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Abstract
Metabolism is a key property of lake ecosystem functioning, but logistical challenges make it difficult to esti-

mate across remote regions. The steady-state dissolved oxygen (DO) stable isotope method (18O method) esti-
mates metabolism from discrete water samples and thus enables large-scale surveys. However, this method relies
on the assumptions that the upper mixed layer DO saturation (DO%) relative to its isotopic composition
(δ18ODO) is at a steady state and that an increase in DO% results in a proportional decrease in δ18ODO. The appli-
cability of these assumptions has not been broadly assessed for small, low-productivity lakes with predomi-
nantly benthic metabolism. We evaluated the 18O method in these types of systems by surveying 184 Arctic
lakes in Sweden and found that the method consistently produces realistic estimates of metabolism in well-
mixed conditions and when water temperatures were relatively stable. Under such conditions, results from the
18O method agreed with those from the free-water diel DO method, and rates derived from both methods
responded similarly to environmental drivers. In contrast, we found that the 18O method frequently generated
unrealistic metabolic rates when temperatures were rising. Increasing temperatures may increase DO%

irrespective of δ18ODO in the upper mixed layer and promote lake stratification, both violating the assumptions
of the 18O method and preventing benthic metabolism from being integrated by surface water samples. We con-
clude that the 18O method is a powerful tool for studying metabolism in Arctic lakes across large spatial gradi-
ents, provided that temperature dynamics and vertical stratification are considered.

Lake metabolism is a central ecosystem process, affecting
important lake functions such as trophic state, productivity,
food web dynamics, and biogeochemical cycling. The two cen-
tral metabolic processes—gross primary production (GPP) and
ecosystem respiration (ER)—oppose each other because GPP
consumes carbon dioxide while producing oxygen and
organic carbon, and ER produces carbon dioxide while con-
suming oxygen and organic carbon. The balance between GPP

and ER therefore defines the role of a lake as net producer or
consumer of carbon dioxide, oxygen, and organic matter,
which is important for nutrient and carbon fluxes and energy
flow through the food webs of lake ecosystems (Cole
et al. 2007; Battin et al. 2009; Ask et al. 2012).

Lake metabolism is commonly estimated by measuring
changes in dissolved oxygen (DO) in water over time, either
in free-water (Sargent and Austin 1949; Odum and
Odum 1955; Odum 1956) or in incubations using sealed con-
tainers (Williams and Purdie 1991; Bender et al. 1999). Incuba-
tion approaches measure metabolism under more controlled
conditions, but are limited when attempting to scale the mea-
sured rates to the whole-ecosystem level (Bender et al. 1987;
Staehr et al. 2012b). For example, pelagic incubations will not
include the contribution of benthic metabolism (e.g., Loken
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et al. 2021), which can be substantial compared to pelagic
metabolism in Arctic lakes (Ask et al. 2012; Ayala-Borda
et al. 2024). Thus, metabolic rate estimates based on measure-
ments of free-water DO over time (from here onwards referred
to as the “diel method”) can efficiently estimate daily metabo-
lism at the whole ecosystem scale (Staehr et al. 2012b; Klaus
et al. 2022; Corman et al. 2023) once essential monitoring
equipment has been installed at the lake.

A challenge with the diel method is that it requires, as a
minimum, high-frequency data on wind speed and a vertical
temperature profile in addition to DO (Staehr et al. 2010).
While such high-frequency data yield detailed information on
lake DO temporal dynamics, it comes with relatively high
costs for deploying and maintaining the necessary field equip-
ment. The field efforts required to deploy and maintain the
equipment make the diel method difficult to apply to a large
number of lakes in remote areas, such as the Arctic where lakes
are abundant (Downing and Duarte 2009). Due to these chal-
lenges, large-scale comparative studies of lake metabolism in
remote regions are scarce and this limits our understanding of
lake ecosystem functioning in the Arctic (Bogard et al. 2017,
2020; Klaus et al. 2022).

