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Recurrent outbreaks of disease in sea urchins
Strongylocentrotus droebachiensis in Nova Scotia:
evidence for a link with large-scale meteorologic
and oceanographic events
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ABSTRACT: Recurrent outbreaks of a disease (paramoebiasis, caused by a marine amoeba Paramoeba
invaclens) result in mass mortalit~esof sea urchins Strongylocentrotus droebachjensis in the rocky subtidal zone of the Atlantic coast of Nova Scotia (Canada). Recent epizootics in 1993 a n d 1995, l ~ k ethose
which occurred in the early 1980s, were associated with unusually warm sea surface temperatures
(SST)in late summer/fall of each year Disease outbreaks were localized in 1993 and d.id not completely
eliminate sea urchin populations, whereas a w ~ d e s p r e a depizootic caused near-complete mortality over
-130 km of coast (straight-llne d ~ s t a n c eIn
) 1995. lnteranr~ualdifferences in the extent of mortality were
related to d~fferencesin the temperature regime [peak tenlpcrdtures prevailed longer in 1995), which
is consistent wlth previously descnbeci patterns The absence of mortality in 1994 is attributed to the
inability of P invadens to survlve low (<O°C)winter temperatures, suggesting it is an exotic pathogen
Recent outbreaks of paramoebiasls were associated with ~ n c r e a s e dproximity to the coast of warm
water masses In the summer/fall, as indicated by satellite-derived and ground-truthed charts of SST
Intrusions of Gulf Stream water as warm-core nngs, which entrain and mix with shelf water, may contribute to coastal warming, although the frequency of ring formation was fairly constant among years
(from SST charts, 1991 to 1995) Disease outbreaks during the past 2 decades have also been associated
with years of relatively high trop~calstorm and hurricane activity in the northwest Atlantic (from
records of the National Hurricane Center USA, 1976 to 1995), which may influence advection and mixing off Nova Scotia. These observations suggest that large-scale oceanographic and meteorologic
processes may play a role in triggering epizootics by transporting the infective agent (if P. invadens is
a n exotic species) and/or creating environmental conditions conducive to the propagation of the disease. Because of the stochastic nature of these external events, the dynamics of the rocky subtidal
ecosystem appear to b e highly unpredictable. Severe disease outbreaks which eliminate s e a urchins
cause major changes in community structure as barren grounds, previously dominated by sea urchins.
are colonized by kelps and other macroalgae. This has important implications for coastal fisheries, particularly t h e rapidly expanding sea urchin fishery.
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INTRODUCTION

During the past 2 decades, mass mortalities of sea
urchins, attributed to disease, have been reported
globally [e.g.Strongylocentrotus fransciscanus in Callfornia, USA (Johnson 1971, Pearse et al. 1977);
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Diaderna antillarum in, the Caribbean (Lessios et al.
1984, Lessios 1988); Paracentrotus lividus In the
Mediterranean (Boudouresque et al. 1980, h4aes &
Jang0u.x 1984) and Brittany, France (Maes & Jangoux
1985);Strongylocentrotus droebachlensis in Nova Scotia, Canada (Scheibling 1984, 1986, Miller 1985) and
Norway (Hagen 1987, 1992, Skadsheim et al. 1995,
Sivertsen 1996)l. Although the ecological impacts of
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epizootics on sea urchln populations and benthic
communities have been well documented, the pathogenesis and etiology of these diseases are still poorly
understood. With the exception of the macroparasitic
infection of S. droebachiensis in Norway (Jones &
Hagen 1987, Hagen 1996; but see also Chr~stieet al.
1995, Stien et al. 1995), microbial pathogens are suspected, but only in the case of S, droebachiensis in
Nova Scotia has a specific microparasitic agent been
identified (Jones 1985, Jones & Scheibling 1985).
Between 1980 and 1983, mass mortalities of Strongylocentrotus droebachiensis occurred along the Atlantic
coast of Nova Scotia (Miller & Colodey 1983, Miller
1985, Scheibling 1986). A new species of marine
amoeba, Paramoeba invadens, known only from the
tissues of diseased S. droebachiensis, was identified as
the pathogenic agent (Jones 1.985,Jones & Scheibling
1985). P. invadens has not been found in healthy sea
urchins (from areas or years in which epizootics did not
occur) or in the natural environment (Jones et al.
1985a, b, Jellett et al. 1989).The amoeba is waterborne
and healthy sea urchins can be experimentally
infected by exposure to water flowing over diseased
conspecifics (Scheibling & Stephenson 1984, Jones &
Scheibling 1985).
Temperature is a key factor regulating the transmission and progression of paramoebiasis in Strongylocentrotus droebachiensis (reviewed by Scheibling
1988). Outbreaks of disease in the early 1980s occurred in late summer and fall (the peak in the annual
temperature cycle) in unusually warm years (Miller &
Colodey 1983, Scheibling & Stephenson 1984, Miller
1985, Scheibling 1986). As temperatures declined
towards winter, the disease was arrested and infected
sea urchins recovered. Interannual variation in the
seventy of these epizootics was directly related to the
duration of h ~ g hsea temperatures (Scheibling &
Stephenson 1984, Miller 1985, Scheibling 1986). In
laboratory experiments. Scheibling & Stephenson
(1984) showed that the rate of progression of the disease in S. droebachiensis Increased exponentially between 12 and 20°C (the upper thermal tolerance limit
of the sea urchin); below 12°C transmission and/or progression did not 0ccu.r. Jellett & Scheibling (1.988a)
showed that t h ~ spattern of disease progression was
related to the temperature dependence of growth rate
of Paramoeba invadens in culture.
The etiology of paramoebiasis remains elusive but 2
alternative hypotheses have been proposed to explain
recurrent outbreaks of the disease (Scheibling 1988).
The 'endemic hypothesis' is that Paramoeba invadens
naturally CO-occurs with Strongylocentrotus droebachiensis and becomes parasitic and/or pathogenic
during periods of high temperatures. The 'exotic
hypothesis' is that p invadens is an exotic species peri-

