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We investigated the regional variation in barnacle (Semibalanus balanoides) recruit and adult abundance on the
NW Atlantic coast. At the end of the recruitment season (June-July), we sampled wave-exposed rocky intertidal
sites in two regions on the open Atlantic coast (Maine, AM, and Nova Scotia, AN) and in two regions on the Gulf of
St. Lawrence coast (Northumberland Strait, GN, and Cape Breton Island, GC). Recruit density was highest in the
southernmost region (AM), followed by GN and, then, by AN and GC. Regional values of nearshore primary
productivity (satellite data of chlorophyll-a concentration, a surrogate for phytoplankton abundance) were
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B?r/l‘gocrles highest for AM and GN, suggesting that food supply (barnacles are filter feeders) is an important factor
Disturbance determining regional recruitment patterns. Adult barnacle density was regionally decoupled from recruit density.
Intertidal Adults occurred in very low abundances on the Gulf of St. Lawrence coast (GN and GC) and were relatively

abundant on the Atlantic coast (AM and AN), although always in much lower abundances than recruits. The low
adult densities on the Gulf of St. Lawrence coast seem to result mainly from intense ice scour, as this coast freezes
extensively every winter, as opposed to the ice-free Atlantic coast. Ice scour thus appears to override regional
recruitment differences in determining adult density. Therefore, our data suggest that both pelagic food supply
and benthic disturbance contribute to setting regional patterns in barnacle population structure on the NW
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Atlantic coast.
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1. Introduction

For intertidal sessile invertebrates with planktonic larvae, recruitment
refers to the appearance of new individuals that have developed after larval
settlement and have reached an arbitrary size that allows them to be
counted. The transition from settler to recruit takes a few days or weeks,
depending on species and conditions (Pineda et al, 2009). For such
species, population persistence is often affected by recruitment rates
(Menge, 2000a; Jonsson et al., 2004; Broitman et al., 2008 ). However, most
research on recruit ecology has been done at small spatial scales, for which
substrate and interspecific interactions are important regulating factors
(Underwood and Keough, 2001).

At large spatial scales, regional differences in the recruitment of rocky
intertidal invertebrates may occur as a result of large-scale oceanographic
changes (Lagos et al., 2008; Menge et al., 2009). A well-studied system is
the NE Pacific coast, where coastal upwelling, when intense, generates
offshore transport of larvae of intertidal filter feeders (barnacles and
mussels) that limits benthic recruitment (Connolly etal.,2001). Also
on that coast, nearshore primary productivity (as determined by
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the concentration of chlorophyll a in seawater, a surrogate for
phytoplankton abundance) is positively related to barnacle and
mussel recruitment, seemingly through positive effects on repro-
ductive adults, larvae, and settlers, which feed on phytoplankton
(Menge et al., 1997, 2009; Leslie et al., 2005). Regional differences in
benthic invertebrate recruitment have also been found on the NW
(Noda, 2004), SW (Menge et al., 1999; Menge, 2000b), and SE Pacific
coasts (Palma et al., 2006; Lagos et al., 2008; Navarrete et al., 2008) and on
the NE Atlantic coast (Jenkins et al., 2000; O'Riordan et al., 2004; Burrows
et al, 2010) and are also generally related to coastal oceanographic
variation.

On the NW Atlantic coast, barnacle recruitment differs at local and
mesoscales in New England (USA) because of variation in algal cover
and water circulation and flow (Bertness et al., 1992, 1996; Leonard et
al., 1998). However, regional-scale patterns for any intertidal inverte-
brate remain poorly documented. Barnacle recruitment rates are often
assumed to decrease with latitude from New England towards the
Canadian Maritimes, possibly because of the more oligotrophic nature of
Canadian waters, which could result in a lower nearshore primary
productivity there (Adey and Hayek, 2005; Bertness, 2007). Recruit-
ment data for Canadian shores exist for the central Atlantic coast of Nova
Scotia, but those sites had experienced an unusual disturbance before
data collection (Minchinton and Scheibling, 1991). Recruit data also
exist for the Gulf of St. Lawrence coast of Nova Scotia, but for a single
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location (MacPherson et al., 2008). To fill this information gap, we
determined regional differences in barnacle recruit density on the NW
Atlantic coast through a mensurative experiment, placing emphasis on
Nova Scotia shores but also collecting data for Maine (USA) for
comparison. We selected regions that differ in nearshore primary
productivity. This approach led us to our first hypothesis, which stated
that barnacle recruit density would be positively related to nearshore
primary productivity at the regional scale.