The geographical scope of lake metabolism studies can be
increased by using the oxygen stable isotope method (18O
method), which can derive a snapshot estimate of metabolism
from a water sample gathered during one short visit to a lake.
The 18O method utilizes the ratio of the two major stable iso-
topes 18O and 16O (18:16O, typically expressed as δ18O
‰VSMOW) of DO and H2O as a tracer for metabolism. The
ratio of the oxygen stable isotopes works as a tracer because
fractionation during ER enriches DO in the heavy
isotopologue (increasing δ18ODO). In contrast to ER, GPP pro-
duces DO with nearly the same δ18O as the water it consumes,
which depletes δ18ODO because δ18OH2O in inland waters is
much lower than δ18ODO (Quay et al. 1995). Thus, δ18ODO can
be used to derive absolute metabolic rates with knowledge of
air-water gas exchange rates and by assuming δ18ODO and DO
in the upper mixed layer (henceforth ‘mixed layer’) to be in
steady state (Bocaniov et al. 2012; Bogard et al. 2017). Steady
state implies that there are no net changes in δ18ODO and DO
between days and thus that the net effects of GPP and ER are
balanced by atmospheric gas exchange. Another assumption
is that departures in DO saturation (DO%) in the mixed layer
are fully attributed to ecosystem metabolism, which neglects
the impact of physical processes on DO (Bocaniov et al. 2015).

The 18O method has several advantages in systems where
its assumptions are applicable. First, its high sampling effi-
ciency has enabled comparative studies of metabolism across
hundreds of lakes (Bogard et al. 2020). Second, estimating
metabolism at the ecosystem level is challenging and most
techniques have their associated limitations and assumptions.
Using multiple methods can therefore give a more nuanced
ecosystem assessment. Due to its high sampling efficiency, the
18O method is easily applied in tandem with other methods

(Holtgrieve et al. 2010; Kuhn et al. 2020; Loken et al. 2021).
Third, 18O estimates of metabolism are arguably more spatially
and temporally integrated, which can be advantageous in het-
erogeneous systems compared to the diel method and bottle
incubations (Van De Bogert et al. 2007; Loken et al. 2021).
Last, the 18O method can integrate elevated rates of daytime
ER more accurately (Tobias et al. 2007; Hotchkiss and
Hall 2014) than other methods. Studies that advance our
insight into where, when, and how the 18O method can be
successfully applied are valuable for developing a deeper
understanding of carbon and energy dynamics across lakes in
Arctic landscapes.

Various 18O methods have been adapted and used to
explore metabolic properties of a variety of aquatic ecosys-
tems, including the ocean (Bender and Grande 1987; Quay
et al. 1993; Quiñones-Rivera et al. 2007), running waters
(Quay et al. 1995; Tobias et al. 2007; Holtgrieve et al. 2010),
lakes (Russ et al. 2004; Ostrom et al. 2005; Wassenaar 2012),
and estuaries (Loken et al. 2021). In the current study, we
evaluate the 18O method, here defined as a tool to derive
absolute rates of ER and GPP in lakes by assuming steady
state of δ18ODO and DO. This method has so far shown
promising results and good agreement with other methods
(Bocaniov et al. 2012; Bogard et al. 2017). However, some of
the 18O method assumptions have been disputed and
caveats identified.

In highly productive environments, the steady state
assumption may be invalid due to large within- and between-
day variability in δ18ODO and DO (Venkiteswaran et al. 2007),
which may bias estimates and largely restrict point sampling
to certain hours of the day in order to represent daily averages
(Peeters et al. 2019; Bogard et al. 2020a). While these issues
are of less concern in oligotrophic lakes (Bogard et al. 2020a),
the 18O method was found to be sensitive to sharp increases
in temperature in a large and unproductive lake where ecosys-
tem metabolism was small compared to physical changes of
DO (Bocaniov et al. 2015). Rapid temperature-induced
changes in DO solubility may violate the steady-state assump-
tion because they change DO% independently of δ18ODO,
which causes the method to generate unrealistic rates of
metabolism. Taken together, the 18O method may be better
suited for shallow, often smaller oligotrophic lakes with short
fetches that are less prone to physical mixing, and during
periods with more stable water temperatures (Bocaniov
et al. 2015; Bogard et al. 2017). Yet, how temperature-driven
changes in DO solubility affect the applicability of the 18O
method in Arctic lakes has not been thoroughly assessed.

