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INTRODUCTION

Many sedentary or sessile marine species produce
free-swimming larvae, which have the potential for
dispersal over large distances, linking adult popula-
tions across broad spatial scales (Palumbi 2003). This
does not imply that the larvae of different species are
well mixed in the plankton. Variability in currents,
spawning times, larval duration, larval behaviour and
location of adult populations cause spatial and tempo-
ral patchiness in distribution of larvae (e.g. González-
Gordillo et al. 2003). Such variability has been recog-

nised as a potentially important mechanism for species
coexistence. For example, interspecific temporal vari-
ability in recruitment may facilitate the coexistence of
competing species at a site (a storage effect; Chesson
1985). The size of the local pool of species (sensu Zobel
1997) potentially able to settle at a site sets an upper
limit on the diversity at that site, but may also confer
local resistance to introduced species (Herben 2005).
The characteristics of the local pool, therefore, set the
boundaries within which post-recruitment processes
such as predation and competition may influence the
benthic community at a site.
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Shoreline irregularities such as headlands and
embayments can modify local hydrodynamic pro-
cesses, creating eddies and fronts that affect the dis-
persion of zooplankton (Alldredge & Hamner 1980,
Lobel & Robinson 1986, McCulloch & Shanks 2003).
The interaction of such mesoscale features with larval
behaviour (Shanks & Brink 2005, Knights et al. 2007)
may explain examples of limited dispersal and local
recruitment in species with long planktonic duration
(Strathmann et al. 2002, Paris & Cowen 2004, Cowen et
al. 2006). At the scales relevant to larvae, each benthic
area has a unique hydrography. Spatially replicated
studies are therefore essential to understanding
whether particular features (such as bays and head-
lands) have consistent effects on larval distributions
(Archembaut et al. 1998, Archembaut & Bourget 1999,
Palma et al. 2006). A variable potentially useful in
describing the likelihood that larvae are retained in
bays is the flushing time (Gaines & Bertness 1992).
Flushing time can be defined as the time needed for
the total mass of material within the area of interest to
be reduced to a factor of e–1 (i.e. 0.37) of its original
mass (Prandle 1984). In systems where tidal exchange
is the main process of water movement, a low flushing
time will reduce the chance that a locally produced
larva will be retained in the system and increase the
potential contribution of externally produced larvae to
the local pool.

The general effects of variation in flushing time
between bays on the stability and composition of the
larval pool are difficult to predict. Three hypotheses
can be proposed: (1) Flushing times are not an impor-
tant factor; biophysical interactions determining larval
assemblage structure are too complex and variable for
generalities to exist (Sponaugle et al. 2002). Single
species and multispecies larval pulses occur, but these
are essentially driven by idiosyncratic combinations of
physical and biological processes. (2) The richness of
larval assemblages will be higher in bays with a low
flushing time. This greater richness results when
exchange of water with adjacent sites increases the
likely range of habitats and source populations that act
as larval sources. Spatial averaging across potential
larval sources in well-flushed bays will also result in
more even distributions of larvae, with fewer recruit-
ment pulses. (3) Bays with long flushing times will
have more diverse larval pools due to retention of
locally produced larvae and/or due to tidal exchange
representing a net loss term for larvae. For example,
larvae may be advected offshore before they have the
opportunity to be transported into a bay (Shanks et al.
2003).

The purpose of the present study was to investigate
the effect of coastline configuration on larval assem-
blages by sampling a number of bays representing a

gradient of flushing times. Estimates of larval diversity
were compared from individual dates and, as an aver-
age, across months. Flushing time was used as a pre-
dictor variable. System-wide flushing time estimates
are useful approximations for comparative studies, but
such estimates contain errors due to an incomplete
description of transport processes (Sheldon & Alber
2006). We therefore augmented flushing time esti-
mates with other potential predictor variables in a
multivariate approach.

