence transport. The three mod els demon strate that dif fer ent mod els 
with dif fer ent lev els of hy dro dy namic and bi o log i cal so phis ti ca tion 
are re quired to un der stand and con trol var i ous patho gens. 

Introduction 

The wa ters of the oceans are in con stant move ment at scales rang ing from mo lec 
u lar dif fu sion to global cir cu la tion; in many coastal wa ters the most ob vi ous move 
ment is the semi-di ur nal tidal cy cle. This con stant mo tion car ries not only wa ter but 
par ti cles that are sus pended in that wa ter such as pol lut ants or larval or gan isms. 

Par ti cles suspended in the wa ter in clude many patho gens of aquatic an i mals that 
must go through a phase where they are suspended freely in the water in their 
search for new hosts. Micro patho gens such as vi ruses and bac te ria are col loi dal 
and com pletely pas sive in their move ment with re spect to wa ter. Larger par a sites 
may have some swimming abil ity, al though few lar val par a sites can swim with 
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speeds and en dur ance compa ra ble to tidal cur rents. How ever, even when patho 
gens are pas sive, their bi o log i cal parameterization in the model, such as their sur 
vival time, is im por tant for mod el ling where the wa ter may carry infec tious 
patho gens. 

Due to this in ter ac tion be tween hy dro dy nam ics and bi ol ogy, a use ful ap proach 
to es ti mate ar eas at risk from a re lease of pathogens at a point source is to use a 
com bi na tion of hy dro dy namic and par ti cle track ing mod els. These mod els may be 
of vary ing complex ity and in this pa per we discuss three mod els that have been 
used by the Fish er ies Re search Service (FRS) Ma rine Lab o ra tory, an agency of the 
Scot tish Ex ec u tive, to as sess po ten tial patho gen dis persal around salmon farms. 

A Tidal Excursion Model 

FRS be gan to develop formal mod els of patho gen dispersal as a re sult of an out 
break of in fectious salmon anaemia vi rus (ISAV). This occurred in 1998 to 1999 
and was con firmed on 11 sites and of fi cially sus pected on many more(8) with costs 
to the in dus try es ti mated at over £25M (Can$51M). Most of the site-to-site spread 
was shown to be due to move ments of fish or ship ping; how ever lo cal transmis 
sion of in fection be tween neigh bour ing sites through the advection of water was 
thought pos si ble. Re cent anal y sis of ISAV out breaks in Nor way has also shown 
lo cal as so ci a tion of out breaks,(2) again prob a bly re flect ing trans mis sion through 
the wa ter. 

Be cause of the po ten tial for trans mis sion through wa ter, FRS de vised zones for 
sur veil lance and fallowing of farms should a case of ISAV be con firmed in a par 
tic u lar area. The model de vised(8) was based on tidal ex cur sion distance Xt around 

a farm: 

Fig ure 1 Xt = UT/π 
The tidal ex cur sion model with in fected (red) and sur veil lance (blue) where U is the tidal cur rent ampli tude 
zones shown. Tidal ex cur sion around arms out side the surveil lance (max i mum spring tide cur rent) and T 
zone (green) are also shown. The site in the mid dle of the red zone was the tidal period (12.42 hours). 
is in fected and must be culled, while other sites within the sur veil - This gen er ated ap prox i mate tidal ex 
lance zone are placed on in creased sur veil lance, which is only lifted cur sion distances of 7.3 km for main 
af ter the last site is fallowed. land Scot land and 3.6 km for the 

Shet land Isles(8) us ing av er age tidal 
cur rents. The area within 1 tidal ex 
cur sion distance of an in fected farm 
was de scribed as the infected zone, 
while all sites whose tidal ex cur sion 
dis tances over lapped the in fected 
zone or other sites within the sur veil 
lance zone, were la belled as in the 
sur veil lance zone (Fig. 1). 

The tidal ex cur sion model can be 
con sid ered suc cess ful for the case of 
ISAV con trol as it formed part of a 
suc cess ful erad i ca tion pro gram. 
How ever, it was based on the as 
sump tion that in fec tious vi ruses were 
not trans ported outside the tidal ex 
cur sion zone. In prac tice some in 
creased sur veil lance did oc cur over a 
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40-km ra dius zone around in fected sites, al low ing for the pos si bil ity of trans port 
out side the tidal ex cur sion zone. 

A Simple Coupled Hydrodynamic and Particle-Tracking Model 

Af ter the ISA ep i demic was stamped out, FRS de vel oped more so phis ti cated 
patho gen dispersal mod els to test assump tions behind the tidal ex cur sion model 
and its po ten tial for further ap pli ca tion. With this aim, we devel oped and cou pled 
a sim ple hy dro dy namic model and a sim ple par ti cle-track ing model us ing ex per i 
men tal data to parameterize the bi o logi cal processes. 

We ap ply the model with bi o log i cal pa ram e ters ap pro pri ate to two vi ruses: 
ISAV and in fec tious pan cre atic ne cro sis vi rus (IPNV), which is wide spread in 
Scot tish salmon farms.(6) The model is also fit ted with pa rame ters to de scribe dis 
persal of lar val sea lice, a ma jor par a site of farmed and wild salmonids. 

Phys i cal pro cesses 

The hy dro dy namic model in cor po rates three types of wa ter mo tion: tidal 
advection cur rents, re sid ual advection cur rents and tur bu lent dif fu sive cur rents 
(Fig. 2). Mo tion due to each type of current is cal cu lated for a model time step Δt. 
The tidal advection cur rent, Mt, is si nu soi dal with ve loc ity de pend ing on the time 
of the tidal cy cle τ, re turn ing par ti cles to their orig i nal lo ca tion over a tidal cy cle: 

Mt = U sin (2πτ/T) 

The resid ual advection cur rent, Ma, has a sim ple con stant rate, c, that moves par 
ti cles in a con stant di rection and rep re sents such features as net out flow in an estu 
ary, large-scale coastal cur rents, or pro longed wind in a given di rection. 

Ma = c 

Tur bu lent dif fu sive cur rents, Md, move parti cles in ran dom di rections at a 
strength de pend ent on a dif fu sion co ef fi cient D, (in the fol low ing, D = 104 

cm s-1). This cur rent dis perses par ti cles re leased from a point source with time 

Md = ζ√DΔt 

Here ζ is a ran dom value be tween -1 and 1. 

A: Advection B: Tidal Advection  C: Tur bu lence 

Fig ure 2 

Pat terns of move ment of 

par ti cles due to: re sid ual 

advection (a), tidal 

advection (b), or tur bu lent 

dif fu sion (c). Two 

par ti cles will fol low the 

same track under (a) or 

(b), but un der (c) no two 

tracks are iden ti cal. 
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These move ments are com bined to gen er ate the net move ment of a par ti cle. 
Tidal and resid ual cur rents are re stricted to the x-axis only while dif fu sive move 
ments are al lowed to oc cur through out the hori zon tal plane. 

ΔX/Δt = Mt + Ma + Mdx 

ΔY/Δt = Mdy 

Par ti cles move with the cur rents over a pe riod of 10 days. Be cause of turbu lent 
dif fu sion, par ti cles re leased si mul ta neously will dis perse with time. 

Bi o log i cal pro cesses 

For the parameterization of bi o log i cal pro cesses, vi ral shed ding is as sumed to 
oc cur over a period of 5 days (based on ex per i men tal ob serva tion of both IPNV 

and ISAV shed ding). Shed ding of sea lice is dif fer ent, as ele vated shed ding oc curs 
shortly af ter events such as bath treat ment of infected farms, and so lice are as 
sumed to be shed over only 1 tidal cy cle. The number of patho gens rep re sented by 
each model par ti cle is found by mul ti ply ing the number of patho gens shed per unit 
weight of fish per hour by the bio mass of fish on the farm and di vid ing by the num
ber of simu lated par ti cles shed per hour (120 for viruses or 240 for lice). 

h
For the ex amples shown here we use shed ding rates of 17 × 109 TCID50 mL-1 kg-1 

-1 for ISA and 1.7 × 109 TCID50 mL-1 kg-1 h-1 for IPNV based on ex per i men tal work 
in prep a ra tion. For sea lice, we es ti mate shed ding of 10 lar vae that sur vive to the 
copepodid stage kg-1 h-1. These fig ures are in tended il lus tra tively and will be sub 
ject to re fine ment as anal ysis of exper i men tal data is com pleted. 