We also compared barnacle recruit and adult density at the regional
scale, as spatially heterogeneous post-recruitment processes may
decouple both variables (Bertness, 1989; Hughes et al., 2000; Menge,
2000a; Svensson et al., 2004). We identified regions in Nova Scotia that
differ in winter ice load, as this is a powerful agent of intertidal
disturbance that may determine adult density more than recruitment
rates (Barnes, 1999; Gutt, 2001). In Atlantic Canada, intertidal barnacle
recruitment occurs in the spring (Bousfield, 1954; Minchinton and
Scheibling, 1991; MacPherson et al., 2008), but the occurrence of winter
ice scour markedly reduces the survival of recruits during their
transition to adults (Belt et al.,, 2009). Thus, our second hypothesis
was that recruit density would not necessarily be coupled with adult
density across regions, adult density being inversely related to the
occurrence of winter sea ice.

2. Materials and methods

In June-July 2007, we measured the density of barnacle (Semibalanus
balanoides) recruits and adults in two regions on the open Atlantic coast
(Maine, AM, and Nova Scotia, AN) and in two regions on the Gulf of St.
Lawrence coast (Northumberland Strait, GN, and Cape Breton Island, GC;
Fig. 1). Each region represents a different combination of levels of
nearshore primary productivity and winter ice load.

We determined nearshore primary productivity using data of
chlorophyll-a concentration in coastal waters as determined by
MODIS (Moderate Resolution Imaging Spectroradiometer) satellite
passes. For Semibalanus balanoides from the NW Atlantic coast,
fertilization occurs in the autumn, while spawning and recruitment
occur between winter and spring (Bousfield, 1954; Minchinton and
Scheibling, 1991; Bertness et al., 1992; Pineda et al., 2006; MacPherson
et al., 2008). Since phytoplankton abundance, as indicated by
chlorophyll-a concentration, may enhance the reproductive condition
of adults and the growth and survival of larvae and recruits (Leslie et al.,
2005; Pineda et al., 2005; Vargas et al., 2006), we analyzed chlorophyll-a
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data between June 2006 and July 2007. We obtained such data from
Fisheries and Oceans Canada's (2010) website, which provides bi-
monthly composite images for the NW Atlantic coast between 39° N and
62.5° N, indicating chlorophyll-a concentration through a color scale.
Each composite image results from the combination of the available data
for each half month. We produced monthly values by averaging the two
values given for each month (or from the only value provided for some
months because of cloud orice cover). These data revealed clear regional
differences: AM and GN have relatively productive coastal waters, while
AN and GC exhibit low productivity levels (Table 1).

Regional differences in winter ice load are also evident. Every
winter, sea ice develops extensively on the Gulf of St. Lawrence coast
(Saucier et al., 2003, Scrosati and Eckersley, 2007), which causes
intense disturbance on rocky intertidal habitats through scouring
(Bergeron and Bourget, 1986; Scrosati and Heaven, 2006). On the
contrary, sea ice does not form on the sea surface on the Atlantic coast
at the latitudes we surveyed. Rarely, floating sea ice from the Gulf of
St. Lawrence may reach the Atlantic coast of mainland Nova Scotia and
cause intertidal disturbance there (McCook and Chapman, 1997;
Minchinton et al., 1997). However, the last time such an event
occurred was 23 years ago (as of 2010) and it had previously occurred
26 years before 1987 (Minchinton and Scheibling, 1991). Therefore, in
broad terms, GN and GC sustain high levels of intertidal disturbance
every winter, while AM and AN do not.

We employed a nested design, sampling 3 sites along 10 km of
coastline in AM, 6 sites along 34 kmin AN, 6 sites along 20 km in GN, and
6 sites along 15 km in GC. We only sampled sites that faced open waters
directly, so all sites were subjected to a similar (high) degree of wave
exposure. At each site, we determined recruit and adult density in 20
quadrats (10 cm x 10 cm) randomly placed at the mid-to-high intertidal
zone (approximately at 2/3 of the full intertidal range above the low-
water mark). Recruits were distinguished from adults (the organisms
that overwintered at least once, thus holding reproductive capacity;
Pineda et al., 2006) by the large size differences between them (Fig. 2).
We only counted living individuals, which showed firmly closed valves
at low tide. We placed the quadrats on stable bedrock, avoiding boulder
fields and tide pools. We calculated adult density by dividing the
number of adult barnacles in a quadrat by quadrat area (100 cm?). At the
sampled elevations, barnacles are often the only macroscopic species.
Since the number of recruits in a quadrat depends on the area that is
available for settlement, we calculated a standardized form of recruit
density. For each quadrat, we calculated the proportion of the total area
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Fig. 1. Map of the NW Atlantic coast showing the 4 studied regions: southern Maine (AM), Atlantic coast of Nova Scotia (AN), Northumberland Strait coast of Nova Scotia (GN), and

western Cape Breton Island coast of Nova Scotia (GC).
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Table 1

