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SUMMARY. Dissolved oxygen (DO) is critical for aerobic life in aquatic
environments. Rapid and accurate measurements of DO are necessary to quantify
the rate of oxygen uptake and maintain optimum conditions in root zones. DO
meters are available across a price range of USD99 to more than USD1000. We
compared three meters for stability, response time, and accuracy in freshwater
[tap water, 0 g�L–1 sodium chloride (NaCl)] and saline water (simulated
seawater, 35 g�L–1 NaCl) across multiple temperatures. The Yellow Springs, Inc.
550A (YSI) and Sper Scientific 850048 (Sper) meters were stable across a range
of water temperatures (12–38 �C) and salinity. The Smart Sensor Roeam
AR8210 drifted ±50% within minutes after calibration and was not evaluated
further. In freshwater, the YSI meter was within 4% and the Sper meter was
within 5% of the theoretical value at 12 and 22 �C. Meters were less accurate at
38 �C. The accuracy in saline water was similar to freshwater. Across temperature
and salinity, the response time averaged 10 s for the YSI meter and 15 s for the
Sper meter. We conclude that the YSI and Sper meters can provide rapid, stable,
and accurate measurements of DO.

Dissolved oxygen (DO) is the
free oxygen available in solu-
tions and is consumed in the

metabolism of all aerobic organisms.
DO concentration in water is used as
an indicator of the health of ecosys-
tems, and it varies with solution tem-
perature, agitation, salinity, injection
rate, and barometric pressure (Al-
Rawahy et al., 2019; Wei et al.,
2019). High temperatures and salin-
ities decrease the capacity for DO.

Most DO meters have temperature
ranges of 0 to 40 �C and salinity
ranges of 0 to 70 g�L–1 (typically from
NaCl). These ranges encompass envi-
ronments ranging from arctic to tropi-
cal and from freshwater to seawater.

Demand for DO in respiration
increases with biological density,
metabolic rate, growth stage, and
temperature. High biological de-
mand requires greater inputs of oxy-
gen to sustain homeostasis (Ben-
Noah and Friedman, 2018). The
nutrient solution of liquid hydro-
ponics benefits from levels of DO
close to saturation near 8 mg�L–1.
This promotes healthy root respira-
tion and minimizes hypoxic micro-
sites or the development of anaerobic
bacteria (Schroeder and Lieth, 2004).
DO concentrations less than 5 mg�L–1

can lead to reduced root respiration
and can result in the development of
adventitious roots (Holtman et al.,

2014). DO is necessary for nitrifica-
tion in aquaponic systems; concentra-
tions near saturation promote aerobic
bacteria and nitrification whereas de-
pleted levels promote anaerobic bacte-
ria and denitrification (Wongkiew
et al., 2017; Zhen et al., 2015). Accu-
rate measurement of DO helps identi-
fy hypoxic zones even in seemingly
well-aerated solutions.

DO can be measured using three
methods: iodometric titration, mem-
brane diffusion (electrochemical),
and fluorescence quenching (optical)
(Tai et al., 2011; Zaitsev et al.,
2018). Iodometric titration is a col-
orimetric titration and is labor inten-
sive. More than eight companies sell
a DO meter that uses optical technol-
ogy, and more than 12 companies
sell a meter with electrochemical tech-
nology. The meters tested in our re-
view represent about 20% of the
electrochemical DO meters available.
Meters using electrochemical technol-
ogy are less expensive than optical me-
ters. With electrochemical meters, DO
crosses a semipermeable membrane, is
reduced at the cathode, and produces
a voltage difference with the anode
that is proportional to oxygen concen-
tration (Parra et al., 2018).

There are two types of electrochem-
ical technology. Polarographic sensors
have a gold cathode and silver anode
that are polarized temporarily at 0.8 V
during measurement. Galvanic sensors
have a silver cathode and zinc anode that
are polarized constantly even when the
meter is powered off (Wei et al., 2019).
Polarographic electrodes require a warm-
up period of up to 15min. Galvanic elec-
trodes do not require a warmup period,
but constant polarization decreases the
lifetime of the electrode.