odically introduced to the coastal waters of Nova Scotia by ocean currents. The exotic hypothesis implies
that outbreaks of disease are contingent on large-scale
oceanographic processes which cause transport and
mixing of shelf water along the coast. As yet, there is
little published evidence to support either of these
hypotheses, although the inability of P. invadens to
survive in culture at 2OC (Jellett & Scheibling f988a),
which is above the winter minimum along the Atlant~c
coast of Nova Scotia (0 to -2"C), favours the exotic
hypothesis.
In this study, we report on recurrent outbreaks of
paramoebiasis in Strongylocentrotus droebachiensis
on the Atlantic coast of Nova Scotia in 1993 and 1995,
the first of these events documented since the early
1980s. We examine the relationship of these recent
epizootics to seasonal and interannual variation in sea
temperatures along the coast, and to long-term temperdture records for Halifax Harbour, to establish consistency with previously reported patterns. We also
examine satellite-derived records of oceanographic
(sea surface temperatures, Gulf Stream warm-core
rings) and meteorologic (tropical storms, hurricanes)
processes which may effect large-scale mixing and
advective transport of an exotic pathogen.

METHODS

Monitoring sea urchin mass mortality. After the
mass mortalities in the early 1980s, populations of
Strongylocentrotus droebachiensis became re-established in the rocky coastal zone of Nova Scotia in the
early 1990s (Scheibling 1994, 1996) to the extent that
they began to support an expanding roe fishery
(Scheibling & Hatcher 1993).As part of a broader study
of sea urchin-kelp dynamics along this coast (Scheibling et al. 1994, unpubl. data), we monitored sea urchin
populations at 2 sites (separated by 26 km) along the
southwestern coast of Nova Scotia between June 1992
and November 1995: Little Duck Island (44" 22' N,
64" 11' W), off an exposed headland at the mouth of
Mahone Bay, and Mill Cove (44" 35' N, 64" 03' W) in
St. Margaret's Bay, a large semi-protected embayment. Depth ranged from 6 to 9 m at both sites and the
substratum varied from bedrock outcrops to boulders.
Bottom sea water temperature (at 8 m depth) was continuously recorded at each site between April 1.994 and
November 1995 using HoboTempTM(Onset Computer
Corporation, Pocasset, MA, USA) thermographs.
At both sites, dense aggregations (or fronts) of sea
urchins had formed along the offshore border of kelp
beds and were destructively grazing the kelp, creating
barren grounds in their wake (Scheibling et al. 1994).
Sea urchin density was measured at 1 to 2 mo intervals
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in a series of contiguous 0.25 m2 quadrats (n = 20)
along each of 4 transects of 0.5 X 10 m (5 m2).The transects extended perpendicular to the kelp bed border
from the leading edge of the sea urchin front into the
barren grounds and were spaced at 10 m intervals.
Crevices, undersides of cobbles and boulders, algal
turfs, and holdfasts of kelp were carefully searched for
small and cryptic sea urchins. Mean sea urchin density
at each sampling date was estimated by pooling
quadrat counts across the 4 transects (n = 80). Symptoms of paramoebiasis were recorded as described by
Jones et al. (1985a). After mass mortality of Strongylocentrotus droebachiensis in September 1995, surviving
sea urchins were censused at Little Duck Island on
24 October 1995 by counting all live sea urchins in a
transect of 3 X 50 m (150 m2) along the former sea
urchin front and in 2 transects of 2 X 50 m (100 m2) in
the barren grounds (roughly parallel to the front transect and 10 and 20 m respectively from the kelp bed).
A sample of 6 sea urchins collected at this time were
examined for the presence of Paramoeba invadens by
culturing radial nerve and/or gonadal tissue as described by Jellett & Scheibling (1988a, b).
The extent of the sea urchin mass mortalities elsewhere along the Atlantic coast of Nova Scotia In 1995
was determined from reports of sea urchin harvesters,
obtained either through personal interviews or written
questionnaires. The harvesters were asked when and
where they first observed unusual mortality of sea
urchins on their fishing grounds. Because the economic threat of disease caused considerable concern