Another caveat is that benthic or metalimnetic metabolism
occurring below the mixed layer depth (Zmix) during stratified
conditions may not be captured by a surface water sample
(Bogard et al. 2017). Thus, the standard application of the 18O
method is expected to better represent whole ecosystem
metabolism during full water column mixing when most of
the euphotic zone (Zeu) is within Zmix, or in lakes dominated
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by pelagic metabolism (Bogard et al. 2017, 2020). Although
lakes with primarily benthic metabolism are common in Arc-
tic environments (Karlsson et al. 2009; Ask et al. 2012; Ayala-
Borda et al. 2024), few studies have assessed the applicability
of the 18O method in these types of lakes.

In this study, we evaluate the 18O method as a tool for
comparative studies of metabolism in Arctic lakes, at large spa-
tial scales at which other conventional methods are difficult
to apply. We use data from 39 extensively monitored Arctic
low-productivity lakes across three mountainous regions in
Sweden, where GPP predominately takes place in the benthic
habitat (Norman et al. 2022). Temperature, wind speed, light,
and DO were monitored in the years 2017–2021 and comple-
mented with repeated field surveys of δ18ODO. From these
data, we estimate metabolic rates using the diel and 18O
methods in tandem throughout the open-water season. Fur-
thermore, we compare estimates from our extensively moni-
tored lakes to those derived from a synoptic survey conducted
during autumn across 145 lakes in one of our study regions
and assess how the results align along a regional trophic gradi-
ent as measured by dissolved organic carbon (DOC) concen-
trations. Based on the results from both methods, we evaluate
the key assumptions of the 18O method on a seasonal basis
and frame caveats that can provide guidelines for using this
method effectively.

We hypothesize that changes in DO% in the mixed layer
are largely driven by DO solubility changes during periods of
thermal instability such as after the initiation of the ice-free
season and during heatwaves in summer. Temperature-driven
supersaturation of DO can cause the 18O method to derive
unrealistic estimates (Bocaniov et al. 2015), especially if lakes
stratify and metabolism occurs predominantly below the
mixed layer (Bogard et al. 2017). We thus expect the method
to perform better when temperatures are stable and the mixed
layer includes most of the productive benthic habitats in the
euphotic zone (when lakes generally are fully mixed).

Materials and procedure
Study sites

We combined data from three different areas in the
oroarctic (e.g., mountainous Arctic) region of Sweden: Abisko,
Stekenjokk, and Jämtland, with a total of 39 small lakes
(Table 1). Each area was monitored in different years: 2017
(Jämtland), 2018 and 2019 (Abisko), and 2021 (Stekenjokk).
All the isotope data are previously unpublished, while approx-
imately half of the sensor data have been published (Klaus
et al. 2022; Verheijen et al. 2022). These lakes are broadly rep-
resentative of small lakes in the Swedish oroarctic region. They
are located between 63�N and 68�N at 400–1000 m.a.s.l, and
their catchments are generally dominated by dwarf heath,
bare rock and mountain birch forest. The lakes are small
(generally < 10 ha) and cover a range in maximum (Zmax:
2.3–35.9 m) and mean depth (Zmean: 0.8–10.5 m). Zmean is a

key driver of metabolism because increased depth limits light
penetration to the lake bottom and restricts coupled benthic
GPP and ER (Klaus et al. 2022). Cross-sectional shape,
expressed as average depth (Zmean) over Zmax, varies between
0.27 and 0.57 and is a secondary driver because concave
(lower Zmean : Zmax) lakes on average support higher metabolic
rates than convex (higher Zmean : Zmax) lakes (Klaus
et al. 2022). These lakes have high water clarity (light attenua-
tion coefficient, Kd: 0.17–1.52 m�1), such that Zeu generally
extends past Zmean and often all the way to Zmax, supporting
benthic primary production throughout most of the lakes.
The lakes span a DOC gradient of 0.73–8.32 mg L�1 and are
low-productivity systems with extremely low total phospho-
rous and total nitrogen concentrations (Table 1). There is nor-
mally ice-cover on the lakes from October until June when the
ice melts and the open-water season starts. Some lakes are
monomictic or dimictic (n = 14) and stratify shortly after the
ice melts, remaining stratified until fully mixing commences
in late August to early September. By contrast, many lakes are
polymictic (n = 25) and mix repeatedly (> 3 times) throughout
the season, including all lakes in Stekenjokk.

