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Progressive seawater acidification 
on the Great Barrier Reef 
continental shelf
Katharina E. Fabricius1*, Craig Neill2, Erik Van Ooijen2, Joy N. Smith1 & Bronte Tilbrook2,3

Coral reefs are highly sensitive to ocean acidification due to rising atmospheric  CO2 concentrations. We 
present 10 years of data (2009–2019) on the long-term trends and sources of variation in the carbon 
chemistry from two fixed stations in the Australian Great Barrier Reef. Data from the subtropical 
mid-shelf GBRWIS comprised 3-h instrument records, and those from the tropical coastal NRSYON 
were monthly seawater samples. Both stations recorded significant variation in seawater  CO2 fugacity 
(fCO2), attributable to seasonal, daytime, temperature and salinity fluctuations. Superimposed over 
this variation, fCO2 progressively increased by > 2.0 ± 0.3 µatm  year−1 at both stations. Seawater 
temperature and salinity also increased throughout the decade, whereas seawater pH and the 
saturation state of aragonite declined. The decadal upward fCO2 trend remained significant in 
temperature- and salinity-normalised data. Indeed, annual fCO2 minima are now higher than 
estimated fCO2 maxima in the early 1960s, with mean fCO2 now ~ 28% higher than 60 years ago. 
Our data indicate that carbonate dissolution from the seafloor is currently unable to buffer the Great 
Barrier Reef against ocean acidification. This is of great concern for the thousands of coral reefs and 
other diverse marine ecosystems located in this vast continental shelf system.

Atmospheric carbon dioxide  (CO2) concentrations are steadily increasing due to human activities, in the present 
decade at about 2.5 ppm per  year1. Over a quarter of the rising atmospheric  CO2 is being taken up by the oceans. 
This lowers the pH and changes the carbon chemistry in surface seawaters, a process called ocean  acidification2. 
Due to human  CO2 emissions, surface seawater pH is now lower than it has been for more than 800,000  years3, 
and the associated chemical changes are considered to be irreversible on centennial to millennial time  scales4,5. 
Many studies have shown that ocean acidification, both in isolation and in combination with global warming, 
causes profound physiological and ecological changes in marine ecosystems, with far more losers than  winners6–8. 
Calcifying marine organisms such as corals and coralline algae are particularly affected, especially during their 
early life stages, whereas some photosynthetic organisms benefit from the availability of additional inorganic 
 carbon9,10.

Rates of changes in seawater carbon chemistry vary substantially across regions, and depend not only on 
atmospheric  CO2 concentrations, but also on local physical and biological  factors2,11–13. In coastal, shelf and 
marginal seas the variation in seawater carbon chemistry is typically much higher than in the open oceans due 
to regional metabolic processes (photosynthesis/respiration and calcification). These are sometimes accentuated 
by terrestrial inputs of carbon, alkalinity, nutrients, freshwater and sediments that directly alter the seawater 
carbon chemistry and also stimulate biological  productivity14. In a process called ‘coastal acidification’, acidifica-
tion may accelerate in areas of  eutrophication2,15. Coastal  CO2 concentrations are also affected by the upwelling 
of  CO2 rich deeper waters, thermocline shallowing, stratification, freshening and El Niño–Southern Oscillation 
(ENSO) dynamics. On the other hand, the dissolution of carbonate seafloor sediments can also dampen coastal 
acidification, depending on carbonate types, grain size and physical  condition16–18.

High-precision time series data of changes in the carbon chemistry of seawater are available from an increas-
ing number of oceanographic monitoring stations, often above deep waters (> 500 m), but also increasingly so 
from coastal  waters12,13,19,20. Many of these data series show increases in seasonally corrected surface  CO2, at 
rates similar to that of  CO2 in the  atmosphere19. Some stations also show reductions in seawater saturation states 
of aragonite and calcite, albeit with greater regional differences. In most instances large seasonal variation or 
decadal oceanographic features require longer observation periods before the detection of significant trends are 
 expected12. For example, diel  CO2 variation of 30–200 µatm  day−1 and at times over 700 µatm  CO2 have been 
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recorded for some shallow tropical coastal and shelf marine  habitats21,22, a variation that is several-fold greater 
than in the open waters. Given the large temporal and spatial variability and the high ecological and economic 
value, more long-term carbon chemistry data from coastal and shelf locations are urgently needed.

In this study, we assessed variation and trends in  CO2 and other proxies for ocean acidification from two sites 
in the Australian Great Barrier Reef (GBR). The GBR is a shallow carbonate rich continental shelf system extend-
ing over 2300 km along the north-eastern Australian coast from 12 to 24° S latitude, and varies in width from 
40 to > 200 km (Fig. 1). The GBR is an interesting case study for ocean acidification research, due to its complex 
hydrodynamic and geomorphological features, and its valuable reef ecosystems. About 5% of the GBR surface is 
occupied by ~ 3000 coral reefs that are built by corals and other calcifying organisms with a strong dependence 
on the saturation state of carbonate  minerals8,10,22. Furthermore much of the seafloor between the coral reefs is 
covered by biogenic carbonate  sediments23 with habitats that include mesophotic coral shoals, Halimeda mounds, 
seagrass meadows, sponge gardens and soft bottom ecosystems. Spatial and temporal patterns in the carbon 
chemistry of the GBR seawater are characterised by substantial cross-shelf gradients, with additional regional 
features along the  coast24–26 and in the proximity of coral reefs 22,27,28. The surface waters flowing from the Coral 
Sea onto the GBR shelf are low in nutrient and chlorophyll concentrations, but occasional upwelling onto the 
shelf break can inject nutrients, total alkalinity and dissolved inorganic carbon into the GBR  waters29,30. Thirty-
five major rivers drain into the GBR lagoon, and their sediment and nutrient loads affect water clarity for months 
after  floods31,32. Terrigenous sediments dominate near the mouths of these  rivers33,34. The ratio of terrigenous 
to carbonate sediments declines steeply away from the coast, as flood plumes disperse predominantly the fine 
silts, and storms redistribute terrigenous sediments predominantly within the innermost 15 km of the  lagoon35.

We present 10 years (2009–2019) of carbon chemistry data together with auxiliary data, from two fixed 
long-term GBR oceanographic monitoring stations ~ 650 km apart (Fig. 1a, Supplementary Table S1). The first 
station,  GBRWIS36,37 (− 23.459° S, 151.927° E), is located in the subtropical southern mid-shelf GBR, at ~ 16 m 
depth in a channel separating the coral reefs of Wistari Reef from those surrounding Heron Island and ~ 20 km 
from the edge of the continental shelf (Fig. 1b). The second station,  NRSYON38 (− 19.305° S, 147.622° E), is a 
National Reference Station in the tropical central coastal GBR, located at ~ 26 m depth at the Yongala shipwreck 
near the Burdekin River mouth. We determined the long-term trend and variation in  CO2, and identified the 
main physical and chemical drivers of the observed changes. We assessed commonalities and differences of the 
two stations, and we hindcast changes over the last 60 years. Despite their contrasting settings and substantial 
seasonal and diel variation, both GBR stations showed significant and rapid rate of increase in  CO2, hence it is 
likely that some biological processes in GBR coral reefs are already affected by ocean acidification.

Results
GBRWIS station. At GBRWIS, all four instrumental time series showed strong long-term trends, which 
we refer to in the rest of this paper as the decadal trend. Atmospheric  CO2 increased at a mean rate of 2.00 ppm 
 year−1 ± 0.011 (1 standard error) throughout the 10-year observation period, with only minor seasonal variation 
(Fig. 2a, Table 1). Mean daily seawater  CO2 fugacity (fCO2) increased progressively by 6.4% of its initial value 
over the decade (Fig. 2b), at a mean rate of 2.35 ± 0.17 µatm  year−1. The rates of increase in fCO2 did not differ 
significantly from that of the atmospheric  CO2 (GLS on monthly averaged data, N = 109, P = 0.69). Mean daily 
seawater temperature increased slightly throughout the decade by 0.026 ± 0.013 °C  year−1, and there was also an 
upward trend in salinity at a mean rate of 0.037 ± 0.001 units  year−1 (Fig. 2c,d).

Seasonal variation in the daily mean seawater values were high (Fig. 2, Table 1). Daily mean fCO2 values were 
on average 67 µatm higher in the two warmest months (January–February: 406 µatm) compared to the two cool-
est months (July–August: 339 µatm). Seawater temperature varied seasonally by 5.3 °C (27.0 °C versus. 21.7 °C), 
whereas salinity averaged 35.5 with overall relatively minor systematic seasonal variation, but brief downward 
spikes that occurred mostly in the wettest summer seasons (Fig. 2d).

Diel variation in fCO2 often exceeded 50 µatm and at times > 100 µatm, particularly in summer (Fig. 3a). 
Diel  fCO2 ranges averaged 37 ± 0.71 µatm across the six warmest months (November–April), and 24 ± 0.50 
µatm in the six cooler months. Diel ranges in seawater temperature averaged 0.56 ± 0.01 °C and 0.41 ± 0.01 °C 
in summer and winter, respectively. Overall, mean fCO2 values were highest during summer nights (midnight 
to 4 am) averaging 389 µatm (376 µatm in winter nights; Fig. 3b). They were lowest on winter afternoons (noon 
to 4 pm), averaging 333 ± 0.58 µatm (341 µatm on summer afternoons). Hence mean diel variation in fCO2 was 
about 30–50% of the ranges of the mean seasonal variation, and was attributable to changes in temperature and 
reef metabolism (photosynthetic  CO2 uptake and night respiration).

