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ABSTRACT: We used underwater videography to
examine seasonal and interannual patterns in the
cover (on Kkelp) of the encrusting epiphytic bryo-
zoan Membranipora membranacea, and associated
changes in the structure and abundance of native
kelp (Saccharina longicruris) populations, at 2 sites
on the Atlantic coast of Nova Scotia and over 4 to
11 yr since initial introduction of this invasive species
around 1992. We show that (1) changes in the cover
of M. membranacea on kelp, and in the cover of kelp
on the seabed, are reciprocal and seasonal; (2) ther-
mal history during the summer/fall period of bryo-
zoan colony growth explains a large proportion
(83%) of the interannual variation in peak cover of
M. membranacea on kelp; and (3) annual decreases
in kelp cover and blade size are related to the
degree of infestation by M. membranacea, and not to
wave action alone. Particularly severe outbreaks of
M. membranacea, resulting in extensive defoliation
of kelp beds, occurred in 1993, 1997 and 1999. Our
field observations indicate that recurrent seasonal
outbreaks of this invasive bryozoan can have a
devastating effect on native kelp populations in
Nova Scotia, which, in turn, facilitates the establish-
ment and growth of the invasive green alga Codium
fragile ssp. fragile.
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The epiphytic bryozoan Membranipora membranacea en-
crusting blades of kelp Saccharina longicruris in Nova Scotia

Photo: Robert Scheibling

INTRODUCTION

Marine ecosystems worldwide are impacted by a
high and accelerating rate of human-mediated species
introductions (Carlton & Geller 1993, Carlton 1996,
Ruiz et al. 2000, Bax et al. 2003). Our ability to predict,
assess, and mitigate effects of introduced species on
recipient ecosystems is inherently difficult for various
reasons: (1) knowledge of the trajectory of an ecosys-
tem prior to invasion, and of variation in behavior,
physiology and population dynamics of invasive spe-
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cies across their introduced range, generally is lacking
or incomplete; (2) patterns and mechanisms of invasion
often are poorly understood and may vary with spatial
and temporal scale; and (3) geographic and taxonomic
biases in invasion ecology can impede detection of
species-specific invasion mechanisms (Carlton 1999,
With 2002, Bruno et al. 2004, Stachowicz & Byrnes
2006, Pysek et al. 2008).

Historically, the rocky subtidal ecosystem in Atlantic
Nova Scotia and the Gulf of Maine (USA) has alter-
nated between 2 community states, kelp beds and
urchin barrens (Miller 1985, Scheibling 1986, Harris &
Tyrell 2001, Lauzon-Guay et al. 2009). In the 1990s,
synergistic interactions between 2 introduced species,
an epiphytic bryozoan Membranipora membranacea
and an invasive green alga Codium fragile ssp. fragile
(formerly C. fragile ssp. tomentosoides; Provan et al.
2008; hereafter C. fragile) resulted in displacement of
native kelps throughout this region (Chapman et al.
2002, Levin et al. 2002, Scheibling & Gagnon 2006).
Given the wealth of ecological information on the
structure and functioning of this ecosystem, obtained
over the past 4 decades, these events provide a rare
opportunity to examine the pattern and process of
invasion and the potential of introduced species to trig-
ger an ecosystem phase shift (Chapman et al. 2002).

Membranipora membranacea, native to the North
Pacific (Schwaninger 2008), was first detected in the
Northwest Atlantic in the Gulf of Maine in 1987, pre-
sumably having been introduced from Europe via bal-
last water (Lambert et al. 1992), and was first reported
on the Atlantic coast of Nova Scotia in 1992 (Scheibling
et al. 1999). Throughout this region, heavy encrusta-
tions of the bryozoan have precipitated marked
declines in canopy-forming kelps (Scheibling et al.
1999, Chapman et al. 2002). These defoliation events,
in turn, have facilitated the establishment and spread
of Codium fragile, which typically is inhibited by dense
stands of native kelp (Levin et al. 2002, Scheibling &
Gagnon 2006). Colonies of M. membranacea may
cause kelp blades to become brittle (Dixon et al. 1981)
and increase their susceptibility to breakage by wave
forces during storms (Lambert et al. 1992, Scheibling et
al. 1999). This suggests that the extent of kelp defolia-
tion should increase with epiphytic cover of M. mem-
branacea and wave energy.