among sea urchin harvesters in Nova Scotia, they conducted intensive surveys of their fishing grounds using
scuba in September and October 1995 (while the fishery was temporarily shut down by the Department of
Fisheries and Oceans, Canada). Therefore, we believe
these reports are a reliable record of the spread and
extent of the disease at this time.
Sea surface temperatures and warm-core ring
activity. To examine interannual variation in sea surface temperature (SST) during the seasonal peak
(when outbreaks of paramoebiasis occur), deviations
from long-term averages (1926 to 1967, Lauzier & Hull
1969) in mean monthly temperatures between August
and October 1955 to 1995 were calculated from temperature records for Halifax Harbour (Gregory et al.
1993, 1994, Department of Fisheries and Oceans,
Canada, unpubl. data).
To examine coastal warming and large-scale patterns
of advection and mixing during August and September
1991 to 1995, SST charts (2°C isotherms) in the northwest Atlantic were obtained from the Canadian Forces
Meteorology and Oceanography Branch, Maritime Atlantic Headquarters (METOC) Halifax, Nova Scotia.
These maps are generated at 3 to 4 d intervals from
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Fig. 1. Northwest Atlantic showing continental shelf (200 m
isobath), major oceanographic features, and study grids for
measures of coastal warming (inner grid) and storm activity
(outer grid)

satellite-derived thermal imagery augmented by temperature observations from ships of opportunity. A
study grid (41"-44" N, 62"-66" W) was delineated to
encompass the continental shelf and adjacent slope
water south of the mainland coast of Nova Scotia (excluding the northern tip and Cape Breton Island) to ca
200 to 300 km offshore (Fig. 1). A n index of coastal
warming was developed on a 6 point scale based on the
proximity to the coast of the 16, 18 and 20°C isotherms
(Table 1).A mean index was calculated for the first and
second half of each month by averaging the indices for
3 to 5 SST maps within each -2 wk period.
The METOC SST charts also were used to monitor
intrusions of Gulf Stream water along the Scotian Shelf
as warm-core rings. These features were discernible as
rings or spiralling filaments of seawater >24"C. To
obtain an index of warm-core ring activity within our
SST study grid, the number of warm-core rings within
Table 1 Coastal warming index for Scotian Shelf (41'-44" N,
62"-66" W) based on satellite-derived and ground-truthed
charts of SST (from Canadian Forces METOC Centre)
Index
l
2

3
4
5

6

Position of isotherms
16OC isotherm does not intercept coast
16°C isotherm intercepts >20% of coast,
18°C isotherm >l0 latitude from coast
16'C isotherm intercepts >60% of coast,
18'C isotherm < l 0 latitude from coast
16OC isotherm intercepts > 8 0 % of coast,
18OC isotherm intercepts 20 to 6 0 % of coast
18°C isotherm intercepts >60% of coast,
20°C isotherm > l 0 latitude from coast
18°C isotherm intercepts >80% of coast,
20°C isotherm <l0 latitude from coast
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or contacting the grid for each mapping interval was
recorded. A mean index was calculated for the first and
second half of August and September by averaging the
indices for 3 to 5 SST maps within each -2 wk period.
Storm activity in the northwestern Atlantic. To
examine severe storm activity in the northwestern
Atlantic adjacent to the Scotian Shelf, satellite-derived
charts of tropical storm and hurricane tracks were
obtained from the National Hurricane Center, NOAA,
through the Internet (http://www.nhc.noaa.gov/tracks.
html). These maps show storm tracks for all tropi.ca1
storms and hurricanes in the Atlantic for each year.
Associated data reports provide 6-hourly (00:00, 06:00,
12:00, 18:OO h UTC) storm center locations (latitude,
longitude) and intensities (maximum surface wind
speeds in knots, minimum central pressures in millibars). A study grid (35" to 45ON, 55" to 70" W) was
delineated to encompass the northeastern seaboard of
the continental USA, south ot Nova Scotia (Fig. 1). A
storm index was calculated by recording the intensity
and duration of each tropical storm or hurricane entering this grid for each year between 1976 and 1995. The