To determine the relative strength of the estimated decadal trends and the role of co-varying environmental 
factors, non-hierarchical GLMs and partial dependence plots were used on monthly averaged data. The decadal 
upward trends in atmospheric  CO2, seawater temperature and salinity were significant, with very strong effects 
of month (representing seasonal variation) for temperature and much weaker effects of month for atmospheric 
 CO2 and for salinity (Table 2a). Seawater fCO2 also displayed a strongly significant decadal upward linear trend, 
and additionally it varied with temperature, salinity, and month (Fig. 4, Tables 1, 2b). Thus, after adjusting for 
the variation in seawater temperature, salinity and months using the GLMs, the decadal trend in fCO2 remained 
strong and significant (1.792 ± 0.3612 µatm  year−1, t = 4.960, P < 0.001). The decadal trend was similarly strong for 
fCO2-T, i.e., after temperature normalisation to remove the influence of seawater temperature on the fCO2 trend 
following Takahashi et al.39, the decadal fCO2-T trend was 1.828 ± 0.628 µatm  year−1 (t = 5.009, P < 0.001). The 
strongest predictor for variation in both fCO2 and fCO2-T at GBRWIS was the decadal linear trend (Table 2b). 
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NRSYON station. Atmospheric  CO2 concentrations at the Cape Ferguson greenhouse gas station increased 
near-monotonically from 353 ppm in June 1991 to 408 ppm in July 2019. Between 2009 and 2019, the mean rate 
of increase was 2.37 ± 0.03 ppm  CO2  year−1 (Fig. 5a, Table 1).

Figure 1.  Map of the Great Barrier Reef (orange lines: coral reefs) and the atmospheric gas reference station 
Cape Ferguson (a), and of the oceanographic stations GBRWIS (b) and NRSYON (c). The blue shading 
indicates bathymetry, with the thick black line showing the 100-m bathymetry line. The figures were generated 
using bathymetry data from the 30 m high resolution depth model for the Great Barrier Reef of R. J. Beaman 
downloaded from Geoscience Australia (https ://ecat.ga.gov.au/geone twork /srv/eng/catal og.searc h#/metad 
ata/11506 6), and plotted using Matlab version R2020a software with the M_Map mapping package (version 
1.4 m, created by R. Pawlowicz, https ://www.eoas.ubc.ca/~rich/map.html).

https://ecat.ga.gov.au/geonetwork/srv/eng/catalog.search#/metadata/115066
https://ecat.ga.gov.au/geonetwork/srv/eng/catalog.search#/metadata/115066
https://www.eoas.ubc.ca/~rich/map.html
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The NRSYON seawater samples showed no overall significant differences across the four sampling depths 
(Fig. 5b,c), despite some individual samples showing depth differences that suggested occasional weak stratifica-
tion especially in summer. Based on the absence of systematic depths differences, all data were averaged across 
depths within sampling months for the following analyses (N = 107).

NRSYON data displayed strong seasonal variation (Fig. 5b–g; Table 1). fCO2 values ranged over 113 µatm, 
being on average 58 µatm higher in the warmest vs the coolest months (402.5 µatm vs 344.3 µatm). Ωar was also 
higher (3.76 vs 3.45). Mean seawater temperatures were 6 °C higher during the two warmest compared to the 
two coolest months (January/February: 28.7 °C, July/August: 22.7 °C), while salinity and  pHT were lower in the 
warmest versus the coolest months. Mean concentrations of dissolved inorganic nitrogen, total phosphorus and 
silicate were relatively low, however variation was high (Table 1).

Superimposed over the seasonal variation, many of the NRSYON data showed strong decadal trends 
(Fig. 5b–g). Measured DIC increased by 3.09 ± 0.67 µmol kg−1 SW  year−1. Calculated fCO2 increased on average 
by 2.00 ± 0.92 µatm  year−1, at a rate that was not significantly different from that of the atmospheric  CO2 trend at 
nearby Cape Ferguson (2.37 ± 0.03 ppm  CO2  year−1; GLS, P = 0.69). Calculated  pHT declined by 0.00156 ± 0.0009 
units, and Ωar by 0.0044 ± 0.0048 units  year−1. Seawater temperature and salinity also increased over the decade 
(Fig. 5f–g).

The statistical analyses showed the decadal upward trends in temperature and salinity to be significant 
(P < 0.05), albeit only marginally so for temperature (non-hierarchal GLM analyses, also accounting for sea-
sonal variation; Table 3). For DIC, fCO2, pH and Ωar, but not for  AT, the decadal trends remained significant 
after accounting for seasonal variation (months) and changes in temperature, salinity and nutrients (dissolved 
inorganic nitrogen, phosphorus and silicate) (Fig. 6, Supplementary Fig. S1a,b, Table 3). For DIC and  AT, the 
strongest predictor was salinity, with weaker but significant effects from DIN and month. Calculated fCO2, pH, 
Ωar and the Revelle factor were most strongly related to temperature, followed by the decadal trend and silicate. 
After normalisation to mean salinity values following Friis et al.40, the decadal trend in DIC-S became weaker 

Figure 2.  GBRWIS: observed daily averaged data of (a) atmospheric  CO2 (ppm), (b) fugacity of  CO2 in 
seawater (fCO2, µatm), (c) seawater temperature (°C) and (d) salinity. Red points indicate austral summer 
(November–April, inclusively), black indicate winter (May–October). Solid blue lines show the linear trends, 
dashed blue lines are horizontal guides. Also shown are the slopes ± 1 standard error.
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Table 1.  Atmospheric  CO2 and surface seawater conditions at the two Great Barrier Reef stations averaged 
over the years 2009–2019. Total means and ranges: GBRWIS: 3036 daily mean instrument-measured values, 
NRSYON: 109 monthly mean (depth-averaged) seawater samples. Atmospheric  CO2 concentrations from 
Cape Ferguson (https ://gaw.kisho u.go.jp/searc h/stati on#CFA) and from Mauna Loa (sourced from www.esrl.
noaa.gov/gmd/ccgg/trend s/), and the means and percentiles for the two warmest (January and February) and 
coldest months (July and August). Also tabled are the estimated slopes (± standard errors) for the decadal 
trends derived from non-hierarchal GLM analyses of monthly averaged data (the seawater carbonate data 
corrected for variation with seasons, temperature, salinity and nutrients; Figs. 4, 6; Tables 2, 3; ns = not 
significant). *Variables calculated from DIC and  AT for in situ temperature, pressure, nutrients and salinity, 
using  CO2Sys61 with pK1 and pK2 dissociation constants of Dickson and  Millero62 and KHSO4 dissociation 
constants of  Dickson63, total borate of  Uppstrom61 and the equilibrium constant for HF from Perez and  Fraga62. 
pHT pH at total scale, Ωar aragonite saturation state, fCO2 fugacity of seawater  CO2, bdl below detection limit. 
Measurements of DIC and  AT used for  CO2 system calculations were only available for NRSYON.

Total mean Min Max Range Winter mean 5% 95% Summer mean 5% 95% Decadal trend (units  year−1 ± SE)

Atmospheric CO2

Cape Ferguson Air  CO2 (ppm) 395.4 384.5 407.8 23.3 394.7 385.7 405.6 395.3 385.3 406.7 2.367 ± 0.0320

Mauna Loa Air  CO2 (ppm) 398.4 384.4 414.7 30.2 398.6 387.5 410.7 397.3 387.9 407.2 2.389 ± 0.0147

GBRWIS

Air  CO2 (ppm) 392.4 378.7 410.1 31.4 392.4 383.0 400.8 391.4 381.1 402.4 2.010 ± 0.0634

fCO2 (µatm) 369.8 314.4 456.5 142.1 339.4 321.2 364.5 405.9 380.7 435.9 1.792 ± 0.3612

Temperature (°C) 24.32 20.24 28.36 8.13 21.65 20.65 22.65 27.04 25.93 27.84 0.0429 ± 0.0127

Salinity 35.49 34.33 35.95 1.62 35.54 35.35 35.77 35.47 34.95 35.86 0.0387 ± 0.0051

NRSYON

DIC (µmol kg−1 SW) 1981 1914 2017 103 1991 1975 2005 1966 1922 1990 0.802 ± 0.239

AT (µmol kg−1 SW) 2300 2224 2338 113 2304 2273 2324 2293 2237 2319 0.0976 ± 0.256

pHT* 8.062 8.003 8.113 0.111 8.096 8.082 8.110 8.035 8.019 8.049 -0.0012 ± 0.0004

Ωar* 3.586 3.230 3.921 0.691 3.455 3.253 3.589 3.735 3.604 3.842 -0.0073 ± 0.0024

fCO2 (µatm)* 377.1 329.5 442.5 113.0 344.3 331.2 356.2 402.5 388.0 421.0 1.244 ± 0.377