Sensor technology determines
price. Galvanic sensors are typically
less expensive than polarographic sen-
sors, which are less expensive than op-
tical sensors. Optical sensors typically
have a faster response and greater res-

Units
To convert U.S. to SI,
multiply by U.S. unit SI unit

To convert SI to U.S.,
multiply by

29.5735 fl oz mL 0.0338
0.3048 ft m 3.2808
3.7854 gal L 0.2642
0.001 ppm g·L−1 1000
1 ppm mg·L−1 1

(ºF − 32) ÷ 1.8 ºF ºC (ºC × 1.8) + 32
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olution than polarographic and gal-
vanic sensors. We evaluated DO me-
ters at three price points for the
accuracy, stability, and response time
across salinity and temperature.

Materials and methods
METERS. Three hand-held DO

meters were evaluated: the YSI 550A
(YSI) was manufactured by Yellow
Springs, Inc. (Yellow Springs, OH);
the Sper 850048 (Sper), by Sper Sci-
entific (Scottsdale, AZ); and the
Roeam AR8210 (Smart Sensor) by
Smart Sensor (Dongguan, China).
The meters are as shown in Fig. 1 and
their specifications are as shown in
Table 1.

ELECTRODE RESTORATION. The
electrodes were cleaned and the mem-
branes were replaced on each meter to
restore their measurement responses
after prolonged storage. The elec-
trode cathode and anode were sanded
as needed to remove oxidation, and
fresh electrolyte (sodium sulfate and
potassium chloride salt solution from
a manufacturer) was added to each

electrode head. This procedure re-
stores “as-new” functionality and
should be done every few months
during frequent use.

CALIBRATION. The YSI has a
built-in electrode storage chamber
that provides a saturated oxygen envi-
ronment. Single-point 100% oxygen
saturation is achieved by placing a few
milliliters of water into the chamber,
navigating to the calibration menu,
and allowing the instrument to
stabilize.

The Sper also uses a single-point
calibration, but without a closed cham-
ber. The manufacturer recommends
that the electrode be placed in a well-
ventilated area for a few minutes until
the measurement is stabilized.

Smart Sensor recommends a two-
point calibration method of their me-
ter at 0% and 100% DO. The 100%
saturated solution was made by aerat-
ing a beaker of tap water with ambient
air via an air pump with a flow rate of
200 mL�min–1. The 0% DO solution
was made by filling a beaker with tap
water and bubbling nitrogen gas
through the solution at 200 mL�min–1

to purge any DO.
Atmospheric pressure and solu-

tion salinity have large effects on DO.
All three meters allowed for manual
input of altitude (1400 m; Logan,
UT) and salinity conditions. All in-
struments compensate for solution
temperature using internal tempera-
ture sensors.

MEASUREMENTS OF ACCURACY

AND STABILITY. Accuracy was evaluat-
ed by comparing the DO measure-
ments to theoretical saturation levels.
Saturation levels were calculated from
current environmental conditions us-
ing DOTABLES software version 3.6
from the United States Geological
Survey (U.S. Geological Survey,
2018). Meters were tested in

freshwater (0 g�L–1 NaCl) and seawa-
ter (35 g�L–1 NaCl), and at three tem-
peratures (12, 22, and 38 �C) to span
the specified ranges of the meters. An
ice bath and hot plate were used to
change water temperature. All meas-
urements were made in a 1-L beaker
of with 1 L tap water aerated with am-
bient air via a bubbler at 200
mL�min–1 and stirred on a stir plate at
300 rpm. The stabilization time was
recorded as the time to reach a stable
reading for 5 s at a precision of one
(Smart Sensor, Sper, and YSI) and
two (YSI) decimal places. Measure-
ments were made at the final stabi-
lized DO measurement and were
repeated five times under each
condition.

