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INTRODUCTION

Large-scale ocean circulation patterns play an
important role in determining ecosystem structure and
functioning in coastal benthic communities and may
contribute to observed spatial variability in the relative
importance of different processes. Studies of intertidal
communities on western continental coastlines in par-
ticular, contrasting areas of productive upwelling with
interspersed less productive non-upwelling regions,
have showed that the structure and dynamics of these

communities are strongly linked to spatial variation in
coastal oceanographic features (Menge et al. 1999).

For populations of sessile intertidal invertebrates,
the focus of this study, oceanographic conditions have
3 distinct modes of direct effects. (1) Supply of plank-
tonic larvae to the adult habitat depends on physical
transport processes. These include tidally driven cur-
rents and internal waves which can have an important
role in moving larvae shoreward (Pineda 1991). Inter-
annual variation in upwelling can affect supply and
consequent yearly patterns of settlement along coasts
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where such features dominate (Gaines & Roughgarden
1985), while local wind-driven flows influence settle-
ment rate (e.g. Hawkins & Hartnoll 1982). Patterns of
current flow ultimately result in site-specific transport
patterns, as described by dispersal kernels (Aiken et
al. 2007), and thus determine population connectivity
(Pineda et al. 2007). (2) Oceanographic conditions
influence phytoplankton productivity, and this affects
feeding success and energy content of dispersing
planktotrophic larvae, with continuing effects on post-
settlement survival (Emlet & Sadro 2006). In filter feed-
ers such as barnacles, post-settlement growth rates are
increased by higher phytoplankton biomass (Menge et
al. 1997, Sanford & Menge 2001), while size-specific
egg numbers and thus fecundity are also dependent on
food supply (Leslie et al. 2005). (3) At ocean scales, cur-
rent-driven heat fluxes structure regional climates,
with consequent effects (e.g. El Niño) that often trump
smaller scale influences of oceanographic conditions
on coastal marine systems.

On the coast itself, local habitat conditions have a
similarly large influence on intertidal populations, evi-
dent from variation in community structure. Wave
exposure has the most obvious effect: on cold temper-
ate shores, wave-sheltered shores are characterised by
large fleshy macroalgae, while wave-exposed shores
have algae with tougher, shorter thalli or encrusting
forms, and are often dominated by filter feeders (Bur-
rows et al. 2008). While some effects of wave action are
obvious, such as physical damage or removal (Gaylord
et al. 1994), other effects may be due to modification of
species interactions, such as reduction in predation by
mobile species (Menge & Sutherland 1987). Species
interactions directly affect settling larvae: algae may
limit access of barnacle larvae to the substratum (Jenk-
ins & Hawkins 2003), inhibit settlement by sweeping
(e.g. Jenkins et al. 1999), while grazers may remove or
consume cyprids (Hawkins 1983).

Oceanographic and local influences interact to pro-
duce observed patterns of population densities and
size structure. Local water flow rates, influenced by
wave exposure and coastal tidal currents, combine
with the concentration of food and larvae in the water
column to determine supply to intertidal communities.
Settlement rate is closely related to larval supply (Todd
et al. 2006) and may be expected to be higher in areas
of higher flows. Flow may thus regulate recruitment
and ultimately play a major role in determining adult
densities. Juvenile densities reflect levels of settlement
and hence differences in larval supply: between habi-
tats (Gaines et al. 1985), along vertical gradients (Gros-
berg 1982), along gradients of wave exposure (Jenkins
2005), among years of varying coastal upwelling
(Roughgarden et al. 1988), among areas with different
degrees of flushing (Bertness et al. 1992), and between

periods of wind-driven advection (Hawkins & Hartnoll
1982, Bertness et al. 1996). Flow-related growth effects
on filter feeders such as barnacles and mussels are evi-
dent. High flow also causes enhanced growth in the
barnacle Semibalanus balanoides at sites charac-
terised by both low and high ambient chlorophyll a
(chl a) concentrations, with significant effects on popu-
lation dynamics (Sanford et al. 1994).