MATERIALS AND METHODS

Sampling. Replicate sea surface trawls were con-
ducted in 8 bays along the Irish coast: Waterford Har-
bour, Wexford Harbour, Youghal Harbour, Cork Har-
bour, Tragumna Bay, Tranabo Bay, Strangford Lough
and Roaringwater Bay (Fig. 1). Admiralty charts for the
bays showed that they varied in area and depth, effec-
tively generating a range of flushing times. In each
bay, 2 sea surface plankton trawls were conducted
from a 5 m rigid inflatable boat, each over approxi-
mately 400 m at an average speed of 1 to 2 knots, as
gauged by an onboard global positioning system
(GPS). Trawls were conducted monthly from March to
June 2005 to coincide with the spring to summer zoo-
plankton bloom, with each trawl utilising a buoyed
40 cm diameter conical net of 200 µm mesh with
attached flowmeter (General Oceanics Model 2030R
with standard rotor). All trawls were performed during
daylight hours, avoiding times of dawn and dusk to
minimise the effect of diurnal vertical migration of
larvae (Lampert 1989).

Sampling logistics require a compromise between
replication in time at a site (e.g. González-Gordillo et
al. 2003) and spatial replication across sites. We there-
fore sampled at a single time of day, but repeated this
over 8 bays. To minimise potential bay-to-bay differ-
ences in species present due to sampling through the
water column in bays of differing depth regimes (e.g.
66 m in Strangford Lough, 4 m in Wexford Harbour),
sea surface trawls were performed. This undersamples
the assemblage in each bay, particularly if species are
undergoing diel vertical migrations and are more
abundant in surface waters at night. Although such
migration patterns exist in coastal waters, they are far
from universal. Rawlinson et al. (2004) reported that
40% of meroplankton groups showed evidence of ver-
tical migration, and these patterns were not consis-
tently observed. In a study of crab larvae, González-
Gordillo et al. (2003) found interspecific variability in
the degree of vertical migration. Even species under-
going vertical migrations were rarely absent from
surface waters (González-Gordillo et al. 2003, their
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Fig. 4). We therefore feel that daytime sampling
provides a reliable estimate of the potential species
pool. Variation among sites in vertical migration
patterns may, however, complicate comparisons of
relative abundance.

Samples were sieved through a 200 µm mesh sieve
and preserved in 100 ml of 70% ethanol within 1 h of
collection. Subsamples in aliquots of 1 to 5 ml were
taken using a bulb pipette to yield a sample contain-
ing approximately 300 individuals (Venrick 1971,
Omori & Ikeda 1992) for identification. Planktonic lar-
vae of benthic marine invertebrates were identified to
the lowest possible taxonomic level. Abundances
were adjusted to reflect the volume of water sampled
in each trawl, determined by flowmeter readings, and
are given as the number of individuals per cubic
metre (ind. m–3).

The flushing time (TE) of each bay was estimated
using the tidal prism method, applicable where only
basin geometry and tidal range information are avail-
able, following Gillibrand (2001):

where V is the volume of the bay at low water (m3), A
is the surface area of the bay at mid-tide (m3) and R is
the mean spring tidal range (m). The mean tidal range
in the northeast Atlantic is typically a factor of 0.7 of
the mean spring range and is the factor adopted here.
The conversion factor of 0.52 accounts for the fact that
there are 1.93 semi-diurnal tides d–1. Admiralty charts
for each bay were digitised in GIS software (ARCGIS
8.2), with volume and surface area calculated from
3-dimensional models of the bays based on bathy-
metry. Mean spring tidal range was estimated using
freely available tidal prediction software (JTides,
www.arachnoid.com/JTides/index.html and Easytide,
http://easytide.ukho.gov.uk).

Flushing time estimated by the tidal prism method
is a simple metric to compare bays. By adding an
appropriate ‘return factor’ to describe the proportion
of embayment water returned on the flood tide, tidal
prism methods can produce flushing estimates com-
parable to more complex models (Gillibrand 2001).
The tidal prism flushing time (3 d) for the area of
Strangford, where samples were taken, is similar to
the results from a 3-dimensional hydrodynamic model
(4 d; Ferreira et al. 2007). Simple measures of bay
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Fig. 1. Bays sampled along the Irish coast
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geometry may give a reasonable first approximation
for properties such as a flushing time (r2 = 52% based
on area and length; Abdelrhman 2005). The main dis-
advantage to simple estimates of flushing time is that
they ignore various processes that affect flushing
(Luketina 1998, Monsen et al. 2002). For example,
there may be density-driven exchange, wind-driven
advection of surface waters and variation within the
system in flushing time. The temporal and spatial
variability of such processes means that simple flush-
ing time estimates are always extrapolations with
unknown degrees of error. Unfortunately, the costs of
routine application of more accurate estimates of
flushing are prohibitive (Abdelrhman 2005). While
recognizing the method’s limitations, we used tidal-
prism-based estimates to compare embayments. Devi-
ations from the assumptions of the tidal prism method
do not consistently result in under- or overestimates of
flushing. We therefore anticipate that the unknown
error in our estimates of flushing is more likely to
obscure predictive relationships than to cause them.