Revelle factor* 9.27 8.90 9.71 0.80 9.42 9.24 9.67 9.09 8.99 9.21 0.011 ± 0.0033

Temperature (°C) 25.77 21.16 29.65 8.49 22.67 21.18 23.80 28.66 27.80 29.44 0.064 ± 0.0269

Salinity 35.29 34.02 36.05 2.02 35.34 34.83 35.60 35.14 34.15 35.62 0.0587 ± 0.0099

DIN (µmol  kg−1) 0.111 bdl 1.137 1.137 0.123 bdl 0.443 0.106 bdl 0.373 ns

Phosphate (µmol  L−1) 0.063 bdl 0.24 0.24 0.077 0.02 0.16 0.044 bdl 0.123 ns

Si (µmol  L−1) 1.29 0.10 3.80 3.7 1.11 0.6 1.73 1.46 0.37 3.09 ns

Figure 3.  Diel and seasonal variation in fCO2 at GBRWIS: (a) changes in diel ranges of seawater fCO2 (µatm) 
across months. (b) Mean fCO2 at day (12:00–16:00 pm) and night (0:00–4:00 am), and in winter (May–Oct) 
and summer (November–April). Box-whisker plots, with horizontal bars indicating the median, boxes are the 
 25th–75th percentiles, dashed whiskers are 1.5 interquartile ranges, and circles represent outliers (only data from 
complete years are included).

https://gaw.kishou.go.jp/search/station#CFA
http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://www.esrl.noaa.gov/gmd/ccgg/trends/
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and for  AT-S it became insignificant (Supplementary Table S1, Fig. 1C). However, salinity remained a significant 
predictor, suggesting slight over-compensation by the normalisation. Normalisation of fCO2 to mean temperature 
also showed that the decadal trend remained significant at 1.259 µatm  year−1 ± 0.3696, P < 0.001 (also accounting 
for changes in salinity, nutrients, and months; Supplementary Table S1). For the nutrients, silicate was signifi-
cantly associated with all carbon variables except for  AT. DIN was significantly associated with DIC and DIC-S 
and marginally with  AT and  AT-S. Phosphate was only weakly associated with DIC and DIC-S. 

Discussion
Long-term trends. Two long-term monitoring stations in the GBR, 650 km apart in very different environ-
mental settings, display significant upward trends in their near-surface seawater carbon chemistry. The two GBR 
stations show very similar rates of fCO2 increase, at ~ 2.0 ± 0.3 µatm  year−1, additional to substantial seasonal and 
moderate diel variation. These trends are quite similar to rates documented for open ocean  regions12,13,19,41,42. 
For example,  pCO2 at the pelagic Hawaiian Station ALOHA increased at 2.5 ± 0.1 ppm  year−1 between 1988 and 
2002, albeit with much weaker (~ 20 µatm) seasonal  variation43. Similarly, two oceanic long-term monitoring 
stations, WHOTS in the subtropical North Pacific and Stratus in the South Pacific gyre, show  pCO2 trends of 
1.9 ± 0.3 and 1.6 ± 0.3 µatm  year−1, respectively. At the North Atlantic Ocean ESTOC site (offshore from the 
Canary Islands), fCO2 increased by 1.55 ± 0.43 µatm  year−1 between 1995 and 2004, which the authors attributed 
to atmospheric forcing together with large-scale oceanic and climatic  features44. For pH, the NRSYON trend 
(− 0.0016 ± 0.0009 pH units  year−1) was also similar to other published offshore and pelagic long-term seawater 
carbon monitoring stations (− 0.0016 to − 0.0018 pH units  year−1), in agreement with those expected under air-
sea  CO2 equilibration (− 0.0016 to − 0.0018 pH units  year−1)19,44.

The similarity in the decadal  CO2 trends at both GBR stations to the atmospheric  CO2 changes suggests these 
 CO2 trends are largely determined by atmospheric forcing, as also found at the open ocean sites. This assumes 
there has been no significant reorganisation of the biological and physical processes influencing surface water 
carbon chemistry over the decade of measurements at our two sites. NRSYON is strongly influenced by coastal 
processes and is close to a major river outflow, but ~ 100 km from the shelf edge, whereas the GBRWIS site is 

Table 2.  GBRWIS: factors related to the observed variation in (a) atmospheric  CO2, seawater temperature 
and salinity, and in (b) fCO2 (Fig. 4) and fCO2 normalised to the local mean temperature (24.34 °C)39. Non-
hierarchal generalized linear model (GLM) analysis of monthly mean data (N = 109 months).

(a) df

Atmospheric  CO2 Temperature Salinity

F P F P F P

Decadal trend 1 1881.1  < 0.001 11.42 0.001 58.43  < 0.001

Month 11 2.789 0.0034 267.5  < 0.001 3.527  < 0.001

(b) df

fCO2 fCO2-T

F P F P

Decadal trend 1 24.6  < 0.001 25.10  < 0.001

Month 11 4.148  < 0.001 3.818  < 0.001

Temperature 1 19.9  < 0.001 5.283 0.024

Salinity 1 4.399 0.039 2.959 0.089

Figure 4.  GBRWIS: partial dependency plots showing the changes in estimated monthly mean seawater fCO2 
throughout the decade (a), across months (b), with temperature (c) and with salinity (d), while controlling 
for all other factors (Table 1). y-axis values represent the difference of the predicted fCO2 response from the 
mean value (369.8 µatm fCO2), solid thick lines show the model estimates, i.e., decadal trends (date), seasonal 
variation (months) and changes related to temperature and salinity. Thin lines and error bars indicate 2 standard 
errors of the estimates, and grey dots the residuals. Partial dependence plots display model estimates to any 
predictor value while holding all other predictors constant at their mean (or categorical) values.
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Figure 5.  NRSYON: observed atmospheric  CO2 and seawater carbon chemistry values from 2009 to 2019. (a) 
Atmospheric  CO2 concentrations at the Cape Ferguson greenhouse gas monitoring station. (b) To (g): dissolved 
inorganic carbon (DIC), total alkalinity  (AT), temperature and salinity (all measured); fCO2 and pH (calculated). 
Points are depth-averaged monthly seawater samples; red points indicate summer (November–April); black are 
winter (May–October). In (b,c), the thin grey lines show the four sampling depths (0, 10, 20, 26 m). Straight 
solid blue lines are the linear trends, dashed blue lines are horizontal guides. Also shown are slopes of daily 
averaged data, unadjusted for changes in temperature and salinity.
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located next to a coral reef but 68 km off the coast and within 20 km of the shelf edge and the open-ocean waters 
of the Coral Sea. The buffering capacity by the carbonate sediments that cover most of the seafloor in the GBR 
was clearly insufficient to prevent the rapid acidification of the water body near these two stations for the 10-year 
duration of the measurements. Based on this similarity we suggest the observed decadal trends are unlikely to be 
exclusive to the two sites and reflect the trend over a broad region of the central and South GBR.

Seawater temperature and salinity also showed significant upward trends over time at the two GBR stations, 
consistent with regional oceanographic and climatological features. The physical oceanography of the GBR 
is dominated by the inflow of Coral Sea water which bifurcates offshore between about 15 and 20° S, leading 
to predominantly southward-bound offshore currents, and northward bound inshore counter currents in the 
southern and central  GBR45. Sea surface temperatures are increasing over the whole GBR region with changes 
in Coral Sea source waters of 0.1–0.2 °C per  decade46. The variable salinity trend is consistent with temporal and 
regional variation in monsoonal rainfall and river flows, and also reflects slight salinity increases in Coral Sea 
 waters41. The climate of Northeast Australia is additionally influenced by ENSO cycles, which typically have a 
2–7 years duration. At both sites, El Niño (La Niña) events were associated with anomalously high (low) salinities 
compared to the long-term trend. La Niña conditions with increased rainfall were present from mid-2010 until 
about March  201247. By mid-2014, a moderate to strong El Niño with low rainfall emerged and persisted until 
mid-2016, followed by neutral  conditions48. At GBRWIS, the downward spikes in salinity coincided with large 
rainfall events in 2010/11, 2013 and 2019. The coastal NRSYON site had a greater variability and trend in salinity 
than GBRWIS, likely attributable to its greater exposure to coastal inflows, and the influence of net evaporation 
or precipitation in shallower water. The Burdekin River had large discharges and northward plume flows in the 
summers of 2007/08 to 2011/12 and 2018 and 2019 with seasonally low salinities at NRSYON, and low discharges 
from 2012/13 to 2017/18 that corresponded with higher salinities in the summer wet season at the site.

Both temperature and salinity play an important role in determining changes in the seawater carbon chem-
istry, directly as temperature determines the solubility of  CO2 and salinity affects  AT and DIC, and indirectly 
as biotic metabolism accelerates with temperature. Total alkalinity at NRSYON was strongly related to salinity, 
with prolonged reductions in years with high river flows. The decadal increase in temperature and salinity, and 
resulting changes in  AT and DIC at NRSYON will cause an increase in fCO2 and decrease in pH and Ωar. How-
ever, the decadal upward trend in fCO2 remained significant after normalisation to a mean temperature at both 
sites, and also after statistically adjusting for the effects of rising temperatures and salinity. This again confirms 
the strong role of atmospheric forcing in driving the trends in seawater  CO2 chemistry over the duration of 
our study. In addition to the decadal trends at both sites, there is substantial seasonal variation in the carbon 
chemistry due to seasonal temperature fluctuations and biological activity. Longer term observations through 
multiple ENSO events are needed to resolve the combined influences of local and large-scale controls on the rate 
of ocean acidification in the GBR more clearly.

