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Structure and dynamics of mussel patches in tide-
pools on a rocky shore in Nova Scotia, Canada
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ABSTRACT: The distribution, size structure, and dynamics of mussel (Mytilus trossulus, M. edulis)
patches in tidepools were studied on an exposed rocky shore near Halifax, Nova Scotia, Canada. The
mussel patches were dynamic, frequently coalescing with one another or disappearing, but mean
change in patch area did not vary significantly among seasons or years. Recolonization of areas from
which patches were removed occurred slowly, usually by recruitment. Both established and recolo-
nized patches were generally associated with macroalgae. Mussel patches were primarily composed of
individuals <5 mm in shell length (SL) which appeared to be very slow growing. The percentage of
new recruits in a patch varied among pools and between years. Predation by the dogwhelk Nucella
lapillus was a major cause of mussel mortality. The size distributions of live and dead mussels in the
patches differed significantly: the frequency of dead mussels <5 mm SL was less than that of live
mussels, and the frequency of dead mussels 5 to 10 mm SL was greater than that of live mussels. Dead
mussels (not killed by whelks) were more frequent in October 1992 than in June 1992, while no clear
temporal patterns were found in the frequency of mussels killed by whelks.
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INTRODUCTION

Mussels are among the dominant occupiers of space
in the intertidal zones of rocky shores. The demogra-
phy of mussel populations on emergent substrata has
been well studied (for review see Seed 1976, Seed &
Suchanek 1992), as have the effects of competition
(Dayton 1971, Menge 1976, Lubchenco & Menge 1978,
McCook & Chapman 1991), predation (Kitching et al.
1959, Dayton 1971, Paine 1974, 1976, Menge 1978,
1983, Robles 1987, Petraitis 1990) and physical distur-
bance (Dayton 1971, Paine & Levin 1981) on the
dynamics of these populations. Mussels are also a
common component of tidepool communities (Goss-
Custard et al. 1979, Dethier 1984, Huggett & Griffiths
1986, Lawrence & McClintock 1987, Kooistra et al.
1989), but little is known about their population struc-
ture and dynamics in these microhabitats. Previous
studies have examined the physiology of mussels in
tidepools, including their growth rates (Mossop 1921)
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and energetics (Clarke & Griffiths 1990). However,
ecological processes which influence assemblages of
mussels in tidepools have not been studied, and these
may differ considerably from processes operating on
emergent substrata. For example, the mortality rate of
mussels may be higher in tidepools where constant
submergence increases the foraging time for predators
such as whelks (Stickle et al. 1985, Burrows & Hughes
1991).

On rocky shores along the Atlantic coast of Nova
Scotia, Canada, the mussels Mytilus trossulus and M.
edulis (hereafter Mytilus) co-occur in the mid to low
intertidal and are distinguishable at small sizes only by
electrophoretic techniques (Pedersen 1991). Mussels
in tidepools tend to occur in small patches, whereas
those on emergent substrata often form extensive
beds. In this study, we examine spatial and temporal
patterns in patch structure and dynamics of Mytilus in
tidepools at an exposed site over 20 mo. These obser-
vations give insight into various physical and biologi-
cal factors influencing the distribution and abundance
of mussels in tidepools and provide a basis for compar-
ison with mussel assemblages on emergent substrata.
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MATERIALS AND METHODS

This study was conducted in 5 tidepools in the mid
to low intertidal zone at Cranberry Cove (44° 30' N,
63° 56' W), near Halifax, Nova Scotia, between Octo-
ber 1991 and June 1993. This shore is composed of
granite platforms and outcrops and is exposed to
southwesterly swells with wave heights of up to 10 m
during fall and winter storms. The pools ranged from
1.6 m to 7.2 m in length, from 1.1 to 2.8 m in width, and
from 0.3 m to 0.6 m in depth (Table 1}. The average iso-
lation time of the pools (i.e. the period between tidal
recession and subsequent input) was 4 to 6 h, based on
repeated observations over the course of the study.
The flushing time of the pools was measured in August
1993 as the time taken for a fluorescent red dye (Rho-
damine B, Sigma Chemicals; initial conc. 1.8 to 6.7 mg
"), added at slack low tide, to become undetectable to
a spectrophotometer (Perkin-Elner, Lambda 3B). All of
the pools were flushed completely within 3 to 4.7 h
after low tide (Table 1).