Dur ing their time of trans port, patho gens could die or lose infectivity. Thus par 
ti cles rep re sent ing vi ruses de cay with time; de cay rates of 10% h-1 are used to sim 
u late ISAV (a rough es ti mate based on work in prep a ra tion showing a decay rate in 
ster ile wa ter of 5 to 10 times that of IPNV) and 1.6% h-1 for the more ro bust 
IPNV.(9) Thus af ter an hour a par ti cle ini tially rep re senting 1 unit of ISAV rep re 
sents 0.9 units or, for IPNV, 0.984 units. Sea lice are simu lated as hav ing a fixed 
life-span with sealice be coming in fectious copepodids af ter 4 days and dy ing af ter 
a fur ther 7 days.(3) 

Re sults 

Mod elled con cen tra tions of par ti cles are found by summing the number of par ti 
cles pres ent in spa tial boxes defined by the gridded model do main, sep a rately for 
each time step of the simu la tion, and di vid ing by the vol ume of these boxes (100 × 
100 × 4 m). This gives the rel a tive infectivity of a grid cell through out the simu la 
tion, rather than a snap shot of infectivity at the con clu sion of the simu la tion. These 
lo cal con cen tra tions of par ti cles are mul ti plied by the number of patho gens each 
par ti cle rep re sents to give con cen tra tions of pathogens at each time step. 

For the vi ruses, the high est con cen tra tion pres ent in each box, at any time dur ing 
the simu la tion, is found. This is then di vided by a min i mum in fectious dose (we 
use 10 for ISAV TCID50 mL-1 and 0.1 TCID50 mL-1 for IPNV; these es ti mates are 
sub ject to the same res er va tions as shed ding rate es ti mates) to give a rel a tive con 
cen tra tion. If the rel a tive con cen tra tion ex ceeds 1 then a risk of in fection be ing in 
duced lo cally ex ists on at least one oc ca sion in the simu la tion. 

For sea lice, con cen tra tions are summed over all time steps in the simu la tion run, 
mul ti plied by time-step length, to give an out put with units of in fectious sea-lice 
lar vae-hours m-3. This is a mea sure of the number of times a fish would be ex posed 
to risk of in fection if it were pres ent in a par tic u lar area for the pe riod of the model 
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run. Sealice have no min i mum in fec
tious dose and in fection is a cu mu la 
tive affair. 

Re sults from the ISAV dis persal sim 
u la tions are all fairly simi lar, re gard 
less of advection ve loc ity (Fig 3a). 
This sug gests that ISAV is un likely to 
be found far beyond the dis tances due 
to tidal ex cur sion and hence that the 
tidal ex cur sion model is an ad e quate 
rep re sen ta tion of ISAV dis persal. 

Re sults from the IPNV dis persal sim 
u la tions are more sen si tive to the ve
loc ity of any advection current (Fig. 
3b), with even a small ve loc ity re sult 
ing in the po ten tial for IPNV to be 
transported kilo me ters out of the tidal 
ex cur sion zone at con cen tra tions ex 
ceed ing min i mum in fec tious doses. 
Note that it is not cer tain, or merely 
pos si ble, that sites at the dis tances 
shown will be infected. Vari able cur 
rents, or in creased tur bu lence, could 
in crease the area at risk of infec tion at 
a given dis tance from the source, but 
the max i mum dis tance of risk would 
be re duced. The ex is tence of risks far 
out side the tidal ex cur sion distance 
sug gests that model is an in ad e quate 
de scrip tion of IPNV dis persal. 

Re sults from the sealice dis persal 
simu la tion are quite at odds with the 
tidal ex cur sion model. Not only is it 
quite possi ble for lice to be trans ported 
out of the tidal ex cur sion zone, but the 

Fig ure 3 

Log con cen tra tions of vi rus rel a tive to 

min i mum crit i cal dose for (A) ISAV and 

(B) IPNV, and con cen tra tion of (C) sea lice 

against the distance along X-axis from a 

source farm con tain ing 1000 tonnes of 

salmon. Dis tri bu tions are shown for 

re sid ual current speeds of zero (red), 

1 (orange), 2 (yel low), 4 (green) and 8 

(blue) cm s-1. The currents un der zero 

re sid ual cur rent are tidal ex cur sion model 

with tur bu lence, and hence simi lar to the 

as sump tions of the tidal excur sion model. 
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lo ca tion of high est in fection risk is also trans ported outside the zone with even 
quite weak cur rents, and in deed risk at the ori gin be comes small un der mod er ate 
advection. Clearly the tidal ex cur sion model is in ad e quate for sealice, but more 
complex mod els may pro vide more in for ma tion on the for ma tion of con cen tra 
tions of lar val lice. 

The pat terns of risk ap pear to be rel a tively ro bust to as sump tions about shed 
ding rate or min i mum in fectious dose, but do ap pear sen si tive to patho gen de cay 
rate. Low tur bu lence had little ef fect on sea lice or ISAV dis persal, but ex tended 
dis tance for IPNV risk by a few kilo me ters. More work will be done as data be
come avail able. 

A More Sophisticated Coupled Model of Sea Lice in Loch Torridon 

FRS has de vel oped a more com plex model of the dis persal of lar val sea lice as 
part of a study of the cir cu la tion in Loch Torridon in north-west Scot land. This 
fjordic sys tem con sists of 3 bas ins: outer and in ner Loch Torridons, with Loch 
Sheildaig ly ing be tween the two. A number of salmon farms are lo cated in the 
sys tem and partic u lar inter est has been placed in the inter ac tion be tween sea lice 
lar vae near the mouth of the Sheildaig River, which sup ports a wild sea trout pop 
u la tion, and a farm in Loch Shieldaig nearly 5 km away (Fig. 4). 

To study such in ter ac tions a 3-di men sional hy dro dy namic model of the loch has 
been devel oped. The model is based on the GF8 model of the Saint Lawrence es tu 
ary and fit ted for Torridon bathymetry.(4) The model has been forced us ing tidal 
el e va tion at the loch mouth, plus wind and fresh wa ter in puts. Model out put in 
cludes surface currents in the X and Y dimen sions (for compu ta tional reasons the 
model is not ori en tated north-south). Ver ti cal cur rents are not used as sea lice lar 
vae are as sumed to main tain them selves within the first 4 m of the surface as sug
gested by ob ser va tional stud ies.(4) 

Fig ure 4 

A salmon farm in 

Loch Shieldaig 

(photo Mi chael Penston) 
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While sea lice lar vae main tain them selves in the sur face layer, they are other 
wise treated as pas sive par ti cles in the sim u la tion. The lar vae ma ture through two 
nauplii phases be fore becoming in fectious copepodids. The two nauplii take a 
combined 4 days and copepodids sur vive a fur ther week at 10°C; de vel op ment 
time is tem per a ture sen si tive.(3) The par ti cle-track ing model takes hy dro dy namic 
model out puts and in ter po lates for the par ti cles ex act po si tion, us ing in verse 
square weight ing. Tur bu lent dif fu sion is also calcu lated based on lo cal shear. 

Par ti cles are re leased over a dou ble tidal cycle (25 hours) to en sure sim u lated 
dis persal is not sen si tive to a spe cific state of the tide. Par ti cles are tracked for 11 
days of vi a bil ity and the lo ca tion of each par ti cle is recorded hourly af ter the first 
4 days. The fi nal out put from each simu la tion is the number of hours each grid 
square has been oc cu pied by a par ti cle (parti cle-hours) once that par ti cle has be 
come in fec tious. No attempt has been made to con vert these rel a tive model con
cen tra tions into ab so lute con cen tra tions, as spe cific data on shed ding from the 
farm has not been ob tained for the times of the simu la tions and the aim of the 
mod el ling has been to iden tify ar eas and patterns of po ten tial risk. 

