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Abstract Larvae of most coastal marine invertebrates develop through a series of pelagic stages in the inner shelf regions
where they are subject to strong velocity fields, including
buoyancy-driven flows from river plumes. Taxon-specific larval behavior can interact with flow fields to determine dispersal trajectories. In this study, we examined the hydrodynamic
features of the Saco River plume (in the southwestern Gulf of
Maine) from July to August and explored how larval behavior
may alter the distribution of mytilid (i.e., Mytilus and
Modiolus) bivalve larvae and three genera of brachyuran
(Carcinus, Hemigrapsus, and Cancer) crab larvae in and
around that plume. Hydrographic surveys (via conductivitytemperature-depth casts) and larval sampling (via plankton
tows) were conducted to assess temporal and spatial variation
in the horizontal and vertical distribution of larvae. The horizontal extent of the Saco River plume varied little during our
study and was governed by both inertial and rotational effects.
Late stage mytilid larvae were relatively homogeneously distributed in and out of the plume, while the distribution of
brachyuran larvae varied among different locations, species,
and larval stages. We conclude that mytilid larvae entered the
plume through physical entrainment and/or upward swimming processes and could tolerate salinities associated with
the plume (<25). By contrast, brachyuran larvae avoided the
plume via downward swimming to avoid osmotic stress, or
had perished prior to sampling.
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Introduction
Invertebrate larvae can interact with nearshore velocity fields
to generate species-specific transport patterns. Vertical positioning of larvae in the water column is particularly important
for determining trajectories. In estuaries, river plumes form
where freshwater enters coastal areas and are characterized
by sharp density interfaces or fronts (Yankovsky and
Chapman 1997). River plumes vary in structure depending
on small-scale (inertial) and large-scale (rotational) processes.
According to Garvine (1995), large-scale plumes deflect to the
right (in the Northern Hemisphere via the Coriolis force) and
contribute to alongshelf currents, while small-scale plumes
tend to bulge and expand close to their source due to localized
tides and winds. Since the swimming speeds of most larvae
are less than the horizontal velocities of the coastal ocean
(which are on the order of 1 m s −1 ; Chia et al. 1984;
Queiroga et al. 1997), they can be transported by the horizontal flow field associated with river plumes. Larvae can be
advected into convergent fields around the density front where
the plume’s movement can affect horizontal transport (Franks
1992). As ebb tides and/or upwelling events expand the
plume, larvae near the surface may be transported offshore
(Dustan and Pinckney 1989; Fong 1998) while larvae below
the halocline may be advected landward (Chao and Boicourt
1986). During flood tides and/or downwelling events, larvae
can be advected into nearshore areas as the onshore transport
associated with these events opposes river flow, resulting in a
freshwater bulge near the river mouth (Dustan and Pinckney
1989; Fong 1998). As external forces influence the structure
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of the plume, vertical mixing may occur between the fresher
plume and the saltier ambient water below (Hetland 2010)
causing larvae to become entrained into the plume.
Larvae may not be simply passively transported (i.e., carried along with currents; Franks 1992), but the degree of departure from passive dispersal can vary among species and
with larval behavior. Larvae can use behavioral mechanisms
to move to water conditions that enhance growth and
survival and to select suitable habitats prior to settlement. Such behaviors are strongly dependent on larval
swimming ability. Larvae can alter their horizontal position by swimming vertically (where vertical currents
are typically on the order of 10−5 m s−1; Young and
Chia 1987).
The majority of bivalve larvae develop from a planktonic
trochophore through a series of shelled veliger stages (70–
300 μm) and have maximum vertical swimming speeds on
the order of millimeters per second (10−3 m s−1; Chia et al.
1984; Hidu and Haskin 1978). Bivalve larvae can avoid or
enter strong horizontal currents by moving vertically; however, the mechanisms governing behavior have varied across
studies. Bivalve larvae may swim or sink in response to
changes in tides, turbulence, temperature, or salinity
(Carriker 1951; Hidu and Haskin 1978; Mann et al. 1991).
For example, under laboratory conditions, larvae of three
mactrid species aggregated toward haloclines when strong
salinity discontinuities were present (Mann et al. 1991). In
other studies, ontogenetic shifts in behavior occurred regardless of environmental cues. Baker and Mann (2003) observed
late stage bivalve larvae (210–260 μm) near the bottom in a
well-mixed estuary in the absence of a strong thermocline or
halocline. Potentially, localized selective pressures may result
in different vertical swimming behaviors in different bivalve
populations, depending on how behaviors to maximize export
or ingress vary with the local hydrographic regime (Manuel
et al. 1996). Moreover, the ability of bivalve larvae to regulate
their vertical distribution is highly dependent on local current
strength and mixing (Roegner 2000).
By contrast, larvae of most decapod crustacean taxa pass
through discrete stages of development (zoeal through
megalopal), attain larger sizes (0.5–2 mm), and tend to exhibit
greater swimming speeds (10−3 to 10−1 m s−1; Chia et al.
1984; Queiroga et al. 1997) than typical bivalve larvae.
Thus, the roles of behavioral mechanisms in the transport of
crustacean larvae are relatively well known and consistent
across studies. Crustacean larvae can maximize transport or
retain position by migrating vertically in synchrony with the
tide cycle (Forward and Tankersley 2001; Queiroga et al.
1997; Queiroga 1998) and the diel cycle (Queiroga et al.
2007; Zeng and Naylor 1996). These types of vertical migrations are not mutually exclusive and may occur in conjunction
with ontogenetic migration (Queiroga 1996). For example,
under a tidally mediated system, newly hatched larvae of
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estuarine species swim upward during an ebb tide to promote
offshore advection. During intermediate developmental
stages, larvae swim downward to avoid strong currents and
to retain position. In the final larval stage, megalopae swim
upward on a flood tide to return to nearshore littoral habitats to
settle and metamorphose (Queiroga 1996). Additionally, adult
habitat, location of spawning, and timing of larval release may
influence the distribution of larvae (e.g., Tilburg et al. 2011a).
Evaluating larval dispersal trajectories requires an understanding of both physical and biological processes. Bivalve
larvae exhibit behaviors in response to a variety of abiotic and
biotic stimuli; however, it is difficult to generalize the effect of
behavior on transport pathways because of variation in
mechanisms among studies. Although transport mechanisms
for decapod larvae have been established, little information is
available on how those mechanisms interact with strong
stratification boundaries such as river plumes. Eggleston
et al. (1998) determined that convergent frontal zones may
influence transport but only examined megalopal larvae that
were localized to a well-mixed estuary with expansive
mudflats and intervening channels. Likewise, Roman and
Boicourt (1999) documented crab larval dispersal and recruitment near the Chesapeake Bay plume; however, the range of
observed salinity was too narrow (27–31, respectively) for
comparing differences in spatial abundance. Several larval
transport studies have examined multiple genera of decapods
within the same system (Brookins and Epifanio 1985; dos
Santos et al. 2008; Epifanio et al. 2013; Morgan et al. 2009;
Shanks 1986; Steppe and Epifanio 2006). Yet, to our knowledge, only one study has compared the distribution of decapod
larvae with another taxonomic group (Kunze et al. 2013).
Comparing the distributions of different taxa that vary in
swimming ability and behavior can shed light on the biological mechanisms that govern their movement. Since all taxa in
such a comparison are constrained to the same physical scales
(spatially and temporally) and experience similar flow dynamics, variation in distributions (among taxa and developmental
stages) may be attributed to differences in behavior in response to the plume.
The main objectives of this study were to (1) characterize
the hydrodynamic features of a river plume and (2) evaluate
whether the distribution of mytilid bivalve and brachyuran
crab larvae in and around that plume was consistent with
taxonomic and ontogenetic variation in larval behavior. Our
study system, the plume emanating from the Saco River, is
located in the southwestern Gulf of Maine (Fig. 1). The Gulf
of Maine supports several species of brachyuran crabs
(Carcinus maenas, Cancer irroratus, Cancer borealis, and
Hemigrapsus sanguineus) and two species of mytilid bivalves
(Mytilus edulis and Modiolus modiolus) that disperse via
planktonic larvae. We determined the physical structure of
the Saco River plume and assessed seasonal and spatial variation in larvae abundance at different locations and depths.
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Fig. 1 Location of the study area,
Saco Bay, within the Gulf of
Maine. Black lines at the mouth
represent location of jetties. Black
solid square shows the location of
University of New England
Marine Science Center

