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Text S1 
Details of the Experimental System 

The mesocosm outdoor system (MOS) consisted of nine independent units at the National 
Sea Simulator (SeaSim) facility at the Australian Institute of Marine Science. The MOS 
receive natural sunlight and the area is covered by a clear roof of Polymethyl Methacrylate 
(PMMA), which allows penetration of the full visible light spectrum including the UV 
component. Irradiance is reduced by a permanent layer of 50% shading material and a further 
deployable layer of either 30% or 50% shade sails, for fine tuning of lighting to levels 
approximating 2-5 m water depth on mid-shelf reefs of the Great Barrier Reef. The system 
was designed to control temperature and pCO2. In the present experiment, we chose to keep 
three MOS replicates (No. 3, 6, 8) at Ambient (present day) conditions, three (No. 1, 4, 7) at 
conditions expected at 2050 under an RPC 8.5 (see main text) scenario and three at 2100 (No. 
2, 5, 9) also under an RPC 8.5. The ambient treatment tracked temperatures recorded from a 
near-by mid-shelf reef (Davies Reef, 18°50.074`S, 147°37.950`E) by AIMS loggers deployed 
from 1991 to 2012. These data were used to derive an average seawater temperature for each 
day of the year, which was provided to the control system as a lookup table enabling a 
seasonal temperature profile. The pCO2 level for the ambient treatment was set to 400 ppm 
with a daily variation of ±60 ppm pCO2 simulating natural diel variation driven by in situ 
respiration and primary production observed on coral reefs. In the 2050 treatment, the 
ambient seasonal temperature profile was elevated by 1 °C and pCO2 was set to 685 ppm 
pCO2 with daily variation of ±60 ppm. For the 2100 treatment, 2°C was added to the daily 
average value in, and pCO2 set to 940 ppm with a diel variation of ±60 ppm. 

Detailed system description 
Each of the nine MOS was managed as an independent, semi-closed system. Each system had 
a total working volume of 2260 L and was composed of a main holding tank (Tank A, 
operational volume 1260 L), two accessory holding tanks (Tanks B and C, operational 
volume of 250 L each) and a receiving sump of 250 L (see Fig 1). 
The recirculating flow rate through the system was three turnovers per hour, and top-up of 
new unfiltered sea water was set at 6 litres min-1 (or 1.5 turnovers/day), ensuring maintenance 
of the carbonate chemistry of the seawater in the system and providing an adequate supply of 
bacterioplankton.  The MOS units were managed by three Siemens S7-1200 micro-
Programmable Logic Controllers (PLC). Data from each of the nine systems was received 
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from the CO2 analyser, temperature transmitter and was logged every 20 seconds and stored 
by the control system. Each MOS also contained a PAR sensor (LiCOR), and data from this 
was collected and stored at the same interval.  The life support system (LSS) components are 
briefly described below. 

Recirculation pump and media filtration 

Water movement through the LSS was provided by a magnetic-driven, centrifugal pump 
(Iwaki MX 402). This pump received water from the sump, delivering it to the holding tanks 
via the treatment systems. The recirculating water overflowed the experimental holding tanks 
and was fed by gravity back to the collection sump. During recirculation, seawater was 
passed through a sand media filter to remove particulate matter, which was backflush for 
cleaning every morning. Each morning this filter was back-flushed and then returned back to 
filtration mode. 

Temperature control 

The temperature in each of the MOS units was managed by the control system and is 
provided by automatic valves and heat exchangers. Feedback is provided to the control 
system by two temperature sensors (TC Direct, FEP Insulated RTD Pt100 Sensors coupled 
with a Pt100 4-20mATransmitter): the first probe is positioned at the intake of the pump, 
while the second is positioned in Tank A. The Control System provided automatic seasonal 
profiling by varying the temperature according to a set schedule based on the 1991-2012 
average recorded at Davies Reef (18°50.074`S, 147°37.950`E) at a depth of 4 metres 
(http://data.aims.gov.au/aimsrtds/datatool.xhtml?site=4). 

pCO2 control 
The pCO2 was measured continuously in each of the nine systems by means of gas 
equilibration systems equipped with Telaire CO2 sensors, which provides continuous 
feedback to the control system. 

The control logic was set to profile the pCO2 on a daily variation of ±60 ppm around the 
baseline.  pCO2 was increased by dosing CO2 via a membrane contactor (Liqui-cel Extraflow 
2.5x8) placed on a side stream of recirculating water from Tank A to the sump where it was 
mixed fully before being delivered back to the experimental tanks. Pulses of CO2 were 
delivered by a pair of solenoid valves, installed in series to minimise the likelihood of 
overdosing or valve failure. 

When necessary, pCO2 was decreased by a degassing tower. Each experimental system was 
equipped with a degassing tower (custom built, HDPE; diameter mm 550, height mm 2000). 
A side stream of recirculating water was constantly delivered to the tower where it trickled 
through a bed of 25mm plastic biomedia (at the rate of 70 l·min-1). When degassing was 
required, an automatic valve opened to deliver a supply of low-pressure air in counter-flow 
(350 l·min-1). The pCO2 values monitored were logged at 20 second intervals. 

In-tank water circulation 
In addition to water movement provided by the recirculating pumps, in-tank flow pumps 
(Panta-Rhei Hydro Wizard ECM 63) were placed around corals and sponges to provide extra 
water movement in Tank A, targeting overall water velocities ranging from 10 to 30 cm/s. 
Pumps were set on wave mode, pulsating from 30 to 90% power on a 30 seconds cycle. 
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Fig. S1. Echinometra sp. A on coral rubble in Tank A 
at the start of the experiment. The scale bar represents 
40 mm. 

