Current Draft CROAMP Indices:
Thematic Area – Effects of OA on Coral Reef Water Chemistry
[bookmark: _GoBack]Strategic Monitoring Index (Level 2) – Rate of change (e.g., ΔΩ/Δt) in seawater carbonate chemistry (CO2sys) within reef environments relative to comparative rates of changes in neighboring open ocean surface waters. Units: Ω yr-1, µatm pCO2,sw yr-1, µmol DIC kg-1 yr-1 µmol TA kg-1 yr-1 pHTotal yr-1  Site Criteria: To skillfully detect changes in response to OA it will be important to select sites where local biogeochemistry is reasonably constrained and coastal processes are a minimal influence.  However, it is recognized that at least a few sites should be chosen to monitor such changes within the context of local anthropogenic influences for comparative purposes.  At those sites, additional effort may be required to characterize influencing coastal processes.  Integration into National monitoring programs: The NCRMP Class III stations and the sustained coral reef mooring observations supported by the NOAA Ocean Acidification Program may serve as potential locations from which to derive this strategic index. Notes: Provided a measure of any two of these four parameters, the other two can theoretically be solved.  To do so, the CO2 System needs to be solved using selected  dissociation constants. The carbonate equilibria calculations should use the Mehrbach et al. [1973] formulations of the K1 and K2 dissociation constants as refit by Dickson and Millero [1987].    The sensitivity with which the saturation states and CO2−3 can be calculated is dependent on the parameter measured; pH and pCO2 yield the greatest uncertainty, followed by the TA, DIC pair. While triple constraint is advised within coastal systems, if only two parameters are to be measured, pH or pCO2 with DIC yields the greatest precision, closely followed by pH or pCO2 and TA.    2) All measurements should follow procedures and protocols outlined in the Best Practices guides (Dickson et al., 2007; Riebesell et al., 2010).
Tactical Monitoring Index (Level 1) – Annual mean carbonate chemistry (CO2sys) within reef environment Units: Ωarg , µatm pCO2,sw , µmol DIC kg-1, µmol TA kg-1,pHTotal  Stratified vs. Fixed Monitoring: This tactical monitoring index is best suited to fixed time-series stations as it is unlikely that stratified sampling could be conducted at sufficient temporal frequency to avoid aliasing the data for regression analysis.  However, in systems of relatively lower short-term variability (e.g. low residence time systems) it may be possible to derive this index from stratified sampling provided it was maintained for several decades. Scale (local, habitat, reef, island, regional): Fixed time-series can only offer local observations.  However, proper site selection can serve to make these time-series more representative.  Sensitivity (High, Medium, Low): Highly sensitive to OA assuming equilibrium with atmospheric CO2  Covariates: Most of these measures will covary with temperature, salinity, and local biogeochemistry. Feasibility: High 
Measured Parameters (Level 0) – Temperature, Salinity, Total Dissolved Inorganic Carbon, Total Alkalinity, pHTotal Scale, pCO2,sw, pCO2,air [Frequency: Subdaily (3-hourly) is probably preferred to avoid aliasing the data but bi-weekly discrete sampling is probably the minimum sampling frequency.  If adequate preliminary data is available, an appropriate frequency should be determined using a Fourier series.]; Total Phosphate, Total Silicate, [Frequency: Seasonal]; Ωarg  [Frequency: Derived at the highest frequency available from the CO2SYS data].