Materials and Methods
Study Site
The Saco River is the sixth largest river in the Gulf of Maine
with a discharge rate that can exceed 600 m3 s−1 during spring
runoff events (Tilburg et al. 2011b). Two jetties on the north
and south sides (1.8 and 1.4 km, respectively, in length) constrain the mouth of the Saco River as freshwater empties into
the adjacent Saco Bay, forming a surface-trapped plume
(Fig. 1). The Saco River is characterized by strong vertical
stratification near the mouth during most parts of the year.
During low-discharge events (<65 m3 s−1), salinity in the

region varies between 26 at the surface of the Saco River
plume to 33 in ambient waters. During high-discharge events
(>500 m3 s−1), the plume extends seaward (up to 8–10 km
from shore) on ebb tides with salinities that may be as low as
13 at the surface. While the plume maintains a thickness of 1–
2 m, the offshore extent is greatly influenced by wind direction (Tilburg et al. 2011b). Tides are semi-diurnal with a mean
tidal range of 2.7 m and the mean wave height is 0.4 m (Jensen
1983; Tilburg et al. 2011b). When river discharge is at its
maximum, the offshore edge of the plume can be affected by
the southwestward flowing Western Maine Coastal Current
(WMCC; Pettigrew et al. 1998). Discharge from the Saco
River and additional coastal rivers contribute to the overall
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circulation patterns along the western boundary of the Gulf of
Maine.
Study Species
There are several bivalve taxa that are found near Saco Bay
and produce planktonic larvae in the summer (e.g.,
Hiatellidae, Mytilidae, Ostreidae, Pectinidae, and Veneridae).
Sampling coincided with times when mytilid bivalve species
(i.e. Mytilus edulis [blue mussel] and Modiolus modiolus
[horse mussel]) are abundant (Mann 1985; Newell et al.
1991) and, therefore, were our species of interest. Adult
Mytilus edulis can temporarily tolerate salinities of 0–31
(Christian et al. 2010; Seed 1969) and have been observed
in small beds within the estuary, including at the University
of New England’s (UNE) high salinity seawater system outflow pipes (Fig. 1) and in deep pockets below the halocline (P.
Yund, personal communication). Mytilus edulis populations,
however, are much more abundant outside the estuary on the
rocky islands and headlands that punctuate the sandier
beaches in the southwestern Gulf of Maine. Adult Modiolus
modiolus require salinities ≥20–25 for survival (Caddy et al.
1974) and are similarly found near islands and headlands at
the mouth of the Bay. Consequently, we expect that the vast
majority of the mytilid larvae sampled in our study would
have originated outside of the river plume. The larvae of both
species are more sensitive to temperature and salinity extremes than are adults (Hrs-Brenko and Calabrese 1969).
Mytilus edulis larvae are known to alter their vertical distribution in response to abiotic stimuli (e.g. salinity, temperature,
and tides; Bayne 1963; Bayne 1964; Knights et al. 2006),
while, to our knowledge, the larval swimming behaviors of
Modiolus modiolus have not been explored.
Brachyuran crab species Carcinus maenas (European
green crab), H. sanguineus (Asian shore crab), Cancer
irroratus (rock crab), and Cancer borealis (Jonah crab) are
found in the Gulf of Maine with peak larval abundances in
late spring through early fall (Grabe 2003; Park et al. 2005;
Sastry and McCarthy 1973). Estuarine species Carcinus
maenas and H. sanguineus can temporarily withstand a large
range of salinities (Carcinus maenas, 5–30 [Anger et al.
1998]; H. sanguineus, ≥15 [Epifanio et al. 1998]), while
Cancer spp. larvae require salinities 25–30 and are restricted
to stenohaline shelf waters (Johns 1981). Adult Carcinus
maenas have been observed surrounding and caught in traps
near the UNE seawater system outflow pipes (Oct–Nov; K.
Matassa, personal communication), and adult H. sanguineus
have been found in rocky intertidal headlands and islands near
the mouth of the Bay. Adult Cancer spp. are found on hard
substrates at depths <10 m. The salinities associated with the
Saco River suggest that adult females for all species are unlikely to move into the upper part of this estuary to release
larvae. Consequently, we expect that the majority of
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brachyuran larvae, like the mussel larvae, originated either
further offshore outside the plume, or from populations in
higher salinity estuaries north of Saco Bay. All four crab species exhibit ontogenetic vertical migration behaviors that are
synchronized with tide flow (ebb and flood) to enhance transport across nearshore and shelf waters (Park et al. 2005;
Queiroga et al. 1997; Shanks 1986).
Physical Data
The study was conducted in the Saco River plume and the
adjacent Saco Bay from July 6 to August 3, 2011. Prior to
sampling larvae, we characterized the location and extent of
the Saco River plume on each cruise via surface salinity data
collected using a SeaBird SBE 45 Micro thermosalinograph
(TSG) along a west to east transect oriented perpendicular to
the shore. The eastward extent of the plume and the ambient
ocean salinity varied daily. Therefore, a unique salinity range
was established for each cruise in which (1) the steepest horizontal gradient defined the offshore edge of the plume, (2)
lower salinities closer to shore represented the region inside
the plume, and (3) higher salinities farther from shore characterized the region outside the plume.
Multiple conductivity-temperature-depth (CTD) casts were
conducted using either a SeaBird SBE 19plus V2 SEACAT or
YSI CastAway CTD in between plankton sampling of each
region. These casts were used to confirm the position of sampling relative to the plume front and document the overall
vertical structure of the plume. The halocline separates the
water mass associated with the plume and the layer below
based on variations in salinity.
We obtained Saco River discharge data from the US
Geological Survey (USGS) gauging station at Cornish, ME,
to forecast the relative offshore distance of the plume prior to
sampling (e.g., Tilburg et al. 2011b), and daily mean sea level
data from NOAA tide gauge station 8418150 at Portland, ME,
to determine tidal range on the day of sampling. Wind data
were obtained from the National Oceanic and Atmospheric
Administration (NOAA) environmental buoy EB 44007, located 15 km northeast of the study site, and examined on the
day prior to sampling due to the 12–20-h lag of the surface
flow field response to wind forcing (Tilburg et al. 2011b).
Larval Data
Seasonal Distribution
We determined the temporal distribution for each taxon of
interest by sampling two times a week for 5 consecutive
weeks at the surface (0.25–1-m depth) outside of the plume
but within the estuary. Sampling cruises on the following
dates are hereafter referenced sequentially: 6 Jul (cruise 1), 8
Jul (Cruise 2), 14 Jul (cruise 3), 15 Jul (cruise 4), 19 Jul (cruise
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5), 21 Jul (cruise 6), 26 Jul (cruise 7), 28 Jul (cruise 8), 2 Aug
(cruise 9), and 3 Aug (cruise 10). All sampling took place ±2 h
of either maximum ebb or flood tide. Sampling was limited by
ship availability and could only be collected during daylight
hours. Time of day and light levels varied across cruises.

