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ABSTRACT: Population increases of the gastropod Lacuna vincta have been associated with significant damage to kelp blades and decreases in kelp biomass in subtidal kelp beds off Nova Scotia, Canada. We measured the total level and along-blade distribution of grazing damage by
Lacuna vincta on the dominant kelp species at 5 sites in Nova Scotia, Canada, over a 15 mo period.
Grazing was typically low or absent in the basal regions of blades, consistent with seasonal fluctuations in growth and physical properties of blade tissues. Grazing was largely concentrated in
middle and distal sections, although this distribution varied with site exposure and over time. The
cover of the invasive bryozoan Membranipora membranacea on the surface of kelp blades did not
have a strong effect on grazing by L. vincta. The total level of grazing damage (max. 1% of blade
area for Saccharina longicruris and 1.5% for Laminaria digitata) varied seasonally, with peaks in
September at some sites. Spatial variation was driven in part by a negative relationship with site
exposure. In a field experiment, simulated grazing damage that exceeded a threshold value of 0.5
to 1.0% of blade area caused a significant increase in blade loss during a period of heavy wave
action due to a passing hurricane. Our results show that direct reductions in kelp biomass through
grazing by L. vincta are relatively small, but can indirectly lead to significant losses of kelp biomass during large wave events.
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Mesograzers, such as small snails and crustaceans
(Brawley 1992), can have large direct effects on benthic community organization by influencing the dynamics of early succession (Scheibling et al. 2009),
reducing macrophyte biomass (Johnson & Mann
1986, Chenelot & Konar 2007), and cycling nutrients
through consumption of detrital material (Robertson
& Lucas 1983). Tissue damage by mesograzers can
also increase the susceptibility of macrophytes to
other forms of disturbance, such as breakage or dislodgement by hydrodynamic forces (Duggins et al.
2001, Krumhansl & Scheibling 2011). These indirect

effects may have important consequences for the
structure and dynamics of both the local community
and adjacent communities that depend on allochthonous inputs in the form of macrophyte detritus (Bustamante et al. 1995, Vetter 1995).
In kelp beds, the rate of consumption of macroalgal
biomass by snails and other mesograzers is small
relative to that of large and abundant grazers such as
sea urchins (Lawrence 1975, Harrold & Pearse 1987).
However, in areas where sea urchins are rare or absent, mesograzers may be the dominant herbivores
(Kangas et al. 1982, Johnson & Mann 1986, Duggins
et al. 2001, Chenelot & Konar 2007, Scheibling et al.
2009). In the northwest Atlantic, the gastropod Lacu-
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na vincta is the only mesograzer known to consume
macroscopic kelp sporophytes (Brady-Campbell et al.
1984, Johnson & Mann 1986). On the Atlantic coast of
Nova Scotia, L. vincta is seasonally abundant in kelp
beds, with peak densities (up to 2000 individuals m−2)
during recruitment in February, and seasonal lows
between August and October (Johnson & Mann
1986). L. vincta preferentially grazes kelps (Chavanich & Harris 2002), creating perforations or superficial excavations on the surface of blades. Johnson &
Mann (1986) estimated that the cumulative effect of
grazing by L. vincta was a removal of only 0.05% of
standing blade biomass of Saccharina (=Laminaria)
longicruris in a kelp bed in St. Margarets Bay, Nova
Scotia. However, population explosions of L. vincta in
the Gulf of Maine have been associated with high
levels of damage to kelp blades and canopy loss
(Fralick et al. 1974). Krumhansl & Scheibling (2011)
linked variation in the rate of kelp blade fragmentation and erosion to damage along the distal ends of
blades, suggesting that grazing by L. vincta can indirectly decrease kelp biomass and increase detrital
production.
Spatial and temporal variation in grazing damage
to kelps and other macroalgae in shallow marine
habitats is caused by various abiotic and biotic factors. Wave exposure generally has a negative effect
on grazing rate (Duggins et al. 2001, Vanderklift et al.
2009, Taylor & Schiel 2010, but see also Robles &
Robb 1993), although the underlying mechanisms
and magnitude of this effect can vary among habitats.
Structural properties and nutritional quality of blades
can also vary seasonally with changes in water temperature (Sjotun et al. 1996, Abdullah & Fredriksen
2004). For example, warming temperatures can increase grazing damage by accelerating degradation
of older tissues at the distal ends of blades (Rothausier et al. 2009), which reduces toughness and increases palatability (Molis et al. 2010).
The process of blade elongation, and variation in
chemical or structural characteristics of tissues along
kelp blades may influence the distribution of grazing
damage on individual thalli. As new blade tissue is
produced at the basal meristem, existing tissue continually progresses towards the distal end of the
blade, where it fragments or gradually erodes. If
grazing occurred randomly across the blade surface,
we would expect an increase in the amount of grazerdamaged tissue with distance from the meristem and
period of exposure to grazers. Polyphenolic content is
highest near the meristem, which has been linked to
low grazing rates in the basal region (Johnson &
Mann 1986).