average maximum wind speed for each full or partial
day that a particular storm was in the grid was multiplied by the proportion of that day in the grid, and the
index was the sum of the product (knot days) for all
storm days within the grid in August and September.

RESULTS

Patterns of mass mortality of sea urchins
Between June 1992 and September 1993, dense
fronts of Strongylocentrotus droebachiensis at Little
Duck Island and Mill Cove advanced shoreward at
rates of 1 to 4 m mo-l, destructively grazing the kelp
beds at each site (Scheibling et al. 1994, unpubl. data).
Sea urchin density in the recently formed barren
grounds bordering the kelp bed was -3 times hlgher at
Little Duck Island (grand mean for 5 samples between
June and September 1993: 30.2 sea urchins per
0.25 m2;Fig 2a) than at Mill Cove (11.2 sea urchins per
0.25 m2; Fig 2b). with aggregation5 of up to -100 sea
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Fig. 2. Sea urchin density (mean +
SD) and daily range of bottom temperatures at ( a ) Little Duck Island and
(b) Mill Cove between April 1994 a n d
November l995
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urchlns per 0.25 m2 along the leading edge of the front
at the former site. On 8 September 1993, most sea
urchlns In the front at Little Duck Island exhibited
characteristic symptoms of paramoebiasis: loss of
attachment to the substratum, drooping spines and
tube feet, and gaping of the peristomial membrane
(Jones et al. 1985a).By 17 September, sea stars (Asterjas vulgaris, A. forbesi) and crabs (Cancer irroratus, C.
borealis) were abundant along the front where they
scavenged moribund sea urchins. By 14 October 1993,
sea urchin density at Little Duck Island was reduced to
3.9 sea urchins per 0.25 m2 (Fig. 2a), and numerous
tests of dead sea urchins had accumulated in depressions on the seabed. Therefore, the disease either
directly or indirectly (by increasing susceptibility to
predators) resulted in 87 % mortality of the sea urchin
population at Little Duck Island. Although a few sea
urchins at Mill Cove exhibited symptoms of paramoebiasis in September 1993, there was no evidence of
mass mortality. There was no significant decline in sea
urchin density (Fig. 2a) between September and October 1993 (Student's t-test, t = 1.21, df = 158, p > 0.20),
nor did we observe an unusual accumulation of tests.
Surviving sea urchins at both sites appeared to
recover from the disease over the winter. There were
no signs of paramoebiasis or unusual mortality of
Strongylocentrotus droebachiensis at either site between November 1993 and August 1995. The increase
in sea urchin density at both sites in July/August 1995
reflects a n increase in aggregation as grazing fronts

Fig. 3. Range of mass mortalities of sea urchins during
outbreaks of disease in the
shallow subtidal zone along
the Atlantic coast of Nova
Scotia, 1980 to 1983 (after
tvIiller 1985, Scheibllng
1986) and 1993 to 1995 (this
study): black bars, nearcomplete mortality; stippled
bars, partial mortality; white
bars, areas where sea
urchins were eliminated in
the previous l or 2 yr
Observations of sea urchin
populat~onsat specific sites
in 1995: ( 0 ) near-complete
mortality; ( 0 ) partial mortality; (0)no mortality