Spatial Distribution
Temporal distribution data were used to focus spatial sampling
on time intervals when most taxa were present simultaneously.
The spatial distribution of each larval taxon in relation to the
plume was assessed by collecting additional plankton samples
during cruises 2, 6, and 8 at four locations (inside the plume
[0.25–1 m], below the halocline [3–5 m], and the same two
depths outside the plume [0.25–1 and 3–5 m]). To minimize
variation from physical processes such as winds and tides,
spatial sampling was conducted only during ebb tides at daylight hours on quiescent days (wind speeds <5–6 m s−1) with
northeasterly winds. Although larvae may exhibit diel vertical
migrations, night sampling at these locations was not possible
for this study due to ship availability. Likewise, we experienced strong vertical mixing during flood tides and could not
differentiate between the plume and below the halocline during sampling.
Plankton sampling inside and outside the plume was conducted for approximately 2 h in each region. Larvae were
collected with a 50-μm-mesh plankton net (0.5-m diameter,
5:1 net length/mouth opening ratio) with an attached mechanical flow meter. Eight replicate tows were conducted at each
region and depth, totaling 32 samples per cruise. Each tow
was approximately 2 min in duration, covered 50–300 m,
and sampled a volume of 20–30 m3. Tows were conducted
along transects oriented perpendicular to the front. The TSG
was used to follow the established salinity range while
sampling.
Plankton tow depths were determined by measuring the
length and angle of the tow line during sampling (Dobretsov
and Miron 2001). During subsurface tows, the plankton net
was weighted and deployed while the boat was at rest to minimize exposure of the plankton net to the water column above
3 m. Likewise, upon retrieval, the boat reversed and the net
was hauled vertically through the water column
(resulting in the additional sampling of a maximum of
0.6 m3 of water). Subsurface tows at 3–5 m were generally below the halocline based on CTD data collected
in this study, which were consistent with previous data
collected by Tilburg et al. (2011b).
All plankton samples were preserved immediately after
collection with a 1:4 ethanol and seawater solution. Samples
were filtered through a series of 500-, 355-, and 45-μm sieves.
Retained material was separated and preserved in 70 % ethanol for later identification.
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Larval Identification
In the laboratory, late stage mytilid larvae (>250 μm) were
initially identified and counted based on morphological characteristics (umbo and overall valve shape; Chanley and
Andrews 1971) and size using a dissecting microscope and
identification aids from Fuller and Lutz (1989). We did not
attempt to identify or quantify early developmental stages of
mytilid larvae that commonly possess a straight hinge and, in
outline, exhibit a BD^ shape. Instead, we focused on late stage
larvae that had pronounced and distinct umbo characteristics
associated with mytilid species (knobby/broadly round per the
criteria of Chanley and Andrews 1971). Larvae were subsampled if ≥300 individuals were present within a sample; otherwise, the entire sample was enumerated. The total counts and
calculated volumes from the flow meter were used to calculate
final larval densities (number of larvae per 100 m3). For subsurface tows, we estimated the error resulting from the vertical
haul of the net (0.6 m3 vs. total volume of water of 20–30 m3
sampled). Assuming a maximum abundance of 22,000 larvae/
100 m3, this would have introduced an error of ±440–660
larvae/100 m3. These corrections for error were much smaller
than the actual standard error observed, which ranged from
approximately 3000 to 4000 larvae/100 m3. Our initial larval
identifications were based on gross morphology only and may
have included some non-mytilid bivalves (e.g., Mactromeris
polynyma and Spisula solidissima). Therefore, results from
the temporal sampling are reported as bivalve larval densities.
For the three cruises with spatial sampling (cruises 2, 6, and
8), we confirmed initial morphological identifications by examining larval hinge structure via scanning electron microscopy (SEM; Lutz and Hidu 1979). A subset of larvae from
each cruise and location combination (n=30–35) was soaked
in bleach for 72 h to remove soft tissue and disarticulate the
hinge, and then mounted on double-sided tape on an SEM
stub with the hinge side oriented up. To avoid double sampling individual larvae, only left or right valves from each
sample were mounted. Stubs were then sputter coated with
gold and viewed via SEM. Mytilid larvae were distinguished
from other bivalve families by the presence of a continuous
row of small, regularly spaced hinge teeth throughout the
hinge region (Le Pennec 1980), and Mytilus edulis larvae were
distinguished from Modiolus modiolus larvae by a greater
number of hinge teeth relative to overall shell length (Lutz
and Hidu 1979). Larvae of an additional mytilid species,
Geukensia demissa (ribbed mussel), are present in the region
(P. Yund, personal communication) but were not found in our
samples. Our larval identifications were based on hinge tooth
number and morphology; therefore, results from the spatial
sampling are reported as mytilid larval densities. Note that
our SEM work was planned only to confirm our initial morphological identification and mytilids were generally the most
abundant bivalve family. Consequently, although we detected
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the presence of other bivalve species, sample sizes were not
sufficient to enumerate those taxa and expand our analysis to
other bivalve families.
Brachyuran crab species were identified according to
Kornienko et al. (2008), Rice and Ingle (1975), and Sastry
(1977a, b). Each species was grouped into three stages: zoeal
stage I (early), zoeal stage II–IV/V (late), and megalopal stage
(pre-juvenile) based on similar ontogenetic migration behaviors. Cancer irroratus and Cancer borealis were grouped together because of morphological and behavioral similarities.
Based on the known reproductive timing, the majority of
Cancer spp. larvae identified are likely Cancer irroratus;
however, we could not exclude Cancer borealis larvae
completely since the adults are able to reproduce year-round
(Grabe 2003; Sastry and McCarthy 1973).

assumptions of an ANOVA (homogeneity of variances and
normality within treatment groups). If a significant (p<0.05)
location effect was detected, differences among specific locations were evaluated with a Tukey-Kramer post hoc test.
Because log transformation could not correct violations of
normality for densities of Carcinus maenas (zoeal stage II–
IV) and H. sanguineus (zoeal stage I), density variation in
these two taxa was analyzed via a Kruskal-Wallis test. To
ensure that the apparent homogeneity of mytilid larvae among
locations did not obscure any species-specific patterns, we
conducted a chi-square analysis to compare the ratio of
Mytilus edulis to Modiolus modiolus among locations for each
cruise.

Results
Data Analysis
To examine the physical characteristics of the Saco River
plume, we determined the vertical stratification by taking data
from the innermost CTD cast and calculating the change in
salinity (surface to the steepest vertical gradient) over change
in depth (plume thickness). Additionally, we calculated the
bulk Kelvin number, which is a measure of the relative contributions of inertial processes (river discharge, tides, and
winds) and rotational processes (Coriolis) and was used by
Garvine (1995) to classify river plumes in the coastal ocean.
The bulk Kelvin number can be expressed as follows:
K¼

RP
RD

where RP is the across-shelf extent of the plume from the
end of the jetties to the frontal boundary and RD is the radius of
deformation, or the spatial scale at which rotational processes
become important. The radius of deformation can be
expressed as follows:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g0 hp
RD ¼
f
where hp is the thickness of the plume, f is the Coriolis parameter, and g’=g(ρamb −ρo) / ρo where g is the gravitational acceleration, ρamb is the density of the ambient water, and ρo is
the density of the freshwater from the plume.
Data from spatial larval sampling were analyzed by
conducting a one-way analysis of variance (ANOVA) to determine the effect of location (inside the plume [0.25–1 m],
below the halocline [3–5 m], and two depths outside plume
[0.25–1 and 3–5 m]) on larval densities (No. of larvae / 100m3 water volume) for each species/stage combination. Due to
strong vertical mixing, only three locations were used to calculate larval densities on cruise 8 (see the BResults^ section).
Densities were log (n+1) transformed in order to meet all the