We hindcasted fCO2 conditions in the GBR over the last 60 years, when the longest existing greenhouse gas 
records commenced at Mauna Loa, Hawaii (since 1958; www.esrl.noaa.gov/gmd/ccgg/trend s/). The decadal 

Table 3.  NRSYON: environmental and temporal factors associated with changes in seawater carbon 
chemistry variables. Non-hierarchal generalized linear model (GLM) analysis of monthly depth-averaged data 
(N = 107 months). Tabled are the decadal trend and variation due to seasons (Month) for seawater temperature 
and salinity, and the decadal trend, seasonality and environmental predictors (seawater temperature, salinity 
and nutrients) for selected carbon chemistry variables: measured DIC and  AT, and calculated fCO2, pH, and 
the Revelle factor (Fig. 6, Supplementary Figure S1a,b). Salinity and Temperature normalised values are shown 
in Supplementary Table S1 and Supplementary Fig. S1c.

(a) df

Temperature Salinity DIC AT

F P F P F P F P

Decadal trend 1 5.678 0.037 34.97  < 0.001 11.21 0.001 0.145 0.704

Month 11 86.53  < 0.001 4.947  < 0.001 4.517  < 0.001 3.859  < 0.001

Temperature 1 2.119 0.149 6.673 0.011

Salinity 1 361.2  < 0.001 514.1  < 0.001

DIN 1 7.116 0.009 4.151 0.045

Phosphate 1 4.625 0.034 1.118 0.293

Silicate 1 0.971 0.327 4.671 0.033

(b) df

fCO2 pH Ωar Revelle Factor

F P F P F P F P

Decadal trend 1 10.92 0.001 10.80 0.002 8.994 0.004 11.30 0.001

Month 11 1.744 0.076 1.829 0.061 1.812 0.063 1.865 0.055

Temperature 1 50.15  < 0.001 55.64 0.000 47.61  < 0.001 31.78  < 0.001

Salinity 1 6.161 0.015 0.272 0.604 25.08  < 0.001 4.973 0.028

DIN 1 1.175 0.281 0.560 0.456 0.154 0.696 0.825 0.366

Phosphate 1 2.416 0.124 1.885 0.173 1.016 0.316 2.362 0.128

Silicate 1 11.16 0.001 11.49 0.001 12.63 0.001 10.43 0.002

http://www.esrl.noaa.gov/gmd/ccgg/trends/


9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18602  | https://doi.org/10.1038/s41598-020-75293-1

www.nature.com/scientificreports/

trends in the atmospheric  CO2 time series from both GBRWIS and Cape Ferguson closely matched the winter 
values of Mauna Loa (Fig. 7). From 2009 to 2019, atmospheric  CO2 at Mauna Loa increased by ~ 2.2 ± 0.01 ppm 
 year−1 (NOAA 2019), at GBRWIS by 2.00 ± 0.011 ppm  year−1, and at Cape Ferguson by 2.37 ± 0.03 ppm  year−1 
(Figs. 2, 5, 7). The slopes of seawater fCO2 at GBRWIS and NRSYON over the same time period were also sta-
tistically similar, increasing at 2.35 ± 0.17 and 2.00 ± 0.92 µatm  year−1 respectively, with an offset by − 26 ppm 
for GBRWIS and − 13 µatm for NRSYON compared with their atmospheric  CO2 values. Our data suggest that 
today’s fCO2 minima are likely above the maxima these two sites would have experienced in the early 1960s 
(Fig. 7). At NRSYYON, the current (2009–2919) average range of winter to summer fCO2 is 344.3–402.5 µatm 
(Table 1) and extrapolation back to 1958 gives a range of about 261–319 µatm, i.e., the current envelope is 
outside than from 50 years ago. At GBRWIS, only fCO2 and no other systematically sampled carbon chemistry 
data are available over the 10-year sampling period, however the present day average winter-summer range of 
fCO2 (339.4–405.9 µatm) is also probably outside the average seasonal range in the early 1960s of 333–250 µatm 
(Fig. 7). Our hindcasts assume that fCO2 at the GBR sites have tracked the atmospheric increase at Mauna Loa, 
and that GBR seawater  AT has remained similar since 1958. The observed long-term changes in temperature 
and salinity are too small to alter this result. The increasing Revelle Factor with time due to surface water  CO2 
uptake has likely amplified rather than diminished the seasonal signal today relative to that of the 1960s. Factors 
such as a widespread decline in net calcification on the reef since the 1960s may have altered the fCO2 ranges 
by changing  AT and DIC concentrations, however few data from before 2009 exist to determine if this is has 
occurred. Therefore, despite the highly dynamic nature of both stations, their fCO2 concentrations are now likely 
about 28% higher than in the 1960s and outside the envelope that both locations would have experienced only 
60 years ago. These findings match those from open ocean subtropical and subarctic moorings, where today’s 
surface seawater chemistry conditions are also largely or entirely outside of the bounds of preindustrial values 
throughout the  year20.

At NRSYON, average Ωar would likely have been ~ 0.33 units higher at ~ 3.92 in the 1960s than it is today 
at 3.59. Similarly, today’s pH at NRSYON averages 8.062, and has likely dropped by ~ 0.07 units, so pH may 
have averaged around 8.13 at this site in the early 1960s. These estimates add further confidence to earlier 

Figure 6.  NRSYON: partial dependence plots showing the changes in estimated depth-averaged DIC and 
 AT (a,b), and the other carbon chemistry variables (c–f) related to decadal trends (date). Trend estimates of 
are controlled for changes across months and in temperature, salinity and nutrients (Table 3, Supplementary 
Fig. S1). Values on the y-axis represent differences from the mean values (Table 1). Solid thick lines are the 
model estimates, thin lines are 2 standard errors of the estimates, and grey dots the residuals.
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reconstructions of changes in the seawater carbon chemistry in the Australian region from salinity, atmospheric 
 CO2 and temperature  data37, which suggested an Australia-wide mean decline in Ωar by 0.48 units and in pH by 
0.09 units since 1870, in response to increasing oceanic uptake of atmospheric  CO2.

Variation in seawater fCO2, and the role of environmental drivers. Surface seawater carbon con-
centrations showed substantial seasonal variation compared to the atmospheric  CO2, likely attributable to sea-
sonal changes in temperature and salinity, to benthic and pelagic production, as well as to differences in source 
water  bodies25. However, observed ranges in fCO2 at the two GBR stations were moderate compared to many 
other coastal  stations15. Total ranges were 143 µatm at GBRWIS and 113 µatm at NRSYON, while seasonal ranges 
averaged 67 µatm at GBRWIS and 58 µatm at NRSYON. Diel ranges were only assessed at GBRWIS, where 
they averaged 40 µatm in summer and 24 µatm in winter. In comparison, at moorings around O’ahu, Hawai’i 
(2008–2016), the coastal  pCO2 station in Kaneohe Bay behind a strongly calcifying shallow coral reef with slow 
turnover and strong terrestrial influences displayed a maximum  CO2 range of 950 µatm  pCO2, while two other 
Hawai’ian stations with less calcification exhibited surface water  pCO2 variability ranging from 198 to 240 µatm 
21. Mean diurnal variability at Kaneohe Bay at 192 µatm was also 4–5 times greater than at GBRWIS. In Hawai’i 
as in the GBR, the seasonal seawater  CO2 dynamics were opposite to those in the atmosphere, with highest sea-
water  CO2 values in summer and lowest values in winter.

Seasonal variation was greater on the mid-shelf GBRWIS than at the coastal NRSYON (Table 2), and there 
was a larger mean gradient between seawater and atmospheric  CO2 at GBRWIS compared to NRSYON (26 
vs 13 ppm). A comparison between the two stations needs to be done with caution: at GBRWIS the fCO2 was 
directly measured by instruments day and night and in all weather conditions but only at about 0.5 m water 
depth. At NRSYON, fCO2 was calculated from seawater DIC and  AT sampled at four depths through the 26 m 
water column and samples were only collected during daylight and not in very windy conditions. The subtropi-
cal GBRWIS also experiences slightly greater seasonal variation in daylength and temperature compared to the 
tropical NRSYON, likely contributing to its greater variability. Furthermore GBRWIS is located near shallow and 
actively calcifying coral reefs, while NRSYON is located near a major river in ~ 26 m deep turbid water without 
shallow reef structures nearby, and light on the seafloor is  low49. Consequently, the greater diel fluctuations in 
fCO2 in summer than winter at GBRWIS are likely attributable to daytime photosynthesis and night respiration 

Figure 7.  Observed changes in atmospheric  CO2 concentrations at Mauna Loa monitoring  station1 (solid black 
line), and at GBRWIS since 2009 (a, blue line) and Cape Ferguson since 1991 (b, blue line; sourced from https 
://gaw.kisho u.go.jp/searc h/stati on#CFA). Red lines: observed seawater fCO2 and their linear fits at GBRWIS (a) 
and NRSYON (b). Grey dashed lines are back-projections of observed seawater fCO2 envelopes. Also shown are 
slopes of the data prior to correction for variation in temperature, salinity, seasonality, and nutrients.

https://gaw.kishou.go.jp/search/station#CFA
https://gaw.kishou.go.jp/search/station#CFA
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being greater at the higher temperatures and higher PAR in summer. Considering all these factors, it appears the 
biological processes on the coral reefs had a greater effect on the local carbon chemistry around GBRWIS than 
did the more variable salinity, nutrients, sediments and inter-reefal benthos near the Burdekin River at NRSYON.