Semibalanus balanoides has thus far proved to be a
good indicator of the 3 major modes of oceanographic
effects: (1) transport and supply of larvae, (2) food sup-
ply effects on growth and fecundity and (3) regional
climate, which can influence the outcome of competi-
tion between northern and southern species (Poloc-
zanska et al. 2008). S. balanoides is a near ubiquitous
organism on rocky shores in the North Atlantic, with a
wide geographic distribution that exposes this species
to a wide range of oceanographic conditions. This
makes the species a good choice for disentangling
local from oceanographic effects on population struc-
ture.

Indices of topography derived from coastline data,
such as wave fetch (Burrows et al. 2008), have proved
powerful predictors of community patterns. Combined
with the ready availability of remotely sensed sea tem-
perature and ocean colour data as an indicator of
phytoplankton food supply, these indices allow rela-
tionships to local conditions to be distinguished from
responses to larger scale patterns of temperature and
food. We used these indices and remotely sensed
measures to develop hypotheses as to the roles of
oceanographic versus local determinants of population
structure in Semibalanus balanoides. We predicted
that (1) food supply modified by flow rate would deter-
mine growth rate in this barnacle, and that this would
result in larger barnacles for a given age and a shift
towards larger average size in areas of higher food
concentrations and faster flow. (2) Faster flow rate
was also predicted locally to enhance larval supply
and thus settlement density, with greater density-
dependent mortality at high settlement sites (Jenkins
et al. 2008) and a potentially faster turnover in these
populations.

We exploited the fjordic and island-based geography
of the west coast of Scotland to quantify variability in
population density and size distributions of adult and
juvenile Semibalanus balanoides at over 250 sites in
contrasting regional and local conditions to test these
hypotheses. We used a recently developed model (Bur-
rows et al. 2008) to determine likely wave exposure at
our survey sites. An additional consequence of vari-
able shoreline topography as well as small-scale differ-
ences in wave exposure is differences in the ‘openness’
or degree of enclosure of sites which may have impor-
tant effects on larval dispersal and supply. We aimed to
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develop predictive regression models of size and den-
sity of adult and juvenile S. balanoides. From emerg-
ing patterns, we aimed to draw inferences as to the rel-
ative roles of population processes acting at spatial
scales from local to regional, and to test the generality
of previously reported effects of ocean climate on
intertidal species.

MATERIALS AND METHODS

Semibalanus balanoides population surveys. S. bal-
anoides populations were assessed at 259 sites around
Scotland in the summers of 2001 to 2006 inclusive
(Table 1). Sites were selected as readily accessible,
within 20 to 30 km of other sites to visit on the same low
tide, and meeting particular geographical criteria for
that year’s survey (Table 1). Locations of sites were
recorded using handheld global positioning system
(GPS) receivers (Garmin GPS76) at mid shore level.

At each site, areas with Semibalanus balanoides
populations were selected at 3 shore levels, away
(>20 cm) from macroalgal plants where possible. Shore
levels were chosen as (1) low shore (henceforth LW),
just above the lower limit of the barnacle zone, (2) high
shore (HW), 10 to 20 cm vertically below the upper
limit of S. balanoides, and (3) mid shore (MW), midway
between low and high levels. Four digital camera
images of groups of barnacles were taken at each level
at a minimum resolution of 1024 × 768 pixels, always
including a scale object of known dimension. Images
typically covered areas of from 20 to 120 cm2.

Analysis of digital images was made using custom-
written image coordinate recording software (using
Microsoft Visual BasicTM). Depending on the density of
barnacles, areas from 4 cm2 (>20 barnacles cm–2) to
40 cm2 (<0.2 barnacles cm–2) were randomly located as
quadrats within each image. Operculum lengths and
species identity of all adult (1+) barnacles in each
quadrat were recorded. Juvenile (0+) barnacles were

distinguished from adults (1+) by the absence of shell
erosion and fusion of parietes, the lighter colour of
newly laid down shell and lack of surficial microalgae
(making 1+ Semibalanus balanoides appear yellow),
and their size (generally smaller than adults) at the
time of sampling. Chthamalus montagui, Chthamalus
stellatus and Elminius modestus made up <5% of bar-
nacles seen, and, although recorded in the same way
as S. balanoides, patterns in these species are not
described here. Twenty (or fewer, if numbers were
insufficient) randomly selected 0+ S. balanoides were
measured in each quadrat, and the number of unmea-
sured juveniles was counted. Densities were calcu-
lated for each quadrat for adults from the numbers
measured and from total counts (measured and
unmeasured barnacles) for juveniles.