Encrustation of kelp blades by the invasive epiphytic bryozoan Membranipora membranacea also
may influence the distribution and intensity of grazing by Lacuna vincta. Blade encrustation peaks in
September and October (~100% cover on some kelp
blades) and declines to extremely low levels from
February to May (Scheibling & Gagnon 2009, Krumhansl & Scheibling 2011). L. vincta is assumed to be
strictly herbivorous (Iyengar & Harvell 2002), and M.
membranacea may limit grazing by preempting
space on blade surfaces. However, a positive association between cover of M. membranacea and density
of L. vincta has been observed in the Gulf of Maine
(Chavanich & Harris 2000).
In the present study, we examine spatial and seasonal patterns in grazing damage by Lacuna vincta
along blades of Saccharina longicruris and Laminaria
digitata over 15 mo at 5 sites varying in wave exposure
and cover of Membranipora membranacea. Grazing
damage provides a time-integrated measure of the
intensity and distribution of grazing that enables us to
test the following predictions: (1) damage along kelp
blades will be lowest near the base and highest at the
distal end; (2) damage will decrease with the cover of
M. membranacea on kelp blades; and (3) damage will
be negatively related to wave action and positively
related to temperature. We also experimentally examine the indirect effect of grazing damage on kelp
blade breakage by simulating different levels of grazing damage on S. longicruris in field experiments
during moderate to heavy wave conditions.

MATERIALS AND METHODS
Grazing damage measurements
As part of a broader study of kelp production and
erosion rates (Krumhansl & Scheibling 2011), we
measured grazing damage on kelps at 5 sites of varying wave exposure along the Atlantic coast of Nova
Scotia: Duncan’s Cove Exposed, Duncan’s Cove Protected, Splitnose Point, The Lodge, and Cranberry
Cove. The kelps Saccharina longicruris and Laminaria digitata occur in monospecific or mixed stands as
the dominant canopy-forming macroalgae at all sites.
The morphology of S. longicruris is characterized by
a single, strap-like blade with ruffled margins. L. digitata has a broad blade that splits into ‘digits’ near the
distal end. Measurements were taken on kelps growing on substrates ranging from small boulders to rock
ledges at 5 to 7 m depth. For detailed site descriptions, see Krumhansl & Scheibling (2011).
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Grazing damage was measured on 10 to 15 kelp
thalli, > 25 cm blade length, that were haphazardly
collected using SCUBA at 6 times over a 15 mo
period (July, September, November 2008; February,
May, September 2009). Measurements were obtained at all sites in July, September (2008 and 2009),
and May. In November, measurements were taken at
The Lodge and Splitnose Point because the invasive
bryozoan Membranipora membranacea occurs in
high abundance during this period at these sites only.
In February, logistical constraints limited our measurements to Duncan’s Cove Protected, Splitnose
Point, and Cranberry Cove. Grazing damage on
thalli of Laminaria digitata was not measured at
Cranberry Cove (all sampling periods) or Duncan’s
Cove Protected (July 2008) because this species was
not abundant at these sites or seasons.
To measure grazing damage, thalli were pressed
between 2 pieces of Plexiglass and photographed.
We characterized grazing damage as perforations
(holes) or superficial excavations of the blade
(Fig. 1A,B). Excavations were difficult to delineate in
photographs and have little effect on blade strength
(Krumhansl et al. 2011); therefore, we measured perforations only. The area grazed in each of 3 equal sections of blade by length was measured by manually
outlining grazed holes in ImageJ (NIH). This was
divided by the area of the respective blade section to
estimate % of blade area grazed in the base, middle,
and distal regions of blades. The area grazed in each
section was then divided by the total area grazed on
a blade to generate the % of total grazed area in each
section. The total area of grazed holes in all sections
was divided by the total blade area to estimate the %
of blade area grazed.
Grazing damage was measured in relation to site
exposure, temperature, and cover of Membranipora
membranacea. The relative exposure of each site
was determined by calculating a relative exposure
index (REI; modified from Keddy 1982) using fetch
and wind data (directional average wind speed and
probability) for a 3 wk period before each measurement (REI values presented in Krumhansl & Scheibling 2011). This index uses wind data for a specific
time period, and therefore index values vary both
seasonally as well as spatially. Previous studies comparing wave-based exposure indices to those based
on fetch have found good correlation between the
two, suggesting that the latter can appropriately be
used to approximate wave exposure at a particular
site (Hill et al. 2010). Temperature was recorded
using temperature loggers (Onset StowAway Tidbits
or HOBO Pendant Data Loggers), and averaged for
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Fig. 1. (A) Lacuna vincta actively grazing Laminaria digitata.
(B) Grazed perforations (circled), and excavations (inside rectangle) on a blade of Saccharina longicruris; (C) applying the
30-hole simulated grazing treatment to the distal 45 cm of a
blade of S. longicruris, pressed between 2 pieces of Plexiglass;
(D) a heavily grazed blade of S. longicruris at The Lodge in
September 2010. Photographs by R. Scheibling