Seawater nutrient concentrations were positively related to some of the carbon chemistry variables at 
NRSYON (Supplementary Fig. S1, Table 2). However mean concentrations of dissolved macronutrient are typi-
cally low in the tropics except in waters exposed to terrestrial runoff and upwelling, with maximum observed 
concentrations of phosphate and DIN of 0.24 and 3.8 mmol/kg, respectively (Table 1). River nutrient load data 
are only available on a yearly basis, so could not be included into the models. However, at this site macronutrient 
availability did not appear to be a dominant driver of the  CO2 variation on seasonal scales. Overall, concentra-
tions of alkalinity and DIC appear typically lower in Burdekin River discharge waters than in seawater, but they 
are higher in alkalinity than in  DIC50. Due to the sparsity of relevant river data and complex hydrodynamics, it 
remains unclear to what extent rivers affect the alkalinity and inorganic carbon concentrations of GBR ecosys-
tems, either directly through their DIC, alkalinity and nutrient loads, or indirectly via stimulation of biological 
processes.

Conclusions
We have shown that the carbon chemistry at the two GBR stations has changed rapidly over the last decade, with 
decadal trends that are consistent across locations. The close tracking of atmospheric and aquatic  CO2 in the GBR 
suggests that its fCO2 has increased by about 28% since the early 1960s, and that projections of environmental 
conditions from large scale-carbon cycle models may be used to track changes in the carbon chemistry within 
the GBR. Our data demonstrate that ocean acidification is not merely a concern for the future of the GBR. Rather, 
it is already part of its rapidly changing chemical and physical conditions in the Anthropocene. The potential 
buffering capacity of the surrounding shallow carbonate seafloor in this continental shelf system, and the dynam-
ics caused by the metabolism on its coral reefs and its large rivers, are ineffective in protecting this vast system 
from ocean acidification based on the ~ 10 years of data we analysed. Seawater fCO2 concentrations in the GBR 
are now outside the envelope the GBR experienced in the 1960s, and trends are expected to continue and even 
accelerate throughout this century, due to the increasing Revelle  factor51,52.

The implications of this pervasive and rapid change in the concentration of a biologically highly active 
parameter together with seawater warming, will greatly depend on the location of potential refugia from ocean 
acidification (if any), and  CO2 emission trajectories. A large number of experimental and in situ studies around 
volcanic  CO2 seeps have demonstrated the profound implications of ocean acidification for the ecological integ-
rity of coral reefs, including reduced coral calcification, coral biodiversity, coral recruitment, structural com-
plexity, reef accretion rates, and coralline algal cover, and increasing seagrass and macroalgal  cover8,9,53. Today’s 
mean Ωar at NRSYON (3.59, down from a predicted historical mean value of ~ 3.92 in the 1960s) is near the 
measured tipping point of Ωar = 3.5 to 3.6 for the GBR, at which level crustose coralline algae and the densities 
of coral juveniles steeply decline and macroalgal cover  increases10. Eyre, et al. 16 also concluded that the GBR is 
close to a tipping point when dissolution of carbonate sediments on coral reefs exceeds its generation. Although 
our data do not support the notion that the carbon chemistry trends at the two sites are modified as yet by net 
dissolution, longer term records and more measurements in the proximity of benthos are needed to assess this 
concern. Indeed, the contrasting setting of these stations is valuable in assessing whether or not the GBR is 
tipping towards conditions of net dissolution. Our study involved only two sites in the south and central GBR, 
and more data are needed from along its 2300 km length to characterize in greater detail how conditions are 
changing over time in the broad range of GBR environments (coral reefs, coastal regions including mangroves 
and estuaries, seagrass meadows and inter-reef regions).

The ongoing support for a global network of fCO2 and carbon chemistry monitoring sites will remain essential 
to improve predictions of regional seawater conditions and their drivers. Our data complement other  studies54,55 
that show that ocean acidification driven by  CO2 uptake from the atmosphere, together with the rapid increases 
in global temperatures, is an immediate concern for the persistence of healthy ecosystems in the GBR, rather than 
a future problem. The data further contribute to the resounding scientific call for immediate and drastic global 
cuts in  CO2 emissions, combined with strong local management action, to protect coral reefs into the future.

Methods
GBRWIS station. Concentrations of  CO2 in the air (ppm) and surface seawater fugacity of  CO2 (fCO2, 
µatm), temperature (°C) and salinity data were sourced from GBRWIS Station, located in 16 m water depth in a 
channel between Heron and Wistari Reef, near the eastern side of Heron Island, southern GBR on the mid-shelf 
(− 23.459° S, 151.927°E; Fig. 1a,b). This  CO2 Acidification Mooring surface buoy is part of the Australian Inte-
grated Marine Observing System (IMOS) National Mooring Network, maintained by CSIRO,  Hobart36,37, with 
newly calibrated sensors deployed every ~ 6 months. Surface water and atmospheric  CO2 are measured on either 
a 2- or 3-h measurement cycle using a Battelle Seaology  pCO2 monitoring system  (MApCO2), while temperature 
and salinity of the surface seawater and the equilibrator are measured with a Seabird Scientific SBE16plusV2. 
The  CO2 measurement uses a bubble equilibrator with an intake at about 0.5 m depth. Air from the equilibrator 
headspace is circulated through a LI-COR 820 non-dispersive infrared detector (NDIR)56,57 and a two-point 
calibration is automatically conducted before every seawater and air  CO2 measurement, using a zero  CO2 gas 
(air cycled through a soda lime chamber to remove  CO2, a nafion drier surrounded by silica gel to remove water 
vapour) and a  CO2-in-air span gas (500–550 µmol/mol, prepared by the NOAA Earth Systems Research Labora-
tory and calibrated on the WMO X2007 scale with a standard deviation of 0.06 µmol/mol; https ://www.esrl.noaa.
gov/gmd/ccl/airst andar d.html). Data from 9/10/2009 up to 12/03/2019 were quality-controlled delayed-mode 
sourced from the Australian Ocean Data Network (https ://porta l.aodn.org.au/searc h), those to 13/10/2019 were 

https://www.esrl.noaa.gov/gmd/ccl/airstandard.html
https://www.esrl.noaa.gov/gmd/ccl/airstandard.html
https://portal.aodn.org.au/search
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near-real-time auto quality-controlled data stream. Data were filtered to exclude values flagged as questionable 
or  bad37. For the trend analysis, data points with salinity < 34 PSU were removed (51 of 36,590 points) before 
creating daily averages. Days with < 7 samples per day were also removed, and the remaining 3242 daily means 
were averaged to monthly values. Removal of three incomplete months created 109 monthly values.

NRSYON station. Data of total alkalinity and total dissolved organic carbon, nutrients and salinity, were 
sourced from bottle samples taken at NRSYON, an IMOS National Reference Station at Yongala shipwreck in the 
central coastal GBR (− 19.305° S, 147.622° E 38). NRSYON is located in 26 m water depth, ~ 35 km downstream 
from the Burdekin River mouth (Fig. 1a,c). The Burdekin River is the largest river entering into the GBR, with 
annual mean discharges of 7600 GL freshwater, 4.7 million tons of fine sediments, and 9000 tons of particulate 
 nitrogen33, causing significant intra- and inter-annual variability in salinity, nutrients and  turbidity31. Samples 
were collected by AIMS approximately monthly from September 2009 to February 2019. Water was collected 
in Niskin bottles from 0, 10, 20 and 26 m depth from a small boat, typically during calm conditions and only 
during day times. For the analysis of total dissolved inorganic carbon concentrations (DIC [µmol  kg−1 seawa-
ter]) and total alkalinity  (AT [µmol  kg−1 seawater]), samples were drawn from the Niskin bottles into 250 ml 
Schott bottles using silicone tubing to avoid bubble formation and minimize headspace, preserved with 125 µl 
of saturated  HgCl2, stored at room temperature in darkness, and sent to CSIRO Hobart for analysis. Sampling 
and analysis followed the IMOS National Reference Stations  protocol58.  AT was measured by open cell titration 
using a Metrohm Titrando and followed standard operating  procedures59. DIC was measured by coulometric 
titration with a SOMMA  instrument60, and the salinity of the samples was measured by a Seabird conductivity 
cell associated with the SOMMA (metadata: https ://catal ogue-imos.aodn.org.au/geone twork /srv/eng/metad ata.
show?uuid=fa93c 66e-0e56-7e1d-e043-08114 f8c1b 76). Precision and reproducibility for DIC and  AT was esti-
mated from measurements of seawater reference material (Dickson laboratory, Scripps Institution of Oceanog-
raphy) and of duplicate samples. Carbon data are available through https ://porta l.aodn.org.au/searc h. Samples 
for nutrients, including dissolved inorganic nitrogen  (NH4

+,  NO3
−/NO2), total silicate and total phosphorus 

were immediately filtered, and measured spectrophotometrically (metadata: https ://catal ogue-imos.aodn.org.
au/geone twork /srv/eng/metad ata.show?uuid=fa93c 66e-0e56-7e1d-e043-08114 f8c1b 76). Temperature data 
were compiled from data loggers maintained at the  station37.