Physical Data
During the study period (July–August), discharge from the
Saco River was low (ranging from 13 to 62 m3 s−1) compared
to observed discharge from previous years (2006–2009) by
Tilburg et al. (2011b) (which ranged from 196 to
1736 m3 s−1). Since maximum tidal range was 3.65 m and
discharge was low (<65 m3 s−1), the flow was assumed to be
tidally driven. Wind speeds ranged from 0.30 to 9.23 m s−1 but
were generally between 2 and 3 m s−1 and may have played a
role in the advection and vertical mixing of the plume.
Hydrographic characteristics of the plume during those cruises
(2, 6, and 8) in which we examined the spatial variations of
larvae are summarized in Table 1.
Variations in physical forcings influenced both the acrossshelf extent and the vertical structure of the Saco River plume
on spatial sampling days (Fig. 2). Greater discharge rates and
tidal range on cruise 2 caused the plume to extend further
eastward than during cruises 6 and 8 (Fig. 2b, d, f and
Table 1; Rp values). Wind direction was northeasterly with
some episodic southeasterly events before cruises 2 and 8
and northeasterly before cruise 6 with the greatest wind speed
average (4.46 m s−1) observed on cruise 6. Northeasterly
winds suggest that the plume would remain closer to the river
mouth rather than promote offshore expansion. Vertical cross
sections (Fig. 2a, c) show that the freshwater emanating from
the Saco River mouth formed a shallow (1–3 m) plume on
cruises 2 and 6 consisting of warm (18–20 °C), low-salinity
(17–19) water overlying colder, more saline water. The
pycnocline was observed at 2.5-m depth based on data from
the innermost CTD cast. By contrast, the plume extended to
the bottom within the river on cruise 8 (Fig. 2e) and, as a
result, the plume could not be distinguished from a deeper
layer. Consequently, larval density data were not collected
Bbelow the halocline^ during cruise 8. The plume was characterized, however, by warm, low-salinity water closer to the
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Summary of key physical parameters of the Saco River plume

Parameter

Discharge (m3 s−1)a
Tidal Range (m)
Mean wind speed (m s−1)a
Wind directiona
Salinity (In)
Stratification (psu m−1)
Salinity (Out)
Temperature (In) (°C)
Temperature (Out) (°C)
Reduced gravity (N/kg), g’
Internal Rossby radius (km), RD
Observed radius (km), RP
Bulk Kelvin number, K

Cruise number (tide)
Cruise 2 (ebb)
37.20

Cruise 6 (ebb)
19.53

Cruise 8 (ebb)
15.00

3.19
2.58
Northeasterly, southeasterly

2.70
4.46
Northeasterly

2.77
3.18
Northeasterly, southeasterly

18.19
3.79

17.41
4.30

22.74
3.10

26.83
18.55

28.94
19.41

30.52
19.62

17.27
0.05
2.93
4.82

15.51
0.08
3.67
2.44

18.68
0.05
2.94
2.02

1.86

0.72

0.69

a

Data 24 h prior to cruise. Salinity (In)/salinity (Out) and temperature (In)/temperature (Out) are the surface salinity and temperature values from the
innermost and outermost CTD cast. Stratification represents the change in salinity (surface to the steepest vertical gradient) over change in depth from the
innermost CTD cast

river mouth with colder coastal water offshore. The greatest
stratification (i.e., vertical change in salinity) was calculated
from data collected at this location in which the pycnocline
was observed to be at 1.75-m depth. For all cruises, salinity

ranged from 17 to 31 with salinity values <25 characterizing
the inner region of the plume.
During all cruises, the across-shelf extent of the plume (RP
ranging from 2.02 to 4.82; Table 1) emanating from the Saco

Fig. 2 a, c, e Vertical cross section and b, d, f horizontal extent of plume
in sampling region during ebb cruises 2 (8 Jul), 6 (21 Jul), and 8 (28 Jul)
of salinity from CTD (left panel) and TSG (right panel). Color bar=

salinity values. Black solid lines (a, c, e) and X (panels b, d, f)=CTD
casts, black dots=location of plankton sampling. No thermosalinograph
(TSG) data collected inside the plume during cruise 2
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River was similar to the radius of deformation (RD ranging
from 2.93 to 3.67). The bulk Kelvin number was near unity
(ranging from 0.69 to 1.86; Table 1) at all times, indicating a
moderate-scale plume (K≈1; Garvine 1995) that was affected
by both inertial and rotational processes.
Larval Data
Temporal Distribution
We collected a total of 149,275 late stage bivalve larvae, 12,
200 brachyuran crab zoeae, and 1 crab megalopa in this study.
Bivalve larval densities in individual tows conducted outside
the plume at the surface (0.25–1-m depth) varied from approximately 179 to 45,330 per 100 m3 while brachyuran larval
densities ranged from 0 to 13,930 per 100 m3. In general, there
was less variation in bivalve larval densities among cruises
(Fig. 3) than variation in brachyuran larval densities (Fig. 4),
and bivalve larvae were more abundant throughout the study.
The presence of brachyuran larvae and peak abundance
differed among each species and stage (Fig. 4). Estuarine
Carcinus maenas zoeal stage I were present on all cruises
except cruise 3 and were most abundant on cruise 6
(Fig. 4a). H. sanguineus zoeal stage I were present starting
on cruise 2 with a peak density on cruise 4 (Fig. 4c). Cancer
spp. zoeal stage I were first present on cruise 2 and gradually
increased in density on consecutive cruises with a peak density observed on cruise 7 (Fig. 4e). Late zoeal stages (II–IV/V)
for all species were less abundant and peaked on later cruises
than early zoeal stages (I). Carcinus maenas zoeal stages II–
IV peaked on cruise 9 (Fig. 4b), H. sanguineus zoeal stages II–
IV were not observed until cruise 8 (Fig. 4d), and no Cancer
spp. zoeal stages II–V were present outside the plume at the
surface (0.25–1-m depth) during this study.