Measurements were analyzed us-
ing analysis of variance and Tukey’s
honestly significant difference post
hoc tests in R statistical software (R
Core Team, 2020).

Results
Stable measurements were not

obtained from the Smart Sensor meter
because the displayed value fluctuated
constantly by more than 50%. Further
tests were thus not conducted with
the Smart Sensor meter.

In freshwater at 12 and 22 �C,
both the YSI and Sper meters mea-
sured a DO concentration 4% below
the theoretical value, as shown in Fig.
2. At 38 �C in freshwater, the YSI
measured 13% low and the Sper mea-
sured 13% high. In saline water at
12 �C, the YSI was within 1% of the
theoretical DO concentration whereas
the Sper measured 8% low. At 22 �C
in saline water, the YSI measured 7%
low and the Sper measured 3% low.
At 38 �C in saline water, the YSI mea-
sured 14% low whereas the Sper mea-
sured 14% high in relation to the

Fig. 1. Meter and electrode relative
size comparisons of the YSI 550A
(Yellow Springs, Inc., Yellow Springs,
OH), Sper 850048 (Sper Scientific,
Scottsdale, AZ), and Smart Sensor
Roeam AR8210 (Smart Sensor,
Dongguan, China) dissolved oxygen
meters.

Table 1. Sensor types, current prices, and temperature and accuracy ranges of the YSI 550A (Yellow Springs, Inc., Yellow
Springs, OH), Sper 850048 (Sper Scientific, Scottsdale, AZ), and Smart Sensor Roeam AR8210 (Smart Sensor, Dongguan,
China) dissolved oxygen (DO) meters evaluated in the study.

Manufacturer and
model Sensor 2021 Price (USD) Temp range (�C)z

DO measurement
range (mg�L–1)z

DO measurement
accuracy

YSI 550A Polarographic 875 –5 to 45 0.00–20.00
20.00–50.00

±2%
±6%

Sper 850048 Galvanic 350 0–60 0.0–30.0 ±3%
Smart Sensor
AR8210

Polarographic 99 0–40 0.00–20.00 ±0.4 mg�L–1

z(1.8 � �C) 1 32 = �F, 1 mg�L–1 = 1 ppm.
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theoretical DO concentration at
saturation.

The YSI meter stabilized about 5
s faster on average than the Sper meter
to 0.1 mg�L–1 DO, regardless of salini-
ty, as shown in Fig. 3. Stabilization

time of the YSI meter to 0.1 mg�L–1

DO increased significantly from 9.5 to
11.4 s between 12 and 38 �C in fresh-
water (P = 0.03) and from 9.8 to 12 s
in saline water (P = 0.02). There was
no significant difference in stabilization

times to 0.01 mg�L–1 DO across tem-
peratures for the YSI meter regardless
of salinity. In freshwater, stabilization
times for the Sper meter differed (P <
0.001) among the measured tempera-
tures, with the shortest stabilization
time occurring at 22 �C. The Sper me-
ter took significantly longer (P <
0.001) to stabilize to 0.1 mg�L–1 DO
in saline water at 38 �C compared with
lower temperatures, where no differ-
ences in stabilization times were
observed.

Discussion
The YSI, Sper, and Smart Sensor

meters are designed to be accurate
across a wide range of environments.
Oxygen has an uptake rate greater
than the sum of all other plant nu-
trients and nearly 5-fold faster than
that of nitrogen (Ingestad and Agren,
1988; Wen and Zhong, 1995). This
high uptake rate leads to fast oxygen
consumption from solution, which
necessitates fast-responding meters to
monitor DO levels. The meters evalu-
ated can also measure DO under su-
persaturated conditions, which may
be beneficial to hydroponic and aqua-
ponic growers with oxygen-enriched
waters to supplement high uptake
rates (Bar-Yosef and Lieth, 2013;
Goto et al., 1996). Langenfeld and
Bugbee (2021) used the YSI meter to
measure supersaturated DO condi-
tions from nanobubbles.

