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Abstract
This method evaluation aimed to improve the accuracy and precision of the previously published method to

measure oxygen consumption using optodes with integrated temperature and salinity correction in dark incuba-
tions. Significant short-term system drift currently requires a correction to remove the drift, thus reducing the pre-
cision of the oxygen consumption rates. Frequent nonlinear declines in oxygen concentration with time also call
for improved data analysis and identification of its origin. Optodes in titanium casings (Aanderaa™ model 4330)
with low oxygen binding properties showed no significant system drift in autoclaved seawater. Nonlinear oxygen
dynamics fitting a quadratic polynomial occurred in 28% of 230 field samples, independent of season and water
depth. Polynomial curve fit resulted in 64% higher respiration rates when derived within 1 h of the quality
assured incubation, than obtained when using linear fit. Carbon substrate limitation explained the nonlinearity of
oxygen decline during dark incubations. Pretreatment of the optode attached to stoppers with 0.3 mol dm−3

hydrochloric acid resulted in the most stable performance of the sensor and simultaneously provided proper clean-
ing of the equipment. A conservative detection limit of 0.97 μmol O2 dm−3 d−1 was calculated for the titanium
optodes, matching other methods for oxygen consumption reported in the literature. Thus, we recommend the
use of model 4330 optode pretreated with HCl and the derivation of initial respiration rates by a quadratic polyno-
mial function for best accuracy and precision of oxygen consumption in oxygenated surface waters.

Respiration is a fundamental process influencing the
growth efficiency of organisms, the development of hypoxia,
and the emission of CO2 to the atmosphere (del Giorgio and
le B. Williams 2005). Precise and simple measurements of oxy-
gen consumption are indispensable for aquatic research in
order to understand the control of the respiration process
under different environmental conditions.

Wikner et al. (2013) introduced a sensor-based method
(model 3835, Tengberg et al. 2006) using dynamic lumines-
cence quenching for continuous measurement of oxygen con-
sumption in incubations with oxygenated pelagic waters. The
method was shown to have a comparable accuracy
(i.e., systematic error) to Winkler titrations, if a correction for a
significant short-term system drift was applied. However, this

correction required addition of the uncertainty of the drift esti-
mate, resulting in loss of precision and consequently detection
limit. Precision of a time series is here defined as the standard
error (� SE) of the slope coefficient for oxygen concentration
vs. time (Sokal and Rohlf 1995), and related to calculation of
the detection limit as described in the “Materials and proce-
dures” section. Removal of the short-term drift would improve
the accuracy of the method, exclude the error term for the drift
correction in calculation of precision and detection limit, and
thereby improve the method. Experimental results suggest that
the short-term drift is caused by oxygen binding to the plastic
casing of the model 3835 optode (Stevens 1992; Wikner
et al. 2013). Thus, here we test titanium as a casing material less
prone to bind oxygen. In addition, the lower oxygen binding
reported for polyoxymethylene (POM), as compared to poly-
methylmethacrylate (PMMA) is explored as an alternative mate-
rial for the stopper.

Optode techniques using model 3835 and model 4330
optodes (Aanderaa, Norway) use the same basic luminescence
technique and have previously been shown to provide compa-
rable estimates of oxygen concentration to those generated by
Winkler titrations (Johnson et al. 2015; Bushinsky et al. 2016;
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Bittig and Kortzinger 2017; Bittig et al. 2018). The two models
differ mainly by the casing material. The titanium casing pro-
vides higher pressure tolerance for deep-sea applications but is
more expensive. The model 4330 optode also has an updated
internal algorithm for calculating oxygen from the optode sig-
nal (Uchida et al. (2008), potentially reducing variance from
temperature correction and improving the precision in the cal-
culations. The oxygen consumption per se using optode is vali-
dated vs. end-point titrations with the Winkler technique when
linear dynamics occur (Wikner et al. 2013). The optode-based
oxygen consumption also compares well with reported detec-
tion limits and ranges in the literature, and with expected tem-
perature dependence of respiration. The method as such thus
compares well with independent techniques and further valida-
tion is therefore not part of this method evaluation.

Using a microprobe technique and continuous measure-
ment of oxygen concentration in incubations, nonlinear
declines as well as other dynamics have been reported from a
tropical site in the Pacific Ocean (Briand et al. 2004). We have
also frequently observed nonlinear oxygen dynamics during
dark incubations, in both natural and manipulated samples
(own unpublished results). A few studies, where time series
have been conducted with the Winkler technique on filtered
samples, have also reported nonlinear dynamics in about one-
third of the measurements (Robinson 2008 and references
therein). Erroneously assuming a linear relationship between
oxygen decline and time, when it is actually nonlinear,
dynamics will introduce a systematic error (i.e., influence
accuracy). This motivates an improved knowledge of the fre-
quency of nonlinear dynamics when estimating respiration
and the size of the systematic error. Proper handling of non-
linear dynamics would primarily secure the accuracy of future
measurements, but also allow assessment of the accuracy of
previous reports of oxygen consumption, as these are mainly
based on assuming linear oxygen dynamics. Briand
et al. (2004) suggested to use 5 h periods to derive rates from
nonlinear dynamics, but did not objectively define where dur-
ing the incubations these periods should be positioned, or
how the derivation of rate was done. There is therefore a need
to define a procedure for rate derivation with nonlinear
dynamics, which maximizes accuracy.

