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ABSTRACT: Increased freshwater discharge during spring/summer from the Fraser River into
Puget Sound makes this region ideal to study the effects of low salinity (~20 ‰) on the vertical distribution of marine invertebrate larvae. We investigated whether exposing early developmental
stages of the sea star Pisaster ochraceus to low salinity for 3, 7, and > 25 d affects larval morphology
and the ability of later developmental stages (brachiolariae) to swim to the surface in the presence
or absence of haloclines. We also determined the effect of food patches at the halocline on swimming behavior. Larvae reared in low salinity throughout development had 55−95% shorter posterolateral arms than those in other treatments. In the absence of a halocline, exposure to low
salinity for 7 or > 25 d reduced the percentage of brachiolariae that swam to the surface (3 and
30%, respectively) compared to brachiolariae held for 0 or 3 d at low salinity (64 and 84%, respectively). Brachiolariae with no exposure to low salinity remained around the halocline in the presence of food, while those reared in continuous low salinity swam directly to the surface. Brachiolariae acclimated to low salinities and then transferred to a stratified water column avoided the
halocline even in the presence of food. We conclude that exposure of early developmental stages
to low salinity affects the swimming ability of brachiolariae. Our results suggest that sea star populations in the Pacific Northwest could be threatened if the influence of the Fraser River during the
spring/summer continues to intensify in the southern Puget Sound region.
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Tremendous amounts of ice melt in recent decades
have decreased the salinity of surface waters of the
Pacific Ocean, including the Salish Sea in the Pacific
Northwest, by 0.1−0.5 ‰ since 1950. Based on climate
models, salinity in this region is likely to continue decreasing as a result of increased ice melt and precipitation (Stocker et al. 2013). The Salish Sea, which en-

compasses Washington State’s (USA) Puget Sound,
the Strait of Juan de Fuca, and the San Juan Islands
and British Columbia’s (Canada) Gulf Islands and the
Strait of Georgia, also receives freshwater input from
several rivers, including the Fraser River, the second
largest in the region. The rivers move meltwater from
several mountain ranges surrounding the Salish Sea,
viz. the Olympic Mountains and the Vancouver Island
range on the west, and the Cascade range on the east.
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Riche et al. (2014) recently noted that the number of
days during the year when the temperature of the
Fraser River is above 18°C has increased from
roughly 10−50 to 50−100. The higher surface temperatures together with substantial regional runoff
create stratified conditions in the Salish Sea. Mixed
brackish water (20−30 ‰) is found in the surface layers to 5−20 m in depth, and saline waters (34 ‰) from
the Pacific occupy the lower layers (Masson & Peña
2009, Khangaonkar et al. 2011, Sutherland et al. 2011;
Fig. 1A). The effects of the Fraser River in the San
Juan region are generally determined by wind direction and strong tidal currents. Data collected between
2011 and 2014 at 1.7 m depth revealed high amplitude (from 21 to 30 ‰) and frequency (3−6 events) of
salinity fluctuations (Fig. 1B) during late spring and
summer directly linked to increased freshwater discharge from the Fraser River. Unfortunately, these
fluctuations coincide with the reproductive season of
many marine invertebrates in the region.
Repeated fluctuations in salinity could have devastating effects on the population abundance of marine
invertebrates, especially stenohaline osmoconform-

A

Salinity

ers with limited ability to regulate their internal ion
content. Planktotrophic larval stages of these invertebrates could experience increased larval mortality
(Stickle & Diehl 1987), decreased developmental rates
(Pia et al. 2012, Bashevkin & Pechenik 2015), and
decreased ability to swim through haloclines (Lance
1962, Metaxas & Young 1998a,b,c, Lougee et al. 2002).
The strength and duration of stratification are
important in initiating and sustaining phytoplankton
blooms in the Puget Sound region (Masson & Peña
2009, Durham & Stocker 2012, Benoit-Bird et al.
2013, Benoit-Bird & McManus 2014). Thin phytoplankton layers (a few cm to 5 m thick) are found at
the base or within haloclines, pycnoclines, or thermoclines (Dekshenieks et al. 2001, Erga et al. 2003,
McManus et al. 2012, Benoit-Bird et al. 2013, Sevadjian et al. 2014, Benoit-Bird & McManus 2014). These
thin layers have the potential to attract predator
aggregations (Durham & Stocker 2012, Sevadjian et
al. 2014, Benoit-Bird & McManus 2014) as observed
in several laboratory studies (Vázquez & Young 1996,
Lougee et al. 2002, Menden-Deuer & Grünbaum
2006, Sameoto & Metaxas 2008, Arellano et al. 2012).

B

Salinity

Depth (m)

Developmental
stages

Temperature (°C)

Date

Fig. 1. (A) Depth profile of seawater salinity and temperature near Cantilever Point, Friday Harbor, WA, 2 August 2014. Samples were taken sequentially from 4 to 41 m and then back to the surface over approximately 15 min. These samples were
taken during a freshening event at Friday Harbor Laboratory (see panel B); the thermohalocline is otherwise less well defined
(data not shown). (B) Salinity at Cantilever Point, 2011−2014. Data recorded hourly at 1.7 m depth. Note salinity is typically
~30 psu in winter; freshening events occur in spring and summer, often at 2 wk intervals. Pictures indicate approximate times
when the gastrula, bipinnaria, brachiolariae, and juvenile stages of Pisaster ochraceus are found in the water column in the
San Juan Islands, WA. Pictures not to scale
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Predators use specific adaptations to locate and exploit prey. For example, laboratory studies revealed
that the swimming speeds and turning rates of the
planktonic predator Oxyrrhis marina increased significantly in the presence of a 5 mm thin phytoplankton layer of Isochrysis galbana (Menden-Deuer &
Grünbaum 2006). They noted that these behaviors
increased effective prey availability to the predators.
A keystone marine invertebrate species in the
Pacific Northwest is the sea star Pisaster ochraceus
(Paine 1966, Menge & Sanford 2013). The spawning
season of P. ochraceus is typically late March
through June, though a few ripe individuals can be
found as late as mid-July (Strathmann 1987, Sanford
& Menge 2007, Menge & Sanford 2013), and depending on food availability and physical conditions, the larvae can remain in the water column for
as little as 39 d (George 1999) or up to over 228 d
(Strathmann 1987). Larvae (gastrula, bipinnaria,
and brachiolaria stages) could thus be exposed to
multiple low-salinity events in surface waters during
their development (Fig. 1A,B).
In a recent laboratory study, Pia et al. (2012) observed salinity-induced morphological changes in
P. ochraceus larvae. Brachiolariae reared at 32 ‰
throughout development were long and slender with
long posterolateral arms, while those exposed to
20 ‰ for 3 or 14 d were short and wide with short posterolateral arms. These pronounced shape changes
lasted for 37 d. Strathmann (1971) noted that the
posterolateral arms of this sea star are mainly used
for swimming. However, these studies did not address the effect of morphological changes on the
swimming ability of brachiolariae in haloclines.
Although studies have shown that larvae are capable of avoiding low-salinity waters, with older larvae
being more sensitive (Sameoto & Metaxas 2008,
Arellano et al. 2012), the effects of prior exposure to
low salinity on the vertical distribution of Pisaster larvae have not been addressed. Larvae reared in low
salinity that develop shorter posterolateral arms
might not be able to increase their swimming speeds
and turning rates in the presence of food at the halocline. Furthermore, although haloclines are a regular
feature in many places (Lougee et al. 2002, Garza &
Robles 2010, Khangaonkar et al. 2011, Sutherland et
al. 2011), only a few studies have observed the behavior of planktonic organisms in haloclines over a
24 h period (Pennington & Emlet 1986, Lougee et al.
2002).
The goals of the present study were to (1) demonstrate that exposing embryos and larvae of P. ochraceus to low salinity during development affects larval
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morphology including posterolateral arm length
used for swimming and (2) determine the vertical distribution of later developmental stages (brachiolariae) in cylinders with and without food. The later
developmental stages were used because their vertical distribution in cylinders with and without a halocline can be easily quantified. Furthermore, this
stage is characterized by the development and elongation of 5 pairs of larval arms (anterodorsal, preoral,
postoral, posterodorsal, and posterolateral arms)
used specifically for swimming (Strathmann 1971,
Lacalli 1996, George 1999, Pia et al. 2012).