3 wk before each sampling period for analysis (Krumhansl & Scheibling 2011). Temperature data were not
available for the July 2008 sampling period. Percentage cover of M. membranacea was measured by
photographing each collected thallus and outlining
colonies of M. membranacea. Tracings were then
photographed and the area measured using image
analysis. The area covered by M. membranacea was
divided by total blade area to measure the % of blade
covered by the bryozoan for each thallus.

Simulated grazing experiment
The effect of grazing damage on rates of blade fragmentation was examined experimentally on Saccharina longicruris. The experiment was conducted in
August and September 2009 to correspond with the
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seasonal occurrence of storms and hurricanes, as
well as a seasonal peak in kelp erosion rates (Krumhansl & Scheibling 2011). Artificial holes were
punched in the distal ends of blades of S. longicruris
at The Lodge to mimic grazing damage by Lacuna
vincta. This was done by sandwiching the thallus in a
hinged Plexiglass folder with imbedded sections of
copper tubing that punctured the thallus as the folder
was closed (Fig. 1C). Three levels of simulated grazing damage were applied to reflect the observed
range of area grazed (0 to 25 cm2, 0.0 to 1.4% of
blade area) on the distal end of kelp blades, and average size of perforations caused by grazing (0.32 cm2
± 0.08 SE, n = 57) on kelps at The Lodge in September 2008. Treatments consisted of 10 (‘low grazing
damage’), 30 (‘moderate grazing damage’), and 60
(‘high grazing damage’) holes (i.e. losses of blade
area of 3.2, 9.6, 19.2 cm2, respectively) randomly distributed in a triangular area encompassing the distal
45 cm of blade, and a control with no artificial holes.
Four experimental blocks were set parallel to the
shore at a depth of 5 to 6 m. Eight kelps 120 to 250 cm
in blade length with little grazing damage were
selected in each block, and 2 individuals were randomly assigned to each of the treatments or control.
A numbered tag was affixed to the holdfast of each
experimental thallus to enable relocation.
Rate of blade breakage was measured during 2
experimental runs, beginning on 7 and 27 August
and spanning 2 successive storm events varying in
intensity. Breakage of each blade was measured
using a modified ‘hole punch’ method (see Krumhansl & Scheibling 2011 for details). A hole was
punched 10 cm directly above the base of the blade
(where the blade is twice the width of the stipe) using
a sharpened piece of copper tubing, and total blade
length was measured. After 3 wk, each individual
was collected and returned to the lab. Growth hole
position (as distance from the base of the blade) and
final blade length were measured. The loss in length
due to breakage, accounting for growth, was then
calculated and divided by the total number of days
over which the measurements were taken. This generated an estimate of rate of breakage in cm d−1. The
distal 30 to 50 cm of each thallus (depending on the
total blade length) was dried at 60°C for 48 h, and dry
weight was measured. Dry weight was divided by
the length of the segment to determine the dry
weight biomass (g cm−1) of the distal end of the blade.
This measurement was then used to convert rate of
blade breakage in cm d−1 to g d−1.
We calculated the mean and maximum significant
wave height, defined as the mean of the largest one