Short-term studies of recruitment, growth, and abun-
dance of Membranipora membranacea on kelp in Nova
Scotia and the Gulf of Maine have provided some in-
sights into seasonal and interannual patterns of bryozoan
abundance. For example, Saunders & Metaxas (2007,
2008) found that settlement of M. membranacea peaked
in the fall over 2 consecutive years, but occurred earlier
and recruits were more abundant following the
warmer winter. Measures of peak cover of M. membra-

nacea range from <30 to >90 %, depending on the year
and location (Berman et al. 1992, Lambert et al. 1992,
Harris & Tyrell 2001, Saier & Chapman 2004, Saunders &
Metaxas 2008). The lack of quantitative studies at
broader spatial and temporal scales, however, limits our
understanding of the dynamics of bryozoan outbreaks
and their effect on kelp beds and the potential role of
ocean climate in mediating these events.

In the present study, we examined seasonal and
interannual patterns in the cover of Membranipora
membranacea on kelp, and associated changes in the
structure and abundance of kelp populations, at 2 sites
on the Atlantic coast of Nova Scotia. We show that the
outbreak dynamics of M. membranacea on a decadal
time scale strongly relates to thermal history and that
the extent of kelp defoliation depends on the severity
of infestation. Contrary to our expectation, however,
we did not detect a relationship between wave height
and kelp declines in late fall, when the abundance of
the invasive bryozoan is greatest.

MATERIALS AND METHODS

Study areas. Our study was conducted at 2 sites dif-
fering in wave exposure and kelp-bed structure on the
Atlantic coast of Nova Scotia (Canada): 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°3'W) in St. Margarets Bay, a large semi-protected
bay (Fig. 1). At each site, the study area ranged from 5
to 10 m depth (Chart Datum). The substratum consists
of basaltic ledges and troughs at Little Duck Island and
granitic boulders and bedrock outcrops at Mill Cove.
At the onset of the study in the summer of 1992, a
dense aggregation (or front) of sea urchins Strongylo-
centrotus droebachiensis was moving onshore at each
site, destructively grazing luxuriant kelp beds that
extended throughout the study area and creating bar-
rens in its wake. The kelp bed at Little Duck Island was
comprised mainly of Saccharina Iongicruris (formerly
Laminaria longicruris); other kelp species, Laminaria
digitata and Alaria esculenta, were rare at sampled
depths but more common in shallower water. The kelp
bed at Mill Cove was comprised almost exclusively of
S. longicruris. Blades of S. longicruris at Little Duck
Island were smaller and narrower with less crenulated
edges than those at Mill Cove, a pattern consistent
with phenotypic plasticity of this species in response to
differences in flow (Gerard & Mann 1979). Membrani-
pora membranacea was observed on S. longicruris at
both sites throughout the study (Scheibling et al. 1999).
For a detailed description of the sites, and structure
and dynamics of the kelp bed assemblage, see Scheib-
ling et al. (1999).
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Fig. 1. Map of the central Atlantic coast of Nova Scotia showing the location of the study sites at Little Duck Island (Mahone Bay)

and Mill Cove (St. Margarets Bay), and the position of thermographs (s) and the Osborne Head Buoy used to construct thermal and

wave height histories for the period from 1991 to 2001. Thermographs were grouped in 2 geographical regions, Area 1 (Mahone

Bay and St. Margarets Bay) and Area 2 (between St. Margarets Bay and Musquodoboit Harbour). See Appendix 1 for detailed
analysis of temperature anomaly data

Bryozoan and kelp cover. The cover of Membrani-
pora membranacea and Kkelp, and the density and
blade size of kelp, were measured along 1 or 2 tran-
sects that extended 50 m alongshore at each site, in
conjunction with other studies of community dynamics
(Scheibling et al. 1999, Scheibling & Gagnon 2006).
Initially, a single transect was located within the kelp
bed at ~6 m depth and 5 to 10 m from the deeper edge
of the bed (and urchin front). The transect location at
each site was progressively shifted shoreward in Sep-
tember/October 1993 and July/August 1994 to main-
tain the same distance from the edge as the front
advanced and consumed the kelp (see maps in Scheib-
ling et al. 1999). Following recurrent outbreaks of dis-
ease that eliminated urchins at both sites in 1995
(Scheibling & Hennigar 1997), sampling was termi-
nated at Mill Cove and the location of the 6 m transect
at Little Duck Island was staggered by ~4 m (along-
bottom distance) in successive years to preclude over-
lap of sampling areas. In 1997, a second transect was
located at ~8 m depth at Little Duck Island within a
mixed algal assemblage (mainly Saccharina longi-
cruris and Codium fragile) that had re-colonized the
seabed after the urchin die-off. Transects were sam-
pled 1 or 2 times per year in summer/fall (between
June and November) over 11 yr (1992 to 1995, 1997 to
2002) at Little Duck Island and 4 yr (1992 to 1995) at
Mill Cove.