To include as much information on the systems as
possible, we also used the following predictor vari-
ables: latitude, volume, area, area:volume ratio, tidal
range, salinity, mean surface temperature (data freely
available from www.emc.ncep.noaa.gov/research/cmb/
sst_analysis/) and mean chlorophyll a concentration
(data available from http://reason.gsfc.nasa.gov/OPS/
Giovanni/ocean.seawifs.2.shtml#description). Volume
and area contain information about the size of the sys-
tem and the potential local supply of larvae. Tempera-
ture and latitude are indicators of the potential differ-
ences in regional larval pools (for example, between
the Irish and Celtic Seas). Salinity, chlorophyll and
tidal range supply additional information on local pro-
ductivity, magnitude of tidal supply and potential for
density-driven circulation.

Data analysis. The influences of flushing time and
the other environmental predictors on the local species
pool were estimated using regression. Significant rela-
tionships with daily averages (n = 32) of species rich-
ness, Shannon diversity (log2 H ’), evenness and abun-
dance imply support for either hypothesis 2 or 3 as
outlined in the introduction (the physical characteris-
tics of bays influence the larval pool). In addition, the
total species richness for each embayment was derived
(n = 8) and used as an estimate of the larval pool over
the 4 mo sample period.

There is some redundancy among the environmental
variables as predictors of the larval pool. For example,
volume and area are likely to be at least partially cor-
related. With a relatively small number of bays in rela-
tion to the number of potential predictor variables, this
colinearity can make multiple regression estimates
unreliable (Quinn & Keough 2006). We therefore used

principle components analysis (PCA) as a data reduc-
tion technique to produce composite variables describ-
ing the overall patterns of environmental variability
between bays. PCA transforms the pattern of variabil-
ity in multivariate data into a series of orthogonal
(uncorrelated) variables. Commonly the first 2 princi-
ple components describe the majority of the variability
in a data set. The components can be used as orthogo-
nal predictors without the problems associated with
colinearity in the raw predictor variables. If the addi-
tional information across all environmental variables
helps explain the differences in larval pool measures
between sites, then the r2 values using PCA scores will
be higher than r2 values from the best single predictor
variable regression.

The turnover in species between separate sampling
dates is an important descriptor of the larval pool.
Great variability from week to week in the composition
of the larval pool increases the potential number of
species that may recruit to a site. Furthermore, large
interspecific differences in larval abundance increase
the opportunities for coexistence through variable
recruitment. Three measures of this turnover were
used. The simplest is the total number of species
recorded from a bay (total species richness). Temporal
turnover in species composition can also be measured
by the average similarities between dates at a site (also
known as measures of dispersion or beta diversity).
This was calculated using Bray-Curtis similarities
between dates. One analysis used presence/absence
data to emphasize changes in species’ identities. A sec-
ond analysis used untransformed data to emphasize
changes in larval abundance.

RESULTS

Bays represented a range of flushing times from <1 d
(Tranabo Bay, Youghal Harbour) to 3 d (Strangford
Lough) (Table 1). PCA analysis of environmental vari-
ables emphasized the relative distinctiveness of
Strangford Lough and Wexford Harbour (Fig. 2a). The
first 2 principal components were associated with
81.4% of the variability among sites. The first compo-
nent (PC1) has larger positive values for bays with
greater volumes, higher latitudes, cooler temperatures
and larger areas. There is also some association along
PC1, with longer flushing times and greater phyto-
plankton biomass. The position of bays with respect to
the second principal component (PC2) mostly reflects
differences in salinity, tidal range and the average
depth. Positive PC2 scores imply deeper bays with
large tidal ranges and relatively high salinity. There is
also some association with flushing time and chloro-
phyll, but unlike PC1, greater phytoplankton abun-
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dance is not associated with longer flushing times. PC2
tends to discriminate Wexford and Youghal as slightly
shallower, less saline systems in comparison to bays
with a more ‘marine’ character.