third of waves measured, for each experimental trial
from data recorded at a meteorological buoy located
at the mouth of Halifax Harbour (National Climate
Data and Information Archive, www.meds-sdmm.dfompo.gc.ca, buoy ID# C44258, 44° 30’ N, 63° 24’ W).
Wave data were not available from 12 August to 19
August 2009 due to equipment malfunction.

Statistical analysis
To examine seasonal and spatial variation in the distribution of grazing damage, we analyzed the effects
of site, season, and location on blade on the % of thallus area grazed by a factorial ANOVA, using a splitplot design. To achieve an orthogonal design, only
time periods where sampling occurred at all sites
were included in the analysis (Saccharina longicruris:
July and September 2008, May and September 2009;
Laminaria digitata: September 2008, May and September 2009). Main-plot factors were site and time
(both fixed factors), while the sub-plot factor was location on the blade (fixed factor) of each individual (random factor, nested within site and time). Data were
not normally distributed (Shapiro-Wilks test, p <
0.001) and variances were heterogeneous (Levene’s
test, p < 0.001). Arcsine transformation of the % of
thallus area grazed yielded similar results for tests of
these assumptions of ANOVA; therefore we performed the analysis on untransformed data. Variance
heterogeneity can inflate the Type I error rate; to adjust for this possibility, we use α = 0.01 in this analysis.
We used an information-theoretic approach to
examine factors that influence the extent of total
grazing damage on thalli at a site scale. The % of
total blade area grazed was averaged across individuals for each site and season by species. Secondorder, bias-corrected Akaike’s information criterion
(AICc), the values of the maximized log-likelihood
function, and model probabilities were used to assess
the relative strength of possible models containing
temperature and/or site exposure (REI) in explaining
variation in the % of total area grazed on thalli. To
further assess the relative importance of each individual factor, the model probabilities of all models containing each individual factor were summed. Factors
with higher summed model probabilities are considered to be more important than factors with lower
values (Anderson 2008). Examination of tolerance
values indicated that variables were not collinear (tolerance < 0.60; van den Poel & Lariviere 2004).
The effect of Membranipora membranacea on total
grazing damage on thalli was examined for individu-
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als of Saccharina longicruris and Laminaria digitata
at Splitnose Point and The Lodge during periods of
peak encrustation (September and November 2008,
and September 2009). Analysis of Covariance
(ANCOVA) indicated that the slopes of the relationship between the % of blade covered by M. membranacea and total % blade area grazed (where these
were significant) did not significantly differ between
sampling periods within each site (p > 0.05). Therefore, data were pooled across sampling periods at
each site, and linear regression was used to detect
significant relationships between bryozoan cover
and snail grazing damage. Individual kelps with no
grazing damage were excluded from these analyses.
Data were arcsine transformed where necessary to
meet the assumptions of bivariate normality (ShapiroWilks test, p > 0.05) and homogeneity of variance
(Breusch-Pagan test, p > 0.05).
We used factorial ANOVA to examine the effect of
experimental trial (fixed factor), treatment (fixed factor), and block (random factor) on erosion rates in the
artificial grazing experiment. Experimental trial was
considered fixed because of the deliberate timing of
the trials in advance of specific storm events. The
block effect was not significant (p = 0.49), so data
were pooled across blocks for further analysis
(Underwood 1997). Post hoc comparisons between
treatment levels were performed using Tukey’s HSD
tests. All data were log (x + 1) transformed to meet
the assumptions of normality (Shapiro-Wilks test, p >
0.05) and homogeneity of variance (Bartlett’s test, p >
0.05). All statistical analyses were performed using
JMP (version 5.1, SAS Institute).