MATERIALS AND METHODS
Collection site
To determine the effect of salinity fluctuations on
the vertical distribution and behavior of larvae in
haloclines, 2 separate sets of experiments were carried out in June 2011 and 2012. In each year, 7 adult
Pisaster ochraceus were collected along the rocky
intertidal coast at Cantilever Point, Friday Harbor
Laboratories (FHL), Washington, USA (48° 32’ 46” N,
123° 0’ 46” W). Sea stars were collected from this site
because freshening events (reduction from the typical salinity of 30 ‰ during spring and summer) are
commonly observed at 1.7 m depth (SeaBird MicroCats; SBE37, Seabird Electronics; Fig. 1B). These
events are due to runoff from the Fraser River and
often occur at 2 wk intervals. The timing, frequency,
and magnitude vary from year to year, due to variations in river flow, tidal exchange, and wind speed
and direction. A second sensor was used to profile
water conditions with depth to show that higher
water temperatures were associated with these
freshwater intrusions, which can extend down to
15 m depth (Fig. 1A).

Spawning, fertilization, and larval rearing
In 2011, 4 adult P. ochraceus were injected with
2 ml of 10−4 M 1-methyladenine to induce spawning.
The eggs of 2 of the females were washed with
0.45 µm filtered seawater (FSW) to remove any
debris, and a sample was photographed with the use
of a video camera attached to a compound microscope. Egg diameter was measured using imageJ
(mean ± SE, 174.5 ± 8.5 µm, n = 60). The rest of the
eggs were fertilized with 8 to 10 drops of dilute
sperm, and subsamples examined under the micro-
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scope revealed 100% fertilization success. In 2012,
2 females and 1 male were injected with 1-methyladenine and spawned in a tank with running seawater. Fertilization success was 99%, and mean egg
diameter was 156.5 ± 6.9 µm (n = 40).
In both years, embryos were placed in large 4 l jars
in a sea table (78.7 × 129.5 × 16.5 cm) with continuously flowing seawater at 11−15°C. Embryos were
left to develop for 2 d to the gastrula stage before distributing them among the various treatments.
Food and larvae in the jars were kept in suspension
with the aid of a system of swinging paddles (Strathmann 1987). Water changes in each jar were made
weekly to maintain a high water quality while minimizing damage to embryos and larvae. Approximately 85% of the seawater was siphoned from each
jar and replaced with fresh 0.45 µm FSW. A 150 µm
mesh at the end of the siphon tube prevented loss of
larvae during siphoning. Once or twice a week extra
FSW was added to each jar to maintain a high water
quality.
Based on studies by Schiopu et al. (2006), 1800 to
2000 larvae jar−1 were fed a mixed algal diet of Dunaliella tertiolecta, Isochrysis galbana, and Rhodomonas sp. at initial concentrations of 1000, 6529, and
556 cells ml−1, respectively, 2 to 3 times wk−1. The
dosage increased to maximum concentrations of
2000, 22811, and 1139 cells ml−1, respectively, as larval size and stage increased (see Schiopu et al. 2006).
Algal cultures were reared under continuous illumination at room temperature.

Halocline set-up
Experimental haloclines were set up in acrylic
cylinders (Fig. 2) that measured 45 cm tall and 9 cm
in diameter. Each cylinder was fitted with a Plexiglas
lid with a hole through which 2 tubes, 167 cm long,
0.32 × 0.64 cm (1⁄8 × ¼ inch), were inserted. One of the
tubes was used to introduce 0.45 µm FSW and the
other to introduce brachiolaria larvae into the cylinders. Two clamps were installed on each of the tubes;
one functioned as an on/off switch and the other was
used to regulate water flow. To measure salinity at
various depths in the water column, 3-way valves
(n = 7) were installed at 5 cm intervals along the side
of each cylinder (Fig. 2). Before filling cylinders with
seawater or creating haloclines, all 6 cylinders with
lids and their respective tubes were placed in a sea
table (90 × 59 × 32 cm). Cylinders without haloclines
were gravity fed 40 cm of 30 ‰ FSW at a temperature
of ~11 to 12°C. Haloclines (10/20 ‰, 20/30 ‰ or

Fig. 2. Column used
in all halocline experiments, showing
the tubes used to introduce water and
larvae into the cylinders, 3-way valves
used to collect water
samples for salinity,
and a food (Isochrysis galbana) patch

Algal patch

Two tubes
used

Three-way
valve

30/40 ‰, hereafter 10/20, 20/30 and 30/40) were
established by slowly gravity feeding low salinity (10,
20 or 30 ‰) FSW through the tubing to 15 cm high in
the cylinder, followed by high-salinity FSW gravity
fed below the low-salinity water until water column
height reached 40 cm (see Metaxas & Young 1998a).
Several preliminary trials using extra cylinders were
run to ensure that flow rate in the tubes remained the
same in all experimental cylinders. The surrounding
sea table was then filled with seawater that flowed
continuously to ensure that the temperature of seawater in the cylinders remained at ~11−12°C. These
conditions mimic ambient temperature and salinity
conditions at Cantilever Point during the summer.
After setting up haloclines, all cylinders were left in
the sea table for an hour to stabilize before the introduction of brachiolaria larvae (29−41 d old). For all
experiments, only healthy brachiolaria larvae were
used. Healthy larvae were those that swam to the
surface of the jars within 1 to 2 min after the jars were
removed from the system of swinging paddles.
It was difficult to see larvae at the bottom of the
cylinders and measure salinity when cylinders were
submerged in seawater. An observation chamber
was thus made to allow easy cylinder viewing and
access. The observation chamber consisted of a glass
tank converted to a black box by removing the base
and covering the sides with black plastic tarp. The
tank was positioned vertically and a fluorescent light
provided back-illumination. To determine the number of larvae at various depths in the haloclines, a
cylinder was removed from the sea table and gently
placed in the observation chamber. Based on
repeated observations, larvae were not disturbed
during transfer from the sea table to the observation
chamber and back.
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Experiment 1
Expt 1 was designed to investigate the effect of exposure of embryos and early larval stages to low salinity on larval shape, posterolateral arm length, and the
vertical distribution of advanced larval stages.