A total of 51 separate taxa were identified in sam-
ples, with the most common species being Elminius
modestus, Pilumnus hirtellus, Necora puber, Verruca
stroemia, Balanus crenatus, Littorina littorea, Electra
pilosa, Mytilus spp., barnacle cyprid larvae and spi-
onid worm trochophores. Flushing time was the best
univariate predictor of the species richness observed
on any particular day (significant regression; Fig. 3).
The additional variables within the principal compo-
nents slightly improved the level of variance in species
richness explained (r2 for PC2 was 39.1% compared to
34.5% for flushing time; Fig. 3a). The position of bays
on PC2 also had significant relationships with Shannon
diversity and evenness. Hence, a more marine nature
of bays tended to imply a more diverse and richer
assemblage, with a lower level of dominance by the
most abundant species. In contrast to species richness,
the best univariate predictor of diversity and evenness
was salinity. There were no significant relationships
between univariate or PCA predictors and the overall
larval abundance.

Patterns for species richness in single-day samples
were repeated when aggregating data across all dates
at a bay (Fig. 4a). Positive PC2 scores were associated
with higher species richness, although the best uni-
variate predictor was salinity, not flushing time.
Untransformed species counts showed a greater simi-
larity among dates as PC2 scores increased. Bays with
a more marine character, therefore, had a more stable
larval assemblage over time. This stability was caused
by consistencies in species abundances rather than the
identities of species. Turnover in species’ identities
(similarity based on presence/absence) had no con-
sistent relationship with environmental predictors
(Fig. 4c).
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Bay Flushing   Latitude Tidal Average Volume Area Mean Mean
time (TE) (° N) range surface temp. (m3 × 106) (m2 × 106) salinity chlorophyll conc.

(d) (m) (°C) (mg m–3)

Tranabo Bay 0.89 51° 29’ 46” 3.48 11.65 0.15 0.09 34.4 1.13  
Youghal Harbour 0.94 51° 58’ 12” 3.42 11.3 5.76 2.96 21.4 1.35  
Wexford Harbour 1.25 52° 20’ 10” 1.27 10.92 24.30 19.51 18.6 5.20  
Waterford Harbour 1.30 52° 20’ 10” 3.81 10.92 92.88 23.30 26.1 1.37  
Roaringwater Bay 1.33 51° 32’ 08” 2.65 11.65 29.83 10.27 35 1.08  
Cork Harbour 1.72 51° 50’ 17” 3.70 11.57 115.44 19.37 28.4 1.71  
Tragumna Bay 1.86 51° 29’ 53” 3.48 11.65 3.23 0.52 34.4 1.13  
Strangford Lough 3.00 54° 23’ 17” 2.99 10.63 924.94 92.49 32.6 3.13

Table 1. Environmental variables of studied embayments. Flushing time of bays was calculated using the tidal prism method
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divided by volume, higher in relatively shallow systems
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DISCUSSION

There was clear evidence that the physical character-
istics of bays influence the local larval pool. Species
richness was higher in bays with longer flushing times
(hypothesis 3). If transport away from the coast reduces
larval and adult abundance (Shanks et al. 2003), bays
with a longer flushing time should retain more larvae
than bays with a short flushing time, resulting in

increased abundances and a higher diversity. There
was, however, no evidence for low larval densities in
water outside bays: larval abundances were not af-
fected by environmental variables. Upwelling-related
transport has been suggested as a cause of low larval
densities in coastal waters (although this may not be a
general mechanism of larval transport; Shanks & Brink
2005). The sampled bays were not on coasts subject to
strong upwelling influences.
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The unknown errors in tidal-prism-based estimates
of flushing may have influenced the results in 2 ways.
Either the errors caused the flushing time estimates to
correlate with some other feature of bays that under-
lies the patterns, or, despite the errors, tidal prism esti-
mates of flushing retain sufficient information on the
relative contribution of inputs from outside the bays to
have some predictive power. The PCA results dis-
cussed below give some indication on a gradient of bay
types that may underlie the observed patterns. If tidal
flushing estimates were of themselves important, one
would expect that more accurate estimates of flushing
would improve the proportion of variance explained in
the regressions.