RESULTS
Distribution of grazing damage along individual
kelp thalli
Grazing damage did not occur evenly along the
length of blades on Saccharina longicruris or Laminaria digitata (Fig. 2). A highly significant 3-way
interaction between site, time, and location on blade
for both species indicates that temporal variation in
the % of area grazed in each section of blade varied
across sites (Table 1). For both species of kelp, grazing was generally highest in the middle and distal
section of blades, and lowest in the basal section,
except at Splitnose Point where damage was low or
absent in the middle of blades during all sampling
periods except November (Fig. 2). Damage in the
basal section was lowest from November to May and
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Fig. 2. % of total grazed area in the basal, middle, and distal
sections of blades of Saccharina longicruris and Laminaria
digitata at 5 sites: Cranberry Cove (CC), Duncan’s Cove Exposed (DE), Duncan’s Cove Protected (DP), The Lodge (TL),
Splitnose Point (SP) in all sampling months

highest in July and September at all sites except Duncan’s Cove Protected and Splitnose Point (Fig. 2). At
Duncan’s Cove Protected, grazing in the basal sections of L. digitata remained high from September
2008 to February 2009, but decreased from May to
September 2009. In contrast, grazing in the basal sections of S. longicruris at this site was low during all
sampling periods except May. At Splitnose Point,
damage in the basal sections of L. digitata was absent
in September 2009 (S. longicruris only). Damage was
more heavily concentrated in the distal region of
blades at Splitnose Point than at other sites for both
species during all sampling periods (Fig. 2).

Seasonal and spatial trends in grazing intensity
The % of total blade area lost through grazing by
Lacuna vincta ranged from 0.00 to 1.25% for Saccharina longicruris, and 0.00 to 1.50% for Laminaria dig-
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Table 1. Results of split-plot analysis of variance of the effect
of site, season, and location on blade on total percentage of
blade area grazed by snails on Saccharina longicruris and
Laminaria digitata. Main plot factors include site and season,
and sub-plot factors include location on blade
Factor

df

F

p

Saccharina longicruris
Site
Season
Season × Site
Main-plot error
Location
Location × Site
Location × Season
Location × Site × Season
Sub-plot error

4
3
12
240
2
8
6
24
480

35.2
1.06
36.7

< 0.001
0.367
< 0.001

19.5
3.53
3.90
3.08

< 0.001
< 0.001
0.001
< 0.001

Laminaria digitata
Site
Season
Season × Site
Main-plot error
Location
Location × Site
Location × Season
Location × Site × Season
Sub-plot error

3
2
6
162
2
6
4
12
324

66.4
13.1
14.5

< 0.001
< 0.001
< 0.001

83.9
30.8
2.59
3.55

< 0.001
< 0.001
0.037
< 0.001

itata (Fig. 3). Seasonal trends in grazing damage on
both S. longicruris and L. digitata varied between
sites, as indicated by a significant interaction between site and time for both species (Fig. 3, Table 1).
Some seasonality in grazing damage on S. longicruris
was evident at The Lodge, where the highest rates
were observed in September 2008 and 2009 (0.79 to
0.93%), and the lowest rates were observed in
November 2008 and May 2009 (0.25 to 0.36% in both
months; Fig. 3). Grazing damage on L. digitata also
increased from July to September 2008 at this site
(0.37 to 0.60%), but remained high in November

2008. A large increase in grazing damage on this species was then observed in September 2009 (1.50%).
This was similar to patterns observed at Duncan’s
Cove Protected, where grazing damage increased
over the study on both S. longicruris (0.16 to 0.70%)
and L. digitata (0.70 to 1.50%), peaking in September
2009. Grazing was consistently lowest of all sites and
showed little temporal variation at Splitnose Point
and Duncan’s Cove Exposed for S. longicruris (Splitnose Point: 0 to 0.14%, Duncan’s Cove Exposed: 0.22
to 0.43%) and L. digitata (Splitnose Point: 0.00 to
0.19%, Duncan’s Cove Exposed: 0.24 to 0.37%).
Grazing was consistently highest at Cranberry Cove
for S. longicruris (0.46 to 1.21%), peaking in September 2008 and May 2009.
The total % of blade encrusted by Membranipora
membranacea had a marginally significant positive
effect on blade area grazed for Saccharina longicruris at Splitnose Point (slope = 0.02), but this effect was
not observed at The Lodge (Fig. 4). There was no significant relationship between bryozoan cover and
total % of blade area grazed for Laminaria digitata at
either Splitnose Point or The Lodge.

