Supplementary Material
Methods
Flat 5 cm acrylic discs, made of PVC, were deployed in August 2016 and collected in July 2018, when they had CCA coverage, from a study site in Butterfly Bay, Karitane/Huriawa Peninsula, Otago, New Zealand (45°38´20.58´´S, 170°40´19.38´´E). Discs were deployed in the subtidal zone, at 10 m depth. Prior to use in experiments, stainless steel washers were attached to the discs with silicone glue to make the discs sink. Discs were kept at Portobello Marine Laboratory (Otago Harbour, Dunedin, New Zealand) in 500 L tanks with filtered seawater (10 μm) from the Otago Harbour flowing through and covered with mesh to limit excessive light. 
Oxygen profiles were measured above CCA covered acrylic discs in an annular flume under eight experimental treatment conditions: two flow levels (slow and fast), two bulk seawater pH levels (pHT 7.4 and 8.1) and two irradiance levels (light and dark). The annular (rotating-disc) flume has a 62 cm outer annulus, 42 cm inner annulus and channel width of 10 cm. The bed area is 0.17 m2 and the maximum water depth is 30 cm with a maximum volume of 49 L (Widdows et al., 1998). Flow in the flume is generated by a computer-controlled rotating inner annulus (Jones et al., 2011). Flow was measured using a Sontek micro-Accoustic Doppler Velocimeter (ADV) mounted on the system. Flow speeds of 1 cm s-1 (slow) and 5.5 cm s-1 (fast) were utilised to represent speeds where DBL thickness is likely to be at its maximum and minimum, respectively (Hurd et al., 2011; Cornwall, 2013). Irradiance levels of 40 µmol m-2 s-1 (light) and <1 µmol m-2 s-1 (dark) were achieved with overhead lighting (LED PAR38, 18W). Irradiance was measured using a flat underwater quantum sensor LI-250A (LI-COR, Lincoln, USA). All flume profiles took place in a controlled-temperature room at 11ºC. At the beginning of every experimental day, the CCA covered discs were placed into 1 cm thick and 5 cm diameter slots in custom-built, acrylic inserts that were placed on the bottom of the flume to create a smooth false bottom. The flume was filled with 5 μm-filtered seawater and experimental treatment conditions were achieved. 
	DBL measurements were completed using the same methodology as per the 3 L experimental tanks, except measurements were taken every 100 µm from 0 to 2 mm above the substrate and subsequently every 1 mm from 2 to 10 mm. Additionally, water chemistry was completed using the same methodology as per the 3 L tanks, except in the annular flume, salinity, temperature and pH were recorded, and 1 L seawater samples for total alkalinity (AT) and DIC were taken at the beginning and end of every day (4 profiles typically completed per day). Except for ambient seawater treatments where pH was more stable, and thus pH was recorded only at the end of the day and samples for total alkalinity (AT) and DIC were taken once per day, at variable times. Temperature and salinity were measured using an YSI Pro Plus 2030 meter (YSI, Yellow Springs, OH, USA). 
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Tables
Table S1. Bulk pH values (pHT) of treatment conditions for the settlement experiment. Water was measured during every water change, where water was replaced from a flow-through header tank to maintain pH levels. pH was measured spectrophotometrically of the new water from the header tank water (In) and of the old water from three replicate experimental tanks per treatment (Out).
	Time 
	In/
Out
	Light 
Bulk pH 8.1
	Dark 
Bulk pH 8.1
	Light 
Bulk pH 7.7
	Dark 
Bulk pH 7.7
	Light 
Bulk pH 7.4
	Dark 
Bulk pH 7.4