(particularly at Little Duck Island) began to re-form
along the border of the kelp bed. In September 1995, a
recurrence of disease virtually eliminated sea urchins
a t both sites (Fig. 2a, b). On 24 October, a total of only
9 live sea urchins were counted in 2 transects of 100 m2
in the barren grounds a t Little Duck Island; another 70
live sea urchins were counted in a transect of 150 m2
along the front. Given that average density of sea
urchins in the barren grounds at Little Duck Island was
-19 sea urchins per 0.25 m2 immediately prior to the
die-off (Fig. 2a), the estimated mortality rate of sea
urchins in 1995 was >99 %. No surviving sea urchins
were observed in diving surveys at Mill Cove on 12
October 1995.
Reports of sea urchin harvesters established the
range of mass mortalities along the Atlantic coast of
Nova Scotia in 1995 from Lockeport on the southwestern shore (south of Halifax) to Jeddore on the eastern
shore (north of Halifax) (Fig. 3). Mass mortalities of
Stl-ongylocentrotus droebachiensis were first reported
on 16 September in Mahone Bay (A. Schnare pers.
comm.). The disease appeared to spread rapidly along
the southwestern shore causing nearly complete mortality of sea urchins between Mahone Bay and Port
Mouton Island by late October (C. Theriault pers.
comm.). Sea urchins in Shelburne Harbour immediately to the south appeared unaffected ( R . Garland
pers. comm.). To the north of Mahone Bay, mass mortalities were reported around Halifax on 30 September
(P. Boudreski pers. comm.). Along the eastern shore,
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there were scattered reports of the disease between
Halifax and Jeddore in October and November. Further east along the coast to Cape Breton Island, sea
urchin populations were apparently unaffected (M.
Craig pers. comm.). In total, the epizootic of 1995
caused near-complete mortality of S. droebachiensis
along -130 km (straight-line distance) of the Atlantic
coast, and at least partial and localized mortalities
along another -40 km.
The cause of the second epizootic was confirmed as
paramoebiasis. Radial nerve and/or gonadal tissues of
all 6 sea urchins from a sample collected at Little Duck
Island on 24 October contained the pathogen Paramoeba invadens (Jones 1985).

Spatial and temporal patterns in sea temperature
The outbreak of paramoebiasis at Little Duck Island
in September 1993 was coincident with the annual
peak in sea temperature, which reached daily averages of -19°C at 8 m depth (Fig 2a). Peak temperatures at 8 m were similar at Mill Cove in 1993, although
sharp dips to -8°C (probably reflecting wind-driven
upwelling events) occurred in late August and late
September (Fig. 2b). The mass mortality at Little Duck
Island was arrested after the temperature dropped
below 10°C in October. The winter minima were -1
and -2°C in February 1994 at Little Duck Island and
Mill Cove respectively.
Peak temperatures at Little Duck Island were much
lower in 1994 than in 1993, rarely exceeding 14°C with
dips below 10°C in August and below 12°C in September (Fig. 2a). Although peak temperatures approached
18°C at Mill Cove in late July 1994, daily averages
were generally <14"C in August and September, periodically falling as low as 4 to 6°C (Fig. 2b).
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In 1995, following a protracted drop in July, temperature rose rapidly in August at both sites to peak daily
averages of 18 to 19°C (Fig.2a, b).At Little Duck Island,
temperatures remained hlgh (15 to 16OC) throughout
September (when the first signs of paramoebiasis were
observed) and October (when mass mortalities of sea
urchins occurred). At Mill Cove, temperatures plummeted to 6OC in early September but rapidly returned to
high values by mid September and remained high
throughout October (when mass mortalities of sea
urchins occurred).
Monthly SST records for August-November in Hallfax Harbour show a strong positive deviation (-3°C) in
August 1993 from the long-term average, average or
below average temperatures in 1994, and consistently
above average temperatures in 1995 (Fig. 4 ) . Thus, the
pattern of interannual variation in sea temperature at
Halifax is consistent with that at our 2 study sites.
These 3 sites, which occur in different embayments,
span a straight-line distance of 75 km along the
Atlantic coast. The positive deviations in 1993 and
1995, when the recent outbreaks of paramoebiasis
occurred, were similar in magnitude to those observed
in the early 1980s during previous outbreaks of the disease (Fig. 4).
The coastal warming index, based on satellitederived SST measurements in our study grid during
the peak in the annual temperature cycle (August and
September), showed peak values over the Scotian
Shelf between mid August and mid September 1993
and in the latter half of August 1995 (Fig. 5). These
were periods which directly preceded outbreaks of
paramoebiasis on the coast. The index was relatively
low and similar in the year between outbreaks (1994)
and in the 2 preceding years (1991 and 1992). The
interannual pattern is consistent wlth that recorded at
our study sites and at Halifax Harbour over this period.