Fig. 3 Temporal variation of bivalve late stage larval density (# per
100 m3) at surface water outside the Saco River plume within Saco
Bay, Maine. Solid gray bars denote cruises used to examine spatial
distributions. Sampling was conducted on 10 cruises (wavy lines and
solid gray bars). Error bars represent 1 standard error
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Spatial Distribution
Larval Identification Data SEM analysis confirmed that 86–
100 % of the larvae from cruises 2 and 6 initially identified as
mytilids based on gross morphology were either Mytilus
edulis or Modiolus modiolus. Our analyses of location effects
for cruises 2 and 6 were based on samples enumerated via
gross morphology and attributed to mytilids because the
SEM identification confirmed that the vast majority of the
larvae had been properly classified and the ratio of Mytilus
edulis to Modiolus modiolus (from the SEM identifications)
did not vary among locations on either cruise (cruise 2, χ2 =
1.36, p=0.71; and cruise 6, χ2 =1.24, p=0.74). For cruise 8,
however, SEM analysis revealed the presence of a considerable number of hiatellidae and ostreidae larvae, with apparent
large differences in abundance among sampling locations.
Consequently, we used the percentage of the total sample at
each location that could be assigned to the mytilidae (from the
SEM analysis) to adjust each raw bivalve count to reflect only
the number of mytilids at each location. The total number of
bivalve larvae in each sample was multiplied by the proportion of mytilids from the SEM analysis. Our subsequent spatial analysis for cruise 8 is based on these adjusted numbers.
Spatial Data There was no consistent pattern in mytilid larval
distribution within the Saco Bay estuary (Fig. 5). Variation in
larval density among locations was significant on cruises 2
and 8 only (Fig. 5; one-way ANOVAs; cruise 2, F=15.22,
p<0.0001; and cruise 8, F=22.57, p<0.001). On cruise 2,
densities of mytilid larvae were similar at all locations, except
for outside the plume at the surface (0.25–1 m) where the
density was significantly lower (Fig. 5; Tukey-Kramer post
hoc test). On cruise 8, density of mytilid larvae was greater
inside the plume than at both outside locations (Tukey-Kramer
post hoc tests).
The density of Carcinus maenas larvae varied among locations, spatial cruises, and developmental stages (Fig. 6a, b). On
all three cruises, stage I Carcinus maenas zoeae were approximately 2 orders of magnitude more abundant within the study
area than stages II–IV zoeae. Late stage (II–IV) zoeae were absent from the inner region of the plume while early stage (I) zoeae
were present on all three cruises. Zoeal stage I were either equally
abundant (cruise 2; one-way ANOVA, F=1.515, p=0.232),
more abundant (cruise 6; one-way ANOVAs, F = 9.282,
p<0.001; Tukey-Kramer post hoc test), or a combination of both
(cruise 8; F=6.141, p<0.001; Tukey-Kramer post hoc test) outside the plume on any given cruise. Zoeal stage II–IV larval
density varied by location on cruises 6 and 8 only (KruskalWallis; cruise 6, χ2 =11.33, p<0.05; and cruise 8, χ2 =9.14,
p<0.01) (Fig. 6b), where they were found outside the plume at
the surface (0.25–1 m) or at 3–5-m depth.
Stage I zoeae of H. sanguineus were present on all three
cruises (Fig. 6c), while stage II–IV were only present on cruise
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Fig. 4 Temporal variation of brachyuran crab a, c, e early and b, d late
stage zoeae density (# per 100 m3) at surface water outside the Saco River
plume within Saco Bay, Maine. Solid gray bars denote cruises used to

examine spatial distributions. Sampling was conducted on 10 cruises
(wavy lines and solid gray bars). Error bars represent 1 standard error

8 (data not shown). No statistical analysis was conducted for
late stage H. sanguineus due to very small sample sizes (all
individuals located outside the plume at 0 m and at 3–5-m
depth). Stage I zoeal densities varied significantly among locations on all cruise dates (Kruskal-Wallis, χ2 =7.99 [cruise 2],
χ2 =11.11 [cruise 6], χ2 =7.35 [cruise 8], p<0.05 for all cases).

The majority of stage I H. sanguineus zoeae were found outside the plume at either the surface or at 3–5-m depth (Fig. 6c)
with one individual recovered inside the plume (cruise 6) and
two below the halocline (cruise 2).
As with H. sanguineus, only zoeal stage I Cancer spp. were
present during all three cruises, with density varying significantly among location on all cruise dates (Fig. 6d, one-way
ANOVAs, F=12.25 [cruise 2], F=11.89 [cruise 6], F=15.79
[cruise 8], p<0.0001 for all cases). Late stage II–V zoeae were
present on cruise 8 outside the plume at 3–5-m depth but were
not analyzed statistically due to small sample size (data not
shown). Stage I densities of larvae were significantly greater
outside the plume at 3–5 m (cruise 8), outside the plume at
both locations (cruise 6), or outside and below the halocline
(cruise 2) (Tukey-Kramer post hoc tests).

Fig. 5 Horizontal and vertical distribution of late stage mytilid larvae.
Bars represent mean larval densities (# per 100 m3) log-transformed (plus
1 as a constant). Error bars represent standard error (also logtransformed). ND denotes no data collected below the halocline (inside
3–5 m) on cruise 8. Different letters indicate significant differences
among locations within each cruise date (Tukey-Kramer post hoc test,
p<0.05). NS indicates no significant difference among locations

Discussion
Saco River Plume Characteristics
During this study, the Saco River generated a shallow surface
plume based on discharge, tides, and winds. These results
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Fig. 6 Horizontal and vertical distribution of brachyuran crab species
Carcinus maenas zoeal a early stage (zoeae I) and b late stage (zoeae
II–IV), Hemigrapsus sanguineus c early stage (zoeae I), and Cancer spp.
d early stage (zoeae I). Bars represent mean larval densities (# per
100 m3) log-transformed (plus 1 as a constant). Error bars represent
standard error (also log-transformed). ND denotes no data collected

below the halocline (inside 3–5 m) on cruise 8. Different letters indicate
locations that differ significantly from one another within each cruise date
(Tukey-Kramer post hoc test, p<0.05). Kruskal-Wallis test significance
codes are as follows: *p<0.05 and **p<0.01. NS indicates no significant
difference among locations

were consistent with earlier observations of the Saco River
plume at this time of year (Tilburg et al. 2011b). In general,
physical characteristics of the plume were consistent and did
not change among the spatial cruises. The spatial scale of the
plume (RP) was similar to the spatial scale at which rotational
processes become important (RD) for all cruises (K ranged
from 0.69 to 1.86), indicating that (1) the plume was governed
by similar dynamics during all cruises and (2) those dynamics
were driven by both inertial and rotational effects.

July to December (temperatures 8–20 °C). In our study, this
pattern may be due to (1) the presence of locally produced
larvae from Mytilus edulis and Modiolus modiolus populations that spawned at different times, (2) repeated spawning
events by these two species, (3) the presence of larvae from
additional mytilid populations further north that spawned later
in the season and took longer to reach the Bay, (4) different
sizes and locations of adult stocks, or (5) other bivalve species
besides Mytilus edulis and Modiolus modiolus that were present. The five scenarios are not mutually exclusive and any one
or combination of the five could explain the observed spread
in larval abundance (Fig. 3).
In contrast, brachyuran larval densities varied among
cruises with a distinct peak in abundance for each species
and development stage (Fig. 4). The observed peaks could
be a function of the timing of larval release, which for
brachyurans often occurs as one synchronous event within
an estuary (possibly north of Saco Bay) during either night
ebbing neap tides (Queiroga et al. 1997) or night high tides

Larval Temporal Patterns
Bivalve and brachyuran larvae exhibited different temporal
abundance patterns outside the Saco River plume. Bivalve
larvae were consistently abundant across all cruises. The water
temperatures observed in July and August (14–22 °C) suggest
that spawning was continuous prior to and throughout the
study. For instance, Mann (1985) observed Modiolus
modiolus larvae off the southern New England shelf from
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(Park et al. 2005). Through southward flowing currents and
larval swimming behaviors, larvae could be transported
downshelf and may enter Saco Bay during a flood tide
or a wind-driven onshore flow event. Brachyuran larval
densities also decreased from early to late stage zoeae
within each species (Fig. 4). The absences of late stage
larvae from surface waters could be due to increased
mortality or increased sinking rates through ontogeny
(Sulkin 1984) and/or export behaviors during later
stages of development (Queiroga 1996).
Temperature may have influenced the presence of late stage
larvae on later cruises. Late stage Carcinus maenas and
H. sanguineus zoeae exhibited higher relative abundance at
the end of July/beginning of August as temperatures in the
Bay increased from 14 to 19 °C. In addition, the same temperature increase could explain the absence of late stage
Cancer spp. zoeae. Late stage Cancer spp. larvae are stenothermal (Sastry and McCarthy 1973) and so are likely to either
have died or moved into colder waters (i.e., further offshore
and/or deeper waters) as summer warming progressed.
Although the variation in brachyuran larval densities was
greater than the variation in bivalve density, the majority of
brachyuran species and stages were present in sufficient densities to analyze spatial distributions during the three spatial
cruises.
Larval Spatial Patterns
A number of studies have examined the interactions between
zooplankton distribution and river plumes, which include the
Chesapeake Bay (Roman et al. 2005), the Gulf of Mexico
(Grimes and Finucane 1991), the Columbia River (Morgan
et al. 2005), and the River Maipo (Vargas et al. 2006). In most
cases, neustonic and planktonic organisms were observed near
plume fronts due to convergence processes and high
nutrient concentrations. In this study, the Saco plume
did not generate a well-defined frontal boundary in
which we could sample this region. In larger river systems such as the Mississippi River, discharge is 2 orders
of magnitude greater than that of the Saco River
(Grimes and Finucane 1991). Not all species, however,
are transported into convergent zones. Shanks et al.
(2002) observed Mytilus edulis larvae above and below
the pycnocline in Chesapeake Bay, suggesting that larvae
were acting passively. In our study, mytilid larvae were observed in all locations in and around the Saco River plume
with densities inside the plume greater than or equal to densities outside or below the halocline, also suggesting passive
behaviors. This pattern contrasted very strongly with the distribution of brachyuran larvae.
The majority of brachyuran larvae were found outside the
plume, and no late stage brachyuran larvae were present in
samples collected inside the plume. Brachyuran larvae
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appeared to either avoid the lower-salinity plume water or, if
unable to avoid it, had perished prior to sampling. While some
estuarine brachyuran species can withstand a wide range of
salinities, most larvae can only tolerate low salinities for short
periods of time compared to bivalve larvae.