Expt 1a: Effect of low-salinity exposure on larval
growth and survival
In 2011, 2 d after fertilization, the total number of
swimming embryos in stock jars (see below) was estimated, and 1800 embryos were placed into each of
12 jars (4 l) containing 2000 ml FSW. Four low-salinity exposure treatments with 3 replicates per treatment were set up with 0, 3, 7, and > 25 d of exposure
to low salinity (20−21 ‰) sea water. These treatments
were chosen because previous studies indicated that
they led to shape changes during development (Pia
et al. 2012). Low-salinity seawater was produced by
diluting natural filtered seawater (29−31 ‰) with deionized water. All salinity measurements were made
with a portable refractometer.
To determine whether exposure to low salinity
affected larval shape and posterolateral arm length,
10 larvae per jar (3 jars per treatment) were taken
from each of the 4 salinity treatments during water
changes and photographed using a video camera fitted on a compound microscope. The software program ImageJ was used to measure the lengths and
widths of each of the 10 larvae per sample, as well as
posterolateral arm length when present. Larvae were
staged with the aid of descriptions by George (1999)
and Pia et al. (2012). Larval survival was estimated 26
d after fertilization by counting all brachiolaria larvae
in 50 ml subsamples per jar (3 jars per treatment) for
all 4 salinity treatments.

Expt 1b: Effect on the vertical distribution of 29–33 d
old bipinnariae and brachiolariae 90 min after
introduction
To determine whether prior exposure to low salinity affected the vertical distribution of 29–33 d old
Pisaster larvae, 4 treatments were set up with 2 replicate cylinders per treatment: controls (20 or 30), a
10/20 halocline, a 20/30 halocline and a 30/40 halocline (Fig. 3A). The salinity of the control varied
between 30 and 32 ‰, depending on the salinity of
the seawater pumped into the lab from the San Juan
channel. The 20/30 halocline was chosen because
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stratified conditions with 20 ‰ sea water at the surface and 30 ‰ at the bottom are common in the Puget
Sound region (Khangaonkar et al. 2011). Furthermore, salinities as low as 21 ‰ have been reported in
this region (Fig. 1B). The 30/40 halocline was chosen
because the salinity of seawater that enters the Puget
Sound from the Pacific is ~34 ‰ (Khangaonkar et al.
2011, Sutherland et al. 2011). It is expected that brachiolaria larvae would encounter this salinity at the
halocline. Approximately 100 larvae (bipinnariae or
brachiolariae) that were never exposed to low salinity were transferred into beakers and gravity fed to
the bottom of each cylinder through the installed
tubes (see above). Larvae were allowed to swim for
90 min. Each cylinder was then gently removed from
the sea table and placed in the observation chamber
for larval viewing and counting. Starting at the top of
the water column, the numbers of larvae were
counted for 30 s in 5 cm increments to the bottom.
The salinity of a small drop of seawater taken
through each of the 3-way valves (n = 7) installed on
the side of each cylinder was then measured with a
portable refractometer. Cylinders were immediately
returned to the sea table. Cylinders with and without
haloclines were set up daily, and the experiment was
repeated for brachiolariae from the other salinity
treatments (3, 7, and > 25 d of exposure to 20−21 ‰
seawater). For the > 25 d exposure treatment, 2 replicates each of controls at 20 ‰, 20/30 haloclines, and
10/20 haloclines were prepared (Fig. 3A).

Expt 1c: Effect on the vertical distribution of 36–41 d
old brachiolariae 90 min and 24 h after introduction
To determine whether time influenced the vertical
distribution of larvae in the haloclines, 3 treatments
were set up with 2 replicate cylinders per treatment:
controls at 30 ‰, 20/30 haloclines, and 30/40 haloclines. Approximately 150 to 250 larvae that were
never exposed to low salinity were introduced into
each cylinder, and the vertical distribution of larvae
was noted after 90 min and after 24 h. This was
repeated using 150 to 200 larvae from the other salinity treatments (3 and 7 d of exposure to 20−21 ‰ sea
water). These experiments were carried out under
ambient light conditions.

Experiment 2
This experiment was designed to evaluate the
effect over time of prior acclimation to low salinity on
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the vertical distribution of 34−36 d old brachiolariae
in haloclines with a food patch.
In 2012, 2 d after fertilization, the total number of
swimming embryos in stock jars was estimated and
2000 placed in each of 12 jars (4 l) containing 2000 ml
FSW. Two salinity treatments, viz. larvae with no exposure to low salinity (30 ‰) and larvae exposed to low

salinity throughout development (> 25 d at 20−21 ‰),
were set up, with 6 replicate jars in each treatment.
To determine whether brachiolariae maintain their
position within haloclines in the presence or absence
of food, 2 replicates of 4 treatments were set up
(Fig. 3B). Controls (30 ‰ FSW) with no food, controls
(30 ‰ FSW) with I. galbana dispersed throughout,
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Fig. 3. (A) Expt 1, 2011. Experimental design for the vertical distribution of 29 to 36 d old Pisaster ochraceus brachiolaria larvae in cylinders with haloclines (‘10/20’, ‘20/30’ and ‘30/40’) and without (‘20’ or ‘30’). Two replicate cylinders were prepared per treatment. Numbers within each cylinder indicate salinity (‰). The experiment was repeated 4 times, using larvae that had been exposed to low salinity for 0, 3, 7, and > 25 d. (B) Expt 2, 2012. Experimental design for the vertical
distribution of 34 to 36 d old Pisaster ochraceus brachiolaria larvae with haloclines (‘20/30’) and without (‘20’ or ‘30’) in the
presence and absence of food. Numbers indicate salinity (‰). Food (Isochrysis galbana) was dispersed throughout the cylinder
(hatched yellow shading) in the no halocline treatments and as a 1 cm patch (solid yellow band) in the 20/30 halocline treatments. The experiment was repeated twice using larvae that were reared in either low salinity (> 25 d exposure to 20 ‰) or
30 ‰ salinity throughout the experiment
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20/30 haloclines with no food, and 20/30 haloclines
with a 1 cm food patch at the halocline (initially 2.3 ×
106 cells ml−1 of I. galbana, mimicking a thin phytoplankon layer; Metaxas & Young 1998b; Fig. 2). A
similar set of 4 treatments was prepared for brachiolaria larvae exposed to low salinity throughout development (> 25 d), and the salinity in these controls was
20 ‰. Cylinders with food patches but no larvae were
also set up to determine food patch stability over
time. Samples of 1 ml were taken from each food
patch, stained with Lugol’s solution, and algal cell
concentrations determined with a hemocytometer.
The cylindrical columns were similar to those used in
the previous experiments (see above) but slightly
wider (45 cm tall with an inner diameter of 10.3 cm)
with 8 (rather than 7) 3-way valves at 40, 35, 30, 25,
20, 17.5, 15, and 10 cm, respectively. Cylinders with
and without haloclines were prepared as described
above. For halocline treatments with food, the microalga I. galbana (cultured in 24.5 ‰ FSW) was gravity
fed into the bottom of the cylinder after the addition
of low-salinity water but before the addition of highsalinity water (Metaxas & Young 1998b). For controls, I. galbana cultured in either 30 or 20 ‰ FSW
were stirred throughout the water column.
An hour after the haloclines were established, 34 to
36 d old brachiolariae larvae (n = ~100) that were
never exposed to low salinity were gravity fed into
the bottom of each cylinder. Larvae were starved for
2 to 3 d before use to ensure that larval stomachs
were empty.
Larvae were counted in each vertical section after
1, 7, 19, and 24 h. For all experiments, recording the
vertical distribution of larvae in a cylinder took
approximately 4 to 5 min. Salinity was measured 1
and 24 h after larvae were introduced into the cylinders. The temperature within the cylinder was noted
at the end of the experiment. These experiments
were carried out in complete darkness and were
completed 52 d after fertilization.
Samples of 5 larvae were taken from the halocline
in all cylinders with food at 7 and 24 h after introduction. These larvae were then observed under the
microscope to determine whether they had empty or
full stomachs.

