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SUPPLEMENTAL MATERIAL 

Regular urchins, such as Strongylocentrotus droebachiensis, have radial symmetry and 

are typically measured by the diameter of their shell (technically termed the “test”), which is 

composed of smaller interlocking skeletal plates (“ossicles”). The feeding apparatus, called the 

Aristotle’s lantern, is comprised of five jaws that are also generically called ossicles. Green sea 

urchins can reach over 100 mm in test diameter (TD), but gonad development is observed in 

urchins as small as 10 mm (Narvaez 2019). 

S1: Preliminary feeding rate experiments were conducted in the laboratory. Feeding 

rates of large and medium urchins were assessed by placing one individual in an aquarium and 

assessing kelp consumption rate. In the case of small sea urchins, feeding rate of one individual 

was unmeasurable, so the feeding trial was repeated with 10 small urchins. The per capita 

feeding rate of small sea urchins (mean ± SE: 0.041 ±0.003 g day-1. Fig S1) was used to estimate 

that 25 small sea urchins should match the consumption, under the assumption that feeding rates 

are additive, of one large and two medium sea urchins (~ 1 g day-1; Fig S1). Another trial with 25 

small sea urchins per aquarium was conducted to verify the predicted consumption rate (Fig S1). 

On each feeding trial a piece of fresh kelp was weighed and provided to each aquarium (n=6 per 

sea urchin size), after 24 hr the piece of kelp was retrieved and weighed. Consumption was 

estimated as the difference in kelp weight. Kelp was also added to 3 aquaria without sea urchins 

to estimate natural variation of kelp wet weight during the experiment.  

Laboratory follow up verifications of the feeding rate and monitoring of the mesocosm 

were used to adjust the amount of kelp provided during the mesocosm experiment. After the 

initial estimation of feeding rates, three additional trials were conducted to verify the amount of 

food provided (n=3). In the biweekly monitoring of the mesocosm, we also checked that kelp 

was always in excess in the ad libitum treatment (T1 and T2), and that after one week, there was 

no kelp left in the food limited treatments (T3, T4, T5).  

S2 - Calcein tagging: As sea urchins, particularly smaller ones, cannot be easily tagged 

externally (Duggan & Miller 2001), individual growth is usually measured by the incremental 

growth of calcein-marked ossicles. Calcein, a fluorescent stain, binds to the edge of the ossicles 

where calcification occurs, and the resulting line marks the position of the growing edge of the 

ossicles at the time of tagging (Fig. 1). After a week in the laboratory, sea urchins in the two 
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smaller size classes were immersed for 24 h in a 30-L seawater aquarium in which 2.5 g calcein 

and 0.5 g NaCO3 (dissolved in 400 mL freshwater) were added.  

S3 – Site description: The field site on the eastern shore of Ile du Havre, Mingan 

Archipelago in the northern Gulf of St. Lawrence consists of flat bedrock covered with a thin 

layer of sediment with small patches of urchins and kelp (principally Saccharina longicruris). 

The water temperature at the site varied between 1.3 and 14.7ºC (mean 5.5) over the course of 

the experiment, but a large part of the variability was due to short-term temperature spikes 

(Fig. S2).  

S4 – Design and maintenance of containers: The densities of sea urchins inside the 

containers (25 small, 2 medium and 1 large per 0.16 m2) differed slightly from average natural 

densities on barren grounds in the Mingan Archipelago (18 small, 4 medium and 7 large per 0.16 

m2, C. Narvaez, unpubl. data). The top of the container was covered with 5-mm mesh for water 

circulation and flushing of feces by natural currents. A lockable plastic door on one side of the 

container was used to supply food to the sea urchins.  

Upon deployment of the mesocosms, one or more pre-weighted ~40 cm-long pieces of 

kelp blade (Laminaria digitata) were added to provide the appropriate number of full rations 

(FR). Each week a diver removed any remaining kelp in the containers and placed a new piece of 

kelp in the amount required by the treatment. The amount of kelp provided was adjusted over 

time (one FR varied between 7-11.2 g container-1 week-1). When the containers were inspected to 

replace the kelp, some kelp remained from the previous feeding in the ad libitum treatments 

whereas kelp was rarely observed remaining in the food-limited treatments. 