Larval Entrainment into the Plume
The majority of larvae present inside the plume likely originated from a source outside the river mouth (i.e., offshore or
upshelf). A combination of physical processes and larval behavior could explain how some larvae became entrained
inside the plume, similar to the Bfrog tongue mechanism^ proposed by Hetland et al. (2002). During ebb
tide, a river plume thins and spreads offshore.
Ambient coastal water is then subducted under the
plume. The accelerating flow increases the shear at the
base of the plume between the outward moving plume
waters and the slower ambient waters. Sufficiently
strong shear can become unstable (Hetland 2010), which
results in vertical mixing between the fresher plume and
the more saline ambient coastal waters. This vertical
mixing can result in entrainment of saltier water (and
larvae that are present in that water) into the plume
(Fig. 7a, b).
Taxonomic differences in larval abundance inside the
plume may be attributed to different swimming behaviors
and salinity tolerances interacting with these physical mixing
processes. Larvae at the surface near a river plume that undergo subduction may be transported to depths greater than their
original targeted depth. In response, larvae may attempt to
swim upward into the plume (Epstein and Beardsley 2001;
Hetland et al. 2002). Mytilid larvae that tolerate a wide range
of salinities may either swim into the plume or simply
be mixed into the plume via physical entrainment
(Fig. 7c). Once entrained into the plume, larval movement may be influenced by the plume’s frontal boundary. By contrast, because the brachyuran larvae in our
samples would have been unable to withstand the low
salinity values associated with the Saco River plume,
they may have either avoided the plume or swum
downward (black arrows) against vertical entrainment
(Fig. 7d). Strong haloclines are known to disrupt active
vertical movement of brachyuran larvae (Sulkin 1984).
O’Connor (1982) observed a significant reduction of
Callinectes sapidus larvae passing through a halocline
when change in salinity was greater than 6. The overall
spatial distribution of brachyuran larvae in this study
was similar to a previously noted distribution of
icthyoplankton larvae within Saco Bay (Wargo et al. 2009).
Similarly, Wargo et al. (2009) attributed the overall distribution to high- and low-salinity areas.
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Fig. 7 Schematic of proposed physical and behavioral mechanisms for
transport of planktonic larvae into the Saco River plume. a Thick red
arrows indicate the direction and strength of tidal velocities during an
ebb flowing tide. Black dots represent planktonic larvae near the plume
edge that are maintaining a position near the surface. In the following
panels (b)–(d), red curved arrows show entrainment by vertical mixing
and black curved arrows show larval swimming direction. Each panel
demonstrates the movement of larvae, due to b physical entrainment only,
c physical entrainment and/or upward vertical swimming, resulting in

more larvae within the plume, and d physical entrainment (which
would move larvae upward) and downward swimming (which would
move larvae downward), resulting in less larvae within the plume
compared to panel (c). In all panels, colored and patterned squares
indicate where spatial sampling took place in the present study (IN=
inside plume [0.25–1 m], BELOW=below halocline [3–5 m], OUT S=
outside plume [0.25–1 m], OUT D=outside plume [3–5 m]) (Color figure
online)

This study suggests that the observed distributions of
mytilid and brachyuran larvae are due to the interaction of
different taxon-specific behavioral mechanisms with the flow
and salinity fields within the ambient ocean near a river plume.
Based on our study, mytilid larvae will likely move in and out
of the estuary with tidal flow since they were distributed in,
below, and outside the plume. By contrast, brachyuran larvae
were found at higher densities outside the plume and will
likely be transported offshore by ebbing tides. Brachyurans
appear unlikely to return to shore during flood tides once they
are outside the plume. However, we did not sample during
nighttime flood to confirm this. Consequently, brachyuran larvae may potentially be pushed offshore and hence dispersed
more broadly from natal populations, while mytilid larvae
may tend to remain closer to their natal site. As a consequence
of greater dispersal and the associated larger spatial scales,
predicting connectivity patterns and settlement density may
be more challenging for brachyuran than mytilid species in
this region. These attempts would most likely require detailed
knowledge of the flow patterns of the surrounding region and
beyond (e.g., Pineda et al. 2007). For example, in their examination of the connectivity of lobster populations in the Gulf of
Maine, Xue et al. (2008) modeled the flow fields of the entire
Gulf of Maine using a couple biophysical model.

Both taxa are known to alter their vertical position in
response to light (Bayne 1964; Sulkin 1984). In particular, brachyuran larvae ascend during the nighttime
while mytilid larvae move to the surface during the
daytime. Sampling under a variety of light intensities
may have resulted in different distributions than those
observed in the present study. Additionally, change in
salinity has been known to alter phototactic responses
and locomotor activity of brachyuran larvae (Latz and
Forward 1977; Sulkin 1984).
This study supports differences in larval behavior among
brachyuran and mytilid species around a river plume.
However, other factors may contribute to larval distributions
that were not addressed. Chlorophyll concentrations could be
assessed and compared to larval distributions, thus providing
information on whether larvae are aggregating passively.
Sampling other depths such as pycnoclines or haloclines could
show whether larvae aggregate in these areas. Addressing larval distribution under flood tide and nighttime conditions
could offer a better understanding of transport mechanisms.
Finally, comparing mytilid and brachyuran larval distributions
to that of a taxon with substantial adult populations in the Saco
River estuary could aid in evaluating effects of different larval
sources.

Estuaries and Coasts (2015) 38:1951–1964
Acknowledgments This study was conducted as part of the requirements for a master’s degree at the University of New England. The research was supported by the University of New England and the National
Science Foundation through a GK-12 Fellowship program and research
grants to CET and POY (OCE-09-61157, OCE-12-33868, and OCE-1333755). We thank Charles Epifanio for his helpful comments on the
manuscript and Tim Arienti, Paul Boucher, Patrick Cattoor, Zachary
May, Elizabeth Prochaska, Chris Smith, Kayla Smith, Jay Turnure, and
Erin Wilkinson for assistance with field work and in the laboratory. Additionally, Steve Travis offered statistical advice, Amy Carlson helped
create figures in MatLab and ArcGIS, and Shaun Gill provided assistance
purchasing and handling equipment. This is contribution number 76 from
the UNE Marine Science Center.