Here, we aim to improve the precision and detection limit of
the method by Wikner et al. (2013) by removing the short-term
drift by replacing the model 3835 optode with a multipoint cal-
ibrated model 4330 optode (Aanderaa™) encased in a titanium
casing. In this context, we also test two different stopper mate-
rials and three pretreatment procedures. Our second aim was to
determine the influence of nonlinear dynamics and adopt a
procedure to derive realistic oxygen consumption rates. This
included studying the occurrence of nonlinearity at different
seasons and depth levels, development of an appropriate proce-
dure for rate derivation and test of carbon limitation as the
underlying factor causing nonlinear trends.

Materials and procedures
Respiration measurements

This is an improvement of the method to measure oxygen
consumption in natural samples by continuous measurements
with an oxygen sensor (Optode) according to Wikner
et al. (2013). The model 4330 optode (Aanderaa Data instru-
ments AS, Norway) with titanium casing (Epoxy coated,
0–300 m operating range, accuracy relative to Winkler titra-
tions −5.8 μmol O2 dm−3, precision SD � 0.17 μmol O2 dm−3,
n = 49), replaced the model 3835 (Accuracy +3.6 μmol
O2 dm−3, precision SD � 0.45 μmol O2 dm−3, Wikner
et al. 2013), with plastic casing (Hostaform, POM, 0–300 m
operating range). Optodes were multipoint calibrated
(12-series; 2-point) by the supplier and then annually sub-
jected to a 2-point quality control test in air-saturated water
and anoxic samples with Na2SO3 (10 g dm−3) according to the
manufacturer’s instructions. The optodes were mounted on
specifically designed stoppers in PMMA (but see POM test
below, Wikner et al. 2013).

Prior to each sampling, the stopper complexes were pre-
treated in 0.3 mol dm−3 hydrochloric acid (HCl) over a mini-
mum of 12 h and rinsed with Milli-Q water prior to
incubations. The stopper complex was placed into 1 dm3 glass
incubation flasks carefully filled with sample water, making
sure no air was trapped between the nitrile O-ring and the bot-
tleneck sealing the sample water for incubation. The samples
were incubated in the dark for 24 h with magnetic stirrers
(~ 80 rpm, 2 cm magnetic beads) using stringent temperature-
control in water baths (Julabo 12 B, Julabo GmbH, Germany)
with additional immersion coolers (Julabo FT 200, Julabo
GmbH, Germany). The optode was set to measure the oxygen
concentration every minute and values were logged using the
Real-time Collector software (Aanderaa Data instruments AS,
Norway). Oxygen time series during incubations were ana-
lyzed using an in house program (SensorDataFlow v. 1.02)
based on the SciPy and NumPy packages of the software
Python™ converted to an executable file format for easy
access (Lindmark 2015). The software was developed in paral-
lel with manual calculations of the oxygen consumption rate
for the validation of the programmed calculations. The pro-
gram allowed for rapid analysis of a linear regression (type I
linear regression, Sokal and Rohlf 1995) or a 2nd degree poly-
nomial regression with the possibility of derivation of the
slope to a point in time and exclusion of erroneous values
within data series. Known artifacts from the temperature
equilibration were removed from the time series prior to
regression fit (cf. Wikner et al. 2013). We typically assessed the
initial 32–80 values (equal to minutes) during temperature
equilibration as unreliable and removed them. Periods during
the incubations when the immersion cooler compressor pro-
tection mode became activated, leading to a rapid change in
temperature, were also excluded (Supporting Information
Fig. S1). When the starting air saturation was above 100%, the
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measurement was discarded due to the risk of degassing (7.3%
of all 248 field measurements).

System drift and detection limit
Seawater from the surface layer was collected from Sta. B9

in the northern Baltic Sea (63� 33.580N, 19� 50.190E, WGS84).
To determine the short-term drift of the incubation system,
flasks were carefully filled with autoclaved seawater (40 min at
121�C and 1.2 bar) and incubated at 14 � 0.05�C over 24 h in
the dark. The difference in drift between model 4330 and
model 3835 was then tested using a one-way ANOVA.

The detection limit for the model 4330 optode was calcu-
lated by taking the standard error of the oxygen decline
(SEsample) and residual standard error in autoclaved seawater
(SEbackground) into account and using 2 × SETotal as a proxy for
a 95% confidence interval (CI) according to Eq. 1:

2× SETotal ¼2×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SE2

sample + SE
2
background

q
ð1Þ

For a conservative calculation of the detection limit, the SD
of the average system drift estimates for all optodes was used as
background variance (SDdrift, Table 1). To calculate the detec-
tion limit when using replicate optode measurements for the
same sample, the SEdrift was applied instead of SDdrift in Eq. 1.

To investigate how relevant the variance in autoclaved sea-
water solution was for that occurring in seawater samples, we
conducted a variance test (Levene’s test) on winter samples
≥ 15 m (November–March, n = 30) from the field study pre-
sented above with low-respiration activity (i.e., closest to the
autoclaved control samples).

Nonlinearity of oxygen time series
A 3-yr set of data from a subarctic estuary in the northern

Baltic Sea (n = 230, nunfiltered = 186, n1.2 μm filtered = 44) apply-
ing the model 4330 optode was used to investigate the nonli-
nearity in the incubation time series. Station B3 (63� 29.980N
19� 49.140E, WGS84) and B7 (63� 31.500N 19� 48.490E,
WGS84) were sampled in the Öre estuary, northern Baltic Sea

(n = 186). Five dm3 samples were collected with Niskin™ bot-
tles at depths of 1 m, 5 m, 15 m, and 20 m over the entire
year (12–18 samplings yr−1), and kept at in situ temperature
until incubation within 2 h. Filtered samples (1.2 μm, polycar-
bonate, Merck Millipore, U.S.A.) were collected during a tran-
sect study in the same estuary (n = 44). All samples were
measured with the optode-based oxygen consumption
method outlined above.