Some ex amples of pre limi nary model out puts are shown for se lected peri ods of 
ob served wind and tidal forcing (Fig. 5). From these results we see that con cen tra 
tions of lar val lice may be formed at lo ca tions dis tant from 
the salmon farm, in line with the ex pec ta tions of the simple Fig ure 5 
model. How ever, in this case the lice are trapped in coastal Some ex am ples of out puts from the Torridon 
wa ters form ing much more in tense ar eas of con cen tra tion model for sea lice copepodids un der wind 

than in the rel a tively spread-out simple model (Fig. 3c). The and tidal forc ing ob served in July 2000 (A), 

lo ca tion of these con cen tra tions var ies sig nif i cantly with No vem ber 2001 (B), and April 2003 (C) winds. 

the wind di rection. This may ex plain the dif fi culty sev eral Units are log par ti cle-hours per 100 m 

stud ies have had in link ing lice on fish farms with lice on grid cell (a rel a tive scale). Also shown are 

wild fish; any ef fect de pends on not only lice pro duc tion but lo ca tions of lice source (pink arrow), lo ca tion 

also wind or other phys i cal en vi ron men tal fac tors. In our of a farm in up per Loch Torridon (white X) 

case the mod els, and field ob serva tions,(7) sug gest winds in and of the mouth of the River Shieldaig 

Loch Torridon may on oc ca - (white ar row, not on A). 

sion fun nel lice to ar eas with 
sen si tive sea trout pop u la tions. 
Con versely, Brooks(1) found 
sea lice from salmon farms in 
fjordic sys tems in Brit ish Co 
lum bia were likely to be 
washed out to sea by the time 
they ma tured. Any risk there 
fore depends on both bi ol ogy 
and phys ics, and as both mod 
els con tinue to be de vel oped 
spe cific ar eas iden ti fied as at 
risk may be re as sessed. 

Conclusion 

The ar eas at risk from patho 
gens transported by move ment 
of water depend on both hy dro 
dy nam ics and the bi o log i cal 
prop er ties of the patho gen. As a 
re sult, dif fer ent patho gens re 
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quire dif fer ent mod els and dif fer ent man age ment strat e gies for their con trol. The 
simple tidal ex cur sion model is shown to be ad e quate for de scrib ing ISAV dis 
persal in Scot tish wa ter and this was used suc cess fully to de vise strat e gies for ISA 

erad i ca tion from farmed salmon. Most spread oc curred through move ments of 
fish between sites and harvest vis its by well boats.(6) Con versely, IPNV’s dis persal 
is not well described by the tidal ex cur sion distance and dis persal might po ten 
tially oc cur over 10s of ki lo me ters un der re al is tic net cur rent ve loc i ties. IPNV’s 
prev a lence on Scot tish salmon farms has been in creas ing rap idly over recent 
years(5) and part of the reason for this ap pears to be spread be tween ma rine sites, 
al though other factors are in volved. Sea lice dispersal is also not well de scribed 
by ei ther the tidal ex cur sion model or the simple cou pled model. In this case, more 
complex cou pled mod el ling allows features such as lo cal for ma tion of high con 
cen tra tions dis tant from sources to be simu lated, in line with ob serva tions. 
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Man age ment of In fec tious Salmon


Ane mia (ISA) in Nor way


Jill Rolland 

As the first nation to report the presence of in fectious salmon 
ane mia (ISA), Nor way has the lon gest his tory of man ag ing and 
reg u lat ing the dis ease. The el e ments of Nor way’s ISA man age 
ment strategy are simi lar to those found in all coun tries combat 
ing the dis ease and in clude cri te ria for ini ti at ing dis ease in ves ti 
ga tions, cri te ria for de clar ing sites sus pect or con firmed pos i tive 
for ISA (and as so ci ated reg u la tory ac tion), im po si tion of man 
age ment zones, a com pen sa tion pol icy, and a vac ci na tion pol 
icy. The impor tance of hydrography in the spread and main te 
nance of the dis ease in Nor way is rel a tively less im portant than  
other risk fac tors, such as vec tors and asymp tom atic car ri ers. 
How ever, hydrography is one compo nent used in delin eating 
man age ment zones. Cur rently Nor way is in the pro cess of re
view ing its ISA man age ment pol icy in light of cur rent sci en tific 
knowl edge of the disease. 

Introduction 

In fec tious salmon ane mia (ISA) is a sig nif i cant dis ease of At lan tic salmon 
(Salmo salar L.) caused by an orthomyxovirus (ISAV). The dis ease was first iden 
ti fied in Nor way in 1984(1) and sub se quently has af fected ma rine At lan tic salmon 
farming op er a tions in other parts of Eu rope and North Amer ica.(2-7) 

De spite ISA’s emer gence in the 1980s, it was not of fi cially listed by the World 
Or ga ni za tion for An i mal Health (OIE) as a re port able dis ease un til 2003,(8) prin ci 
pally due to a lack of sci en tific and epizootic in for ma tion. However, ISA be came a 
Eu ro pean Un ion (EU) List 1 dis ease in 1991 un der Coun cil Di rective 
91/67/EEC.(9) Man age ment of ISA is reg u lated within EU member nations by Di 
rec tive 93/53/EEC(10) which re quires erad i ca tion of a con firmed dis eased pop u la 
tion, sur veil lance, con tain ment, and fallowing. Al though Nor way is not a mem
ber of the EU, trade agree ments with the EU re quire that Nor way fol low the EU di 
rec tives re gard ing ISA man age ment. Man age ment ap proaches to ISA in Nor way, 
Can ada, and the United States gen er ally in clude the same com po nents as the EU 

di rective. How ever, within each coun try’s reg u la tions there is lee way to ad just 
for differ ences in lo cal hydrography, eco sys tems, and farming practices, all of 
which may af fect trans mis sion and rate of in fec tion. 

Regulatory Authorities for ISA Management 

Mul ti ple reg u la tory agen cies are in volved in aquatic an i mal dis eases in Nor 
way. These in clude the Nor we gian Food Safety Au thor ity and the Min is tries of 
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Fish er ies and Coastal Af fairs, Ag ri cul ture, and Health. Vet er i nary au thor ity lies 
within the Nor we gian Food Safety Au thor ity and this is the agency with pri mary 
re spon si bil ity for im ple ment ing Nor way’s ISA pro gram. The Nor we gian Food 
Safety Au thor ity has pub lished its ISA man age ment pro to cols in a doc u ment en ti 
tled “Con tin gency Plan for Con trol of In fectious Salmon Anaemia (ISA) in Nor 
way”, dated Au gust 13, 2004.(11) This paper out lines some of the ma jor compo 
nents of the Nor we gian con tin gency plan, in clud ing ini ti a tion of dis ease in ves ti 
ga tions, reg u la tory ac tion upon sus pi cion and con fir ma tion of ISA, es tab lish ment 
of ISA man age ment zones, in dem ni fi ca tion for re moval of in fected stocks, and 
the ISA vac ci na tion pol icy. 

Initiation of Aquatic Animal Disease Investigation 

Dis ease in ves ti ga tions are ini ti ated when in creased mor tal ity, or sus pi cious or 
ex tended chronic dis ease prob lems, are ob served in farmed salmon. For an of fi 
cial in ves ti ga tion to be ini ti ated, spe cific cri te ria must be met. In creased mor tal ity 
is one pa ram e ter that may ini ti ate a dis ease in ves ti ga tion and is de fined as a mor 
tal ity rate of greater than 0.5‰ per cage per day for fish less than 0.5 kg in size,  or 
as greater than 0.25‰ per cage per day for fish larger than 0.5 kg in size, or mor 
tal ity rates close to these limits over a pe riod of at least ten days. Other cri te ria 
prompt ing dis ease in ves ti ga tions in clude re ceipt of in for ma tion re gard ing il le gal 
transfer of fish from coun tries or ar eas known to be ISA pos i tive, in con clu sive 
lab o ra tory re sults sug ges tive of pos si ble ISAV in fection, or sus pi cion that a farm 
has been oth er wise ex posed to the vi rus. 

Regulatory Action in Suspect Cases of ISA 

At least one of the fol low ing crite ria must be met for a suspect ISA case to re sult 
in reg u la tory ac tion: pres ence of post mor tem find ings con sis tent with ISA (by 
OIE stan dards), iso la tion and iden ti fi ca tion of ISA vi rus in cell cul ture from a sin 
gle sam ple of any fish on the farm, rea son able evi dence of the pres ence of ISAV in 
tis sue or tis sue ma te rial from two in de pend ent lab o ra tory tests, a trans fer of live 
salmonid fish when there are reason able grounds to sus pect that ISA was pres ent 
at the time of trans fer, or where in ves ti ga tions re veal other epidemiologic links to 
ISA-sus pected farms or con firmed ISA-pos i tive farms. 