Tactical Monitoring Index (Level 1) – Annual mean carbonate chemistry (CO2sys) within neighboring open ocean surface waters.  Units: Ωarg , µatm pCO2,sw , µmol DIC kg-1, µmol TA kg-1,pHTotal  Stratified vs. Fixed Monitoring: This tactical monitoring index is best suited to fixed time-series stations as it is unlikely that stratified sampling could be conducted at sufficient temporal frequency to avoid aliasing the data for regression analysis.  However, in systems of relatively lower short-term variability (e.g. low residence time systems) it may be possible to derive this index from stratified sampling provided it was maintained for several decades. Scale (local, habitat, reef, island, regional): Fixed time-series, underway VOS, and/or AUV operations can be employed.  Sensitivity (High, Medium, Low): Highly sensitive to OA assuming equilibrium with atmospheric CO2  Covariates: Most of these measures will covary with temperature, salinity, and local biogeochemistry. Feasibility: High 
Measured Parameters (Level 0) – Temperature, Salinity, Total Dissolved Inorganic Carbon, Total Alkalinity, pHTotal Scale, pCO2,sw, pCO2,air [Frequency: Subdaily (3-hourly) is probably preferred to avoid aliasing the data but bi-weekly discrete sampling is probably the minimum sampling frequency.  If adequate preliminary data is available, an appropriate frequency should be determined using a Fourier series.]; Total Phosphate, Total Silicate, [Frequency: Seasonal]; Ωarg  [Frequency: Derived at the highest frequency available from the CO2SYS data].
__________________________________________________________________________________________________________________
Thematic Area – Effects of OA on Coral Reef Community Metabolism
Strategic Monitoring Index (Level 2) – Long-term trends in annual integrated net community metabolic performance in response to OA. Units: mol C m-2 y-1,mol CaCO3 m-2 y-1,NEP:NEC (C/CaCO3), mm or cm yr-1  Site Criteria: To skillfully detect changes in response to OA it will be important to select sites where local biogeochemistry is reasonably constrained and coastal processes are a minimal influence.  However, it is recognized that at least a few sites should be chosen to monitor such changes within the context of local anthropogenic influences for comparative purposes.  Integration into National monitoring programs: Yes, obtaining rate measures are most applicable to sentinel, LTER, and Class III sites.  However, the NEP:NEC measures can be adopted as part of spatial survey efforts. Notes:
Tactical Monitoring Index (Level 1) – Long-term trends in the NEP:NEC ratio at the island/georegion scale applied to infer changes in ecosystem-scale shifts in benthic community composition in response to OA.   Units:  Carbon/CaCO3, C/C     Stratified vs. Fixed Monitoring:   Fixed sites    Scale (local, habitat, reef, island, regional):  Class 3 = island/ecosystem scale    Class 2 = habitat scale  Class 1 =  TA:DIC for NEP:NEC only     Sensitivity (High, Medium, Low):   Medium:  Under continued ocean acidification it is anticipated that coral reef communities may undergo a community phase shift whereby net ecosystem organic production may increase while net ecosystem calcification declines thereby the NEP:NEC ratio should increase over time.  This would be reflected in a reduction in the slope of TA:DIC property:property plots.     Covariates:  NEP and NEC will vary with many local factors including but not limited to temperature, salinity, nutrients, PAR, changes in seawater carbonate chemistry, and other local coastal impacts to the system.       Feasibility:   Medium to High    Notes:  Note that provided a measure of any two of these four parameters, the other two can theoretically be solved.  To do so, the CO2 System needs to be solved using selected  dissociation constants. The carbonate equilibria calculations should use the Mehrbach et al. [1973] formulations of the K1 and K2 dissociation constants as refit by Dickson and Millero [1987].    While triple constraint is advised within coastal systems, if only two parameters are to be coupled the recommended coupling is DIC and pCO2sw as possible.
Measured Parameters (Level 0) –    Temperature, Salinity, Total Dissolved Inorganic Carbon, Total Alkalinity, pH (Total Scale), Oxygen   [Frequency: Measurements need to be conducted at least seasonally and over multiple diurnal cycles (at least 2, sampling every 3-4 hours), or via integrated discrete sample collection conducted over multipe (at least 2) diurnal cycles.  Consideration may be given to annual measurements at class 1 sites conducted during the same dates each year for multiple days (preferably 3 days).]