The spatial distribution of the Mytilus patches was
measured in 0.01, 0.04, and 0.25 m? quadrats that were
haphazardly placed within pools in October 1991. The
number of quadrats (n) sampled at each spatial scale
ranged from 4 to 24. The spatial distribution of patches
at each quadrat size was measured using Morisita’s
Index of Dispersion (l3):

_ny(xh)-¥x
(Sx) -3 x
where x equals the number of individuals per quadrat
and n the number of quadrats in a sample (Elliott
1971). The index equals 1 for a random distribution, is
>1 for an aggregated distribution, and is <1 for a regu-
lar distribution. The test statistic (Zx-1) +n-2x is
applied to a %? distribution with n - 1 degrees of free-
dom to determine significant departures (o = 0.05)
from a random distribution.

To measure change in Mytilus patch area over time,

20 discrete patches, <200 cm? in area, were selected in

Table 1. Physical characteristics of 5 tidepools in the mid and

low intertidal zone at Cranberry Cove, Nova Scotia, Canada.

Flushing time: number of hours required after low tide for the
pool to be completely flushed with new sea water

Pool Maximum Length Width Flushing
depth (m) (m) (m) time (h)
1 0.3 7.2 2.7 3.0
2 0.6 6.6 1.7 4.7
3 0.4 1.6 1.1 3.8
4 0.5 5.7 2.8 3.0
5 0.4 3.2 11 4.5

each pool and sampled on 7 dates: 10 October 1991, 21
May 1992, 29 June 1992, 7 August 1992, 15 September
1992, 17 October 1992, and 16 June 1993. The location
of each patch was determined by measuring the dis-
tances between the centre of the patch and 2 reference
bolts drilled into the rock beside the pool. The bound-
ary of each patch was traced onto an acetate sheet and
digitized by computer to determine the patch area.
Due to heterogeneity of variance as determined by
Cochran's Ctest (p < 0.05), mean change in patch area
was compared among pools for each interval between
sampling dates using Welch's test. Patches which coa-
lesced with other patches (increased in area by >75%
between sampling dates) and those which disappeared
were excluded from the analysis for subsequent time
intervals. New patches were selected to replace those
which disappeared. Pools 1 and 5 were excluded from
the analysis for the interval from October 1992 to June
1993 due to the small number of patches that were
monitored. Mean change in patch area was also com-
pared among 3 successive intervals (winter/summer
seasons): October 1991-May 1992, May-October
1992, and October 1992-June 1993. Since the change
in patch area differed significantly among pools within
time intervals, separate comparisons were done for
each pool across the 3 time intervals. Due to the disap-
pearance of some patches and the exclusion of others
which coalesced, few patches were monitored over all
3 time intervals. Consequently, mean change in patch
area was compared between time intervals by paired ¢-
tests.

The mean percentages of Mytilus patches in a pool
which disappeared or coalesced with adjacent patches
were compared among time intervals using l-way
ANOVA after arcsine transformation, if necessary, to
remove heterogeneity of variance (Cochran's C test,
p < 0.05). Comparisons were made among months for
the summer and fall of 1992 (May-June, June-August,
August-September, September—October 1992) and
among seasons (October 1991-May 1992, May-Octo-
ber 1992, October—June 1993). Post hoc comparisons
of means were done using the Student-Newman-Keuls
(SNK) test (a0 = 0.05).

The recolonization by Mytilus of areas from which
mussel patches had been cleared was monitored on
the same dates that patch areas were measured (see
above). A cleared area was considered recolonized if
mussels were found within ~20 cm? around the centre
of the original patch.

Associated macroalgae and the size distributions of
live and dead Mytilus were recorded in 5 randomly
selected patches from each pool on 3 dates: 10 October
1991, 29 June 1992, and 17 October 1992. The patches
were removed from the substratum with a putty knife
and all mussels and algae collected and taken to the
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laboratory. Shell length (SL) of mussels in each patch
was measured with vernier calipers (accuracy =
+0.5 mm). Live mussels, dead mussels with drill holes
indicative of whelk predation, and dead non-drilled
mussels were recorded separately.

External rings on the shell of Mytilus were counted
under a dissecting microscope. The number of rings on
eroded areas of the shells of the larger mussels was
estimated by comparing them to the shells of smaller
mussels (Seed 1969b). The number of annual rings on
the shells was related to SL by non-linear regression
based on a sample of 578 mussels, ranging from 0.5 to
70.5 mm SL, collected in June 1992.