S5 – Diameter growth calculations: At the end of the experiment, small and medium 

sea urchins were counted and measured for TD. As spines can interfere with measurements, three 

measurements were made on each urchin and averaged. Estimates of TD growth are ecologically 

more meaningful and useful for comparisons to other studies than ambital plate or jaw growth, 

thus we converted initial ossicle size to initial TD, which was not measured. Jaw length has often 

been used to establish an allometric relationship with TD (Ebert 2013). However, sea urchin jaws 

may exhibit phenotypic plasticity depending on food availability (Ebert 1980, Black et al. 1984, 

Levitan 1991), a factor that varied in our treatments due to urchin density and food ration 

manipulations. Therefore, to determine initial TD we used the allometric relationship between 

�� (Ebert 1977). For this purpose, 183 sea urchins ranging from 8.9 to 69.2 mm TD from the 



Supplement to Narvaez et al. (2020) – Mar Ecol Prog Ser 649: 97–110  –  https://doi.org/10.3354/meps13435 
 

 3 

same population used for the experiment were measured for TD and then processed as above to 

obtain ambital plate area (Fig. S4). Parameters α and β were calculated from a model II linear 

regression. Image analysis was done with Image-Pro Plus 6.0. 

S6 –Gonad Index (GI), relative ambital plate area growth (RAPG), and jaw length 

calculations: Sea urchins were dissected to obtain gonads. Gonads were weighed to the nearest 

����� ����3 (Nédelec 1983). The sea urchin test was cleaned in a bath of 5% sodium 

hypochlorite for 10-20 min, and after oven-drying, an ambital plate (largest plate situated in the 

test ambitus) and a jaw were separated by hand. The interior side of the plate and the lateral side 

of the jaw were photomicrographed under an Olympus SZX16 dissecting microscope with UV 

lighting and a GFP filter cube (excitation wavelength of 470 nm and emitter wavelength of 500 

nm) to reveal the fluorescent line that determined initial plate area and jaw length (Fig. 2).  
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Table S1: Results of Tukey multiple comparison test on relative plate 
area among sea urchin sizes (small and medium) and treatments of the 
competition mesocosm experiment. Treatment levels were the following: 
T1: ad libitum control, T2: ad libitum size-asymmetric, T3: Food-limited 
size-symmetric, T4: Food-limited size-asymmetric – low density, T5: 
Food-limited size-asymmetric – high density. Significant differences 
assessed at the 0.05 level 

Contrast Estimate df t.ratio p-value 
T1,medium - T2,medium 0.012367328 40 0.324616794 0.999999055 
T1,medium - T3,medium 0.025947341 40 0.681064068 0.999491417 
T1,medium - T4,medium 0.018143948 40 0.476241135 0.999973889 
T1,medium - T5,medium 0.046773074 40 1.227696512 0.963198289 
T2,medium - T3,medium 0.013580013 40 0.356447274 0.999997857 
T2,medium - T4,medium 0.00577662 40 0.151624341 0.999999999 
T2,medium - T5,medium 0.034405746 40 0.903079718 0.995496302 
T3,medium - T4,medium -0.007803393 40 -0.204822933 0.999999984 
T3,medium - T5,medium 0.020825733 40 0.546632443 0.999916386 
T4,medium - T5,medium 0.028629126 40 0.751455376 0.998889542 
T1,small - T2,small 0.227644565 40 5.975199331 <0.001 
T1,small - T3,small 0.144342153 40 3.788683185 0.015974853 
T1,small - T4,small 0.14663578 40 3.848886153 0.013558645 
T1,small - T5,small 0.280474021 40 7.361863363 <0.001 
T2,small - T3,small -0.083302412 40 -2.186516146 0.481931478 
T2,small - T4,small -0.081008785 40 -2.126313178 0.520902048 
T2,small - T5,small 0.052829456 40 1.386664032 0.924268224 
T3,small - T4,small 0.002293627 40 0.060202968 1 
T3,small - T5,small 0.136131868 40 3.573180178 0.028297882 
T4,small - T5,small 0.133838241 40 3.51297721 0.033046098 
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Table S2: Mean test diameter growth (TD growth; mm) during the 4.5-month experiment for 
small (initial TD 12.9±0.1 mm [mean±SE]) and medium sea urchins (initial TD; 29.9 ± 0.1 mm). 
Estimates of initial diameter of each individual urchin were obtained from initial ambital 
platearea (A), using the allometric relationship TD = 8.184 A0.523. Treatment levels varied in 
their number of effective feeding units (EFU) of target sea urchins (small or medium), EFU of 
large sea urchins, and full rations (FR) missing to feed all urchins. These numbers appear in that 
order in parentheses beside the treatment level. T1: ad libitum control, T2: ad libitum size-
asymmetric, T3: Food-limited size-symmetric, T4: Food-limited size-asymmetric – low density, 
T5: Food-limited size-asymmetric – high density. 
 

