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Abstract  The 17O anomaly of oxygen (Δ17O, calculated from δ17O and δ18O) trapped in ice-core bubbles and dissolved in ocean has 

been respectively used to evaluate the past biosphere productivity at a global scale and gross oxygen production (GOP) in the mixed 

layer (ML) of ocean. Compared to traditional methods in GOP estimation, triple oxygen isotope (TOI) method provides estimates that 

ignore incubation bottle effects and calculates GOP on larger spatial and temporal scales. Calculated from TOI of O2 trapped in ice-core 

bubbles, the averaged global biological productivities in past glacial periods were about 0.83–0.94 of the present, and the longest time 

record reached 400 ka BP (thousand years before the present). TOI-derived GOP estimation has also been widely applied in open oceans 

and coastal oceans, with emphasis on the ML. Although the TOI method has been widely used in aquatic ecosystems, TOI-based GOP is 

assumed to be constant at a steady state, and the influence of physical transports below the ML is neglected. The TOI method applied to 

evaluate past total biospheric productivity is limited by rare samples as well as uncertainties related to O2 consumption mechanisms and 

terrestrial biosphere’s hydrological processes. Future studies should take into account the physical transports below the ML and apply 

the TOI method in deep ocean. In addition, study on the complex land biosphere mechanisms by triple isotope composition of O2

trapped in ice-core bubbles needs to be strengthened. 
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1  Introduction 

Biospheric productivity plays a vital role in controlling the 
concentration of carbon dioxide in the atmosphere, which 
influences the global carbon cycle, and subsequently causes 
global climate change. Both terrestrial and oceanic biological 
production are primary mechanisms for global oxygen 
production and carbon uptake. Because the oceans sink around 
                                                        
 Corresponding author, ORCID: 0000-0003-3990-6566, E-mail: 
hxpang@nju.edu.cn 

30% of anthropogenic carbon dioxide emission (IPCC, 2014), 
evaluating marine photosynthetic productivity is key to 
understand the global carbon cycle at present and predict the 
response of carbon cycle to climate forcing in the future.  

 There are several traditional methods used to assess 
the biosphere productivity. For instance, H2

18O spike 
incubation (Grande et al., 1989) used labeled H2

18O to 
estimate GOP based on the evolution of 18O2. Because of 
the large enrichments in 18O, this method is easier than 
triple oxygen isotope (TOI) method in tracing natural 
variations and is less affected by photosynthetic 
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fractionation (Bender et al., 1987; Stanley and Howard, 
2013). However, it is susceptible to sampling, manipulation 
and containment effects, and it alone cannot characterize 
respiratory mechanisms in aquatic O2 uptake (Luz et al., 
2002; Manning et al., 2007a; Tobias et al., 2007; Staehr et 
al., 2012; Hotchkiss and Hall, 2014). Light or dark 
incubation (Harris et al., 1989) experiment is an O2-based in 
vitro approach that is convenient for sampling and is widely 
applied to assess oceanic production, but its assumption of 
equal dark and light O2 uptake rates will bring about large 
errors (Manning et al., 2007a). The 14C in vitro incubation 
(Nielsen, 1952) is one of the oldest and most widely used 
method to quantify primary productivity (Bender et al., 1987; 
Manning et al., 2017b). However, uncertainties of the 14C 
method remain regarding to whether it reflects the natural 
environment (“bottle effect”) (Peterson, 1980; Harrison and 
Harris, 1986) and to its near-instantaneous measurements 
(6–24 h) (Marra, 2007), as well as to the ambiguity between 
net community production and gross primary production 
(Bender et al., 1999). Remote sensing data and satellite 
algorithms (Behrenfeld and Falkowski, 1997) can estimate 
marine photosynthetic O2 production globally with high 
spatial and temporal resolution (Juranek and Quay, 2013), 
but it is lacking in field data for validation, and is confined 
to measurement of primary production in the surface layer. 
Fast Repetition Rate Fluorometry (FRRF) (Suggett et al., 
2001; Moore et al., 2003) enables high-frequency real-time 
calculation of primary production, but the assumptions of 
the FRRF still contain large uncertainties (Fujiki et al., 
2008). Having understood the strengths and shortcomings 
of traditional methods, here we review the newly-developed 
TOI approach. 