References
Anger, K., E. Spivak, and T. Luppi. 1998. Effects of reduced salinities on
development and bioenergetics of early larval shore crab, Carcinus
maenas. Journal of Experimental Marine Biology and Ecology 220:
287–304.
Baker, P., and R. Mann. 2003. Late stage bivalve larvae in a well-mixed
estuary are not inert particles. Estuaries 26(4): 837–845.
Bayne, B.L. 1963. Responses of Mytilus edulis larvae to increases in
hydrostatic pressure. Nature 198: 406–407.
Bayne, B.L. 1964. The responses of the larvae of Mytilus edulis L. to light
and gravity. Oikos 15: 162–174.
Brookins, K.G., and C.E. Epifanio. 1985. Abundance of brachyuran larvae in a small coastal inlet over six consecutive tidal cycles.
Estuaries 8: 60–67.
Caddy, J.F., R.A. Chandler, and D.G. Wilder. 1974. Biology and commercial potential of several underexploited molluscs and crustaceans
on the Atlantic coast of Canada. Proceedings of the Industrial
Development Branch of Environmental Canada Symposium,
Montreal, Quebec, 111.
Carriker, M.R. 1951. Ecological observations on the distribution of oyster
larvae in New Jersey estuaries. Ecological Monographs 21: 19–38.
Chanley, P., and J.D. Andrews. 1971. Aids for identification of bivalve
larvae of Virginia. Malacologia 11(1): 45–119.
Chao, S.Y., and W.C. Boicourt. 1986. Onset of estuarine plumes. Journal
of Physical Oceanography 16: 2137–2149.
Chia, F.S., J. Buckland-Nicks, and C.M. Young. 1984. Locomotion of
marine invertebrate larvae: a review. Canadian Journal of Zoology
62: 1205–1222.
Christian, J.R., C.G.J. Grant, J.D. Meade, and L.D. Noble. 2010. Habitat
requirements and life history characteristics of selected marine invertebrate species occurring in the Newfoundland and Labrador region. Canadian Manuscript Reports of Fisheries and Aquatic
Sciences 2925: 1–207.
Dobretsov, S.V., and G. Miron. 2001. Larval and post-larval vertical
distribution of the mussel Mytilus edulis in the White Sea. Marine
Ecology Progress Series 218: 179–187.
dos Santos, A., A.M.P. Santos, D.V.P. Conway, C. Bartilotti, P. Lourenco,
and H. Queiroga. 2008. Diel vertical migration of decapod larvae in
the Portuguese coastal upwelling ecosystem: implications for offshore transport. Marine Ecology Progress Series 350: 117–183.
Dustan, P., and J.L. Pinckney. 1989. Tidally induced estuarine phytoplankton patchiness. Limnology and Oceanography 34: 410–419.
Eggleston, D.B., D.A. Armstrong, W.E. Elis, and W.S. Patton. 1998.
Estuarine fronts as conduits for larval transport: hydrodynamics
and spatial distribution of Dungeness crab postlarvae. Marine
Ecology Progress Series 164: 73–82.
Epifanio, C.E., A.I. Dittel, S. Park, S. Schwaim, and A. Fouts. 1998.
Early life history of Hemigrapsus sanguineus, a non-indigenous

1963
crab in the Middle Atlantic Bight (USA). Marine Ecology
Progress Series 170: 231–238.
Epifanio, C.E., A.I. Dittel, and C.E. Tilburg. 2013. Abundance of invasive and native crab larvae in the mouth of Delaware Bay:
Hemigrapsus sanguineus and Uca pugnax. Journal of Shellfish
Biology 32: 1–8.
Epstein, A.W., and R.C. Beardsley. 2001. Flow-induced aggregation of
plankton at a front: a 2-D Eulerian model study. Deep-Sea Research
Part II 48: 395–418.
Fong, D.A. 1998. Dynamics of freshwater plumes: Observations and
numerical modeling of the wind-forced response and alongshore
freshwater transport. PhD dissertation, Massachusetts Institute of
Technology/Woods Hole Oceanographic Institution Joint Program
in Oceanography, Woods Hole, MA.
Forward Jr., R.B., and R.A. Tankersley. 2001. Selective tidal-stream
transport of marine animals. Oceanography and Marine Biology:
An Annual Review 39: 305–353.
Franks, P.J.S. 1992. Sink or swim: accumulation of biomass at fronts.
Marine Ecology Progress Series 82: 1–12.
Fuller, S.C., and R.A. Lutz. 1989. Shell morphology of larval and postlarval mytilids from the Northwest Atlantic. Journal of the Marine
Biological Association of the UK 69: 181–218.
Garvine, R.W. 1995. A dynamical system for classifying buoyant coastal
discharges. Continental Shelf Research 15(13): 1585–1596.
Grabe, S.A. 2003. Seasonal periodicity of decapods larvae and population
dynamics of selected taxa in New Hampshire (USA) coastal waters.
Journal of Plankton Research 25: 417–428.
Grimes, C.B., and J.H. Finucane. 1991. Spatial distribution and abundance of larval and juvenile fish, chlorophyll and macrozooplankton
around the Mississippi river discharge plume, and the role of the
plume in fish recruitment. Marine Ecology Progress Series 75: 109–
119.
Hetland, R.D. 2010. The effects of mixing and spreading on density in
near-field river plumes. Dynamics of Atmospheres and Oceans 49:
37–53.
Hetland, R.D., D.J. McGillicuddy Jr., and R.P. Signell. 2002. Crossfrontal entrainment of plankton into a buoyant plume: the frog
tongue mechanism. Journal of Marine Research 60(6): 763–777.
Hidu, H., and H.H. Haskin. 1978. Swimming speeds of oyster larvae
Crassostrea virginica in different salinities and temperatures.
Estuaries 1(4): 252–255.
Hrs-Brenko, M., and A. Calabrese. 1969. The combined effects of salinity
and temperature on larvae of the mussel Mytilus edulis. Marine
Biology 4: 224–226.
Jensen, R.E. 1983. Atlantic coast hindcast, shallow-water, significant
wave information. U.S. Army Eng. Waterways Experiment
Station, Hydraulics Lab., WIS Report 9
Johns, D.M. 1981. Physiological studies on Cancer irroratus larvae. I.
Effects of temperature and salinity on survival, development rate
and size. Marine Ecology Progress Series 5: 75–83.
Knights, A.M., T.P. Crowe, and G. Burnell. 2006. Mechanisms of larval
transport: vertical distribution of bivalve larvae varies with tidal
conditions. Marine Ecology Progress Series 326: 167–174.
Kornienko, E.S., O.M. Korn, and S.D. Kashenko. 2008. Comparative
morphology of larvae of coastal crabs (Crustacea: Decapoda:
Varunidae). Russian Journal of Marine Biology 34(2): 77–93.
Kunze, H.B., S.G. Morgan, and K.M. Lwiza. 2013. Field test of the
behavioral regulation of larval transport. Marine Ecology Progress
Series 487: 71–87.
Latz, M.I., and R.B. Forward Jr. 1977. The effect of salinity upon phototaxis and geotaxis in a larval crustacean. Biological Bulletin Marine
Biological Laboratory, Woods Hole 153: 163–179.
le Pennec, M. 1980. The larval and post-larval hinge of some families of
bivalve molluscs. Journal of the Marine Biological Association of
the UK 60: 601–617.