When nonlinear oxygen dynamics occurred, a quadratic
polynomial (Eq. 2) was fitted to the data:

O2½ � ¼C+ at + bt2 ð2Þ

where [O2] is the oxygen concentration at time t, C the y-axis
intercept, and a and b coefficients. The best fit of linear type I
or a quadratic polynomial function (Eq. 2) for the oxygen con-
centration dynamics in the incubations was determined by
using the Akaike Information Criterion (AIC, Snipes and Tay-
lor 2014). When AIC chose a quadratic polynomial function,
a and b were determined by fitting Eq. 2 to the whole quality
assured data set from one incubation. The rate of oxygen

change (d O2½ �
dt ) was then derived at the first hour of the quality

assured time series, in most cases corresponding to the first
hour of the incubation, according to Eq. 3 (i.e., first derivative
of Eq. 2):

d½O2�
dt

¼ a+2bt ð3Þ

This was assumed closest to the true rate by minimizing an
effect of decline in concentration, or switch, of carbon sub-
strate, while avoiding extrapolation from the observed data
(discussed below). The difference in respiration rate between
the polynomial derivation and linear model type I regressions
on the same time series was compared using an independent
t-test.

The effects of seasonality and depth on the frequency of
nonlinear curves were tested by frequency analysis (IBM™

Table 1. Statistics of measured oxygen concentration in autoclaved seawater (i.e., dO2/dt, system variation and drift) with time. Results
for individual 12-series optodes mounted in PMMA stopper are presented. The SD, SE, 95% CI, detection limit, and number of measure-
ments (n) using the individual model 4330 optodes are shown. The detection limits for a single optode per measurement (i.e., using SD
of average system drift) and replicated optodes per measurement (i.e., using SE of average system drift) calculated as described in the
“Methods and procedures” section (Eq. 1) are also presented.

dO2/dt � SD
� SE

(μmol O2 dm−3 d−1) 95% CI
Detection limit

(SD/SE) n

Optode 1224 −0.025 0.37 0.11 0.20 0.74/0.22 11

Optode 1229 0.11 0.49 0.15 0.27 0.99/0.30 11

Optode 1230 −0.18 0.69 0.21 0.38 1.3/0.38 11

Optode 1231 −0.14 0.32 0.093 0.17 0.64/0.19 12

Mean −0.060 0.47 0.14 0.25 0.97/0.15* 45

*Mean for detection limit was calculated from all data as square root of the summed square error, and does not match a mean of the individual optodes.

181

Vikström et al. Accuracy of optode-based oxygen consumption



SPSS™ χ2 test). This was performed on a 3-yr data set pooled
by the major seasons defined as winter (December–February),
spring (March–May), summer (June–August), and autumn
(September–November).

Carbon substrate addition experiments
To investigate if nonlinear curves were associated with

carbon substrate availability, carbon addition experiments
were conducted. Natural seawater samples and samples with
D-glucose (Sigma-Aldrich) added to a final concentration of
480 μmol dm−3 were incubated at in situ temperatures for
24 h as described above. Controls were without additions of
glucose. The substantial increase of carbon substrate was
chosen to saturate uptake requirements and thereby ensure a
response if metabolic factors were important but were not
expected to simulate environmental levels. The frequency of
linear vs. nonlinear curves with and without carbon addition
was recorded. The effect of carbon substrate saturation on
the frequency of nonlinearity was then analyzed using the
χ2 tests and a Pearson significance (α = 0.05). Here, measure-
ments of natural samples vs. measurements of carbon-
saturated samples were compared in terms of ordinal data
(linear/nonlinear curve shape).

Test of optode material and pretreatment solution
A two-factorial design was used to test (1) the different

pretreatments of the optode and stopper complex prior to
measurement, and (2) the effect of two different optode stop-
per materials, PMMA and POM. POM is reported to be advan-
tageous compared to PMMA because it traps and releases less
oxygen (Stevens 1992). The experimental set up had eight
model 4330 optodes randomized between the two different
stopper materials to avoid systematic errors and repeated
once to increase the number of measurements. Each stopper
complex was pretreated with either 0.3 mol dm−3 hydrochlo-
ric acid (HCl, Sigma-Aldrich, n = 10), 80 mmol dm−3 sodium
sulfite (Na2SO3, Sigma-Aldrich, n = 10), or Milli-Q water (n =
10) for 48 h. After pretreatment, drift was measured in auto-
claved seawater for 24 h in temperature-controlled baths
(14 � 0.05�C). The results were analyzed using the Schreirer-
Ray-Hare variation of the one-way Kruskall-Wallis test in
order to study two-way effects nonparametrically (Sokal and
Rohlf 1995), as the data were not normally distributed
(Kolmogorov-Smirnov test).