Over the past two decades, the triple isotope 
composition of oxygen (16O, 17O and 18O) trapped in 
ice-core bubbles and dissolved oxygen in ocean have been 
respectively used to evaluate the past global biosphere 
productivity (including both terrestrial and oceanic 
biosphere) (Luz et al., 1999; Blunier et al., 2002, 2012) and 
gross oxygen production (GOP) in the mixed layer (ML) of 
ocean (Luz and Barkan, 2000; Sarma et al., 2005; Juranek 
and Quay, 2010; Prokopenko et al., 2011; Bender et al., 
2016). Paleo-atmospheric O2 and dissolved O2 bear the 
isotopic fractionation from both stratosphere and biosphere, 
in which oxygen isotopes are fractionated in a 
mass-independent way and a mass-dependent way, 
respectively. By measuring Δ17O (defined in section 2.1, 
equation (2)) in marine dissolved oxygen and paleo O2 
occluded in ice-core bubbles, accompanied with air-sea gas 
transfer rates and atmospheric CO2 concentration, one can 
determine the marine photosynthetically produced oxygen 
and the global biological productivity in the past. TOI 
method has several advantages in assessing biospheric 
productivity. First, at a steady state, it reflects community 
productivity over the residence time (1–3 weeks) of 
dissolved O2 (Reuer et al., 2007; Li et al., 2019), improving 

the temporal scale of primary productivity assessment. 
Second, the TOI method can be used in oceanic zones over 
a wide range of longitudes and latitudes, improving the 
spatial scale of marine productivity observations (Juranek 
and Quay, 2013). Also, TOI method can be applied in fresh 
water ecosystems (Jurikova et al. 2016; Howard et al. 2020). 
Finally, the calculation of Δ17O is independent on 
respiration (Quay et al., 1993; Hendricks et al., 2005), 
which diminishes errors resulted from complex respiratory 
mechanisms. Although TOI method also has shortcomings, 
such as uncertainties from analytical errors, gas exchange 
coefficients (k), and gas separation procedures, it is still 
prospective and worthy of further study in terms of its wide 
application in assessing marine and global biological 
productivity. With this in mind, we hope to provide a review 
of how this approach is applied to evaluation of biological 
productivity and issues that can be paid attention to in the 
future. 

2  Principles 

2.1  Fractionation mechanisms and calculation of Δ17O 

Oxygen isotopes of 16O, 17O, 18O have abundances of 
99.758%, 0.038% and 0.204%, respectively (Blunier et al., 
2002). δ17O and δ18O are used to denote the deviation of 
measured oxygen isotopes from the standard. Atmospheric 
O2 is usually chosen as the standard for TOI method 
(Barkan and Luz, 2003). The δ is defined as: 

3
sam stdδ ( / 1) 10R R   ，           (1) 

Where R refers to the ratio of heavy isotope (17O or 18O) to 
the light isotope (16O). Subscripts sam and std refer to 
sample and standard, respectively. δ17O and δ18O are 
expressed in per mil (‰).  

Δ17O is denoted as the degree of oxygen isotopic 
anomaly off mass-dependent fractionation. It is a very small 
value, usually multiplied by 106, and represented in per meg 
(1 per meg = 0.001‰). Δ17O of standard air O2 is nil. 
Although represented in several ways (Kaiser, 2011), Δ17O 
can be defined most commonly as equation 2 (Miller, 2002; 
Luz and Barkan, 2005).  

17 17 18O ln(δ O 1) ln(δ O 1)     ,      (2) 

λ is the mass-dependent fractionation slope, which varies 
slightly from 0.506 to 0.521 in different biological and 
isotopic fractionation processes (Luz and Barkan, 2005) (as 
is shown in Table 1). Most processes in nature discriminates 
against 17O by about 0.52 times as much as it discriminates 
against 18O in a mass-dependent way (Thiemens and 
Meagher, 1984; Miller, 2002). However, photochemical 
processes (as follows) occurring in the stratosphere among 
O2, CO2 and O3 result in low δ17O and δ18O of O2 in a 
mass-independent way (Thiemens and Heidenreich, 1983; 
Thiemens et al., 1991; Yung et al., 1991), and the λ 
anomalously turns to 1.7 (Lämmerzahl et al., 2002;   
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Table 1  λ for different mass-dependent processes associated with biological productivity 

Respiration process λ 

Dark respiration 0.516 ± 0.001a, b 

Alternative way 0.514 ± 0.001a 

Photorespiration 0.509 ± 0.001b, c 

Mehler reaction 0.525 ± 0.002b 

Evapotranspiration (h=relative humidity) (−0.0078±0.0026) * h+ 0.5216±0.0008d 

Notes: a Angert et al. (2003); b Helman et al. (2005); c Sarma et al. (2005); d Landais et al. (2006). 