To measure the percentage cover of Membranipora
membranacea on kelp and of kelp on the bottom, we
video-recorded a 1 m belt along a 50 m transect (delin-
eated by weighted nylon line, graduated at 1 m inter-
vals) using a diver-operated camera (Sony CCD-V801
Hi-8 video camera recorder in an Amphibico housing).
A 1 m wide framer attached to the camera housing was
used to keep the camera 0.6 m above the kelp canopy
(or seabed) and centered on the transect line. The tran-
sect video data were augmented by archival video
records that were routinely acquired, using the same
camera system, during a series of studies at these sites
(Scheibling & Hennigar 1997, Meidel & Scheibling
1998, Scheibling et al. 1999, Balch & Scheibling 2000,
Scheibling & Gagnon 2006). These supplementary video
records were reviewed to select clips for which the
camera was perpendicular to the substratum and with
adequate resolution to distinguish individual colonies
of M. membranacea on kelp. The video records were
transferred to a digital tape using a digital camcorder
(Sony DCRVX 2000) and displayed on a high-resolution
monitor (Sony Trinitron CPD-G520P). For each video
record, 7 to 34 non-overlapping frames were randomly
selected using iMovie and converted to JPEG file for-
mat for image analysis using Scion Image v. 1.63. For
each frame, kelp cover and colonies of M. mem-
branacea on kelp were digitally traced and the total
areas of each were computed, to obtain the percentage
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cover of kelp on the bottom and the percentage cover
of M. membranacea on kelp.

To measure kelp density and blade area of Saccha-
rina longicruris, we manually collected kelps in 5 ran-
domly positioned 1 m? quadrats along a 50 m transect
at each site. Individual thalli in each quadrat were
counted and measured (total length, blade length and
mid-point width). A blade area index was calculated
for each quadrat as the sum of individual blade areas
(length x width) divided by the sample area (1 m?).

Temperature and wave height. To examine relation-
ships between physical oceanographic factors and
changes in the cover of Membranipora
membranacea and kelp, we construc-

ted decadal histories (1991 to 2001) of A
. 100+

sea temperature and wave height,

applicable to our study sites, using 80 1

oceanographic databases available 604

from the Department of Fisheries and
Oceans Canada (DFO). Temperature
records were acquired from the Coastal
Time Series (CTS) database (www.
mar.dfo-mpo.gc.ca/science/ocean/data
base/Doc2003/cts2003app.html). A ther- 1001 B
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and 5 km offshore (44°29'N, 63°25'W) (Fig. 1). Aside
from its proximity to both sites, OHB also was selected
because it had a similar exposure to offshore swell as Lit-
tle Duck Island. We used significant wave height (SWH),
defined as the average height of the highest one-third
of the waves in a wave field (calculated and broad-
casted every 30 min by the buoy), as an index of wave
energy. Output of a numerical model for ocean surface
waves (WaveWatch-III) was used to supplement SWH
data at OHB, which contained substantial gaps in 1999,
2000, and 2001 (the last year of operation of OHB)
(Appendix 2, Fig. A2).

Little Duck Island Mill Cove
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from daily average temperature re- E-’ 60 |
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St. Margarets Bay (our study area), but c
found some gaps in the record. To fill & 1007
the gaps, we used data from an addi- IE
tional 133 thermographs located east of =
Mahone Bay (data were scarce west of £

St. Margarets Bay). Temperature re- :>:
cords from this supplementary series 2
were comparable to those from our ini- 8

tial series for days in common (Appen-
dix 1, Fig. Al). Therefore, daily aver-
ages from the supplementary thermo-
graphs were substituted for missing
data in the initial series. Each daily
average in the composite temperature
series was based on data from 2 to 15
thermographs. The most distant ther-
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mographs were 91 km apart (Fig. 1).
Wave data were obtained from the In-
tegrated Science Data Management
(ISDM) database (www.meds-sdmm.
dfo-mpo.gc.ca/isdm-gdsi/index-eng.html)
for the Osborne Head Buoy (OHB,
MEDSO037) located 45 km E-SE of Mill
Cove, 76 km E-NE of Little Duck Island,
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Fig. 2. Membranipora membranacea, Saccharina longicruris. Change in: (A) per-

centage cover of M. membranacea on kelp, (B) percentage cover of kelp on the bot-

tom, (C) kelp density, and (D) kelp blade area index, at 6 and 8 m depths between