Chl a and sea surface temperature from satellite re-
mote sensing. Surface chl a concentrations for seas
around Scotland were taken from Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) and Medium Resolution
Imaging Spectrometer (MERIS) satellite sensors, and
sea surface temperatures (SST) were taken from
Advanced Very High Resolution Radiometry/Radiome-
ter (AVHRR) satellite sensors, obtained from web data
portals (SeaWiFS and MERIS: European Commission
Joint Research Centre Ocean Colour Portal: http://
mersea.jrc.ec.europa.eu/; AVHRR: http://podaac.jpl.
nasa.gov/). Inspection of monthly composite images
showed that spatial patterns of chl a were relatively sta-
ble throughout the year, while SST patterns varied sea-
sonally. A 2 km resolution composite chl a image was
calculated by averaging all monthly composites from
January 2000 to December 2006. Average SST images
were calculated for February, May, August and No-
vember using monthly composite images for the years
2000 to 2006 inclusive. Both these sets of images were
supplied processed with a land mask that excluded ar-
eas <10 km from the coast, to avoid mistaken assign-
ment of land pixels to sea pixels due to small errors in
geolocating images. To spatially match survey sites to
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Year Extent Date Year D No. of Adult Adult Juvenile Juvenile 
day sites size density size density

2001 W coast sea lochs 19–31 Jul 200 12 74 + – + +
2002 W coast 9–17 Jul 190 8 43 + + + +
2003 W coast 9–21 Jul 190 12 54 + + + +
2004 Western Isles 30 Jun–7 Jul 182 7 24 + + – +
2004 Orkney 2–6 Aug 215 4 19 + + – +
2005 E coast/Solway Firth 22–26 Jul 203 4 20 + + + –
2006 W coast/E coast—repeat 9–15 Jul 190 6 25 + + + +

visit to earlier sites

Table 1. Extent and timing of annual surveys of Semibalanus balanoides populations around Scotland from 2001 to 2006. 
Year day: days since the beginning of the year, for the first day of the survey; D: duration of survey in days; +/–: variable

measured/not measured



Mar Ecol Prog Ser 398: 207–219, 2010

the SST and chl a data, we calculated neighbourhood
average maps using 10 km rectangular areas around
each pixel, effectively extending the images onto the
coast. GIS processing was used to link site locations to
SST and chl a pixel values. Sites without overlying pix-
els, at heads of sea lochs for example, were manually
matched to the nearest relevant sea pixel.

Wave fetch determination. Wave fetch was deter-
mined for all 200 m coastal cells in the study area using
the method of Burrows et al. (2008). This gave an esti-
mate of the summed wave fetch in sixteen 22.5° angu-
lar sectors, up to a maximum distance of 200 km. Wave
fetch thus had a maximum value of 3200 km per cell.
Wave fetch values for survey sites were taken from
each nearest coastal grid cell.

Coastal topography. Coastal features such as
lagoons, estuaries and fjords are often described as
semi-enclosed, and the degree of enclosure may have
important effects on key ecological processes, particu-
larly dispersal of larvae. We decided to quantify the
degree of enclosure using a method analogous to the
calculation of cost surfaces in GIS (Burrows et al. 2009)
which calculates the area of open sea connected to the
site within successively larger distances. A grid of 1 km
land or sea cells was created from a vector coastline
(GSHHS based on the World Vector Shoreline [NOAA
2006]) projected using the British National Grid. Each
survey site was assigned a location at the nearest land
grid cell. The first step identified all the sea cells adja-
cent to the site cell and assigned a distance from the
site as the Euclidean separation of their cell centre
(1.41 km for diagonals, 1 km for adjacent cells). In the
next step, sea cells were chosen next to those cells

whose separation distance was already calculated. For
each of these new cells, separation distance (dx,y) from
the site was assigned as:

(1)

where i is the set of neighbouring cells for which dis-
tance was already calculated, and Δx Δy was the dis-
tance separating the centre of the cell from the neigh-
bour cells along the x- and y-axes of the grid. This step
was repeated until distance was calculated for all the
sea cells (Fig. 1) up to 50 km away from each site. The
area of connected sea as a function of distance away
gave the ‘openness’ of the site.