Tactical Monitoring Index (Level 1) – Long-term trends in the annual integrated community rates of net ecosystem productivity (NEP).  Units:   mol C m-2 yr-1    Stratified vs. Fixed Monitoring:   Fixed sites    Scale (local, habitat, reef, island, regional):   Class 3 = island/ecosystem scale    Class 2 = habitat scale        Sensitivity (High, Medium, Low):    Medium: It is anticipated that organic productivity rates of some species of marine biota may increase under continued ocean acidification.  Furthermore, some photosynthetic species may outcompete calcifying species causing an ecosystem phase shift resulting in increased Net Ecosystem Productivity (NEP).     Covariates:  NEP will vary with many local factors including but not limited to temperature, salinity, nutrients, PAR, changes in seawater carbonate chemistry, and other local coastal impacts to the system.       Feasibility:   Medium    Notes:  Provided the logistical challenges of acquiring NEC and NEP rates, these tactical measures can only be obtained at locations where ready access allows for repeated measures accross seasonality.  Definition of primary and secondary parameters depends on the measurement approach (e.g. Eulerian, Lagrangian, Chamber methods).
Measured Parameters (Level 0) –    mean water depth across the community, mean unidirectional current speed, Temperature, Salinity, Light, windspeed, Oxygen, nutrients, CO2   [Frequency:  At minimum seasonally]
Tactical Monitoring Index (Level 1) –  Long-term trends in the annual integrated community rates of net ecosystem calcification (NEC). Units:  mmol CaCO3 m-2 yr-1, mmol C m-2 yr-1     Stratified vs. Fixed Monitoring:   Fixed sites    Scale (local, habitat, reef, island, regional):    Class 3 = island/ecosystem scale    Class 2 = habitat scale       Sensitivity (High, Medium, Low):   Medium: It is anticipated that calcification rates of key reef building species such as corals, coralline algae, calcareous green algae, and others may decline by 20 to 60% at twice pre-industrial atmospheric CO2 levels under continued ocean acidification.  Furthermore, dissolution of carbonate sediments and increased dissolution activity of euendolithic algae is anticipated to increase under continued ocean acidification.  These combined impacts will result in a significant decrease in Net Ecosystem Calcification (NEC).     Covariates:    NEP and NEC will vary with many local factors including but not limited to temperature, salinity, nutrients, PAR, changes in seawater carbonate chemistry, and other local coastal impacts to the system.     Feasibility:   Medium    Notes:  Provided the logistical challenges of acquiring NEC and NEP rates, these tactical measures can only be obtained at locations where ready access allows for repeated measures accross seasonality.  Definition of primary and secondary parameters depends on the measurement approach (e.g. Eulerian, Lagrangian, Chamber methods).
Measured Parameters (Level 0) –    mean water depth across the community, mean unidirectional current speed, Temperature, Salinity, Total Dissolved Inorganic Carbon, Total Alkalinity, Light   [Frequency: At least seasonally]
Tactical Monitoring Index (Level 1) –  Long-term trends in benthic community composition  Units: % cover (substrate type), OTU  (Oranismal Taxonomic Unit) number, OTU number/Total, OTU number/Area     Stratified vs. Fixed Monitoring:    Stratified sampling within the boundaries of NEP and NEC measurement zones.   Scale (local, habitat, reef, island, regional):    Class 3 = island/ecosystem scale    Class 2 = habitat scale   Class 1 =  uncertain     Sensitivity (High, Medium, Low):  Medium:  Under continued ocean acidification it is anticipated that coral reefs may undergo a community phase shift reflected by an increase in photosynthetic biota such as seagrasses and macroalgae and a decrease in calcifying species.  Additionally, decreases in NEC and increases in dissolution may result in erosion of reef structure causing a decrease in reef rugosity.  These combined impacts may result in a transition of reef scapes from complex, high topographic/bathymetric features to lower relief relict reef features, a decrease in species biodiversity, and a change in dominant substrate type reflecting increased abundance of non-calcifying species.      Covariates:  Benthic community composition will vary with local chemical and physical factors and stressors.     Feasibility:   High    Notes:  
Measured Parameters (Level 0) –    density of individuals, percent cover, ID, rugosity, biomass, substrate type  [Frequency: 1-3 years ]
Tactical Monitoring Index (Level 1) – Changes in annual net vertical accretion rates Units:  mm or cm yr-1     Stratified vs. Fixed Monitoring:   Fixed sites     Scale (local, habitat, reef, island, regional):  Habitat or reef scale      Sensitivity (High, Medium, Low):   Medium: lt is anticipated that a decrease in NEC and an increase in carbonate sediment dissolution may result in a decrease in vertical accretion of reefs or a transition to net erosion, and changes in sediment grain size and mineralogical composition.      Covariates:  Vertical accretion rates will vary with mechanical sediment transport due to changes in hydrodynamics, storm events, changes in benthic composition that either expose or trap sediments.     Feasibility:   Medium    Notes:  Measurement of accretion rates is best combined with grain size and mineralogical analysis to provide supporting evidence for chemical gain or loss of sediments as opposed to sediment transport processes.