	

Fig. S2. Footprint of the mesocosm outdoor system (MOS) at the National Sea Simulator at 
the Australian Institute of Marine Science, and details of 2 (No. 4 and 5) of the nine systems 
consisting of 3 connected tanks. Tank A was conditioned with live rock and housed several 
sponge and coral species, and Echinometra sp. A. Tank B was filled with reef sediment and 
housed foraminifera (Marginopora vertebralis, Amphistegina spp.), seagrasses (Cymodocea 
sp.) and calcifying green algae (Halimeda sp.). Tank C was available for animal husbandry or 
grow out of juvenile corals and sponges. 
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Further Supplementary Tables and Figures 

Table S1 Dissolved inorganic nitrogen (DIN), phosphate (PO4) and silicate (Si(OH4)) in each mesocosm. 
Samples were collected weekly from the 10-03-2016 to 27-06-2018, and duplicates pooled. 1 SD is given in 
brackets, total samples size N, after pooling duplicates) given for each parameter. MOS = Mesocosms 
Outdoor System. 

Treatment MOS 
No. 

DIN 
(µmol l-1) 

PO4 
(µmol l-1) 

Si(OH4) 
(µmol l-1) 

N-DIN 
 

N- PO4 
 

N- Si(OH4) 
 

Ambient 3 1.40 (0.82) 0.14 (0.06) 4.03 (2.67) 114 116 116 
 6 1.27 (0.58) 0.14(0.06) 4.13 (2.82) 114 116 116 
 8 1.35 (0.82) 0.13 (0.05) 4.13 (2.83) 115 117 117 

Total  1.34 (0.75) 0.13 (0.06) 4.10 (2.76) 343 349 349 
2050 1 1.54 (0.80) 0.16 (0.07) 4.43 (2.99) 113 115 115 

 4 1.46 (0.75) 0.14 (0.06) 4.65 (3.01) 113 115 115 
 7 1.57 (0.70) 0.15 (0.06) 4.24 (3.08) 114 115 115 

Total  1.52 (0.75) 0.15 (0.06) 4.44 (3.02) 340 345 345 
2100 2 1.54 (0.89) 0.15 (0.07) 4.82 (3.35) 112 113 113 

 5 1.35 (0.65) 0.14 (0.06) 4.68 (3.03) 115 117 117 
 9 1.53 (0.90) 0.15 (0.06) 4.90 (3.33) 109 111 111 

Total  1.47 (0.82) 0.15 (0.06) 4.80 (3.23) 336 341 341 

Table S2 Number of individuals at the start (March 2016) and end (November 2018) of the experimental 
period in each mesocosm, and mortality rate. MOS = Mesocosms Outdoor System. 

Target 
Treatment 

MOS 
No. 

Initial 
number 

Number at 6 
mo. 

Survival at 6 mo. Final number 
(20 mo.) 

Survival 
(%) at 20 

mo. 
Ambient #3 24 24 100% 24 100% 

 #6 24 24 100% 24 100% 
 #8 23 21 91% 21 91% 
       

2050 #1 23 23 100% 23 100% 
 #4 22 22 100% 22 100% 
 #7 23 19 82% 4 17% 
       

2100 #2 23 23 100% 22 96% 
 #5 23 23 100% 22 96% 
 #9 24 17 71% 17 71% 
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Table S3 Average weight and size (maximum diameter) of 
individuals at the start the experimental period (20 months) 
in each mesocosm, MOS = Mesocosms Outdoor System. 
Standard deviation is given in brackets. Sample size: see 
Table S2. 

Target 
Treatment 

MOS No. Weight 
(g) 

Size 
(cm) 

Ambient #3 29.80 
(10.84) 

38.07 
(6.17) 

 #6 29.55 
(18.54) 

37.36 
(8.33) 

 #8 30.35 
(12.48) 

38.85 
(6.60) 

    
2050 #1 31.19 

(14.65) 
39.70 
(8.06) 

 #4 32.20 
(9.95) 

39.49 
(6.24) 

 #7 25.72 
(14.95) 

35.73 
(8.65) 

    
2100 #2 33.70 

(14.89) 
40.40 
(6.21) 

 #5 33.27 
(13.44) 

40.156 
(6.35) 

 #9 26.02 
(11.72) 

36.01 
(7.52) 
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Fig. S3. Size (test diameter, TD) and weight (g) frequency distribution of all Echinometra 
sp. A used in the experiment at the start, after 6 months and at the end of the experiment. 
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Fig. S4. Regression of test diameter on final demi-
pyramid length, used to convert initial and final demi-
pyramid length for the Ford-Walford plot (Fig. S5). 
Demi-pyramid length explains 61% of the variation in 
test diameter (linear model, F1,153 = 238.6, p < 0.0001). 

 
Fig. S5. Ford-Walford plot of initial test diameter 
(TDt) vs. final test diameter (TDt+1), initial and final 
test diameter were transformed from demi-pyramid 
length (Fig. S4). 
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Fig. S6. Dependency of juvenile (6 months after settlement) Echinometra sp. A 
size on numbers (densities) in the culture tubes at the 3 treatments. Density 
explains 65% of the variation in urchin size (linear model, F1,23 = 44.93, p < 
0.0001). 