 
Boering et al., 2004).  

O2 +UV  → 2O, 
O + O2 → O3, 

O3 + UV → O2 + O (1D), 
CO2 + O (1D) → CO3, 
CO3 → CO2 + O (3P), 

O + O → O2. 
Where the UV is ultraviolet, O (1D) is an excited oxygen 
atom, and O (3P) is a transient oxygen atom. 

High-precision determination of λ can help tracing 
small Δ17O variations (Assonov and Brenninkmeijer, 2005). 
Studies that analyzed isotopic composition of atmospheric 
oxygen in ice-core bubbles preferred to use λ = 0.516, while 
in marine dissolved oxygen preferentially used λ = 0.518 
(Luz and Barkan, 2005; Barkan and Luz, 2011). 

2.2  Assessing past global biospheric production 
through TOIs in ice-core bubbles  

Gas phase photochemical reactions in stratosphere imparts 
mass-independently fractionated O2 to the atmosphere, 
while respiration removes O2 and photosynthesis replaces 
the ambient anomalous atmospheric O2 with mass 
dependent fractionated O2. Relative rates of biological O2 
and stratospheric O2 can determine the relationship between 
δ17O and δ18O of atmospheric O2 (Luz et al., 1999; Blunier 
et al., 2002). Δ17O calculated from paleo atmospheric O2 
accompanied with data on the atmospheric CO2 
concentration can be used to infer variations in past 
biosphere productivity at the global scale. At a steady state, 
the oxygen isotopic mass balance is represented as 
equation 3 (Landais et al. 2007a, 2007b): 

17 17 17 17
bio bio atm strat strat atm( O O ) ( O O )F F       , (3) 

Where Δ17Obio and Δ17Ostrat are Δ17O of biological O2 flux 
(Fbio) and stratospheric O2 flux (Fstrat), respectively. Δ17Oatm 
is measured from air samples. The ratio of biospheric O2 
production in the past to the present is calculated from 
equation 4 (Landais et al., 2007a, 2007b): 

   

17 17
bio,past strat,past strat,past atm,past

17 17
bio,prst strat,prst strat,prst atm,prst

17 17
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,  (4) 

Here, subscripts bio, strat, atm, past, prst represent 
biosphere, stratosphere, atmosphere, the past and the 
present, respectively. Δ17Oatm,prst is defined as 0, and 
Δ17Oatm,past is measurable. The former part in the right side 
of equation 4 can be represented as known CO2 
concentrations ratio of the past to the present (Luz et al., 
1999). Equation 4 is now simplified as an equation relevant 
to Δ17Obio,prst and Δ17Obio,past, which are determined from 
both terrestrial (Δ17Oterr) and oceanic (Δ17Oocean) biosphere 
(equation 5; Landais et al., 2007a).  

17 17
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,   (5) 

Where Focean and Fterr represent the fluxes of oceanic and 
terrestrial oxygen production, respectively. Focean/Fterr ratio 
in ocean and terrestrial biosphere varied from 0.45 to 0.59 
(Bender et al., 1994; Blunier et al., 2002; Hoffmann et al., 
2004). The modern Δ17Oocean is around 249 meg−1 (Luz and 
Barkan, 2000). More details on calculating Δ17Oterr and 
Δ17Oocean in the past and Δ17Oterr at present can be found in 
Landais et al. (2007a).  