Summary of coastal chlorophyll-a concentration in seawater (mg m~—>) in the 4 studied
regions between June 2006 and July 2007. Means were calculated from 12 monthly
values (January and February 2007 were excluded because data were not available then
for all regions). The regions were southern Maine (AM), Atlantic coast of Nova Scotia
(AN), Northumberland Strait coast of Nova Scotia (GN), and western Cape Breton Island
coast of Nova Scotia (GC).

Region Mean (mg m—>) 95% confidence interval (mg m—>)
AM 9.6 7.3-11.9

AN 213 1.7-5.0

GN 9.7 8.3-11.0

GC 3.9 1.5-6.3

that was covered by adult barnacles. To calculate standardized recruit
density (hereafter simply referred to as recruit density), we divided the
number of recruits counted in a quadrat by the available area for
settlement, which we calculated as: “quadrat areax (1 — proportion of
quadrat covered by adults)”. By sampling in June-July, we ensured that
counting was done at the end of the recruitment season. Virtually no
new recruits appeared later, as indicated by site inspections. Since we
collected our data on natural intertidal surfaces instead of on artificial
settlement plates (e.g., Menge, 2000a), our recruit density values are
realistic measures of the annual recruitment rate, unaffected by any
sampling artifacts (see Bertness et al., 1992, for a criticism of using
cleared surfaces to measure recruitment).

We separately compared recruit and adult density among regions
using a linear mixed model with restricted maximum likelihood
estimation (Pinheiro and Bates, 2009). We considered “region” as a
fixed factor because its 4 levels were selected a priori (sites were nested
within the regions). We used F tests to evaluate significance. We tested
the normality and homoscedasticity assumptions using normal prob-
ability plots and residuals-versus-fits plots, respectively. The assump-
tions were not met and data transformations did not correct the
violations. Therefore, we used the raw data for the analyses but
considering a conservative significance level that was 10 times lower
(0.005) than the conventional level of 0.05 (Underwood, 1997). After F
tests revealed significant regional differences, we compared regional
means with Student-Newman-Keuls (SNK) tests. We did the analyses
using R software (R Development Core Team, 2010).

Fig. 2. View of barnacle recruits (R) and adults (A) at the intertidal zone. The inner
border of the quadrat's frame is 10 cmx 10 cm. Photo by R. A. Scrosati.

3. Results

Barnacle recruit density differed among the 4 studied regions
(F5,17=19.22, p<0.0001). SNK tests indicated that recruit density was
significantly highest in AM, followed by GN, then by AN and finally by GC
(Fig. 3A). With a value of 863 recruits dm 2 (referred to the available area
for settlement), mean recruit density for AM was 1.7 times higher than for
GN (497 recruits dm™2), 3.0 times higher than for AN (284 recruits dm™),
and 45.2 times higher than for GC, which showed a mean density of only
19 recruits dm 2

Adult barnacle density also differed among regions (F; 17=7.57,
p=0.002).SNK tests indicated that adult barnacle density was statistically
similar in AM and AN. These two regions on the Atlantic coast showed, in
turn, significantly higher adult densities than the two regions on the Gulf
of St. Lawrence coast, GN and GC, which did not differ statistically from
one another (Fig. 3B). The mean density of adult barnacles for AM-AN
combined was 20.5 times higher than for GN-GC combined. Mean adult
density was 23.8, 11.0, 243.7, and 19.7 times lower (paired t-tests,
p<0.001) than mean recruit density for AM, AN, GN, and GC, respectively.