Sampling campaigns and seasons
We defined three seasons to reflect different environmental

conditions as follows: “spring” begins after the lake ice-cover
melts in early to mid-June and spans to early July (day-of-
year < 182), characterized by large variability in temperature
and stratification patterns; “summer” represents the season

Table 1. Physicochemical characteristics of the 39 studied lakes
across the three regions (Abisko, Stekenjokk and Jämtland).
Shown are mean and standard deviation (SD) of maximum depth
(Zmax), mean depth (Zmean), the cross-sectional shape (Zmean :
Zmax), light extinction coefficient (Kd), euphotic zone depth (Zeu)
relative to maximum depth (Zeu : Zmax) and mean depth (Zeu :
Zmean), DOC concentration, total phosphorous and total nitrogen
concentrations. Zeu in each lake is capped at Zmax.

Characteristics

Mean (SD)

Abisko Stekenjokk Jämtland

Latitude (�N) 68.4 (0.0) 65 (0.0) 63.5 (0.1)

Longitude (�E) 18.4 (0.2) 14.6 (0.0) 12.5 (0.3)

Surface area (ha) 6.3 (3.5) 5.5 (4.5) 7.4 (3.7)

Elevation (m.a.s.l) 477 (43) 918 (59) 654 (95)

Zmax (m) 10.0 (5.4) 6.4 (2.8) 11.4 (7.8)

Zmean (m) 3.4 (2.1) 2.3 (0.8) 3.7 (2.3)

Zmean : Zmax 0.4 (0.1) 0.4 (0.1) 0.4 (0.1)

Kd (m
�1) 0.7 (0.3) 0.3 (0.1) 0.9 (0.4)

Zeu : Zmax 0.9 (0.2) 1.0 (0.0) 0.7 (0.2)

Zeu : Zmean 2.2 (0.7) 2.6 (0.5) 1.7 (0.5)

DOC (mg L�1) 2.8 (1.6) 1.3 (0.3) 4.8 (1.5)

Total phosphorous (μg L�1) 4.5 (0.8) 5.2 (0.6) 4.4 (0.5)

Total nitrogen (μg L�1) 145 (36) 102 (32) 161 (27)
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when water temperatures peak and many lakes stratify
(day-of-year 182–229); “autumn” represents the season when
water temperatures drop and full mixing of the water column
occurs in the vast majority of lakes, spanning from the second
half of August (day-of-year > 229) until the ice sets in October.
The Jämtland lakes (n = 14) were sampled monthly from late
June until early September in 2017. The Abisko lakes (n = 15)
were sampled monthly from late June to early September in
2018. During 2019, the same lakes in Abisko (excluding four
lakes, n = 11) were sampled directly after the lake ice-cover
melted in June and then monthly until the beginning of
October. The Stekenjokk lakes (n = 10) were sampled monthly
from late June to September 2021. All lakes were sampled
within a timespan ranging from 07.00 to 19.00 h (medi-
an = 13.15 h; CEST). An additional 145 lakes in the Abisko
region were sampled synoptically during a 5 h helicopter sur-
vey in autumn (20 September 2017).

δ18O samples
All samples in the 39 extensively monitored lakes were

taken from a boat at the deepest point of each lake. Water
samples for δ18OH2O and δ18ODO (1 sample per lake and
water layer) were taken at 0.5–1 m below surface (in the mixed
layer) and at 1 m above lake bottom. Near-bottom samples
were not taken in the Stekenjokk dataset when the lakes were
fully mixed. For δ18ODO, water was filtered directly in the field
through a 0.20-μm filter (to remove most plankton and bacte-
ria) and injected through the sealed pierceable three-layer sep-
tum (polytetrafluoroethylene (PTFE)—silicone—chlorobutyl)
of an evacuated 12-mL Exetainer® (LabCO; without added pre-
servatives) using an inlet and outlet 0.6-μm needle, ensuring
no contact with the atmosphere and no headspace. For
δ18OH2O, water was filtered (0.20 μm) into a 4-mL glass vial
without needles and ensuring no headspace. All isotope sam-
ples were stored dark and cold (� 5�C) and analyzed within
2 months. For the 145 lakes sampled by helicopter in Abisko,
water was collected near the midpoint of the lake, stored cold
while ensuring no atmospheric contamination, and then fil-
tered as above within 48 h in the lab.