Data analysis
To determine whether salinity affected growth and
shape of Pisaster larvae, nested analysis of variance
(ANOVA) was used. Salinity was a fixed factor and
jar was a random factor nested within salinity treat-
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ment. To detect significant differences among salinity exposure treatments, pairwise comparisons of the
treatments were made using the Tukey HSD test. All
data were normally distributed and variances were
equal, except for 12 d after fertilization. For Expt 1, a
1-way ANOVA followed by a Tukey HSD test was
used to test differences in survival between salinity
treatments.
To determine whether prior exposure to low salinity affected the vertical distribution of brachiolariae
in cylinders with and without haloclines in both
years, larval counts were binned into 4 categories.
Binning was based on the salinity profiles of cylinders with haloclines, but cylinders without haloclines
were binned exactly the same as halocline cylinders
created on the same day. For Expt 1, the 4 categories
were surface (0−5 cm depth), above the halocline
(5−10 cm), the halocline (10−15 cm), and bottom (15−
40 cm). For Expt 2, bigger cylinders led to slightly different binning: surface (5−15 cm depth), halocline
(15−20 cm), below halocline (20−35 cm), and bottom
(35−45 cm). For Expt 1, we used 2-way contingency
tables, with depth and salinity treatment as the 2 factors, to test whether the vertical distribution of larvae
with 0, 3, 7, and > 25 d of exposure to low salinity differed among the control, 10/20, 20/30, and 30/40
halocline treatments. To ensure that vertical distributions from replicate cylinders could be pooled, 2-way
contingency tables with replicate and salinity treatment as factors were run for both years. In most
cases, the vertical distributions of larvae in replicate
cylinders did not differ and were pooled to determine
the effect of salinity exposure treatment on the position of larvae in the cylinders after 90 min. The Pearson chi-squared test was used to report significant
differences in larval vertical distribution among
salinity treatments. When differences were significant, the Pearson chi-squared test was used to determine where (surface, above the halocline, halocline,
bottom) in the water column larval distribution differed. Similar analyses were run to determine
whether time (90 min, 24 h) influenced the position of
larvae in the cylinders.
For Expt 2, the effect of food patches on larval distributions was analyzed with 2-way contingency
tables with depth and food presence as the 2 factors.
The Pearson chi-squared test was used to report significant differences for all contingency tables, and
the Pearson chi-squared test with time as the main
effect and the 4 depth categories as response frequencies was used to determine where (surface,
halocline, below the halocline, bottom) in the water
column larval distribution differed 1, 7, 19, and 24 h
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after their introduction. The Cochran-Mantel Haenszel test (CMH test) based on rank scores was used to
determine changes in algal cell concentration in the
food patch with and without brachiolariae 7 and 17 h
later. The statistical packages Jmp 9.0 and 10.0 were
used to analyze data, and Sokal & Rohlf (1995) was
used as a reference.

RESULTS
Experiment 1
Expt 1a: Effect of low-salinity exposure on larval
growth and survival
Brachiolariae with continuous exposure to low
salinity (> 25 d) exhibited the greatest morphological
differences; they were 8−34% smaller, 14−46% narrower, and had posterolateral arms 55−95% shorter
than those observed in the other treatments (0, 3, and
7 d of exposure to low salinity). These differences
were observed from Days 5 through 33 for total and
posterolateral arm lengths (Fig. 4, nested ANOVA,
Tukey HSD p < 0.05, Table S1 in the Supplement
at www.int-res.com/articles/suppl/m542p123_supp/),
and from Days 12 through 26 for larval width (Fig. 4,
nested ANOVA, Tukey HSD p < 0.05). In addition,

larvae exposed to low salinity for 3 d were significantly shorter and narrower than those not exposed
to low salinity during development or those exposed
to low salinity for 7 d (Fig. 4, from Days 5 to 19 post
fertilization, nested ANOVA, Tukey HSD, p < 0.05).
Eventually, the posterolateral arms for brachiolariae
from larvae exposed to low salinity for 3 d and those
never exposed to low salinity no longer differed significantly (Days 26 through 40 after fertilization,
Table S1, Fig. 4).
Larval mortality differed significantly among treatments 26 d after fertilization; brachiolariae that had
never been exposed to low salinity had the lowest
mortality (7.4%), those exposed to low salinity for 3
or 7 d were intermediate (36 and 28%, respectively),
and those exposed to low salinity throughout development (> 25 d) had the highest mortality (59%;
Fig. 5, 1-way ANOVA, Tukey HSD, p < 0.05).

Expt 1b: Effect on the vertical distribution of 29–33 d
old bipinnariae and brachiolariae 90 min
after introduction
The vertical distribution of larvae from the 4 salinity exposure treatments differed significantly in
cylinders without a halocline (χ2 = 263.2, p < 0.0001).
Larvae exposed to low salinity throughout develop-

Fig. 4. Larval length, larval width, and posterolateral arm length (µm) for 5, 12, 19, 26, 33, and 40 d old Pisaster ochraceus larvae reared in 4 different salinity treatments (0, 3, 7, and > 25 d at low salinity). Ten larvae were measured per jar and pooled for
statistical analysis. Bars are means ± SE (n = 30). Similar letters indicate no significant differences among the 4 treatments
(nested ANOVA, Tukey HSD p < 0.05)
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ment (> 25 d) showed behaviors that were substantially different from those that had been subjected to
other rearing conditions (Fig. 6). In the absence of a
halocline, only 2.8% of these brachiolariae reached
the surface compared to 84.3, 63.9, and 29.5% for
brachiolariae from the 0, 3, and 7 d low-salinity treatments, respectively (Fig. 6). In general, there was a
significantly higher percentage of larvae exposed to
low salinity throughout development at the bottom of
the cylinders (χ2 = 23.1, p < 0.0001) and a significantly
lower percentage at the surface (χ2 = 148.6, p <
0.0001, Table S2 in the Supplement).
In the presence of a 20/30 halocline, 75.5 to 93.4%
of brachiolariae from all 4 treatments reached the
halocline (χ2 = 29.6, p = 0.0001, Fig. 6). However, a
significantly greater percentage of larvae that had
been exposed to low salinity for 3, 7, or > 25 d were at
the bottom of the cylinders compared to those that
had never been exposed to low salinity (χ2 = 21.2, p <
0.0001, Table S2).

Fig. 5. Mortality of 26 d old Pisaster ochraceus brachiolaria
larvae with 0, 3, 7, and > 25 d of exposure to low salinity.
Bars are means ± SE (n = 3 replicate jars per treatment). Similar letters indicate no significant differences among
treatments (1-way ANOVA, Tukey HSD, p < 0.05)
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In the 30/40 haloclines, larvae exposed to low
salinity for 7 d had the greatest difficulty moving to
the surface of the cylinders where salinity was 30 ‰.
Only 13% reached the surface in 90 min compared
to 60.2% for those that were never exposed to low
salinity, and 45.3% for those exposed to low salinity
for 3 d (χ2 = 31.0, p < 0.0001). Interestingly, brachiolariae tended to swim into or stay within the salinity
layer that they had most recently experienced. The
majority of brachiolariae exposed to low salinity for
> 25 d remained below the halocline in the 10/20
treatment (χ2 = 56.2, p < 0.0001, Table S2).