The Smart Sensor meter was not
stable in our tests despite multiple cal-
ibrations across several trials. Touch-
ing the electrode housing to the side
of a beaker caused the measurement
to change more than 50%. We discon-
tinued testing of the Smart Sensor
meter after a lack of repeatable results.
These results may not be representa-
tive of all Smart Sensor AR8210 DO
meters, but they demonstrate reliabili-
ty problems with the meter in our
study.

The accuracies of both the YSI
and Sper meters were similar at 0.1
mg�L–1 DO, with the YSI meter pro-
viding an extra digit of precision. Ac-
curacy was slightly outside the ranges
specified by both manufacturers, espe-
cially at 38 �C. Increased probe sensi-
tivity has been found to correlate
directly with temperature, which may
compound errors at the upper end of
the meter operating ranges (Macker-
eth, 1964). YSI sells a new model of
the 550A (Pro20i) that has increased

Fig. 2. Dissolved oxygen (DO) measurements of the YSI 550A (Yellow Springs,
Inc., Yellow Springs, OH) and Sper 850048 (Sper Scientific, Scottsdale, AZ)
meters compared with the calculated theoretical maximum DO levels at saturation
across three temperatures (12, 22, and 38 �C) and two salinities [0 and 35 g�L–1

sodium chloride (NaCl)]. Significance was tested using analysis of variance and
Tukey’s post hoc test. Error bars represent SD, n = 5. (1.8 3 �C) + 32 = �F, 1
mg�L–1 = 1 ppm, 1 g�L–1 = 1000 ppm.

Fig. 3. Stabilization times for the YSI 550A (Yellow Springs, Inc., Yellow Springs,
OH) and Sper 850048 (Sper Scientific, Scottsdale, AZ) meters to 0.1 and 0.01
mg�L–1 dissolved oxygen (DO) levels across three temperatures (�12, 22, and
38 �C) and two salinities [0 and 35 g�L–1 sodium chloride (NaCl)]. Significance
was tested using analysis of variance and Tukey’s post hoc test. Error bars represent
SD, n = 5. (1.8 3 �C) + 32 = �F, 1 mg�L–1 = 1 ppm, 1 g�L–1 = 1000 ppm.
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accuracy and the ability to switch be-
tween galvanic and polarographic
electrodes, which can extend the ser-
vice lifetime of the meter. Deposition
of metals on electrodes increases with
age and becomes the primary source
of inaccurate readings. All probes
were restored by sanding off visible
oxidation before testing, but incom-
plete removal of oxidation products
may have contributed to decreased ac-
curacy (Lee and Tsao, 1979).

The YSI meter had a faster sta-
bilization time (10 s) than the Sper
meter (15 s), which is important in
rapidly changing environments or
when making multiple measure-
ments. Solution temperatures at the
upper end of the operating ranges
of the meters were associated with
increased stabilization times, which
is contrary to the theory of fast oxy-
gen diffusion through membranes
at elevated temperatures, but in line
with the increased sensitivity dis-
cussed earlier (Han and Bartels,
1996). Solubility of oxygen also de-
creases with increasing temperature,
which may lead to increased errors.
Salinity appeared to have little effect
on stabilization times, suggesting
both meters can be used in fresh-
and saltwater.

Frequent testing of DO in hor-
ticultural crops helps to maintain an
optimal root zone environment for
maximum productivity. Both the
YSI and Sper meters were accurate
hand-held instruments at two com-
mon salinities and within their speci-
fied temperature ranges. The Sper
meter is limited to 0.1 mg�L–1 preci-
sion and has a shorter effective life-
time than a polarographic electrode.
The YSI meter has a longer warmup
period as a result of its polarographic
electrode. These characteristics must
be weighed against price (USD350
vs. USD875, respectively) to select
the most appropriate meter for a giv-
en task. The results of this study may
be beneficial to horticultural growers

in selecting meters to measure DO
concentrations.
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