 

 

 

 

 

 

Table S3: Results of Tukey multiple comparison test 
by treatments of the competition mesocosm experiment 
on the least squares means of gonad index. Treatment 
levels were the following: T1: ad libitum control, T2: 
ad libitum size-asymmetric, T3: Food-limited size-
symmetric, T4: Food-limited size-asymmetric – low 
density, T5: Food-limited size-asymmetric – high 
density. Significant difference assessed at the 0.05 
level 

Contrast Estimate df t.ratio p-value 
T1 - T2 7.42E-07 44 2.286562364 0.168591206 
T1 - T3 8.01E-07 44 2.46970935 0.116330456 
T1 - T4 7.65E-07 44 2.357786192 0.146454082 
T1 - T5 1.23E-06 44 3.803845724 0.003800097 
T2 - T3 5.94E-08 44 0.183146985 0.999738009 
T2 - T4 2.31E-08 44 0.071223828 0.99999392 
T2 - T5 4.92E-07 44 1.51728336 0.557083195 
T3 - T4 -3.63E-08 44 -0.111923158 0.999963068 
T3 - T5 4.33E-07 44 1.334136374 0.671774595 
T4 - T5 4.69E-07 44 1.446059532 0.601981499 

  

Treatment TD growth ± SE 
Small Medium 

T1 (1,0,0) 4.6 ± 0.2 5.1 ± 0.5 
T2 (1,3,0) 3.5 ± 0.1 4.9 ± 0.6 
T3 (2,0,-1) 3.8 ± 0.1 4.8 ± 0.4 
T4 (1,1,-1) 3.8 ± 0.1 4.9 ± 0.2 
T5 (1,3,-3) 3.2 ± 0.2 4.6 ± 0.3 
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Table S4: Results of Tukey multiple comparison test on the 
proportion of missing small urchins at the end of the 4.5-month-
long experiment. Treatment levels were the following: T1: ad libi-
tum control, T2: ad libitum size-asymmetric, T3: Food-limited size-
symmetric, T4: Food-limited size-asymmetric – low density, T5: 
Food-limited size-asymmetric – high density. Significant difference 
assessed at the 0.05 level 

Contrast Estimate SE z.ratio p-value 
T1 - T2 -2.270119292 0.820134001 -2.767985828 0.042535421 
T1 - T3 -0.70954099 0.946231028 -0.749860203 0.944601687 
T1 - T4 -1.562671561 0.939226016 -1.663786495 0.456568467 
T1 - T5 -2.460809098 0.893058377 -2.755485151 0.046314695 
T2 - T3 1.560578301 0.526390798 2.96467626 0.025233387 
T2 - T4 0.707447731 0.513692148 1.377182294 0.642371894 
T2 - T5 -0.190689806 0.423423405 -0.450352541 0.991516085 
T3 - T4 -0.853130571 0.591315603 -1.442766886 0.5998693 
T3 - T5 -1.751268108 0.514841625 -3.401566662 0.006035728 
T4 - T5 -0.898137537 0.501850824 -1.789650418 0.379555584 
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Fig S1: Consumption rate of fresh kelp (Laminaria digitata) by large (~50-55 mm test diameter 
[TD]), medium (~30 mm TD), and small (10–15 mm TD) sea urchins. Consumption rate of large 
and medium sea urchins was assessed per individual (n = 6 per size class). Small sea urchin 
consumption rate was assessed for groups of 10 and 25 individuals in order to detect 
consumption (n = 6 per group size). The dots represent the mean consumption rate. In the 
boxplots the horizontal line is the median, the lower and upper limits of the boxes are 
respectively the 25th and 75th percentile (interquartile range). The upper and lower whiskers 
indicate the largest and smallest value within 1.5 times the interquartile range. 
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Fig. S2: Water temperature at 9-m depth on the west side of Ile du Havre from May 1 to 
September 30, 2013. 
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Fig. S3: Allometric relationship (Model II) between plate area in mm2 (A) and test diameter in 
mm (TD) of 183 sea urchins (range 8.9–69.2 mm TD) 
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Fig S4: Relative jaw growth by competition treatment of small and medium size sea urchins (n=5 
replicates per treatment). Treatment levels varied in their number of effective feeding units 
(EFUs) of target sea urchins (small or medium), EFUs of large sea urchins, and full rations (FR) 
missing to feed all sea urchins. These numbers appear in that order in parentheses beneath the 
treatment level. T1: ad libitum control, T2: ad libitum size-asymmetric, T3: Food-limited size-
symmetric, T4: Food-limited size-asymmetric – low density, T5: Food-limited size-asymmetric – 
high density. 
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