Frequency of sensor readings
An estimation of the required sampling frequency of the

model 4330 optode to obtain sufficient statistical power for an
oxygen consumption rate was also investigated. As a proxy for
statistical power, we used the relative 95% CI (Bignert
et al. 2014). Data sets with different level of sensor reading fre-
quency were created from eight randomly selected incubations
in the 3-yr data set (n = 230). For each of these incubations,
subsamples of 6, 12, 25, 50, 100, and 1400 measurements

were extracted, with the requirement to cover the whole incu-
bation period. These represented different sampling frequencies
throughout the incubation period, where 1400 measurements
corresponds to approximately one sensor reading per minute.
Based on AIC, a linear type I model or polynomial fit was
applied for each sample level. The relative uncertainty (CVCI)
was calculated by dividing the 95% CI with the rate of the oxy-
gen change in each case to remove the effect of different rate
levels. The relative 95% CI as a function of sampling frequency
per incubation was fitted to the model showing the best fit
in SPSS™.

Assessment
Drift of the analysis system

Incubations using titanium casing (model 4330) removed
all of the previously reported drift observed (cf. Wikner
et al. 2013) in optodes with plastic casings (model 3835, Fig. 1,
Supporting Information Fig. S2). We could neither demon-
strate a significant drift in oxygen concentration on average
nor for individual optodes (Table 1). The average drift using
the model 4330 optodes mounted in PMMA stoppers
amounted to −0.060 μmol O2 dm−3 d−1. This improvement
was statistically significant as compared to the model 3835,
according to a t-test (p < 0.05, n3835 = 12, n4330 = 14). The drift
of individual 4330 optodes was not statistically different from
zero, and neither were the oxygen drift values for individual
optodes significantly different from each other (Table 1, one-
way ANOVA, p > 0.49). However, the oxygen concentration
changes in individual incubations showed a standard devia-
tion of 0.46 μmol O2 dm−3 d−1, suggesting that the variability
in system drift still needs to be considered when approaching
the detection limit. The seemingly lower initial concentration

Fig. 1. Systematic change in oxygen concentration (systematic drift)
between model 3835 (black bars) and model 4330 (white bars) in auto-
claved seawater. Error bars show 2 × SE for relevant optodes (serial num-
bers, as x-axis).
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of oxygen for model 3835 was not statistically significant
based on the larger data set of parallel comparisons (p > 0.05,
Median k-test, n3835 = 12, n4330 = 14, Supporting Information
Fig. S2). The observed difference between the optode models
could be due to the plastic casing of the model 3835 optodes
and the improved algorithm of the model 4330.

Detection limit
For a conservative estimate of the detection limit, we

included the observed SD of the rate of oxygen change in the

control samples, under the assumption that the oxygen dynam-
ics observed in autoclaved seawater is relevant for natural seawa-
ter samples. Using the SD for the average of all measurements of
the oxygen change in autoclaved seawater (n = 45) and adding
the mean SE of the corresponding oxygen change (n = 45), we
calculated a conservative detection limit of 0.97 μmol O2 dm−3

d−1. The detection limit found for the model 4330 optode was
comparable to respiration measurements reported in the litera-
ture (i.e., average of 1.2 μmol O2 dm

−3 d−1, SD � 1.0; Table 2). If
several optodes (e.g., n = 4) were used, SD can be substituted for
SE in the calculation and the detection limit then amounted to
0.15 μmol O2 dm−3 d−1. This limit would facilitate measure-
ments also in many oceanic samples.

Pretreatment of optode and stopper
The handling of the optode and stopper prior to mea-

surement could potentially influence the system drift and
background variation, motivating investigation of different pre-
treatment procedures. The pretreatment experiment showed no
significant effect on the drift in oxygen concentration in auto-
claved seawater of stopper type, solutions, or interaction effects
(Table 3, Scheirer-Ray-Hare, p > 0.5). The HCl and Na2SO3 pre-
treatments, however, resulted in the most reproducible and sta-
ble drift based on the limited cases (n = 5) in this experiment
(Table 3, Levene’s test, p < 0.05). Consequently, HCl showed
the lowest detection limit (0.55 μmol O2 dm

−3 d−1) followed by
Na2SO3 and Milli-Q, despite the highest mean value for the

Table 2. Detection limit and range of respiration rates reported with different methodologies in the literature. Only methods applica-
ble in well-oxygenated water columns are shown (i.e., [O2] > 50 μM).

μmol O2 dm
−3 d−1

Reference Detection limit Reported range Method

le B. Williams et al. (2004) 0.1* 0–1.5 Photometric Winkler titration

Smith and Prairie (2004) 0.1 — Automated Winkler titration

Biddanda et al. (1994) 0.2† 1.4–7 Potentiometric Winkler titration

le B. Williams and Jenkinson (1982) 0.3 0.1–12 Photometric Winkler titration

Sherr and Sherr (2003) 0.5 0.3–0.8 Potentiometric Winkler titration

Duarte et al. (2004) 0.6 0.5–14 Potentiometric Winkler titration

Biddanda et al. (1994) 0.9† 0–11 Potentiometric Winkler titration

This study 1.0 0.5–20 Aanderaa 4330 oxygen optode

Griffith (1988) 1.0 4.5–54 Respirometer

Briand et al. (2004) 1.0 — Oxygen microprobe

Robinson (2000) 1.6 1.6–12.4 Photometric Winkler titration

Wikner et al. (2013) 1.6§ 1.6§–33 Aanderaa 3835 oxygen optode

Maranger et al. (2005) 2.0‡ 6–10 Spectrophotometric Winkler

Kana et al. (1994) 2.1 NA Membrane inlet mass spectrometry

Coffin et al. (1993) 2.8 NA Microprobe automated Winkler

Roland et al. (1999) 3.4 NA Spectrophotometric Winkler

*Calculated from reported SE.
†Assumed from 15 samples in regression and df = n−2.
‡Using reported SD of the mean as the SE.
§Value recalculated using SD of uncertainty for background correction instead of SE. A factor of 2 was consistently used as t-value to calculate a CI.