As expected, in the absence of a halocline, between 75 and 77% of brachiolaria larvae that were
never exposed to low salinity were at the surface
90 min and 24 h after their introduction into the cylinders compared to those exposed to low salinity for
3 or 7 d (χ2 = 31.4, p < 0.0001, Fig. 7). A significant
percentage (16.6%) of those exposed to low salinity
for 7 d were at the bottom of the cylinders 90 min
after their introduction (χ2 = 13.9, p = 0.0009).
Brachiolariae from all treatments were originally
distributed around the 20/30 halocline 90 min after
their introduction (χ2 = 2.7, p = 0.6030, Table S2,
Fig. 7). After 24 h, the majority had moved to the surface, with only 1.2% remaining at the bottom of the
cylinders for those never exposed to low salinity and
2.1% for those exposed to low salinity for 7 d. However, 12.2% of larvae exposed to low salinity for 3 d
were at the bottom of the cylinders after 24 h (χ2 =
18.4, p = 0.0001, Table S2, Fig. 7).
Larvae exposed to low salinity for 7 d continued to
have the greatest difficulty moving to the surface in
the 30/40 halocline treatment 90 min after their intro-

Expt 1c: Effect on the vertical distribution of 36–41 d
old brachiolariae 90 min and 24 h after introduction
Observation of 36–41 d old brachiolaria larvae
after 90 min and after 24 h revealed a significant
change in their vertical distribution in cylinders without haloclines, 20/30 haloclines, and 30/40 haloclines
(Fig. 7).
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duction (χ2 = 13.5, p = 0.0012). Only 19.8% had
moved to the surface after 90 min compared to 47.3
and 32.7% for larvae exposed to low salinity for 0 and
3 d, respectively. After 24 h, the majority had moved
to the surface, with only 2.5% of those that had never
been exposed to low salinity remaining at the bottom
of the cylinders, 4.1% for those exposed to low salinity for 7 d, and 12.1% for those exposed to low salinity for 3 d (χ2 = 8.3, p = 0.0159, Table S2, Fig. 7).

Experiment 2
No exposure to low salinity/Halocline absent
The vertical distribution of brachiolaria larvae that
had never been exposed to low salinity depended on
whether food was present. A significantly higher percentage of larvae were at the surface 1 h after their
introduction into cylinders without food than in those
with food (χ2 = 32.9, p < 0.0001). In the presence of
food, a significantly higher percentage of larvae were
initially at the bottom (χ2 = 32.9, p < 0.0001), but after
7 h, the majority were at the surface regardless of
treatment (Fig. 8A). The percentage at the surface at
19 and 24 h was significantly higher in cylinders with
food than in those without food (χ2 = 37.7, p = 0.0001,
and χ2 = 10.2, p = 0.02, respectively, Fig. 8A,B).
No exposure to low salinity/Halocline present
With haloclines, a significantly higher percentage
of brachiolariae that had never been exposed to low
salinity remained at the halocline after 1 h in the
presence of a food patch than in the absence of a food
patch (χ2= 25.6, p < 0.0001, Fig. 8C,D). A high percentage of these larvae were observed at the halocline in cylinders with a food patch 7, 19, and 24 h
after their introduction (χ2= 149.8, 140.4, and 71.2
respectively, p < 0.0001 in all cases, Table S3 in the
Supplement).

Exposure to low salinity/Halocline absent
One hour after introduction, a significantly higher
percentage of larvae exposed to low salinity throughout development (> 25 d) were at the bottom of cylinders with food compared to cylinders without food
(χ2 = 61.1, p < 0.0001, Fig. 9A,B). By 7 h, a majority of
larvae in the control cylinders with food had moved
to the surface, significantly more than in cylinders
without food (χ2 = 27.1, p < 0.0001). The percentage
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of larvae at the surface at 19 and 24 h remained significantly higher in control cylinders with food than
in those without food (χ2 = 20.0, p < 0.0002, and χ2 =
48.0, p < 0.0001, respectively; Fig. 9A,B).

Exposure to low salinity/Halocline present
Unlike brachiolariae that were never exposed to
low salinity, those exposed to low salinity throughout
development (> 25 d) showed similar behaviors
regardless of whether food was present at the halocline, with a significant percentage above the halocline in the presence or absence of food (Fig. 9C,D).
At 7 h, the vertical distribution of larvae in haloclines
with and without a food patch did not differ (χ2 = 7.2,
p = 0.07). At 19 and 24 h after their introduction,
although all larvae from the low-salinity treatment
had moved above the halocline, the vertical distribution in haloclines with food patches differed significantly from those in haloclines without a food patch
(χ2 = 55.6, and 28.7, respectively, p < 0.0001).
Approximately 90% of these larvae were above the
halocline when food was present and only 44 to 60%
when food was absent 19 to 24 h after their initial
introduction into the cylinders.
These interesting but opposite trends for larvae
that had never been exposed to low salinity compared to those that had are summarized in Table S3
and Fig. 10. In the presence of food, a significantly
higher percentage of brachiolariae that were never
exposed to low salinity were at the halocline 1 h after
their introduction (χ2 = 9.1, p = 0.03, n = 531). These
larvae remained at the halocline for the next 19 h,
after which the percentage at the halocline
decreased as the percentage of those swimming
towards the surface increased significantly (χ2 = 22.3,
p < 0.0001). Unlike larvae that were never exposed to
low salinity, the percentage of larvae at the halocline
for those exposed to low salinity throughout development decreased significantly over time (χ2 = 34.3, p <
0.0001, n = 538, Fig. 10).
In the absence of food, larvae that were not exposed to low salinity during their development
showed similar behavior to those exposed to low
salinity throughout development with the exception
of 1 h after introduction. In the absence of food, larvae exposed to low salinity throughout development
(> 25 d) appeared to swim back and forth between
the halocline and the surface. In the presence of food
at the halocline, the stomachs of these larvae were
virtually empty, whereas those of larvae not exposed
to low salinity were packed with food.
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Fig. 8. Vertical distribution of 34–36 d old Pisaster ochraceus brachiolariae reared with no exposure to low salinity and then
placed in cylinders (A, B) without haloclines (30 ‰) and (C, D) with haloclines (20/30) in the absence or presence of food. Each
graph represents the combined results from 2 replicates. Between 60 and 130 larvae were introduced into each cylinder at
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Algal cell concentration within the food patch differed significantly over time (CMH test, χ2 = 8.0, p =
0.0046). Between 7 and 17 h, a significant decrease in
algal cell concentration was observed at the halocline. This was possibly due to feeding by larvae
within the patch and migration of algal cells away
from the patch.

DISCUSSION
The results of our study indicated that exposure of
early larval stages to low salinity has marked effects
on Pisaster ochraceus brachiolariae. Consistent with
Pia et al. (2012), larvae exposed to low salinity for 3,
7, or > 25 d were significantly smaller and had shorter
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Fig. 9. As in Fig. 8, but for larvae reared in low salinity prior to being placed in cylinders (A, B) without haloclines (20 ‰) and
(C, D) with haloclines (20/30) in the absence or presence of food. Between 50 and 110 larvae were introduced into each column
at least 1 h after the creation of the halocline

larval arms, and significantly fewer larvae survived
to the brachiolaria stage. Furthermore, morphological differences persisted the longer larvae were
exposed to low salinity. This study also documents for
the first time that the salinity at which Pisaster embryos and early larval stages develop influences their
swimming ability. Fewer larvae exposed to low salinity made it to the surface in the presence or absence
of a halocline or remained at the halocline in the
presence of food.