2.3  Calculating gross oxygen production through 
the TOIs of dissolved oxygen in ocean 

TOI in the oceanic ML is affected by photosynthesis, 
respiration, air-sea gas exchange and physical transports 
among water masses. Respiration effect is eliminated 
because of bearing the same λ (0.518) as Δ17O calculation. 
Physical transports in the ML are assumed to be neglected. 
Therefore, the magnitude of the Δ17O in dissolved oxygen is 
determined by the relative rates of photosynthetic O2 to 
air-sea exchange O2. Dissolved O2 produced only from 
photosynthetic splitting of water bears the same isotopic 
composition as the seawater (Guy et al., 1989; Yakir et al., 
1994), and results in a high Δ17O (Δ

17Op) to 249  15 meg−1 
(Luz and Barkan, 2000). Dissolved O2 in equilibrium with 
atmospheric O2 bears a low Δ17O (Δ17Oeq) due to air-sea gas 
exchange. Luz and Barkan (2009) concluded that Δ17Oeq is 
positively relative to water temperature (Δ17Oeq =0.6×T + 
1.8). Measured Δ17O of dissolved oxygen in ML (Δ17Odiss) 
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falls between the two end-members (van der Meer, 2015; 
Nicholson et al., 2014). One can thus calculate GOP from 
Δ17Odiss, along with the parameterized k estimated from 
wind speed (Watson et al., 1991; Behrenfeld and Falkowski, 
1997; Nightingale et al., 2000; Sweeney et al., 2007; Ho et 
al., 2011). 

17 17
diss eq

2 eq 17 17
p diss

O O
GOP k[O ]

O O

   
 
   

,       (6) 

Here, [O2]eq is the equilibrium concentration of O2 
(Garcia and Gordon, 1992; Hamme and Emerson, 2004). 
First proposed by Luz and Barkan (2000), equation (6) is 
sensitive to errors in Δ17Odiss, Δ

17Oeq, and especially in k. 
Thus, Prokopenko et al. (2011) proposed the equation (7), 
which decreases errors for GOP calculation. 
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, 

   (7) 
Where the subscripts p, diss and eq refer to O2 produced by 
photosynthesis, dissolved in mixed layer and equilibrated 
with air, respectively. GOP values calculated by equation (7) 
are marked with * in Table 3. 

3  Methods 

Air samples from ice-core bubbles and sea water are 
collected in pre-evacuated 125 cm3 and 500 mL glass flasks 
sealed with the same Louwers Hapert® O-ring stopcocks. 
Seawater samples are pre-poisoned with 100 μL of HgCl2 

saturated solution to avoid biological activity. After  
24 hours’ equilibration at room temperature, the water is  

sucked out leaving only headspace gases inside (Emerson et 
al., 1995; Sarma et al., 2003; Ash et al., 2020). O2 and Ar 
are separated from air samples through the separation line 
in Figure 1.  

More details of automatic gas separation can be found 
in Barkan and Luz (2003). Briefly, H2O, N2O and CO2 are 
cryogenically removed by T1 and T2 (Dewar flasks with 
liquid nitrogen) in 5 min, leaving N2, O2 and Ar trapped by 
molecular sieves at −196°C in T3. Carried by pure helium 
gas, N2 is separated through the chromatographic column 
(GC) in T4, leaving O2 and Ar mixture trapped in T5. By 
heating the molecular sieves in T5, the gas mixture is then 
eluted and transferred to the collection finger immersed in 
T6.  

The mixed O2 and Ar are analyzed in the dual-inlet 
mass spectrometry by simultaneously measuring m/z 32, 33, 
and 34 (Abe and Yoshida, 2003). The average standard 
analytical errors of 17O, 18O and Δ17O are about 0.006‰, 
0.003‰ and 7 meg−1 (standard deviation), respectively (Luz 
et al., 1999; Sarma et al., 2005; Juranek and Quay, 2010; 
Munro et al., 2013; Keedakkadan and Abe, 2015).  

4 Progress on research of triple 
isotopes of O2 trapped in ice-core 
bubbles and dissolved in ocean 

4.1 Assessing past global biological productivity 
through triple isotopes of O2 trapped in 
ice-core bubbles 

The triple isotopic composition of O2 from paleo air 
occluded in ice-core bubbles can be used to estimate the 
rates of total biological productivity in the past to the 
present, although uncertainties still remain for terrestrial  

 
Figure 1  Plot of the separation line. 
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productivity measurement (Luz et al., 1999; Blunier et al., 
2002; Angert et al., 2003; Landais et al., 2007a, 2007b). 
Here we select records from the Vostok and Greenland Ice 
Sheet Project 2 (GISP2) as representatives of ice cores in 

Antarctic and Arctic. The ratios of GOP in the past to the 
present and Δ17O values of paleo-atmospheric O2 are shown 
in Table 2, and temporal variations of Δ17O values in past 
glacial and interglacial times are shown in Figure 2.  