The form of the distance-area function reflected the
coastal topography very well (Fig. 1). Open coastal
sites had the most connected area for a given distance
(Fig. 1A,C), and sites at the head of long fjords had the
least (Fig. 1B). The area of open sea within 30 km was
used as a measure of openness in analyses.

Statistical analysis. We used multiple regression in 2
ways (Mac Nally 2002) to determine (1) the proportion of
variance in each response explained by each of the 5
predictor variables examined (year of observation, SST,
chl a, wave fetch and openness), and (2) the best predic-
tive model for each of the response variables. Hierarchi-
cal partitioning (HP) (Chevan & Sutherland 1991) was
used to determine effects of each of the predictors on
explained variance (1 above), using the R software
package (Walsh et al. 2003). HP compares the fit of all
possible models that include the predictor variable, with
the fit of all the models that do not. This allows the inde-
pendent and joint effects of each variable to be mea-
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sured: ‘independent’ effects as the effect of the variable
on its own and ‘joint’ effects measuring the modifying
effect of (or colinearity with) the other variables.

Only those variables emerging from (1) as explaining
sufficient variance (>5% of the independent effects)
were used in the construction of predictive models (2).
The process of selecting the best predictive model for
each response involved several steps (Zuur et al. 2007).
Candidate models were fitted using generalized least
squares (GLS) regression without error variance struc-
ture. GLS regression can model the unequal variances
associated with different levels of each factor (e.g.
years) and with continuous variables (e.g. chl a). The
set of models included every combination of the main
effects, their first-order interactions and the second-
order interactions between the continuous variables
(SST, chl a, wave fetch and openness) and year as a
factor. Initial model selection was based on information
theoretic measures (Akaike’s Information Criterion,
corrected for sample size AICc). AICc sets the fit of the
model against the number of parameters included,
providing the optimal balance between the best fit and
the most parsimonious model for that model with the
smallest AICc value. This best AICc-indicated model
formed the starting point for evaluation of further mod-
els that included terms for the underlying variance
structure of the data. The best underlying error struc-
ture was identified by comparing AIC values of models
that included error variance terms for each of the pre-
dictors left in the model, fitted using restricted maxi-
mum likelihood (REML). If including the error struc-
ture significantly (p < 0.05) improved the fit of the
model over a model without such structure, this error
structure was adopted. The final step involved back-
wards stepwise removal of non-significant terms from
the model with the optimal error structure, determined
by comparing nested models with and without each
term, and fitted using maximum likelihood (ML). The
final model was selected once terms could no longer be
removed from the model, and subsequently refitted
using REML to obtain parameter values. Final inspec-
tion of normalised residuals from the model confirmed
the assumption of normality.

RESULTS

Oceanographic influences: regional patterns of
temperature and food supply

Average surface chl a concentrations were lowest
(<1 mg m–3) in the far north of the study region (Fig. 2)
and increased towards the south to >2 mg m–3 in the
large inlets of central Scotland (Firths of Forth and
Clyde). Higher values still occurred in the Solway Firth

(>5 mg m–3), though high sediment load may have
influenced values in the latter region (Joint & Groom
2000). Patterns of SST changed with the seasons
(Fig. 3). In February, SST was highest offshore towards
the shelf edge and lowest in inner Firths (Clyde, Forth,
Moray, Solway, Fig. 3A). By May (Fig. 3B), SST
remained high to the west, but the inner Firths were
now warmer than the surrounding coastal regions.
Increased SST in coastal regions persisted in August
(Fig. 3C), but with warmer temperatures towards the
Irish Sea and mid North Sea. By November (Fig. 3D),
SST was more uniform. Average chl a concentrations
at survey sites were positively correlated with patterns
of SST in August (r = 0.629, n = 313 sites), and May (r =
0.418), but negatively related to February SST (r =
–0.432) and not at all with November SST (r = 0.055).