The reg u la tory ac tion as so ci ated with be ing des ig nated an ISA-sus pect farm in 
cludes cre at ing tem po rary man age ment zones, re strict ing con tact be tween farm 
sites, con trol ling well-boat traf fic,  and shar ing in for ma tion regard ing the sus pect 
site with stakeholders such as other farms, well-boat op er a tors, pro cess ing plants, 
net-wash ing fa cil i ties, and feed com pa nies. Within a tem po rary man age ment 
zone there is in creased su per vi sion of ac tiv ity and pro hi bi tion of move ment into 
and out of the zone un less granted au thor ity by the Nor we gian Food Safety Au 
thor ity. The ac tual ex tent of the zone may vary de pend ing on the pre sumed risk of 
in fection, as de ter mined by the Nor we gian Food Safety Au thor ity. 

To con firm a suspect ISA di ag no sis, one of the fol low ing three sets of cri te ria 
must be met: 

1. Ob served clin i cal signs and post mor tem find ings con sis tent with ISA

and the ISA vi rus detected by one or more of the follow ing meth ods:

iso la tion and iden ti fi ca tion of ISA vi rus in cell cul ture from at least

one sample from any fish on the farm, de tection of ISA vi rus by re -

verse-tran scrip tase-poly mer ase chain re ac tion (RT-PCR), or de tec tion
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of ISA vi rus in tis sues or tis sue prep a ra tions by spe cific an ti bod ies 
against the ISA vi rus (e.g., im mune flu o res cence an ti body tech nique 
(IFAT)). 

2. Iso la tion and iden ti fi ca tion of ISA vi rus in cell cul ture in at least two

sam ples from one or more fish at the farm tested on sep a rate oc ca 

sions.


3. Iso la tion and iden ti fi ca tion of ISA vi rus in cell cul ture from at least

one sample from any fish on the farm with cor rob o rat ing ev i dence of

ISA vi rus in tis sue prep a ra tions from any fish on the farm us ing ei ther 

IFAT or RT-PCR.


Upon con fir ma tion, of fi cial no tice that de pop u la tion is re quired must be pro 
vided to the farm by the Nor we gian Food Safety Au thor ity in a timely man ner. 
The en tire site must be de pop u lated within 80 work ing days follow ing no ti fi ca 
tion. In for ma tion re gard ing the con firmed di ag no sis is shared with stake holders. 
At this point an epidemiologic in ves ti ga tion will be ini ti ated if it has pre vi ously 
not been un der taken. A con trol zone and a broader sur veil lance zone are created 
that sur round the in fected farm. Monthly in spections are un der taken by the Nor 
we gian Food Safety Au thor ity un til all fish have been de pop u lated. De pop u la tion 
is followed by clean ing and disin fection of the site and an ap pro pri ate fal low pe
riod. Restock ing is not al lowed for a min i mum of six months. 

Dur ing the depop u la tion phase, all trans por ta tion by well-boat to slaugh ter fa 
cil i ties is con trolled and may only be car ried out by ves sels spe cif i cally au tho 
rized to move in fected fish. The transport route from the farm to the slaugh ter fa 
cil ity must be docu mented and ap proved. All ballast and trans port water must be 
dis in fected. Pro cess ing plant ef flu ent and waste must be dis in fected to en sure that 
vi a ble vi rus is not re leased to the en vi ron ment. 

Salmon farm near Bergen 

(photo by SMC Rob in son) 

Control Zone 

The con trol zone is 
gen er ally a cir cle with 
a 5-ki lo me ter ra dius 
with the in fected farm 
lo cated at its cen ter. 
The reg u la tions stip u 
late that the zone will 
be es tab lished con sid 
er ing factors such as 
mor tal ity, num ber of 
aquaculture fa cil i ties 
in the vi cin ity, boat 
traf fic, top o graph i cal 
and hydrographical 
con di tions, and other 
fac tors deemed im 
por tant in the epi
demiologic in ves ti ga 
tion. 

In coastal ar eas, the 
con trol zone com-
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prises an area with a ra dius of at least one tidal ex cur sion, gener ally no less than 5 
ki lo me ters. Should ISA be de tected in an in land area, the en tire wa ter catchment 
area of a wa ter course is consid ered as the ba sis for the extent of the zone. 

Surveillance Zone 

The sur veil lance zone sur rounds a con trol zone and should be es tab lished based 
on a survey of epidemiologic con di tions in clud ing, but not limited to, mor tal ity, 
top o graph i cal, and hydrographical lim its. Sur veil lance zonation must also ac 
count for con tact be tween farms within the con trol and sur veil lance zones. The 
ex tent of the sur veil lance zone will comprise all farms with over lap ping tidal ex 
cur sions to the ISA-pos i tive farm, or an equiv a lent area based on hy dro dy namic or 
epidemiologic data. The reg u la tions stip u late that the surveil lance zone should 
have a ra dius of 10 to 20 ki lo me ters from ISA-pos i tive farms. But in prac tice, this 
ra dius tends to be 10 km. In areas with mul ti ple out breaks, larger sur veil lance 
zones en compassing all out breaks will be con sid ered. Should ISA be de tected in 
an in land area, a sur veil lance zone may be estab lished around the con trol zone, if 
re quired, rec og niz ing that geo graph ical fea tures of ten de lin eate zones in in land 
ar eas. 

Lifting of Zone Restrictions 

The con trol zone remains in place un til all salmonid fish in the zone have been 
re moved, clean ing and disin fection activ i ties have been con cluded, and a satis 
fac tory fal low pe riod has been com pleted. Zone re stric tions are lifted af ter six 
months for ISA-pos i tive farms, af ter three months for farms un der sus pi cion of 
ISA (and sus pi cion is not ruled out prior to slaugh ter), and af ter two months for 
sites where ISA has not been con firmed. Surveil lance zones remain in place for 
two years af ter the con trol zone has been lifted. 

Vaccination 

Vac ci na tion is not an ap proved dis ease con trol method ex cept un der ex ten u at 
ing cir cum stances. More over, there are no ISA vac cines cur rently li censed in Nor
way. Should a vac cine be come li censed in the fu ture, un der Nor way’s current 
reg u la tions it would not be pos si ble to re peal a surveil lance zone un til all vacci 
nated fish have been re moved from the zone. 

Compensation 

An i mals de pop u lated for dis ease con trol pur poses are el i gi ble for in dem ni fi ca 
tion un der the Nor we gian Food Safety Au thor ity’s Act Re lat ing to Food Safety 
and Plant and An i mal Health § 22. The Act, how ever, does not in clude lan guage 
for aquatic an i mals. Ad di tion ally, a sec ond reg u la tion, Reg u la tion No. 509 dated 
1991 (re lated to the pre ven tion, con trol, and erad i ca tion of diseases in aquatic or 
gan isms) ex cludes pro vi sions for in dem ni fi ca tion. 

Conclusions 

In the United States and Can ada, cur rents and tides are con sid ered impor tant 
epidemiologic factors in the trans mis sion and main te nance of ISA. In Norway, 
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sites are spa tially more dis tant from neigh bor ing sites than in the US and Can ada, 
and wa ter move ments are rel a tively less im portant in dis ease trans mis sion than 
fac tors such as vec tors and asymp tom atic car ri ers. 

As with all other na tions chal lenged with this disease, Norway’s man age ment 
and reg u la tion is an evolv ing pro cess and as new scien tific in for ma tion be comes 
avail able there has to be the flex i bil ity to in cor po rate the knowl edge into man age 
ment strate gies. The cur rent con tin gency plan for ISA in Nor way was last re vised 
in Au gust 2004. The Nor we gian Food Safety Au thor ity is in the pro cess of re
view ing the lat est sci en tific in for ma tion re gard ing the ep i de mi ol ogy of the dis 
ease and con sid er ing how this in for ma tion might be in cor po rated into an up dated 
man age ment strat egy. 
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Freshwater Finfish Dis ease—


Hunt ing Patho gens In On tario


Roselynn M. W. Stevenson 

Disease prob lems en coun tered in fresh wa ter fish cul ture in On tario are 
flavobacterial skin and gill diseases, and spo radic furunculosis. Rou 
tine health screen ing of hatch ery fish for Great Lakes Fish ery Com 
mis sion report ing pur poses has found min i mal lev els of dis ease 
agents, rais ing questions about the ex tent of test ing and the meth ods 
for test ing that are re quired to demon strate a patho gen is not pres ent. 
The small sizes and sheer numbers of mi cro or gan isms en sures a 
world-wide dis tri bu tion, so the rel e vant ques tion about dis ease trans 
mis sion may con cern the roles of aquaculture and suscep ti ble wild fish 
pop u la tions in se lect ing, am pli fy ing, and spread ing patho genic mi 
crobes. 