Table 2  Ratios of GOP in the past to the present and Δ17O values of O2 from ice-core bubbles  

Ice core station Time before the 
present/ka Lat, Lon GOP in the past compared 

to the present 
GOP in the LGM compared  

to the present Δ17O/(meg−1) References 

82.03  12 

56.17  35 

36.67  21 

25.78 0.9 39 

18.67 0.9 37 

GISP2 

0.15 

72.58°N, 38.48°E 0.87−0.97 

 0 

Luz et al., 1999 

60−42  30 

24−16 0.76−0.83 38 

16−12.5 0.76−0.83 22 

12.5−5  3 

5−0 

72.58°N, 38.48°E / 

 −1 

GISP2 

0    0 

Blunier et al., 2002

Vostok 400 78.45°S, 106.83°E 0.94−0.83  40 Blunier et al., 2012

* LGM / / 0.60−0.75 / 

* LGM / / 0.69 43 

Landais et al., 2007a, 
2007b 

Note: * Data referenced from Luz et al. (1999) and Blunier et al. (2002). 

 
Figure 2  Variations of Δ17O in O2 trapped in ice-core bubbles from GISP2 (crosses) (a) and Vostok (diamonds) (b) at glacial-interglacial 
timescale (Luz et al., 1999; Blunier et al., 2012). In addition, the ice δ18O of GISP2 (grey curve; Grootes et al., 1993) and ice δD of Vostok 
(dark blue curve; Petit et al., 1999) are also shown to indicate the glacial-interglacial cycles.  
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Luz et al. (1999) first applied the TOI method to 
estimate the past global biological production through ice 
cores from GISP2. They concluded that the average 
estimate of the global GOP ratio in the past 82 ka is 
87%–97% of the modern productivity, and proposed that 
the marine biosphere was almost the same as or just a little 
higher than the present, while the terrestrial biosphere was 
slightly lower. Blunier et al. (2002) also calculated the Δ17O 
of paleo-atmospheric O2 trapped in ice-core bubbles from 
GISP2 over the last 60 ka, and concluded that the GOP rates 
are only~76%–83% of the modern for the LGM and are 
slightly lower than today for the glacial-interglacial 
transition and the early Holocene. Landais et al. (2007a) 
calculated the biological productivity ratio for the LGM as 
60%–75%, and proposed that estimates of the LGM oxygen 
biosphere productivity obtained by Blunier et al. (2002) 
may not be adequate (Hoffmann et al., 2004) compared with 
that in Luz et al. (1999), because of various climatic 
conditions and plant coverage (Hoffmann et al., 2004). 
Landais et al. (2007b) emphasized on the relationship 
between δ17O and δ18O during leaf transpiration, and 
concluded that the GOP rate during the LGM is 69%6% of 
the present, and yielded that the Δ17O is constant around 
40 meg−1 in glacial times, while changed a lot in the LGM. 

Blunier et al. (2012) calculated biospheric productivity 
from 400 ka BP Δ17O records in Vostok, and concluded that 
the mean GOP ratios during the past 400 ka are 94%–83% 
of the modern rates. They also found that oceanic oxygen 
productivity was elevated by ~20% relative to the present 
during glacial maximum and the transition of 
glacial-interglacial, but the increase did not compensate for 
land productivity decrease.  

 The variations of biogenic productivity over paleo 
times in the ocean biosphere are different from that in the 

land biosphere, especially in glacial times. Blunier et al. 
(2012) concluded that there were still uncertainties 
remained to assess both land and ocean productivities 
from Δ17O data of O2. Distinguished from the global 
mean value, the marine biological production in glacial 
times were 88%–140% of the present (Luz et al., 1999; 
Blunier et al., 2002), while terrestrial biosphere remained 
uncertain because of complex plant physiology. Angert et 
al. (2003) showed that at least 15% of the changes in the 
triple oxygen isotopic composition in paleo-air should be 
related to the variations among different respiration 
mechanisms. 