Local conditions: wave exposure and 
coastal openness

Wave fetch and openness at the 30 km scale were
positively correlated (r = 0.619) as expected, but with
considerable variation in summed wave fetch for simi-
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lar values of openness. Local conditions were relatively
independent of regional oceanographic influences.
Average surface chl a was unrelated to wave fetch (r =
–0.021) but was negatively related to openness (log10

chl a mg m–3, r = –0.386). The 2 coastal shape indices
(summed fetch, openness) were relatively independent
of SST, with only August SST being negatively related
to openness (r = –0.273).

Relative importance of oceanographic versus 
local influences

For all but one of the response variables, HP gave the
year of the survey as the most important predictor
(Fig. 4), having the largest independent effect on
deviance. Wave fetch had the second largest indepen-
dent effect on densities of adult and juvenile barnacles
(Fig. 4B). After survey year, chl a had the next most
important influence on size of juvenile barnacles,

while openness was next for the size of adult barna-
cles. Of the tested variables, SST effect was never
ranked better than third in any comparisons, being
>5% of the total independent effects in only 6 of 48
relationships and never >10%.

Independent predictor variables can act in 2 modes:
‘additive’, where some of the variance explained in the
response is shared jointly with other predictors
because of correlation among them (colinearity), and
‘suppressive’, where the predictive power of that vari-
able is improved by the presence of other predictor
variables (Hamilton 1987). The sign of joint effects
from HP (Fig. 4) shows this. A negative value indicates
suppressive mode. Most joint effects were positive (58
out of 96). Joint effects of wave fetch and year on juve-
nile and adult density were negative, suggesting that
the predictive effects of one (fetch) were improved
when the other (year) was included in the model.
Openness had large positive joint effects on adult size,
perhaps reflecting its high correlation with wave fetch.
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Fig. 3. Seasonal patterns of sea surface temperature around Scotland, from 2000 to 2006, derived from satellite data, for 
(A) February, (B) May, (C) August and (D) November
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Predictive models

Despite the conceptual importance of openness and
the strong correlations with response variables, open-
ness was never included in any of the models identi-
fied by the selection procedure (Table 2). Sizes of
adults and juveniles were best predicted by models
including average surface chl a and the year of the sur-
vey, except at high water where wave fetch had a
small modifying influence. Adults (Fig. 5C) and juve-
niles (Fig. 5D) tended to be larger in areas of high chl a
concentration, though the trend varied from year to
year, being especially strong for adults in 2001. Plots of

barnacle size versus wave fetch showed a negative
relationship (Fig. 5A,B), but this was accounted for by
the trend for higher levels of chl a in areas of low wave
fetch. Variance depended on the year of the survey
and, for adults at MW and HW, increased with chloro-
phyll concentrations. Models generally predicted a
large proportion of the variance in size among sites
(Table 2, R2 from 0.34 to 0.67).

Population densities of adults and juveniles were
best modelled with combinations of terms for wave
fetch and chl a (Table 2). Adult and juvenile density
were always positively related to wave fetch (Fig. 6),
but the slope of the relationship between juvenile den-
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Response Age class Level Model terms Variance structure R2

Size Juvenile (0+) HW Y, C, Y × C Y 0.513
MW Y, C, Y × C Y 0.464
LW Y, C, Y × C Y 0.342

Adult (1+) HW Y, C, Y × C, F, C × F Y × C 0.672
MW Y, C, Y × C Y × C 0.579
LW Y, C, Y × C Y 0.560

Density Juvenile (0+) HW Y, C, F, Y × C, Y × F Y 0.339
MW Y, C, F, Y × F Y × F 0.237
LW Y, C, F, Y × C, Y × F, C × F, Y × C × F Y 0.355

Adult (1+) HW Y, F None 0.106
MW C, F, C × F Y × F 0.094
LW Y, F, Y × F Y 0.148

Table 2. Final structure of selected models for generalised least squares regressions. HW: high shore, 10–20 cm below the upper
barnacle limit; LW: low shore, 10 cm above the lower barnacle limit; MW: mid shore, midway between LW and HW; Y: year of
survey; C: average surface chlorophyll a (mg m–3); F: summed wave fetch (km); R2: proportion of variance in the response 

explained by the model. Size was represented by operculum length (mm) and density by individuals per cm2
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sity and fetch changed between the years of the study
(Fig 6B). In extreme wave exposure, densities of juve-
niles and adults were below the trend line, suggesting
that the linear relationship may break down in these
conditions (Fig. 6A,B). Chl a concentration was not
included in final models of adult population density at
HW and LW and had only a small and variable nega-
tive effect on adults at MW (Fig. 6C) and on juvenile
density (Fig. 6D).