Relationship with physical variables

REI was consistently highest at Splitnose Point
(2346 to 4375), intermediate at Duncan’s Cove
Exposed (239 to 1062), The Lodge (535 to 1044), and
Cranberry Cove (553 to 1313), and lowest at Duncan’s Cove Protected (1 to 6). Temperature and site
exposure were factors present in the best model
explaining variation in grazing damage on blades of
Saccharina longicruris, although the overall fit of this
model was low (R2 = 0.24; Table 2). Site exposure
(negatively related) had a higher sum
of model probabilities (0.88) than temperature (positively related, 0.58;
Table 3), and explained more of the
variation in grazing damage (Table 2).
Site exposure (negatively related)
was the only factor present in the top
model explaining variation in grazing
damage on Laminaria digitata, with a
greater overall fit (R2 = 0.34) than the
model for S. longicruris (Tables 2 & 3)
and a high sum of model probabilities
(0.98). Temperature was likely unrelated to grazing damage for this species, indicated by low model likeliFig. 3. % of total blade area grazed on Saccharina longicruris and Laminaria
hood, R2 value (Table 2), and sum of
digitata over 15 mo at 5 sites. Data are mean + 1 SD for 10 to 15 thalli at each
sampling period. See Fig. 2 for abbreviations
model probabilities (0.30).
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Table 3. Coefficient estimates and SEs for factors in the top
model according to 2nd-order bias-corrected AIC explaining variation in the % of thallus area grazed for Saccharina
longicruris and Laminaria digitata. Factors included are site
exposure (Exp) and temperature (Temp, °C)
Species

Model

Estimate

SE

Saccharina longicruris

Exp
Temp

–1.0 × 10−4
2.0 × 10−2

< 0.01
< 0.01

Exp

−1.0 × 10−4

< 0.01

Laminaria digitata

Fig. 4. Relationship between total % of blade area grazed by
Lacuna vincta on Saccharina longicruris and Laminaria digitata and % of blade area covered by Membranipora membranacea for September and November 2008 and September 2009 at Splitnose Point and The Lodge. R2 and p values
from linear regressions are indicated on each figure. A line
is fitted where significant results were obtained

pieces of blade tissue. It was evident that tears in the
blade tissue typically began at a simulated grazing
hole.
Wave conditions differed markedly between trials
(Fig. 5B). During Trial 1, Hurricane Bill passed along
the Atlantic coast of Nova Scotia as a Category 1
storm on 23 August 2009, generating a maximum significant wave height of 9.0 m. During Trial 2, a weak
tropical cyclone (Danny) generated a maximum significant wave height of 3.5 m on 30 August 2009.

Simulated grazing experiment

DISCUSSION

Rate of blade breakage of kelps increased significantly with the level of simulated grazing damage in
the first experimental trial, but not in the second
(Fig. 5A, Table 4). In Trial 1, erosion increased significantly between low and moderate damage (10 vs.
30 hole) treatments. During Trial 2, erosion in all
treatments was minimal and similar to that measured
in the control and low damage treatments in Trial 1.
Breakage usually occurred as fragmentation of large

