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E N V I R O N M E N T A L  S T U D I E S

Correcting a major error in assessing organic carbon 
pollution in natural waters
Nianzhi Jiao1,2*, Jihua Liu2,3, Bethanie Edwards4, Zongqing Lv1, Ruanhong Cai1,2, Yongqin Liu5, 
Xilin Xiao1,2, Jianning Wang1,2, Fanglue Jiao2,6, Rui Wang1, Xingyu Huang1, Bixi Guo5, Jia Sun1,2, 
Rui Zhang1,2, Yao Zhang1,2, Kai Tang1,2, Qiang Zheng1,2, Farooq Azam7, John Batt2,6, Wei-Jun Cai8, 
Chen He9, Gerhard J. Herndl10,11, Paul Hill6, David Hutchins12, Julie LaRoche13, Marlon Lewis6, 
Hugh MacIntyre6, Luca Polimene14, Carol Robinson15, Quan Shi9, Curtis A. Suttle16, 
Helmuth Thomas2,6,17, Douglas Wallace2,6, Louis Legendre18*

Microbial degradation of dissolved organic carbon (DOC) in aquatic environments can cause oxygen depletion, 
water acidification, and CO2 emissions. These problems are caused by labile DOC (LDOC) and not refractory DOC 
(RDOC) that resists degradation and is thus a carbon sink. For nearly a century, chemical oxygen demand (COD) 
has been widely used for assessment of organic pollution in aquatic systems. Here, we show through a multicountry 
survey and experimental studies that COD is not an appropriate proxy of microbial degradability of organic 
matter because it oxidizes both LDOC and RDOC, and the latter contributes up to 90% of DOC in high-latitude 
forested areas. Hence, COD measurements do not provide appropriate scientific information on organic pollution 
in natural waters and can mislead environmental policies. We propose the replacement of the COD method with 
an optode-based biological oxygen demand method to accurately and efficiently assess organic pollution in 
natural aquatic environments.

INTRODUCTION
About one-quarter of the net carbon fixation on land enters the dis-
solved organic carbon (DOC) pool of natural waters (1–3). The na-
ture and behavior of DOC in aquatic systems determine its fate and 
environmental effects. DOC is often classified based on how rapidly 
it turns over in the natural environment (4). Labile DOC (LDOC) is 
rapidly degraded and taken up by microbes, and when high amounts 
of LDOC are released into the environment, the resulting consumption 
of oxygen can cause oxygen depletion (5, 6) with detrimental effects on 
aquatic ecosystems. Also, respiration of LDOC to CO2 can result in water 

acidification (6, 7) and release of excess CO2 (supersaturation) to 
the atmosphere where it contributes to the greenhouse effect. In this 
way, a productive coastal region could become a source rather than 
a sink of atmospheric CO2 (7, 8). It follows that the microbial deg-
radation of LDOC can lead to a series of environmental problems. 
In contrast, the refractory components of DOC (RDOC) in the aquatic 
environment are not readily or rapidly metabolized by microbes 
and so can be preserved in natural waters where they act as a carbon 
sink (4, 9). While RDOC includes chelating agents (10) and there-
fore may act as an important transport pathway or sink for heavy 
metals, RDOC is not a pollutant but contributes instead to carbon 
sequestration. RDOC accounts for more than 95% of the total DOC 
in the deep ocean (4, 11) (man-made persistent organic pollutants 
are not discussed in this paper because they represent very small 
amounts of the DOC; Supplementary Materials, statement 1.1). A 
purely chemical view of organic pollution could identify both LDOC 
and RDOC as organic pollutants, whereas the ecological view of or-
ganic pollution clearly restricts pollutants to LDOC. The negative 
environmental consequences of the microbial degradation of or-
ganic compounds mentioned above (i.e., oxygen depletion, acidifi-
cation, and release of CO2 to the atmosphere) depend only on the 
magnitude of the LDOC fraction.

The concern generated by organic pollution led governments to 
monitor microbial degradability of organic matter in water bodies, 
which became a fundamental tool in environmental policy and 
management. The biodegradability of organic matter can be evalu-
ated via its oxygen demand by microorganisms, i.e., the amount of 
oxygen consumed by bacteria and other microorganisms while they 
decompose and metabolize the organic matter under aerobic condi-
tions. The oxygen demand of LDOC in aquatic environments is best 
measured as the biological (or biochemical) oxygen demand (BOD) 
(12). However, the existing standard BOD method is time consum-
ing as it requires 5-day incubations, and has low reproducibility as 
it involves initial and final measurements on different subsamples 
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(bottles) of the water samples (12). Consequently, BOD estimates 
have largely been replaced by measurements of chemical oxygen de-
mand (COD), i.e., the determination of the amount of oxygen con-
sumed by chemical reactions in the solution. In COD, potassium 
dichromate or potassium permanganate is used to rapidly oxidize 
the organic matter (and also possibly existing reductive inorganic 
ions) by chemical reactions, thus shortening the measurement time 
to only a few hours. Given its convenience, relative simplicity, and 
repeatability, the COD method has been widely used by agencies 
and scientists for nearly a century for monitoring and managing 
waste effluents and natural waters (Supplementary Materials, state-
ments 1.2 and 1.3) (13). However, the COD method requires the 
addition of high amounts of strong chemical oxidants (i.e., potassi-
um dichromate and permanganate), which do not exist in natural 
waters. Hence, the COD method artificially oxidizes both LDOC 
and much or all of the RDOC, whereas oxygen consumption in nat-
ural waters is only caused by LDOC oxidation. Although the use of 
the COD method is justified when rapid measurements are re-
quired, such as in the management of wastewater treatment plants, 
we question its scientific basis and effectiveness for the assessment 
of organic pollution in natural water bodies.

Here, we hypothesize that the COD method substantially over-
estimates the DOC that can be degraded by microbes in natural wa-
ters, with the consequence that using this method could mislead the 
assessment of organic pollution in aquatic environments (Fig. 1).

To test our hypothesis, we analyzed COD and BOD data from 
experiments conducted for this study and measurements collated 
from the literature (see Materials and Methods). These data cover a 
wide variety of natural aquatic environments ranging from tropical 
to subarctic zones, farmlands to forest watersheds, high plateaus to 
coastal waters, and fresh waters to saline lakes and marine waters 
(fig. S1 and table S1). We thus examined how COD and BOD vary 
across gradients of salinity and DOC with latitude and between 
ecosystems.

Two methods are currently used to determine COD, based on 
potassium dichromate (CODCr) and potassium permanganate oxi-
dation (CODMn) (see Materials and Methods) (14). Comparison of 
CODCr and CODMn values determined on natural waters of different 
salinities and DOC concentrations ([DOC]) indicated that CODCr 
is not a valid measure of oxidized organic matter because salinity 
interferes with the determination of [DOC] [salinity effect already 
reported in previous publications including (14)], whereas CODMn 
may provide appropriate measurements (figs. S2 and S3 and tables 
S2 and S3). Hence, we only use CODMn values in the following anal-
ysis. To simplify terminology, we use “COD” instead of “CODMn” 
hereinafter and “DOC” instead of total organic carbon (TOC) for 
the following discussion (Supplementary Materials, statement 1.4).

We also used a water-column macrocosm for a long-term incu-
bation of natural water to better understand the problems involved 
in the current COD method and the chemical nature of the organic 
matter oxidized by this method. We incubated in the Aquatron 
Tower Tank of Dalhousie University 100 m3 of natural river water 
rich in humic material in darkness for 510 days (see Materials and 
Methods). The DOC in the incubated water was therefore subjected 
to microbial degradation for a much longer time than the 5 days 
required by the BOD method. Operationally speaking, any organic 
matter remaining after the 510-day incubation would have been re-
fractory. We used, for the first time in the literature, ultrahigh-
resolution Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS) to analyze the water samples subjected 
to different treatments regarding the COD methodology (see Materials 
and Methods). A water sample from 1000-m depth in the South 
China Sea was used as a reference for natural-seawater RDOC.

RESULTS AND DISCUSSION
Investigating the COD problems with field data
Data from our samples and the literature (fig. S1 and table S1) show 
that the relationships of COD and BOD with [DOC] vary in different 
natural environments (Fig. 2). The COD values increase linearly with 
increasing [DOC] in all the sampled natural environments, indicat-
ing that COD oxidizes both LDOC and RDOC, as expected. In con-
trast, the BOD values are much lower than their COD counterparts, 
as they reflect only LDOC. The relationships observed between 
BOD and [DOC] across different environments and the variation 
therein can be explained by our current understanding of organic 
matter cycling as follows.

First, we explored latitudinal differences in COD and BOD as a 
function of [DOC] by grouping the data into high latitudes (subpo-
lar areas), mid-latitudes (temperate zone), and low latitudes (sub-
tropical zone) (Fig. 2, A to C). While the relationships of COD and 
BOD with [DOC] are totally decoupled at high latitudes (Fig. 2A), 
they are better aligned at lower latitudes (Fig. 2, B and C). In the 
subpolar environment, the low BOD values and their independence 
from [DOC] (low correlation and regression coefficients, i.e., 0.16 and 
0.39, respectively) indicate generally low LDOC concentration, while 
the increase of COD-BOD with increasing [DOC] indicates accu-
mulation of RDOC with increasing [DOC]. In the temperate zone, 
the values of COD and BOD both increase with [DOC], and the 
COD-BOD values are generally similar to the BOD values. This in-
dicates similar concentrations of LDOC and RDOC at mid-latitudes. 
In the subtropical zone, the COD-BOD values are lower than BOD, 
indicating that COD is dominated by LDOC with less RDOC accu-
mulating in the environment than at mid-latitudes (Fig. 2, B and C). 
In terms of the absolute value of COD, the subpolar zone ranks the 
highest, followed by the temperate and subtropical zones, the latter 
being the lowest, whereas the BOD values remain at the same gen-
eral level (Fig. 2). If these COD values were assessed according to 
conventions used in environmental management, the high COD 
values at high latitude would be interpreted as highly organic pol-
luted compared with low latitudes. Instead, the high COD values 
are due to high concentrations of nonpolluting RDOC (see above).