Data of DIC,  AT, temperature, salinity and nutrients were used to compute the other seawater carbon chem-
istry variables (aragonite saturation state Ωar, pH at the total scale  (pHT), fugacity and partial pressure of  CO2 
(fCO2 and pCO2) and the Revelle factor) for observed in situ temperature, pressure, nutrients and salinity, using 
 CO2Sys61, with pK1 and pK2 dissociation constants of Dickson and  Millero62 and  KHSO4 dissociation constants 
of  Dickson63, total borate of  Uppstrom61 and the equilibrium constant for HF from Perez and  Fraga59. For con-
sistency with the GBRWIS fCO2 data, our reporting of NRSYON  CO2 trends focused on fCO2. Data points with 
salinity < 34 PSU were removed for the trend analyses (12 of 432 points). Despite significant depth differences 
on several days, there were no significant overall differences across the four sampling depths, hence all data 
were depth-averaged to monthly mean values (N = 107). Data on DIC, AT and fCO2 data are first presented as 
observed at in situ temperature and salinity values.

Greenhouse gas monitoring station Cape Ferguson. Regional data of atmospheric  CO2 concentra-
tions as dry mole fractions were sourced from the greenhouse gas monitoring station Cape Ferguson (− 19.2773° 
S, 147.0587° E, central GBR, ~ 30 km from NRSYON; Fig. 1a). Since May 1991, triplicate discrete air flask samples 
have been collected monthly at this AIMS jetty, during times when winds were onshore (60°–160°) to minimise 
land  influences. Samples are analysed by CSIRO Oceans and Atmosphere, Climate Science Centre-GASLAB, and 
provided through the World Data Centre of Greenhouse gases, https ://gaw.kisho u.go.jp/searc h/stati on#CFA.

Statistical methods. Statistical analyses were conducted in R v3.4.3 (R Development Core  Team64), and 
included the R libraries ‘chron’, ‘doBy’, ‘nlme’, and ‘car’. Analyses of linear trends over the 10-years observation 
period were based on non-hierarchal generalized linear models (GLMs), with predictors based on date (to esti-
mate the decadal trend), temperature, salinity and month (as chronological factor, to account for other seasonal 
changes such as irradiance or productivity). Since the focus of this study was on long-term trends rather than 
short-term fluctuations, the data were averaged within months. For NRSYON, the predictors also included dis-
solved nutrients (total silicate, total phosphorus, and dissolved inorganic nitrogen as the sum of nitrate and 
ammonium). Dissolved inorganic nitrogen was fourth-root transformed to approximate normal distribution, 
while the other variables approximated normal distribution. Estimates of trends in temperature and salinity 
were based on Gaussian GLMs using the decadal trend (date) and months as the predictors. Model effects were 
mostly additive, except when indicated. Partial dependence plots were used to show the effects of each predictor 
on the responses while holding other predictors constant at their mean values (or their respective categorical 
values)10,65,66. To provide comparison with more traditional non-statistical DIC,  AT and fCO2 data presentation, 
the trends analyses were also shown on salinity-normalised DIC and  AT values (DIC-S,  AT-S) following Friis 
et al.40 (mean salinity GBRWIS: 35.49, NRSYON: 35.29), and on temperature normalised fCO2 (fCO2-T) fol-
lowing Takahashi et al.39 (mean seawater temperature GBRWIS: 24.34 °C, NRSYON: 25.81 °C). The results were 
almost identical to those from the non-hierarchal GLMs as the latter investigate the contribution of each factor 
while simultaneously controlling for the effects of all other factors included in the models.

We hindcasted the carbonate chemistry of the two data series to 1958, based on the assumption that GBR  AT 
values, and the slopes and offsets between our GBR data and the data from Mauna Loa since 1958 (www.esrl.
noaa.gov/gmd/ccgg/trend s/) have remained similar. To do so, we calculated the slopes and offsets for the current 

https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/metadata.show?uuid=fa93c66e-0e56-7e1d-e043-08114f8c1b76
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/metadata.show?uuid=fa93c66e-0e56-7e1d-e043-08114f8c1b76
https://portal.aodn.org.au/search
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/metadata.show?uuid=fa93c66e-0e56-7e1d-e043-08114f8c1b76
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/metadata.show?uuid=fa93c66e-0e56-7e1d-e043-08114f8c1b76
https://gaw.kishou.go.jp/search/station#CFA
http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://www.esrl.noaa.gov/gmd/ccgg/trends/
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(2009–2019) mean fCO2 winter minima and summer maxima for both stations and the annual mean Mauna Loa 
(Table 1), and used these offsets to approximate past fCO2 envelopes at the stations.

Received: 28 March 2020; Accepted: 12 October 2020

References
 1. Dlugokencky, E. & Tans, P. Trends in Atmospheric Carbon Dioxide. www.esrl.noaa.gov/gmd/ccgg/trend s/ (2020).
 2. Doney, S. C., Busch, D. S., Cooley, S. R. & Kroeker, K. J. The impacts of ocean acidification on marine ecosystems and reliant human 

communities. Annu. Rev. Environ. Resour. https ://doi.org/10.1146/annur ev-envir on-01232 0-08301 9 (2020).
 3. Lüthi, D. et al. High-resolution carbon dioxide concentration record 650,000–800,000 years before present. Nature 453, 379–382. 

https ://doi.org/10.1038/natur e0694 9 (2008).
 4. Frölicher, T. L. & Joos, F. Reversible and irreversible impacts of greenhouse gas emissions in multi-century projections with the 

NCAR global coupled carbon cycle-climate model. Clim. Dyn. 35, 1439–1459. https ://doi.org/10.1007/s0038 2-009-0727-0 (2010).
 5. Hönisch, B. et al. The geological record of ocean acidification. Science 335, 1058–1063. https ://doi.org/10.1126/scien ce.12082 77 

(2012).
 6. Kroeker, K. J. et al. Impacts of ocean acidification on marine organisms: Quantifying sensitivities and interaction with warming. 

Glob. Change Biol. 19, 1884–1896. https ://doi.org/10.1111/gcb.12179  (2013).
 7. Orr, J. C. et al. Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying organisms. Nature 

437, 681–686 (2005).
 8. Albright, R. et al. Reversal of ocean acidification enhances net coral reef calcification. Nature 531, 362–365. https ://doi.org/10.1038/

natur e1715 5 (2016).
 9. Fabricius, K. E. et al. Losers and winners in coral reefs acclimatized to elevated carbon dioxide concentrations. Nat. Clim. Change 

1, 165–169. https ://doi.org/10.1038/nclim ate11 22 (2011).
 10. Smith, J. N. et al. Shifts in coralline algae, macroalgae, and coral juveniles in the Great Barrier Reef associated with present-day 

ocean acidification. Glob. Change Biol. 26, 2149–2160. https ://doi.org/10.1111/gcb.14985  (2020).
 11. Feely, R. A. et al. Decadal changes in the aragonite and calcite saturation state of the Pacific Ocean. Glob. Biogeochem. Cycles. https 

://doi.org/10.1029/2011G B0041 57 (2012).
 12. Sutton, A. J. et al. Autonomous seawater  pCO2 and pH time series from 40 surface buoys and the emergence of anthropogenic 

trends. Earth Syst. Sci. Data 11, 421–439. https ://doi.org/10.5194/essd-11-421-2019 (2019).
 13. Turk, D. et al. Time of emergence of surface ocean carbon dioxide trends in the North American coastal margins in support of 

ocean acidification observing system design. Front. Mar. Sci. 6, 7. https ://doi.org/10.3389/fmars .2019.00091  (2019).
 14. Waldbusser, G. G. & Salisbury, J. E. Ocean acidification in the coastal zone from an organism’s perspective: Multiple system param-

eters, frequency domains, and habitats. Annu. Rev. Mar. Sci. 6, 221–247. https ://doi.org/10.1146/annur ev-marin e-12121 1-17223 
8 (2014).

 15. Duarte, C. M. et al. Is ocean acidification an open-ocean syndrome? Understanding anthropogenic impacts on seawater pH. Estuar. 
Coasts 36, 221–236. https ://doi.org/10.1007/s1223 7-013-9594-3 (2013).

 16. Eyre, B. D. et al. Coral reefs will transition to net dissolving before end of century. Science 359, 908–911. https ://doi.org/10.1126/
scien ce.aao11 18 (2018).