Fig. 4. Deviations in summer/fall (August-November) monthly mean sea surface temperatures (SST)
from long-term (1926 to
1967) monthly averages
for Halifax Harbour, Nova
Scotia. Arrows indicate mass
mortality of sea urchins
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Fig. 5. Coastal warming Index based on SST for 2 wk intervals
in August and September, 1991 to 1995. See 'Methods' and
Table 1 for derivation of this index. Arrows indicate partial
(open arrow) and near-complete (solid arrow) mass mortality
of sea urchins

Warm-core ring and storm activity off the Scotian
Shelf
The average number of Gulf Stream warm-core
rings within or contacting our SST study grid in August
and September generally ranged between 1 and 2
(based on counts in 3 to 5 mapping intervals per 2 wk
period) and showed no consistent temporal pattern,
either among 2 wk intervals within each year or among
years (Fig. 6)
The storm index, based on the intensity and duration
of hurricanes and tropical storms in the northwest
Atlantic, showed the highest levels of storm activity
over a 20 yr period in 1981 and 1995, both years of
extensive epizootics and widespread mass mortality of
Strongylocentrotus droebachiensis in Nova Scotia
(Fig. 7 ) . The next 3 highest levels of storm activity were
all in years (1980, 1982, and 1993) in which the disease

Year

Flg. 6. Warm-core Gulf Stream ring ~ n d e xfor 2 wk Intervals in
August and September, 1991 to 1995. See 'Methods' for
derivation of this index. Arrows indicate partial (open arrow)
and near-complete (solid arrow) mass mortality of sea urchins

Year

Fig 7. Storm activity index for August and September, 1976 to
1995. See 'Methods' for derivation of this index. Arrows indicate partial (open arrow) and near-complete (solld arrow)
mass mortality of s e a urchins

occurred but was localized and/or resulted in incomplete mortality of sea urchins. Only 1983 does not fit
this pattern of mortality coincident with high storm
activity since there was little storm activity in our grid
but extensive mass mortalities of sea urchins.

DISCUSSION
Role of sea temperature in outbreaks of disease
Outbreaks of paramoebiasis in Strongylocentrotus
droebachiensis in 1993 and 1995, as in the early 1980s
(Scheibling & Stephenson 1984, Miller 1985, Scheibling 1986), occurred shortly after the peak of the
annual cycle of sea temperature (16 to 18OC). During
both series of epizootics, differences in sea urchin mortality between sites and years were associated with
spatial and temporal differences in temperature
regimes. Sharp dips in bottom temperature (below
10°C) in late August and late September 1993 at Mill
Cove, which probably slowed the progression of the
disease, may account for the low incidence of mortality
at this site compared to Little Duck Island in that year.
Field and laboratory studies have shown that paramoebiasis in S. droebachiensis spreads rapidly at peak
temperatures (>15"C) but the disease does not progress, and may not even be transmitted, at temperatures <lO°C (Scheibling & Stephenson 1984, Scheibling 1988). Extreme densities of sea urchins at Little
Duck Island in 1993, particularly along the grazing
fronts, also may have accelerated the propagation of
the disease. The mortality at Little Duck Island was
arrested in October/November 1993 as bottom temperatures dropped below the 10°C threshold. Winter temperatures at both sites (<O°C in February and March
1994) were well below the lower tolerance limit of
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Paramoeba invadens (-5°C) established in laboratory
culture experiments (Jellett & Scheibling 1988a).
In 1994 there was no evidence of disease at either of
our s ~ t e s ,nor were there any reports of disease or
unusual mortality of Strongylocentrotus droebachiensis elsewhere along the coast of Nova Scotia during the
1994-95 sea urchin fishing season. At Little Duck
Island, summer and fall sea temperatures were relatively low, with peaks at -14°C. The disease is transmitted at 14°C and progresses to overt signs of morbidity, but only about half as fast as it does at 16°C (16 d vs
8 d to morbidity in 50% of infected sea urchins, Scheibling & Stephenson 1984). At Mill Cove, peak temperatures varied between 14 and 18°C between July and
October 1994. If sea urchins at Mill Cove were infected
with Paramoeba invadens, they should have exhibited
some signs of disease during this 4 mo period. In 1995,
both sites experienced an extended period of peak
temperatures (>lS°C) between August and October,
during which time there was nearly complete mortality
of sea urchins.
Between year differences in summer/fall sea temperatures observed at our study sites in the sh.allow
nearshore zone were consistent with the general pattern
indicated by our coastal warming index for August and
September 1993 to 1995. These interann.ua1 differences
may reflect variation in large-scale oceanographic
processes influencing the coastal environment of Nova
Scotia, such as wind-dri.ven coastal u p w e l h g (Petrie et
al. 1987)or cross-shelf advection of water masses (e.g. by
storm forcing or entrainment by warm-core rings, see
below). The interannual and regional differences in mortality rate and sea temperature that we observed in 1993
and 1995 were similar to those recorded during previous
epizootics in the early 1980s (Scheibling & Stephenson
1984, Miller 1985, Scheibling 1986, 1988), confirming
that the severity of a n epizootic is determined both by
the magnitude and the duration of peak temperatures.
Thus, sea urchin mortality is widespread and nearly
complete in the shallow subtidal zone when outbreaks of
paramoebiasis occur during years of protracted, high
(>15"C)peak summer/fall temperatures. Mortalites are
more localized and less severe when epizootics occur in
years when peak temperatures are lower and/or of
shorter duration. Other conditions affecting the spread of
the di.sease, and therefore the severity of an epizootic,
are sea urchin density and long-shore currents which
transport the pathogenic agent (Scheibling & Stephenson 1984, Miller 1985, Scheibling 1988).