Second, we grouped the same samples as in Fig. 2 (A to C) by 
ecosystems (Fig. 2, D  to F). This led to the emergence of distinct 
patterns in LDOC and RDOC that reflect changes in organic matter 
as it moves through the hydrological cycle toward the sea. In waters 
of forested regions, BOD is almost independent of [DOC], and COD-
BOD increased proportionally with [DOC]. The latter is consistent 
with DOC in forested watersheds consisting mostly of humic-like 
compounds, which are common components of RDOC (15, 16). In 
the other freshwater samples (Fig. 2E), the linear relations of COD-
BOD and BOD with [DOC] were similar, indicating similar frac-
tions of LDOC and RDOC in DOC. In coastal water samples, the 
values of BOD are higher than those of COD-BOD, indicating that 
COD is dominated by LDOC. If the conventional COD standards 
were applied to the assessment of water quality in these different 
ecosystems, waters of forested regions would be considered as load-
ed with organic pollutants. Instead, the high COD values are due to 
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high concentrations of nonpolluting humic-like RDOC compounds 
(see above). This shows again the drawback of relying on COD as an 
indicator of organic pollution in natural aquatic systems.

Together, the above field observations are consistent with our 
hypothesis that COD reflects the oxidation of both LDOC, which 
can be naturally degraded by microbes, and RDOC, which resists 
biodegradation. In contrast, BOD reflects the oxidation of LDOC 
only. Hence, COD is not a valid indicator of the microbial degrad-
ability of organic compounds, and thus organic pollution in aquatic 
environments, whereas BOD provides realistic estimates of biode-
gradability.

Investigating the COD problems experimentally
To further investigate which fractions of naturally occurring organic 
matter are oxidized by the COD method, samples from the 510-day 
incubation in the Aquatron Tower Tank were treated with or without 
the COD method, and FT-ICR MS analyses were used to identify 
differences between treatments. Results are summarized in Fig. 3, 
where a water sample from 1000-m depth in the South China Sea 
provides a reference for natural-seawater RDOC (Fig. 3G) (17). The 

FT-ICR MS raw peak distributions [mass/charge ratio (m/z) 200 to 
600] showed no major changes in components of the samples be-
fore and after the 510-day incubation (Fig. 3, A and B, respectively), 
reflecting the natural richness of the river water in RDOC. In con-
trast, there was a large change in the FT-ICR MS peak distributions
after the COD treatment of both the initial and 510-day incubated
samples (Fig. 3, C and D). This shows that most DOC molecules
in the m/z range of 200 to 600 persisted during the 510-day incu-
bation (Fig. 3, A and B) but were oxidized by the COD treatment of
both the initial and incubated water (Fig.  3, A versus C and B
versus D).

The FT-ICR MS analysis provides a proxy for the naturally oc-
curring RDOC, i.e., the polygons in Fig. 3 (E to G) delineate carboxyl-
rich alicyclic-like (CRAM-like) molecules based on the literature 
(10, 18). These molecules dominate the DOC of the deep ocean, 
where they are identified as RDOC (10, 17, 19). Figure 3 (E and F) 
shows the molecules that were oxidized by the COD method (i.e., 
samples in Fig. 3, A minus C and B minus D, respectively). A large 
part of the oxidized molecules corresponds to the naturally occur-
ring CRAM-like molecules in the deep seawater (Fig.  3G). These 

Fig. 1. Schematic representation of LDOC and RDOC in the environment and their determination using the BOD and COD approaches. Degradation of LDOC can 
cause oxygen depletion, water acidification, and CO2 emission and is best assessed by the BOD method. Only LDOC is readily degradable by microbes in natural waters; 
RDOC has no adverse environmental effects and is a carbon sink. The widely used COD method oxidizes both LDOC and RDOC and so could result in a major error in the 
assessment of organic pollution.
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results demonstrate that the COD treatment rapidly oxidizes RDOC 
molecules that would otherwise persist for long periods as part of 
the carbon sink in natural waters.

Resolving paradoxical results arising from monitoring 
pollution as COD
In the practical application of COD methods in natural waters, there 
is often a paradoxical decoupling between COD and BOD, includ-
ing in situations where environmental protection measures have been 
carried out for decades. Representative examples are Lake Biwa in 
Japan (20), the Han River in Korea (21), and Finnish rivers (22) 
(Fig. 4). Lake Biwa was notorious for its organic pollution in the 
1970s, but this pollution was reduced over the past three decades. It 
might therefore be expected that COD, as an indicator of organic 
pollution, would have decreased in response to the abatement of or-
ganic pollution. However, COD has increased since the 1980s, 
whereas BOD has decreased (Fig. 4A). This apparent paradox can 
be explained by a long-term accumulation of RDOC in the lake, 
which can be oxidized by the COD but not the BOD method. In 
cases such as Lake Biwa, environmental protection agencies should 
definitely use BOD instead of COD for assessing water quality. In 
the Han River (Fig. 4B), the COD values remained fairly constant 
over 20 years, whereas the BOD values continuously decreased. This 
means that the relative fraction of RDOC increased, while the LDOC 
fraction decreased over the past 20 years along with less eutrophication 
that would remobilize RDOC for decomposition (23). In Finnish 
rivers (Fig. 4C), COD and BOD both decreased over the past de-
cades, and since BOD decreased faster than COD, the COD-BOD/

COD ratio increased. This indicates that the relative fraction of 
RDOC increased and that of LDOC decreased.

Again, these long-term observations show that COD measure-
ments on their own do not provide consistent estimates of organic 
pollution, whereas the BOD values yield these estimates in all cir-
cumstances. Furthermore, COD data used alone may fail to detect, 
or mask, the success of environmental protection countermeasures 
at curbing organic pollution.

Replacing COD by a modern BOD method
The above analyses show that COD is not a valid indicator of the 
microbial degradability of organic compounds and thus organic 
pollution in natural waters. This is because COD reflects the oxygen 
demand of both LDOC and RDOC, and the latter is not, or at least 
is very inefficiently, oxidizable by microbes and is thus part of the 
carbon sink. The fact that COD confounds RDOC with organic pol-
lution implies that it can mislead environmental assessments or the 
application of environmental policies. However, COD is currently 
used widely for the monitoring and management of natural waters 
(13, 24–26). As explained above, the present study has no bearing 
on the use of COD in wastewater treatment plants but addresses its 
use with natural waters. Many governmental and international or-
ganizations presently rely on COD data to establish environmental 
standards and policies (Supplementary Materials, statement 1.2 and 
tables S4 and S5). Hence, there is a pressing need to prevent the 
misinterpretation created by the use of COD, especially considering 
that the International Organization for Standardization recom-
mended COD as one of the parameters for assessing the quality of 
natural waters (27). Many countries use COD as the primary standard 

Fig. 2. COD and BOD as a function of [DOC] in different environments. (A) High latitudes/subpolar areas. (B) Mid-latitudes/temperate zone. (C) Low latitudes/subtropical 
zone. (D) Forested watersheds. (E) Fresh waters. (F) Seawater. Note the different x- and y-axis scales of the different panels. The same samples were grouped by (A to C) 
latitudes and also (D to F) ecosystems. Regressions: model 2 standard major axis. n: number of samples.
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for water quality control and environmental assessment. For example, 
in China and Japan, the performance of environmental policies has 
been assessed on the basis of the reduction of COD (tables S4 and S5).

A substitute for the COD method is therefore required. TOC has 
been proposed for the monitoring of wastewater treatment and aquatic 
environments (13, 28). However, TOC measurements include RDOC, 
which disqualifies it as an appropriate measurement to determine 
the microbial degradability of organic compounds. Similarly, total 
oxygen demand (29) is not an appropriate alternative to COD as it 
incorporates the oxidation of RDOC. In contrast, BOD has clear scientific 
basis and remains the first choice as an alternative to COD. However, 
the traditional BOD method has been abandoned in many instances 
because of its labor-intensive nature and also the variability intro-
duced by the heterogeneity among the bottles used for oxygen titra-
tions before and after incubation. Here, we recommend a modern 
BOD method that uses oxygen optodes (30, 31) instead of oxygen 
titration for the measurement of oxygen concentration, where the 
latter can be conducted in the same incubated bottles before and 

Fig. 3. Results of FT-ICR MS analyses showing changes in organic matter in the 
natural and incubated river water samples before and after COD treatment. 
(A and B) Raw peak distributions (m/z 200 to 600) of organic matter in the water 
samples before and after long-term (510 days) incubation, respectively, showing no 
major differences before and after long-term microbial degradation. (C and D) Raw 
peak distributions (m/z 200 to 600) of remaining organic matter after the COD treat-
ment of the same samples as in (A) and (B), respectively. (E and F) van Krevelen di-
agrams of the RDOC-like components oxidized by the COD treatment, i.e., samples 
in (A) minus (C) and (B) minus (D), respectively. (G) Deep-water (1000-m) sample 
from the South China Sea, used as an RDOC reference. The black polygons in (E) to 
(G) delineate the CRAM-like molecules (RDOC proxy), based on the literature.

