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Abstract 42 

The phytoplankton absorption coefficient (aPHY) has been suggested as a suitable alternate 43 

first order predictor of net primary production (NPP). We compiled a dataset of surface bio-44 

optical properties and phytoplankton NPP measurements in coastal waters around Australia 45 

to examine the utility of an in-situ absorption model to estimate NPP. The magnitude of 46 

surface NPP (0.20 to 19.3 mmol C m-3 d-1) across sites was largely driven by phytoplankton 47 

biomass, with higher rates being attributed to the microplankton (> 20 µm) size class. The 48 

phytoplankton absorption coefficient aPHY for PAR (photosynthetically active radiation; 49 

āPHY)) ranged from 0.003 to 0.073 m-1, influenced by changes in phytoplankton community 50 

composition, physiology and environmental conditions. The aPHY coefficient also reflected 51 

changes in NPP and the absorption model-derived NPP could explain 73 % of the variability 52 

in measured surface NPP (n = 41; RMSE = 2.49). The absorption model was applied to two 53 

contrasting coastal locations to examine NPP dynamics: a high chlorophyll-high variation 54 

(HCHV; Port Hacking National Reference Station) and moderate chlorophyll-low variation 55 

(MCLV; Yongala National Reference Station) location in eastern Australia using the GIOP-56 

DC satellite aPHY product. Mean daily NPP rates between 2003 and 2015 were higher at the 57 

HCHV site (1.71 ± 0.03 mmol C m-3 d-1) with the annual maximum NPP occurring during the 58 

austral winter. In contrast, the MCLV site annual NPP peak occurred during the austral wet 59 

season and had lower mean daily NPP (1.43 ± 0.03 mmol C m-3 d-1) across the time-series. 60 

An absorption-based model to estimate NPP is a promising approach for exploring the spatio-61 

temporal dynamics in phytoplankton NPP around the Australian continental shelf. 62 

 63 

  64 
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1. Introduction  65 

Estimates of net primary productivity (NPP, photosynthetically produced organic carbon after 66 

respiratory losses) from marine phytoplankton provide information about the rate of carbon 67 

production for the marine food web (Cloern et al., 2014; Finkel, 2014; Westberry and 68 

Behrenfeld, 2014). Coastal shelf waters generate 29 % of the world’s marine NPP within an 69 

area of just 11 % of the ocean’s surface area (Finkel, 2014; Gazeau et al., 2004; Pauly and 70 

Christensen, 1995; Wollast, 1998). In the global context, average NPP in Australian coastal 71 

waters is low (Chavez et al., 2011; Cloern et al., 2014). However, our understanding of the 72 

temporal and spatial dynamics in NPP and its absolute magnitude is limited to a small 73 

number of studies involving traditional measurements made on board ships and in the 74 

laboratory (Everett and Doblin, 2015; Furnas and Carpenter, 2016 and references therein). 75 

 76 

Satellites provide the opportunity to fill the vast temporal and spatial gaps in conventional 77 

measurements of phytoplankton NPP in Australian waters due to their near synoptic capture 78 

of ocean colour data (Hayes et al., 2005). However, algorithms are required to transform 79 

maps of ocean colour, the result of the absorption and scattering of light by water, 80 

phytoplankton and non-phytoplankton material, to a description of phytoplankton physiology 81 

(Barnes et al., 2014; Bouman et al., 2000) and an estimate of NPP in ocean ecosystems 82 

(Sathyendranath et al., 2009).  83 

  84 

Empirical relationships or mechanistic models are used to link phytoplankton biological rates 85 

(such as growth rate and NPP) and photosynthetic parameters (carbon-to-chlorophyll-a ratio) 86 

with “more-easily” measured satellite products such as sea-surface temperature, irradiance or 87 

chlorophyll-a (via the assimilation number). These physical and biological proxies have 88 

proven to be highly variable in their efficacy for coastal waters (Everett and Doblin, 2015; 89 
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Mélin and Vantrepotte, 2015). This is largely due to the multivariate nature of environmental 90 

and seasonal influences on phytoplankton physiology, that cannot always be summarised to a 91 

constant value needed for empirical relationships (Behrenfeld et al., 2016). In addition, the 92 

satellite retrieval of the commonly used biological parameter, chlorophyll-a (Chl-a), using 93 

model inversion of satellite remote sensing reflectance (Rrs) is highly unreliable in coastal 94 

waters (Tilstone et al., 2011). The inversion method is complicated due to the interference of 95 

other optically active substances (suspended organic and inorganic matter, and coloured 96 

dissolved organic matter) in the water-leaving reflectance (Aurin and Dierssen, 2012; 97 

Odermatt et al., 2012) and variable atmospheric aerosols contributing to the top of the 98 

atmosphere reflectance (Wang et al., 2007). Uncertainties with respect to chlorophyll-a 99 

retrievals in coastal waters globally are a significant problem where the concentration of 100 

optically active constituents, and hence inherent optical properties (IOPs) and specific 101 

inherent optical properties (SIOPs; normalised to constituent concentration), are highly 102 

variable, both temporally and spatially  (Brando et al., 2012; Cherukuru et al., 2014; Qin et 103 

al., 2007). In contrast, the phytoplankton absorption coefficient (aPHY) can be more reliably 104 

inverted from Rrs using deconvolutions of total absorption (aTOT) using semi-analytical 105 

algorithms (Barker et al., 2007; Moore et al., 2009; Sauer et al., 2012). The Generalised IOP 106 

model is one such algorithm which allows a high percentage (> 80 %) of valid retrievals of 107 

aPHY in waters of all trophic levels and across all seasons (Werdell et al., 2013). 108 

 109 

Replacement of the chlorophyll-a parameter with the phytoplankton absorption coefficient 110 

(aPHY) has been proposed as a viable alternative for estimating NPP in oceanic and coastal 111 

waters (Barker et al., 2007; Barnes et al., 2014; Marra et al., 2007; Silsbe et al., 2016). This is 112 

because the concentration of pigments within a cell changes in predictable ways with the 113 

composition and abundance of phytoplankton and environmental conditions (light, 114 
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temperature, nutrients etc; Bouman et al., 2000; Marra et al., 2007; Aiken et al., 2008). 115 

Furthermore, variation in the aPHY coefficient at different wavelengths (e.g. 440 nm vs 676 116 

nm) or chlorophyll-specific phytoplankton absorption coefficient (a*PHY(λ)) are due to 117 

changes in the physiology or composition of the phytoplankton community. Such changes 118 

include taxonomic or pigment composition, cell size, pigment packaging or intracellular 119 

pigment concentration (Aiken et al., 2008; Bouman et al., 2000; Bricaud et al., 2004). 120 

Although phytoplankton absorption is a relatively inexpensive and simple parameter to 121 

measure in marine sampling programs (Sathyendranath et al., 2009), there has been limited 122 

application of this approach because of the lack of absorption data coupled with primary 123 

productivity measurements (Barnes et al., 2014; Everett and Doblin, 2015; Marra et al., 124 

2007).   125 

 126 

Absorption based models of primary productivity use the phytoplankton absorption 127 

coefficient (aPHY(l)) as a first order predictor of NPP or as a light capture term to quantify the 128 

absorption of photosynthetically active radiation (400-700 nm; PAR or E) which is then 129 

utilised to fix inorganic carbon. The maximum efficiency of photon capture to carbon 130 

conversion (!") varies with nutrient concentration and PAR (sometimes parameterised as 131 

ϕ$; Kiefer and Mitchell, 1983).  Generally, the absorption coefficient is measured directly 132 

using an in-situ absorption meter, in the laboratory using a filter pad technique (Lee et al., 133 

1996; Oubelkheir et al., 2006; Tassan and Ferrari, 1995) or indirectly via inversion of in-134 

water and/or above-water radiance (Qin et al., 2007). The parameters describing the 135 

partitioning and utilisation of light by the photosynthetic apparatus for photochemistry and 136 

carbon fixation (e.g. !" and !%) are often estimated from laboratory based studies with algal 137 

monocultures (Marra et al., 2007, 2003). Despite the limited data from mixed natural 138 

assemblages, absorption-based NPP models have reliably estimated NPP with low error, 139 
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using in-situ data in the Equatorial Pacific, Southern Ocean, Western English Channel, 140 

California coast, North Atlantic, and North Pacific (Barnes et al., 2014; Ma et al., 2014; 141 

Marra et al., 2007). Absorption-based models have also been applied to satellite inverted aPHY 142 

coefficient to study the dynamics of NPP in the Southern Ocean and global eastern boundary 143 

upwelling regions (Hirata et al., 2009; Shang et al., 2010) and provide global estimates of 144 

annual NPP (Ma et al., 2014) 145 

 146 

To assess the utility of an absorption-based approach to estimate surface NPP in Australian 147 

coastal waters, this study compiled bio-optical and NPP data from tropical to temperate 148 

Australian locations. Using this unique dataset, we tested the hypothesis that light absorption 149 

by phytoplankton is a strong first-order predictor of surface phytoplankton NPP. The 150 

absorption-based model was then used to examine NPP dynamics in two contrasting regions 151 

on the East Australian coast – one in an area with low chlorophyll-a variation and another 152 

with relatively high chlorophyll-a variation (Jones et al., 2015). 153 

 154 

2. Methods 155 

2.1 Sampling sites 156 

Coastal waters around Australia were sampled during four oceanographic research voyages 157 