Geographical patterns of barnacle demography

An important limitation of this study is the differ-
ences in areas surveyed each year. Extending the geo-
graphical extent of the study came at a cost: it was not
possible to determine whether differences between
yearly surveys were due to spatial and/or temporal dif-

ferences in barnacle populations. Some relationships
with predictor variables were similar among yearly
surveys, such as the relationship between adult
density and wave fetch (Fig. 6A), while others varied
(MW adult size versus chl a concentration, Fig. 5C).
Nonetheless, consistent geographical patterns in bar-
nacle size and density emerged. The largest average
adult barnacle sizes were found in sea lochs and inner
firths (Fig. 7A) and the smallest on the open coasts of
the Western Isles and southeast Scotland. Densities of
juveniles were lowest in the Western Isles and Orkney,
and highest in northwest Scotland and in the Clyde
Sea (Fig. 7B).

Repeat visits to sites in 2006 allowed us to test the
consistency of the spatial differences using simple cor-
relations (Table 3). Sizes of adults were most consistent
between visits to the same sites, with adult densities
less so. Patterns of sizes and densities of juveniles
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among the resampled sites were not consistent with
those in previous visits, suggesting much greater
temporal variation in juvenile spatial patterns.

DISCUSSION

Clear spatial associations emerged in this study: bar-
nacles reached larger sizes in areas of high chlorophyll
(chl a) concentrations, and greater population densities
at sites with greater wave fetch. These trends occurred
in both adult (1+ and older) and juvenile (0+, 90 to
120 d old) Semibalanus balanoides, indicating that the
patterns are established early in life. The generalities

in spatial patterns in these data may not permit definite
conclusions as to the underlying ecological processes,
but the data set does allow us to assess the plausibility
of current explanations for causes of spatial patterns in
rocky intertidal communities.

Barnacle size increased in areas of high chl a

In the Pacific northwest of the USA, marked differ-
ences in rocky shore communities between upwelling
and non-upwelling regions of the coast have been
linked to differences in nearshore phytoplankton con-
centrations (Menge et al. 1997). Barnacles in the
region (Balanus glandula) grew faster, reached larger
sizes (Sanford & Menge 2001), and had more repro-
ductive output per individual (Leslie et al. 2005) at sites
with higher chl a. Similar patterns have been seen in
New England, with water flow speed and chl a both
positively influencing Semibalanus balanoides growth
at field sites and in the laboratory (Sanford et al. 1994),
and adult barnacles reaching larger sizes in sheltered
bays with higher chl a levels than on open coasts (Bert-
ness et al. 1991).

It seems highly likely that the same mechanisms pro-
duced the patterns of size seen in this study. With size
well predicted by satellite estimates of chl a (R2 from 0.5
to 0.6), food-limited growth appears to account for most
of the large amount of variation in size in Scotland, in
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Size Density
r n p r n p

Juvenile (0+) HW 0.092 17 0.362 –0.064 23 0.385
MW –0.054 20 0.411 0.078 23 0.361
LW –0.093 21 0.345 0.358 24 0.043

Adult (1+) HW 0.519 20 0.009 0.384 23 0.035
MW 0.315 23 0.072 0.311 23 0.074
LW 0.515 19 0.012 0.066 24 0.380

Table 3. Correlations between average values for Semibalanus
balanoides size and density sampled at the same sites in 2006
and previously between 2002 and 2005. Abbreviations: r, cor-
relation; n, number of sites compared; p, 1-tailed probability 
of r, significant correlations in bold; HW/MW/LW, see Fig. 4

Fig. 7. Semibalanus balanoides. Geographical patterns of (A) average size of adults (operculum length, mm) and (B) juvenile 
density 2001–2006 (no. cm–2)
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line with our first hypothesis. The apparent decrease in
size with increasing wave fetch and openness (see Fig.
5) was entirely explained by the decrease in chl a con-
centrations in exposed areas where wave action was
high. If wave action increased the supply of planktonic
food through increased water flow (Sanford et al. 1994),
we would have expected to see faster growth and
larger sizes at wave-exposed sites than at sheltered
sites in regions with similar levels of chl a, but this ex-
pected modifying effect was not seen.