 17. Takeshita, Y., Cyronak, T., Martz, T. R., Kindeberg, T. & Andersson, A. J. Coral reef carbonate chemistry variability at different 
functional scales. Front. Mar. Sci. https ://doi.org/10.3389/fmars .2018.00175  (2018).

 18. Sulpis, O. et al. Current  CaCO3 dissolution at the seafloor caused by anthropogenic  CO2. Proc. Natl. Acad. Sci. USA 115, 11700–
11705. https ://doi.org/10.1073/pnas.18042 50115  (2018).

 19. Lui, H.-K. & Chen, C.-T.A. Deducing acidification rates based on short-term time series. Sci. Rep. https ://doi.org/10.1038/srep1 
1517 (2015).

 20. Sutton, A. J. et al. Using present-day observations to detect when anthropogenic change forces surface ocean carbonate chemistry 
outside preindustrial bounds. Biogeosciences 13, 5065–5083. https ://doi.org/10.5194/bg-13-5065-2016 (2016).

 21. Terlouw, G. J. et al. Hawaii coastal seawater  CO2 network: A statistical evaluation of a decade of observations on tropical coral 
reefs. Front. Mar. Sci. 6, 226. https ://doi.org/10.3389/fmars .2019.00226  (2019).

 22. Shaw, E. C., Phinn, S. R., Tilbrook, B. & Steven, A. Natural in situ relationships suggest coral reef calcium carbonate production 
will decline with ocean acidification. Limnol. Oceanogr. 60, 777–788. https ://doi.org/10.1002/lno.10048  (2015).

 23. Belperio, A. P. & Searle, D. E. Carbonate to clastic facies changes. In Developments in Sedimentology (eds Doyle, L. J. & Roberts, 
H. H.) Vol 42 143–174 (Elsevier, Oxford, 1988).

 24. Uthicke, S., Furnas, M. & Lonborg, C. Coral reefs on the edge? Carbon chemistry on inshore reefs of the Great Barrier Reef. 
PLoS One 9, e109092. https ://doi.org/10.1371/journ al.pone.01090 92 (2014).

 25. Mongin, M. et al. The exposure of the Great Barrier Reef to ocean acidification. Nat. Commun. 7, 10732. https ://doi.org/10.1038/
ncomm s1073 2 (2016).

 26. Lonborg, C., Calleja, M. L., Fabricius, K. E., Smith, J. N. & Achterberg, E. P. The Great Barrier Reef: A source of  CO2 to the atmos-
phere. Mar. Chem. 210, 24–33. https ://doi.org/10.1016/j.march em.2019.02.003 (2019).

 27. Albright, R., Langdon, C. & Anthony, K. R. N. Dynamics of seawater carbonate chemistry, production, and calcification of a coral 
reef flat, central Great Barrier Reef. Biogeosciences 10, 6747–6758. https ://doi.org/10.5194/bg-10-6747-2013 (2013).

 28. Shaw, E. C. & McNeil, B. I. Seasonal variability in carbonate chemistry and air-sea  CO2 fluxes in the southern Great Barrier Reef. 
Mar. Chem. 158, 49–58. https ://doi.org/10.1016/j.march em.2013.11.007 (2014).

 29. Walther, B. D., Kingsford, M. J. & McCulloch, M. T. Environmental records from Great Barrier Reef corals: Inshore versus offshore 
drivers. PLoS One. https ://doi.org/10.1371/journ al.pone.00770 91 (2013).

 30. Schulz, K. G., Hartley, S. & Eyre, B. Upwelling amplifies ocean acidification on the east Australian shelf: Implications for marine 
ecosystems. Front. Mar. Sci. 6, 8. https ://doi.org/10.3389/fmars .2019.00636  (2019).

 31. Fabricius, K. E., Logan, M., Weeks, S. J., Lewis, S. E. & Brodie, J. Changes in water clarity in response to river discharges on the 
Great Barrier Reef continental shelf: 2002–2013. Estuar. Coast. Shelf Sci. 173, A1–A15. https ://doi.org/10.1016/j.ecss.2016.03.001 
(2016).

 32. Brodie, J., De’ath, G., Devlin, M., Furnas, M. & Wright, M. Spatial and temporal patterns of near-surface chlorophyll a in the Great 
Barrier Reef lagoon. Mar. Freshw. Res. 58, 342–353 (2007).

 33. Kroon, F. J. et al. River loads of suspended solids, nitrogen, phosphorus and herbicides delivered to the Great Barrier Reef lagoon. 
Mar. Pollut. Bull. 65, 167–181 (2012).

 34. Waters, D. K. et al. Modelling Reductions of Pollutant Loads Due to Improved Management Practices in the Great Barrier Reef Catch-
ments—whole of GBR (Queensland Department of Natural Resources and Mines, Toowoomba, 2014).

 35. Bainbridge, Z. et al. Fine sediment and particulate organic matter: A review and case study on ridge-to-reef transport, transforma-
tions, fates, and impacts on marine ecosystems. Mar. Pollut. Bull. 135, 1205–1220 (2018).

http://www.esrl.noaa.gov/gmd/ccgg/trends/
https://doi.org/10.1146/annurev-environ-012320-083019
https://doi.org/10.1038/nature06949
https://doi.org/10.1007/s00382-009-0727-0
https://doi.org/10.1126/science.1208277
https://doi.org/10.1111/gcb.12179
https://doi.org/10.1038/nature17155
https://doi.org/10.1038/nature17155
https://doi.org/10.1038/nclimate1122
https://doi.org/10.1111/gcb.14985
https://doi.org/10.1029/2011GB004157
https://doi.org/10.1029/2011GB004157
https://doi.org/10.5194/essd-11-421-2019
https://doi.org/10.3389/fmars.2019.00091
https://doi.org/10.1146/annurev-marine-121211-172238
https://doi.org/10.1146/annurev-marine-121211-172238
https://doi.org/10.1007/s12237-013-9594-3
https://doi.org/10.1126/science.aao1118
https://doi.org/10.1126/science.aao1118
https://doi.org/10.3389/fmars.2018.00175
https://doi.org/10.1073/pnas.1804250115
https://doi.org/10.1038/srep11517
https://doi.org/10.1038/srep11517
https://doi.org/10.5194/bg-13-5065-2016
https://doi.org/10.3389/fmars.2019.00226
https://doi.org/10.1002/lno.10048
https://doi.org/10.1371/journal.pone.0109092
https://doi.org/10.1038/ncomms10732
https://doi.org/10.1038/ncomms10732
https://doi.org/10.1016/j.marchem.2019.02.003
https://doi.org/10.5194/bg-10-6747-2013
https://doi.org/10.1016/j.marchem.2013.11.007
https://doi.org/10.1371/journal.pone.0077091
https://doi.org/10.3389/fmars.2019.00636
https://doi.org/10.1016/j.ecss.2016.03.001


14

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18602  | https://doi.org/10.1038/s41598-020-75293-1

www.nature.com/scientificreports/

 36. Tilbrook, B., van Ooijen, E., Neill, C., Sutton, A. & Sabine, C. Ocean and atmosphere  fCO2 time series measurements from Wistari 
Channel, Heron Island, Australia, sourced from the Integrated Marine Observing System (IMOS) data portal. https ://porta l.aodn.
org.au/. Accessed 13 Oct 2019 (2019).

 37. IMOS. IMOS-ANMN Acidification Moorings (AM) Sub-Facility-Automatically quality-controlled near real-time data. https ://
porta l.aodn.org.au/searc h?uuid=4d3d4 aca-472e-4616-88a5-df0f5 ab401 ba. Accessed 13 Oct 2019 (2019).

 38. IMOS. Yongala IMOS-NRSYON metadata. https ://apps.aims.gov.au/metad ata/view/88ef5 0ff-262e-49b5-90a1-70c3a 57004 5d. 
Accessed 23 Jul 2019 (2019).

 39. Takahashi, T. et al. Global sea-air pCO2 flux based on climatological surface ocean pCO2, and seasonal biological and temperature 
effects. Deep Sea Res. Part II 49, 1601–1622. https ://doi.org/10.1016/S0967 -0645(02)00003 -6 (2002).

 40. Friis, K., Körtzinger, A. & Wallace, D. W. R. The salinity normalization of marine inorganic carbon chemistry data. Geophys. Res. 
Lett. 30, 2002GL015898. https ://doi.org/10.1029/2002g l0158 98 (2003).

 41. Friedrich, T. et al. Detecting regional anthropogenic trends in ocean acidification against natural variability. Nat. Clim. Change 2, 
167–171. https ://doi.org/10.1038/nclim ate13 72 (2012).

 42. Bates, N. et al. A time-series view of changing ocean chemistry due to ocean uptake of anthropogenic  CO2 and ocean acidification. 
Oceanography 27, 126–141. https ://doi.org/10.5670/ocean og.2014.16 (2014).

 43. Keeling, C. D. & Brix, H. N. G. Seasonal and long-term dynamics of the upper ocean carbon cycle at Station ALOHA near Hawaii. 
Glob. Biogeochem. Cycles 18, GB4006. https ://doi.org/10.1029/2004G B0022 27 (2004).