September 1992 and August 2002 at Little Duck Island and at 6 m depth between

June 1992 and October 1995 at Mill Cove. Data are mean +SD for 4 to 34 (at 6 m)

and 5 to 15 (at 8 m) replicate 1 m? plots per sampling date at Little Duck Island and
4to 10 replicate 1 m? plots per sampling date at Mill Cove
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To determine whether interannual variation in the
peak cover of Membranipora membranacea was re-
lated to sea temperature during the period of summer/
fall colony growth, we calculated a time-integrated
thermal integral, TI,, (°D), for the 3 mo warm period
(August through October) prior to the peak in cover of
the bryozoan, from 1992 to 1994 and 1997 to 1999. TI,,
was calculated as the sum of the daily average temper-
ature over this period. We excluded 1995, because the
peak was poorly resolved due to infrequent sampling,
and 2000 to 2002, because the kelp bed had been dec-
imated. To determine whether interannual variation in
the peak cover of M. membranacea was related to sea
temperature during the preceding period of cool and
rising temperatures in winter/spring (which may affect
colony survival, growth, and reproduction; Saunders &
Metaxas 2007), we calculated a thermal integral, TI,
for the 6 mo cool period (January through June) of
each year, from 1992 to 1994 and 1997 to 1999. We also
calculated an annual thermal integral, TI,, for each
year between 1992 and 1999.

To determine whether interannual variation in
the loss of kelp cover (calculated as the difference
between the maximum and minimum percent cover
between June and November) was related to wave
conditions following the peak in cover of Membrani-
pora membranacea, we delineated the top 10th per-
centile of daily averages of SWH during a 2 mo period
when wave height was increasing (October and No-
vember), from 1992 to 1995 and 1997 and 1999. Wave
data were not available during this period in 1998, and
we excluded 2000 to 2002 for the reason mentioned
above. We used simple linear regression to examine
the relationships between the annual peak in bryozoan
cover and our measures of thermal integral (TI,, or TI.),
and between the annual loss of kelp cover and the
mean of the 10th percentile of SWH, the maximum
SWH, or the number of days for which SWH exceeded
1 SD of the long-term (1991 to 2001) mean. We fitted a
reciprocal function to the relationship between annual
loss of kelp cover and peak bryozoan cover or TI,, in
the same year. We also examined the relationship
between annual loss of kelp cover and peak bryozoan
cover and TI,, combined using stepwise multiple linear
regression, with o = 0.250 to enter and a = 0.1 to re-
move an explanatory variable.

RESULTS

Seasonal and interannual variation in bryozoan cover:
effects on kelp abundance and population structure

At both of our study sites, the cover of Membranipora
membranacea on kelp exhibited a pronounced sea-

sonal cycle each year, with a rapid increase in sum-
mer/fall (August to November) followed by a decline
over winter to virtually non-detectable levels by early
spring (April/May) (Fig. 2). At Little Duck Island,
where we sampled over an 11 yr period, there were
significant interannual differences in the peak cover of
M. membranacea (ANOVA, data pooled from 6 and
8m, F; 196 =33.5, p <0.001). The most severe outbreaks
were in 1993 and 1999, based on recorded peaks of 63
and 79 %, respectively, which did not differ signifi-
cantly from one another (Tukey's honestly significant
difference [HSD] test, p = 0.15). The third highest peak
in cover in 1997 (49 %) was similar to that in 1993 (p =
0.39), but significantly lower than the peak in 1999 (p <
0.001). At Mill Cove, there were too few observations
to accurately assess interannual variation in the peak
cover of M. membranacea.

Seasonal patterns of kelp cover on the seabed and
bryozoan cover on kelp varied inversely at each site,
with the greatest reciprocal changes occurring during
severe outbreaks of Membranipora membranacea in
1993, 1997, and 1999 (Fig. 2). At Little Duck Island, the
decrease in kelp cover between June and November
1992 to 1994 and 1997 to 1999 was significantly related
to the peak cover of M. membranacea (reciprocal
transformation) during this period (R? = 0.725, p =
0.031; Fig. 3). There was no significant relationship
between the decrease in kelp cover and our thermal
integral (TI,,) during this period (R? = 0.545, p = 0.094),
and TI,, was not retained in a stepwise multiple regres-
sion model with peak bryozoan cover and TI,, as ex-
planatory variables. Between June 1992 and Decem-
ber 1993, the decrease in kelp cover (from 72% in
August to 12 % in November 1993) was associated with
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Decrease in kelp cover (%)
o
1

o

T 1
20 40 60 80 100
Peak cover of Membranipora (%)
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Fig. 3. Membranipora membranacea, Saccharina longicruris.