Table 3. The oxygen change in autoclaved seawater
(i.e., system drift) in three tested pretreatment solutions. The
detection limit was calculated using SE as presented in the
“Methods and procedures” section. Means for drift estimates are
based on 10 measurements, except for one missing value
(Na2SO4 treatment). The result for the combined data set is
shown as the stopper materials were not significantly different
from each other. See Supporting Information Table S3 for the
analyses of stopper materials.

HCl Na2SO3 Milli-Q water

dO2/dt (μmol O2 dm
−3 d−1) � SE

0.48 � 0.09 0.27 � 0.12 −0.14 � 0.23

Detection limit (μmol O2 dm−3 d−1)

0.55 0.73 1.47
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drift. This was due to that the HCl pretreatment had a lower SE
(� 0.09 μmol O2 dm−3 d−1) compared to Milli-Q water, while
the SE for Na2SO3 pretreatment did not differ significantly from
either HCl or Milli-Q water.

Importance of nonlinear dynamics
Out of 230 measurements, 64 were classified as nonlinear

when using AIC for adopting a quadratic polynomial model
(Fig. 2). Thus, nonlinear dynamics occurred in approximately
28% of the total respiration measurements conducted (Fig. 3).
The nonlinearity of respiration rates showed similar occur-
rences throughout all seasons and depths (Pearson χ2 signifi-
cance = 0.29). The spatiotemporal variation gave therefore no
clue to the cause of the nonlinear dynamics.

The nonlinear oxygen time series observed included both
concave and convex curves, where the concave form was far
more common (57 concave : 7 convex). The concave shape
showed successively declining rate of oxygen consumption
during the incubation and was most likely due to carbon sub-
strate limitation as concluded below. Convex curves (n = 7)
were found in 11% of the nonlinear cases, which corresponds
to 3% of all the measurements (n = 230) and 17% of the prefil-
tered samples (1.2 μm pore size). The convex curve shape was
characterized by an increasing rate of oxygen consumption
during the incubation.

We tested the hypothesis that concave dynamics was
caused by carbon substrate limitation by the glucose addition
experiment. The addition of D-glucose resulted in a shift
from nonlinear concave oxygen dynamics to a higher fre-
quency of linear oxygen declines (Fig. 3). Control samples
showed a ratio of 12 : 36 (linear : nonlinear), and the addi-
tion of D-glucose resulted in the dominance of linear curves

(34 : 14, Pearson χ2 asymptotic significance < 0.01). We infer
from this that carbon substrate limitation was the major
cause of the nonlinear oxygen dynamics observed. Linear
curves can be expected when carbon is sufficient and other
factors like temperature may instead become limiting. An
attempt to examine if convex curves were due to an increase
in bacterial numbers was done. This failed as no net increase
in bacterial abundance occurred during the 24 h measure-
ment, a common observation in oligotrophic seawater cul-
tures at that time scale.

The oxygen consumption rates calculated by linear model
type I regression were on average just slightly lower
(−0.04 μmol O2 dm−3 d−1 on average) than when derived at
12 h into the incubation from a quadratic polynomial. How-
ever, when the rates were derived from the polynomial at 1 h
(i.e., closest to the natural rate) from the incubation start, this
average difference increased significantly to −2.1 μmol
O2 dm−3 d−1 (unequal variance t-test, p < 0.01). The applica-
tion of a nonlinear model deriving rates at 1 h from incuba-
tion start thereby resulted in an average of 64% higher oxygen
consumption estimates than using a linear model (Supporting
Information Fig. S3, cf. 95% CIs).

Frequency of sensor readings
The statistical power showed a sharp decline (i.e., higher

relative uncertainty) when the number of sensor measure-
ments per day (ns) decreased below 25 (Fig. 4). A substantial
increase in statistical power was evident at ≥ 25 samples, while
increasing the number of samples above this showed a smaller
but still significant improvement. The relative uncertainty
(as 95% CI) at 1400 measurements d−1 was � 2.3%, 4.7 times
lower than with 100 measurements d−1. The coefficient of var-
iation of the relative uncertainty was 0.6 for sample numbers
≥ 25. An inverse 2nd order polynomial (AICc = −82.4; ΔAICc =

Fig. 3. Relative frequency of nonlinear vs. linear oxygen curves for differ-
ent depths, seasons, and in the carbon addition experiment. Black filling
shows linear curve types and gray nonlinear. Field samples encompassed
230 (quality assured) measurements over a 3-yr period in a subarctic estu-
ary. The carbon addition experiment is based on 48 cases for each
treatment.

Fig. 2. Example of a nonlinear oxygen decline in an autoclaved seawater
sample from northern Baltic Sea on 9th February 2015. Triangles show O2

concentration and the line temperature. R2 increases and the respiration
rate is elevated when derivation of a quadratic polynomial function
(t = 1 h) is applied compared with a linear model I regression to the same
data set. The partial O2-pressure is reported as air saturation by the
sensor.
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2.7; wi = 0.21; Eq. 4) model showed the best prediction of the
relative uncertainty (CVCI):

CVCI nsð Þ¼ −0:004+
9:14
ns

−
17:65
n2
s

ð4Þ

These results indicate a need for a high-sampling frequency
for precise estimates of the respiration rate from nonlinear
oxygen dynamics with a recommended sampling frequency of
1400 min−1. A lower sampling frequency can be used accord-
ing to Eq. 4 in environments or experimental systems with
markedly higher oxygen consumption rates where less statisti-
cal power is required.

