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Supplement 1: Dissolved copper in coastal water and in experimental setting 

Table S1.1: Copper (Cu) contamination (μg l-1) in coastal water in areas with low 
anthropogenic impact, areas with high impact (urban/industrial, boating activity and mining) 
and water quality guidelines in various countries. 

All concentrations reported are the dissolved fraction (< 0.45 μm).  
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Table S1.2: Copper concentration in experimental treatments. Water samples were collected 
after the experiment, using the same setup and material and were filtered through a 0.45 μm 
mesh. Four measurements for control water were taken between 2011 and 2014.  
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Supplement 2: Larval survival, development and growth 

 

Larval survival and development 

Methods 

Direct effects of copper treatments on larval stages were evaluated by (1) survival, (2) 
normal development, (3) delayed development, (4) growth and (5) morphometrics. 
The baseline for survival was larval density at 4 d rather than initial density to remove 
natural variation in early survival across jars. Normal development was expressed as 
the proportion of live larvae rated as normal (Table S2.1). In both survival and normal 
development analysis, 13 d was removed as only partial sampling was done (Late 
exposure group only) and 25 d and 27 d were considered as the same level of 
treatment to allow comparison between the two timing groups. Delayed development 
was measured as the proportion of normal larvae at the final stage of 8-armed plutei 
during last sampling (25 d post-fertilisation for Early group and 27 d for Late group).  

Larval survival and normal development was analysed using a three-ways split-plot 
factorial Repeated Measures ANOVA with copper level and timing of exposure as 
‘between’ factors and larval age (in days post-fertilisation) as ‘within’ factor. The 
effect of copper level on delayed development was analysed using a one-way 
ANOVA separately for Early and Late groups as sampling was done two days later in 
Late group, which may affect the proportion of 8-armed plutei. All three variables 
were arcsin square-root transformed to meet ANOVA assumptions. F-ratios values 
were calculated from Type II SS. When copper level factor was significant (p < 0.05) 
a post-hoc Dunnett’s comparison test was used to compare all treatments against their 
control.  

Jars 10 (Late ANZECC treatment), 19 (Late High treatment) and 30 (Early Field 
treatment) were lost at 11 d, 6 d and 25 d respectively. Jar 15 (Early ANZECC 
treatment) was not sampled at 25 d and removed from the survival and normal 
development analyses to have a balanced design.  

Table S2.1: Developmental categories of Evechinus chloroticus larvae. 

Arrows on 8-armed pluteus show morphometric measurments. BL: total body length, 
PO: postoral arms, AL: anterolateral arms, PD: posterodorsal arms, EO: preoral arms, 
S: stomach, R: rudiment. 
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Results 

Larval survival and normal development were not affected by copper exposure or 
timing of exposure (Table S2.2). Only larval age had a significant effect, with 
survival and proportion of normal larvae declining with time.  

Table S2.2: Repeated measures ANOVA of Evechinus chloroticus larval survival rate 
(A) and larval normal development rate (B) to test effects of copper exposure (copper 
level) and timing of exposure (timing) during 3 sampling (Age) throughout larval 
stage. Significant effects (p < 0.05) are highlighted in bold.  

 

However, there was a trend of delayed development (Figure S2.1) with a lower 
proportion of 8-arms larvae in the High copper level in both Early and Late exposure 
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groups (Early exposure: 0.53 ± 0.46 in High level vs 0.79 ± 0.17 in control; Late 
exposure: 0.52 ± 0.22 in High level vs 0.95 ± 0.03 controls; mean ± standard 
deviation). However, this difference was significant only in the Late exposure group 
(Dunnett’s contrasts, Early: t = -1.26, p = 0.57; Late: t = -5.06, p = 0.002).  

 

 

 

Figure S2.1: Delayed development of Evechinus chloroticus larvae exposed to copper 
expressed as proportion of normal larvae having reached the 8-armed pluteus stage at 
day 25 post-fertilisation for Early exposure group (white bars) and day 27 for Late 
exposure group (grey bars). Copper levels: Control, i.e. no added copper; ANZECC, 2 
μg l-1; Field, 3 μg l-1; Field x2, 6 μg l-1; and High, 10 μg l-1.  Error bars represent the 
standard error of the mean (N = 3).  