	0
	In 
	8.15 
	8.15
	7.62
	7.62
	7.40 
	7.40

	6
	Out 
	8.08 ± 0.009
	8.06 ± 0.006
	7.68 ± 0.003
	7.68 ± 0.003
	7.43 ± 0
	7.41 ± 0.01

	6
	In 
	8.10 
	8.08
	7.63
	7.63
	7.43
	7.43

	18
	Out 
	8.06 ± 0.003
	8.04 ± 0.006
	7.64 ± 0.006
	7.65 ± 0.009
	7.40 ± 0.015
	7.38 ± 0.003

	18
	In 
	8.19
	8.19
	7.72
	7.72
	7.43
	7.43

	30
	Out 
	8.08 ± 0.003
	8.04 ± 0.006
	7.66 ± 0.003
	7.61 ± 0.007
	7.42 ± 0.003
	7.41 ± 0.01 

	30
	In 
	8.15
	8.15
	7.69
	7.69
	7.49
	7.49

	51
	Out 
	8.06 ± 0
	8.03 ± 0.009
	7.64 ± 0.009
	7.61 ±0.003
	7.40 ± 0.009
	7.39 ± 0.006



Table S2.  Bulk pH values (pHT) of six treatment conditions for the post-settlement experiment. Water was measured during every water change, where water was replaced from a flow-through header tank to maintain pH levels. pH was measured spectrophotometrically of the new water from the header tank water (In) and of the old water from three replicate experimental tanks per treatment (Out).
	Time 
	In/
Out
	Light 
Bulk pH 8.1
	Dark 
Bulk pH 8.1
	Light 
Bulk pH 7.7
	Dark 
Bulk pH 7.7
	Light 
Bulk pH 7.4
	Dark 
Bulk pH 7.4

	0
	In 
	8.12
	8.12
	7.72
	7.72
	7.54
	7.54

	24
	Out 
	8.11 ± 0.006
	8.06 ± 0.006
	7.74 ± 0.006
	7.64 ± 0.003
	7.53 ± 0.009
	7.43 ± 0.015

	24
	In 
	8.19
	8.19
	7.71
	7.71
	7.47
	7.47

	48
	Out 
	8.13±0.017
	8.06 ± 0.003
	7.70 ± 0.009
	7.62 ± 0.009
	7.48 ± 0.015
	7.41 ± 0.003

	48
	In 
	8.16 
	8.16
	7.68
	7.68
	7.45
	7.45

	72
	Out 
	8.13 ±0.009
	8.07 ± 0.006
	7.69 ± 0.012
	7.64 ± 0.007
	7.47 ± 0.009
	7.41 ± 0.009

	72
	In 
	8.17
	8.17
	7.69
	7.69
	7.46
	7.46

	95
	Out 
	8.12 ± 0.003
	8.06 ± 0.003
	7.79 ± 0.009
	7.61 ± 0.003
	7.46 ± 0.003
	7.40 ± 0.003





Table S3. Post-Hoc Dunn test investigating pairwise comparisons on DBL thickness and O2 Concentration at surface of CCA in 3 L aquaria and the annular flume. p values less than 0.05 are in bold. 
DBL Thickness in 3 L Aquaria
	
	Dark pH 8.1
	Dark pH 7.5
	Dark pH 7.7
	Light pH 8.1
	Light pH 7.5

	Dark pH 7.5
	0.019
	-
	-
	-
	-

	Dark pH 7.7
	0.146
	0.367
	-
	-
	-

	Light pH 8.1
	0.012
	0.881
	0.293
	-
	-

	Light pH 7.5
	0.020
	0.980
	0.381
	0.861
	-

	Light pH 7.7
	0.013
	0.900
	0.304
	0.980
	0.881

	DBL Thickness in Annular Flume

	
	Dark 
pH 8.1
Fast
	Dark 
pH 8.1
Slow
	Dark 
pH 7.4
Fast
	Dark
pH 7.4
Slow
	Light
pH 8.1
Fast
	Light
 pH 8.1
Slow
	Light 
pH 7.4
Fast