Introduction 

 In or der to con sider the best op tions for man ag ing a disease out break in 
aquaculture, and eval u at ing the risk of the patho gen spread ing in water move 
ments, we need to know about the prior distri bu tion of the patho gen in that 
aquatic en vi ron ment. When a disease agent is con sid ered to be en demic in an 
area, then the ma jor questions per tain to dis ease out breaks and the spread of a vir 
u lent patho gen strain from a point source, where in fections have ampli fied the 
lev els of the organ ism. Prac ti cal ex amples of this ques tion in fresh wa ter 
aquaculture in Ontario are rare, in part be cause cage-site aquaculture is not yet as 
in ten sive as on the At lan tic and Pa cific coasts. But what are some of the is sues of 
patho gen-spread in fresh wa ter sys tems?

 My per spective is that of a mi cro bi ol o gist, one us ing a range of cul ture and mo 
lecu lar tech niques to de tect patho gens in fish and in aquatic eco sys tems. As such, 
I want to con sider some of the practi cal ques tions of de tect ing dis ease agents that 
move around in fresh wa ter eco sys tems. More spe cif i cally, I want to con sider the 
prob lems en coun tered in ef forts to demon strate that specific patho gens are not 
pres ent in fish pop u la tions. 

Freshwater Aquaculture in Ontario 

On tario aquaculture is predomi nantly rain bow trout cul ture, with an es ti mated 
4,200 tonnes (9.25 mil lion pounds) raised in 2003.(1) Fresh wa ter cage sites in the 
Georgian Bay re gion, such as those in the North Chan nel by Manitoulin Island, 
now account for more than 75% of this pro duc tion, while land-based op er a tions 
(ponds and race ways) ac count for some 1,000 tonnes pro duc tion. Currently, On 
tario is ex amin ing and devel op ing guide lines for select ing new cage cul ture sites 
and op er at ing them in a sus tain able man ner. Mod els of water move ment in the 
Great Lakes have gen er ally been used to ex am ine the spread of chem i cal pol lut 
ants, from in dus trial or other point sources, though re cent re search has attempted 
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to as sess the foot print of aquaculture cage sites and the im pact of cage sedi ments 
on the lo cal aquatic en vi ron ment.

 In 1997, On tario leg is la tion ex panded the species that could be cul tured to in 
clude some 40 species. However, pro duc tion of tilapia and Arc tic charr is rel a 
tively small, and brook trout, bass, and baitfish pro duc tion is mainly for stock ing 
and rec re ational fish ing uses. Stock ing for remediation and rec re ational pro grams 
ac counts for an other compo nent of fresh wa ter fish cul ture in On tario. The Min is 
try of Nat u ral Re sources (OMNR) uses 10 hatch er ies to raise lake trout, brook 
trout, as well as rain bow trout, and coho and chinook salmon, for stock ing in the 
Great Lakes wa ter shed. Commu nity and an gler groups also op er ate lo cal hatch er 
ies for re-stock ing pro grams. 

Fish Health in Ontario 

Disease di ag no sis for private sector aquaculture is done by the On tario Veter i 
nary Col lege, Fish Pa thol ogy Lab o ra tory at the Uni ver sity of Guelph, 
while fish health cer tif i ca tion for On tario pro duc ers in volved in ship ping 

Fig ure 1 
fish inter-pro vin cially is con ducted through the Fresh wa ter In sti tute (DFO) 

in Win ni peg. Health mon i tor ing and in fec tious dis ease de tec tion for the 
Measur ing the health of a 

On tario Min is try of Nat u ral Re sources (OMNR) hatch er ies and for wild egg fresh wa ter fish pop u la tion is a 

multifactorial ex er cise, col lec tions are car ried out at the Fish Health Lab o ra tory, College of Bi o 
logi cal Sci ence, Uni ver sity of Guelph, by a con trac tual agree ment that be - in volv ing eco nomic re turns, 

gan more than 30 years ago. Reports of dis ease or disease agents are used bi o log i cal as sess ments, and 

by OMNR for imme di ate man age ment deci sions, and are reported to the pub lic percep tions, as well as 

Fish Health Commit tee of the Great Lakes Fish ery Com mission (GLFC), in lab o ra tory anal y sis of 

com pli ance with the GLFC fish dis ease con - patho gens pres ent in fish. 

trol pol icy and model pro gram.(2) This pro 
gram is in tended to re duce the risk of in tro 
duc ing or trans fer ring se ri ous dis ease agents 
into or within the Great Lakes basin. The 
Great Lakes Fish Health Com mit tee (GLFHC) 

in cludes rep re sen ta tives of eight states, the 
Prov ince of On tario (OMNR), US Fish and 
Wildlife Service, Fish er ies and Oceans Can
ada, and tribal agen cies, which are con cerned 
with the Great Lakes wa ter shed.

 A healthy fish pop u la tion?

 The ap proach taken by the GLFHC to pro 
tect, as sess and im prove fish health is 
multidisciplinary, con sid er ing not only dis 
eases and dis ease agents but also infor ma tion 
re flect ing gen eral eco sys tem health. Thus, 
po ten tial health problems may be re flected in 
pop u la tion au dits, eco nomic well-be ing of 
sports fish er ies, re ports of mor bid ity and mor 
tal ity by the pub lic, as well as mon i tor ing and 
dis ease di ag no sis ac tiv i ties (Fig. 1). 

 The list of dis eases of con cern that have 
been en coun tered in pri vate aquaculture and 
OMNR op er a tions may sug gest On tario mi 
cro bi ol o gists and fish pa thol o gists lead a dull 
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life. Pre dom i nant as ac tual dis ease prob lems are the skin and gill dis eases caused 
by Flavobacterium psychrophilum and Flavobacterium branchiophilum, which 
can be trig gered by en vi ron men tal and man age ment con di tions. While iso lates of 
Aeromonas salmonicida (“typ i cal form”) are found on a recur ring ba sis in some 
fish pop u la tions, cases of furunculosis dis ease are not common, per haps because 
the predomi nant fish cultured is rain bow trout, a more resistant spe cies. In the 
past, com mer cial aquaculture and the OMNR sys tem have en coun tered prob lems 
with Renibacterium salmoninarum (bac te rial kid ney dis ease), Yersinia ruckeri 
(en teric redmouth dis ease) and in fec tious pan cre atic ne cro sis vi rus (IPNV); how 
ever, these are isolated and rare oc cur rences. Vi ral isolates from hatch ery fish or 
wild fish sampled dur ing egg col lections are rare, to the point that two isolations 
of an in noc u ous aquareovirus, in 1997 and 1999, were wel comed as a demon stra
tion that lab o ra tory tis sue cul ture tests were ef fec tive at de tect ing nat u rally-oc 
cur ring vi ruses. Oc ca sional sub mis sions of wild fish with ab nor mal i ties are re 
ceived, in clud ing pike lym pho mas, walleye with spores of Heterosporis in mus 
cle tis sue, and in di vid ual whitefish with furuncules.(3) 

De tect ing what’s not there

 Bruneau(4) and Thorburn(5) an a lyzed data col lected by the FHL and the federal 
fish health cer tif i ca tion pro gram, and con cluded that the ap par ent prev a lence in 
fish pop u la tions of A. salmonicida and IPNV was too low to fit the sta tis ti cal as 
sump tions of us ing 60-fish lots for sampling. Thus, with the agree ment of the 
GLFHC, OMNR hatch er ies have moved to an an nual test ing of 252 fish from each 
hatch ery as a means of in creas ing the ef fi ciency of rou tine sampling. Good et al.(6) 

Out door cir cu lar tanks at con tin ued this analy sis of data for A. salmonicida and Y. ruckeri, in or der to iden 

the Alma  Aquaculture tify factors, such as age and species, which would al low rou tine screen ing to be 

Re search Sta tion, 
fo cused on high-risk fish lots. In hatch er ies where these two patho gens have been 
de tected, the first de tec tion in a sam pling year (April to March) was most of ten 

Uni ver sity of Guelph	
through sub mis sions 

(Da vid Bevan photo). 	
from fish lots with signs 
of dis ease, rather than 
from the rou tine screen 
ing pro gram.(7) As a re 
sult, these au thors ques 
tioned the value of con 
tin ued rou tine test ing of 
hatchery stocks as a 
means of mon i tor ing 
for mi cro bial fish dis
eases. 