(V1-V4) and at a coastal time-series station (PHNRS) between 2010 and 2014. Sampling 158 

locations included the north-west Kimberley region (V1), eastern Australia (V2), northern 159 

Australia (V3), the Great Barrier Reef inner-reef (GBR; V4) and in south-eastern Australia at 160 

the Port Hacking National Reference Station (PHNRS; see Figure 1 and Table 1 for station 161 

locations). Water was collected at depths of up to 5 m (within the first optical depth) for 162 

surface measures of NPP, physico-chemical, biogeochemical, and bio-optical parameters 163 

(Table 1). 164 
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 165 

Figure 1. Locations of the stations sampled for in-situ parameters during each field campaign:  166 
SS2010_v03 (V1), SS2010_v09 (V2), SS2013_t03 (V3), eReefs (V4) and Port Hacking 167 
National Reference Station (PHNRS). 168 
 169 

2.2 In-situ sampling 170 

2.2.1 Net Primary Productivity 171 

Samples (0.5-4.0 L) of surface seawater were incubated at in-situ temperature and light to 172 

estimate surface NPP. Stations sampled during V2, V3 and PHNRS were incubated for 24 h 173 

and stations sampled during V1 and V4 were incubated during the light period (1–6 h; Table 174 

1). Water was dispensed into 0.5 – 4.0 L polycarbonate bottles and inoculated with 100 µmol 175 

L-1 NaH13CO3 (V3 and V4) to achieve <5 % enrichment (Burford et al., 2011) or NaH14CO3 176 

(V1, V2 and PHNRS) to achieve 20 µCi activity (Knap et al., 1996). After incubation, 177 

samples were filtered onto 25 mm glass fibre filters (Whatman GF/F 0.7 µm pore size; pre-178 

combusted for 13C assays).  179 

 180 

Carbon uptake in all NaH14CO3 assays was measured using a liquid scintillation counter 181 

(Perkin Elmer, Massachusetts, USA). Total NaH13CO3 incorporation was analysed as per 182 

particulate organic carbon (see section 2.2.4 below). Carbon fixation rates were calculated 183 

according to the procedure of Hama et al. (1983) for 13C and Knap et al. (1996) for 14C. NPP 184 
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was computed as a daily rate i.e. mmol C m-3 d-1 (Table 1). During V1, carbon fixation was 185 

measured in 1 h P vs I assays using the “small bottle” method (Lewis and Smith, 1983). The 186 

carbon fixation data from this assay was modelled using the equation of Platt et al. (1980) to 187 

derive the photosynthetic parameters Pm
B, αB, EK and bB. The chlorophyll-a (Chl-a) specific 188 

maximum rate of photosynthesis (Pm
B) was then used to calculate daily NPP as per equation 189 

(1) of Robinson et al. (2009) with a loss factor applied to account for daily respiration, 190 

estimated at 30 % of carbon fixed (Steeman Nielsen and Hansen, 1958). Phytoplankton 191 

respire at the same rate during the diel cycle (Grande et al., 1989; Langdon, 1993) and night-192 

time respiration has been reported to be between 25-40 % of daytime measured NPP (Bender 193 

et al., 1999; Marra and Barber, 2004; Steeman Nielsen and Hansen, 1958). Daily NPP for 194 

samples collected during V4 (4-6 h) was calculated using the day-length and corrected for 195 

daily respiration as above. For samples incubated for 24 h during V2 and V3 it was assumed 196 

that respiratory losses are accounted for in the final 24 h measurement of carbon assimilation 197 

(Marra, 2009). It is recognised that there are differences in estimating carbon uptake using 198 

13C vs 14C methods; 14C is a more sensitive technique where sample volume is limited, 199 

however safety restrictions prevented the use of 14C during some voyages. Nevertheless, 14C 200 

and 13C methods present the most consistent estimates of in-situ primary productivity when 201 

compared with alternate techniques such as oxygen evolution and chlorophyll-a fluorescence 202 

(Mousseau et al., 1995; Regaudie-de-gioux et al., 2014). 203 

 204 

2.2.2 Bio-optical parameters 205 

Samples to estimate particulate absorption (aPART; m-1) by phytoplankton pigments (aPHY) and 206 

non-algal detritus (NAP; aNAP) were obtained by filtering seawater onto 25 mm GF/F filters 207 

(Whatman GF/F, pore size 0.7 µm) for filter-pad measurements as per Tassan and Ferrari 208 

(1995) and Mitchell et al. (2002). Samples collected from V3 and PHNRS were analysed 209 
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using a fibre optic UV/VIS spectrometer (Ocean Optics, Florida, USA) as in Robinson et al. 210 

(2014). Samples collected from V1, V2 and V4 were measured using a dual beam scanning 211 

spectrophotometer equipped with an integrating sphere (GBC 916 UV/VIS; Oubelkheir et al., 212 

2014). Absorption (a(λ)) at wavelengths between 400 and 700 nm (m-1) was calculated using 213 

equation (14) of Tassan and Ferrari (1995).  214 

 215 

Water samples for coloured dissolved organic matter (CDOM) analysis were filtered through 216 

a 0.2 µm filter (Whatman ANODISC) and the final filtrate preserved for later analysis of 217 

absorbance as described in Cherukuru et al. (2014). Samples were analysed using a UV/VIS 218 

spectrophotometer; on a GBC916 UV/VIS (GBC Scientific equipment, Australia) for V1, V2 219 

and V4 and on a Lambda 950 (Perkin Elmer, USA) for V3 and PHNRS.  220 

 221 

Mean aPHY, aNAP and absorption due to CDOM (aCDOM) coefficients at 440 and 676 nm were 222 

calculated for two 8 nm bands, 437-444 nm and 673-680 nm, to avoid introducing small 223 

errors from the filter-pad technique into the data analysis (Barnes et al., 2014). For simplicity, 224 

the spectrally integrated coefficients for PAR e.g. āPHY = a'()*+
,--
.-- *+,--

.-- =225 

a'()*+
,--
.-- 300  are represented by a'() , a23'  and a4567 , where the constant 300 226 

accounts for a spectral range over 400 to 700 nm. The total absorption coefficient for PAR 227 

(a898) is the sum of a'(), a23' and a4567. The spectral slopes of CDOM (SCDOM) and NAP 228 

(SNAP) were determined by applying an exponential model to fit aCDOM and aNAP between 400 229 

and 700 nm (Babin et al., 2003).  230 

 231 
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2.2.3 Water column profiles 232 

Alongside surface NPP incubations, vertical profiles of temperature, salinity and Chl-a 233 

fluorescence were collected with a CTD (SeaBird SBE19+, Seattle, WA, USA). The mixed 234 

layer depth (MLD) was defined from density profiles (σ; kg m-3) as the depth where σ=σ10m ± 235 

0.03 (de Boyer Montégut et al., 2004).  236 

 237 

Measures of downwelled irradiance (Ed(PAR); µmol photons m-2 s-1)) were collected using a 238 

2π upwards looking quantum cosine irradiance sensor (PAR, 400-700 nm; Biospherical 239 

Instruments QCP=2300) during voyages V1 and V2, and hyperspectral spectroradiometers 240 

during V3 and PHNRS (Ramses Trios, Rastede, Germany) and V4 (Satlantic, 241 

http://satlantic.com/profiler). Hyperspectral measurements were trapezoidally integrated 242 

between 400 and 700 nm to yield Ed(PAR). The diffuse attenuation coefficient Kd (m-1) for 243 

PAR (Kd(PAR); i.e. integrated between 400-700 nm) was calculated by linear regression of 244 

the natural logarithm of irradiances versus depth (equation 1.53, Kirk, 2011). 245 

 246 

2.2.4 Biogeochemical properties 247 

Surface water was sampled for macronutrient analyses (nitrate NO3, silicate Si, phosphate 248 

PO4 and ammonia NH4
+; µmol L-1) for V1-3 and PHNRS. Hydrochemical analyses to 249 

determine nutrient concentrations for V1-3 were carried out by CSIRO Marine and 250 

Atmospheric Research (CMAR) according to Cowley et al. (1999). Seawater was preserved 251 

with mercuric chloride and analysed for DIC as per Cowley et al. (1999) and Knap et al. 252 

(1996). 253 

 254 

Water samples (0.5-2.2 L) for particulate organic carbon (POC; for natural 13C abundance), 255 

and phytoplankton pigment concentration were filtered onto 25 mm GF/F filters (Whatman 256 
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GF/F 0.7 µm pore size; pre-combusted for POC) under low vacuum (<50 mg Hg) and stored 257 

at -80 °C. POC filters were dried at 60 °C for 24 h, and isotopic composition and total 258 

particulate carbon (and nitrogen) concentrations were determined using an elemental analyser 259 

(Thermo Finnigan MAT Conflo IV) coupled to an isotope ratio mass spectrometer (Thermo 260 

Finnigan Delta XP; University of Hawaii, USA).  261 

 262 

Pigment concentrations were estimated using high performance liquid chromatography 263 