	Dark pH 8.1 Slow
	0.323
	-
	-
	-
	-
	-
	-

	Dark pH 7.4 Fast
	0.625
	0.625
	-
	-
	-
	-
	-

	Dark pH 7.4 Slow
	0.625
	0.625
	1.00
	-
	-
	-
	-

	Light pH 8.1 Fast
	1.00
	0.328
	0.625
	0.625
	-
	-
	-

	Light pH 8.1 Slow
	<0.001
	0.012
	0.003
	0.003
	<0.001
	-
	-

	Light pH 7.4 Fast
	0.051
	0.051
	0.051
	0.051
	0.051
	0.051
	-

	Light pH 7.4 Slow
	0.003
	0.042
	0.012
	0.012
	0.003
	0.625
	0.290


O2 Concentration at surface of CCA in 3 L Aquaria
	
	Dark pH 8.1
	Dark pH 7.5
	Dark pH 7.7
	Light pH 8.1
	Light pH 7.5

	Dark pH 7.5
	0.019
	-
	-
	-
	-

	Dark pH 7.7
	0.146
	0.367
	-
	-
	-

	Light pH 8.1
	0.012
	0.881
	0.293
	-
	-

	Light pH 7.5
	0.020
	0.980
	0.381
	0.861
	-

	Light pH 7.7
	0.013
	0.900
	0.304
	0.980
	0.881

	O2 Concentration at surface of CCA in Annular Flume

	
	Dark 
pH 8.1
Fast
	Dark 
pH 8.1
Slow
	Dark 
pH 7.4
Fast
	Dark
pH 7.4
Slow
	Light
pH 8.1
Fast
	Light
 pH 8.1
Slow
	Light 
pH 7.4
Fast

	Dark pH 8.1 Slow
	0.323
	-
	-
	-
	-
	-
	-

	Dark pH 7.4 Fast
	0.625
	0.625
	-
	-
	-
	-
	-

	Dark pH 7.4 Slow
	0.625
	0.625
	1.00
	-
	-
	-
	-

	Light pH 8.1 Fast
	1.00
	0.328
	0.625
	0.625
	-
	-
	-

	Light pH 8.1 Slow
	<0.001
	0.012
	0.003
	0.003
	<0.001
	-
	-

	Light pH 7.4 Fast
	0.051
	0.051
	0.051
	0.051
	0.051
	0.051
	-

	Light pH 7.4 Slow
	0.003
	0.042
	0.012
	0.012
	0.003
	0.625
	0.290





Table S4. Statistical Analysis. Models used for the settlement experiment. 

Model
psede <- glmer(settle_light
              ~ pH.water
              + L.intensity
              + log(time.settle)
              + pH.water*log(time.settle)
              + pH.water*L.intensity
              + (1|cont:chamber), 
              data = light, 
              family=binomial(link="logit"),
              control=glmerControl(optimizer = "bobyqa"))

summary(psede)

Generalized linear mixed model fit by maximum likelihood (Laplace Approximation) ['glmerMod']
Family: binomial  ( logit )
Formula: settle_light ~ pH.water + L.intensity + log(time.settle) + pH.water * log(time.settle) + pH.water * L.intensity + (1|cont:chamber)
 Data: light
Control: glmerControl(optimizer = "bobyqa")

	     AIC      
	BIC   
	logLik 
	deviance 
	df.resid

	  1572.7   
	1598.4   
	-779.4   
	1558.7      
	281



Scaled residuals: 
	    Min      
	1Q  
	Median      
	3Q     
	Max 

	-3.6797 
	-0.8614
	-0.0150  
	0.8627  
	3.2545 



Random effects:
 Groups      	 Name        	Variance 	Std.Dev.
 cont:chamber 	(Intercept) 	0.06163  	0.2483  
Number of obs: 288, groups:  cont:chamber, 36


Fixed effects:
                          		Estimate 		Std. Error 	z value 	Pr(>|z|)    
(Intercept)               		0.53452    	1.45131   		0.368  	0.71265    
pH.water                 	 	-0.07542    	0.18765  		-0.402  	0.68775    
L.intensitylight         	-6.57877    	1.33100  		-4.943 	7.70e-07 ***
log(time.settle)          	-3.32662    	0.87737  		-3.792  	0.00015 ***
pH.water:log(time.settle)	0.53275    	0.11361   		4.689 	2.74e-06 ***
pH.water:L.intensitylight  	0.86745    	0.17217   		5.038 	4.69e-07 ***
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Correlation of Fixed Effects:
            		(Intr) 	pH.wtr 	L.ntns 	lg(t.) 	pH.:(.
pH.water    	-0.999                            
L.ntnstylgh 	-0.440  	0.440                     
lg(tm.sttl)  	0.060 	-0.059  	0.032              
pH.wtr:l(.) 	-0.059  	0.059 	-0.033 	-0.999       
pH.wtr:L.nt  	0.440 	-0.440 	-0.999 	-0.033  	0.035