4.2  Assessing marine photosynthetically produced 
oxygen through triple isotopes of O2 dissolved 
in ocean 

The TOI method has been widely applied to measure 
marine primary productivity in the ML of global open ocean 
or coastal ocean. Specifically, spatial distribution of 
TOI-GOP study sites in global ocean is illustrated in 
Figure 3, and the mean TOI-GOP values are presented in 
Table 3. According to Juranek and Quay (2010), gross 
primary productivity (GPP) data were all converted to GOP 
data based on the photosynthetic quotient (PQ = 1.2) 
(Burris, 1981; Laws, 1991) and a 15% correction (Bender et 
al., 1999; Laws et al., 2000) (GPP = GOP × (0.85/PQ)). 
TOI-GOP data were acquired in the Southern Ocean, the 
Pacific, the Atlantic and the Arctic oceans, of which the 
Pacific Ocean and coastal ocean gained wide attention, 
while the Indian Ocean was blank in TOI-GOP values. So 
far, TOI-based GOP assessment in the subtropical Atlantic 
and the subtropical Pacific has mainly collected data from 
the Bermuda Atlantic Time-series Station (BATS) and the 
Hawaii Ocean Time-series Station ALOHA, respectively.   

 
Figure 3  Distribution of TOI-derived GOP values in different oceanic zones. 
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Table 3  TOI-GOP calculations in different ocean zones 

Global ocean 
zones 

No. Study region/Time interval 
Selected point 

(this study) 

Averaged 
GOP/(mmol 
O2·m

−2·d−1) 

Bias/(mmol 
O2·m

−2·d−1) 
References 

BATS (31.83°N, 64.10°W), 
1 

Jul 1998–Jul 1999 
31.83°N, 64.10°W 82.5+ 23 Luz and Barkan, 2000 

BATS (31.83°N, 64.10°W), 

Subtropical 
Atlantic 

2 
Mar 2000–Jan 2001 

31.83°N, 64.10°W 61.85 0 Luz and Barkan, 2009 

Southern Pacific Gyre 
3 

Apr 2011 
20°S, 100°W 74+ 27 Haskell et al., 2016 

Southern subtropics (10°S–20°/30°S), 
4 

Aug 2004–Nov 2005 
25°S, 100°W 115 7 

Northern Subtropics (10°N–30°N, 
160°E–120°W), 5 
Aug 2004–Nov 2005 

23.25°N, 158°W 98 8 

Juranek and Quay, 2010 

HOT-ALOHA (23.25°N, 158°W), 
6 

April 2003, Oct 2003, Mar 2006, Aug–Sep 2008
23.25°N, 158°W 99 9 Juranek et al., 2012* 

HOT-ALOHA (23.25°N, 158°W), 
7 

Feb 2002–Aug 2003 
23.25°N, 158°W 238.72 0 Juranek and Quay, 2005 

HOT-ALOHA (23.25°N, 158°W), 

Subtropical 
Pacific 

8 
Jan 2006–Jan 2008 

23.25°N, 158°W 103+ 43 Quay et al., 2010 

The Kyodo North Pacific Time Series (KNOT), 
9 

Oct 2008–Dec 2012 
45°N, 155°E 60 22 

Ocean Station Papa (OSP), 
North Pacific 

10 
Oct 2008–Dec 2012 

45°N, 155°E 38 10 

Palevsky et al., 2016 

Southwest sector of the SO, 
11 

Mar 2008 
51°S, 38°W 120.5 38 Hamme et al., 2012 

West Sea Ice Zone of the Bellingshausen Sea, 
12 

summer 2007 
71°S, 75°W 176 70 

Permanent Open Ocean Zone of Bellingshausen 
Sea, 13 
summer 2007 

70°S, 85°W 132 49 

Castro-Morales et al., 
2013* 

West Antarctic Peninsula, 
14 

Jan 2008 
65°S, 69°W 130 90 Huang et al., 2012 

Australian sector of the SO (40°S–70°S, 
130°E–160°W), 15 
Oct–Mar 2007–2010 

55°S, 145°E 86 90 Bender et al., 2016* 

175°E in Sub-Antarctic Zone in December 
(47°S–68°S), 16 
Oct–Mar 2007–2010 

58°S, 175°E 134.5 61 

145°E in Sub-Antarctic Zone in December 
(47°S–68°S), 

Southern Ocean 

17 
Oct–Mar 2007–2010 

54°S, 145°E 190.7 120 

Hendricks et al., 2004 

Northeast Subarctic region (50°N, 145°W), 
18 

Apr 2003, Oct 2003, Mar 2006, Aug–Sep 2008 
50°N, 145°W 196 16 Juranek et al., 2012 