Recruitment rate of Mytilus, estimated as the per-
centage of mussels <2 mm SL, was compared among
pools and dates using a 2-way ANOVA with date as a
fixed factor with 3 levels and pool as a random factor
with 5 levels. Post hoc comparisons of means were
made using the SNK test.

Density and size distribution of the dogwhelk
Nucella lapillus were measured for each pool on July
30 or August 7, 1992. In the 2 smallest pools (Pools 3
and 5), all whelks were counted and measured (SL,
accuracy = £0.5 mm), and their density was expressed
in terms of the total surface area of the pool. (Pool sur-
face area was estimated by subdividing each pool into
triangles with a common apex, measuring the base and
height of these triangles with a measuring tape to
calculate their areas, and then summing the areas.) In
the larger pools, whelks were counted and measured
in ten 0.04 m? quadrats. Mean size and density of
whelks were each compared among pools using 1-way
ANOVA.

The independence of mussel mortality, SL, and
sampling date was examined by 3-way contingency
table analysis using a series of log-linear models
(Fienberg 1970). A log-linear model fits the data well
when the G-statistic is low and there is no significant
difference between the model and the data. The full
model with all three 2-way interactions and a 3-way
interaction was not computed because it vyields
expected values equal to the observed values (Fien-
berg 1970). The best fit model was determined using
the method of partitioning discussed by Fienberg
(1970). The significance of each interaction term was
assessed by comparing the G-statistics of a hierarchy
of all possible log-linear models, and by determining
the difference in G-values between models which
contained a particular interaction term and those
which lacked it. The size distributions of dead mussels
with drill holes and dead mussels without drill holes
were each compared to the size distribution of live
mussels for each pool (mussels from all patches were
combined for each pool and sampling date}. Mussels
were grouped into 3 size classes for these analyses:

<5, 5-10, and 10-25 mm SL. No dead mussels
>25 mm SL were found. In Pool 4, only 2 dead mus-
sels >10 mm SL were found and this size class was not
included in the analysis. Pool 5 was excluded from the
analysis due to low numbers of dead mussels.

RESULTS

Spatial distribution of patches and association with
macroalgae

Mytilus patches were randomly distributed at each
sampling scale with the exception of the 0.04 m? scale
in Pool 2 and the 0.25 m? scale in Pools 1 and 2, where
they were significantly aggregated (Table 2). Macro-
algae occurred in 64 to 92 % of the mussel patches that
were destructively sampled (Table 3). Algal species
most commonly associated with Mytilus patches were
the filamentous green algae Cladophora sp. and Spon-
gomorpha sp., the branched red alga Chondrus cris-
pus, and the articulated coralline red alga Corallina
officinalis. Other species included the sheet-like
brown and green algae Scytosiphon lomentaria,
Petalonia fascia, and Ulva lactuca, the filamentous red
alga Bonnemaisonia hamifera, and the branched red
alga Devaleraea ramentacea. These macroalgal spe-
cies were rarely found on the open substratum
between patches, which was encrusted by Hilden-
brandia rubra, Ralfsia sp., or Phymatolithon sp. Mus-
sels were usually attached to the algae; mussels >2 mm
were most commonly attached to coarsely branched
macroalgae. Epizoic algae occurred only on the largest
mussels (>40 mm).

Table 2. Morisita’s Index of Dispersion (fs) of Mytilus patches

in 5 tidepools at Cranberry Cove, Nova Scotia. p: probability

of a random distribution (I; = 1); "a significant departure from
a random distribution

Pool Quadrat  Sample Is P
size (m?)  size (n) (x% n-1df)

1 0.04 20 1.12 0.05<p<0.10
0.25 5 1.13 p < 0.005"

2 0.01 7 0.86 p>0.70
0.04 20 1.07 p <0.025°
0.25 5 1.07 p <0.005*

3 0.01 6 0.77 p>0.80
0.04 6 1.04 0.10<p <0.20

4 0.04 24 1.14 0.10<p<0.20
0.25 6 1.05 0.20<p<0.30

5 0.01 4 1.02 030<p<0.40
0.04 12 1.00 040 <p<0.50
0.25 4 1.01 0.30 < p <0.40
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Table 3. Mean percentage + SE of Mytilus patches which were associated between October 1992 and June 1993,
with macroalgae in tidepools at Cranberry Cove, Nova Scotia. Sample size is particularly in Pool 1 where all patches

25 patches (5 from each of 5 pools) for each date were <25 cm? by June 1993.

