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Supplement. Collection of adults and egg masses 

For each species, specific details on collection locations, dates of collection, biological material 
collected (e.g. adult vs. egg masses), and number of individuals collected are provided in Table S1. This 
paragraph describes details of sample collections, while the following paragraph ‘Larval culture’ 
describes details of larval culturing for each species. Spawning, fertilization, larval collection, and 
culturing techniques (Table S2) followed the methods outlined in Strathmann (1987). The Mytilus 
californianus adults, which were conditioned for later experiments, were reared in flow-through aquaria 
at ambient temperatures with supplies of ample food (fed continuously on a diet of 8 × 104 cells ml–1 of 
Isochrysis galbana and Chaetoceros neogracile). Hatching of ripe egg lamellae from barnacles Balanus 
glandula and Pollicipes polymerus was induced by exposing egg lamellae to fiber optic illumination (see 
Emlet & Sadro 2006). One gravid female crab of Cancer antennarius and one gravid female of 
Hemigrapsus nudus was obtained, but multiple gravid females of H. oregonensis were collected (Table 
S1). Crabs were brought to the lab and each female was kept in a separate aquarium tank until the larvae 
hatched. Due to the high numbers of brooding H. oregonensis in the field, multiple individuals with egg 
masses near the same stage of maturity could be obtained, and these hatched within a day or two of each 
other. The larger crab, C. antennarius, was kept in a large aquarium (76 l) with flow-through filtered 
seawater from the facilities at the Hatfield Marine Science Center (HMSC), Newport, Oregon, USA. The 
smaller crabs, Hemigrapsus spp., were kept in individual aquaria (3 l) supplied with air bubblers and their 
seawater was changed every other day. All crabs were fed Mytilus trossulus daily and monitored more 
than 3 times daily for hatching larvae. At the time of first signs of larvae being released from the egg 
mass, C. antennarius was moved to a smaller aquarium tank filled with filtered seawater so that larvae 
could be collected for the experiment. For the smaller crabs that were kept in individual 3 l aquaria, when 
larvae began to be released, the tanks were drained, rinsed, and refilled so that larvae could be collected. 
Similarly for egg masses of the nudibranch Onchidoris bilamellata, at the first sign of larval hatching 
from the egg mass, the aquaria was drained, rinsed, and refilled so that larvae could be collected. Once 
larvae were collected, they were subdivided into culturing jars (see ‘Larval culture’ for culturing details). 



Adults of the anemone Anthopleura xanthogrammica and the sea star Pisaster ochraceus, from which 
gametes were obtained, had been collected previously along the Oregon coast and were maintained in 
aquaria with running seawater and fed fish chunks 3 times a week. 

Larval culture 

With the exception of barnacles, all larval culture methods (including spawning and fertilization) were 
performed as per the methods outlined in Strathmann (1987) (Table S2). Barnacle cultures followed 
procedures outlined in Emlet & Sadro (2006). Cultures consisted of offspring from more than one parent 
by combining the eggs and sperm of 2 or more females/males or the hatched larvae from more than one 
egg mass. This was possible for all organisms except Cancer antennarius and Hemigrapsus nudus, where 
only one brooding female was obtained. Cleaning of cultures occurred every other day and was done by 
reverse sieving. In this process, a funnel attached to TygonTM tubing with Nitex mesh covering the mouth 
of the funnel was used to gently sieve water out of the cultures. Mesh sizes used in reverse sieving were: 
30 μm mesh for larval stages up to 150 μm in size, 100 μm for larvae greater than 150 μm, and a 250 μm 
mesh for crab larvae. Following reverse sieving, cultures were transferred to clean 3 l glass jars 
containing filtered seawater and the volumes brought up to 3 l. Once cultures were cleaned, they were fed 
the appropriate diet. Exceptions to this feeding regime were the crab and anemone cultures. The crab 
cultures were cleaned daily and fed newly hatched Artemia nauplii. The anemone cultures were cleaned 
and fed every other day. They were fed the recommended homogenized Artemia brine shrimp diet prior to 
cleaning (Strathmann 1987). The Artemia-based food was prepared by hatching 1 g of Artemia cysts 1 d 
in advance. After 24 h, freshly hatched brine shrimp were collected, rinsed with filtered seawater, 
collected on a filter, and placed in fresh filtered seawater. They were then homogenized using a high-
speed dispersion lab mill and passed through a 100 μm filter. The filtrate was brought to a volume of  
800 ml and used for feeding anemone larvae. The food was provided in excess (approximately 100 ml of 
homogenate per 3 l container) and allowed to remain in the culture for 1 to 2 h. Following this period the 
anemone cultures were cleaned in the method described for other cultures.  