Larval growth and morphometrics 
Methods 
For traits present from mid-larval stages: body length (BL), postoral arms (PO) and 
anterolateral arms (AL), average growth rate per jar was measured between 11 d and 
25 d post-fertilisation in Early exposure group and between 13 d and 27 d post-
fertilisation. Time interval was 14 days in both timing groups. All response variables 
were analysed separately for both exposure-timing groups to account for difference in 
timing of sampling using one-way ANOVAs. Assumptions were met without 
transformation and F-ratios were calculated from Type II SS.  

 

For traits present only in late larval stages: posterodorsal arms (PD), preoral arms 
(EO) and rudiment size (R), or for which growth is of no interest (i.e. stomach size), 
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measures during last sampling (25 d in Early exposure group and 27 d in Late 
exposure group) were analysed separately for both exposure-timing groups. A nested 
mixed effect ANOVA was used with jar (random effect) nested within copper level 
(fixed effect) as fixed effect and individual larvae as residuals. Assumptions were 
were met without transformation. F-ratios were calculated from Type I SS.  

Rudiment presence was expressed as the proportion of 8-armed pluteus having a 
rudiment visible under compound microscope per jar. Rudiment presence was arcsin 
square-root transformed and analysed using a separate one-way ANOVA for both 
exposure timing groups. F-ratios were calculated from Type I SS. 

Results 

Larval growth for all three variables: body length (BL), postoral arms (PO) and 
anterolateral arms (AL), was significantly lower in the Early exposure group with and 
average of 23% growth in BL, 18% in PO and 51% in AL against a growth rate of 
respectively 31%, 27% and 95% in Late exposure group (Table S2.3). However, 
copper level was not significant and controls for each variable were also slightly 
lower in Early treatment than in Late treatment, although the difference was 
significant only for AL (t-test; t = -3.45, df = 4, p = 0.03; Figure S2.2). This suggests 
that the difference between Early and Late treatment is due to stage-dependent growth 
rather than timing of copper exposure. Indeed growth rate in Late groups was 
measured slightly later (13 – 27 d post-fertilisation) than in Early groups (11 – 25 d 
post-fertilisation). Interestingly, growth rate was higher in Late groups for all 
variables and copper levels except for arm growth (both PO and AL) in High copper 
level. There might be a trend of decreasing arm growth in High copper level but it is 
masked by the difference in sampling timing.  

 

Table S2.3: Effect of copper exposure on Evechinus chloroticus growth rate in larvae 
exposed to copper early (4 - 6 days post-fertilisation) or late (11 - 13 days post-
fertilisation) during larval development. Growth was measured between 11 – 25 d 
post-fertilisation in the Early exposure group and 13 – 27 d post-fertilisation in the 
Late exposure group.  

One-way ANOVA model, d.f. = 4 on 7 (Early group) and 4 on 8 (Late group). 
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Figure S2.2: Proportion of growth of Evechinus chloroticus larvae body length (BL), 
postoral arms (PO) and anterolateral arms (AL) during the last 2 weeks of larval stage. 

Larvae where exposed to different levels of copper either Early (4 - 6 days post-
fertilisation) or Late (11 - 13 days post-fertilisation) in larval stage. Copper levels: 
Control, i.e. no added copper; ANZECC, 2 μg l-1; Field, 3 μg l-1; Field x2, 6 μg l-1; 
and High, 10 μg l-1. Boxes represent the median and quartiles. 

Copper exposure had no significant effect on larval morphometric measures at the end 
of the larval stage (PD, EO and R) except for EO in Early exposure group (Table 
S2.4). However, the significance in EO was driven by a difference between Field and 
High copper level (Tukey comparisons: p = 0.02) and not between controls and 
copper treatments. Rudiment presence was not affected by copper exposure in both 
timing groups (one-way ANOVA, Early group: F = 4.28, p = 0.06; Late group: F = 
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0.25, p = 0.90). The difference between Early and Late groups could not be evaluated, 
as measurements were not taken on the same day for both groups.  

Table S2.4: Effect of copper exposure (copper level) on Evechinus chloroticus 
morphometric measurements in late larval stage 

(25 d post-fertilisation for Early exposure group and 27 d for Late exposure group) 
analysed using a mixted effect nested ANOVA. Significant effects (p < 0.05) are 
highlighted in bold. 

 