Discussion
This study evaluates the method measuring oxygen con-

sumption in dark incubations using 1 dm3 bottles with optodes
having integrated temperature correction, hereafter referred to
as the OPTOCS method (Wikner et al. 2013). The first aim with
our method validation was to remove the short-term system
drift reported by Wikner et al. (2013). Removing the drift would
in principle mean improving the accuracy of the method
(i.e., reducing systematic error), while simultaneously improv-
ing its precision. This is because a background correction also
adds to the uncertainty of the correction. The detection limit
will also improve, since it is calculated from precision when
approaching undetectable values. Thus, removing background
drift (or noise) is important for all of the basic aspects of this
method.

The model 4330 optode showed no significant system drift
in contrast to drift previously observed for optodes with plas-
tic casing by Wikner et al. (2013). There was no significant
drift in oxygen concentration on average or for individual

optodes in a control solution of autoclaved seawater (Table 1).
This supports the hypothesis reported by Wikner et al. (2013)
that oxygen desorption from the plastic casing of the model
3835 is the cause of the system drift. However, some influence
from an improved algorithm (Uchida et al. 2008) transforming
the light emission phase shift to oxygen units cannot be
excluded. No further attempt to clarify the cause of the
reduced system drift was done, as it was beyond the scope of
this study. Because of the negligible drift, the use of a
titanium-housed optode (model 4330) eliminates the need for
drift correction when measuring respiration in natural water
samples. The long-term drift reported for oxygen concentra-
tion over several months (Bittig and Körtzinger 2015; Bush-
insky et al. 2016; Bittig and Kortzinger 2017; Bittig et al. 2018)
was invalid for this study, as rate measurements were typically
done within 24 h.

Some plastics have lower oxygen binding capacity than
others and POM is among the former (Stevens 1992). In our
test with POM used as stopper material, the OPTOCS system
had the same drift as with the previously used PMMA stop-
pers, and did not contribute to the reduction of the system
drift. POM can still be advantageous to use as the specifically
designed stoppers can be more economically produced
through injection-molding. Therefore, we conclude that both
PMMA and POM stoppers are applicable with adequate and
similar precision, and other criteria, such as production cost,
can determine the choice of material.

Handling of the optodes prior to incubations could also
potentially affect the background drift of the OPTOCS system.
We could not demonstrate a significant effect on the system
drift level by any of the different pretreatment solutions tested
(Table 3). Pretreatment with hydrochloric acid was the most
stable, although the system drift was higher than for the other
treatments. To maximize precision, the pretreatment with
lowest uncertainty is favored as compared to level of drift.
This is also seen in the calculated detection limit, which was
the best for the HCl treatment in the experiment (n = 5), and
lower than our conservative value for the whole data set
(n = 45, Table 1). The HCl pretreatment is also similar to an
acid wash commonly used to clean containers in aquatic
research (i.e., 1 μmol dm−3 HCl). The acid concentration is set
to the lower 0.3 μmol dm−3, according to recommendations
by the optode manufacturer. Additionally, the marked oxygen
binding property of Na2SO3 poses an inherent risk to disturb
respiration measurements, unless the bottle, optode, and stop-
per are thoroughly rinsed several times prior to incubation.
We therefore conclude that hydrochloric acid was the best
option as a pretreatment solution. The difference in drift and
detection limit between Tables 1 and 2 is due to a substantial
decrease in the number of samples in the pretreatment test.
We therefore assessed the reported drift and detection limit in
Table 1 as a more generally applicable result.

To calculate a conservative detection limit, we included the
SD of the system drift estimates observed in autoclaved

Fig. 4. Relative uncertainty of the oxygen consumption estimates
(i.e., relative 95% CI) as a function of sample size (i.e., number of sensor
readings) during incubation of seawater samples. The line shows the best
curve fit obtained as presented in Eq. 4. Data were derived from eight ran-
domly selected time series experiments in the 3 yr data set. See “Methods
and procedures” section for further specification.
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samples, resulting in a detection limit of 0.97 μmol
O2 dm−3 d−1. Inclusion of the uncertainty of the drift esti-
mates despite nonsignificant drift on average was a precau-
tionary measure, as some individual control runs showed an
oxygen change different from zero (Fig. 1). This may be an
upper limit of detection, as lower oxygen consumption rates
have been clearly detectable in field samples (n = 5), with the
hitherto all-time low of 0.52 (� 0.01 μmol O2 dm−3 d−1, 95%
CI, p < 0.01). A similar low level of detection was also found
on average in the pretreatment with HCl and use of a POM
stopper (Table 3). The conservative estimate presented is
approximately three times higher than that previously
reported for the model 3835 optodes (Wikner et al. 2013).
However, this is entirely due to using standard deviation
rather than standard error when propagating the errors, as SD
is more appropriate for the uncertainty of an individual
optode (cf. Sokal and Rohlf 1995). The conservative detection
limit found for the model 4330 optode is comparable to respi-
ration measurements reported in the literature (i.e., average of
1.2 μmol O2 dm−3 d−1, SD � 1.0; Table 2).

If we instead assume that the oxygen dynamics in auto-
claved seawater were not relevant for natural samples, the
detection limit is equal to 2 × SE of the oxygen consump-
tion rate in seawater samples at low productivity (e.g., the
winter season ≤ 15 m). This resulted in a detection limit of
0.098 μmol O2 dm−3 d−1 for the model 4330 optodes
(Supporting Information Table S2), representing the poten-
tial detection limit with the current OPTOCS system. The
result matches the best detection limits for pelagic respira-
tion in oxygenated waters reported by the Winkler tech-
nique (Table 2). However, a lack of system drift in natural
samples must first be verified.