Experiment 

Liquid nitrogen supplied in a 160 l cylinder was used to create low oxygen conditions in diffuser 
tanks. Gas flow from the cylinder was set at 5–7.5 scfh (standard cubic feet per hour), and the pressure 
was set at 10 psi (pounds per square inch). A PVC manifold with ball valves was used to control the flow 
of gas into diffuser tanks. From the manifold, gas flowed through TygonTM tubing and into glass bonded 
silica diffusers (Sweetwater Air Diffuser, 9" long x 1.5" wide, 1/2" national pipe thread [NPT], PE, 
Aquatic Ecosystems), which diffused nitrogen gas into diffuser tanks. Control of oxygen levels in diffuser 
tanks was achieved by using different numbers of diffusers (1 diffuser for control and upwelled water 
treatments, 3 diffusers and 4 diffusers for hypoxia and near-anoxia treatments respectively) and by 
adjusting the flow from the PVC manifold via the ball valves.  

To ensure that air was not introduced into experiments at the time that larvae were added, larvae were 
injected into the 1 l containers via a 1 ml or 5 ml syringe filled with seawater. The syringe slip tip 
connected to TygonTM tubing that was attached by a ‘Y’ fitting to the inflow tubing of the 1 l containers. 
The 1 l replicate containers that held larvae did not have a stirring mechanism, but water flow through 
these containers ensured that larvae were kept suspended off the bottom of the jars. Treatment water 
entered each 1 l container through a 6.25 mm inflow glass tube that injected water at the base of the 
bottle. Water exited the bottle through a double-sided cylindrical filter, covered with Nitex mesh. The rate 
of gentle flow coming out at the bottom of the container kept the larvae from settling to the bottom. 
Observations on swimming behavior of larvae that were visible to the naked eye showed that animals 
were swimming and active in control treatments during experiments.  



Effects of pH on survivorship 

To monitor the potential side effects of changing pH, we conducted an experiment with 4 treatments 
including 1 control (pH 8.1) and 3 near-anoxic treatments (DO < 0.5 ml l–1) of different pH values (7.5, 
8.1, 8.3). Two near-anoxic treatments were bubbled with N2 and enough CO2 gas to produce pH levels of 
7.5 or 8.1, while the third near-anoxic treatment was bubbled with N2 only and had a pH of 8.3. The 
experiment was repeated 3 times, and we ran trials on the most sensitive group of larvae – the crabs. We 
chose Hemigrapsus oregonensis since we had easy access to these individuals.  

A mixed model ANOVA with treatment as a fixed effect and date of experimental trial as a random 
effect showed no significant date and treatment interaction (p = 0.311), but there was a significant 
difference between the control and 3 near-anoxia treatments (p < 0.0001). Tukey’s Honestly Significant 
Difference (HSD) post hoc test (α = 0.05) revealed that the control (pH 8.1) had significantly higher 
survivorship than the near-anoxia treatments with different pH levels (7.5, 8.1, 8.3), but there was no 
significant difference between any of the near-anoxia treatments, which had similar levels of survival. 