(HPLC) following the methods of Van Huelkelem et al. (2001). As a measure of 264 

phytoplankton light harvesting capacity, diagnostic pigment sums (Barlow et al., 2004) were 265 

applied to pigment concentrations to determine the proportion of photoprotective carotenoids 266 

in the total pigment pool (PPC/TP; alloxanthin, β-carotene, diatoxanthin, lutein, zeaxanthin). 267 

The pigment data were also partitioned to identify the contribution by pico-, nano- and 268 

microplankton size classes to the total phytoplankton community biomass using the 269 

diagnostic pigment criteria in Vidussi et al. (2001) and Uitz et al. (2006). The diagnostic 270 

pigment analyses were corrected according to Hirata et al. (2008), Brewin et al. (2010) and 271 

Devred et al. (2011) for the attribution of chlorophyll-b, 19’-hexanoloxyfucoanthin and 272 

fucoxanthin to the three size classes, as well as assigning samples to the picoplankton class 273 

where the total chlorophyll-a concentration was < 0.25 mg m-3. The dominant size class of 274 

each sample was established based on whether a size class (pico-, nano- or microplankton) 275 

had a diagnostic pigment to chlorophyll-a ratio of greater than 0.45 as per Hirata et al. 276 

(2008). The ratio threshold was set at 0.45 rather than 0.5 to minimise the number of samples 277 

diagnosed as “mixed”, that is, where no size class ratio is > 0.5. 278 

 279 



 
Accepted manuscript in Estuarine, Coastal and Shelf Science 

 14 
 

2.4 Absorption model development 280 

In-situ surface daily net primary productivity (mmol C m-3 d-1) was computed using four 281 

common forms of an absorption-based model: including application of a proportional factor 282 

to derive the photosynthetic rate (NPP1; Marra et al., 2007; Hirata et al., 2008), a mechanistic 283 

model with a fixed quantum efficiency for the conversion of photons  to carbon (NPP2; Lee 284 

et al., 1996; Shang et al., 2010), and two size-class based models using size-based 285 

proportionality factors (NPP3; Hirata et al., 2008); and quantum efficiencies that were 286 

parameterised from the compiled data set (NPP4; Barnes et al., 2014).  287 

:;;1	 = 		a>?@		×	B	    (1) 288 

NPP2 = C	×	a>?@	×	!"	×	!%	×	1000	    (2) 289 

NPP3 =  a>?@× BD    (3) 290 

NPP4 = C	×	a>?@	×	!	×	1000   (4) 291 

Where a>?@  is the phytoplankton absorption coefficient for PAR (m-1), B  is the 292 

proportionality factor or slope between a>?@ and measured NPP (estimated as 304 from the 293 

compiled in-situ data (n = 40) as compared to  B = 510 for Marra (2007)), and C is the daily 294 

incident PAR (integrated between 400-700 nm; mol photons m-2 d-1) at the depth of sampling. 295 

The	daily incident PAR (C) was derived from the daily MODIS Aqua 1 km Level 2 PAR 296 

product obtained from the Australian Integrated Marine Observing System (IMOS) for the 297 

day of in-situ sampling (DOS) or the mean of ± 4 days from the DOS. The irradiance (E) was 298 

normalised to the total absorption i.e. C	×	(a>?@	/aG6G) to account for the fraction of light 299 

that is available for phytoplankton photosynthesis and not absorbed by other dissolved or 300 

particulate constituents of seawater (equivalent to APAR; Frouin and Kampel, 2014; Morel, 301 

1991). Daily PAR at the depth of sampling was computed for a 3 x 3 pixel region 302 
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encompassing each station at its centre point using the in-situ measured attenuation 303 

coefficient for PAR, Kd(PAR) after correction for air-water transfer (Eqn 2.16, Kirk, 2011). 304 

 305 

The parameter !" is the maximum quantum efficiency of photosynthesis and is fixed at 0.06 306 

mol C mol photons-1 (global average from Marra et al., 2003). The parameter !% describes 307 

the dependency of the quantum efficiency ! on E (Kiefer and Mitchell, 1983; Shang et al., 308 

2010) and can be expanded to: 309 

!% = (IJexp	(−O	×	C)/(IJ + C)   (5) 310 

Where IJ is the irradiance at which the quantum efficiency is equal to 	!"/2 (set at 10 mol 311 

photons m-2 d-1 as per Kiefer and Mitchell (1983)) and O is a photoinhibition factor (0.01 mol 312 

photons m-2 d-1). In NPP3 and NPP4, the proportionality factor (BD) and quantum efficiency 313 

(!) respectively, are selected based on the dominant size class (micro-, nano-, pico-plankton) 314 

present in the sample determined using phytoplankton pigments (see details above section 315 

2.2.4). The proportionality factor for micro-, nano- and pico-plankton was quantified from the 316 

compiled in-situ data. The quotient of NPP and 	a>?@ was calculated for each sample within 317 

each size-class and the mean quotient (proportionality factor) was computed for each size 318 

class to represent micro-, nano- and pico-plankton (see Supplementary Table 1 for values). 319 

The quantum efficiency (!) for micro-, nano- and pico-plankton was also quantified from the 320 

compiled in-situ data in the same way as proportionality factor except using the quotient of 321 

NPP and  ( 	E	×	a'() ; see Table 3 for values; Barnes et al., 2014). The slope of the linear 322 

regression between NPP and 	a>?@, and NPP and 	C	×	a>?@  could not be used as the slope 323 

coefficients were not significantly different to zero. The constant (1000) converts the estimate 324 

from mol C m-3 d-1 to mmol C m-3 d-1.  325 

 326 
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 327 

2.7 Absorption model application 328 

The simplest absorption-based model (NPP1) was used to examine the dynamics of NPP in 329 

two coastal locations using satellite products. Located in the tropical north-east and temperate 330 

south-east of Australia, (Yongala and Port Hacking National Reference Stations, 331 

respectively), these locations are fundamentally different in terms of their oceanographic 332 

setting as well as average phytoplankton biomass, chlorophyll-a concentration and variability 333 

(Jones et al., 2015; Lynch et al., 2014). However, each station is broadly representative of its 334 

adjacent coastal waters (Jones et al., 2015) and thus serves as useful comparison in the 335 

application of the absorption-based model to examine spatial and temporal differences of 336 

NPP in Australian shelf waters.  337 

 338 

Daily, 4 km, level 3 NASA MODIS Aqua phytoplankton absorption at 443 (aPHY; m-1), 339 

derived from the generalised IOP default configuration model (GIOP-DC) and the most 340 

recent processing (R2014) was obtained from the Ocean Biology Group at Goddard Space 341 

Flight Centre for the years 2003-2015 (https://oceancolor.gsfc.nasa.gov/).  Daily chlorophyll-342 

a (OC3 CHL; mg m-3), sea surface temperature 4 micron (SST4; °C) and photosynthetically 343 

active radiation (PAR; mol photons m-2 d-1) were also downloaded. The phytoplankton 344 

absorption for PAR (a>?@) was empirically derived from the satellite value at 443 nm using 345 

coefficients derived from the in-situ dataset: a>?@ = 		 a>?@ 443 ×0.3609	– 	0.0005	(X	 =346 

41; 	Z[ = 0.97). 347 

 348 

The spatially averaged NPP of the surface layer (0 m) was computed for a ~ 50 km bounding 349 

box (geometric mean of 12 x 12 pixel array) around the Yongala National Reference Station 350 

(19°18.5 S, 147°37.1 E) and Port Hacking National Reference Station (34°05.0 S, 151°15.0 351 
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E) using NPP1. After inputting the relevant satellite products into equation 1, 8-day 352 

geometric mean composites were computed. The data was then log transformed (Campbell, 353 

1995) and smoothed temporally with a three period (24 day) running mean to reduce high 354 

time frequency noise (Foukal and Thomas, 2014). The NPP anomaly was computed for each 355 

location by subtracting the geometric mean (Limpert et al., 2001; Yoder et al., 2002) across 356 

the full time-series from each time point and compared to the SST anomaly computed in the 357 

same way. 358 

 359 

The absorption based primary productivity model NPP1 was evaluated against the Chl-a 360 

based model, the Vertically Generalised Production Model (VGPM; Behrenfeld and 361 

Falkowski, 1997) for a single daily scene along the SE coast of Australia on the 18th of 362 

October, 2010, when a significant intrusion of warm water from the East Australian Current 363 

(EAC) into the Tasman Sea occurred. The VGPM was calculated as per Behrenfeld and 364 

Falkowski (1997) for the surface layer with the final value converted from mg C m-3 d-1 to 365 

mmol C m-3 d-1. The difference between NPP1 and VGPM was calculated as :;;1 −366 

]^;_  ( Hirawake et al., 2011). 367 

 368 

2.6 Statistical assessments  369 

The relationship between measured NPP and aPHY (āPHY, aPHY(440 nm) and aPHY(676 nm); m-370 

1) was examined using type II linear regressions in R statistical package. Type II linear 371 

regressions, an ANCOVA comparison of slope coefficients, and the root mean square error 372 

(RMSE) were also used to evaluate the accuracy of the four absorption-based models (NPP1, 373 

NPP2, NPP3 and NPP4) as compared to the in-situ observations.  374 

 375 
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To examine whether āPHY varied predictably with other phytoplankton biological parameters 376 

e.g. chlorophyll-a concentration, community composition, and physiology; biological data 377 