Fig. 4. Three representative field cases of long-term trends in COD and BOD 
changes. (A) Increase in COD, decrease in BOD, and thus accumulation of RDOC (as 
indicated by [COD-BOD]) in Lake Biwa, Japan. (B) Sharp decrease in BOD, relatively 
stable COD, and thus accumulation of RDOC in the Han River, Korea. (C) Decrease 
in both BOD and COD but increase in the fraction of RDOC in Finnish rivers.
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after incubation (or even continuously). This reduces the number 
of incubation bottles, reduces procedural errors, and eliminates the 
use of hazardous chemicals (see Materials and Methods). The 
optode-based BOD measurements provide repeatable values that 
are more indicative of water quality than COD (figs. S4 and S5).

From field measurements to environmental policy
The above results of our multicountry field survey and experimen-
tal studies are consistent with our hypothesis that the COD method 
substantially overestimates the DOC that can be degraded by mi-
crobes in natural waters, showing that the application of the COD 
method often misleads the assessment of organic pollution in aquatic 
environments. We recommend the modern optode-based BOD method 
to replace the COD method for application in natural aquatic envi-
ronments. These measurements are required to inform policy 
makers of the risks of adverse environmental conditions that 
can be triggered by high concentrations of LDOC and to design and 
implement measures to improve water quality. With the in-
creasing need to monitor and manage water quality, it is impera-
tive to refine and improve the scientific measurements on which 
policy depends.

MATERIALS AND METHODS
Sampling sites and data from the literature
The field data used in this paper include new measurements made 
for this study and data collated from the literature. The field mea-
surements were conducted in China (coastal water samples from 
the Xiamen Bay, Sanya Bay, Bohai Sea, and Yellow Sea and freshwa-
ter samples from Fujian, Sichuan, and the Tibetan Plateau), Canada 
(Nova Scotia, New Brunswick, Quebec, and British Columbia), and 
the United States (Florida). The sampling locations are shown in 
fig. S1, and detailed information is provided in table S1. To keep the 
data comparable, we only took from the literature COD values mea-
sured using the titration CODMn method and BOD data using the 
BOD5 method (described below) (20–22, 32–35).

CODCr method
There are two methods for COD measurements: one with potassium 
dichromate as oxidant (CODCr) and the other with potassium per-
manganate (CODMn, which has two variants or protocols described 
in the next section). The measurement of CODCr was based on the 
International Standard ISO6060 “Determination of Chemical Oxy-
gen Demand in Water” (www.iso.org/standard/12260.html), which 
was officially reviewed and confirmed in 2017. Briefly, 10 ml of a 
water sample was added into a 250-ml conical flask. Five milliliters 
of K2Cr2O7 solution was added into the water and thoroughly mixed. 
After connecting the conical flask into a condensing system, 15 ml 
of AgSO4-H2SO4 solution was slowly added into the mixture, which 
was then heated to boiling point for 2 hours. After that, about 45 ml 
of ultrapure water was added. Cooling to room temperature, one or 
two drops of ferroin were added into the mixture to serve as a titration 
indicator, and titration was conducted with (NH4)2Fe(SO4)2∙6H2O 
solution and ended after the color of the mixture turned brown. The 
consumed volume of (NH4)2Fe(SO4)2∙6H2O solution was recorded 
as V1 (ml). As a control, 10 ml of ultrapure water was used for the 
titration described above, and the consumed volume of the (NH4)2Fe 
(SO4)2•6H2O solution was recorded as V0 (ml). CODCr (mg O2 liter−1) 
was calculated from the following equation 

CODCr = (c((NH4)2Fe(SO4)2∙6H2O) × (V0 − V1) × 8000)/10 

Triplicate water samples were analyzed at each station.

CODMn protocols
There are two CODMn protocols in the literature: alkaline CODMn 
and acidic CODMn protocols. The alkaline CODMn protocol is de-
scribed in the Chinese national standard method of COD for seawater 
(GB1737.4-2007) and uses KMnO4 as oxidant in alkaline condi-
tions. Briefly, a 100-ml water sample was added into a 250-ml coni-
cal flask. One milliliter of NaOH (250 g liter−1) and 10 ml of KMnO4 
solution (0.01 M) were added to the water and thoroughly mixed. 
The mixture was heated to boil for 10 min, after which it was quickly 
cooled to room temperature. After this, 5 ml of H2SO4 solution (5 M) 
and 0.5 g of KI were added to the cooled mixture, which was then 
placed in the dark for 5 min. With the solution continuously shaken, 
titration was conducted with Na2S2O3∙5H2O solution (c ≈ 0.01 M, 
calibrated by KIO3 standard solution) until the color of the mixture 
turned light yellow. Then, 1 ml of starch solution (5 g liter−1) was 
added to the mixture and the titration was continued until the mixture 
turned transparent. The consumed volume of the Na2S2O3∙5H2O 
solution was recorded as V1 (ml). As a control, 100 ml of ultrapure 
water was used for the titration described above, and the consumed 
volume of the Na2S2O3∙5H2O solution was recorded as V0 (ml). 
Triplicate water samples were analyzed at each station. CODMn 
(mg O2 liter−1) was calculated using the following equation

Alkaline CODMn = (c(Na2S2O3∙5H2O) × (V0 − V1) × 8000)/100

The acidic CODMn protocol is described in the Chinese national 
standard method of COD for surface water (GB11892-89) and uses 
KMnO4 as oxidant in acidic conditions. Briefly, a 100-ml water sample 
was added into a 250-ml conical flask. Five milliliters of H2SO4 solu-
tion (5 M) and 10 ml of KMnO4 solution (0.01 M) were added to the 
water and evenly mixed. The mixture was heated for 30 min in a 
boiling water bath. Ten milliliters of Na2C2O4 solution (0.01 M) was 
then added to the mixture, which turned transparent. With the solu-
tion continuously shaken, the titration was conducted with KMnO4 
solution (0.01 M) until the color of the mixture turned pink and re-
mained pink for at least 30 s. The consumed volume of the KMnO4 
solution was recorded as V1 (ml). As a control, 100 ml of ultrapure 
water was used for the titration described above, 10 ml of Na2C2O4 
solution (0.01 M) was added to the mixture, KMnO4 solution was 
used as the titrant, and the consumed volume was recorded as V0 
(ml). Triplicate water samples were analyzed at each station. Acidic 
CODMn (mg O2 liter−1) was calculated using the following equation

Acidic CODMn = (((10 + V1) × 10/V0) − 10) × c(KMnO4) × 8000/100

The acidic CODMn protocol is recognized to be applicable for 
fresh water but not saline water because of a salinity effect, i.e., an 
overestimation due to interference of inorganic ions (36–38). We 
investigated this by comparing results from the acidic and alkaline 
protocols for samples with salinities ranging from 0 to 30 (table S3). 
The data from the acidic CODMn protocol were systematically larg-
er than those obtained with the alkaline CODMn protocol for salin-
ities >0.3, and the difference increased with salinity (fig. S3). In 
fresh waters (salinities ≤0.3), some data from the acidic CODMn 
protocol were smaller than those from the alkaline CODMn protocol. 
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Because both methods use excessive amounts of oxidants, they are 
unlikely to produce underestimated values. Given that the data in 
this study came from freshwater, estuarine, and marine environ-
ments, we decided to use only the values obtained with the alkaline 
CODMn protocol to avoid overestimation of COD values in estua-
rine and saline waters.

Comparison of CODCr and alkaline CODMn measurements
The CODCr and alkaline CODMn measurements of natural water sam-
ples with different salinities showed that the COD values from the 
two methods were not influenced in the same way by the presence 
of inorganic reductants (table S2). The values of CODCr were much 
higher than those of CODMn in all samples, the former being up to 
80 times the latter in saline waters (fig. S2A). In addition, the coeffi-
cients of correlation of CODCr and CODMn with salinity (r = 0.94, 
prob. < 0.001 and r = 0.54, prob. = 0.075, respectively) indicate a signif-
icant positive relationship between CODCr and salinity and no rela-
tionship between CODMn and salinity. As a consequence, the ratio 
CODCr/CODMn significantly increased with salinity (fig. S2B). These 
results show that salinity had a systematic effect on CODCr measurements.

It follows that the CODCr does not provide a proper measure of 
oxidized organic matter especially in saline waters, whereas alkaline 
CODMn may provide realistic estimates of oxidized DOC. Hence, to 
make all our data comparable, we only used CODMn measurements, 
either made for this study or collated from the literature (as listed in 
table S1). To simplify terminology, we use “COD” instead of “alka-
line CODMn” in this paper.