Evidence for an exotic pathogen?
The association of outbreaks of paramoebiasis
in Strongylocentrotus droebachiensis with increased

coastal warming may reflect large-scale advective
processes which not only produce favourable environmental conditions for an epizootic, as mentioned
above, but also deliver an exotic pathogen. For example, wind is an important driving force of ocean currents on continental shelves (Mann & Lazier 1991).
Long-shelf winds may induce cross-shelf Ekman transport which can carry planktonic organisms, such as
amoebae, towards or away from the coast depending
on the wind direction. Myers & Drinkwater (1988/89)
developed a simple Ekman model to examine crossshelf transport of fish eggs and larvae on the Scotian
Shelf in relation to recruitment variability in northwest
Atlantic fish stocks. Their model indicated that much of
the variability in Ekman transport occurred on decadal
time scales, although they found no relationship
between simulated off-shelf advection of eggs and larvae and subsequent recruitment to fish stocks. Our
coastal warming index suggests a relationship
between the cross-shelf pattern of SST off Nova Scotia
and outbreaks of paramoebiasis in recent years. This
association may reflect a wind-driven advective
process whlch influences the supply of both warm
water masses and Paramoeba invadens to coastal
regions.
Extreme wind forcing associated with passing tropical storms and hurncanes can have dramatic and lasting effects on local circulation patterns and advective
transport of planktonic organisms (Drinkwater 1989)
For example, Petrie & Drinkwater (1978) attributed a
2-fold reduction in lobster larvae in St. Georges Bay,
Nova Scotia, to wind-induced advection during the
passage of Hurricane Blanch in July 1975. We have
shown a strong positive association between outbreaks
of disease in Strongylocentrotus droebachiensis and
storm activity in the northwest Atlantic during the
summer/fall hurricane season. Furthermore, 2 of the
most severe epizootics in the last 2 decades occurred in
years (1981, 1995) of unusually high storm activity
(only 1983 is inconsistent with this pattern). Clearly,
the impact of passing storms on coastal circulation will
depend upon the direction of individual storm tracks
and their proximity to the coast, which, are not considered in our simple index based on wind intensity and
duration. Nevertheless, the index presents further evidence linking epizootics to large-scale meterologid
oceanographic events which could influence crossshelf transport of an exotic planktonic pathogen..
Another mechanism of cross-shelf advection is intrusion of Gulf Stream meanders and the warm-core rings
~vhlchspin off from them (Churchill et al. 1986).These
rings are meso-scale eddies that can move large volumes of warm Sargasso Sea water (and associated
tropical and subtropical speci.es) into the slope water of
the northwest Atlantic (Joyce & Weibe 1983, Craddock
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et al. 1992). These rings are only partially mixed with
slope water during their limited life span; most are
resorbed by the Gulf Stream within a few months
(Craddock et al. 1992). If Paramoeba invadens is a n
exotic species, it is unlikely that it is carried within the
warm-water core of these rings because Jellett &
Scheibling (1988a) demonstrated that the amoeba
could not survive in culture at 27°C. However, the
movement of these cyclonic eddies also entrains large
volumes of slope and shelf water which presumably
results In mixing and advective transport of planktonic
organisms, such as fish larvae (Flier1 & Wroeblewski
1985), across the shelf. Myers & Drinkwater (1989)
found evidence that a reduction in recruitment of
groundfish stocks in the northwest Atlantic is associated with increased warm-core ring activity which
may transport the larvae offshore. Mass transfer of
shelf water offshore by entrainment must be balanced
by a n onshore cross-shelf flow. Myers & Drinkwater
(1989) also showed that the shelf-slope front occurred
closer to shore at times of increased ring activity, suggesting that the rings push the front shoreward. We
found consistent numbers of rings in our study area
between 1991 and 1995 a n d therefore no direct relationship between ring frequency and sea urchin epizootics. However, this does not necessarily discount
the possibility that Gulf Stream intrusions contribute to
the transport of a n exotic pathogen. Myers & Drinkwater (1989) also found that the number of rings in
their sampling regions varied little (usually l or 2 rings
per sampling interval) among years from 1973 to 1986.
As these authors point out, many factors interact to
determine the distribution and abundance of planktonic organisms. Advection and mixing associated with
Gulf Stream intrusions, for example, may be accelerated by large storm events such as hurricanes (Craddock et al. 1992).
The occurrence of various subtropical and tropical
fish species in coastal waters off Nova Scotia in late
summer and fall (A. Hebda, Nova Scotia Museum,
Halifax, pers. comm.) is further evidence of cross-shelf
advection which could transport a planktonic pathogen. In 1995, there were reports of tropical fish and
sea turtles in the shallow nearshore waters immediately preceding the sea urchin epizootic. Observations
of exotic species contribute to the body of circumstantial evidence suggesting mechanistic links between
outbreaks of sea urchin disease a n d meteorologic and
oceanographic features. Moreover, the endemic pathogen hypothesis is inconsistent with the absence of disease in 1994, when temperatures reached similar
peaks as in the adjoining years a n d sea urchins were
abundant. This hypothesis also is inconsistent with laboratory findings that the Paramoeba invadens cannot
be maintained in culture at 2°C (Jellett & Scheibling