This view is of in ter 
est in con sid er ing the 
test ing that would be re 
quired to es tab lish that 
a geo graphic zone or 
wa ter shed could be 
con sid ered free of a par 
tic u lar dis ease or patho 
gen. The kind of ev i 
dence that might be pre 
sented would be: the 
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ab sence of clin i cal dis ease signs in sus cep ti ble fish spe cies; the ab sence of pos i 
tive test re sults for the spe cific agent in sick fish sub mis sions; and the ab sence of 
pos i tive test re sults for the agent in rou tine screen ing of ap par ently healthy fish. 

This is es sen tially the ev i dence that is pre sented to in di cate that whirl ing dis ease 
and Myxobolus cerebralis are ab sent from On tario. The dis ease was first rec og 
nized in Penn syl va nia in 1958 and rel a tively re cently New York State hatch er ies 
had disease prob lems and the in fected fish were stocked into Lake On tario. The 
Fish Health Lab o ra tory at Guelph has tested fish from the On tario Min is try of 
Natu ral Re sources hatch ery sys tem, and wild fish used for egg col lections, since 
be fore 1981. M. cerebralis has never been de tected and there have been no reports 
from other sources that would sug gest the disease oc curs in aquaculture op er a 
tions or wild pop u la tions. From 1981 to 1986, all fish in ev ery OMNR hatchery lot 
were tested an nu ally for M. cerebralis. With the recog ni tion of the role of the 
oligochaete, Tubifex tubifex, in the life cy cle, test ing was reduced, fo cus ing on 
wild fish pop u la tions from Lake On tario dur ing egg col lections. No spores of M. 
cerebralis have been de tected by mi cro scopic ex am i na tion of car ti lage of fish 
heads, in samples pre pared by the plank ton cen tri fuge method.(8) How ever, the 
impact of con sistently neg a tive test out comes don’t so much “prove the neg a tive” 
as lead to ques tions about whether enough fish were tested, and from the right 
spe cies and places, and whether there might be a better test method. 

What does a pos i tive test mean?

 But think about what hap pens when there is a pos i tive test. First, the lab o ra tory 
would be asked—hope fully—if per haps they had made a mis take. Then the dis
cus sion would con sider how sig nif i cant one pos i tive fish was, or maybe even 
three. Next, the test method would be con sid ered—what it detects, at what level, 
with how much spec i fic ity—be fore talk moved on to “vir u lent ver sus avirulent 
strains”.

 This se quence is il lus trated well by isolations of vi ral haemor rhagic sep ti ce mia 
vi rus (VHSV) from mor tal i ties in fresh wa ter drum (Aplodinotus grunniens) in the 
Bay of Quinte (eastern Lake On tario) which oc curred in April 2005. The FHL did 
not de tect cytopathic ef
fects on RTG-2 and 
CHSE cell lines, but 
histopath- ology sug 
gested a viral in volve -
ment.(9) By Sep tem ber 
2005, vi rus had been 
cul tured on FHM cells at 
the At lan tic Vet er i nary 
Lab o ra tory and the OIE 
ref er ence lab o ra tory 
had con firmed it was 
VHSV, “North Amer i 
can type”. Olivier(10) de 
scribes a sim i lar iso la 
tion of VHSV from a 
wild fish kil l  of  
m um m ichogs and 
three-spine sticklebacks 
in New Brunswick in 

Hand feed ing rain bow 

trout at North Wind 

Fish er ies (Da vid Bevan 

photo). 
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May 2000. The virus, described as “the non-patho genic North Amer i can strain of 
VHS”, was iso lated on the cy pri nid cell line, EPC, rather than on two salmonid cell 
lines. 

So, do mon i tor ing pro grams miss patho gens because of the choice of detection 
tests—such as the number of cell-lines used for vi rus screen ing? For both VHSV 

and M. cerebralis, we could embark on an ex ten sive sur vey of fish and other en vi 
ron men tal samples. We could use cur rent knowl edge of the bi ol ogy of these 
agents to se lect the most likely fish spe cies or geo graphic lo ca tions. We could test 
sam ples with mo lec u lar as says, such as PCR am pli fi ca tion, as well as con ven 
tional “Blue Book” meth ods. But no tice that we still would be look ing for pres 
ence of the dis ease agents—which may be vir u lent strains capa ble of in duc ing 
dis ease if they en coun tered sus cep ti ble fish spe cies un der con di tions con du cive 
to in fection and pathogenesis. Just how many cell lines, tissue samples, en rich 
ments, blind-passes, cul ture me dia, and mo lec u lar test meth ods are needed to 
screen fish pop u la tions? And how many dif fer ent po ten tial patho gens should the 
test ing look for in a geo graphic area or wa ter shed? Ul ti mately, the question is not 
only how much ev i dence is needed to show some thing is not present, but how 
many tests are re ally fea si ble and use ful.

  Deal ing with a disease sit u a tion can make patho gen de tection eas ier, not only 
be cause the dis ease signs may give clues to the agent in volved, but also be cause 
the fish tissues carry much higher loads of the mi crobe. This is a prac ti cal con sid 
er ation in rou tine health screen ing of fish, as the lev els of a patho gen pres ent in 
tis sue of car rier fish may be well be low the level needed to regis ter as a pos i tive 
test. This is an is sue in dis cussing poly mer ase chain re ac tion (PCR) based tests, 
which have the rep u ta tion of detect ing “one cell, dead or alive”. How ever, the 
orig i nal tis sue or sample ma te rial needs to have a sub stan tial con cen tra tion of the 
patho gen to en sure a copy of the tar get gene is in the small sample vol ume be ing 
tested. In 1997, we used a PCR test to screen pop u la tions of fresh wa ter coho and 
chi nook salmon with a prior history of R. salmoninarum, the bac te rial kid ney dis 
ease agent.(11) Of 395 fish tested, 15.4% gave a posi tive PCR re ac tion for the gene 
en cod ing the ma jor surface an ti gen of the bac te rium, while the stan dard in di rect 
flu o res cent an ti body stain ing re ac tion (IFAT) scored 2.5% of the fish posi tive. 

Thus, for any patho gen, the 
re ported prev a lence of pos i 
tive fish in a pop u la tion can be 
dra mat i cally af fected by the 
spe cific test ap plied. The re 
as sur ing aspect of this study 
was that, even using the PCR 

as say, most of the fish tested 
would be con sid ered neg a tive 
for Renibacterium. 

Distribution and Dispersal
of Microbial Pathogens of
Fish

  Pre vi ously, we might have 
used VHSV as an ex am ple of a 
patho gen “ex otic” to On tario, 
to con sider the fish health 
man age ment de ci sions that 

Hand feed ing rain bow 

trout at Moose Moun tain 

Fish er ies (Da vid Bevan 

photo). 
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Prime sport-fish ing lo ca tions for yel low perch are at the 

Geor gian Bay cage-sites for rain bow trout, en sur ing an 

aquaculture-wild fish in ter face (Amanda Mielke pho tos). 

would need to be made in the case of an iso la tion or disease out break. This kind of 
dis cus sion tends to fo cus on the likeli hood of a point source in tro duc tion of a 
patho gen (or dis ease) from an out side source—in volv ing bal last water, il le gal 
imports, or baitfish move ment.(12) These sit u a tions cer tainly arise, yet the iso la 
tion of VHS from fresh wa ter drum in On tario is con sistent with Olivier’s com 
ment about the “widely held be lief that most fish diseases orig i nate in wild pop u 
la tions”.(10) Oc ca sional dis ease out breaks ob served in wild fish pop u la tions may 
be trig gered by lo cal en vi ron men tal and phys i o log i cal stresses, and an anom aly in 
a nat u ral host-patho gen bal ance.