Larval mortality and morphology
As expected, exposure of early developmental
stages of P. ochraceus to low salinity (20−21 ‰) resulted in increased mortality. The highest mortality
(59%) was observed for larvae exposed to low salinity throughout development, and the lowest (7%)
for those that were never exposed to low salinity
during development, despite the fact that all larvae
were fed a mixed algal diet that generally promotes
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lariae from larvae reared in low salinity had significantly shorter posterolateral arms. However, the
shapes acquired differed between studies. In our
study, larvae reared in 20 ‰ were narrower, whereas
in the study by Pia et al. (2012), they were wider.
These differences might be due to variation in egg
quality between populations (George et al. 1990,
George 1996, 1999, Bertram & Strathmann 1998) that
might in turn influence early gene expression and
variation in larval morphology (Garfield et al. 2013).
Regardless, differences in larval morphology have
profound effects on feeding and swimming within
and among species (Strathmann 1971, Hart 1991,
Chan 2012).
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Fig. 10. Percentage of Pisaster ochraceus brachiolaria larvae at the halocline or surface as a function of time after introduction into cylinders with a 20/30 halocline. (A) Larvae
with no exposure to low salinity remained near the halocline when food was present, but (B) swam to the surface
when food was absent. (C) Brachiolariae raised in 20 ‰
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optimal growth and survival (Schiopu et al. 2006).
These results indicate that if spawning events and
early embryonic development coincide with the
intrusion of the Fraser River plume into the San
Juan Islands, the effects on larval mortality could be
substantial. An increase in the magnitude and frequency of low-salinity events during larval development of this species and other sea stars with planktotrophic larval development could lead to large
changes in benthic marine communities in the
Pacific Northwest (see Menge & Sanford 2013).
Since 1950, air and water temperatures in this
region have increased by 0.13 and 0.11°C per
decade, respectively (Harley 2011). Increased temperatures and the recent widespread wasting disease observed in many adult populations (Hewson
et al. 2014, Jurgens et al. 2015), make the findings
on survival of the brachiolaria larval stage in lowsalinity waters even more troubling.
Our study confirms the results of Pia et al. (2012),
who showed that low salinity induces morphological
changes in Pisaster larvae. In both studies, brachio-

Low salinity affected Pisaster larval morphology
and the ability to swim through haloclines. Longer
exposure of larvae to low salinity resulted in greater
effects on larval morphology and a lower percentage
of larvae at the surface in the absence of a halocline
90 min after their introduction. Only 3 to 30% of 29 d
old larvae exposed to low salinity for ≥7 d reached
the surface within 90 min, whereas 64 to 84% of larvae exposed to low salinity for ≤3 d reached the surface in the same time frame. Differences in larval vertical distribution were still noticeable in cylinders
with and without haloclines for 36 to 46 d old brachiolariae. These results indicate that prior exposure to
low salinity appears to slow down swimming speeds
of brachiolaria larvae.
The vertical position of planktonic larvae is influenced by several factors, including stage of development, current speed and direction, and larval swimming (Clay & Grünbaum 2010, Roy et al. 2012).
Swimming performance is influenced by larval morphology (Emlet 1994, Grünbaum & Strathmann 2003,
Strathmann & Grünbaum 2006, Clay & Grünbaum
2010, Chan 2012), and larval morphology in most
echinoderms with planktotrophic larval development
changes over time. As they develop, many larvae go
from simple to complex forms (Strathmann 1971,
Grünbaum & Strathmann 2003, Strathmann & Grünbaum 2006, Chan 2012). In P. ochraceus, the embryos
initially develop into a bipinnaria with less developed muscle bands and no larval arms (Mortensen
1920, Strathmann 1971, Lacalli 1996). Eventually
they develop into a brachiolaria with 5 pairs of larval
arms with well developed muscle bands running
through each arm (Strathmann 1971, Lacalli 1996,
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George 1999, Pia et al. 2012) that most likely enable
faster swimming speeds. Arms are usually directed
posteriorly but can also be directed anteriorly for
stopping and reversing (Strathmann 1971). The
longest of the 5 pairs are the posterolateral arms that
can grow to over 2 mm in length (Pia et al. 2012).
These latter arms can wave rhythmically back and
forth for extended periods of time, causing brachiolariae to rotate when suspended vertically in the
water column (Lacalli 1996; see the video in the Supplement at www.int-res.com/articles/suppl/m542
p123_supp/). The posterolateral arms were significantly longer in brachiolariae with no or only 3 d of
exposure to low salinity. It is possible that swimming
towards the surface is much more effective for Pisaster larvae with longer larval arms than for those with
shorter arms. In the larvae of other echinoderms, e.g.
sand dollars, modest morphological changes have
important consequences for swimming performance
(Clay & Grünbaum 2010).
Thirty-three days after fertilization, the length of
the posterolateral arms no longer differed significantly among brachiolariae that were not exposed
to low salinity or exposed to low salinity for 3 or 7 d,
although residual effects of the salinity treatment
remained. Fewer 36 d old brachiolariae from larvae
exposed to low salinity for 7 d made it to the surface
in cylinders with and without haloclines. This was
especially noticeable in the 30/40 haloclines 90 min
after they were introduced into the cylinders.
Despite increases in arm length, osmotic stress experienced by brachiolariae early during development might have long lasting effects, e.g. hampering their ability to vertically migrate from waters
that are too saline. Similar observations were noted
for 36 d old brachiolariae from larvae exposed to
low salinity for 3 d. Although the majority of these
larvae were initially at the surface 90 min after they
were introduced, 12% were at the bottom of the
cylinders after 24 h. It is possible that these brachiolariae were also experiencing osmotic stress or that
they were searching for food at the bottom of the
cylinders or sinking because they were more
advanced in development.
Ultimately, changes in morphology over time might
improve swimming. During development, larval morphologies might converge to a shape that enhances
swimming by brachiolariae initially exposed to lowsalinity waters in Puget Sound for varying lengths of
time. Longer larval arms will increase speed and
might enable brachiolariae to escape predators, vertically migrate, and locate and capture prey in the
water column.
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Vertical distribution of brachiolariae in the
presence or absence of food
Surprisingly, larvae exposed to low salinity
throughout development spent very little time at the
halocline in the presence of food, with less than 40%
at the halocline 1 h after their introduction and less
than 10% after 24 h. An examination of their stomachs revealed the presence of food, but the stomachs
were not full. Brachiolariae used in these experiments had been starved for several days before being
introduced into the columns, so it is interesting that
they did not stay at the halocline to feed. It is possible
that they swam quickly to the surface to avoid stressful osmotic conditions at the halocline, or their ability
to sense food at the halocline was somehow
impaired.
Like all planktotrophic echinoderm larvae, Pisaster
larvae have a continuous band of ciliated epithelial
cells (Strathmann 1971). The coordinated beat of the
ciliated band is crucial for larval feeding and swimming. Particles are captured by mechanical stimulation of the cilia (Strathmann 1971, Hart & Strathmann
1995) and their capture and retention varies along
different sections of the ciliated band (Hart 1991). If
exposing larvae to low salinity results in damage to
the ciliated band, then brachiolaria larvae might
have a reduced ability to sense food particles in the
water column.
Unlike larvae reared in 20 ‰ salinity for > 25 d,
those reared in 30 ‰ salinity swam readily into lowersalinity water at the surface in the absence of food
but delayed their movement to the surface when food
was present at the halocline. These brachiolariae
spent a significant amount of time at the halocline
feeding, with over 80% at the halocline 19 h after
they were introduced into the columns and over 60%
at the halocline after 24 h. Examination of their stomachs confirmed that they were feeding, and the stomachs were packed with food. Metaxas & Young
(1998a,b,c) made similar observations for echinoids;
larvae remained around the halocline in the presence of food but swam to the surface in the absence
of food. Menden-Deuer & Grünbaum (2006) noted
that the swimming speeds and turning rates of the
protistan predator Oxyrrhis marina increased significantly in the presence of a thin phytoplankton layer.
They observed that predator abundance was 20
times higher within the Isochrysis layer than in the
absence of this layer. They also observed that predators had strong vertical components of swimming
directions in the absence of a food layer but stronger
horizontal components of swimming directions in the
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presence of a horizontal layer of food. It is possible
that different larval shapes and larval arm lengths
lead to different swimming speeds and turning rates
of brachiolariae. For instance, a damaged ciliated
band and shorter posterolateral larval arms might
affect the ability of larvae to sense particles and
retain a horizontal position when food is present at
the halocline.
When food was absent, brachiolaria larvae exposed to low salinity throughout development appeared to swim randomly to and from the halocline.
On the other hand, in the absence of food at the halocline, > 60% of brachiolariae that were never exposed to low salinity were at the halocline after 1 h.
By 7 h, they had moved to the surface. In contrast to
larvae exposed to low salinity throughout development, they did not return to the halocline. Differences in the observed vertical swimming behaviors
suggest that larvae initially in high-salinity waters
would respond positively to the presence of thin
phytoplankton layers at or just below the halocline,
whereas those initially in low-salinity waters would
not.
The results of our study indicate how P. ochraceus
larvae might respond to low-salinity surface waters
and vertical stratification of the water column in the
Salish Sea. The physical conditions in surface
waters during spawning events, the initial horizontal
and vertical location of embryos and larvae (bipinnariae and brachiolariae) in the water column, and
food availability at the surface or halocline all play a
critical role in the survival to the brachiolaria larval
stage. Larvae of this species have the potential to
spend 2 to 7 mo in the water column (Strathmann
1987, Menge & Sanford 2013). The longer poor larval swimmers remain in the water column, the
greater the possibility of developing longer arms
and becoming better swimmers; however, this is
dependent on their vertical distribution in the water
column and food availability (see Drake et al. 2015).
Furthermore, poor swimmers would have an
increased risk of being eaten (Thorson 1946) and
being exposed to multiple low-salinity events during
the late spring and summer months in the Salish
Sea (Riche et al. 2014, present study). Future studies
should use mathematical modeling and empirical
data to address the effect of flow on swimming and
the vertical position of sea star larvae in haloclines.
In light of the recent wasting disease along the west
coast of the US (Hewson et al. 2014, Jurgens et al.
2015), knowing the effect of the disease on the quality of the gametes produced by surviving populations is of extreme importance. The ability of larvae