 



Table S1. Collection months and locations in 2009 for spawning or brooding adults and for egg masses of 
the different species used in experiments 

Species Location Month Adult, 
gametes, 
egg mass  

Notes 

     
Anthopleura 
xanthogrammica 

HMSC Aquarium 
Science Center 

June  Gametes Gametes from 3 and 3 collected 

Balanus  
glandula 

Seal Rock, 
Yachats 

May, October Egg mass Obtained 8 to 12 ripe egg lamellae on 
each occasion 

Cancer 
antennarius 

Yaquina Bay  May Gravid 
adult 

Obtained one gravid  

Hemigrapsus 
nudus 

Yaquina Bay July Gravid 
adult 

Obtained one gravid  

Hemigrapsus 
oregonensis 

Yaquina Bay June, August, 
September 

Gravid 
adult 

Obtained 4, 6, and 2 gravid on each 
occasion 

Mytilus 
californianus 

Fogarty Creek August Adults Obtained 50 adults. Twelve were 
spawned in September, and the 
remainder were conditioned for 
spawning in December 

Onchidoris 
bilamellata 

Yaquina Bay July Egg mass Obtained 2 egg masses 

Pisaster  
ochraceus 

HMSC Aquarium 
Science Center 

June Gametes Gametes from 2 and 3  

Pollicipes 
polymerus 

Yachats September, 
October 

Egg mass Obtained 4 and 3 ripe egg lamellae on 
each occasion 

Strongylocentrotus 
purpuratus 

Boiler Bay  July Adults Obtained 20 adults. Spawned 4  
and 3  

 



Table S2. Spawning/hatching procedures, rearing density, rearing setup, and larval culturing diet for the 
experiments conducted in 2009 to understand the effects of low oxygen on larval survivorship 

Species Spawning/hatching procedure Rearing 
density 

Rearing 
setup 

Diet  

     
Anthopleura 
xanthogrammica 

Gametes obtained from 
spawning individuals at HMSC 
Aquarium  

2 larvae ml–1 
of seawater  

Swinging 
paddlea  

Newly hatched Artemia 
nauplii homogenate 

Balanus  
glandula 

Ripe egg lamellae induced to 
hatch by fiber optic 
illumination (see Emlet & 
Sadro 2006) 

2 larvae ml–1 
of seawater  

Swinging 
paddle 

1 × 105 cells ml–1, 1:1 
mixture of Skeletonema 
costatum and Isochrysis 
galbana 

Cancer 
antennarius 

Gravid female kept in aquaria; 
eggs allowed to hatch naturally 

1 larva  
25 ml–1 of 
seawater 

Aerated 
seawater 

5 ml–1, newly hatched 
Artemia nauplii  

Hemigrapsus 
nudus 

Gravid female kept in aquaria; 
eggs allowed to hatch naturally 

1 larva  
25 ml–1 of 
seawater 

Aerated 
seawater 

5 ml–1, newly hatched 
Artemia nauplii 

Hemigrapsus 
oregonensis 

Gravid female kept in aquaria; 
eggs allowed to hatch naturally 

1 larva  
25 ml–1 of 
seawater 

Aerated 
seawater 

5 ml–1, newly hatched 
Artemia nauplii 

Mytilus 
californianus 

1 h immersion in 2–4 mmol l–1 
solution of hydrogen peroxide 
in seawater brought to pH 9 
with 2 mol l–1 TRIS. Followed 
by 3–4 h immersion in seawater 
warmed 5–6 °C above ambient 
temperature  

5 larvae ml–1 
of seawater 

Swinging 
paddle 

3 × 104 to 1 × 105 cells 
ml–1 depending on larval 
stage, 1:1 mixture of 
Isochrysis galbana and 
Chaetoceros neogracile 

Onchidoris 
bilamellata 

Egg mass kept in aquaria and 
allowed to hatch naturally 

5 larvae ml–1 
of seawater 

Standing 
cultures 

1 × 104 cells ml–1, 1:1 
mixture of Isochrysis 
galbana and 
Chaetoceros neogracile 

Pisaster  
ochraceus 

Gametes obtained from 
spawning individuals at HMSC 
Aquarium 

2 larvae ml–1 
of seawater  

Swinging 
paddle 

1 × 104 cells ml–1, 1:1 
mixture of Isochrysis 
galbana and 
Rhodomonas salina 

Pollicipes 
polymerus 

Ripe egg lamellae induced to 
hatch by fiber optic 
illumination (see Emlet & 
Sadro 2006) 