 A “mi cro bial world view” would ar gue that we should not be sur prised to find 
patho gens to be wide spread in aquatic en vi ron ments. Fenchel(13) de scribes the 
dis tri bu tion of mi crobes as cos mo pol i tan, be cause pop u la tion sizes are enor mous 
and the prob a bil ity of un re stricted dis persal of small par ti cles is high. Recent 
stud ies of global dis persal and dis tri bu tion of bac te ria(14)and mi cro bial 
eukaryotes(15) sug gest that the question is not whether a par tic u lar mi cro bial 
patho gen is present in a lo ca tion, but rather what it is do ing there, and whether it is 
sur viv ing and growing. A rel e vant ques tion is whether aquaculture might act as a 
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mag net or mag ni fier for dis ease agents that exist ei ther in the aquatic eco sys tem 
or among wild fish. In creased wa ter-con tact be tween wild and cul tured fish is ap 
par ent at cage sites in Geor gian Bay, where the best yel low perch fish ing is just 
out side the rain bow trout net-pens. Rec og niz ing the ubiq ui tous pres ence of mi 
crobes, and the po ten tial for lo cal ampli fi ca tion of patho gen numbers by the pres
ence of suscep ti ble hosts, may be a good point to start think ing about how is sues 
of trans mis sion of patho gens and dis eases in aquaculture might best be man aged. 
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Sum mary of the Ple nary Dis cus sion 

on the Man age ment Im pli ca tions of the 

Role of Wa ter Move ment in 

Aquatic An i mal Health 

Moderators: Jamey Smith and Gilles Olivier 

Rapporteur: Blythe Chang 

A plenary dis cus sion on the man age ment impli ca tions of the role of wa ter move 
ment in aquatic an i mal health was held fol low ing the in di vid ual work shop pre-
sen ta tions. The cen tral ques tion, and the ma jor rea son for hold ing this work shop, 
was: Does wa ter move ment (oceanog ra phy) play a role in aquatic an i mal health? 
The an swer seems to be that it can, but its impor tance de pends on: 

• The dis tance be tween ad ja cent farms; 
• The wa ter cir cu la tion pat terns in the area; and 
• The na ture of the dis ease agent re leased (quan tity, qual ity, and


timing), the ecology of the disease agent in the re ceiv ing en vi ron 

ment, the na ture of the dis ease agent re ceived by a farm, and the

sus cep ti bil ity of the farmed an i mals to in fec tion. 


Gilles Olivier lead ing 

the dis cus sion 
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“... water 

movement 

information is 

already being used 

in some areas for 

determining where 

farm sites should 

be located ...” 

Wa ter move ment can also be impor tant for other is sues that have a bear ing on 
aquatic an i mal health, such as aquaculture site se lec tion, en vi ronmen tal im pacts 
of aquaculture op er a tions, long-term plan ning of aquaculture in an area, and 
coastal zone man age ment. 

The role of wa ter move ment has already, to vary ing de grees, been in cluded in 
aquaculture health man age ment strat e gies. For exam ple, in the ad ja cent wa ters of 
south west ern New Bruns wick (SWNB) and east ern Maine (Bay of Fundy) there 
has been a process to es tab lish and man age Bay Man age ment Ar eas (BMAs) 
based in part on wa ter move ment. Re cent ef forts are em ploying wa ter move ment 
in for ma tion with in creased reso lu tion and con fi dence, and may lead to a reduc 
tion in the number of BMAs for salmon farms. The in tent is to pro vide a frame 
work for fish health man age ment, while also al low ing farm ers flex i bil ity to sell 
their prod uct dur ing the best mar ket con di tions. The in dus try-authored Atlan tic 
Can ada Salmon Farming Sustainability Plan (New Brunswick per spective)1 

notes this as be ing key to fu ture sustainability. In for ma tion on water move ment 
has been an impor tant con sid er ation within this pro cess. As noted in the presen ta 
tion by Steve Ellis and Lori Gustafson, wa ter move ment does help ex plain the 
prev a lence of ISA in this area. Knowl edge of wa ter move ment will con tinue to 
play an impor tant role in deci sions re gard ing salmon farm sites in SWNB as part of 
the strat egy to man age ISA. 

In Brit ish Co lumbia, ocean o graphic con sid er ations are in cluded in the farm sit ing 
process, es pe cially in re la tion to pre dicted ben thic im pacts of farms. Di rect ap pli 
ca tion of wa ter move ment to fish health man age ment will not likely oc cur un til 
clear links are shown be tween wa ter move ment and dis ease spread among farms. 
In Nor way, water move ment is not a ma jor con sid er ation in farmed fish health 
man age ment strat e gies. This is partly be cause Norwe gian salmon farms are quite 
widely sep a rated and partly be cause the cur rently used 5-km ra dius con trol zones 
seem to work ad e quately for the purposes of man ag ing cur rent dis eases. While 
the po ten tial role of wa ter move ment in dis ease spread in Nor way is rec og nized, it 
is felt that other fac tors, such as wild fish, are more im por tant. 

In Scot land, man age ment ar eas (MAs) for salmon farms are de fined based on wa 
ter move ment (es ti mated tidal ex cur sions). The bound aries be tween MAs should 
be placed between farms that have no over laps of tidal ex cur sions. Strict ap pli ca 
tion of this guideline, how ever, can re sult in MAs that are too large to be man aged 
as an en tity. Wa ter move ment in for ma tion can be used to help define smaller 
MAs, plac ing bound aries where there are “nat u ral breaks” in the pat terns of wa ter 
cir cu la tion. 

Some partic i pants felt that in or der to pro mote the use of wa ter move ment as a 
man age ment tool in aquatic ani mal health, we need to clearly dem on strate how 
wa ter move ment af fects the spread of dis ease (i.e. we need test able mod els that 
can show causal links). Other par tic i pants felt that we need to be proactive and 
that we can’t al ways wait un til we clearly dem on strate such links, es pe cially 
when it has been shown that water move ment does play a role in the spread of 
some dis eases in some ar eas. 

An impor tant point to remember is that wa ter move ment is just one factor in the 
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spread of aquatic dis eases. Other fac tors such as wild fish, trans fers of cul tured 
fish, and boat traffic, may be impor tant and are likely to be more impor tant in 
many sit u a tions. It was also noted that the issue of aquaculture health man age 
ment is a subset of the larger is sue of in te grated coastal zone man age ment (ICZM), 
and that water move ment should have a role in ICZM plan ning. 

Wa ter move ment in for ma tion can be in cor po rated at dif fer ent scales. At the site 
level, wa ter move ment can as sist in de ter min ing the best ar range ment of cul ture 
units (cages, longlines, etc.) and in the design of site-spe cific an i mal health man 
age ment strat e gies (such as de ter min ing where de pop u la tion of in di vid ual cul ture 
units is ap pro pri ate, ver sus site de pop u la tion). As men tioned above, wa ter move 
ment in for ma tion is al ready be ing used in some areas for de ter min ing where farm 
sites should be lo cated; one of the con sid er ations is the po ten tial for disease 
spread among adja cent farms. On a larger scale, wa ter move ment in for ma tion is 
be ing used to de ter mine the bound aries of man age ment ar eas and fish health con 
trol and sur veil lance zones. 

The OIE (World Or ga ni za tion of An i mal Health) con cepts of zon ing and com
part men talisation were discussed. An ex ample given of the ap pli ca tion of these 
con cepts to aquaculture health man age ment was the impo si tion of common fish 
health man age ment prac tices, in clud ing con trols on ves sel traffic and biosecurity, 
to four ad ja cent BMAs within the SWNB salmon farming in dus try (Letete Pas
sage, Back Bay, Lime Kiln Bay and Bliss Har bour). The jus ti fi ca tion for ap ply ing 
com mon fish health man age ment prac tices in this larger area was mostly based on 
in for ma tion on the amount of water ex change among farms in this area. It was rec 
og nized, how ever, that zones or compart ments in the ma rine en vi ron ment can not 
be com pletely iso lated since some poten tial dis ease vec tors, such as wild fish, 
fish ing vessels, and recre ational boat ing, can not be con trolled. There is a need to 
quan tify the var i ous risks, to en sure that the most impor tant ones are iden ti fied 
and ad dressed. 

A fu sion of the disci plines of ocean og ra phy and aquatic an i mal health is be gin 
ning to oc cur. In this work shop, we have seen some ex amples where stan dard 
ocean o graphic meth ods are be ing ap plied to aquatic an i mal health is sues. A ma 
jor short coming is the lack of in for ma tion on the be hav ior of aquatic dis eases, es 
pe cially in field con di tions. For ex ample, we need more in for ma tion on the shed 
ding rates of dis ease agents from dis eased or car rier ani mals, the sur vival rates of 
these agents in the water, the move ment of the agents in the water, and the amount 
of a dis ease agent re quired to cause infec tion. 