(including NPP, TChl-a, āPHY, the proportion of photoprotective pigments in the total 378 

pigment pool (PPC/TP), !, and the proportion of micro-, nano- and pico-plankton) from all 379 

surface stations were analysed for similarities between stations. Non-metric Multi-380 

Dimensional scaling (MDS) and group average dendogram clustering were used to identify 381 

clusters with at least 80 % similarity (Primer 6 and PERMANOVA+, Plymouth Marine 382 

Laboratories, UK). Physico-chemical parameters (temperature, MLD, Kd(PAR), E, NO3, PO4, 383 

Si and NH4
+) were input into a multivariate distance based redundancy model (DistLM) as 384 

predictors to explain the variability in the biological responses. Marginal tests were 385 

conducted to examine how much variation in biological properties was explained by each 386 

environmental variable. The BEST procedure was used to select the best solutions that 387 

mapped the greatest variation in the biological parameters listed above (Clarke and Warwick, 388 

2001).  389 

 390 

To assess the dynamics in satellite absorption-modelled estimated NPP at Port Hacking NRS 391 

and Yongala NRS, spatial averages, minimum and maximum NPP, and the annual timing 392 

(week) of the maximum and minimum NPP were compared using Mann-Whitney U tests in R 393 

statistical package.  Kendall’s tau correlations for non-normally distributed data tested the 394 

relationship between the NPP anomaly and temperature anomaly. 395 

 396 

3. Results 397 

3.1 Oceanographic conditions 398 

The voyages captured different physico-chemical conditions in Australian coastal waters 399 

along the Northern and Eastern continental shelves. The highest values of surface salinity 400 
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were observed at PHNRS (35.6; Table 1) and the lowest at stations within the Great Barrier 401 

Reef where riverine influences were greatest (30.0; Table 1). Irrespective of the seasonal 402 

influences, stations sampled in Northern tropical waters were warmer, peaking at 31.4 °C in 403 

the North-west as compared to the substantially cooler surface waters in the sub-tropical 404 

South-east which experienced the lowest temperature of 20.1 °C (Table 1). Dissolved nitrate 405 

concentrations were typical of Australian tropical and sub-tropical waters, with increased 406 

surface values observed in the South-east close to the coastline (< 4.56 µmol L-1
; V2) and 407 

during winter sampling at PHNRS (< 1.89 µmol L-1; Table 1). In contrast, silicate 408 

concentration peaked in the Northern Timor and Arafura Sea regions during V1 (4.00 µmol 409 

L-1) and V3 (3.00 µmol L-1; Table 1). 410 

 411 

3.2 Phytoplankton pigmentation, composition and NPP 412 

Total chlorophyll-a (TChl-a) concentration spanned 2 orders of magnitude (0.06-2.99 mg m-413 

3; Table 1), with the lowest measured TChl-a concentrations observed in the Coral Sea region 414 

during V3 in winter and the highest encountered during V2 in the South-east in spring. The 415 

proportion of the total phytoplankton pigment pool dedicated to photoprotective pigments 416 

(PPC/TP ratio) ranged between 3 and 24 % and was similar between regions, averaging 10 ± 417 

1.0 % (Supplementary Table 1). Phytoplankton net primary productivity (NPP) and 418 

composition, inferred from pigments, was also variable. Phytoplankton NPP (Figure 2) was 419 

spatially variable, ranging from 0.2 to 19.3 mmol C m-3 d-1 (Table 1; Figure 2). However, 420 

increased NPP rates were generally observed at stations where microplankton specific 421 

pigments (fucoxanthin and peridinin) dominated the diagnostic pigment biomass (Figure 2, 422 

Supplementary Table 1). The observed NPP generally decreased as the community structure 423 

changed from being microplankton dominated to picoplankton dominated (Figure 2, 424 

Supplementary Table 1).  425 
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 426 

 427 

Figure 2. Observed NPP at each station, measured using 13C or 14C (symbol fill colour). The 428 
symbol border represents the dominant size class of phytoplankton within each sample (See 429 
section 2.2.4): yellow = mixed community, orange = picoplankton, red = nanoplankton, 430 
maroon = microplankton dominated. 431 
 432 

3.3 Optical properties 433 

Attenuation of available light in the surface layers around the coast was highly variable 434 

during all voyages. The diffuse light attenuation coefficient (Kd(PAR)) ranged from 0.04 to 435 

0.49 m-1 (Table 2). Total absorption of available light at 440 nm (aPHY + aNAP + aCDOM) varied 436 

between 0.01-1.8 m-1, increasing at stations closer to the coast (Table 2). CDOM was the 437 

dominant measured optically-active constituent, contributing to 50 % or more of the total 438 

absorption in 75 % of samples (Table 2; Figure 3). Light absorption by phytoplankton 439 

aPHY(440 nm) varied between 0.008 and 0.142 m-1 (Table 2), and showed a general trend of 440 

increasing inversely with aCDOM(440 nm). However, phytoplankton dominated the particulate 441 

(aPHY/aPART(440 nm) absorption at most stations (Table 2; Figure 3) and there was a 442 

significant covariation between aPHY(440 nm) and aNAP(440 nm), with aNAP increasing 443 
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according to a power function (anap(440 nm)=3.3809[aPHY(440 nm)]1.6313; R2 = 0.56). The 444 

spectral dependencies of light absorption by CDOM and NAP (spectral slopes SCDOM and 445 

SNAP) were variable spatially and showed no covariance with the respective absorption 446 

coefficients at 440 nm (aCDOM(440 nm) and aNAP(440nm); Table 2).  447 

 448 

Figure 3. Light absorption budget for each station and percentages of light absorption at 440 449 
nm attributed to phytoplankton (x=aPHY), coloured dissolved organic matter (y=aCDOM) and 450 
non-algal Particulates (z=aNAP). 451 
 452 

3.4 Phytoplankton absorption as a predictor of NPP 453 

The phytoplankton absorption coefficient for PAR (āPHY) was linearly related to NPP and 454 

could explain 71 % of the variability in NPP (R2 = 0.71, n=41, p<0.05; Table 3, Figure 4). 455 

The absorption coefficient at 676 nm was similarly related to NPP (aPHY(676 nm); R2=0.70, 456 

n=41, p<0.05), but there was a somewhat weaker relationship between the NPP and aPHY(440 457 

nm) (R2=0.65, n=41, p<0.05; Table 3). The proportionality factor (B; slope of āPHY vs NPP) 458 

for the whole dataset was 304 (as compared to 510 for Marra et al. (2007)) and the average 459 

quantum yield (!; slope of (C	×	a>?@)vs NPP) was 0.025 ±0.004 (S.E.) mol C mol photons-460 

1.  461 

 462 
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Multivariate analyses revealed āPHY and NPP varied in a similar fashion with phytoplankton 463 

chlorophyll-a concentration, community structure and physiology (Supplementary Table 1). 464 

There was > 80 % within cluster similarity (Bray-curtis resemblance, p < 0.05; Figure 4) in 465 

TChl-a, āPHY, ! , PPC/TP, dominant size class and the NPP properties of three distinct 466 

clusters of stations. The NPP, āPHY, TChl-a concentration, proportion of microplankton and 467 

quantum efficiency decreased in samples moving from cluster 1 to cluster 3. Samples in 468 

cluster 3 had the lowest āPHY coefficients but highest proportion of picoplankton in the 469 

community and highest proportion PPC pigments (Supplementary Table 1). The individual 470 

traits of each cluster are summarised in Supplementary Table 1. 471 

 472 

The multivariate distance based redundancy model (DistLM) indicated that environmental 473 

parameters together (temperature, MLD, Kd(PAR), E, NO3, PO4, Si and NH4
+) could explain 474 

64 % of the variation in phytoplankton biological parameters (NPP, TChl-a, aPHY, !, PPC/TP 475 

and dominant size class) and subsequently the separation of biological clusters identified 476 

earlier. The variables Kd(PAR), nitrate and phosphate were significant individual drivers 477 

(marginal tests p < 0.05; Supplementary Table 2, 478 

Supplementary Figure 1) and together could explain 65 % of the variability in phytoplankton 479 

NPP and biology (BEST solutions R2 = 0.65; Supplementary Table 3). Pearson’s correlation 480 

coefficients (correlations > 0.5) and pairwise tests revealed that cluster 1 (high NPP) was 481 

significantly correlated with increasing nitrate and phosphate concentration, whereas cluster 2 482 

(medium NPP) responded to increasing silicate and light attenuation (Kd(PAR)). Cluster 3 483 

(low NPP) experienced reduced nutrient concentrations (nitrate, phosphate and silicate), 484 

increased light penetration (low Kd) and shallower MLDs. 485 

 486 
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 487 

Figure 4. Multi-dimensional scaling plot of in-situ biological data collected at each station 488 
(including NPP, TChl-a, āPHY, PPC/TP and proportion of microplankton, nanoplankton, 489 
picoplankton) revealing three distinct clusters (at least 80% within cluster similarity) that 490 
partition based on level of NPP (mmol C m-3 d-1; green symbols). Lines indicate level of 491 
similarity between samples based on a group average cluster dendogram, with similarity set 492 
at 90 % (solid black), 80 % (dashed black), 70 % (red solid) and 60 % (red dashed). Numbers 493 
1-3 indicate biological cluster, with NPP decreasing from cluster 1 to cluster 3. 494 
 495 