4. Discussion

Our results support the traditional assumption that barnacle
recruitment is lower in Nova Scotia than in New England. Since our
data were collected for the same season and year, temporal environ-
mental variation is excluded as an explanation for the observed regional
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Fig. 3. Density of (A) barnacle recruits and (B) barnacle adults (means 4 SE) in the 4
studied regions: southern Maine (AM), Atlantic coast of Nova Scotia (AN), North-
umberland Strait coast of Nova Scotia (GN), and western Cape Breton Island coast of
Nova Scotia (GC). See “Materials and methods” for the calculation of (standardized)
recruit density. Significant differences between regions (p<0.005) are indicated with
different letters above the bars.
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differences. As Semibalanus balanoides was by far the main macroscopic
species in our quadrats (Fig. 2), interspecific competition and facilitation
(by mussels or seaweeds; Menge, 1976; Peterson, 1979; Leonard, 2000)
should not have determined the regional differences in recruitment.
Predation (by whelks) should not have determined such differences
either, because we sampled the mid-to-high intertidal zone of wave-
exposed habitats, where predator activity is minimal (Menge, 1978;
Gosselin and Bourget, 1989; Minchinton and Scheibling, 1991, 1993;
Scrosati and Heaven, 2007). Nearshore primary productivity, however,
was related to barnacle recruit density. Coastal chlorophyll-a concen-
tration was relatively high in AM and GN, suggesting that barnacle
recruitment may be highest there because of an increased food supply
for reproductive adults, larvae, and developing settlers (Leslie et al.,
2005; Pineda et al,, 2005; Vargas et al., 2006). In turn, the relatively low
productivity of AN and GC coastal waters support the notion that
recruitment may be lowest there because of food limitation. Nearshore
primary productivity did not explain all recruitment patterns, however,
as differences in recruit density existed between AM and GN and
between AN and GC. It is noteworthy, though, that, in each pair of
regions with a similar coastal productivity (AM-GN and AN-GC),
recruitment was always higher on the Atlantic coast. This suggests
that adult barnacle density (considerably lower on the Gulf of St.
Lawrence coast) may also influence recruit density in a region.

Our data also revealed a regional decoupling between recruit and adult
density. Before attempting to explain this pattern, we note that the
surveyed adult barnacles resulted from recruitment in previous years, so
the analysis offered below assumes that patterns are similar at least for a
few years. This notion is supported by a study on the Gulf of St. Lawrence
coast that showed that relative patterns in barnacle recruit and adult
density were similar in two consecutive spring seasons in 2005 and 2006
(MacPherson et al., 2008). Also, trends in chlorophyll-a concentration are
similar throughout years in our regions (Devred et al., 2007). In general,
regional-scale patterns in rocky intertidal populations are consistent
throughout years (Menge, 2000b; Navarrete et al., 2008). In our regions,
adult barnacle density was markedly lower than recruit density. Summer
exposure to desiccation and high temperatures during low tides (Chan et
al., 2006) and self-thinning due to competition for space as recruits
develop (Lopez and Gonzalez, 2003; Jenkins et al., 2008) may locally
explain such a decrease. However, regional differences in adult density
were clearly related to differences in winter ice load. Despite their high
difference in recruitment, the two regions on the Gulf of St. Lawrence coast
(GN and GC) showed a very low abundance of adult barnacles, which is
consistent with the intense intertidal disturbance that ice scour generates
on that coast every winter (Bergeron and Bourget, 1986; MacPherson et
al,, 2008; Belt et al., 2009). On the contrary, the two regions surveyed on
the Atlantic coast (AM and AN) showed higher densities of adult
barnacles, which is consistent with the lack of ice scour on that coast.
Thus, the degree of predictable physical stress on a shore (winter
ice scour) is inversely related to the abundance of adult barnacles and
seems to override recruitment effects on adult density.

Despite the lack of significant differences in adult barnacle density
between AM and AN, differences in total biomass might exist. We
commonly observed dense stands of hummocking barnacles in AM, as
reported for New England shores before (Grant, 1977; Bertness et
al., 1998). However, hummocks virtually never occurred in our Nova
Scotia sites, as adult barnacles merely showed the typical truncated-cone
shape and did not grow in height (dog-tooth form) when space was
limiting. Thus, quantifying adult barnacle abundance in terms of total
biomass might reveal a relationship with nearshore primary productivity
at the regional scale along the open Atlantic coast.

In summary, we have identified regional differences in barnacle recruit
and adult density on the NW Atlantic coast. Our data suggest that
primarily bottom-up forcing (pelagic food supply) and secondarily adult
density are important factors driving regional recruitment patterns, while
benthic disturbance (winter ice scour) is an important factor influencing
adult density.
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