from these gametes to survive multiple low-salinity
events is also of equal importance. The data
obtained from these studies will give us insights into
the future of sea star populations in the Pacific
Northwest.
Acknowledgements. We thank Dr. Gustav Paffenhöfer, who
read the first version of this manuscript, and several anonymous reviewers for helpful suggestions. Funding for S.M.B.,
D.L., and P.D. was provided by the Anne Hoff Blinks endowment of Friday Harbor Laboratories and 2 National Science
Foundation REU Site awards (DBI-1004193, DBI-1262239) to
Adam Summers. We are also grateful for the assistance of
Matthew N. George and James Murray for providing the
vertical profiles of Fig. 1B, and for support from the National
Science Foundation (award EF104113 to E.C.). We also
thank Richard Strathmann for discussing the results of this
study and Matthew P. Eziashi for help with video editing.

LITERATURE CITED

➤ Arellano SM, Reitzel AM, Button CA (2012) Variation in ver-

➤

➤
➤
➤
➤
➤

➤

➤

➤
➤
➤

tical distribution of sand dollar larvae relative to haloclines, food, and fish cues. J Exp Mar Biol Ecol 414-415:
28−37
Bashevkin SM, Pechenik JA (2015) The interactive influence of temperature and salinity on larval and juvenile
growth in the gastropod Crepidula fornicata (L.). J Exp
Mar Biol Ecol 470:78−91
Benoit-Bird KJ, McManus MA (2014) A critical time window
for organismal interactions in a pelagic ecosystem. PLoS
ONE 9:e97763
Benoit-Bird KJ, Shroyer EL, McManus MA (2013) A critical
scale in plankton aggregations across coastal ecosystems. Geophys Res Lett 40:3968−3974
Bertram DF, Strathmann RR (1998) Effects of maternal and
larval nutrition on growth and form of planktotrophic larvae. Ecology 79:315−327
Chan KYK (2012) Biomechanics of larval morphology affect
swimming: insights from the sand dollars Dendraster
excentricus. Integr Comp Biol 52:458−469
Clay TW, Grünbaum D (2010) Morphology−flow interactions
lead to stage-selective vertical transport of larval sand
dollars in shear flow. J Exp Biol 213:1281−1292
Dekshenieks MM, Donaghay PL, Sullivan JM, Rines JEB,
Osborn TR, Twardowski MS (2001) Temporal and spatial
occurrence of thin phytoplankton layers in relation to
physical processes. Mar Ecol Prog Ser 223:61−71
Drake PT, Edwards CA, Morgan SG (2015) Relationship
between larval settlement, alongshore wind stress and
surface temperature in a numerical model of the central
California coastal circulation. Mar Ecol Prog Ser 537:
71−87
Durham WM, Stocker R (2012) Thin phytoplankton layers:
characteristics, mechanisms, and consequences. Annu
Rev Mar Sci 4:177−207
Emlet RB (1994) Body form and patterns of ciliation in nonfeeding larvae of echinoderms: functional solutions to
swimming in the plankton? Am Zool 34:570−585
Erga SR, Dybwad M, Frette Ø, Lotsberg JK, Aursland K
(2003) New aspects of migratory behavior of phytoplankton in stratified waters: effects of halocline strength and
light on Tetraselmis sp. (Prasinophyceae) in an artificial
water column. Limnol Oceanogr 48:1202−1213