All four absorption-based models, NPP1, NPP2, NPP3 and NPP4 could reliably estimate 496 

NPP (Figure 5). However, there were no significant difference between the models in the 497 

variability of NPP explained (R2 ~ 0.73), the deviation of the slopes from the 1:1 relationship 498 

between the model and the observations (F(2,102)=0.702, p > 0.05; see Table 3 for linear 499 

relationships), or the root mean square error (RMSE ~ 2.4; See Table 3 for all parameters).  500 

 501 
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 502 

Figure 5. Comparisons between NPP and the (A) spectrally integrated absorption coefficient 503 
āPHY, (B) NPP1 (Eqn. 1. proportionality factor), (C) NPP2 (Eqn. 2. fixed quantum 504 
efficiency), (D) NPP3 (Eqn. 3 size class specific proportionality factor) and (E) NPP4 (Eqn. 505 
4. size class specific quantum efficiency).  506 
 507 
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3.7 Dynamics of NPP at locations on the Australian east coast 508 

To demonstrate the dynamic range and sensitivity of the absorption-based model, the 509 

simplest absorption model (NPP1) and a chlorophyll-based model (VGPM) were applied in a 510 

region of the East Australian Current on the east coast of Australia. MODIS SST 511 

observations of this region on 18 October 2010 (Figure 6A) show significant mesoscale 512 

variability in water mass features along the south-east coast of Australia, capturing the 513 

intrusion of warm oligotrophic waters of the East Australian current (EAC) into the southern 514 

Tasman Sea region. Separation of the EAC is observed around 30° S which often facilitates 515 

the formation of cold-core eddies offshore.  Nutrient-dense cold water uplift (~ 19 °C) is 516 

observed along the coastline between 32° S and 34° S and fingers of cooler Tasman Front 517 

waters can be seen moving north-east from 32° S 152° E. The NPP1 model produced on 518 

average higher estimates of spatially averaged daily NPP (mean difference NPP1-VGPM 519 

1.45 mmol C m-3 d-1, Figure 6D; NPP1 mean 1.66 mmol C m-3 d-1) as compared to the 520 

VGPM (mean 0.78 mmol C m-3 d-1). However, the minimum and maximum modelled values 521 

produced by the VGPM were higher (0.03 and 22.8 mmol C m-3 d-1), and extremely high 522 

values fringed the coastlines (Figure 6C). In contrast, the absolute minimum and maximum 523 

values produced by the NPP1 were lower (0.001 and 19.7 mmol C m-3 d-1), and the highest 524 

values featured in areas where the differential in temperature between adjacent water masses 525 

was greatest (Figure 6A & B).  526 

 527 
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 528 

Figure 6. Evaluation of the NPP1 absorption model against the VGPM model using the MODIS Aqua scene from the 18 October 2010. Plots 529 
show a significant intrusion of warm water from the Eastern Australian Current into temperate waters (A; SST).  Surface NPP has been 530 
calculated using the NPP1 (B), VGPM (C) and the difference in NPP derived by the NPP1 and VGPM models (D). 531 
 532 
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NPP1 was applied to estimate daily spatially averaged NPP at Yongala and Port Hacking 533 

National reference stations between 2003 and 2013. The model applied to the satellite 534 

aPHY(443) product produced estimates within the range observed in-situ in this compiled 535 

dataset and the literature (Figure 7). According to the NPP1 absorption-based model, the 536 

mean surface NPP throughout the entire time-series was significantly higher at Port Hacking 537 

(1.71 ± 0.03 (S.E.) mmol C m-3 d-1; U = 14, n=13, p < 0.05) than at Yongala (1.43 ± 0.03 538 

(S.E.) mmol C m-3 d-1; Figure 8A and B). The average annual minimum (PH: 0.85 mmol C 539 

m-3 d-1 and YONG: 0.79 mmol C m-3 d-1) and annual maximum (PH: 3.28 mmol C m-3 d-1 and 540 

YONG: 2.92 mmol C m-3 d-1) values at each location did not differ (p > 0.05). However, the 541 

timing of the annual NPP maximum occurred significantly earlier in the year at Yongala NRS 542 

(median week = 11; mean ± S.E. = 10.77±3.32) than at Port Hacking NRS (median week = 543 

26; mean ± S.E. = 26.07±1.74; U= 0, n=13, p < 0.05). Inter-annual variability in the timing of 544 

the NPP minimum was greater, and the timing of the annual minimum NPP was not 545 

significantly different between Yongala (median week = 34; mean ± S.E. = 29.85±7.66) and 546 

PHNRS (median week = 9; mean ± S.E. = 11.77±4.76; U= 63, n=13, p > 0.05). 547 

 548 

Temporal anomalies in the surface NPP were correlated to sea surface temperature in both 549 

locations (Figure 8C and 8D). NPP increased with the SST anomaly at Yongala (z=12.159, 550 

Kendall’s t=0.33,  p < 0.05; Figure 8C), but an inverse relationship between SST and NPP 551 

anomalies was apparent at Port Hacking (z=-15.422, Kendall’s t=-0.42,  p <0.05; Figure 8D). 552 
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 553 
Figure 7. Comparison of satellite estimates of NPP using the absorption-based model NPP1 554 
(red) and in-situ observations of NPP measured using 13C and 14C. In-situ data was compiled 555 
from this dataset and the literature (Everett and Doblin, 2015; Furnas and Carpenter, 2016; 556 
Furnas and Mitchell, 1987; Glibert et al., 2006) for locations within the PH NRS and Yongala 557 
NRS 50 km bounding box (green) and along the North-east (NE) and South-east (SE) 558 
coastlines (blue).559 
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 560 
Figure 8. Comparison of the seasonal and inter-annual variability of NPP (A and B), as well as NPP and SST anomaly (C and D) all derived 561 
from satellite products at the Yongala and Port Hacking National Reference Stations (NRS; 12 x 12 pixel spatial average) for 2003 to 2015. 562 
Anomalies were calculated by subtracting the geometric mean across the time series (2003-2015) from each time point observation.563 
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4. Discussion 564 

The phytoplankton bio-optical property, the absorption coefficient has been extensively used 565 

to predict primary productivity in the open ocean (Aiken et al., 2008; Barnes et al., 2014; 566 

Marra et al., 2007). The dynamic range and error in satellite algorithms retrieving the 567 

phytoplankton absorption coefficient are significantly better than that of the best performing 568 

chlorophyll retrievals in optically complex coastal waters. However, the evaluation and 569 

application of an absorption-based model has had limited attention in coastal waters, 570 

including all tropical to temperate waters of the Southern Hemisphere, including around 571 

Australia (Lee et al., 1996; Barker et al., 2007; Shang et al., 2010; Hirawake et al., 2011). In 572 

this study, we evaluated four common forms of an absorption-based model using a 573 

moderately sized dataset from coastal Australia. Each model explained 73% of the observed 574 

surface NPP, and demonstrated near 1:1 observation-model correspondence. Application of 575 

the simplest absorption-based model NPP1 demonstrated distinctly different dynamics in 576 

surface NPP at two locations within the East Australian continental shelf.  577 

 578 

Phytoplankton absorption model predicts NPP  579 

Sampling across a wide range of physico-chemical environments and phytoplankton 580 

chlorophyll concentrations (0.06 – 2.99 mg Chl-a m-3) demonstrated that the phytoplankton 581 

absorption coefficient (spectrally averaged and at 676 nm) was directly related to changes in 582 

carbon fixation and environmental conditions. The availability of essential nutrients and light 583 

at the sampling stations played a major role in the composition of the phytoplankton 584 

communities, selecting for particular ecological and bio-optical traits (Aiken et al., 2008; 585 

Lavaud et al., 2007). This is consistent with observations in other oceanic waters (e.g. Aiken 586 

et al. (2008)), and observations of latitudinal shifts in phytoplankton biomass and community 587 

composition (Burford et al., 2009; Hayes et al., 2005) around Australia’s coastline, driven by 588 
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distinct changes in physical conditions e.g. dissolved nutrients and temperature (Condie and 589 

Dunn, 2006). At stations with low dissolved nitrate, phytoplankton biomass was relatively 590 

low, dominated by nano- and pico-phytoplankton with low aPHY, whereas increased dissolved 591 

nutrients enhanced NPP and led to the dominance of microplankton. We also found that an 592 

increase in photoprotective pigments relative to the total pigment pool (i.e., PPC/TP) and 593 

increased daily irradiance resulted in reduced aPHY and NPP. This suggests a light driven 594 

increase in PPC concentrations and hence lower quantum efficiencies and lower NPP rates, 595 

due to the dissipation of excess light energy away from photosystems (Brunet and Lizon, 596 

2003). 597 

 598 

It is clear from both in-situ observations and satellite estimates of NPP that the dynamic 599 

range of daily phytoplankton NPP rates in this study is consistent across locations from the 600 

North-west to the South-east of the Australian coast, however the seasonality is distinctly 601 

different between locations. In-situ observations and satellite (aPHY derived) estimates of 602 

surface NPP were comparable to those reported (for 13C and 14C incubations) in the literature 603 

for the North-west Kimberley region and in the North (0.6-8 mmol C m-3 d-1; Furnas and 604 