When including uncertainty for the system drift observed in
individual incubations with autoclaved seawater (Table 1), we
had to assume that these were relevant for natural water sam-
ples. Autoclaving has the advantage of providing a sterile sam-
ple devoid of respiratory activity, but it is simultaneously a
harsh treatment to impose on water samples. Various redox
effects on both dissolved and gaseous compounds that may
affect oxygen exchange with the dissolved phase are conceiv-
able, as has been observed for sediments (Tratnyek and Wolfe
1993). We have identified only two alternatives to autoclaved
seawater as ways to test the background variation of the optode;
these are measurements in 0.2 μm filtered seawater or using
metabolic inhibitors. Due to environmental and health con-
cerns, metabolic inhibitors are preferably avoided. In addition,
bacterial resistance to antibiotics or even their use as a nitrogen
source have precluded their routine use (Attrassi et al. 1993; Pra-
baharan et al. 1994). The use of 0.2 μm filtrate, on the other
hand, has the risk of residual respiration activity due to bacteria
passing through the filter and the influence of broken cells
(cf. Stockner et al. 1990; Briand et al. 2004). Therefore, at this
point, we still have no better suggestion than using autoclaved
seawater for the control measurements of oxygen consumption.

The statistically lower SE in autoclaved water samples compared
to field samples from the winter season suggests that autoclaved
seawater still was a realistic control sample.

To optimize the sampling frequency and precision during
incubations, a statistical power analysis was done using a rela-
tive 95% CI as a proxy for statistical power (Bignert et al. 2014).
The inverse 2nd order polynomial showed similar ΔAICc and
R2 to an exponential function, but better predicted the uncer-
tainty ≥ 50 samples. We conclude that a high-sampling fre-
quency (min−1) is to be recommended, as the relative
uncertainty for oxygen consumption rate with 1400 sensor
measurements (� 2.3% as a 95% CI) was approximately five
times better than with only 100, and data handling can be run
by syntax. Thus, oxygen rate estimates 4.6% different should
be found significantly different at this sampling frequency
ignoring other sources of variation. A high-sampling frequency
is particularly valuable in low-productive environments, like
open ocean areas and winter season in coastal temperate areas.
Depending on expected oxygen consumption rates and desired
detection of differences, lower sampling frequencies may be
applicable according to Eq. 4. We routinely used ≥ 1400 oxygen
measurements and therefore suggest a sampling frequency of
1 min−1 as prudent for providing sufficient precision of the res-
piration estimates in marine waters.

The cause of the remaining nonsignificant variation
observed in oxygen consumption in control samples remains
unclear (Table 1). As discussed by Wikner et al. (2013), temper-
ature variation or leakage of oxygen through the designed
optode stopper is unlikely to explain a significant part of the
observed oxygen trends. Pressure changes measured in the
bottles by a pressure sensor (−0.080 kPa h−1 to 0.060 kPa h−1,
n = 5) have also not shown any effects on the oxygen time
series during incubations (own unpublished data). It is also
evident that the remaining variances in the OPTOCS incuba-
tions are clearly below the current declaration of precision by
the manufacturer. The commercially available models 4330
and 3835 optodes have an accuracy of � 2% and � 5%,
respectively, according to the manufacturers specifications
(Tengberg and Hovdenes 2014). The optodes have also been
shown to be accurate in estimating oxygen concentrations
when compared to Winkler titrations and other commercially
available sensors (e.g., Körtzinger et al. 2005; Wikner
et al. 2013; Johnson et al. 2015; Bittig and Kortzinger 2017;
Bittig et al. 2018). Given accurate and precise measure of oxy-
gen concentration, the change in enclosed dark bottles with
time should be an accurate measure of oxygen consumption.
This was also corroborated by validation of the OPTOCS
method vs. oxygen consumption measured by end-point
Winkler titrations and comparison of the temperature depen-
dence (i.e., Q10-value, Wikner et al. 2013). Furthermore, a
comparison of detection limit and range of absolute values for
the OPTOCS method with other methods for oxygen con-
sumption reported in the literature for the past 36 yr, shows
good concordance (Table 2). The OPTOCS method is thereby
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validated vs. independent methods. According to current
knowledge, oxygen consumption measured by the OPTOCS
method is also an approximate estimate of respiration, as aero-
bic respiration is the major process consuming oxygen in oxy-
genated waters (Robinson and le B Williams 2005).

The advantages with the optode methodology is the ability
to handle nonlinear dynamics with less effort than traditional
chemical methods and its ability to measure larger sample vol-
umes (i.e., 1 dm3) including more organisms in the food web
(Robinson and le B. Williams 2005; Wikner et al. 2013). The
improved precision reported in this study makes the optode
technique applicable in most coastal and oceanic surface
waters, but it may still not detect the lowest respiration rates
encountered in deeper layers of the ocean (Hopkinson and
Smith 2005; Robinson and le B. Williams 2005, but compare
precision excluding drift uncertainty). Furthermore, the high
frequency of measurements afforded by the optode sensor can
also improve precision while simultaneously imposing the
need to handle large data sets.