The mean change in patch area
Algal species Sampling date (excluding patches which coalesced with
October 1991 June 1992 October 1992 other patches in a given time interval and
Chondrus crispus 320£206  31.0:8.7 28.0 £ 15.0 patches which disappeared during the
Corallina officinalis 32.0+13.6  54.0+13.3 56.0 + 13.3 previous time interval) vared signifi-
Spongomorpha sp. 28.0+80 66.0 + 154 80+49 cantly among pools only between October
gfddopho_fa Sp- . 1;8 * 8-20 11228 t ?27 2‘;-8 t éld7 1991 and May 1992 (Welchs' Test, F", 352
onnemaisonia hamifera 12.0+120 .0+ 120 .0+38. = 4.55 p < 0.01) and between May and
Dumontia contorta 0 20.0 £ 20.0 0 B i
Scytosiphon lomentaria 0 540+ 10.7 0 June 1992 (F", 533 = 4.43, p < 0.01) (Fig.
Ulva lactuca 0 40+40 0 2). Among-pool comparisons for all other
Petalonia fascia 0 8.0:4.9 0 intervals were nonsignificant (p > 0.10).
Devaleraea ramentacea 0 0 4.0+4.0 Mean changes in patch area between
Ascophyllum nodosum 4.0+4.0 0 0 int ] inter/ also
Sp. not recorded 80+49 40+40 0 intervals (winter/summer  seasons)
were not significant for all pools (p > 0.05)
At least 1 sp. in patch 76.0+7.5 92.0+8.0 64.0 +9.8 (Fig. 2)

The rate of patch coalescence de-
creased significantly among months from
Patch dynamics spring to fall 1992 (F; 15 = 8.12, p = 0.002) (Fig. 3}, and

was significantly higher during May-October 1992

Mytilus patches ranged from 1 to 800 cm? in area and than during October 1992-June 1993 (F, ;, = 4.90, p =

the number of mussels in a patch ranged from 7 to 0.028). The rate of patch disappearance was low (3 to
2946. Mussel patch size distributions remained fairly 7 %) from spring to fall 1992 (Fig. 3) and did not differ
stable over time for most pools but differed among significantly among months (F; 15 = 0.548, p = 0.66) or
pools (Fig. 1). Many mussel patches decreased in size seasons (F, 1, = 0.534, p = 0.60).

Frequency (%)

g 2%
g g

o g Fig. 1 Frequency distributions of
g g Mytilus patch area in 5 tidepools in
= w October 1991, June and October
1992, and June 1993. Sample size per
%, June 93 '06/0/) ED June 93 pool is 24 to 25 patches in October
%q Oct.92 1991, 19 to 20 patches in May 1992,
S May 92 May 92 13 to 16 patches in October 1992, and

3 to 10 patches in June 1993
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Fig. 2. Mean change (= SE) in Mytilus patch area (cm?) over 6

time intervals between October 1991 and June 1993 in each

of 5 tidepools. Sample size per pool is 14 to 19 patches during

October 1991-May 1992, 8 to 15 patches during May-June

1992, 4 to 12 patches during June-October 1992, and 4 to 6
patches duning October 1992-June 1993

Table 4. Mean percentage = SE of areas from which Mpytilus patches were

removed (n = 25 areas each in October 1991, June 1992, and October 1992) and

which were recolonized by recruitment and immigration of mussels and the

percentage of recruited patches associated with macroalgae. nm: not measured;

Co = Corallina officinalis, Sp = Spongomorpha sp., Cl = Cladophora sp., Sc =
Scytosiphon lomentaria, Ch = Chondrus crispus

Re-establishment of patches

On average, recruitment of Mytilus occurred in
37% of the cleared areas during an 8 to 20 mo
period after patch removal (i.e. by June 1993), and
immigration from neighbouring patches occurred in
1% of the areas (Table 4). The percentage of the
areas which were recolonized did not increase over
time as many of the new colonists subsequently dis-
appeared. The recolonization of many of the areas
was preceded by colonization of macroalgae. Upright
algae were associated with 53% (August 1992) to
100% (October 1992) of the patches of Mytilus
recruits (Table 4). Corallina officinalis was the
macroalgal species most often associated with these
new patches; other species included Chondrus cris-
pus, Scytosiphon lomentaria, Spongomorpha sp., and
Cladophora sp.