Carpenter, 2016 and references therein), GBR (0.2-4.1 mmol C m-3 d-1; Furnas and Carpenter, 605 

2016; Furnas and Mitchell, 1987) and South-east (0.1-5 mmol C m-3 d-1; Everett and Doblin, 606 

2015; See also Figure 7). We observed the highest in-situ daily NPP rates at stations in the 607 

South-east (V2 and PHNRS) and expected that the mean in-situ daily NPP would also peak in 608 

this region (Everett and Doblin, 2015) given the propensity for wind-driven and EAC driven 609 

upwelling (Roughan and Middleton, 2002) which encourages the growth of nanoplankton and 610 

microplankton (Ajani et al., 2014; Kelly et al., 2015). Generally, the oligotrophic Coral Sea 611 

region of the North-east supports very low phytoplankton biomass (Hayes et al., 2005). But 612 

instead, the mean in-situ daily NPP was highest in the GBR, likely because of a low sample 613 
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count and the fact that sampling occurred after extreme rainfall brought on by Tropical 614 

Cyclone Oswald in January 2013 (Johnson et al., 2013), delivering nutrient enriched inflows 615 

into the generally nutrient limited reef (Furnas, 2003). When the sample size for NPP 616 

observations is increased at Yongala and Port Hacking National Reference Stations (NRS), 617 

by estimating the satellite derived NPP, the mean in-situ daily NPP across the 2003-2013 618 

satellite record was higher at the south-east location than the north-east.  619 

 620 

The timing of maximum daily phytoplankton NPP occurs in March at Yongala and July at 621 

Port Hacking NRS, and appears to correlate with seasonal temperature anomalies. At 622 

Yongala, a tropical monsoon climate during the austral wet season (November-March) 623 

creates warmer water temperatures and high rainfall (Condie and Dunn, 2006; Hayes et al., 624 

2005). The rainfall discharges large nutrient and dissolved and particulate organic carbon 625 

loadings into the inner reef lagoon increasing phytoplankton chlorophyll concentration 626 

(which also peaks in March; Blondeau-Patissier et al., 2011) and phytoplankton productivity 627 

(Devlin and Brodie, 2005). Waters at Port Hacking were long thought to experience austral 628 

spring blooms (Dakin and Colefax, 1940, 1933; Hayes et al., 2005) more characteristic of 629 

temperate waters further south (36 °S to 48 °S; Condie and Dunn, 2006; Thompson et al., 630 

2009). In contrast, our results show that NPP peaks during winter at Port Hacking, when 631 

cooling waters create deeper mixed layer depths (Everett and Doblin, 2015) and have higher 632 

dissolved nitrate concentrations (Kelly et al., 2015). Chlorophyll-a concentration, although 633 

not always synchronous with NPP, is also negatively correlated to in-situ water temperature, 634 

and winter and spring concentrations have been shown to be comparable (Everett and Doblin, 635 

2015; Kelly et al., 2015).  636 

 637 
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Examination of uncertainty in the absorption model  638 

Four common forms of an absorption-based model were compared to in-situ observations of 639 

NPP and each presented ~30 % uncertainty in the estimates of NPP. There are a number of 640 

known limitations to the use of phytoplankton absorption parameter to estimate NPP, 641 

including the influence of pigment composition, species composition, cell sizes and 642 

environmental history on aPHY and other terms in the models (Bricaud et al., 2004; Lee et al., 643 

2015; Marra et al., 2007). Where possible we have attempted to reduce those uncertainties. 644 

We used the āPHY parameter, rather than aPHY(440 nm) which was sensitive to changes in 645 

photoprotective pigment concentrations and pigment packaging (Supplementary Figures 2-4), 646 

whereas the āPHY was not. Marra et al. (2003), Hirata et al. (2008) and Lee et al. (1996) 647 

suggested that better parameterisation of the maximum phytoplankton quantum efficiency 648 

(ɸm) or proportionality factor (!), would increase the accuracy of absorption-based models. 649 

Compared to the global averages of ! (relationship between NPP and āPHY; 510 in Marra et 650 

al. (2003)) and the maximum quantum yield  ("#; 0.06 mol C mol photons-1 in Marra et al. 651 

(2003)), our values of 	!  and "#  were low (304 and 0.025 respectively) although within 652 

values reported for temperate and sub-tropical waters (Oliver et al., 2004). Our application of 653 

the regionally derived ! in NPP1 and size-based parameterisations of ! and "#in NPP3 and 654 

NPP4 respectively, did not reduce the overall uncertainty. The relationship between 655 

phytoplankton cell size and quantum efficiencies is still contended in the literature (Aiken et 656 

al., 2008; Bouman et al., 2000; Cermeño et al., 2005; Finkel, 2001; Robinson et al., 2014).  657 

However specific examples do highlight that the availability of light and nutrients plays an 658 

important role in both the selection of cell size, and the photosynthetic rates of those cells.  659 

For example, in some coastal environments under high nutrient and adequate light conditions, 660 

larger phytoplankton such as microplankton display higher photosynthetic efficiencies (Aiken 661 

et al., 2008; Cermeño et al., 2005; Giannini and Ciotti, 2016; Robinson et al., 2014; Uitz et 662 
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al., 2008). Uitz et al. (2008) contend that in stable, oligotrophic, high-light conditions,  663 

smaller cells can achieve balanced growth and higher photosynthetic efficiencies than larger 664 

cells that may be stressed under the same conditions. In order to reduce uncertainties, it is 665 

likely that !  or "  need to be parameterised according to community structure and 666 

environmental conditions, and at the very least in high nutrient / adequate light, and low 667 

nutrient / stressful light conditions. 668 

 669 

The value selection and treatment of light terms %&  and ', and normalisation of  ' using 670 

(a*+,/	a./. i.e. calculation of APAR) may also introduce error into in-situ models and the 671 

computation of the size-based quantum efficiencies. The saturation threshold (%&) dependent 672 

on the phytoplankton species present and their environmental light history (Hanson et al., 673 

2007; Kiefer and Mitchell, 1983; Suggett et al., 2006). The %& value of 10 mols photons m-2 674 

d-1 (» 230 µmol photons m-2 s-1; Kiefer and Mitchell, 1983) is a good approximation for the 675 

saturation irradiance for Australian continental shelf waters (Hanson et al., 2005; Kirk, 2011) 676 

and is within the global upper limit (Silsbe et al., 2016). The satellite daily PAR (') is 677 

susceptible to errors due the use of the global atmospheric correction and when the parameter 678 

is used at daily time steps as opposed to a 8-day composite  (Patt et al., 2003). Any small 679 

measurement errors in the determination of  a*+,	 or a./.  will be reintroduced in the 680 

normalisation of '  (Frouin and Kampel, 2014). However, given that phytoplankton were 681 

overwhelmingly outcompeted by CDOM for light at 440 nm, the correction for the removal 682 

of available light by non-phytoplankton in-water constituents is important to ensure that the 683 

available light is not overestimated.  684 
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Potential for further application of an absorption-based satellite model in Australian 685 

waters 686 

The absorption-based model NPP1 captured spatial and temporal dynamics in NPP within 687 

waters which represent moderate chlorophyll-low variation and high chlorophyll-high 688 

variation conditions, and hydrodynamic features such as counter currents and nutrient 689 

upwellings which are common to Australian shelf waters (Figure 6; Hanson et al., 2005; 690 

Jones et al., 2015; van Ruth et al., 2010). Ma et al. (2014) and Foukal and Thomas (2014) 691 

demonstrated that absorption-based models were sensitive to spatial patterns in NPP and 692 

produced reliable seasonal trends in NPP when applied in coastal regions, particularly where 693 

upwelling features were present. The NPP seasonal cycle obtained from the NPP1 model at 694 

Yongala and Port Hacking National Reference Stations conformed with our expectations of 695 

NPP dynamics and physical processes controlling phytoplankton at these locations. 696 

According to Jones et al. (2015) biological processes observed at Port Hacking and Yongala 697 

NRS are representative of areas across the continental shelf as large as 37 746 km2 and 185 698 

490 km2 respectively. Relative to the chlorophyll-based VGPM model, the NPP1 model was 699 

more sensitive to temperature changes between water masses and sub-mesoscale features in a 700 

region of optically complex waters along the South East Australian Coast (Figure 6). As 701 

expected, NPP generally increased in frontal areas of mixing where the more productive 702 

Tasman Sea interacted with the warm oligotrophic EAC waters (Everett et al., 2014; 703 

Roughan and Middleton, 2002). Similar to Everett et al. (2015) the VGPM model 704 

overestimated NPP along the coast and underestimated NPP in the EAC regions offshore 705 

compared to NPP1.  706 

 707 

This study tested the utility of the absorption-based model in surface waters only, but in areas 708 

along the Western Australian coast (Hanson et al., 2007) and Southern Great Australian Bight 709 



 
Accepted manuscript in Estuarine, Coastal and Shelf Science 

 36 
 

(van Ruth et al., 2010) a high proportion of the water-column phytoplankton biomass and 710 

productivity is contained within deep chlorophyll layers. Deep chlorophyll maxima are 711 

frequent features within the Coral Sea and East Australian Current but are not usually major 712 

contributors to water column NPP (Hassler et al., 2011; Hayes et al., 2005). Depth-resolved 713 

absorption-based NPP models have been used successfully in the Western English Channel 714 