Subpolar North Atlantic (45°N–55°N; 
10°W–60°W), 

Subpolar North 
Atlantic 

19 
May 2008 

61°N, 26°W 166.5 45 Quay et al., 2012 

Beaufort Gyre region of the Canada Basin 
(70°N–80°N, 130°W–155°W), 20 
Late Jul–Aug 2011 

75°N, 150°W 38 3 

Beaufort Gyre region of the Canada Basin 
(70°N–80°N, 130°W–155°W), 

Arctic Ocean 

21 
Late Jul–Aug 2012 

73°N, 145°W 16 5 

Stanley et al., 2015* 



130 Zhou Y Q, et al. Adv Polar Sci June (2022) Vol. 33 No. 2 

Continued 

Global ocean 
zones 

No. Study region/Time interval 
Selected point 
 (this study) 

Averaged 
GOP/(mmol 
O2·m

−2·d−1) 

Bias/(mmol 
O2·m

−2·d−1) 
References 

Beaufort Gyre region of the Canadian Basin 
(70°N–81°N, 131°W–176°W), Arctic Ocean 22 
Summer in 2011, 2012, 2013; Fall in 2014, 
2015, 2016 

70°N, 140°W 54 9 Ji et al., 2019 

Equatorial Pacific (10°S–10°N), 
23 

Aug 2004–Nov 2005 
0°, 160°W 200 11 Juranek and Quay, 2010 

(140°W–140°E, 2°S–2°N), 
Equatorial Pacific 

24 
Aug and Sep 2006 

0°, 165°E 121 34 Stanley et al., 2010 

Whycocomagh Bay, Bras d’Or Lake system, 
25 

22–31 Mar, 7–28 Apr 2013 
46°N, 61°W 5.4 2.2 Manning et al., 2019 

Southern California (125°W–117°W, 
28°N–34°N), 26 
Nov 2005–Aug 2008 

33°N, 121°W 151 59 Munro et al., 2013 

The Sagami Bay, 
27 

May, Jun, Aug, Oct 2002 
35°N, 139°E 212.1 54 Sarma et al., 2005 

The Sagami Bay, 
28 

29 Aug 2003, 18–19 Jun 2004, 1–2 Aug 2004 
35°N, 139°E 127.74 38 Sarma et al., 2006 

The Sagami Bay, 
29 

02 May–09 May, 2006 
35°N, 139°E 319.9 26 Sarma et al., 2008 

Montery Bay, 
30 

27 Sep–3 Oct 2014 
36.75°N, 122.03°W 209 17 Manning et al., 2017b* 

Sea of Galilee, 
31 

Feb 1998–Feb 1999 
32.83°N, 35.58°E 1012.5+ 204 Luz and Barkan, 2000 

Celtic Sea, 

Coastal ocean 

32 
Apr 2015 

50°N, 7°W 225 115 Seguro et al., 2019 

Notes: * GOP calculated from equation (7);  + GOP allowing for production below the ML. 

 
In the Southern Ocean, TOI-based GOP values focused on 
the Antarctic Peninsula and the sector close to Australia. 

Although widely applied in global ocean regions, TOI 
method’s assumptions of a steady state (no change of Δ17O 
with time) in the ML and no physical transports resulted in 
potential biases in different regions and seasons. It is 
apparent from Table 3 that the Southern Ocean bears the 
largest biases for mean GOP values, followed by the coastal 
ocean. Luz and Barkan (2009) demonstrated that ocean 
dynamics will affect the Δ17Odiss in the ML of subtropical 
ocean on a seasonal scale. Vertical entrainment or mixing of 
seawater was the largest sources of the bias, and seasonal 
variability of Δ17Odiss was another significant source. 
Nicholson et al. (2014) further demonstrated that biases 
resulted from physical dynamics tended to incur larger 
overestimation in midlatitudes and in summer and fall, and 
biases due to seasonal variability were highest in the fall. 