 44. Santana-Casiano, J. M., Gonzalez-Davila, M., Rueda, M. J., Llinas, O. & Gonzalez-Davila, E. F. The interannual variability of 
oceanic  CO2 parameters in the northeast Atlantic subtropical gyre at the ESTOC site. Glob. Biogeochem. Cycles. https ://doi.
org/10.1029/2006g b0027 88 (2007).

 45. Wolanski, E. Physical Oceanographic Processes of the Great Barrier Reef (CRC Press, Boca Raton, 1994).
 46. Wijffels, S. E. et al. A fine spatial-scale sea surface temperature atlas of the Australian regional seas (SSTAARS): Seasonal variability 

and trends around Australasia and New Zealand revisited. J. Mar. Syst. 187, 156–196 (2018).
 47. Meteorology’, A. B. O. Record-breaking La Niña events. An analysis of the La Niña life cycle and the impacts and significance of 

the 2010–11 and 2011–12 La Niña events in Australia. Bureau of Meteorology. https ://www.bom.gov.au/clima te/enso/histo ry/
La-Nina-2010-12.pdf. Accessed 28 Jul 2020 (2012).

 48. Meteorology’, A. B. O. BoM (2020) Climate driver update, Australian Bureau of Meteorology. https ://www.bom.gov.au/clima te/
enso/#tabs=Pacifi c-Ocean . Accessed 28 Jul 2020 (2020).

 49. Magno-Canto, M. M., McKinna, L. I. W., Robson, B. J. & Fabricius, K. E. Model for deriving benthic irradiance in the Great Barrier 
Reef from MODIS satellite imagery. Opt. Express 27, A1350–A1371 (2019).

 50. Rosentreter, J. A. & Eyre, B. D. Alkalinity and dissolved inorganic carbon exports from tropical and subtropical river catchments 
discharging to the Great Barrier Reef, Australia. Hydrol. Processes 34, 1530–1544 (2019).

 51. Gattuso, J. P. et al. Contrasting futures for ocean and society from different anthropogenic  CO2 emissions scenarios. Science 349, 
11. https ://doi.org/10.1126/scien ce.aac47 22 (2015).

 52. Henson, S. A. et al. Rapid emergence of climate change in environmental drivers of marine ecosystems. Nat. Commun. https ://doi.
org/10.1038/ncomm s1468 2 (2017).

 53. Fabricius, K. E., Kluibenschedl, A., Harrington, L., Noonan, S. & De’ath, G. In situ changes of tropical crustose coralline algae 
along carbon dioxide gradients. Sci. Rep. 5, 9537 (2015).

 54. Albright, R. et al. Ocean acidification: Linking science to management solutions using the Great Barrier Reef as a case study. J. 
Environ. Manag. 182, 641–650. https ://doi.org/10.1016/j.jenvm an.2016.07.038 (2016).

 55. Van der Zande, R. M. et al. Paradise lost: End-of-century warming and acidification under business-as-usual emissions have severe 
consequences for symbiotic corals. Glob. Change Biol. 26, 2203–2219 (2020).

 56. Sutton, A. J. et al. A high-frequency atmospheric and seawater  pCO2 data set from 14 open-ocean sites using a moored autonomous 
system. Earth Syst. Sci. Data 6, 353–366. https ://doi.org/10.5194/essd-6-353-2014 (2014).

 57. Sutton, A. J. et al. Natural variability and anthropogenic change in equatorial Pacific surface ocean  pCO2 and pH. Glob. Biogeochem. 
Cycles 28, 131–145. https ://doi.org/10.1002/2013g b0046 79 (2014).

 58. Richardson, A. J., Eriksen, R., Moltmann, T., Hodgson-Johnston, I. & Wallis, J. R. State and Trends of Australia’s Oceans (Integrated 
Marine Observing System, Hobart, 2020).

 59. Dickson, A. G., Sabine, C. L. & Christian, J. R. E. Guide to Best Practices for Ocean CO2 Measurements Vol 3 176 (North Pacific 
Marine Science Organization (PICES) Special Publication, Sidney, 2007).

 60. Johnson, K. M., Wills, K. D., Butler, D. B., Johnson, W. K. & Wong, C. S. Coulometric total carbon dioxide analysis for marine 
studies: Maximizing the performance of an automated continuous gas extraction system and couometric detector. Mar. Chem. 44, 
167–189 (1993).

 61. Pierrot, D., Lewis, E., & Wallace, D. W. R. MS Excel Program Developed for  CO2 System Calculations. ORNL/CDIAC-105a. (2006).
 62. Dickson, A. G. & Millero, F. J. A comparison of the equilibrium constants for the dissociation of carbonic acid in seawater media. 

Deep-Sea Res. 34, 1733–1743 (1987).
 63. Dickson, A. G. Thermodynamics of the dissociation of boric acid in synthetic seawater from 273.15 to 318.15 K. Deep-Sea Res. 37, 

755–766 (1990).
 64. R_Development_Core_Team. R: A language and environment for statistical computing. https ://www.R-proje ct.org. (2019).
 65. Friedman, J. H. Greedy function approximation: A gradient boosting machine. Ann. Stat. 29, 1189–1232 (2001).
 66. De’ath, G. Boosted trees for ecological modeling and prediction. Ecology 88, 243–251 (2007).

Acknowledgements
We thank all members of the CSIRO and AIMS teams who have contributed to the field and lab work to maintain 
the NRSYON and GBRWIS data streams, and the gas sampling site at the Cape Ferguson station, including Irena 
Zagorskis, Michelle Skuza, Felicity McAllister, John Luetchford, Abe Passmore, Kate Berry, the CSIRO moor-
ings team, and many others. The monitoring program at NRSYON and GBRWIS are initiatives of Australia’s 
Integrated Marine Observing System (IMOS), enabled by the National Collaborative Research Infrastructure 
Strategy (NCRIS) and is supported by the Australian Government. IMOS is operated by a consortium of institu-
tions as an unincorporated joint venture, with the University of Tasmania as Lead Agent. The GBRWIS mooring 
was supported through the Australian Climate Change Science Program in cooperation with NOAA-PMEL until 
2016, then as an IMOS sub-facility project, both led by BT. Ray Langenfelds and Paul Krummel (CSIRO GASLAB, 
Aspendale) kindly provided the atmospheric  CO2 data from Cape Ferguson. We thank Eduardo Klein and Janice 
Lough for contributions to temperature and air sample data extractions, Murray Logan and Glenn De’ath for 
statistical advice, and Jon Brodie for comments on the manuscript. The study was funded by AIMS, CSIRO and 
IMOS. The authors acknowledge the Bindal People (NRSYON site) and the Taribelang Bunda People, Gooreng 
Gorreng People, Gurang People and Bailai People (GBRWIS site) as the Traditional Owners of the sea country 

http://portal.aodn.org.au/
http://portal.aodn.org.au/
https://portal.aodn.org.au/search?uuid=4d3d4aca-472e-4616-88a5-df0f5ab401ba
https://portal.aodn.org.au/search?uuid=4d3d4aca-472e-4616-88a5-df0f5ab401ba
https://apps.aims.gov.au/metadata/view/88ef50ff-262e-49b5-90a1-70c3a570045d
https://doi.org/10.1016/S0967-0645(02)00003-6
https://doi.org/10.1029/2002gl015898
https://doi.org/10.1038/nclimate1372
https://doi.org/10.5670/oceanog.2014.16
https://doi.org/10.1029/2004GB002227
https://doi.org/10.1029/2006gb002788
https://doi.org/10.1029/2006gb002788
http://www.bom.gov.au/climate/enso/history/La-Nina-2010-12.pdf
http://www.bom.gov.au/climate/enso/history/La-Nina-2010-12.pdf
http://www.bom.gov.au/climate/enso/#tabs=Pacific-Ocean
http://www.bom.gov.au/climate/enso/#tabs=Pacific-Ocean
https://doi.org/10.1126/science.aac4722
https://doi.org/10.1038/ncomms14682
https://doi.org/10.1038/ncomms14682
https://doi.org/10.1016/j.jenvman.2016.07.038
https://doi.org/10.5194/essd-6-353-2014
https://doi.org/10.1002/2013gb004679
http://www.R-project.org


15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18602  | https://doi.org/10.1038/s41598-020-75293-1

www.nature.com/scientificreports/

where this work took place. We pay our respects to their Elders past, present and emerging, and we acknowledge 
their continuing spiritual connection to their sea country.

Author contributions
K.E.F. designed the study, performed the statistical analysis, generated figures and tables, and drafted the manu-
script. B.T. co-wrote the manuscript and created the maps. B.T., E.O. and C.N. were instrumental in the data 
acquisition over 10 years. All authors contributed to interpreting the data and to manuscript revisions, and 
approved the final submitted manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-75293 -1.

Correspondence and requests for materials should be addressed to K.E.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-75293-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Progressive seawater acidification on the Great Barrier Reef continental shelf
	Results
	GBRWIS station. 
	NRSYON station. 

	Discussion
	Long-term trends. 
	Variation in seawater fCO2, and the role of environmental drivers. 

	Conclusions
	Methods
	GBRWIS station. 
	NRSYON station. 
	Greenhouse gas monitoring station Cape Ferguson. 
	Statistical methods. 

	References
	Acknowledgements