Protocol of BOD by the BOD5 Winkler method
Five-day BOD (BOD5) measurement of oxygen consumption by 
Winkler titration is a standard method by the International Organi-
zation for Standardization. Water samples for BOD measurements 
were incubated in the dark at 20°C for 5 days. The measurement of 
dissolved oxygen ([O2]) was based on the ISO 5813:1983 Determi-
nation of dissolved oxygen-Iodometric (Winkler) method (www.
iso.org/obp/ui/#iso:std:iso:5813:ed-1:v1:en). Briefly, to determine the 
initial oxygen concentration, 1 ml of MnCl2 solution (420 g liter−1) 
and 1 ml of alkaline KI solution (150 g liter−1) were sequentially 
added into triplicate water samples in 140-ml opaque BOD bottles 
and then mixed thoroughly, and the samples were allowed to sit in 
a water bath held at 20°C for at least 4 hours. Thereafter, the precip-
itate was dissolved with 2 ml of H2SO4 solution (5 M). After trans-
ferring 100 ml of the solution into a 250-ml conical flask, the 
titration was conducted as described for the CODMn method, and 
the titrated volume of Na2S2O3∙5H2O solution (c, M) was recorded 
as V0 (ml). After the 5-day incubation, triplicate water samples were 
collected and treated by the same procedure as described above, and 
the titrated volume of Na2S2O3∙5H2O solution was recorded as 
V5 (ml). BOD5 (mg O2 liter−1) was calculated using the follow-
ing equation 

BOD5 = c(Na2S2O3•5H2O) × (V0 − V5) × 1000 × 8/100

For calibration of concentration of Na2S2O3∙5H2O standard solu-
tion, 10 ml of KIO3 standard solution (0.0100 M) was poured into a 
250-ml conical flask, and 0.5 g of KI and 1 ml of H2SO4 solution (5 M) 
were sequentially added to the flask, which was then sealed and gen-
tly shaken. After keeping the mixture in the dark for 2 min, 50 ml of 

ultrapure water was added and gently mixed, in preparation for ti-
tration. The titration was conducted with a Na2S2O3∙5H2O solution 
until the color of the mixture turned light yellow, after which 1 ml 
of starch solution (5 g liter−1) was added, and the titration was con-
tinued until the mixture became transparent. The consumed volume 
of the Na2S2O3∙5H2O solution was recorded as V (ml). The concen-
tration of the Na2S2O3∙5H2O solution (M) was calculated using the 
following equation

c(Na2S2O3•5H2O) = 10 × 0.0100/V

Determination of DOC
Samples for DOC measurements were filtered through precombusted 
(450°C, 4 hours) Whatman GF/F glass fiber filters. All the samples 
were then acidified to pH 2 with H3PO4 and stored at −20°C until 
analyzed. The carbon content of samples was measured using the 
high-temperature combustion method with a Shimadzu TOC-LCPH 
TOC analyzer and ultrapure water for system blank subtraction (39). 
Reference deep seawater (provided by the Hansell Organic Biogeo-
chemistry Laboratory at the University of Miami, USA) served as an 
additional control (40). The analytical methodology for DOC was 
the same for all studies reported in our work.

Aquatron Tower Tank and long-term  
incubation experiments
Located at Dalhousie University (Halifax, Canada), the Aquatron is 
the site of the Tower Tank, which is 10.64 m deep and 3.66 m in 
diameter with an approximate water volume of 117 m3 (www.dal.
ca/faculty/science/biology/research/facilities/aquatron.html). It is 
well suited for biogeochemical research requiring depth and strati-
fication. To conduct our long-term incubation experiment, we filled 
the Tower Tank with about 20 tons of humic-like water from the 
Ingramport River near Halifax. The incubation was run at room tem-
perature (20°C) in the dark for 510 days. Water samples were taken 
before and after the incubation and filtered through Whatman 
GF/F filters (precombusted as above) for solid-phase extraction of 
dissolved organic matter (DOM) (see below).

Solid-phase extraction of natural DOM- and COD-treated 
DOM and FT-ICR MS analysis
DOM was solid-phase extracted following a standard procedure (41). 
For the initial (DOC concentration = 885.96 ± 6.60 mol C liter−1) 
and long-term incubation (510-day) (DOC concentration = 744.06 ± 
6.80 mol C liter−1), DOM was extracted from water samples using 
500 mg of Bond Elut-PPL cartridges (Agilent) activated with high-
performance liquid chromatography (HPLC)–grade methanol (Merck) 
and rinsed with acidified Milli-Q water (pH 2). An aliquot of 200 ml 
of water sample was filtered through a precombusted (450°C) GF/F 
glass fiber filter and then passed by gravity through the cartridge, 
which was subsequently extensively rinsed with acidified Milli-Q water 
(pH 2) and completely dried before elution with HPLC-grade methanol. 
Each cartridge was eluted with 3 ml of HPLC-grade methanol, and 
this DOM extract was adjusted to yield almost the same DOC concen-
tration for each sample before injecting to the FT-ICR MS for analysis.

To investigate which fractions of naturally occurring organic matter 
were oxidized by the COD method, the initial and long-term incu-
bations of river water samples were subjected to CODMn before DOM 
extraction. Two milliliters of NaOH solution (250 g  liter−1) and 
20 ml of KMnO4 solution (0.01 M) were added to a 200-ml aliquot 
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of the water sample in a 500-ml conical flask. The mixture was then 
heated to boil for 10 min. After cooling down to room temperature 
and being neutralized by HCl (HPLC grade) to pH 7, 0.02 g of NaHSO3 
(Sigma-Aldrich) was added to the mixture to reduce the residue KMnO4. 
Then, DOM was extracted using the standard solid-phase extraction 
procedure described above. As a control, 200 ml of Milli-Q water was 
used for the COD treatment described above, and DOM molecules 
commonly existing in the control and the CODMn-treated water sam-
ples were excluded from further analyses. All the glassware used for 
COD treatments was acid-cleaned and combusted (480°C for 4 hours).

The DOM extracts were adjusted to yield approximately 25 mM 
DOC and analyzed using a Bruker Apex Ultra FT-ICR mass spec-
trometer equipped with a 9.4-T superconducting magnet. Sample 
solutions were infused via an Apollo II electrospray ion source (ESI) 
at 180 l hour−1 with a syringe pump. Typical operating conditions 
for negative ESI were as follows: spray shield voltage, 3.5 kV; cap-
illary column initial voltage, 4 kV; and capillary column end volt-
age, −320 V. The mass range was set to m/z 150 to 800. The 4M 
word size was selected for the time domain signal acquisition. A 
number of 128-time domain signals were co-added to enhance the 
signal-to-noise ratio and dynamic range. The magnitude threshold 
for the peak assignment was set to a signal-to-noise ratio of ≥4. 
The FT-ICR MS was calibrated using a known homologous series 
of the Suwannee River natural organic matter sample (obtained 
from the International Humic Substances Society, USA), which con-
tained a relatively high abundance of oxygen-containing compounds. 
Molecular formulae were assigned with the calibrated mass data us-
ing in-house software (40). The elemental compositions were assigned 
from the m/z peaks using a mass calculator program limited to molec-
ular formulae consisting of 12C0–100, 13C0–2, 1H0–200, 14N0–5, 16O0–35, 
32S0–2, and 34S0–1 (40, 42). All assigned formulae had to meet the 
following basic chemical criteria: (i) the number of H atoms should 
not exceed 2C + N + 2; (ii) the sum of H and N atoms should be 
even (the “nitrogen rule”); and (iii) the number of N or O atoms 
should not exceed the number of C atoms (43, 44).

Proposed new technique for BOD determination: 
The oxygen-optode BOD method
Oxygen optodes are optical sensors that are based on a chemical 
indicator (dynamic fluorescence quencher) (45). These robust and 
high-resolution sensors (46, 47) have been used to study a number 
of oxygen-related processes in freshwater and marine systems 
(48–52), yielding the same sensitivity as the chemical Winkler method 
(53, 54). For example, oxygen optodes have already been used in 
oceanography for measurements of community respiration rates in 
the mesopelagic and surface waters of the oligotrophic open ocean 
(48–50). They have also been used for measuring BOD in wastewa-
ter (55, 56). Here, we propose a novel, modern BOD method using 
oxygen optodes instead of the traditional Winkler titration for the 
measurement of dissolved oxygen concentration [O2] in the BOD 
bottles. Oxygen optodes allow the recording of oxygen consump-
tion in the incubated BOD bottles continuously in a noninvasive 
and nondestructive manner so that the initial and final dissolved 
oxygen determinations can be conducted in the same BOD bottles 
(fig. S4). This is a major advantage over the Winkler method, where 
the initial and final titrations must be performed in different bottles. 
After proper calibration of the optodes (see below), the [O2] and 
thus BOD values meet the quality standard of those obtained with 
the conventional Winkler titration method.

A detailed description of the BOD optode method will be pro-
vided in a separate specialized paper. Briefly, the steps are as follows: 
(i) water sampling and filling of BOD bottles, which are incubated
for 5 days; (ii) oxygen optode measurements in triplicate incubated
BOD bottles; and (iii) calculation of BOD5 (where the index 5 stands 
for 5 days) from oxygen-optode measurements.

Before using the OXSP5 optodes (PyroScience, Germany) for mea-
suring O2 in samples, we calibrated them with Winkler titrations. 
We used a Metrohm autotitrator (888 Titrando with a combined 
platinum ring electrode) for the Winkler O2 determinations. The 
5-day incubations were conducted at 20 ± 0.1°C. Winkler O2 was
measured at t = 0 every second hour until t = 8 hours and every day
until day 5 on triplicate bottles during the course of the incubation
(total of 30 bottles). The optode signal was measured every 10 min
in triplicate bottles during the course of the incubation, with one
measurement every 3 s for 2.5 min to acquire 50 values at each Winkler 
sampling point (total of three bottles).