Bashevkin et al.: Salinity effects on sea star larvae

➤ Garfield DA, Runcie DE, Babbitt CC, Haygood R, Nielsen

➤

➤
➤

➤
➤
➤

➤

➤

➤

➤

➤

➤
➤
➤

➤

WJ, Wray GA (2013) The impact of gene expression variation on the robustness and evolvability of a developmental gene regulatory network. PLoS Biol 11:e1001696
Garza C, Robles C (2010) Effects of brackish water incursions and diel phasing of tides on vertical excursions of
the keystone predator Pisaster ochraceus. Mar Biol 157:
673−682
George SB (1996) Echinoderm egg and larval quality as a
function of adult nutritional state. Oceanol Acta 19:
297−308
George SB (1999) Egg quality, larval growth and phenotypic
plasticity in a forcipulate seastar. J Exp Mar Biol Ecol
237:203−224
George SB, Cellario C, Fenaux L (1990) Population differences in egg quality of Arbacia lixula (Echinodermata:
Echinoidea): proximate composition of eggs and larval
development. J Exp Mar Biol Ecol 141:107−118
Grünbaum D, Strathmann RR (2003) Form, performance and
trade-offs in swimming and stability of armed larvae.
J Mar Res 61:659−691
Harley CDG (2011) Climate change, keystone predation,
and biodiversity loss. Science 334:1124−1127
Hart MW (1991) Particle capture and the method of suspension feeding by echinoderm larvae. Biol Bull (Woods
Hole) 180:12−27
Hart MW, Strathmann RR (1995) Mechanisms and rates of
suspension feeding. In: McEdward L (ed) Ecology of
marine invertebrate larvae. CRC Press, Boca Raton, FL,
p 193−221
Hewson I, Button JB, Gudenkauf BM, Miner B and others
(2014) Densovirus associated with sea-star wasting disease and mass mortality. Proc Natl Acad Sci USA 111:
17278−17283
Jurgens LJ, Rogers-Bennett L, Raimondi PT, Schiebelhut
LM Dawson MN, Grosberg RK, Gaylord B (2015) Patterns of mass mortality among rocky shore invertebrates
across 100km of Northeastern Pacific coastline. PLoS
ONE 10:e0126280
Khangaonkar T, Yang Z, Kim T, Roberts M (2011) Tidally
averaged circulation in Puget Sound sub-basins: comparison of historical data, analytical model, and numerical
model. Estuar Coast Shelf Sci 93:305−319
Lacalli TC (1996) Mesodermal pattern and pattern repeats
in the starfish bipinnaria larva, and related patterns in
other deuterostome larvae and chordates. Philos Trans R
Soc Lond B Biol Sci 351:1737−1758
Lance J (1962) Effects of water of reduced salinity on the
vertical migration of zooplankton. J Mar Biol Assoc UK
42:131−154
Lougee LA, Bollens SM, Avent SR (2002) The effects of haloclines on the vertical distribution and migration of zooplankton. J Exp Mar Biol Ecol 278:111−134
Masson D, Peña A (2009) Chlorophyll distribution in a temperate estuary: the Strait of Georgia and Juan de Fuca
Strait. Estuar Coast Shelf Sci 82:19−28
McManus MA, Sevadjian JC, Benoit-Bird KJ, Cheriton OM,
Timmerman AHV, Waluk CM (2012) Observations of
thin layers in coastal Hawaiian waters. Estuaries Coasts
35:1119−1127
Menden-Deuer S, Grünbaum D (2006) Individual foraging
behaviors and population distributions of a planktonic
predator aggregating to phytoplankton thin layers. Limnol Oceanogr 51:109−116
Menge BA, Sanford E (2013) Ecological role of sea stars from
populations to meta-ecosystems. In: Lawrence JM (ed)
Starfish: biology and ecology of the Asteroidea. Johns

139

Hopkins University Press, Baltimore, MD, p 67−80

➤ Metaxas A, Young CM (1998a) Responses of echinoid larvae
➤

➤
➤

➤
➤

➤

➤

➤
➤

➤

➤

➤

to food patches of different algal densities. Mar Biol 130:
433−445
Metaxas A, Young CM (1998b) Behaviour of echinoid larvae
around sharp haloclines: effects of the salinity gradient
and dietary conditioning. Mar Biol 131:443−459
Metaxas A, Young CM (1998c) The effect of a dense food
patch on larval response to haloclines. In: Mooi R,
Telford M (eds) Echinoderms: San Francisco. A.A.
Balkema, Rotterdam, p 745−750
Mortensen T (1920) Notes on the development and the larval forms of some Scandinavian echinoderms. Vidensk
Medd Dan Nathist Foren 71:133−160
Paine RT (1966) Food web complexity and species diversity.
Am Nat 100:65−75
Pennington JT, Emlet RB (1986) Ontogenetic and diel vertical migration of a planktonic echinoid larva, Dendraster
excentricus (Eschscholtz): occurrence, causes, and probable consequences. J Exp Mar Biol Ecol 104:69−95
Pia TS, Johnson T, George SB (2012) Salinity-induced morphological changes in Pisaster ochraceus (Echinodermata: Asteroidea) larvae. J Plankton Res 34:590−601
Riche O, Johannessen SC, Macdonald RW (2014) Why timing matters in a coastal sea: trends, variability and tipping points in the Strait of Georgia, Canada. J Mar Syst
131:36−53
Roy A, Metaxas A, Daigle RM (2012) Changes in vertical
distribution and aggregative behaviour in response to
population density for larval sea urchins (Strongylocentrotus droebachiensis) and sea stars (Asterias rubens).
Mar Ecol 33:194−204
Sameoto JA, Metaxas A (2008) Interactive effects of haloclines and food patches on the vertical distribution of 3
species of temperate invertebrate larvae. J Exp Mar Biol
Ecol 367:131−141
Sanford E, Menge BA (2007) Reproductive output and consistency of source populations in the sea star Pisaster
ochraceus. Mar Ecol Prog Ser 349:1−12
Schiopu D, George SB, Castell J (2006) Ingestion rates and
dietary lipids affect growth and fatty acid composition of
Dendraster excentricus larvae. J Exp Mar Biol Ecol 328:
47−75
Sevadjian JC, McManus MA, Ryan J, Greer AT, Cowen RK,
Woodson CB (2014) Across-shore variability in plankton
layering and abundance associated with physical forcing
in Monterey Bay, California. Cont Shelf Res 72:138−151
Sokal RR, Rohlf FJ (1995) Biometry: the principles and practice of statistics in biological research, 3rd edn. WH.
Freeman & Co., New York, NY
Stickle WB, Diehl WJ (1987) Effects of salinity on echinoderms. Echinoderm Stud 2:235−285
Stocker TF, Qin D, Plattner GK, Tignor M and others (eds)
(2013) Climate change 2013: the physical science basis.
Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge and
New York, NY
Strathmann MF (1987) Reproduction and development of
marine invertebrates of the North Pacific coast. Data and
methods for the study of eggs, embryos, and larvae. University of Washington Press, Seattle, WA
Strathmann RR (1971) The feeding behavior of planktotrophic echinoderm larvae: mechanisms, regulation, and
rates of suspension-feeding. J Exp Mar Biol Ecol 6:
109−160
Strathmann RR, Grünbaum D (2006) Good eaters, poor

140

➤

Mar Ecol Prog Ser 542: 123–140, 2016

swimmers: compromises in larval form. Integr Comp Biol
46:312−322
Sutherland DA, MacCready P, Banas NS, Smedstad LF
(2011) A model study of the Salish Sea estuarine circulation. J Phys Oceanogr 41:1125−1143
Thorson G (1946) Reproduction and larval development of
Editorial responsibility: Inna Sokolova,
Charlotte, North Carolina, USA

➤

Danish bottom invertebrates; with special reference to
the planktonic larvae in the Sound (Øresund). Medd
Komm Dan Fisk Havunders Plankton 4:1−523
Vázquez E, Young CM (1996) Responses of compound
ascidian larvae to haloclines. Mar Ecol Prog Ser 133:
179−190
Submitted: February 13, 2015; Accepted: November 18, 2015
Proofs received from author(s): December 18, 2015