Residuals
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[image: ]
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Table S5. Statistical Analysis. Models used for the post-settlement experiment. 
Model for Test Diameter
Linear mixed model fit by REML. t-tests use Satterthwaite's method ['lmerModLmerTest']
Formula: Diam ~ pH * Irradiance + (1 | Container)
   Data: Data

REML criterion at convergence: 1271

Scaled residuals: 
 
	Min
	1Q
	Median
	3Q
	Max

	-3.13657
	-0.58750  
	0.07426  
	0.66499  
	2.89931




Random effects:
 Groups   Name        Variance  Std.Dev.
 Container (Intercept)    0         0.00   
 Residual                       1290     35.91   
Number of obs: 130, groups:  Container, 18

Fixed effects:
                               Estimate     Std. Error      df             t value         Pr(>|t|)  
(Intercept)          288.609    150.026      126.000       1.924              0.0566 .
pH                         20.609     19.400       126.000         1.062              0.2901  
IrradianceL          63.968    204.792      126.000         0.312              0.7553  
pH:IrradianceL   -7.282     26.492         126.000        -0.275              0.7839  
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Correlation of Fixed Effects:
                       (Intr)         pH          IrrdnL
pH                  -1.000              
IrradianceL   -0.733     0.732       
pH:IrradncL   0.732     -0.732     -1.000
convergence code: 0

Residuals
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Model for Spine Length
Linear mixed model fit by REML. t-tests use Satterthwaite's method ['lmerModLmerTest']
Formula: Spine ~ pH * Irradiance + (1 | Container)
   Data: Data

REML criterion at convergence: 1459.1

Scaled residuals: 

	Min
	1Q
	Median
	3Q
	Max

	-2.37300
	-0.64363  
	0.02423 
	0.84251  
	2.30590




Random effects:
 Groups   Name          Variance       Std.Dev.
 Container (Intercept)   14.36           3.789  
 Residual                         5729.91       75.696  
Number of obs: 130, groups:  Container, 18

Fixed effects:
                        Estimate      Std. Error    df       t value      Pr(>|t|)  
(Intercept)       -216.03       318.82    14.84     -0.678      0.5085  
pH                       74.81         41.23      15.05      1.815      0.0896 .
IrradianceL         995.97      435.41    13.25      2.287      0.0392 *
pH:IrradianceL  -131.84      56.32      13.50     -2.341      0.0352 *
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Correlation of Fixed Effects:
                       (Intr)         pH         IrrdnL
pH                 -1.000              
IrradianceL   -0.732      0.732       
pH:IrradncL    0.732     -0.732    -1.000

Residuals
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Table S6. Seawater parameters in the annular flume. Values represent mean ± SE and n= 5 for bulk pH 8.1 and n=12 for bulk pH 7.4. 
	 
	pHT 
	AT (μEq/kg)
	DIC (μmol/kg)
	Temperature (°C)
	Salinity 
	CO32- (μmol/kg)
	ΩAr
	Ωca
	pCO2 (μatm)

	pH 8.1
	8.09 ± 0.003
	2269 ± 3
	2072 ±3 
	10.7 ± 0.1
	33.7 ± 0.2
	143 ± 1.0
	2.2 ±0.02
	3.4 ± 0.03
	356.2 ± 3.0

	pH 7.4
	7.41 ± 0.02
	2269 ± 2
	2300 ± 5
	10.8 ± 0.1
	33.1 ± 0.1
	34.6 ± 1.4
	0.53 ± 0.02
	0.84 ± 0.03
	1933 ± 86





Table S7. Mean percentage of settled Pseudechinus huttoni individuals. 
	Bulk Seawater pH
	Light Conditions
	pHEXP
	Mean % of individuals that had settled (n =3)

	
	