The relationships between size and satellite-
estimated chl a varied strongly from year to year, albeit
always positive. In 2001, for example, when most sam-
ple sites were in protected west coast sea lochs, the
effect of chl a on size was very strong, with extremely
large average sizes (>6 mm operculum length) found
in regions having the highest chl a concentrations (2 to
3 mg m–3). In contrast, adult barnacles in the same
region in 2003 (at similar levels of chl a) were much
smaller (from 3 to 4 mm), while in E Scotland in 2005
animals were only around 2 mm. Several explanations
seem plausible: (1) Dominant cohorts may have
skewed the population average size for some years.
The 2000 year class of Semibalanus balanoides, for
example, was exceptionally strong in the Clyde (Hans-
son et al. 2003). (2) The satellite-derived estimates of
chl a concentrations may not reflect the food available
for growth. Chl a levels in sea lochs were obtained by
local averaging and extrapolation from coastal pixels,
while elsewhere, such as in the Solway Firth, sus-
pended sediment may result in overestimated concen-
trations of chl a (Case 2 waters, Joint & Groom 2000).
Chl a from satellites may be a variable proxy for barna-
cle food, also known to include zooplankton as well as
detritus and detached algal filaments (Barnes 1959). (3)
Sea and air temperatures may influence feeding (San-
ford et al. 1994) and food conversion efficiency. (4)
Average size of adults may have been influenced by
differential survival. For non-asymptotic growth,
enhanced survival might be expected to result in adult
populations dominated by larger, older individuals.
Our data do not allow us to discount this possibility, but
the dependence of the size of 90- to 120-d-old juveniles
on chl a does suggest that food-limited growth, rather
than differential survival, is the proximate cause for
the pattern in size.

Barnacle density increased with wave exposure

Population densities of Semibalanus balanoides
were less well predicted (R2 from 0.10 to 0.35), but with
consistently higher densities in high flow conditions at
wave-exposed sites as expected. One possible reason
for the reduced predictive power of models relative to

those for average sizes may be that density was much
less well characterised by the sampling method than
size, with greater variability among photos for densi-
ties. Variance to mean ratio was 1.08 for juvenile
counts in 2006 and 0.43 for adult counts, while the ratio
for average size was only 0.03 for adults and 0.04 for
juveniles. The relatively small number of replicates per
site will have given less representative estimates of
density than size of barnacles.

Observed patterns of population density in Semi-
balanus balanoides reflect either settlement and
recruitment or post-settlement and later survival, or
both (Hunt & Scheibling 1997, Jenkins et al. 2008).
Without repeated censuses in this study, we are unable
to discriminate between these processes, but infer-
ences can be made by examination of patterns in juve-
nile density (which reflect patterns of settlement/
recruitment) and the ratio of juveniles to adults (which
may reflect post-settlement survival). If we assume
barnacle populations are in equilibrium at the regional
scale, the relative numbers of adults and juveniles may
reflect the level of survival from juveniles to adults.
From average log ratios (S = log10[NAdults/NJuveniles]),
survival appears best in HW populations (SHW = –0.19
± 0.58, mean ± SD), then MW (SMW = –0.50 ± 0.55) and
LW (SLW = –0.68 ± 0.62), in line with some studies (Bur-
rows 1988) but not others (Jenkins et al. 1999) where
post-settlement survival was lower in high shore areas.
We did not attempt a systematic analysis of survival
inferred from this ratio, but a quick comparison
showed that survival (S) was strongly positively corre-
lated with the degree of openness of the sites (SHW r =
0.32, n = 171; SMW r = 0.27, n = 179; SLW r = 0.37, n = 160;
all p < 0.001), but not with wave fetch or chl a (all p >
0.05), except at HW where S was negatively correlated
with chl a (r = –0.22, n = 171). If this ratio is indicative,
survival appears to be reduced in enclosed areas in this
species. This pattern may be mediated by the influence
of recruitment on the level of mortality dependent on
post-settlement density (Jenkins et al. 2008) since high
levels of survival were associated with low numbers of
juveniles in open areas.