2 larvae ml–1 
of seawater  

Swinging 
paddle 

1 × 105 cells ml–1 1:1 
mixture of Skeletonema 
costatum and Isochrysis 
galbana 

Strongylocentrotus 
purpuratus 

Injection of 0.5–5 ml of 0.53 M 
KCl into coelom of animal 

2 larvae ml–1 
of seawater  

Swinging 
paddle 

1 × 104 cells ml–1, 1:1 
mixture of Isochrysis 
galbana and 
Rhodomonas salina 

aThe ‘swinging paddle’ system is described in Strathmann (1987)



Table S3. Species, larval state or age, number, density, and month of experiment conducted in order to 
test the effects of low oxygen on larval survivorship 

Species Stage or age  Number Density Month  
     
Anthopleura 
xanthogrammica 

2-wk old anemone 
planula 

100  1 larva ml–1 June 

Balanus glandula Stage IV, V, and 
VI nauplii 

100 1 larva ml–1 May, October, 
November 

Cancer antennarius Stage I zoea 20 1 larva 50 ml–1 June 
Hemigrapsus nudus Stage I zoea 20 1 larva 50 ml–1 July 
Hemigrapsus 
oregonensis 

Stage I zoea 20 1 larva 50 ml–1 June 

Mytilus californianus Pediveligers 1500 3 larvae 2 ml–1 September, December 
Onchidoris bilamellata 2-wk old veligers 1500 3 larvae 2 ml–1 July 
Pisaster ochraceus Bipinnaria, 

brachiolaria 
30  1 larva 33 ml–1 June, August 

Pollicipes polymerus Stage IV nauplii 100  1 larva ml–1 October, November 
Strongylocentrotus 
purpuratus 

6-arm pluteus and 
8-arm pluteus 

1500 3 larvae 2 ml–1 July, August, 
September 

 

Table S4. Mean survivorship and standard error for species with various dissolved oxygen (DO) 
concentration treatments. Treatments that were not tested are indicated by NA 

Species Control (5–7 
ml l–1) 

Upwelled (1.8–
3.6 ml l–1) 

Hypoxia (0.5–
1.4 ml l–1) 

Near-anoxia 
(<0.5 ml l–1) 

     
Cnidarian     

Anthopleura xanthogrammica 
planula 

80.44 (±3.413) NA NA 70.81 (±7.587) 

Arthropods     
Balanus glandula stage IV 91.33 (±1.664) 88.81 (±2.276) 94.60 (±1.385) 94.77 (±1.140) 
Balanus glandula stage V 95.0 (±1.291) NA NA 94.0 (±1.414) 
Balanus glandula stage VI 37.25 (±2.644) NA NA 30.29 (±2.059) 
Pollicipes polymerus stage IV 55.5 (±7.041) NA NA 66.25 (±3.363) 
Cancer antennarius zoea I 98.75 (±0.818) 98.12 (±0.915) 48.75 (±5.408) 2.5 (±1.900) 
Hemigrapsus nudus zoea I 99.17 (±0.562) 97.5 (±0.973) 26.25 (±4.486) 5.83 (±3.735) 
Hemigrapsus oregonensis zoea I 99.58 (±0.417) 97.08 (±1.438) 43.75 (±3.75) 20.0 (±5.674) 

Mollusks     
Mytilus californianus pediveliger 72.5 (±6.987) 68.17 (±8.006) 71.67 (±9.986) 73.5 (±8.795) 
Onchidoris bilamellata veliger 50.55 (±2.645) NA NA 47.92 (±3.662) 

Echinoderms     
Pisaster ochraceus bipinnaria 98.75 (±0.516) NA NA 97.5 (±0.938) 
Pisaster ochraceus brachiolaria 99.58 (±0.417) 98.75 (±0.877) 99.58 (±0.417) 99.58 (±0.417) 
Strongylocentrotus purpuratus  
6-arm pluteus 

62.0 (±4.444) NA NA 60.67 (±2.928) 

Strongylocentrotus purpuratus  
8-arm pluteus 

32.38 (±6.472) 97.83 (±1.125) 88.08 (±5.204) 94.79 (±1.755) 