We tested the validity of the optode BOD method on a variety of 
natural freshwater and seawater samples. One example was from the 
DaRen River, Qingdao, China. The results showed good agreement 
between the optode and Winkler measurements (fig. S5). The co-
efficient of variation (CV) of the measurements by the optode method 
(CV = 0.0824; n = 145) was an order of magnitude lower than that 
of the Winkler method (CV = 0.4472; n = 42), indicating that the 
novel oxygen-optode approach can improve the reliability of the 
oxygen measurement in a BOD determination.

In summary, the novel oxygen-optode BOD method offers several 
advantages over the traditional Winkler method. First, it provides a 
more precise measurement of BOD, i.e., replicates from a given 
sample measured by the optode method reveal a much smaller SD 
than the respective Winkler replicates do. Second, it eliminates the 
chemical waste associated with the Winkler method and the need to 
take into the field chemicals that are toxic to aquatic life such as al-
kaline iodide azide and MnCl2. Last, it removes operator error asso-
ciated with labor-intensive titrations.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/16/eabc7318/DC1

REFERENCES AND NOTES
1. P. Regnier, P. Friedlingstein, P. Ciais, F. T. Mackenzie, N. Gruber, I. A. Janssens, 

G. G. Laruelle, R. Lauerwald, S. Luyssaert, A. J. Andersson, S. Arndt, C. Arnosti, 
A. V. Borges, A. W. Dale, A. Gallego-Sala, Y. Goddéris, N. Goossens, J. Hartmann, 
C. Heinze, T. Ilyina, F. Joos, D. E. LaRowe, J. Leifeld, F. J. R. Meysman, G. Munhoven, 
P. A. Raymond, R. Spahni, P. Suntharalingam, M. Thullner, Anthropogenic perturbation 
of the carbon fluxes from land to ocean. Nat. Geosci. 6, 597–607 (2013).

2. J. E. Bauer, W. J. Cai, P. A. Raymond, T. S. Bianchi, C. S. Hopkinson, P. A. G. Regnier, The 
changing carbon cycle of the coastal ocean. Nature 504, 61–70 (2013).

3.	 T. Maavara, R. Lauerwald, P. Regnier, P. Van Cappellen, Global perturbation of organic 
carbon cycling by river damming. Nat. Commun. 8, 15347 (2017).

4.	 D. A. Hansell, Recalcitrant dissolved organic carbon fractions. Ann. Rev. Mar. Sci. 5, 
421–445 (2013).

5.	 S. C. Doney, The growing human footprint on coastal and open-ocean biogeochemistry. 
Science 328, 1512–1516 (2010).

6. W. Cai, X. Hu, W.-J. Huang, M. C. Murrell, J. C. Lehrter, S. E. Lohrenz, W.-C. Chou, W. Zhai, 
J. T. Hollibaugh, Y. Wang, P. Zhao, X. Guo, K. Gundersen, M. Dai, G.-C. Gong, Acidification 
of subsurface coastal waters enhanced by eutrophication. Nat. Geosci. 4, 766–770 (2011).

7.	 W. G. Sunda, W. Cai, Eutrophication induced CO2-acidification of subsurface coastal 
waters: Interactive effects of temperature, salinity, and atmospheric PCO2. Environ. Sci. 
Technol. 46, 10651–10659 (2012).

8. N. Jiao, K. Tang, H. Cai, Y. Mao, Increasing the microbial carbon sink in the sea by reducing 
chemical fertilization on the land. Nat. Rev. Microbiol. 9, 75 (2011).

Version of Record at: https://doi.org/10.1126/sciadv.abc7318

http://advances.sciencemag.org/cgi/content/full/7/16/eabc7318/DC1
http://advances.sciencemag.org/cgi/content/full/7/16/eabc7318/DC1


Jiao et al., Sci. Adv. 2021; 7 : eabc7318     14 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 10

9. N. Jiao, G. J. Herndl, D. A. Hansell, R. Benner, G. Kattner, S. W. Wilhelm, D. L. Kirchman, 
M. G. Weinbauer, T. Luo, F. Chen, F. Azam, Microbial production of recalcitrant dissolved 
organic matter: Long-term carbon storage in the global ocean. Nat. Rev. Microbiol. 8, 
593–599 (2010).

10. N. Hertkorn, R. Benner, M. Frommberger, P. Schmitt-Kopplin, M. Witt, K. Kaiser, A. Kettrup, 
J. I. Hedges, Characterization of a major refractory component of marine dissolved 
organic matter. Geochim. Cosmochim. Acta 70, 2990–3010 (2006).

11. L. Legendre, R. B. Rivkin, M. G. Weinbauer, L. Guidi, J. Uitz, The microbial carbon pump 
concept: Potential biogeochemical significance in the globally changing ocean. Prog. 
Oceanogr. 134, 432–450 (2015).

12. S. Jouanneau, L. Recoules, M. J. Durand, A. Boukabache, V. Picot, Y. Primault, A. Lakel, 
M. Sengelin, B. Barillon, G. Thouand, Methods for assessing biochemical oxygen demand 
(BOD): A review. Water Res. 49, 62–82 (2014).

13.	 D. Dubber, N. Gray, Replacement of chemical oxygen demand (COD) with total organic 
carbon (TOC) for monitoring wastewater treatment performance to minimize disposal 
of toxic analytical waste. J. Environ. Sci. Health A Tox. Hazard. Subst. Environ. Eng. 45, 
1595–1600 (2010).

14. A. Saral, B. I. Goncaloğlu, Determination of real COD in highly chlorinated wastewaters. 
Clean 36, 996–1000 (2008).

15. C. Pettersson, B. Allard, H. Borén, River discharge of humic substances and humic-bound 
metals to the Gulf of Bothnia. Estuar. Coast. Shelf Sci. 44, 533–541 (1997).

16.	 A. Muscolo, M. Sidari, E. Attinà, O. Francioso, V. Tugnoli, S. Nardi, Biological activity of humic
substances is related to their chemical structure. Soil Sci. Soc. Am. J. 71, 75–85 (2007).

17.	 N. Jiao, R. Cai, Q. Zheng, K. Tang, J. Liu, F. Jiao, D. Wallace, F. Chen, C. Li, R. Amann, R. Benner,
F. Azam, Unveiling the enigma of refractory carbon in the ocean. Natl. Sci. Rev. 5, 459–463 (2018).

18.	 N. Hertkorn, M. Harir, B. P. Koch, B. Michalke, P. Schmitt-Kopplin, High-field NMR 
spectroscopy and FTICR mass spectrometry: Powerful discovery tools for the molecular level
characterization of marine dissolved organic matter. Biogeosciences 10, 1583–1624 (2013).

19. O. J. Lechtenfeld, G. Kattner, R. Flerus, S. L. McCallister, P. Schmitt-Kopplin, B. P. Koch, 
Molecular transformation and degradation of refractory dissolved organic matter 
in the Atlantic and Southern Ocean. Geochim. Cosmochim. Acta. 126, 321–337 (2014).

20. S. Aoki, Y. Fuse, E. Yamada, Determinations of humic substances and other dissolved 
organic matter and their effects on the increase of COD in Lake Biwa. Anal. Sci. 20, 
159–164 (2004).

21. H. W. Lee, J. H. Choi, Temporal analysis of trends in dissolved organic matter in Han River 
water. Environ. Eng. Res. 14, 256–260 (2009).

22.	 A. Räike, P. Kortelainen, T. Mattsson, D. N. Thomas, 36 year trends in dissolved organic carbon
export from Finnish rivers to the Baltic Sea. Sci. Total Environ. 435-436, 188–201 (2012).

23. J. Liu, N. Jiao, K. Tang, An experimental study on the effects of nutrient enrichment 
on organic carbon persistence in the western Pacific oligotrophic gyre. Biogeosciences 11, 
5115–5122 (2014).

24. C. S. M. Rawi, S. A. Al-Shami, M. R. Madrus, A. H. Ahmad, Biological and ecological diversity 
of aquatic macroinvertebrates in response to hydrological and physicochemical 
parameters in tropical forest streams of Gunung Tebu, Malaysia: Implications 
for ecohydrological assessment. Ecohydrology 7, 496–507 (2014).

25. D. J. Lee, J. G. Gang, S. Y. Lee, I. W. Choi, K. M. Chun, J. S. Cho, D. C. Seo, Characterization 
of river natural organic matter by high-performance size exclusion chromatography. 
Anal. Lett. 48, 2936–2946 (2015).

26. A. Martínez, J. Uche, Chemical exergy assessment of organic matter in a water flow. 
Energy 35, 77–84 (2010).

27. International Organization for Standardization, ISO 6060:1989. Water Quality—
Determination of the Chemical Oxygen Demand (International Organization for 
Standardization, 1989); www.iso.org/standard/12260.html.

28. J. Lee, S. Lee, S. Yu, D. Rhew, Relationships between water quality parameters in rivers 
and lakes: BOD5, COD, NBOPs, and TOC. Environ. Monit. Assess. 188, 252 (2016).

29.	 W. Genthe, M. Pliner, Total Oxygen Demand (TOD)—An Alternative Parameter for Real-Time
Monitoring of Wastewater Organics (2015); www.wateronline.com/doc/total-oxygen-demand-
tod-an-alternative-parameter-for-real-time-monitoring-of-wastewater-organics-0001.

30.	 B. R. Edwards, K. D. Bidle, B. A. S. Van Mooy, Dose-dependent regulation of microbial 
activity on sinking particles by polyunsaturated aldehydes: Implications for the carbon 
cycle. Proc. Natl. Acad. Sci. U.S.A. 112, 5909–5914 (2015).

