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Robust quantification of fish early life CO2 sensitivities via serial experimentation Hannes Baumann, Emma L. Cross, and Christopher S. Murray

Methods
Spawner collection and spawning methods: All experiments used offspring derived from wild mature Atlantic silversides (Menidia menidia) that were repeatedly collected during the spawning season (May-July) from local sites with a 30 × 2 m beach seine (3 mm mesh). In 2012-2014, spawners for experiments 1-12 [1-3] were collected from Poquot Cove on the central north shore of Long Island (New York, 40.95°N, 73.10°W). In 2016-2017, spawners for experiments 13-20 [2, 4] were collected from Mumford Cove (eastern Connecticut; 41.32°N, 72.02°W). The two sites are located on opposite shores of Long Island Sound approximately 100 km apart. Adults were transported to the laboratory (2012-2014: Flax Pond Laboratory, Stony Brook University; 2016-2017: Rankin Laboratory, University of Connecticut Avery Point) and held overnight in aerated tanks (60L) and at 20°C to promote egg hydration. 
Strip-spawning occurred the next day and followed time-tried methods of experimental research on silverside species [e.g., 1-12]. To ensure sufficient genetic diversity representative of wild populations, eggs were stripped from a minimum of 20 females (one experiment used only 12). Stripped eggs were gently mixed into shallow plastic dishes lined with 1-mm plastic window screening covered in seawater. Subsequently, milt from each of 20+ males was collected and pooled into 500-ml glass beakers, mixed with seawater, stirred, then gently poured into spawning dishes and mixed with eggs for ~15 min. In this species, fertilized eggs attach to window screen with chorionic filaments. Hence, within two hours of fertilization, screens with precisely counted 100 attached embryos were randomly distributed into replicated 20-l rearing containers preconditioned for the intended CO2 treatment and placed within temperature-controlled water baths (Aqualogic® thermostats connected to commercial aquarium heaters). 
CO2 manipulation and control: We applied a target CO2 level of 400 μatm (~8.15 pH) for ambient treatments, a level characteristic of the open surface ocean and of coastal systems at the onset of the silverside spawning season (April - July) [3]. The target level for high CO2 was 2000 μatm (~7.50 pH), a level that is commonly experienced by silverside offspring during summer months, but also represents the maximum prediction of average OA for the next 300 years [13] and therefore similar levels have been employed as a common benchmark in many OA studies [14-17]. During experiments 1-12 (2012-2014), 14 (2016), 16 and 18 (2017), CO2 levels were manipulated via gas proportioners (ColeParmer®), which mixed ambient air with 100% bone-dry CO2 and delivered gas mixes to the bottom of each rearing container via air stones. Target levels were controlled via daily pH measurements using hand-held pH probes (Orion ROSS Ultra pH/ATC Triode, and Orion Star A121 pH Portable Meter, Thermo Scientific; Hach HQ40d portable meter with a PHC201 standard pH-probe) that were calibrated weekly with 3-point NIST buffers. 
Later and in addition, we constructed an automated acidification system designed for larval fish rearing and used for experiments 13, 15, and 17 (2016-2017). Nine identical recirculating-units exist, containing sump (90l), a header tank (40l) and a main tank (240l) that holds up to five replicate rearing-containers (20l) fitted with screened overflow holes (100μm). In these units, seawater continuously circulates from the sump through a UV sterilizer into the header tank, where it is gravity fed to the bottom of each rearing-container, from which it overflows in the main tank and back into the sump. We designed a LabView (National Instruments®) program to fully automate the control of seawater chemistry. The software interfaces with the recirculating-units via a data-acquisition module (NI cDAQ-9184, National Instruments®), which controls nine sampling-pumps (one per tank) and a series of gas and water solenoid valves, while receiving input from a central pH electrode (Hach pHD® digital electrode calibrated weekly using NIST 2-point pH references) and DO probe (Hach LDO® Model 2). The software sequentially assesses the pH conditions in each recirculating-unit (once per hour) by pumping water for ~7.5 min through the housing of the central pH probe, comparing measured pH levels to set-points and then adjusting levels by bubbling standardized amounts of 100% CO2 (bone dry grade, AirGas®) or CO2-stripped air into the sump of each tank. The software also maintains DO saturation (>8 mg/L) by bubbling in CO2-stripped air. LabView logs current pH, temperature, and DO conditions before cycling to the next unit. Temperatures were controlled by thermostats (Aqualogic®) powering submersible heaters. 