Relationship between the decrease in cover of kelp S. longi-

cruris and peak cover of M. membranacea on kelp during

summer/fall (between June and November, 1992 to 1994 and

1997 to 1999). The curve is a reciprocal function fit to these
data: y=75.518 —954.23(1/x)
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recruits grew larger (Fig. 2). At Little Duck Island, the
growth of recruits and surviving thalli resulted in a
broad size distribution by October 1995 (Fig. 4).
Following the 1993 defoliation event, kelp cover
progressively increased over the next 2 yr, while the
cover of Membranipora membranacea on kelp re-
mained relatively low, although minor reductions in
kelp cover were coincident with seasonal peaks in
bryozoan abundance in these years. By summer/fall
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1995, kelp cover had rebounded to pre-defoliation
levels (50 to 60 % at Mill Cove) or higher (up to 94 % at
Little Duck Island, July 1995). At Little Duck Island,
sampling was resumed in May 1997 (primarily at 8 m
depth) after an 18 mo sampling interruption. The out-
break of M. membranacea in the fall of 1997 was again
associated with a sharp decrease in kelp cover (from 75
to 9% at 8 m), comparable to that observed in 1993
(Fig. 2). And again, the kelp bed recovered from de-
foliation during the following year, as indicated by
increases in cover and a broad size distribution at 8 m
(Figs. 2 & 4).

Although the cover of Membranipora mem-
branacea on kelp at Little Duck Island was moderate
in 1998, with a recorded peak of 26% in October,
kelp cover decreased substantially and smaller thalli
again dominated the bed by August 1999 (Figs. 2 &
4). Another major outbreak of M. membranacea in
1999, with a peak cover of 74 % in October, led to
further decimation of the kelp bed. By 2000, kelp
cover, density, and blade area index were reduced to
minimal levels and the kelp population was mainly
comprised of small thalli (<50 cm); there was no evi-
dence of recovery up to the end of the study in
August 2002 (Figs. 2 & 4).

20 A
15 '

104

Temperature (°C)

Interannual variation in temperature and wave
height: effects on bryozoan and kelp cover

Sea temperature and wave height exhibited marked
seasonal variation in the study area between 1991 and
2001 (Fig. 5). Temperature peaked in late summer
(August/September; maximum monthly mean, 15.5°C)
and was coldest in late winter (February/March; mini-
mum monthly mean, 0.6°C). SWH was lowest in sum-
mer (June to August; minimum monthly mean, 0.7 m),
increased in fall and winter (September to December;
maximum monthly mean, 2.6 m), and remained high
until spring (March/April), when it decreased again.

Cover of Membranipora membranacea increased
with sea temperature in late summer to a fall peak
in October/November. Interannual variation in peak
cover of M. membranacea was significantly related
(R?=0.831, p = 0.011) to the thermal integral (T1I,,) cal-
culated over the previous 3 mo period (August through
October) during the periods from 1992 to 1994 and
1997 to 1999 (Fig. 6). There was no relationship be-
tween the thermal integral (TI.) calculated over the
first 6 mo of each year and peak cover of M. mem-
branacea for the same years (R? = 0.0002, p = 0.978).
The annual thermal integral (TI,) showed a linear

SWH (m)

Modeled data

0O T———T

rvvm
I .

T

[ 1991 | 1992

[ 1993 | 1994 | 1995 | 1996 | 1997 | 1998

| 1999 | 2000 | 2001 |

Year

Fig. 5. Daily averages of: (A) sea temperature (<10 m depths) and (B) significant wave height (SWH) in the study area between
1991 and 2001
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Fig. 6. Membranipora membranacea. Relationship between

peak cover of M. membranacea on kelp and thermal integral

(TI,, °D) measured over the previous 3 mo period (August to

October, 1992 to 1994 and 1997 to 1999). The line is the linear
fit to these data: y = 22.687x —228.53

increase between 1992 and 1999 (R? = 0.720, p = 0.008),
ranging from 2322°D (1994) to 2783°D (1998).

The mean of the top 10th percentile (n = 6) of the
average daily SWH in October and November each
year ranged from 2.6 m (1992) to 3.5 m (1995), and the
maximum ranged from 3.1 m (1992) to 4.4 m (1993).
The number of days during this period when the aver-
age daily SWH exceeded 1 SD of the long-term (1991
to 2001) mean (mean + SD = 2.25 m, n = 3569) ranged
from 7 (1997) to 18 (1995). There was no significant
relationship between the decrease in kelp cover by the
end of each year and any of these measures (mean of
the 10th percentile: R? = 0.111, p = 0.519; maximum:
R?=0.199, p = 0.375; number of days exceeding 1 SD:
R?=0.164, p = 0.426). Because the break in sampling in
October 1995 may have resulted in an underestimate
of kelp loss in that year (when the duration of high
waves and average SWH was greatest), we reanalyzed
the data without 1995, but did not detect any signifi-
cant relationships (p > 0.20 in all cases).