Our second aim was to explore to what extent nonlinear
oxygen dynamics during incubations influenced the accuracy of
the estimates. A linear decline of oxygen during incubations
was the most common curve shape over a 3-yr field study in a
subarctic estuary. However, nonlinear dynamics in the form of a
quadratic polynomial were observed in as many as one-third of
the cases. This observation was in accordance with the non-
linear dynamics occurring in 30% of prefiltered water samples
reported in a review by Robinson (2008) in a literature survey.
An even higher frequency was reported by Briand et al. (2004)
from a lagoon in New Caledonia using high-frequency measure-
ments with microprobes, showing 11 nonlinear time series out
of a total of 27 (41%). They, however, measured respiration in
0.6 μm-filtered samples that may have influenced the response
in oxygen dynamics. Our analysis showed that the occurrence
of nonlinear oxygen dynamics was also valid for unfiltered nat-
ural samples. In our data set, no clear dependence on either sea-
son or depth was found for the occurrence of the curve type.

The 64 measurements with nonlinear dynamics showed
mainly a concave curve type (Fig. 2, compare “Assessment”
section). One process that would create a 2nd polynomial for
oxygen concentration with time is increasing carbon substrate
limitation (i.e., a first-order enzyme-catalyzed reaction). By
adding glucose to natural water samples, we could counteract
the limitation of carbon substrate and increase the frequency
of linear curves by approximately threefold (Fig. 3). This result
indicates that the nonlinear curve type was a consequence of
metabolic control mechanisms rather than an artifact of the
sensor per se. Linear oxygen decline can therefore be expected
when carbon is sufficient and other factors, like temperature,
may instead become limiting. The substantial increase of car-
bon substrate was chosen to saturate uptake requirements and
thereby ensure a response if metabolic factors were important
and did not simulate environmental levels. Further studies are
required to clarify the response within the range of different

carbon substrates and levels found in situ, and the result pre-
sented here is a proof of concept.

Concave curve types dominated the nonlinear cases of oxy-
gen dynamics. A few (n = 7) cases with convex type were
observed exclusively in 1.2 μm-filtered samples. We hypothe-
size that a convex oxygen consumption curve after filtration
can result from a successive increase in respiration by bacteria
due to a net increase in abundance when dissolved nutrients
are sufficient and predation by grazers is reduced. To deter-
mine the dynamics of bacterial abundance in seawater cul-
tures within a typical incubation of 24 h is, however, difficult,
and requires extensive and frequent sampling for bacterial
numbers. Attempts to verify the explanation to convex curves
failed due to a lack of significant increase in bacterial abun-
dance following filtration. The coupling of convex oxygen
dynamics during incubations to bacterial biomass increase is
supported by a similar observation in the southwestern Pacific
Ocean (Briand et al. 2004).

As the rate during incubation will change over time for
nonlinear curve types, they require derivation of oxygen con-
sumption rates as close to sampling as possible to approach
the true rate. We therefore consistently used the rate deter-
mined by derivation of the quadratic polynomial in the begin-
ning of the quality assured time series (i.e., at 1 h). Rates
derived by this definition were on average 64% higher than
when using the linear regression on the same data
(Supporting Information Fig. S3). This was true despite a rela-
tively moderate bend of the curve and a small but significant
average increase in R2 from 0.88 to 0.92 (Median k-test,
p < 0.01, n = 82). A significant effect on the rate estimates is
thus easily overlooked, even when continuous measurements
over the incubation period are available. This procedure pro-
vided the most accurate estimate of the oxygen consumption
without extrapolating beyond the observed data. In addition,
the procedure is a systematically applicable mathematical pro-
cedure for handling nonlinear oxygen time series in incuba-
tions, removing the subjectivity of manually positioning 5 h
periods as proposed by Briand et al. (2004).

Consequently, the results presented here suggest that the
respiration rates in about one-third of the measurements were
markedly higher than if assuming a linear decline over the
whole incubation (compare end-point titrations). This trans-
lates to a 21% underestimation on average, and becomes espe-
cially important when scaling up the numbers to global
budgets where it can make the difference between balance and
imbalance. Thus, it is conceivable that earlier studies using the
linear derivation, like in the Winkler method, have underesti-
mated the level of oxygen consumption in an important num-
ber of cases with significance for global mass balances.

Comments and recommendations
We recommend to use titanium optodes for oxygen con-

sumption with the OPTOCS method, which improves
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accuracy of the oxygen consumption estimates due to insignif-
icant system drift. This is optimized by preconditioning the
optode, attached to either PMMA or POM stoppers, in 0.3 mol
dm−3 hydrochloric acid for at least 1 h. No correction for sys-
tem drift will then be required. A sampling frequency of the
senor of 1400 readings min−1 or more is recommended for a
statistical power of � 4.6%. Including the uncertainty
(i.e., SD) observed in autoclaved seawater resulted in a conser-
vative detection limit of 0.97 μmol O2 dm−3 d−1, while
decreasing to 0.1 μmol O2 dm−3 d−1 if omitting drift correc-
tion and associated uncertainty. A nonlinear time series
should be expected in one-third of the respiration incuba-
tions. Thus, it is then essential to derive oxygen consumption
rates by a quadratic polynomial function during the first hour
of the derived curve for accurate results. This optode method
will be applicable to all aquatic environments without any
need for specific adaptation but limited by the level of detec-
tion as presented above. The advantages of the method are its
accurate estimation of rates even under nonlinear dynamics,
its ability to handle large water samples containing more
plankton, and its low work effort per analysis. Disadvantages
are the need for high-precision temperature control for each
temperature investigated and the initial cost of titanium
optodes.
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