Measured Parameters (Level 0) – Sediment elevation tables (SETs) strategically located in representative habitat types, sediment thickness as measured using a variety of techniques including seismic profiling, coring, sediment probe, ground penetrating radar.   [Frequency: 1-5 years]  Note: monitoring accretion rates using elevation tables requires a somewhat stable substrate over the time frame of the measurements.
__________________________________________________________________________________________________________________
Thematic Area – Effects of OA on Coral Reef Organisms 
(NOTE: BY DEFINITION, ORGANISMAL REPONSES SHOULD BE COMPARED WITHIN TAXA)
Strategic Monitoring Index (Level 2) –   Long-term regional changes in Growth rates of target taxa in response to OA    Units:      Site Criteria:        Integration into National monitoring programs: Some methods limited to fixed frequently-visited sites due to frequency of repeated measurements that are likely required. I.e. growth would often need to be measured over weekly to seasonal intervals Notes:     
Tactical Monitoring Index (Level 1) – Long-term changes in growth rates in target calcifiers in response to OA Units:   mm/yr, g/cm^3 yr, g/yr, g/time, g/time    Stratified vs. Fixed Monitoring:   both     Scale (local, habitat, reef, island, regional): NCRMP defined georegion-scale  Sensitivity (High, Medium, Low):  Medium to High expected to decrease with OA  Covariates:   T, Light, Nutrients, Chl, flow rate    Feasibility:  Medium - High     Notes:  Cores also provide archive of other geochemistry (eg Boron), Possibly growth rate of juvenile stages more sensitive
Measured Parameters (Level 0) –    Change in linear extension rates of coral colonies [Frequency: coring 5-10 yrs, annual for branching spp; up to 5 yr for mounding spp.]; Change in density of coral skeletons )   [Frequency: 5-10 yrs]; Change in coral skeletal mass , Change in growth rate of Halimeda spp. (or other calcified algal taxa) [Frequency: Seasonal]; Change in growth rate of other taxa (e.g. forams, urchins, etc) [Frequency: Seasonal to annual]
Tactical Monitoring Index (Level 1) – Long-term changes in growth/productivity rates in target non-calcifiers in response to OA Units:   g/time    Stratified vs. Fixed Monitoring:    both   Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):   Probably High; should increase with OA    Covariates:   T, Light, Nutrients flow rate    Feasibility:  medium to high    Notes:  
Measured Parameters (Level 0) –   Change in growth/productivity rate of fleshy algal spp, Change in growth/productivity rate of seagrass spp [Frequency: Seasonal]

Strategic Monitoring Index (Level 2) –  Long-term regional changes in 'recruitment' rates of target taxa in response to OA     Units:      Site Criteria:        Integration into National monitoring programs: Possible at fixed sites, but interval of accumulation should be standardized Notes:     
Tactical Monitoring Index (Level 1) – Long-term changes in accumulation rate of calcifying organisms Units:       Stratified vs. Fixed Monitoring:    Fixed   Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):   High; should decrease with OA     Covariates:     T, Light, Nutrients flow rate, grazing  Feasibility: High      Notes:  
Measured Parameters (Level 0) –   change in accumulation of CCA on standardized substrates (e.g. tags/CAUs)    [Frequency: Seasonal to few years]
Tactical Monitoring Index (Level 1) – Long term changes in accumulation of calcifying epiphytes on seagrasses Units:       Stratified vs. Fixed Monitoring:  both     Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):   Probably High; should decrease with OA     Covariates:    T, Light, Nutrients flow rate, grazing     Feasibility:  High     Notes: Possibly ratio of calcareous to non-calcareous epiphytes would be more sensitive  
Measured Parameters (Level 0) –   Density or cover of seagrass epiphytes    [Frequency: uncertain]
Strategic Monitoring Index (Level 2) –  Long-term regional changes in physiological 'condition' of individual organisms     Units:      Site Criteria:        Integration into National monitoring programs: Yes- possible with single collections at SR sites Notes:     