	
	After 6h
	After 18h
	After 30h
	After 51h

	pH 8.1
	light
	8.64
	29.7  %
	46.1 %
	68.0 %
	77.4 %

	pH 8.1
	dark
	8.05
	14.4 %
	43.0 %
	55.4 %
	62.0 %

	pH 7.7
	light
	8.38
	28.2 %
	36.7 %
	55.0 %
	63.0 %

	pH 7.7
	dark
	7.62
	32.6 %
	48.1 %
	56.3 %
	61.7 %

	pH 7.5
	light
	8.09
	26.1 %
	44.8 %
	51.0 %
	57.6 %

	pH 7.5
	dark
	7.42
	24.8 %
	42.6 %
	53.5 %
	60.6 %



Figures
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Figure S1. Examples of the small CCA encrusted cobbles (0.5–2 cm diameter) used for experiments. 
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Figure S2. Standardised oxygen concentrations above CCA in 3 L experimental tanks at three bulk pH levels: bulk pH 8.1 (A), 7.7 (B) and 7.5 (C). The opaque triangles represent dark treatments and transparent triangles represent light treatments. Values are mean ± SE, n=4.
[image: Macintosh HD:Users:Erin:Documents:New Zealand Fulbright:Publishing Bursary:May 2020:Images for Frontiers Submission:JEPGS for supplementary material:Flume_Oxygen_6by7.jpg]
Figure S3. Standardised oxygen concentrations above CCA in the annular flume at two bulk pH levels: bulk pH (A) 8.1 and (B) 7.4. The opaque triangles represent dark treatments and transparent triangles represent light treatments. Circles represent fast flow treatments (5.5 cm s-1) and triangles represent slow flow treatments (1 cm s-1). Values are mean ± SE, n=4. 
[image: Macintosh HD:Users:Erin:Documents:New Zealand Fulbright:Publishing Bursary:May 2020:Images for Frontiers Submission:JEPGS for supplementary material:Flume_pH_6by7.jpg]
Figure S4. Calculated average pH values above CCA in the annular flume at two bulk pH levels: bulk pH (A) 8.1 and (B) 7.4. The opaque triangles represent dark treatments and transparent triangles represent light treatments. Circles represent fast flow treatments (5.5 cm s-1) and triangles represent slow flow treatments (1 cm s-1). Values are mean ± SE, n=4. pH values were estimated using oxygen as a proxy.  
[image: ]
Figure S5. Water current measurements (cm/s-1) with Psuedechinus huttoni habitat (Doubtful Sound, Fiordland, New Zealand) at 9 m depth.  Measurements were made 50 cm above the sea floor using a current meter (Model IC-TCM-1, Lowell Instruments (East Falmouth, MA 02536 USA) over a two day period.

[image: Macintosh HD:Users:Erin:Documents:New Zealand Fulbright:Publishing Bursary:May 2020:SEMPICSSupp.pdf]
Figure S6. Scanning electron micrographs of Pseudechinus huttoni juveniles reared for four days post-settlement in treatment conditions. Scale bars are as indicated in SEM images. 
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image14.emf
Attachment Site Adult Spine Juvenile Spine

Dark 7.5

Al
TM3000_4827 2018/10/04 11:41 N D53 x1.0k 100um

TM3000_4806 2018/10/04 1042 N D52 x2.0k 30um

Dark 7.7

TM3000_4818 2018/10/04 11:19 N D5.0 x2.0k 30um

Fl X

Dark 8.1

D48 x1.0k 100 um

TM3000_4853 2018/10/04 1438 N D52 x2.0k 30um

Light 7.5

TM3000_4856 2018/10/04 1446 N D52 x1.0k 100 um

TM3000_4864

Light 7.7

TM3000_4890 2018/10/04 1541 N D52 x1.0k 100 um

‘TM3000_4891

2018/10/04 15:43 N D5.2 x2.0k 30um TM3000_4899 2018/10/04 15:50 N D5.0 x1.2k 50 um
e

Light 8.1

A

TM3000_4881 2018/10/04 1525 N D49 x2.0k 30um

-l e

TM3000_4809 .
TM3000_4848

2018/10/04 10:51 N D52 x1.5k  50um

018/10/04 1429 N D49 x1.0k 100um

‘TM3000_4849 2018/10/04 1432 N D50 x1.0k 100 um
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Residuals - light intensity
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image2.emf
Residuals — pH water
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image3.emf
Residuals — time
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