Size and age structure

Size distributions of Mpytilus 1n
patches were highly skewed in all
pools and on all sampling dates with a
modal size class of 0-5 mm SL and few
mussels >20 mm SL (Fig. 4). Large

mussels >40 mm SL were rare.

Date Sample Mean percentage Percentage of Algal species The number of external rings on the
size of areas recolonized reco)on1;te}:i shell (R) was exponentially related to
areas wi . .
Recruitment Immigration algae shell length (Fig. 5) as given by the
— = . regression equation:
May 1992 25 36+ 12 44 78 Co, Sp, Cl B 0686
June 25 36+ 10 414 67 Co. Sc, Ch R=-0777 21'043 X SL(mm)
August 50 36+ 8 4+3 53 Co, Sp, Co, Ch (r" = 0.915).
September 50 20+ 9 414 nm . .
October 50 10+3 6+ 4 100 Co, Ch Assuming the rings are annual (see
June 1993 75 37+6 121 65 Sp, Sc, Cl, Co Seed 1976, Seed & Richardson 1990),
this equation predicts that mussels in
A B
—_ @
3 50T 250
5 — kS
© &
o 40 5 40
© o
S g
& 30F € 30r
c [
g ]
S 2ol £ 20|
Fig. 3. Mean £ SE percentage % I E
of (A) coalescence and (B) dis- 2 5
appearance of Mytilus patches 3 107 I g 10 B
between October 1991 and < a
June 1993 in 5 tidepools. Bars 8 OII MI J : AI S. t?t 3 Olt MI ; : AI s ! . O‘t
above (A) indicate the results cl.- May- June- Aug-sept.- Uct- 3 Cl. - May- cune- Aug.- sept.- Uct.-
of SNK multiple comparisons May June Aug. Sept. Oct. June May June Aug. Sept. Oct. June
among months 1991 1992 [1993 1991 1992 [1993
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Fig. 4. Mytilus trossulus and M. edulis. Size-frequency distributions of live and dead drilled and dead
non-drilled mussels in each of 5 tidepools in October 1991 and June and October 1992, Dead mussels

Live
Dead, drilled
Dead, non-drillled

B

were not recorded in October 1991

the modal size class (0—-5 mm) were <3 yr old and that
most of the population (i.e. those <20 mm) were <7 yr
old (Fig. 5). The few large mussels (>40 mm) were esti-
mated to be 13 to 20 yr old.

Recruitment

There was a significant interaction between the
effects of sampling date and pool on the percentage of
new recruits of Mytilus (F; 57 = 2.57, p = 0.018) (Fig. 6).
The percentage of new recruits differed among dates
in only 1 pool (Pool 5) where it was higher in October
1992 than in October 1991 (SNK test, p < 0.05).

Mortality

With the exception of Pool 1 in October 1992, <10 %
of Mytilus in patches sampled in June 1992 and Octo-

Number of External Rings
—_ — n n
o [6)] o a
L g (4 gttt qy
[ ]

w
LA 1 )
[l

T T T T T L

10 20 30 40 50 60 70 80
Shell Length (mm)

o

Fig. 5. Mytilus trossulus and M. edulis. Relationship between
the number of external rings and shell length of mussels (mm)
in tidepools. Sample size = 578 mussels
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Fig. 6. Mytilus trossulus and M. edulis. Mean (+ SE) percent-
age of new recruits (<2 mm) in patches (n = 5) in each of 5
tidepools on 3 sampling dates

Table 5. Nucella lapillus. Shell length (mm) and mean density

(+SE) (ind. m™?) of dogwhelks in each of 5 pools in August

1992. Sample size (n) in parentheses: for mean size n =

number of whelks collected in each pool; for density n = ten

0.04 m? quadrats, except for Pools 3 and 5 where all whelks
were counted

Pool Shell length Density
1 13.4+2.4 (8) 20055
2 10.0 £ 2.6 (7) 17577
3 11.7 2.5 (8) 10.8
4 18.2+4.9 (4) 10.0+ 3.8
5 16.9+ 3.2 (8) 57

ber 1992 were dead (Fig. 4). Dead mussels were pri-
marily of the 0-5 mm modal size class, with the excep-
tion of Pool 3 in June 1992 when they were marginally
more abundant in the 5-10 mm size class. Dead mus-
sels >25 mm SL were not found in the patches.