31. A. K. Gregg, M. Hatay, A. Haas, N. Robinett, K. Barott, M. Vermeij, K. Marhaver, P. Meirelles,
F. Thompson, F. Rohwer, Biological oxygen demand optode analysis of coral 
reef-associated microbial communities exposed to algal exudates. PeerJ 79, e107 (2013).

32. N. Hudson, A. Baker, D. Ward, D. M. Reynolds, C. Brunsdon, C. Carliell-Marquet, 
S. Browning, Can fluorescence spectrometry be used as a surrogate for the Biochemical 
Oxygen Demand (BOD) test in water quality assessment? An example from South West 
England. Sci. Total Environ. 391, 149–158 (2008).

33.	 S.-T. Lee, Y.-H. Lee, K.-P. Hong, S.-D. Lee, M.-K. Kim, J.-H. Park, D.-C. Seo, Comparison 
of BOD, COD, TOC and DOC as the indicator of organic matter pollution of agricultural 
surface water in gyeongnam province. Korean Soc. Soil Sci. Fert. 46, 327–332 (2013).

34. X. L. Jin, M. Jing, X. Chen, Z. X. Zhuang, X. R. Wang, X. R. Wang, F. S. Lee, A study 
on the relationship between BOD5 and COD in coastal seawater environment with a rapid 
BOD measurement system. Water Sci. Technol. 60, 3219–3223 (2009).

35.	 Z. Li, Y. Sheng, W. Shi, Q. Sun, R. J. G. Mortimer, Influence of salinity on COD measurements
in coastal water management. Desalin. Water Treat. 57, 18338–18345 (2016).

36. T. Rho, S. H. Choi, E. S. Kim, N. Y. Kang, S. R. Cho, S. H. Khang, D. J. Kang, Optimization 
of chemical oxygen demand determination in seawater samples using the alkaline 
potassium permanganate method. Ocean Sci. J. 53, 611–619 (2018).

37. C.-P. Goh, P.-E. Lim, Potassium permanganate as oixdant in the COD test for saline water 
samples. ASEAN J. Sci. Technol. Dev. 25, 383–393 (2007).

38.	 E. Di, M. T. Ding, S. C. Zhan, F. W. Yao, H. K. Wan, Effect of chlorine concentration on determining
COD by acid and alkaline potassium permanganate. Adv. Mat. Res. 807-809, 232–235 (2013).

39. J. Callahan, M. Dai, R. F. Chen, X. Li, Z. Lu, W. Huang, Distribution of dissolved organic 
matter in the Pearl River Estuary, China. Mar. Chem. 89, 211–224 (2004).

40. R. Cai, W. Zhou, C. He, K. Tang, W. Guo, Q. Shi, M. Gonsior, N. Jiao, Microbial processing 
of sediment-derived dissolved organic matter: Implications for Its subsequent biogeochemical
cycling in overlying seawater. Eur. J. Vasc. Endovasc. Surg. 124, 3479–3490 (2019).

41. T. Dittmar, B. Koch, N. Hertkorn, G. Kattner, A simple and efficient method for the solid-
phase extraction of dissolved organic matter (SPE-DOM) from seawater. Limnol. 
Oceanogr. Methods 6, 230–235 (2008).

42. P. Li, J. Tao, J. Lin, C. He, Q. Shi, X. Li, C. Zhang, Stratification of dissolved organic matter 
in the upper 2000 m water column at the Mariana Trench. Sci. Total Environ. 668, 
1222–1231 (2019).

43. E. B. Kujawinski, M. D. Behn, Automated analysis of electrospray ionization Fourier 
transform ion cyclotron resonance mass spectra of natural organic matter. Anal. Chem.
78, 4363–4373 (2006).

44. B. P. Koch, T. Dittmar, M. Witt, G. Kattner, Fundamentals of molecular formula assignment 
to ultrahigh resolution mass data of natural organic matter. Anal. Chem. 79, 1758–1763 (2007).

45. W. Y. Xu, R. C. Mcdonough III, B. Langsdorf, J. N. Demas, B. A. Degraff, Oxygen sensors 
based on luminescence quenching: Interactions of metal complexes with the polymer 
supports. Anal. Chem. 66, 4133–4141 (1994).

46. X.-D. Wang, O. S. Wolfbeis, Optical methods for sensing and imaging oxygen: Materials, 
spectroscopies and applications. Chem. Soc. Rev. 43, 3666–3761 (2014).

47. J. Wikner, S. Panigrahi, A. Nydahl, E. Lundberg, U. Båmstedt, A. Tengberg, Precise 
continuous measurements of pelagic respiration in coastal waters with oxygen optodes. 
Limnol. Oceanogr. Methods 11, 1–15 (2013).

48. J. M. Medina-Sánchez, G. Herrera, C. Durán, M. Villar-Argaiz, P. Carrillo, Optode use 
to evaluate microbial planktonic respiration in oligotrophic ecosystems as an indicator 
of environmental stress. Aquat. Sci. 79, 529–541 (2017).

49. E. Garcia-Robledo, S. Borisov, I. Klimant, N. P. Revsbech, Determination of respiration 
rates in water with sub-micromolar oxygen concentrations. Front. Mar. Sci. 3, 244 (2016).

50. J. R. Collins, P. D. Fucille, G. McDonald, J. E. Ossolinski, R. G. Keil, J. R. Valder, S. C. Doney, 
B. A. S. Van Mooy, An autonomous, in situ light-dark bottle device for determining 
community respiration and net community production: Autonomous observations 
of community metabolism. Limnol. Oceanogr. Methods 16, 323–338 (2018).

51. B. R. Edwards, C. M. Reddy, R. Camilli, C. A. Carmichael, K. Longnecker, B. A. S. van Mooy, 
Rapid microbial respiration of oil from the Deepwater Horizon spill in offshore surface 
waters of the Gulf of Mexico. Environ. Res. Lett. 6, 035301 (2011).

52. J. R. Collins, B. R. Edwards, K. Thamatrakoln, J. E. Ossolinski, G. R. DiTullio, K. D. Bidle, 
S. C. Doney, B. A. S. van Mooy, The multiple fates of sinking particles in the North Atlantic 
Ocean. Global Biogeochem. Cycles 29, 1471–1494 (2015).

53.	 M. Holtappels, L. Tiano, T. Kalvelage, G. Lavik, N. P. Revsbech, M. M. M. Kuypers, Aquatic 
respiration rate measurements at low oxygen concentrations. PLOS ONE 9, e89369 (2014).

54. M. Warkentin, H. M. Freese, U. Karsten, R. Schumann, New and fast method to quantify 
respiration rates of bacterial and plankton communities in freshwater ecosystems by 
using optical oxygen sensor spots. Appl. Environ. Microbiol. 73, 6722–6729 (2007).

55. C. Preininger, I. Klimant, O. S. Wolfbeis, Optical fiber sensor for biological oxygen 
demand. Anal. Chem. 66, 1841–1846 (1994).

56. L. Recoules, A. Migaou, X. Dollat, G. Thouand, A. M. Gue, A. Boukabache, A MEMS 
approach to determine the biochemical oxygen demand (BOD) of wastewaters. 
J. Micromech. Microeng. 27, 075018 (2017).

57. K. C. Jones, P. d. Voogt, Persistent organic pollutants (POPs): State of the science. Environ. 
Pollut. 100, 209–221 (1999).

58. M. S. El-Shahawi, A. Hamza, A. S. Bashammakh, W. T. Al-Saggaf, An overview 
on the accumulation, distribution, transformations, toxicity and analytical methods 
for the monitoring of persistent organic pollutants. Talanta 80, 1587–1597 (2010).

59. Z. L. Zhang, H. S. Hong, J. L. Zhou, J. Huang, G. Yu, Fate and assessment of persistent 
organic pollutants in water and sediment from Minjiang River Estuary, Southeast China. 
Chemosphere 52, 1423–1430 (2003).

60.	 R. Loos, B. M. Gawlik, G. Locoro, E. Rimaviciute, S. Contini, G. Bidoglio, EU-wide survey of polar 
organic persistent pollutants in European river waters. Environ. Pollut. 157, 561–568 (2009).

Version of Record at: https://doi.org/10.1126/sciadv.abc7318

http://www.iso.org/standard/12260.html
http://www.wateronline.com/doc/total-oxygen-demand-tod-an-alternative-parameter-for-real-time-monitoring-of-wastewater-organics-0001
http://www.wateronline.com/doc/total-oxygen-demand-tod-an-alternative-parameter-for-real-time-monitoring-of-wastewater-organics-0001


Jiao et al., Sci. Adv. 2021; 7 : eabc7318     14 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 10

61. Y. E. Yan, F. W. Schwartz, Oxidative degradation and kinetics of chlorinated ethylenes by 
potassium permanganate. J. Contam. Hydrol. 37, 343–365 (1999).

62. P. M. Bastos, J. Eriksson, N. Green, Å. Bergman, A standardized method for assessment 
of oxidative transformations of brominated phenols in water. Chemosphere 70, 
1196–1202 (2008).

63. D. A. Hansell, C. A. Carlson, D. J. Repeta, R. Schlitzer, Dissolved organic matter 
in the ocean: A controversy stimulates new insights. Oceanography 22, 202–211 (2009).