Grazing damage was not evenly distributed along
the length of blades for either Saccharina longicruris
or Laminaria digitata, and varied spatially and seasonally. As we predicted, grazing damage was generally lowest in the basal section of blades, especially
during the seasonal peak in kelp growth between
February and May (Mann 1972, Chapman & Craigie
1977, Krumhansl & Scheibling 2011). This may be
explained by the lower exposure time of rapidly
growing tissue to grazing, or by the
Table 2. Akaike’s Information Criteria (AIC) for all models containing site expresence of polyphenolics, which are
posure (Exp) and temperature (Temp, °C) as factors explaining variation in
known to peak during periods of
percentage of blade area grazed for Saccharina longicruris and Laminaria
rapid growth (Johnson & Mann 1986,
digitata. Also shown are the 2nd-order bias-corrected Akaike’s Information
Abdullah & Fredriksen 2004). InCriteria (AICc), the difference between the minimum AICc and the AICc of
creases in grazing damage in the
each model (ΔAICc), the log likelihood function (LL), the model probability
(wi), and the R2 value of each model
basal part of blades in July and September corresponded to seasonal reModel
AIC
AICc
n
ΔAICc
LL
wi
R2
ductions in growth rate and associated production of polyphenolics
Saccharina longicruris
(Mann 1972, Abdullah & Fredriksen
Temp × Exp −230.9 −230.2
20
0.00
117.47
0.465
0.24
2004, Krumhansl & Scheibling 2011).
Exp
−230.3 −230.0
20
0.21
116.13
0.418
0.18
Also as predicted, grazing was often
Temp
−227.7 −227.5
20
2.75
114.85
0.117
0.11
greatest in the distal sections of
Laminaria digitata
blades, which was likely related to inExp
−173.5 −173.2
16
0.00
87.74
0.698
0.34
creased exposure time to grazing as
Temp × Exp −171.7 −171.4
16
1.8
86.85
0.288
0.32
well as greater palatability and deTemp
−165.5 −165.5
16
7.7
83.90
0.015
0.00
creased toughness of blade material
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cover was observed on Saccharina
longicruris at an exposed site (Splitnose Point) at low levels of cover (0 to
35%). Local degradation of blade tissues under colonies of M. membranacea may facilitate grazing by decreasing tissue toughness or polyphenolics
(Norderhaug et al. 2003, Molis et al.
2010). No effect of bryozoan cover on
grazing damage was observed for
Laminaria digitata at this site, or for
both Laminaria digitata and S. longicruris at a second, more protected site
(The Lodge), across a greater range of
bryozoan cover. This suggests that
even high bryozoan cover does not deter grazing, which is contrary to previous observations (Durante & Chia
1991, Chavanich & Harris 2000). Lacuna vincta is capable of grazing
through colonies of M. membranacea
(J. O’Brien, K. A. Krumhansl, R. E.
Scheibling unpubl.), incidentally consuming the bryozoan as has been
shown for other invertebrates such as
sea urchins (van Montfrans et al. 1984,
Nestler & Harris 1994, Meidel &
Fig. 5. (A) Rate of blade breakage of Saccharina longicruris at 4 levels of simuScheibling 1999). We occasionally oblated grazing damage: control (C), low (L), moderate (M), and high (H) (0, 10,
served L. vincta on colonies of M.
30, 60 artificial holes per distal 45 cm of blade, respectively) in 2 experimental
membranacea,
particularly in highly
trials beginning on 7 and 27 August 2009, respectively. Data are mean + 1 SE
for 6 to 8 thalli in each treatment during each trial. Letters indicate statistically
degraded parts of the blades.
significant groupings. (B) Significant wave height recorded hourly during both
Peaks in grazing damage of kelps
trials. ND indicates time period during which wave data were unavailable.
did not correspond to a February
Dashed line: sequential trials
peak in abundance of Lacuna vincta
recorded in the Gulf of Maine and in
Table 4. ANOVA of the effect of simulated grazing treatment on rate of blade
Nova
Scotia (Johnson & Mann 1986,
breakage (g d−1) of Saccharina longicruris in 2 experimental trials, including a
Chavanich
& Harris 2002). In contrast,
Tukey’s HSD test for pairwise comparisons between treatment levels
we generally observed peak levels of
damage in July and September, when
Factor
df
F
p
Pairwise
snail density is expected to be at a
seasonal low. This discrepancy is
Treatment
3
7.94
< 0.001
Trial
1
11.8
0.001
likely explained by the prevalence of
Treatment × Trial
3
4.73
0.006
Trial 1: 0 = 10 < 30 < 60
small snails (0 to 2 mm) with low grazTrial 2: 0 = 10 = 30 = 60
ing rates following recruitment in
Error
47
February (Johnson & Mann 1986).
Larger snails (4 to 10 mm) that conassociated with the degradation of aged tissues
sume kelp at a faster rate are more prevalent from
(Norderhaug et al. 2003, Molis et al. 2010).
August to October (Johnson & Mann 1986), explainWe found no evidence to support our prediction that
ing higher damage during these months (Fig. 1D).
encrustation by the invasive bryozoan Membranipora
There were large interannual differences in grazing
membranacea limits grazing damage by Lacuna
intensity between September 2008 and 2009 at some