DISCUSSION

Effects of bryozoan outbreaks on kelp bed structure
and community dynamics

Our study documents the devastating effects recur-
rent outbreaks of the invasive bryozoan Membrani-
pora membranacea have had on the structure and
abundance of native kelp populations along the coast
of Nova Scotia. The cover of kelp on the seabed varied
inversely with the cover of M. membranacea on kelp at

2 sites, with the greatest reciprocal changes in 1993,
1997, and 1999, when outbreaks of M. membranacea,
and concomitant defoliation of kelp, were most severe.
This pattern, along with other measures of kelp size
and abundance that declined following bryozoan out-
breaks, demonstrate both seasonal and cumulative im-
pacts of M. membranacea on native kelp populations
on a decadal scale.

The invasive green alga Codium fragile was intro-
duced to the Atlantic coast of Nova Scotia by 1989 (Bird
et al. 1993), around the time of introduction of Membra-
nipora membranacea (both likely were transported from
the Gulf of Maine). Experimental studies have shown
that C. fragile can competitively displace kelps and other
native seaweeds through opportunistic exploitation of
disturbance-generated gaps within kelp beds, such as
those created by M. membranacea (Levin et al. 2002,
Scheibling & Gagnon 2006). Once established as dense
meadows, C. fragile prevents re-colonization by kelp
and persists as the dominant canopy-forming seaweed
for years (Watanabe, Scheibling & Metaxas, unpubl.
data). Although the abundance (cover and density) and
size of kelp at Little Duck Island decreased sharply fol-
lowing severe outbreaks of M. membranacea in 1993
and 1995, these measures returned to pre-defoliation
levels within 2 yr, before C. fragile was established at
this site. After the outbreak in 1999, however, the kelp
bed showed no signs of recovery throughout the remain-
der of the study. The loss of kelp in 1999 coincided with
the development of a dense meadow of C. fragilein 1999
and 2000 (Chapman et al. 2002), which inhibited re-
cruitment and recovery of kelps and other native macro-
algae (Scheibling & Gagnon 2006).

Laminarian kelps grow best during winter months
when nutrients are readily available, and erosion of
blades increases in the fall when nutrients become
depleted (Gagné et al. 1982). Infestation of kelp by
Membranipora membranacea may accelerate erosion
and fragmentation by altering the biomechanical prop-
erties of the blades (Dixon et al. 1981, Scheibling et al.
1999). Bryozoan crusts also reduce rates of nutrient
uptake and photosynthesis (Cancino et al. 1987, Hurd
et al. 2000) and block spore release (Saier & Chapman
2004). We found the extent of kelp loss in a given year
was relatively low when the cover of M. membranacea
was <25 %, but reached the highest levels (decreases
of kelp cover ranging from 55 to 65 %) when bryozoan
cover was >50 %, indicating low resilience of kelps to
moderate and severe infestations of M. membranacea.
At these times, colonies of M. membranacea can over-
grow the entire thallus and breakage at the base of the
blade results in loss of the meristematic region, pre-
cluding blade regeneration (Fig. 7). The residual stipe
subsequently rots, resulting in major declines in kelp
density and biomass (Scheibling et al. 1999).
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Fig. 7. Membranipora membranacea. (A) Heavily encrusted thallus of Laminaria digitata with M. membranacea completely
covering the meristem and greatly eroded blades. (B) Residual stipes of Saccharina longicruris after complete loss of blades
following a major bryozoan outbreak. Photographs by R. E. Scheibling

At Little Duck Island, annual decreases in kelp cover
in the summer/fall were strongly related to the peak
cover of Membranipora membranacea during this
period. Although in regression analyses we did not
detect a significant relationship between the decrease
in kelp cover and thermal integral (TI), this does not
preclude the possibility that temperature per se, or
some other environmental variable associated with
temperature (e.g. nutrient availability), directly affects
the biomechanical properties of kelp blades that influ-
ence erosion rate. Simple regression indicates that
peak bryozoan cover is a better predictor of interan-
nual variation in kelp loss than the thermal integral,
and colinearity of these explanatory variables supports
exclusion of the latter in a multiple regression model.
Further research is required to elucidate relationships
between the erosion rate of kelp, cover of M. mem-
branacea, and environmental variables, both on an
individual and population basis. Biomechanical analy-
ses also are needed to provide a mechanistic under-
standing of these relationships.