(Barnes et al., 2014), North Sea (Bouman et al., 2010) and Southern Ocean (Shang et al., 715 

2010). The Ocean Productivity Database (Marra et al., 2016) indicates that from polar to 716 

tropical oceans, a*+,	is a very good predictor of NPP within the first optical depth (x), which 717 

depending on location, represents depths of 1.7-29 m (if x = 1/Kd(PAR)) or the uppermost 4-718 

90 % of the mixed layer for the waters sampled within this study. 719 

 720 

The satellite phytoplankton absorption coefficient was derived from the Generalised IOP DC 721 

model which has demonstrated a high percentage (> 80 %) of valid retrievals of aPHY in 722 

waters of all trophic levels and across all seasons (Werdell et al., 2013). Although the GIOP 723 

DC was applied to optically complex waters (Cherukuru et al., 2016; Oubelkheir et al., 2014) 724 

and without local atmospheric correction, the GIOP-DC uncertainty product for aPHY(443) 725 

indicates generally low uncertainty across the 2003-2015 time-series of aPHY(443) retrievals 726 

at Port Hacking and Yongala NRS. Within the 589 weeks of aPHY(443) observations at Port 727 

Hacking NRS, 43 weeks demonstrated uncertainty > ±0.005 m-1, of which 4 weeks the 728 

uncertainty was > ±0.01 m-1. In comparison at Yongala NRS, of 570 weeks of data, 46 weeks 729 

of observations had uncertainties of > ±0.005 m-1 with 19 weeks > ±0.01 m-1. Observations of 730 

high uncertainty (> ±0.01 m-1) at Yongala NRS included periods when aPHY and hence NPP 731 

were high, between mid-February to mid-March 2008 and mid-March to mid-April 2012. 732 

During this time, increased wet-season land-flows deliver high concentrations of CDOM and 733 
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total suspended material into the GBR region, which are likely to interfere with satellite 734 

retrievals of IOPs (Hayes et al., 2005; Oubelkheir et al., 2014), but the same conditions can 735 

also contribute to local upwelling and delivery of nutrients, increasing aPHY and NPP (Devlin 736 

and Brodie, 2005; Hayes et al., 2005).  737 

 738 

Qin et al. (2007) demonstrated that semi-analytical algorithms (SAAs) applied in the GBR 739 

region are highly sensitive to increasing concentrations of NAP and CDOM, however Brando 740 

et al. (2012) show that the error can be minimised with regionally specific IOPs and SIOPs.  741 

We found no spatial trends in the IOP and SIOPs for phytoplankton, NAP and CDOM or co-742 

variation in spectral slopes with absorption coefficients which could be used to parameterise 743 

the spectral shapes in SAAs. Like other studies, we find CDOM to be the dominant measured 744 

optically active constituent (Cherukuru et al., 2014; Clementson et al., 2004); but did not 745 

observe relationships between aCDOM and physical properties (e.g. salinity), or aCDOM and 746 

SCDOM, which can be used to discern the source and concentration of CDOM (Andrew et al., 747 

2013; Del Vecchio and Blough, 2002; Green and Blough, 1994). In contrast to studies 748 

focused on riverine outputs in Tasmania (Cherukuru et al., 2014; Clementson et al., 2004) 749 

and within the tidally dynamic GBR (Blondeau-Patissier et al., 2009; Oubelkheir et al., 750 

2006), in this study phytoplankton dominated the particulate absorption and were likely 751 

major contributors to the detrital particulate fraction. The Australian Commonwealth 752 

Scientific and Industry Research Organisation maintains the Australian-waters Earth 753 

Observation Phytoplankton-type Products (AESOP) database, a global standard database of 754 

IOPs from Australian waters, which could be used to develop better parameterisations of 755 

IOPs and SIOPs for regionally-tuning SAAs and testing atmospheric corrections around the 756 

entire Australian coastline. 757 

 758 
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Conclusion 759 

Primary productivity in Australian continental shelf waters varies with phytoplankton 760 

absorption. An absorption-based model explained 73% of the variation in surface NPP in 761 

Australian coastal waters when applied to datasets spanning two orders of chlorophyll-a 762 

concentration (0.60 – 2.99 mg Chl-a m-3) and net primary productivity rates from 0.20 to 19.3 763 

mmol C m-3 d-1. Overall, the spectrally averaged absorption coefficient āPHY was a good first 764 

order predictor for NPP and varied in response to the environment in a similar fashion to 765 

NPP. Inclusion of a sized based parametrisation of the quantum efficiency and 766 

proportionality factor (slope of āPHY and NPP) made little difference to the model 767 

performance. But this approach could be improved with additional in-situ coupled 768 

measurements of NPP and phytoplankton absorption, including discrete-depth sampling. 769 

Application of the absorption model to the GIOP-DC satellite aPHY product revealed different 770 

seasonality of NPP at Yongala and Port Hacking NRS. There is opportunity to improve the 771 

validity of satellite aPHY retrievals by using the existing AESOP database to regionally tune 772 

and atmospherically correct SAAs within the GIOP framework. An absorption-based model 773 

to estimate NPP is a promising approach for exploring the spatio-temporal dynamics in 774 

phytoplankton NPP around the entire Australian continental shelf. 775 
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Tables 

Table 1. Locations of sampling stations and variability in physical conditions, dissolved nutrients and phytoplankton chlorophyll-a concentration 1160 
and net primary productivity (mean(±standard deviation)). 

Voyage/Mooring V1 SS2010_v03 V2 SS2010_v09 V3 SS2013_t03 V4 eReefs_2013 Port Hacking 
National Reference 

Station 
Region North-west 

Australia 
Eastern Australia Northern Australia Great Barrier Reef South-eastern 

Australia 
 

Latitude 16.689 °S to 
16.876 °S 

28.878 °S to 32.364 
°S 

9.775 °S to 19.901 
°S 

13.946 °S to 18.083 
°S 

34.116 °S to 34.137 
°S Longitude 123.346 °E to 

123.444°E 
152.688 °E to 

154.263 °E 
122.007 °E to 

150.918 °E 
144.202 °E to 

146.112 °E 
151.206 °E to 

151.221 °E Season Autumn Spring Winter Summer Monthly 
No. stations 5 14 10 4 8 

NPP Method 14C 1 h* 14C 24 h# 13C 24 h^ 

 
13C 4-24 h# 14C 24 h# 

Temperature (°C) 31.3(±0.15) 21.2(±0.72) 25.5(±1.16) 28.9(±1.45) 20.1(±1.93) 
Salinity 35.4(±0.15) 35.4(±0.19) 34.5(±0.71) 33.0(±2.52) 34.4(±0.15) 

NO3 0.59(±0.61) 0.59(±1.11) 0.23(±0.37) N.D. 0.67(±0.77) 
PO4 0.22(±0.02) 0.14(±0.12) 0.15(±0.07) N.D. 0.16(±0.09) 
Si 4.35(±0.92) 0.76(±0.69) 2.82(±1.91) N.D. 0.59(±0.30) 

NH4
+ 0.04(±0.03) 0.20(±0.28) 0.03(±0.08) N.D. 0.36(±0.31) 

TChl-a (mg m-3)  0.95(±0.31)  0.72(±1.04)  0.43(±0.29)  1.62(±0.97)  0.72(±0.43) 
NPP (mmol C m-3 d-1) 

(min-max) 

(mi 

4.01(±2.02) 
(1.78-5.72) 

3.61(±6.23) 
(0.41-19.3) 

2.14(±1.32) 
(0.35-5.18) 

 6.01(±3.58) 
(2.04-8.95) 

 3.85(±3.57) 
(0.25-10.6) 

 
Symbols denote method used to estimate NPP: *small bottle method Lewis & Smith 1983; #JGOFs method for estimating NPP; ^method 
following Hama et al. 1983 and Burford et al. 2011 for estimating GPP and NPP. 
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Table 2. Range (mean ± standard deviation) of optical component IOPs, NPP and chlorophyll-a concentration for each voyage. 1165 

Region V1 
North-west Aust. 

V2 
Eastern Aust. 

V3 
Northern Aust. 