Tactical Monitoring Index (Level 1) – Long-term changes in plant Carbon/nutrient status Units:       Stratified vs. Fixed Monitoring:       Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):        Covariates:  T, Light, Nutrients flow rate     Feasibility:   medium    Notes:  
Measured Parameters (Level 0) –  Change in C:N of seagrass tissues, Change in C:N of algal tissues     [Frequency: Seasonal or annual]

Tactical Monitoring Index (Level 1) –  Long term changes in organism mineral content Units:       Stratified vs. Fixed Monitoring:       Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):  possibly high      Covariates: uncertain      Feasibility:  Low     Notes:  
Measured Parameters (Level 0) –     Change in mineralogy or crystal structure of corals or calcifying algae  [Frequency: uncertain]
Tactical Monitoring Index (Level 1) –  Long term changes in coral tissue thickness Units:       Stratified vs. Fixed Monitoring:       Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):     uncertain   Covariates:       Feasibility:    medium   Notes:  
Measured Parameters (Level 0) –  Tissue thickness     [Frequency: uncertain]
__________________________________________________________________________________________________________________
Thematic Area – Effects of OA on Coral Reef Ecosystem Biodiversity
Strategic Monitoring Index (Level 2) –  Changes in biodiversity as apparent from changes in benthic composition,  community structure, and ecological function.  This strategic index of change is derived from multivariate analyses  of the datum from each of the tactical monitoring measured across three consecutive surveys.     Units:      Site Criteria:        Integration into National monitoring programs:  Notes:     
Tactical Monitoring Index (Level 1) –  Changes in biomass, population and trophic structure of cryptobiota Units:  OTU (Organismal Taxonomic Unit), OTU number, OTU number/ Total, number/area     Stratified vs. Fixed Monitoring:   Fixed    Scale (local, habitat, reef, island, regional):  island and regional      Sensitivity (High, Medium, Low):    Medium    Covariates:       Feasibility:  High     Notes:  
Measured Parameters (Level 0) –  ID/richness, Abundance, Relative abundance, Density, Diversity Index, Evenness, Percent cover (sessile inverts),  Rugosity, Benthic cover     [Frequency: 3 years]
Tactical Monitoring Index (Level 1) – Changes in the population structure of corals Units:       Stratified vs. Fixed Monitoring:   Fixed    Scale (local, habitat, reef, island, regional):    island and regional    Sensitivity (High, Medium, Low):  medium      Covariates:       Feasibility:  high     Notes:  
Measured Parameters (Level 0) –  ID/richness, Abundance, Relative abundance, Density, Diversity Index, Evenness, Percent cover,  Rugosity     [Frequency: 1-3 years]
Tactical Monitoring Index (Level 1) – Changes in the population structure of algae Units:       Stratified vs. Fixed Monitoring:   Fixed    Scale (local, habitat, reef, island, regional):    island and regional        Sensitivity (High, Medium, Low):  medium            Covariates:       Feasibility:    high        Notes:  
Measured Parameters (Level 0) –   ID/richness, Abundance, Relative abundance, Density, Diversity Index, Evenness, Percent cover,  Rugosity     [Frequency: 1-3 years]
Tactical Monitoring Index (Level 1) – Changes in the population structure of urchins Units:       Stratified vs. Fixed Monitoring:    Fixed   Scale (local, habitat, reef, island, regional):    island and regional        Sensitivity (High, Medium, Low):  medium            Covariates:       Feasibility:    high        Notes:  
Measured Parameters (Level 0) –   ID/richness, Abundance, Relative abundance, Density, Diversity Index, Evenness, Percent cover (sessile inverts),  Rugosity, Benthic cover, size, size frequency distribution   [Frequency: 1-3 years]
__________________________________________________________________________________________________________________
Thematic Area – Effects of OA on Coral Reef Dissolution and Bioerosion.