64. J.-F. Lapierre, F. Guillemette, M. Berggren, P. A. del Giorgio, Increases in terrestrially 
derived carbon stimulate organic carbon processing and CO2 emissions in boreal aquatic 
ecosystems. Nat. Commun. 4, 2972 (2013).

65. A. Vidal-Durà, I. T. Burke, D. I. Stewart, R. J. G. Mortimer, Reoxidation of estuarine 
sediments during simulated resuspension events: Effects on nutrient and trace metal 
mobilisation. Estuar. Coast. Shelf Sci. 207, 40–55 (2018).

66. S. Nandini, P. Ramirez García, S. S. S. Sarma, Water quality indicators in Lake Xochimilco, 
Mexico: Zooplankton and Vibrio cholerae. J. Limnol. 75, 91–100 (2016).

67.	 H. Lian, H. B. Liu, X. D. Li, T. Song, Q. L. Lei, T. Z. Ren, S. X. Wu, Y. Li, Analysis of spatial 
variability of water quality and pollution sources in Lihe River Watershed, Taihu Lake 
Basin. Huan Jing Ke Xue 38, 3657–3665 (2017).

68. S. Ueda, H. Hasegawa, S. i. Hisamatsu, Long-term variations in water quality of lakes 
in Rokkasho, Aomori, Japan, from 2004 to 2015 species. Jpn. J. Limnol. 78, 75–85 (2017).

69.	 Z. Ahmad, N. A. Rahim, A. Bahadori, J. Zhang, Improving water quality index prediction 
in Perak River basin Malaysia through a combination of multiple neural networks. Int. 
J. River Basin Manage. 15, 79–87 (2017).

70.	 J. H. Kim, J. Jo, Chemical oxygen demand (COD) model for the assessment of water 
quality in the Han River, Korea. Korean J. Environ. Health Sci. 42, 280–292 (2016).

71. D. A. Hansell, C. A. Carlson, Index - biogeochemistry of marine dissolved organic matter 
(second edition). Biogeochem. Marine Dissolved Organic Matter , 669–693 (2015).

72. G. Yahel, J. H. Sharp, D. Marie, C. Hase, A. Genin, In situ feeding and element removal 
in the symbiont-bearing sponge Theonella swinhoei: Bulk DOC is the major source 
for carbon. Limnol. Oceanogr. 48, 141–149 (2003).

73. ECOREA, Environmental Review, Korea (ECOREA, 2015).
74. Planning of Water Quality Monitoring Systems (WMO, UNEP, 2012); www.wmo.int/pages/

prog/hwrp/chy/chy14/documents/ms/WQ_Tech_Report_FINALDRAFT_24-10-2012.pdf.
75. Annual Report to the U.S. Environmental Protection Agency. Clean Water Act Section 319, 

Clean Water Fund, and Clean Water Partnership Projects in Minnesota (2018); www.pca.
state.mn.us/sites/default/files/wq-cwp8-22.pdf.

76. Federal Fiscal Year 2018-Annual Report-Indiana Nonpoint Source Program (Indiana Nonpoint
Source Program, 2018); www.in.gov/idem/nps/files/nps_annual_report_2018.pdf.

77. S. P. Opsahl, Quality of Surface-Water Runoff in Selected Streams in the San Antonio 
Segment of the Edwards Aquifer Recharge Zone, Bexar County, Texas, 1997–2012 (USGS, 
2000); https://pubs.usgs.gov/ds/740/DS740.pdf.

78. D. F. Healy, D. B. Chambers, C. M. Rachol, R. S. Jodoin, Water Quality of the St. Clair River, 
Lake St. Clair, and Their U.S. Tributaries, 1946–2005 (USGS, 2005); https://pubs.usgs.gov/
sir/2007/5172/pdf/sir2007-5172_web.pdf.

79. Groundwater Quality of the Gulf Coast Aquifer System, Houston, Texas (USGS, 2008, https://
pubs.usgs.gov/ds/548/pdf/ds548.pdf).

80. City of Lubbock Policy for Playa Lake Development (1994); https://library.ci.lubbock.tx.us/
docs/default-source/storm-water-management/city-of-lubbock-policy-for-playa-lake-
development.pdf.

81. Rivers and Lakes in European Cities (European Environmental Agency, 2016); 
www.ecologic.eu/sites/files/publication/2016/916-09-2016-rivers_and_lakes.pdf.

82. Performance Standards and Test Procedures for Portable Water Monitoring Equipment 
(Environment Agency, 2010); https://assets.publishing.service.gov.uk/government/
uploads/system/uploads/attachment_data/file/301553/Performance_standards_and_
test_procedures_for_portable_water_monitoring_equipment.pdf.

83. Environmental Monitoring Statutory (Eu Directives); https://environment.data.gov.uk/
water-quality/data/sample/AN-26M31-20171024-1886334/measurements.html?__
htmlView=table&_limit=500.

84. Review of the Decentralisation of Core River Basin Management Function Activities 
(22 Febuary 2019); www.government.nl/binaries/government/documents/
reports/2019/02/22/mekong-river-commission-strategic-plan-2016-2020---mid-term-
review/Review+of+the+Decentralisation+of+Core+River+Basin+Management+ 
Function+Activities.pdf.

85. Sectoral Operational Programme ENVIRONMENT (Ministry of European Funds, Romania, 2015); 
http://mmediu.ro/app/webroot/uploads/files/2015-07-31_SOP_ENV_revised_July2015.pdf.

86. Quarterly Report April to June, Q2 (Southern Scientific Services, 2016); http://epa.ie/
licences/lic_eDMS/090151b28060491f.pdf.

87. Lakes and Watercourses (Swedish Environmental Protection Agency, 2000); http://
naturvardsverket.se/Documents/publikationer/620-6032-5.pdf.

88. D. V. Chapman, Water Quality Assessments—A Guide to Use of Biota, Sediments and Water 
in EnvironmentalMonitoring (Spon Press, ed. 2, 1996).

89. National Surface Water Quality Report (China National Environmental Monitoring Center, 
2019); www.mee.gov.cn/hjzl/shj/dbsszyb/201911/P020191128324983034986.pdf.

90. Brief Introduction of National Ecological Environment Quality (Ministry of Ecology and 
Environment of the People’s Republic of China, 2018).

91. Bulletin on Ecological and Environmental Monitoring of the Three Gorges Project of the 
Yangtze River (Ministry of Environmental Protection of the People's Republic of China, 
2017); http://english.mee.gov.cn/Resources/Reports/threegorgesbulletin/201805/
P020180531671455848589.pdf.

92. GB (Chinese Standard) 3097–1997, Sea Water Quality Standard. Part 4 (1997); www.mee.
gov.cn/ywgz/fgbz/bz/bzwb/shjbh/shjzlbz/199807/W020061027511546974673.pdf.

93. GB (Chinese Standard) 5749–2006, Standards for Drinking Water Quality. Part 4 
(2006); http://www.nhc.gov.cn/cmsresources/zwgkzt/wsbz/new/20070628143525.pdf.

94. Society of Integrated Coastal Mangement (SICOM), Enhancing Coastal and Ocean 
Resource Efficiency Program-Environmental and Social Management Framework (Ministry 
of Environment, Forests and Climate Change Government of India, 2019); http://moef.
gov.in/wp-content/uploads/2019/07/ESMF-Encore-Vol-II.pdf.

95. Environmental Quality Standards for Water Pollution; https://www.env.go.jp/en/water/wq/
pamph/pdf//02.pdf.

96. World Health Organization, A Compendium of Standards for Wastewater Reuse in the 
Eastern Mediterranean Region (WHO, Regional Office for the Eastern Mediterranean 
Regional Centre for Environmental Health Activities, 2002); http://applications.emro.
who.int/dsaf/dsa1184.pdf.

97. Proyecto Sobre Control de Contaminación y Gestión de la Calidad de Agua en La Cuenca del 
Río Santa Lucía (Informe principal) DINAMA, Informe Nacional del Estado del Ambiente 
(2011); www.mvotma.gub.uy/component/k2/item/
download/8680_4e2f8da164df955b1c8690a5963263f5.

98. Aprueban Valores Máximos Admisibles (VMA) de las Descargas de Aguas Residuales no 
Domésticas en el Sistema de Alcantarillado Sanitario (El Peruano Lima, 20 de Noviembre 
de 2009); www3.vivienda.gob.pe/direcciones/Documentos/DS_2009_021.pdf.

99. Annual Report on the Environment, the Sound Material-Cycle Society and the Biodiversity in 
Japan (Ministry of Environment of Government of Japen, 2010); www.env.go.jp/en/
wpaper/2010/fulltext.pdf.

	100.	 Annual Report on the Environment (Ministry of the Environment Environmental Strategy 
Division, 2017); www.env.go.jp/en/wpaper/2017/pdf/07.pdf.

	101.	 River Water Quality (Kualiti Air Sungai, 2005); http://doe.gov.my/portalv1/wp-content/
uploads/2018/09/iv-EQR2016.pdf.