163

1988a),w h ~ c his above the winter sea temperature (0 to
-2°C) in the nearshore waters of Nova Scotia.
Clearly, further research is required to resolve the
issue of the source of the pathogenic amoebae. Although w e were unable to detect Paramoeba invadens
either in the water column or in sea urchins during
periods between epizootics (Jellett et al. 1989), it is
possible that our sampling procedures were inadequate or that the amoebae may reside in some alternative host or habitat that we have not sampled (Miller
1990, but see also Jellett et al. 1990). Tracking P.
invadens in the water column and/or sediments
throughout the course of a n epizootic (when the amoebae presumably a r e most abundant) a n d over winter is
a more promising approach. A decline in the abundance of the amoebae with decreasing water temperature is expected, and their gradual disappearance at
low winter temperatures would support the conclusion
that they are not endemic. However, even if it can be
shown that P. invadens is a non-resident, the questions
of where the infective amoebae originate a n d how they
a r e transported to the coast of Nova Scotia a r e still to
be answered.

Implications for ecosystem dynamics and the sea
urchin fishery
Disease is a key factor controlling the dynamics of
the rocky subtidal system off Nova Scotia (Scheibling
1984, 1986, 1988, Miller 1985). In the absence of disease, sea urchin populations in the shallow subtidal
zone eventually expand through migration and recruitment and destructively graze the kelp (Scheibling
et al. 1994, unpubl. data). These populations can persist indefinitely on barren grounds, although rates of
growth a n d reproduction decline as the sea urchins
adjust to poorer nutritional conditions (Lang & Mann
1976, Johnson & Mann 1982). Thus, if outbreaks of
paramoebiasis are mediated by stochastic oceanographic and meterological events, the ecosystem can
remain in the barren ground state for variable and
indeterminant periods. The barren ground state persisted for about a decade following destructive grazing
in St. Margaret's Bay in the early 1970s (Mann 1977,
Chapman 1981), and probably much longer along
other parts of the Atlantic coast of Nova Scotia (Wharton & Mann 1981), before sea urchins were eliminated
by disease (Miller & Colodey 1983, Miller 1985,
Scheibling 1986) However, the destructive grazing of
kelp beds along much of this coast in the early 1990s
was terminated before the conversion was complete by
a major epizootic in 1995. The transition to kelp beds
after a n extensive sea urchin die-off follows a relatively deterministic successional process which culmi-
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nates in luxuriant kelp beds within 2 to 3 yr (Miller
1985, Scheibling 1986, Johnson & Mann 1988). Thus,
w e expect to see kelp beds re-established in diseaseaffected areas of the coast by 1998.
Finally, the widespread outbreak of paramoebiasis
in 1995 has had a serious impact on the recently
expanding sea urchin fishery in Nova Scotia. Glven the
history of recurrent outbreaks of this disease, and the
apparent unpredictability of these events, the sea
urchin fishery is destined to periodically crash. Further
research into the source of the pathogenic agent may
suggest ways in which the fishery might be managed
to minimize or ameliorate the effects of this devastating disease (e.g. harvesting in advance of a predicted
outbreak or transferring stocks to deeper and cooler
water). Until such time, the fishery off this coast will
likely remain a 'boom and bust' venture.
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