V4 
Great Barrier Reef 

PHNRS 
South-eastern 
Aust. Kd(PAR) (m-1) 0.10-0.27 

(0.16±0.07) 
0.04-0.25 

(0.08±0.07) 
0.05-0.28 

(0.14±0.07) 
0.15-0.47 

(0.32±0.15) 
0.06-0.29 

(0.14±0.08) 
aTOT(440 nm) (m-1) 0.097-0.371 

(0.22±0.101) 
0.035-1.802 

(0.299±0.455) 
0.013-1.261 

(0.295±0.386) 
0.397-1.231 

(0.845±0.306) 
0.045-0.433 

(0.217-0.144) 
aPHY(440 nm) (m-1) 0.037-0.064 

(0.055±0.011) 
0.011- 0.142 

(0.038±0.040) 
0.008-0.042 

(0.024±0.010) 
0.020-0.099 

(0.0491±0.0315) 
0.013-0.048 

(0.050±0.021) 
aNAP(440 nm) (m-1) 

 
0.019-0.070 

(0.039±0.026) 
0.002-0.586 

(0.051±0.155) 
0.001-0.025 

(0.011±0.009) 
0.013-0.262 

(0.097±0.100) 
0.004-0.019 

(0.011±0.006) 
aCDOM(440 nm) (m-1) 

 
0.041-0.293 

(0.139±0.100) 
0.021-1.122 

(0.226±0.306) 
0.001-1.236 

(0.026±0.387) 
0.300-0.942 

0.699±0.249) 
0.004-0.416 

(0.168±0.150) 
aPHY(676 nm) (m-1) 

 
0.013-0.028 

(0.022±0.006) 
0.003-0.069 

(0.017±0.023) 
0.003-0.017 

(0.009±0.005) 
0.007-0.049 

(0.024±0.017) 
0.004-0.031 

(0.015±0.010) 
aPHY(PAR) (m-1) 

 
0.014-0.026 

(0.023±0.005) 
0.004-0.073 

(0.017±0.022) 
0.003-0.018 

(0.009±0.005) 
0.050-0.009 

(0.023±0.016) 
0.006-0.029 

(0.016±0.008) 
aPHY(440 nm)/aPART(440 nm) 0.49-0.73 

(0.62±0.12) 
0.14-0.93 

(0.77±0.20) 
0.48-0.91 

(0.76±0.16) 
0.24-0.83 

(0.41±0.24) 
0.73-0.88 

(0.79±0.05) 
SNAP (nm-1) 

 
0.010-0.012 

(0.011±0.001) 
0.006-0.0152 
(0.009±0.002) 

0.006-0.018 
(0.012±0.005) 

0.009-0.018 
(0.012±0.002) 

0.006-0.032 
(0.020±0.010) 

SCDOM (nm-1) 
 

0.008-0.017 
(0.012±0.004) 

0.001-0.019 
(0.009±0.007) 

0.004-0.012 
(0.008±0.003) 

0.006-0.016 
(0.014±0.006) 

0.008-0.016 
(0.013±0.003) 
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Table 3.Model dependencies and output table.  

Mathematical Model Equation (coefficients(±S.E)) n R2 RMSE 

NPP = m × aPHY(PAR) + b 
Marra et al. 2007 

NPP = 304(±37.28) × aPHY(PAR) 
NPP = 510 × aPHY(PAR) + 0.0001 

41 0.71 * 
0.84* 

n.a. 

NPP = m × aPHY(440 nm) + b NPP = 123(±16.0) × aPHY(440 nm) -1.03 41 0.65* n.a. 

NPP = m × aPHY(676 nm) + b NPP = 297(±31.6) × aPHY(676 nm)-0.13 41 0.70* n.a. 

Absorption model 1: NPP1 
NPP1 = !"#$× & × 1000 

NPP = 0.95(±0.10) × NPP1 - 0.93 
 

41 0.73* 2.39 

Absorption model 2: NPP2  
NPP2 = )	×	a"#$	×	,-	×	,.	×	1000	   

NPP = 1.09(±0.12) × NPP2 + 0.67 
 

38 0.73* 2.46 

Absorption model 3: NPP3 
NPP3 =  !"#$× &/ × 1000 

NPP = 0.78(±0.08) × NPP3 + 0.17 41 0.72* 2.44 

Absorption model 4: NPP4 
NPP3 = )	×	a"#$	×	,	×	1000 

NPP = 0.84(±0.12) × NPP4 + 1.43 
 

38 0.73* 2.27 

* = p < 0.05 
 1170 
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Supplementary Tables 

Supplementary Table 1. Framework for predicting phytoplankton size class, biological 
response and environmental setting using the āPHY. Biological clusters were determined using 
multi-variate statistics outlined in section 2.6. Note that trends in āPHY are also indicative of 
aPHY(676 nm). Values in brackets are the average range (min-max) of parameters within each 1175 
cluster. ^Aiken et al. (2008). #DistLM statistical tests, é or ê indicates increasing or 
decreasing parameter values respectively. 

Phytoplankton predictive framework using aPHY coefficient 
Biological Cluster 1 2 3 
āPHY (m-1) High (0.02-0.08) Medium (0.01-0.02) Low (0.003-0.01) 

Aiken’s bio-energetic status^ High (Eutrophic) Medium 
(Mesotrophic) 

Low (Oligotrophic-
Mesotrophic) 

NPP 
(mmol C m-3 d-1) 

High (12-30) Low-Med (3-12) Low (0-3) 

TChl-a (mg m-3) High (1-2) Medium (0.5 – 1) Low (0.01-0.5) 
Dominant size class (%) Micro > 50 Nano > 50 Pico > 50 

PPC/TP (ratio) Low (0.03-0.14) Low-Med (0.03-
0.16) 

High (0.06-0.23) 

Quantum efficiency 
(mean±SEM) 

0.030±0.009 0.015±0.008 0.008±0.006 

Proportionality factor (!") 
(mean±SEM) 

370±71 152±58 135±21 

Light saturation* Light saturated Light limited Light saturated 
(extreme) 

Nutrient conditions* Replete Replete Deplete 
*Environmental parameters 
significantly correlated with# 

é nitrate 
é phosphate 

 

ésilicate 
é Kd(PAR) 

 

é EZ (daily PAR) 
êKd(PAR) 
ê MLD 
êTemp 
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Supplementary Table 2. Marginal tests outlining the contribution of physical parameters to 
trends in biological parameters (NPP, TChl-a, āPHY, Φ, PPC/TP, microplankton, 
nanoplankton, picoplankton). Bold text indicates significance (p < 0.05). 1180 
 Marginal tests 

Predictor variable p Proportion 

T 0.886 0.049 

MLD 0.400 0.026 

E 0.161 0.055 

Kd 0.000 0.337 

N 0.001 0.217 

P 0.000 0.418 

Si 0.003 0.190 

NH4
+ 0.215 0.045 

T=temperature, MLD=mixed layer depth, E=Ē daily irradiance, Kd=Kd(PAR), N= nitrate, 

P=phosphate, Si=silicate, NH4
+=ammonium 
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Supplementary Table 3. Overall best solutions for describing trends in the biological 
parameters (NPP, TChl-a, āPHY, Φ, PPC/TP, microplankton, nanoplankton, picoplankton) 
using physical parameters as predictors. 1185 

 

 

 

 

 1190 

 

 

 

 

 1195 

 

T=temperature, MLD=mixed layer depth, E=Ē daily irradiance, Kd=Kd(PAR), N= nitrate, 

P=phosphate, Si=silicate, NH4
+=ammonium 

 Best solutions  

No. of variables Selections R2 

1 P 0.43 

2 Kd, P,  0.60 

3 Kd, P Si 0.57 

4 Kd, N, P, Si 0.59 

5 T, Kd, N, P, Si 0.60 

6 T, Kd, E, N, P, Si 0.62 

7 T, Kd, MLD, E, N, P, Si 0.63 

All T, Kd, MLD, E, N, P, Si, NH4
+ 0.65 
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 Supplementary Figures  1200 

 
 
Supplementary Figure 1. Distance based linear models explaining the variability in NPP and 
āPHY and other biological parameters, with environmental predictor parameters overlayed 
which best explained the variability. Numbers 1 – 3 and colours green, blue and red, 1205 
respectively, indicate the biological clusters each sample belongs to, as outlined in section 
3.4. 
 

 

Supplementary Figure 2. The blue-to-red absorption ratio (aPHY(440/676 nm)) as a function of 1210 
the proportion of photoprotective pigments (PPC/TP). The blue-to-red ratio of the 
phytoplankton absorption coefficient (aPHY(440/676 nm)) decreased with increasing TChl-a 
(aPHY(440/676 nm) = 2.3921[TChl-a]-0.192

, R2 = 0.64) and increased with the proportion of 
photoprotective pigments. 
 1215 
 



 
Accepted manuscript in Estuarine, Coastal and Shelf Science 

 56 
 

 
Supplementary Figure 3. Phytoplankton absorption coefficient at 440 nm (closed circles) and 
676 nm (open circles) as a function of TChl-a concentration. Black line indicates fitted power 
function. The phytoplankton absorption coefficients at 440 nm and 676 nm both increased 1220 
with TChl-a concentration according to a commonly accepted power function (Bricaud et al., 
2004). The relationships between aPHY and TChl-a were both highly significant across all 
voyages and yielded the following functions: aPHY(440 nm) = 0.0443[TChl-a]0.574 (R2 = 0.71) 
and  aPHY(676 nm) = 0.0185[TChl-a]0.7387 (R2 = 0.80). The relationship between āPHY and 
TChl-a was very similar to aPHY(676 nm) (āPHY = 0.019[TChl-a]0.644, R2 = 0.76) largely owing 1225 
to the strong linear correlation between āPHY

 and aPHY(676 nm) (R2=0.99). 
 
 

 
Supplementary Figure 4. Pigment packaging index (Q*) as a function of TChl-a. A reduction 1230 
in Q* indicates increased pigment packaging (Bricaud et al., 2004; Morel and Bricaud, 1981). 
Variability in the aPHY parameter could also be explained by increased effects of pigment 
packaging (reduced Q* coefficient) in the phytoplankton cells with increasing TChl-a. 
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Samples from stations during V3 (northern Australian) appear to deviate from the general 
relationship, with even higher packaging impacts per unit chlorophyll-a. 1235 
 