Acknowledgments: We thank the three anonymous reviewers who provided very useful 
suggestions, comments, and criticisms on our manuscript. Funding: This work was supported 
by the National Natural Science Foundation of China (projects 91751207 and 41861144018) 
and the International Science Partnership Program of the Chinese Academy of Sciences 
(121311KYSB20190029-2) to N.J.; the National Key Research and Development Program of 
China (2018YFA0605800 to Q.Z., 2016YFA0601400 to Y.Z., and 2016YFA0601101 to K.T.); China 
Ocean Mineral Resources R & D Association (DY135-E2-1-04) to N.J.; the scientific investigation 
on the Qinghai Tibet Plateau (2019QZKK020110 and 2019QZKK0503) to N.J. and Y.L.; the 
German Academic Exchange Service DAAD (#57429828) from the German Federal Ministry of 
Education and Research (BMBF) to H.T.; The Leverhulme Trust (grant RPG-2017-089) and the 
U.K. Natural Environment Research Council (NERC) (grants NE/R000956/1 and NE/K00168X/1) 
to C.R.; the U.K. NERC (grant NE/R011087/1) to L.P.; and the National Science Foundation 
EPSCoR (award no. 1757353) to W.-J.C. Author contributions: N.J. conceived the research. 
J.L., Z.L., F.J., J.W., R.C., R.W., J.S., B.G., and Y.L. collected water samples from the fields and Aquatron 
experiments and measured the COD and BOD data. X.X., Z.L., X.H., J.S., and N.J. collected the 
literature data. N.J., J.L., and B.E. conducted the Optode-based BOD experiments and analysis. 
R.C., C.H., and Q.S. conducted the FT-ICR MS measurements and data analysis. N.J. and L.L. 
wrote the paper with contributions from all the coauthors, including R.Z., Y.Z., K.T., Q.Z., F.A., 
J.B., W.-J.C., G.J.H., P.H., D.H., J.LR., M.L., H.M., L.P., C.R., C.A.S., H.T., and D.W. Competing 
interests: The authors declare that they have no competing interests. Data and materials 
availability: All the COD and BOD data and related information on sampling and data mining 
are given in Materials and Methods, fig. S1, and tables S1 to S3. The mass spectrometry data 
are available on PANGAEA (doi.pangaea.de/10.1594/PANGAEA.910007).

Submitted 16 May 2020
Accepted 24 February 2021
Published 14 April 2021
10.1126/sciadv.abc7318

Citation: N. Jiao, J. Liu, B. Edwards, Z. Lv, R. Cai, Y. Liu, X. Xiao, J. Wang, F. Jiao, R. Wang, X. Huang, 
B. Guo, J. Sun, R. Zhang, Y. Zhang, K. Tang, Q. Zheng, F. Azam, J. Batt, W.-J. Cai, C. He, G. J. Herndl, 
P. Hill, D. Hutchins, J. LaRoche, M. Lewis, H. MacIntyre, L. Polimene, C. Robinson, Q. Shi, C. A. Suttle,
H. Thomas, D. Wallace, L. Legendre, Correcting a major error in assessing organic carbon pollution
in natural waters. Sci. Adv. 7, eabc7318 (2021).

Version of Record at: https://doi.org/10.1126/sciadv.abc7318

http://www.wmo.int/pages/prog/hwrp/chy/chy14/documents/ms/WQ_Tech_Report_FINALDRAFT_24-10-2012.pdf
http://www.wmo.int/pages/prog/hwrp/chy/chy14/documents/ms/WQ_Tech_Report_FINALDRAFT_24-10-2012.pdf
http://www.pca.state.mn.us/sites/default/files/wq-cwp8-22.pdf
http://www.pca.state.mn.us/sites/default/files/wq-cwp8-22.pdf
http://www.in.gov/idem/nps/files/nps_annual_report_2018.pdf
https://pubs.usgs.gov/ds/740/DS740.pdf
https://pubs.usgs.gov/sir/2007/5172/pdf/sir2007-5172_web.pdf
https://pubs.usgs.gov/sir/2007/5172/pdf/sir2007-5172_web.pdf
https://pubs.usgs.gov/ds/548/pdf/ds548.pdf
https://pubs.usgs.gov/ds/548/pdf/ds548.pdf
https://library.ci.lubbock.tx.us/docs/default-source/storm-water-management/city-of-lubbock-policy-for-playa-lake-development.pdf
https://library.ci.lubbock.tx.us/docs/default-source/storm-water-management/city-of-lubbock-policy-for-playa-lake-development.pdf
https://library.ci.lubbock.tx.us/docs/default-source/storm-water-management/city-of-lubbock-policy-for-playa-lake-development.pdf
http://www.ecologic.eu/sites/files/publication/2016/916-09-2016-rivers_and_lakes.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/301553/Performance_standards_and_test_procedures_for_portable_water_monitoring_equipment.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/301553/Performance_standards_and_test_procedures_for_portable_water_monitoring_equipment.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/301553/Performance_standards_and_test_procedures_for_portable_water_monitoring_equipment.pdf
https://environment.data.gov.uk/water-quality/data/sample/AN-26M31-20171024-1886334/measurements.html?__htmlView=table&_limit=500
https://environment.data.gov.uk/water-quality/data/sample/AN-26M31-20171024-1886334/measurements.html?__htmlView=table&_limit=500
https://environment.data.gov.uk/water-quality/data/sample/AN-26M31-20171024-1886334/measurements.html?__htmlView=table&_limit=500
http://www.government.nl/binaries/government/documents/reports/2019/02/22/mekong-river-commission-strategic-plan-2016-2020---mid-term-review/Review+of+the+Decentralisation+of+Core+River+Basin+Management+Function+Activities.pdf
http://www.government.nl/binaries/government/documents/reports/2019/02/22/mekong-river-commission-strategic-plan-2016-2020---mid-term-review/Review+of+the+Decentralisation+of+Core+River+Basin+Management+Function+Activities.pdf
http://www.government.nl/binaries/government/documents/reports/2019/02/22/mekong-river-commission-strategic-plan-2016-2020---mid-term-review/Review+of+the+Decentralisation+of+Core+River+Basin+Management+Function+Activities.pdf
http://www.government.nl/binaries/government/documents/reports/2019/02/22/mekong-river-commission-strategic-plan-2016-2020---mid-term-review/Review+of+the+Decentralisation+of+Core+River+Basin+Management+Function+Activities.pdf
http://mmediu.ro/app/webroot/uploads/files/2015-07-31_SOP_ENV_revised_July2015.pdf
http://epa.ie/licences/lic_eDMS/090151b28060491f.pdf
http://epa.ie/licences/lic_eDMS/090151b28060491f.pdf
http://naturvardsverket.se/Documents/publikationer/620-6032-5.pdf
http://naturvardsverket.se/Documents/publikationer/620-6032-5.pdf
http://www.mee.gov.cn/hjzl/shj/dbsszyb/201911/P020191128324983034986.pdf
http://english.mee.gov.cn/Resources/Reports/threegorgesbulletin/201805/P020180531671455848589.pdf
http://english.mee.gov.cn/Resources/Reports/threegorgesbulletin/201805/P020180531671455848589.pdf
http://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/shjbh/shjzlbz/199807/W020061027511546974673.pdf
http://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/shjbh/shjzlbz/199807/W020061027511546974673.pdf
http://www.nhc.gov.cn/cmsresources/zwgkzt/wsbz/new/20070628143525.pdf
http://moef.gov.in/wp-content/uploads/2019/07/ESMF-Encore-Vol-II.pdf
http://moef.gov.in/wp-content/uploads/2019/07/ESMF-Encore-Vol-II.pdf
https://www.env.go.jp/en/water/wq/pamph/pdf//02.pdf
https://www.env.go.jp/en/water/wq/pamph/pdf//02.pdf
http://applications.emro.who.int/dsaf/dsa1184.pdf
http://applications.emro.who.int/dsaf/dsa1184.pdf
http://www.mvotma.gub.uy/component/k2/item/download/8680_4e2f8da164df955b1c8690a5963263f5
http://www.mvotma.gub.uy/component/k2/item/download/8680_4e2f8da164df955b1c8690a5963263f5
http://www3.vivienda.gob.pe/direcciones/Documentos/DS_2009_021.pdf
http://www.env.go.jp/en/wpaper/2010/fulltext.pdf
http://www.env.go.jp/en/wpaper/2010/fulltext.pdf
http://www.env.go.jp/en/wpaper/2017/pdf/07.pdf
http://doe.gov.my/portalv1/wp-content/uploads/2018/09/iv-EQR2016.pdf
http://doe.gov.my/portalv1/wp-content/uploads/2018/09/iv-EQR2016.pdf
doi.pangaea.de/10.1594/PANGAEA.910007


Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS. 

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

Correcting a major error in assessing organic carbon pollution in natural waters
Nianzhi Jiao, Jihua Liu, Bethanie Edwards, Zongqing Lv, Ruanhong Cai, Yongqin Liu, Xilin Xiao, Jianning Wang, Fanglue
Jiao, Rui Wang, Xingyu Huang, Bixi Guo, Jia Sun, Rui Zhang, Yao Zhang, Kai Tang, Qiang Zheng, Farooq Azam, John
Batt, Wei-Jun Cai, Chen He, Gerhard J. Herndl, Paul Hill, David Hutchins, Julie LaRoche, Marlon Lewis, Hugh MacIntyre,
Luca Polimene, Carol Robinson, Quan Shi, Curtis A. Suttle, Helmuth Thomas, Douglas Wallace, and Louis Legendre

Sci. Adv. 7 (16), eabc7318.  DOI: 10.1126/sciadv.abc7318

View the article online
https://www.science.org/doi/10.1126/sciadv.abc7318
Permissions
https://www.science.org/help/reprints-and-permissions

Version of Record at: https://doi.org/10.1126/sciadv.abc7318

https://www.science.org/content/page/terms-service