A gen eral rec om men da tion re sult ing from this ple nary dis cus sion was that wa ter 
move ment can and must be in cluded in aquatic an i mal health man age ment plan 
ning. However, the ple nary group was un able to de velop spe cific rec ommen da 
tions on how to imple ment this gen eral recommen da tion. This was largely due to 
in for ma tion gaps, which were discussed at the con clud ing ple nary session of this 
work shop (see the next pa per in this vol ume).  
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Sum mary of Ple nary Dis cus sion on 

Knowledge Gaps and Re search Needs 

Moderators: Nancy House and Nathalie Bruneau 

Rapporteur: Nancy House 

Background 

The role of wa ter move ment and ocean og ra phy is gain ing world wide recog ni tion  
as an im portant fac tor in the man age ment of aquatic ani mal health.  As other fac 
tors are con sid ered in dis ease con trol, many aquatic dis ease spe cial ists are ques 
tioning the ef fect wa ter move ment may play in dis ease re cur rence. Our knowl 
edge of  how water move ment af fects the dis tri bu tion and dis semi na tion of dis
ease  is in ad e quate and for many dis eases it is not known whether wa ter move 
ment in flu ences the on set or se ver ity of clin i cal dis ease. A fur ther com pli cat ing 
factor in un der stand ing the ef fect of water move ment on disease is that the distri 
bu tion and transmis sion of dis eases can vary sig nif i cantly be tween host spe cies 
and in dif fer ent aquatic ecosys tems. 

Mod els in cor po rat ing ocean o graphic data and spe cific dis ease pa ram e ters such 
as infectivity in wa ter, vec tors and in ter medi ate hosts, vi a bil ity and sur vival in 
wa ter, de cay rate, etc., can be used as man age ment tools. How ever, for mod els to 
be ac cu rate and valid for man age ment de ci sion-mak ing, a spe cific model is 
needed for each dis ease.  

Wa ter move ment can also be an impor tant fac tor when de lin eating the bound aries 
of dis ease zones. Dis ease does not re cog nise po lit i cal bound aries, and the cre 
ation of zones should in cor po rate geo graph ical bound aries and wa ter move ments 
in ma rine wa ters and large in land wa ter bod ies (such as the Great Lakes). In addi 
tion, the care ful lo ca tion of cages and pens with re spect to water move ment may 
mini mise the impact of up stream in flu ences and en hance farm pro duc tiv ity. 

As part of the work shop’s plenary dis cus sions, knowl edge gaps and re search 
needs were dis cussed in an effort to de fine areas where knowledge can be im 
proved by in cor po rat ing wa ter move ments or ocean og ra phy fac tors into man age
ment deci sions on aquatic an i mal health. This paper summa rizes the brain storm
ing ses sions of four ple nary sub groups. 

Knowledge Gaps 

The key knowl edge gaps iden ti fied in the plenary dis cus sions were: 

1. Role of wa ter movement in ex pos ing aquatic an i mals to patho gens 

There is ev i dence that dis ease outbreaks oc cur ring downstream may be re 
lated to dis ease out breaks up stream. When out breaks con tinue to oc cur re-
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gard less of treatment of aquatic an i mals, dis in fection of equip ment, re 
stric tions on move ments of boats, etc. then it is likely that the patho gen is 
be ing trans ferred di rectly via wa ter currents or in di rectly by an inter me di 
ate or carrier host. 

2. Wa ter move ment in ar eas where aquaculture oc curs 

Lit tle is known about sur face currents, sub-sur face currents, or daily and 
seasonal ex changes of wa ter in and around aquaculture ar eas.  

3. Oceano graphic data rel e vant to aquatic an i mal dis eases and aquaculture sites 

It is impor tant to iden tify crit i cal ocean o graphic fac tors, such as sa lin ity, 
wa ter tem per a ture, wa ter cur rents, tides, etc. that in flu ence the trans mis sion 
of specific diseases, and op tions for dis ease man age ment for aquaculture 
sites and pro tection of wild resources. 

4. 	Mech a nisms or path ways in volved in the ep i de mi ol ogy of the patho gen


 or dis ease 


Mech a nisms or path ways of transmis sion are known for some diseases. 
How ever, for the ma jor ity of se ri ous in fectious patho gens  the vector,  in ter 
me di ate, or res er voir hosts are un known, as are the life history stages that 
may be dor mant out side their aquatic an i mal hosts. 

Research Needs 

1. Wa ter move ment 

• De fine the ex tent of the in flu ence of water move ment on dissemi na tion 
and trans mis sion of spe cific dis ease agents. 

• 	De ter mine the hy dro graphic factors that most in flu ence the spread or 
con trol of spe cific dis eases. 

• Improve the ac cu racy and in clu sion of aquatic en vi ron men tal data to in 
crease con fi dence in dis ease con trol and ep i de mi o log i cal mod els. 

• 	Re fine dis ease con trol or ep i de mi o log i cal mod els by gen er at ing back 
ground data on a reg u lar basis. This will al low mod els to be ground 
truthed (val i dated) and will re fine their use for ap pli ca bil ity across a 
broad range of hy dro graphic vari ables (in clud ing en vi ron men tal ex 
tremes), es pe cially where aquaculture oc curs. 

2. Bi o log i cal com po nents 

• 	Although the bi otic in flu ences on some diseases are known, more re
search is re quired on patho gen hosts or vec tors (iden ti fi ca tion of res er 
voir species) for many other dis eases. 

• Lit tle is known about variables such as patho gen de cay rate, host ex po 
sure time, be hav iour in wa ter, infectivity, vi a bil ity, and sur vival (e.g., 
tem per a ture, pH, salinity) for many dis eases. 
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• Anal y sis of the in flu ence of all the rel e vant bi o log i cal and ocean o 
graphic factors is needed to deter mine the impor tance of each one in de 
vel op ing con trol or man age ment pro grams for open-wa ter dis ease out 
breaks. 

•  More in ves ti ga tion is needed on the impor tance of ‘pulses’ in patho gen 
ex po sure ver sus long-term or low-den sity ex po sure. 

• 	 Sea sonal dy nam ics as so ci ated with the ap par ent dis ap pear ance of 
patho gens and dis ease (be low the sen si tiv ity of screen ing tech nol o gies 
ver sus ac tual dis ap pearance) need to be better un der stood. This re
quires more sen si tive de tec tion tools in par al lel with anal y sis of sea 
sonal en vi ron men tal in flu ences on patho gen infectivity and/or pro lif er 
a tion. 

• 	Be hav iour of organ isms ex posed to patho gens and pos si ble changes in 
be hav iour as a result of in fection need to be eval u ated against patho gen 
in fec tion. 

• 	Serological and genetic typ ing of patho gens (strain typ ing) is re quired. 

3. 	Ac cu rate model of dis ease trans mis sion 

A re search pro ject to de velop an ac cu rate model of dis ease trans mis sion 
should in clude the fol low ing com po nents: 

• Se lect a patho gen for likeliness of suc cess, 

• Iden tify all hy dro graphic and bi o log i cal fac tors, 

• Rank fac tors in or der of impor tance, 

• Val i date the model, 

• Re vise and increase ac cu racy of the model as knowl edge im proves. 

Conclusion 

In creas ing in ter est in the re la tion ship be tween wa ter move ment and aquatic an i 
mal dis ease has al ready led to pre lim i nary col lab o ra tions be tween the aquaculture 
in dus try, aquatic dis ease spe cial ists, and ocean og ra phers. These col lab o ra tions 
have in flu enced dis ease man age ment de ci sions that would pre vi ously have been 
based solely on host-patho gen in ter ac tion. 

Fur ther re search on the re la tionship be tween aquatic dis eases and wa ter move 
ment is recommended to al low the de vel op ment of tools that can en hance cur rent 
pas sive (cir cum ven tion) or chemo-therapeutant con trol meth ods for many dis 
eases of con cern. Dis ease trans mis sion mod els that in cor po rate wa ter move ment 
could be used for dis ease preven tion at in di vid ual farms or for farms within the 
same hy drographic area, as well as for the sit ing of  aquaculture fa cil i ties. In ad di 
tion, this knowledge is essen tial for accu rate de lin ea tion of zones that are posi tive 
or neg a tive for specific diseases for the national and trans-bound ary aquatic an i 
mal health pro grams aimed at man age ment of dis ease in both cul tured and wild 
aquatic pop u la tions. 
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