The destructive potential of Membranipora mem-
branacea adds to that of sea urchin fronts that inten-
sively graze kelp beds at rates of up to 4 m mo!
(Scheibling et al. 1999, Gagnon et al. 2004, Lauzon-
Guay & Scheibling 2007). Unlike urchin fronts, which
form along the lower margin of kelp beds, M. mem-
branacea occurs throughout the beds, although the

abundance of colonies may increase with depth (Saun-
ders & Metaxas 2008). The loss of kelp biomass associ-
ated with severe outbreaks of M. membranacea likely
exceeds that by urchin grazing, in both rate and
extent. On the Atlantic coast of Nova Scotia, urchin
populations undergo episodic mass mortalities caused
by outbreaks of the pathogenic amoeba Paramoeba
invadens (Scheibling 1986, 1988). Urchin fronts were
decimated by P. invadens in 1993 and 1995, which
arrested destructive grazing and enabled kelp recov-
ery following outbreaks of M. membranacea in each
year (Scheibling et al. 1999, Chapman et al. 2002).
In the absence of disease, urchin populations likely
would consume defoliated kelp beds at an increased
rate (Lauzon-Guay & Scheibling 2007). Interestingly,
P. invadens also may be an alien species repeatedly
introduced to the coast of Nova Scotia by large-scale
oceanographic or meteorologic features (Scheibling &
Hennigar 1997). Thus, the capacity of kelps to regener-
ate following outbreaks of M. membranacea appears
context dependent, being higher during years of con-
current outbreaks of P. invadens and lower in areas
invaded by Codium fragile.

Loss of kelp canopy caused by Membranipora mem-
branacea encrustation, and the attendant replacement
of kelp beds by meadows of Codium fragile, have pro-
found effects on habitat structure and benthic com-
munity organization (Harris & Tyrell 2001, Chapman



10 Mar Ecol Prog Ser 390: 1-13, 2009

et al. 2002, Levin et al. 2002). Schmidt & Scheibling
(2006, 2007) documented changes in the abundance of
mobile macrofauna, epibiota, and turf algae associated
with experimental reduction in canopy cover, and a
shift from kelp to C. fragile dominance. Also, a large
proportion of kelp production enters food webs as drift
algae that is consumed by detritivores (e.g. urchins in
barrens) or particulate organic matter that is degraded
by microbes and consumed by deposit- and suspen-
sion-feeding invertebrates (Duggins et al. 1989, Nor-
derhaug et al. 2003, Page et al. 2008). Thus, increased
production of kelp detritus during outbreaks of M.
membranacea in the shallow subtidal zone also affects
energy flow to adjacent ecosystems in deeper waters.

Sea temperature, wave energy, and the severity of
bryozoan outbreaks

In Nova Scotia, Saunders & Metaxas (2008) found
that the thermal integral during the winter and spring
preceding the reproductive period of Membranipora
membranacea, accounted for up to 81 % of variability
in settlement of the bryozoan on kelp, and that juvenile
colonies occurred earlier and were an order of magni-
tude more abundant following the warmer of 2 succes-
sive winters. Based on these observations, they hypo-
thesized that peak cover of M. membranacea in
summer and fall was directly related to their measure
of thermal integral (Saunders & Metaxas 2007, 2008).
Our decadal time-series at Little Duck Island does not
support this hypothesis. We found a strong positive
relationship between peak cover of M. membranacea
in fall and the thermal integral (TI,,) calculated over a
3 mo period preceding the peak, but no relationship
when the thermal integral (T1.) was calculated over the
first 6 mo of the year. Therefore, we propose that warm
sea temperature in late summer and fall, by accelerat-
ing colony growth of M. membranacea on kelp blades,
is the key determinant of the severity of bryozoan out-
breaks, rather than winter and spring temperatures
that affect the timing and rate of recruitment. Labora-
tory and field studies have shown that growth of M.
membranacea, both within the native range (Menon
1972) and in Nova Scotia (Saunders & Metaxas in
press), is directly related to temperature between 6
and 18°C. The annual thermal integral (T1,) increased
continuously between 1992 and 1999 along the coast of
Nova Scotia, suggesting that global phenomena affect-
ing ocean climate can affect the severity of bryozoan
outbreaks and, thus, the frequency and magnitude of
kelp loss and associated community shifts.

Sessile marine organisms in coastal areas are exposed
to drag, lift, and acceleration forces caused by currents
and waves (Denny 1988). These forces play a critical role

in the organization of marine communities in intertidal
and shallow subtidal habitats along wave-exposed
coasts (Denny & Wethey 2001, Witman & Dayton 2001).
Kelps, with their remarkable flexibility, are particularly
well adapted to withstand high wave energies (Koehl
1982, Dayton 1985). However, their resistance to wave-
induced breakage may be weakened when blades are
encrusted with Membranipora membranacea (Dixon et
al. 1981). Interestingly, we found no relationship be-
tween the decrease in kelp cover following outbreaks of
M. membranacea and 3 indices of wave energy (based
on SWH), suggesting that erosion of bryozoan-encrusted
blades was not strongly affected by wave forces. This
conclusion must be viewed with caution however, as the
spatial and temporal scales of our study may have been
too coarse to detect effects of wave action that operate on
individual thalli over periods of weeks to months. This
underscores the importance of conducting studies over a
range of spatial and temporal scales to elucidate patterns
and processes of invasion, and the associated changes in
native populations and communities. Long-term obser-
vational studies, in particular, are needed to validate and
refine predictive models of species invasions and their
ecological consequences, and to assess the influence of
ocean climate on these phenomena.
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Appendix 1. Analysis of temperature anomaly data