Two methods were employed to measure treatment seawater carbon chemistry parameters. For experiments 1-10 (2012-2013), at least one discrete water sample per treatment was taken during each experiment (borosilicate bottles, preserved with 200 μl HgCl2) and analyzed for total dissolved inorganic carbon (DIC, mol kg seawater-1) with an EGM-4 Environmental Gas Analyzer (PP Systems®) that quantified total DIC levels after separating the gas phase from seawater using a Liqui-Cel Membrane (Membrana®). This instrument provided a methodological precision of ±3% for replicated measurements of total DIC and provided full recovery (104±5%) of Dr. Andrew Dickson’s (University of California San Diego, Scripps Institution of Oceanography) certified reference material for total inorganic carbon in seawater (Batch 117 = DIC 2009.99 µmol kg-1 seawater), as reported in [18, 19].
For experiments conducted 2014-2017, water samples were drawn from one randomly selected replicate within each treatment at three distinct time points during each experiment and analyzed for total alkalinity (AT, µmol kg seawater-1) via endpoint titration (Mettler Toledo™ G20 Potentiometric Titrator). Assessing AT directly is advantageous over the previous method, since it does not rely on HgCl poisoning and is even more precise. The instrument has previously been shown to quantify AT in Dr. Andrew Dickson’s reference material (batches 147 AT= 2231.39 µmol kg seawater-1) with an average error within ±1% [2]. We used CO2SYS (V2.1, http://cdiac.ornl.gov/ftp/co2sys) to calculate unmeasured carbonate parameters (e.g., AT or total DIC, partial pressure and fugacity of CO2 (pCO2, fCO2; µatm), and carbonate ion concentration (CO32-, µmol kg seawater-1)) based on measured AT or DIC, pH (NIST), temperature, and salinity using K1 and K2 constants from Mehrbach et al. [20] refitted by Dickson and Millero [21] and Dickson [22] for KHSO4. Refer to source publications for complete carbon chemistry parameters. 
Rearing and sampling procedures: All included ‘standard’ experiments were conducted at 24°C, which is the thermal growth and survival optimum for M. menidia early life stages [23]. Hence, this temperature allowed us to quantify CO2 effects in isolation of potential temperature interactions.  Experiments 1-12 used seawater of ~28 psu, while experiments 13-20 used seawater of ~32 psu. For comparison, the Atlantic silverside commonly occurs in salinities as low as 10 psu in estuaries, and as high as 40 psu in shallow hypersaline coves, they are very eurohaline. Consistent with long-standing rearing protocols in this species [1-9, 12], all experiments used a photoperiod of 15h light:9h dark (approximating the average natural photoperiod during spring in our latitudes). 
[bookmark: _GoBack]Larvae hatched 6 days post fertilization and were immediately provided with equal rations of powdered weaning diet (Otohime Marine Fish Diet, size A1, Reed Mariculture® to stimulate feeding and ad libitum levels of newly hatched brine shrimp nauplii (Artemia salina, San Francisco strain, brineshrimpdirect.com). Larvae were fed daily ad libitum rations of newly hatched nauplii for the remainder of the experiment. Rearing vessels (20l) were siphoned of waste and checked for ammonia concentrations regularly (Saltwater Ammonia Test Kit, API®). Water changes were made as necessary to ensure ammonia levels remained uncritical (<0.25 ppm). To quantify survival to hatch, 1dph larvae were counted by gently scooping small groups into replacement rearing-containers. For initial hatch standard length (SL, nearest 0.01 mm) measurements, larvae were randomly sub-sampled (N = 10) from each replicate and preserved in 5% formaldehyde/freshwater solution buffered with saturated sodium tetraborate. Similarly, all larval survivors 10dph were sampled, preserved in 5% formaldehyde/freshwater solution and measured for SL. Larval measurements were made using calibrated digital images made with a stereomicroscope (4x, Nikon® SMZ-1000) and analyzed in Image Pro Premier (V9.0, Media Cybernetics®).
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