Strategic Monitoring Index (Level 2) –   Annual difference (D) in rates of mechanical breakdown and  dissolution of CaCO3 owing to biological and chemical (and physical) processes    Units:   g CaCO3/m2/yr, mol C/m2/yr, mol TA/kg/yr, eq TA/kg/yr   Site Criteria:        Integration into National monitoring programs:  Notes:     
Tactical Monitoring Index (Level 1) – Changes in alkalinity anomalies relative to offshore reference station (reference station should experience  near constant salinity normalized alkalinity over time) Units:  mol/kg, eq/kg     Stratified vs. Fixed Monitoring:       Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):        Covariates:       Feasibility:       Notes:  
Measured Parameters (Level 0) –    Total alkalinity in water column   [Frequency: TBD]
Tactical Monitoring Index (Level 1) – Relative changes in bioerosion rates at specific sites Units: g/m2/yr, mol/m2/yr      Stratified vs. Fixed Monitoring:       Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):        Covariates:       Feasibility:       Notes:  
Measured Parameters (Level 0) –    Size frequency distribution of bioeroders, Density of epibenthic bioeroders, Mass loss of experimental substrate, Colonization rate and density of experimental substrate   [Frequency: TBD]
Tactical Monitoring Index (Level 1) – Changes in rates of metabolic CaCO3 dissolution Units: g/m2/yr, mol/m2/yr       Stratified vs. Fixed Monitoring:       Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):        Covariates:       Feasibility:       Notes:  
Measured Parameters (Level 0) –  Vertical profiles of total alkalinity in sediments, Seawater flux, Mass loss of experimental substrate [Frequency: TBD]
Tactical Monitoring Index (Level 1) – Changes in mechanical erosion rates and architectural complexity/rugosity Units: m/planar distance (m/m), m2/planar area (m2/m2) Stratified vs. Fixed Monitoring:       Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):        Covariates:       Feasibility:       Notes:  
Measured Parameters (Level 0) –    distance per planar distance, surface area per planar surface area   [Frequency: TBD]
Tactical Monitoring Index (Level 1) – Changes in sediment mineralogy and composition  Units:  calcite:aragonite:Mg-calcite, mol% Mg-calcite, individuals/m2      Stratified vs. Fixed Monitoring:       Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):        Covariates:       Feasibility:       Notes:  
Measured Parameters (Level 0) –    Mineralogy, Species composition, Grain size distribution   [Frequency: TBD]
Tactical Monitoring Index (Level 1) – Changes in cement mineralogy and abundance Units: calcite:aragonite:Mg-calcite, mol% Mg-calcite, % Stratified vs. Fixed Monitoring:       Scale (local, habitat, reef, island, regional):        Sensitivity (High, Medium, Low):        Covariates:       Feasibility:       Notes:  
Measured Parameters (Level 0) –    Mineralogy, % infilling, Morphology   [Frequency: TBD]