1964
Lutz, R.A., and H. Hidu. 1979. Hinge morphogenesis in the shells of
larval and early post-larval mussels (Mytilus edulis L. and
Modiolus modiolus L.). Journal of the Marine Biological
Association of the UK 59: 111–121.
Mann, R. 1985. Seasonal changes in the depth-distribution of bivalve
larvae on the Southern New England shelf. Journal of Shellfish
Research 5: 57–64.
Mann, R., B.M. Campos, and M.W. Luckenbach. 1991. Swimming rate
and responses of larvae of three mactrid bivalves to salinity discontinuities. Marine Ecology Progress Series 68: 257–269.
Manuel, J.L., S.M. Gallager, C.M. Pearce, D.A. Manning, and R.D.
O’Dor. 1996. Veligers from different populations of sea scallop
Placopecten magellanicus have different vertical migration patterns.
Marine Ecology Progress Series 142: 147–163.
Morgan, C.A., A. de Robertis, and R.W. Zabel. 2005. Columbia River
plume fronts. I, Hydrography zooplankton distribution, and community composition. Marine Ecology Progress Series 299: 19–31.
Morgan, S., J. Fisher, S. Miller, S. McAfee, and J. Largier. 2009.
Nearshore larval retention in a region of strong upwelling and recruitment limitation. Ecology 90: 3489–3502.
Newell, C.R., H. Hidu, B.J. McAlice, G. Podniesinski, F. Short, and L.
Kindblom. 1991. Recruitment and commercial seed procurement of
the blue mussel Mytilus edulis in maine. Journal of the World
Aquaculture Society 22: 134–152.
O’Connor, N.J. 1982. The influence of salinity discontinuities on the
swimming behavior of larvae of the fiddler crab Uca pugnax. M.S.
Thesis. Lewes: University of Delaware.
Park, S., C.E. Epifanio, and R.B. Iglay. 2005. Patterns of larval release by
the Asian shore crab Hemigrapsus sanguineus (De Haan): periodicity at diel and tidal frequencies. Journal of Shellfish Research 24(2):
591–595.
Pettigrew, N.R., D.W. Townsend, H. Xue, J.P. Wallings, P.J. Brickley, and
R.D. Hetland. 1998. Observations of the Eastern Maine Coastal
current and its offshore extensions. Journal of Geophysical
Research 103: 30623–30639.
Pineda, J., J.A. Hare, and S. Sponaungle. 2007. Larval transport and
dispersal in the coastal ocean and consequences for population connectivity. Oceanography 20(3): 22–39.
Queiroga, H. 1996. Distribution and drift of the crab Carcinus maenas
(L.) (Decapoda, Portunidae) larvae over the continental shelf off
northern Portugal in April 1991. Journal of Plankton Research 18:
1981–2000.
Queiroga, H. 1998. Vertical migration and selective tidal stream transport
in the megalopa of the crab Carcinus maenas. Hydrobiologia
375(376): 137–149.
Queiroga, H., J.D. Costlow, and M.H. Moreira. 1997. Vertical migration
of the crab Carcinus maenas first zoea in an estuary: implication for
tidal stream transport. Marine Ecology Progress Series 149: 121–
132.
Queiroga, H., T. Cruz, A. dos Santos, J. Dubert, J. Gonzalez-Gordillo, J.
Paula, A. Peliz, and A. Santos. 2007. Oceanographic and behavioural processes affecting invertebrate larval dispersal and supply in the
western Iberia upwelling ecosystem. Progress in Oceanography 47:
174–191.
Rice, A.L., and R.W. Ingle. 1975. The larval development of Carcinus
maenas (L.) and C. mediterraneus Czerniavsky (Crustacea,
Brachyura, Portunidae) reared in the laboratory. Bulletin of the
British Museum Natural History (Zoology) 28: 103–119.
Roegner, G.C. 2000. Transport of molluscan larvae through a shallow
estuary. Journal of Plankton Research 22: 1779–1800.

Estuaries and Coasts (2015) 38:1951–1964
Roman, M.R., and W.C. Boicourt. 1999. Dispersion and recruitment of
crab larvae in the Chesapeake Bay plume: Physical and biological
controls. Estuaries 22: 563–574.
Roman, M., X. Zhang, C. McGilliard, and W.C. Boicourt. 2005. Seasonal
and annual variability in the spatial patterns of plankton biomass in
Chesapeake Bay. Limnology and Oceanography 50: 480–492.
Sastry, A.N. 1977a. The larval development of the Rock Crab, Cancer
irroratus Say, 1817, under laboratory conditions (Decapoda
Brachyura). Crustaceana 32(2): 155–168.
Sastry, A.N. 1977b. The larval development of the Jonah Crab, Cancer
borealis Stimpson, 1859, under laboratory conditions (Decapoda
Brachyura). Crustaceana 32(3): 290–303.
Sastry, A.N., and J.F. McCarthy. 1973. Diversity in metabolic adaptation
of pelagic larval stages of two sympatric species of brachyuran
crabs. Journal of Sea Research 7: 434–446.
Seed, R. 1969. The Ecology of Mytilus edulis L. (Lamellibranchiata) on
Exposed Rocky Shores. I. Breeding and Settlement. Oecologia
(Berl.) 3: 277–316.
Shanks, A.L. 1986. Vertical migration and cross-shelf dispersal of larval
Cancer spp. and Randallia ornata (Crustacea: Brachyura) off the
Coast of Southern California. Marine Biology 92: 189–199.
Shanks, A.L., L. Brink, J. Brubaker, and R. Hooff. 2002. Observations on
the distribution of meroplankton during a downwelling event and
associated intrusion of the Chesapeake Bay estuarine plume.
Journal of Plankton Research 24(4): 391–416.
Steppe, C.N., and C.E. Epifanio. 2006. Synoptic distribution of crab
larvae near the mouth of Delaware Bay: Influence of nearshore
hydrographic regimes. Estuarine, Coastal and Shelf Science 70:
645–662.
Sulkin, S.D. 1984. Behavioral basis of depth regulation in the larvae of
brachyuran crabs. Marine Ecology Progress Series 15: 181–205.
Tilburg, C., A. Dittel, D. Miller, and C. Epifanio. 2011a. Transport and
retention of the mitten crab (Eriocheir sinensis) in a Mid-Atlantic
estuary: Predictions from a larval transport model. Journal of
Marine Research 69: 137–165.
Tilburg, C.E., S.M. Gill, S.I. Zeeman, A.E. Carlson, T.W. Arienti, J.A.
Eickhorst, and P.O. Yund. 2011b. Characteristics of a shallow river
plume: observations from the Saco River coastal observing system.
Estuaries and Coasts 34: 785–799.
Vargas, C.A., D.A. Narvaez, A. Pinones, S.A. Navarrete, and N.A. Lagos.
2006. River plume dynamic influences transport of barnacle larvae
in the inner shelf off central Chile. Journal of the Marine Biological
Association of the UK 86: 1057–1065.
Wargo, A.M., C.E. Tilburg, W.B. Driggers, and J.A. Sulikowski. 2009.
Observations on the distribution of ichthyoplankton within the Saco
River estuary system. Northeastern Naturalist 16(4): 647–654.
Xue, H., L. Incze, D. Xu, N. Wolff, and N. Pettigrew. 2008. Connectivity
of lobster populations in the coastal Gulf of Maine, Part I:
Circulation and larval transport potential. Ecological Modelling
210: 193–211.
Yankovsky, A.E., and D.C. Chapman. 1997. A simple theory for the fate
of buoyant coastal discharge. Journal of Physical Oceanography 27:
1386–1401.
Young, C.M., and F.S. Chia. 1987. Abundance and distribution of pelagic
larvae as influenced by predation, behavior, and hydrographic factors. In Reproduction of Marine Invertebrates IX: General Aspects:
Seeking Unity in Diversity, ed. A. Giese, J.S. Pearse, and V.B.
Pearse, 385–463. Palo Alto and Pacific Grove: Blackwell/Boxwood.
Zeng, C., and E. Naylor. 1996. Endogenous tidal rhythms of vertical
migration in field collected zoea-1 larvae of the shore crab
Carcinus maenas: implications for ebb tide offshore dispersal.
Marine Ecology Progress Series 132: 71–82.