Whelk predation, as indicated by a drill hole in the
mussel shell, accounted for 58.3 + 4.6 % (mean + SE) of
Mytilus mortality in June 1992 and 40.0 £ 9.2 % of mor-
tality in October 1992 (Fig. 4). The density of whelks
ranged from 5.7 to 20.0 individuals m~? and their mean
size ranged from 10.0 to 18.2 mm SL (Table 5). There
were no significant differences among pools in whelk
density (F; o7 = 0.646, p = 0.532) or size (F; 30 = 2.449,
p = 0.068) nor was there a significant correlation
between average whelk predation rate in June and
October 1992 and whelk density in July/August 1992
(r=0.24,n="5 p=0.40).

The independence of mussel mortality due to whelk
predation, sampling date, and SL was examined using
3-way contingency tables for each pool (Table 6a). In
Pool 1, there was a 3-way interaction between mussel
size, date, and whelk induced mortality: the frequency
of drilled mussels 5-10 mm and 10-25 mm was higher,
and that of drilled mussels <5 mm was lower, in June
than in October 1992, while the converse pattern
existed for live mussels. Only 2-way interactions were
significant for the other pools. The frequency of drilled
mussels was higher in June than in October 1992 in
Pool 2, but was independent of date in Pools 3 and 4.
The size distributions of drilled mussels and live mus-

Table 6. Mytilus trossulus and M. edulis. Three-way contingency table analysis of the independence of mortality (M), sampling
date (D), and size class (S) for (a) drilled dead mussels and (b) non-drilled dead mussels. G-statistics of all possible log-linear mod-

els are presented for each pool. *Best fit model.

If no best model is indicated, the best fit model is a model containing all

2-way interactions and a 3-way interaction

Models Pool 1
G df p

(@)

M+S+D 454 7 <0.001
M+S+D+MxD 453 6 <0.001
M+S+D+MxS 41.0 5 <0.001
M+S+D+DxS 16.7 5 0.005
M+S+D+DxS+MxS 122 3  0.007
M+S+D+DxS+MxD 166 4 0.002
M+S+D+MxS+MxD 40.8 4 <0.001
M+S+D+MxS+MxD+DxS 122 2 0.002
(b)

M+S+D 109.6 7 <0.001
M+S+D+MxD 665 6 <0.001
M+S+D+MxS 106.6 5 <0.001
M+S+D+DxS 58.2 5 <0.001
M+S+D+DxS+MxS 55.2 3 <0.001
M+S+D+DxS+MxD 151 4 0.005
M+S+D+MxS+MxD 63.5 4 <0.001
M+S+D+MxS+MxD+DxS 10.4 2 0.005

Pool 2 Pool 3 Pool 4
df p G df P G df p
219 7 0.003 589 7 <0.001 198 4 0.001
173 6 0.008 58.5 6 <0.001 19.7 3 <0.001
154 5 0.009 31.3 5 <0.001 9.8 3 0.021
179 5 0.003 28.0 5 <0.001 106 3 0.014
93 3 0.025 04 3 *0.947 05 2 "0774
127 4 0.013 276 4 <0.001 105 2 0.005
102 4 0.038 309 4 <0.001 97 2 0.008
5.1 2 °0.080 02 2 0919 02 1 0674
15.1 7 0.035 550 7 <0.001 23.1 4 <0.001
173 6 "0.314 396 6 <0.001 23.1 3 <0.001
154 5 0.026 476 5 <0.001 85 3 0.036
179 5 0.044 245 5 <0.001 187 3 <0.001
93 3 0.028 172 3 0.001 42 2 *0.125
127 4 0490 91 4 0.058 187 2 <0.001
102 4 0316 322 4 <0.001 85 2 0014
51 2 0682 1.7 2 °0.438 4.1 1 0.042
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sels were significantly different in all pools. In compar-
ison to the size distribution of live mussels, the fre-
quency of drilled mussels <5 mm was lower and the
frequency of drilled mussels 5-10 mm was higher No
clear pattern existed for mussels 10-25 mm. There was
an interaction between SL and date in all pools. There
were no consistent patterns, except that mussels
10-25 mm were less frequent in June than October
1992.