vincta on kelp blades. In contrast, a weak positive resites, possibly due to higher recruitment of L. vincta
lationship between grazing damage and bryozoan
in 2009 than in 2008.
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Between-site variation in grazing damage by Lacuna vincta on each kelp species was explained in part
by a negative relationship with site exposure. As we
predicted, grazing damage was consistently greater
at sites with low and intermediate exposure to waves
(Duncan’s Cove Protected, Cranberry Cove, The
Lodge, and Duncan’s Cove Exposed) than the most
exposed site (Splitnose Point). Previous studies have
found a similar relationship between herbivory and
exposure to waves and currents (Duggins et al. 2001,
Vanderklift et al. 2009, Taylor & Schiel 2010), which
has been attributed to increased dislodgement from
algal substrates or bodily damage to grazers (Menge
1978), or altered foraging behaviour (Kawamata
1998, Lauzon-Guay & Scheibling 2007) with increased flow. Kelp blade thickness, toughness, and
photosynthetic capacity also increase with wave
exposure (Kraemer & Chapman 1991, Wing et al.
2007, Wernberg & Vanderklift 2010), which may result in greater resilience to herbivory and lower levels of grazing damage. Site exposure also may influence the spatial distribution and rates of settlement
and recruitment of L. vincta if pre-metamorphic larvae are retained or induced to settle in low-energy
environments (Wing et al. 1998, Palma et al. 2006).
We also observed a relationship between site exposure and the distribution of grazing damage along
blades. Contrary to expectation, the most exposed
site — Splitnose Point — appeared to have more concentrated grazing damage in the distal regions of
blades than the other sites. This may be because
toughness in the distal ends of blades is even more
reduced, relative to basal tissues, at high wave exposures, where the ends are damaged by whiplash and
abrasion with the substratum.
There was some evidence of a positive relationship
between grazing damage and temperature for Saccharina longicruris that is consistent with our prediction, but temperature explained only a small portion
of the overall spatial or seasonal variation in grazing
damage. The relatively low fit of our models is likely
because they were based solely on environmental
factors. Direct measures of abundance of Lacuna
vincta may explain most of the observed variance in
grazing damage.
September peaks in grazing damage to blades by
Lacuna vincta are coincident with the seasonal occurrence of hurricanes off Nova Scotia. Results of our
field experiment indicate a positive relationship between the extent of grazing damage and blade breakage in Saccharina longicruris under heavy wave conditions generated by a passing hurricane. There was
a strong effect of moderate and high levels of simu-
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lated damage on the rate of blade breakage when a
passing hurricane generated a 9 m spike in significant wave height in Trial 1. In contrast, no effect at
any level of simulated damage was detected in
Trial 2, despite a passing tropical storm that generated a peak significant wave height of 3.5 m. This
suggests a damage threshold (0.5 to 1.0% loss of
blade area) for increased breakage of kelp blades
when wave forces also exceed a threshold value (3.5
to 9.0 m). Because the level of naturally occurring
blade damage exceeds this damage threshold during
the summer and fall hurricane season, L. vincta likely
contributes to the massive loss of kelp biomass associated with passing hurricanes (authors’ pers. obs.), the
latter of which occur at a rate of 5.3 yr−1 in the
Atlantic (Bender et al. 2010).
We have shown that the distribution of damage by
Lacuna vincta on kelp blades varies spatially and
temporally, likely due to seasonal patterns in growth
and the nutritional quality of blade tissue. We did not
find a strong relationship between grazing by L.
vincta and the invasive bryozoan Membranipora
membranacea, indicating that the bryozoan does not
deter grazing by L. vincta on kelp blades. Spatial
variation in the total level of grazing damage was
negatively related to site exposure, explaining low
levels of grazing damage at highly exposed sites. The
direct effects of grazing by L. vincta are relatively
small, as area grazed typically represents only a
small percentage of the overall blade area (present
study) and biomass (Johnson & Mann 1986). However, we experimentally show that grazing by L.
vincta can have a large indirect effect on detrital production from kelp beds by increasing rates of kelp
blade breakage and erosion (Krumhansl & Scheibling 2011), especially during large storm events such
as hurricanes. This indirect effect may become increasingly important in light of a changing ocean climate, as storms and hurricanes that generate heavy
wave conditions increase in frequency and intensity
(Bender et al. 2010, Scheibling & Lauzon-Guay 2010).
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