Considering the main contribution of physical 
transports and seasonal variability to GOP biases in the ML, 
non-steady state GOP terms were proposed to better 
estimate primary productivity in the euphotic layer or even 
the deep ocean (Nicholson et al., 2012; Wurgaft et al., 2013). 
Luz and Barkan (2000) first calculated the TOI-GOP values 

covering the euphotic zone with the steady state assumption. 
Kaiser (2011) and Prokopenko et al. (2011) accounted for 
disequilibrium terms that affected GOP in the ML, and 
concluded that exact expressions including both non-steady 
and steady states performed well in high-productivity 
aquatic ecosystems. Haskell et al. (2016) then applied the 
exact expression proposed by Prokopenko et al. (2011) in 
oligotrophic ocean, and found that the disequilibrium terms 
would slightly affect GOP values in the ML. 

Given to the wide range of time and spatial scales that 
various productivity methods covered, comparisons were 
needed to explore their applicability in oceans of different 
space and timescales (Hamme et al., 2012). TOI-based GOP 
values more or less exceeded values estimated from 
traditional methods, which uncovered the underestimation 
of incubation methods on primary productivity. Quay et al. 
(2010) concluded that the Δ17O-derived GOP exceeded the 
labeled 18O-GOP by 25%–60%. Reuer et al. (2007) found 
the TOI-based GOP higher than the prediction in 
Behrenfeld and Falkowski (1997), and about 2.7 times 
higher than 14C-based gross production. Globally, the 
underestimation of primary productivity using incubation 
methods became the greatest in the tropics (Juranek and 
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Quay, 2010). Sarma et al. (2005) attributed the 
underestimation to unavailability of O2 uptake rates and the 
assumption of equal light and dark respiration mechanisms. 

Apart from the application of TOI for GOP calculation, 
O2/Ar ratios can be concomitantly measured to calculate net 
oxygen productivity (NOP) (Reuer et al., 2007; 
Castro-Morales et al., 2013; Munro et al., 2013). More 
studies have also used recently the NOP/GOP ratios to 
suggest the potential export efficiency of community 
ecosystems (Juranek and Quay, 2005; Reuer et al., 2007; 
Luz and Barkan, 2009), especially in high productivity 
ecosystems (Prokopenko et al., 2011). Detailed calculations 
for the weighted gas transfer velocity is key to 
high-precision NOP calculation (Reuer et al., 2007), while 
NOP/GOP ratios calculation were free from k errors, and 
they were in the range of 15N incubation ratios (Sambrotto 
and Mace, 2000). 

5  Problems and prospects 

TOI method has been applied widely in assessing past 
global primary production and modern marine productivity, 
but problems still remain on possible biases and inadequate 
understandings, which awaits improvements in future 
studies. 

(1) The assumption of a steady state and neglected 
physical transports may cause large biases in productivity 
calculation, thus future studies await further exploration of 
complex advective mixing or vertical entrainment of 
seawater, and combined the steady and non-steady state 
equation to calculate biospheric production in euphotic 
layer or even deep ocean. 

(2) Calculating 17O-based GOP requires accurate gas 
separation processes and high-precision measurements of 
δ18O and δ17O. However, there are only a few technologies 
in the world that can control the uncertainties and precision 
in analytically available range. Another big error comes 
from parameterization of air-sea oxygen exchange rate 
(Reuer et al., 2007). Thus, more studies need improvements 
on accurate gas separation and high-precision mass 
spectrometry analyzing technologies in future works, and a 
uniform and widely accepted k parameterization standard 
awaits further exploration. 

(3) Inadequate understandings still remain in 
conversion between GOP and GPP. Therefore, relationships 
between GOP and GPP need to be better understood by 
tracking O2 and carbon flows in natural communities over 
long ranges of timescales (Juranek and Quay, 2013).  

(4)  Complex physiological mechanisms of terrestrial 
plants hindered the wide application of TOI method in 
estimating past global biological production, like the 
inadequate knowledge of leaf water transpiration (Landais 
et al. 2007b). Studies in the future can move forward on 
assessment of past global productivity through Δ17O signals 
in ice-core bubbles earlier than 400 ka BP. 
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