The independence of other mortality (i.e. not due to
whelks), sampling date, and Mytilus SL also was
examined (Table 6b). As for drilled mussels, there was
a similar 3-way interaction between SL, date, and
mortality in Pool 1, but only 2-way interactions were
significant for the other pools. The frequency of non-
drilled dead mussels was higher in Pools 2 and 3 in
October 1992 than in June 1992, while mortality and
date were independent in Pool 4. SL and mortality not
due to whelks were independent in Pool 2. In Pools 3
and 4, however, the frequency of non-drilled dead
mussels 5-10 mm was higher than that of live mussels
while the frequency of non-drilled dead mussels
0-5 mm was less than that of live mussels. The fre-
quency of non-drilled dead mussels 10-25 mm was
greater than that of live mussels in Pool 3. There was
an interaction between SL and date in Pools 3 and 4. In
Pool 3 the frequency of 0-5 mm and 5-10 mm mussels
was greater while the frequency of 10-25 mm SL mus-
sels was less in June 1992 than in October 1992. In
Pool 4, the frequency of mussels 0-5 mm was lower
and the frequency of mussels 5-10 mm was higher in
June than in October 1992.

DISCUSSION
Patch distribution and dynamics

Mytilus patches tended to be associated with
macroalgae, particularly filamentous green algae
(Cladophora sp. and Spongomorpha sp.) or more
coarsely branched red algae (Corallina officinalis and
Chondrus crispus). Mussels were rarely attached to the
seasonal sheet-like algae (Scytosiphon lomentaria,
Petalonia fascia, Ulva lactuca). In Britain, western
North America, and Japan, juveniles of Mytilus edulis
have also been reported attached to filamentous algae,
particularly red algae (De Blok & Geelen 1958, Bayne
1964, Seed 1969a, Suchanek 1978, Tsuchiya & Nishi-
hira 1985, 1986, King et al. 1989). The random or
aggregated distribution of Mpytilus patches within
pools may be partly dependent on the distribution of
macroalgae, as many of the mussels appear to have
settled on or around algae. The mussel patches may

also enhance the recruitment of macroalgae by provid-
ing protection from grazers.

Changes in Mytilus patch area varied markedly
among patches within a pool and among pools. The
lack of significant differences in change in patch size
among pools after June 1992 may be partly due to
smaller sample sizes {and lower power to detect differ-
ences) as patches were removed by destructive sam-
pling and patches which coalesced or disappeared
were excluded from the analysis. During the study.
individual patches were dynamic, but no significant
differences in mean change in patch area between
time intervals were detected for any of the pools. There
appeared to be no temporal trend in coalescence or
disappearance of the patches.

The formation of gaps in mussel beds on emergent
substrata has been attributed to wave action, particu-
larly during winter storms (Dayton 1971, Paine & Levin
1981). Denny (1987) has calculated that fluid dynamic
lift forces caused by breaking waves can be large
enough to remove mussels from beds on emergent
substrata, initiating patch formation. Mussels are more
susceptible to dislodgement by waves if they 'hum-
mock' to form a mat several individuals thick since the
mussels in the centre of the hummock lose contact with
the substratum (Seed 1969a, Dayton 1971). In Pool 1,
some of the patches which were missing in October
1992 had begun to hummock in July and August 1992,
suggesting that they may have been dislodged by
wave action. However, we did not find an elevated rate
of mussel patch disappearance during fall and win-
ter, the most stormy seasons. During the winter of
1992-93, sea ice removed the macrobenthic commu-
nity from much of the shoreline, including 2 of the
pools monitored in this study (Pools 1 and 4). The rate
of disappearance of Mytilus patches in these 2 pools
was elevated, but rates of loss of mussels in the other
pools were similar to summer rates.

Some recolonization by Mytilus of areas from which
mussel patches were removed was observed within 8
to 20 mo. Except in a few instances where adjacent
mussel patches expanded into the location, the recolo-
nization was through primary and secondary settle-
ment. [n many cases, newly recruited mussels were
associated with algae that had also colonized these
locations.

Recruitment

The size distributions of Mytilus in the pools were
skewed, consisting primarily of mussels <5 mm SL. A
highly skewed distribution is characteristic of intertidal
populations of Mytilus and has been attributed to vari-
able individual growth rates and a prolonged recruit-
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ment period (Seed 1976). The percentage of new
recruits in the mussel patches varied among pools and
dates. Similarly, studies in New England have found
large spatial and temporal variability in the recruit-
ment of M. edulis on emergent substrata of rocky
shores (Menge 1991, Petraitis 1991).