The correspondence between temperature data from
55 thermographs in Mahone Bay and St. Margarets Bay
(Area 1, Fig. 1) and from an additional 133 thermographs
located east of St. Margarets Bay (Area 2) was examined
for days with common measurements between 1991 and
2001. The daily average water temperature between
1 January 1991 and 31 December 2001 was computed in
each area. The average sea temperature for each calendar
day was also computed in each area by averaging the
daily average temperature values for a given calendar day
throughout the 11 yr (1991 to 2001), providing a total of
366 data points in each area. The difference (anomaly)
between the average temperature on a given day and the
long-range (11 yr) average temperature for the corre-

sponding calendar day was calculated for each area. The
anomaly data within Areas 1 and 2 were plotted against
each other (both are standardized values) over different
temporal ranges (days, months, and years), and the result-
ing R? statistic was used to assess the strength of the fit
between the 2 datasets.

The timing and magnitude of changes in temperature
anomalies were consistent between Areas 1 and 2, espe-
cially at the shortest temporal range (10s of days) used in
this study (R? = 0.92, p < 0.0001; Fig. A1C). Given the high
correspondence in the anomaly data between areas, tem-
perature data from thermographs east of St. Margarets
Bay were substituted for missing data from the record in
Mahone Bay and St. Margarets Bay.
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Fig. Al. Relationships between anomalies in daily average sea temperature from 55 thermographs in Area 1 (Mahone Bay and

St. Margarets Bay) and 133 thermographs in Area 2 (east of St. Margarets Bay up to Musquodoboit Harbour; Fig. 1) over: (A)

2931 d between January 1991 and December 2001 (entire dataset); (B) 184 d between July and December 1993 (second half

of the first of 3 yr with most severe Membranipora membranacea infestations); and (C) 61 d in August and September 1993
(2 mo preceding the peak cover of M. membranacea on kelp)
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Appendix 2. Estimating of missing wave data

The WaveWatch-III model is a third generation ocean
wave model that solves the spectral wave action density bal-
ance equation (Tolman 1991). The model is applicable to
ocean basin scales outside nearshore areas, operating on
the assumptions that the wave field varies over time and
spatial scales that are much larger than individual waves
and that shallow water wave processes are negligible. The
physics of wave propagation, growth by wind, nonlinear
interactions, dissipation due to whitecapping, and dissipa-
tion due to bottom friction are included in the model (Tol-
man 2002). The model has been applied to the western
North Atlantic basin on a grid with a 0.25° resolution by the
U.S. National Oceanographic & Atmospheric Administra-
tion (NOAA), using operational wind products over the
basin from the U.S. National Centers for Environmental Pre-
diction (NCEP) as input, and validated using buoy and
satellite observations of winds and waves.

Significant wave height (SWH) simulated by the Wave-
Watch-III model was used to estimate wave conditions
along the Atlantic coast of Nova Scotia. Hindcast model out-
put in 3 h intervals was obtained from NOAA for the period
from 1 July 1999 to 10 October 2001. Due to logistical con-
straints, the model could not be used to fill a 261 d gap
from 15 March to 30 November 1998, or beyond 10 October
2001. The output SWH at Osborne Head Buoy (OHB) was
selected, and daily average values were determined for
comparison with model predictions. A scatter plot created
for the 473 d with common measurements and model output
at OHB showed a fairly consistent bias toward under-
prediction of the wave height, with a slope of f = 0.75 and
R?=0.72 (Fig. A2). The wave model, driven by a global wind
model, predicted the timing of wave events by including the

necessary physics, directional resolution, and resolution in
geographical space. However, the predicted SWH near
Nova Scotia was often smaller than observations, with a
mean difference of 0.32 m, likely due to model limitations
near the coast. To correct this, the model-predicted SWH at
OHB were multiplied by 1/B, and the results used to com-
plete the 445 missing days in the wave record in 1999, 2000,
and 2001.

SWH model (m)

0 1 2 3 4 5 6
SWH observation (m)

Fig. A2. Relationship between significant wave height

(SWH) output, by numerical ocean wave model (Wave-

Watch-III), and daily average SWH from observations at
Osborne Head Buoy (n = 473)
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