Coastal topography, as expressed by our openness
measure, should influence larval retention and thus
larval supply. Populations on open coastlines and
headlands should suffer losses of larval output through
advection away from the coast into the open sea and
through simple dilution effects (e.g. Jenkins 2005), and
this could offset the positive effects of increased flow
on supply to these wave-exposed sites. This process
has been suggested for the progressive loss of Semi-
balanus balanoides from headlands towards its south-
ern limit in Devon and Cornwall (Southward & Crisp
1956) and may be partly responsible for restriction of S.
balanoides to enclosed areas at the very southern edge
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of its range (Wethey & Woodin 2008). While this may
explain the seemingly lower-than-expected densities
of juveniles in extreme wave exposure (Fig. 6B), it does
not account for the observed low densities in extreme
shelter and in enclosed areas in our study. Reduced
densities in these areas could be due to low larval
retention and supply associated with high flushing
rates in enclosed areas, associated with variable river
flows (Gaines & Bertness 1992). Larval supply may also
be reduced in enclosed areas through low-salinity
effects on S. balanoides larvae in early spring (Bhatna-
gar & Crisp 1965).

Biological interactions may also reduce settlement
and recruitment of Semibalanus balanoides in extreme
shelter. Sheltered shores tend to be dominated by
macroalgae with less habitat available for barnacles
(Burrows et al. 2008), while grazer-mediated loss of
macroalgae from more wave-exposed shores may
make space available for barnacle recruitment. While
we chose our areas for photographs between dense
patches of macroalgae, it is possible that physical
sweeping and grazer bulldozing effects and lack of
cues from adult barnacles reduced settlement and
recruitment at algae-dominated sites (Hawkins 1983,
Jenkins et al. 1999).

Geographical patterns of recruitment may be further
influenced by patterns of fecundity of adults and their
contribution to the local pool of larvae (Hughes et al.
2000). Balanus glandula, like Semibalanus balanoides
in this study, has larger adults and produces more lar-
vae per unit body mass in areas of high chl a (Leslie et
al. 2005). Barnes & Barnes (1968) found 5-fold differ-
ences in S. balanoides fecundity in our study region:
from 800 eggs for a barnacle of 1.5 mg dry weight on
the north coast to 5000 eggs for a similar-sized barna-
cle in the Firth of Clyde, with some evidence for locally
enhanced egg production in wave shelter. This trend
matches well with the chl a gradient, suggesting that
food supply may limit biomass-specific egg production.
Egg production is also strongly size-dependent (e.g.
Burrows et al. 1992), so our observed increase in adult
body size with chl a should further increase larval sup-
ply. Fecundity is also density-dependent in this spe-
cies, though it is not well established whether effects
are always negative or positive in a population-level
context (Leslie 2005).

Synthesis: regional population dynamics of a species
with widespread larval dispersal

The positive effects of food supply on growth and
size in Semibalanus balanoides, with the positive
effects of wave exposure and slightly negative effects
of food supply on recruitment-mediated density in this

region, suggest these mechanisms govern the dynam-
ics of the species over a regional scale (~1000 km).
Populations of S. balanoides may be influenced by
topographical effects on larval retention, and thus
inshore concentrations, as expressed by our openness
measure, and by local effects of water flow on larval
supply. Effects of food supply on adult size and
fecundity affect larval production (Leslie et al. 2005).
By applying a well-developed modelling approach
(Roughgarden et al. 1985, Svensson et al. 2004,
Poloczanska et al. 2008) to these space-limited popula-
tions in a spatial context over a region such as ours, we
should be able to move away from the view of this spe-
cies as one with demographically open populations in
which recruitment is an entirely stochastic process
(Svensson et al. 2004) towards one with an explicit
understanding of the spatial scale at which the popula-
tion is demographically closed, where recruitment is
linked to adult density. While this may be a consider-
able task, S. balanoides may be the ideal candidate
species for such an approach.
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