Growth

External rings were used to estimate the growth rate
of Mytilus. Annual periodicity of ring formation has
been confirmed for some Mpytilus populations and
rejected for others (for review see Seed 1976). Rings
are caused by periods of suspended growth and are
most likely to be formed annually in temperate areas
where shell growth is greatly decreased or suspended
in winter due to low temperatures (Seed 1976). Based
on external ring analysis, Mytilus in tidepools at Cran-
berry Cove appear to be slow growing, reaching a
length of 30 mm in ~10 yr. In contrast, Mossop (1921)
found that M. edulis in tidepools in St. Andrews, New
Brunswick, grew ~4 mm in 2 mo. However, her exper-
iment was conducted with smaller aggregations with
less potential for intraspecific competition than those
monitored in our study. The growth rate of mussels
<10 mm SL in our pools was slower than that of larger
mussels. This may be due to stronger effects of inter-
ference by neighbouring conspecifics on the growth
rate of small compared to large mussels (Fréchette et
al. 1992).

The growth rate of mussels in tidepools appears to be
less than that of mussels on emergent substrata in sev-
eral locations. Gardner & Thomas (1987), working in
the Bay of Fundy, Canada, and Bayne & Worrall (1980),
in southern England, obtained growth estimates of
Mytilus edulis of ~30 mm in 3.5 yr. However, Seed
(1969b) reported that some mussels in the mid inter-
tidal zone in Yorkshire, England, grow to 30 mm SL in
~10 yr, although the majority of the mussels are more
slow growing. More rapid growth on emergent sub-
strata may be related to a reduced metabolic rate dur-
ing exposure to air (Widdows et al. 1979, Clarke &
Griffiths 1990).

Mortality

The dogwhelk Nucella lapillus is the major predator
of Mytilus in tidepools in Nova Scotia (see also Minch-
inton 1989). Crabs (Carcinus maenas and Cancer irro-
ratus) and starfish (Asterias vulgaris) were only occa-
sionally found in the pools at low tide. Previous studies
have demonstrated a direct relationship between size
of N. lapillus and preferred prey size such that adult

whelks (20 to 30 mm SL) prefer mussels 10 to 30 mm SL
(Largen 1967, Bayne & Scullard 1978, Hughes & Dun-
kin 1984, Hughes & Burrows 1990, 1991). The mussel
size class preferentially drilled in this study, 5-10 mm
SL, is smaller than that reported in other studies. This
may be due to the low numbers of large mussels in
patches or to the small sizes of whelks found in the
pools. Juvenile whelks (<5 mm) were occasionally
found within mussel patches that were destructively
sampled (they were not detected when whelk densities
were measured), and these may be the principal
predators of mussels <5 mm. Largen (1967) noted that
recently hatched whelks were capable of successfully
drilling many prey species, including mussels <20 mm.

There were no consistent temporal patterns in
whelk-induced mortality of Mytilus among pools. Both
sampling dates {(June and October) were during the
period of the year when whelks are actively foraging in
the pools. The frequency of non-drilled dead mussels
was higher in October 1992 than in June 1992 in 2 of
the 4 pools. This may reflect increased mortality during
the summer. Temperatures in the pools may exceed
20°C during daytime low tides in July and August due
to solar heating. Such high temperatures are energeti-
cally stressful for M. edulis, reducing scope for growth
(Widdows 1978), and may result in increased mortality,
particularly when they occur in conjunction with low
food availability (Incze et al. 1980).

In comparison to the size distribution of live mussels,
the frequency of non-drilled dead mussels <5 mm was
lower, and that of non-drilled dead mussels 5-10 mm
was higher, in 3 of the 4 tidepools. Mussels <5 mm SL
may be less vulnerable to mortality due to interspecific
competition than mussels 5-10 mm because small
mussels are more mobile. Young postlarval mussels
migrate repeatedly (Maas Geesteranus 1942, Bayne
1964, Seed 1969a), probably drifting by means of a
long mucous thread secreted for this purpose (Sigurds-
son 1976, De Blok & Tan-Maas 1977, Lane et al. 1985).

The patchy distribution of Mytilus in the tidepools is
presumably maintained by a balance between pro-
cesses which increase patch size (recruitment, immi-
gration, growth of individuals) and those which de-
crease patch size (wave action, predation, and other
sources of mortality). The absence of a temporal trend
in patch size may reflect the protracted period of mus-
sel recruitment and the lack of any clear seasonal trend
in overall mortality.
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