One of the dominant patterns among bays identified
in the PCA was a gradient from more saline bays with
long flushing times to less saline embayments with
shorter flushing times. The positions of bays along this
gradient (PC2) generally explained more variation in
the larval pool than univariate predictors such as flush-
ing time or salinity. Potential mechanisms behind the
increasing species richness with higher PC2 scores are:
(1) deeper bays have more habitat diversity than shal-
low bays, leading to a more diverse potential source of
larvae, and (2) species richness is correlated with salin-
ity. As more saline bays contain more marine species,
this leads to a more diverse larval pool.

Gaines & Bertness (1992) suggested that variability
in recruitment may be due to variable larval retention,
and correlated settlement of the barnacle Semibalanus
balanoides to variation in flushing time and offshore
transport of larvae in Narragansett Bay. Flushing time
in Narragansett Bay was estimated from riverine
inflow, emphasizing the estuarine nature of the bay.
We found that larval assemblages were more variable
over time in the shallower, more estuarine sites (low
PC2 scores). This is consistent with Gaines & Bertness’
(1992) conclusion that larval concentrations are more
variable in bays more influenced by freshwater input.

The positive relationship between both species rich-
ness and flushing time contrasts with the study by Su
et al. (2004), who found no effects of tidal flushing on
phytoplankton species richness or diversity in a tropi-
cal lagoon. However, McKindsey & Bourget (2000)
found increased species richness with increasing bay
size, noting highest values along straight coasts, and
Archambault & Bourget (1999) reported increased
benthic diversity with increasing size of bay. In those 2
studies, selection of bays was based on the length
being smaller than the width of the aperture, such that
the increasing size of a bay resulted in increasingly
open areas resembling straight coastline (shorter flush-
ing). In the current study, bay length was always
greater than the width of the aperture, and a positive
relationship between volume and flushing time was

found. Increasing bay size reflected larger indenta-
tions into the coastline and increased water retention.
The contrast between our results and the observations
of shorter flushing being associated with higher spe-
cies richness (Archambault & Bourget 1999, McKind-
sey & Bourget 2000) may therefore reflect the trend for
the larger systems in both studies to contain more
biotopes and associated species.

Multivariate analysis of communities, comparing
untransformed and presence/absence data, high-
lighted the importance of changes in abundance in
contributing to multivariate dispersion. Regression
analysis showed that bays with higher PC2 scores had
lower multivariate dispersion than bays with short
flushing times, suggesting that part of the same popu-
lation of larvae was sampled on different dates. This
may lead to more predictable recruitment patterns and
a greater stability of community composition over time.
Such stability will also be reflected in greater self-
recruitment in bay populations. This prediction is sup-
ported by findings that short flushing mixes larvae
from a variety of sources, while long flushing times
may lead to restricted gene flow and adaptation to
local conditions in barnacles (Bertness & Gaines 1993).

In a study of 8 bays, not all potential combinations of
environmental variables can be investigated. For
example, it might be interesting to measure the larval
pool of shallow saline and deep brackish systems. This
may help to separate the relative contributions of habi-
tat diversity and salinity to species richness. The
absence of these types from our analysis may, how-
ever, reflect the underlying geomorphological pro-
cesses giving rise to embayments.

The present study has shown that environmental
variables used to characterize coastline configuration,
latitude and availability of phytoplankton can be used
as predictors of species richness, diversity and struc-
ture of larval assemblages. Our results suggest that
flushing time is an important factor in regulating the
diversity of the larval pool. The next step is to test
whether prediction of the characteristics of the larval
pool allows prediction of the diversity and variability of
recruitment and, potentially, the resistance of systems
to invasive species (Herben 2005).
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