The δ18ODO samples were analyzed at the Stable Isotope
Laboratory at Swedish University of Agricultural Sciences in
Umeå, using a GasBench II Isotope Ratio Mass Spectrometer
(DeltaV, Thermo Fisher Scientific), set to continuous flow
injection mode (similar to Barth et al. 2004). Atmospheric air
was used as internal standards and the results were corrected
linearly for drift. The δ18OH2O samples were analyzed at Stable
Isotope Laboratory using a Picarro cavity ringdown laser spec-
trometer (L2130-i) with a vaporizer module (A0211; Picarro,
Inc.). See Supporting Information Text S1 for more details on
instrument settings and lab procedures. We report the stable
isotope composition of water and DO in delta notation (δ),
defined as:

δ18O ‰ð Þ¼ Rsample

Rstandard

� �
�1

� �
�1000 ð1Þ

where R is the ratio of 18O to 16O in the sample and in the
standard (Vienna Standard Mean Ocean Water; 0.00200520).
Higher values reflect DO or water enriched in the heavier iso-
tope 18O.

Measurements of DO, temperature, and air pressure
All lakes were monitored for DO and temperature, and

some lakes for air pressure as well. We used the timestamps of
the δ18ODO samples to extract snapshots of temperature and
the concentration of DO from the high-frequency (5–10 min
logging frequency) free-water logger time-series (miniDOT,
Precision Measurement Engineering, Inc.), installed at the
same depths and location where the samples were taken.
Some δ18ODO samples were taken before the DO logger was
installed or after it was retrieved; we then used manually
measured DO instead (ProDO, YSI). Air pressure data were
gathered from the nearest installed pressure logger (HOBO
S-BPB-CM50) and corrected for elevation. For the survey of
145 lakes, DO was measured with miniDOT loggers (as above)
and temperature with 16 Hz RBRsolo temperature loggers
(RBR Ltd.), every 5 s for 1 min at 1 m depth, directly beneath
the helicopter. Air pressure was estimated from the time series
of modeled climate reanalysis data (Muños Sabater
et al. 2024). See Supporting Information Text S2 for further
information on quality assurance processes and uncertainty
estimations for field DO measurements.

18O metabolism calculations
We used the 18O method to derive metabolism based on

the concentration of DO relative to the atmospheric satura-
tion concentration and the isotopic composition of DO and
water (see Bogard et al. 2017 for further equations and details
on modeling).

GPP¼ kO2

Zmix

� �
� DO b� cð Þ�DOsat a� cð Þð Þ

d�c
ð2Þ

R¼ kO2

Zmix

� �
� DO b�dð Þ�DOsat a�dð Þð Þ

d� c
ð3Þ

where kO2 is the gas exchange velocity of oxygen, Zmix the
upper mixed layer depth, DOsat the DO concentration at
atmospheric saturation (Garcia and Gordon 1992),
a¼AFair*αg*αs, b¼AFDO*αg, c¼AFDO*αR, and d¼AFH2O*αp.
AFH2O, AFDO, and AFair are the atomic fractions (see Eqs. 1, 4)
of 18O for water, DO, and air, respectively. αp, αR, αg, and αs
are the fractionation coefficients for photosynthesis
(αp =1.000; Guy et al. 1993), the kinetic component air–water
gas exchange (αg =0.9972; Knox et al. 1992), the equilibrium
component of gas solubility (αs =1.0007; Benson and
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Krause 1984) and DO consumption (αR), where the latter
includes ER, photochemical consumption, and sediment respi-
ration (Bogard et al. 2017). The δ18O of DO and water (δ18ODO

and δ18OH2O) were derived from water samples (detailed
above) and that of air from the literature (23.88‰VSMOW;
Barkan and Luz 2005).

AF¼ Rsample

1þRsample
� � ð4Þ

DO-consumption fractionation (αR)
The DO-consumption fractionation coefficient (αR) may

vary in both space and time and affects the 18O metabolism
estimates (Holtgrieve et al. 2010; Hotchkiss and Hall 2014).
However, for studies with a large geographical scope, con-
straining αR for each individual system and sampling occasion
is not feasible and it is therefore common to assume αR based
on the relative contributions of sediment respiration and
pelagic respiration (Bogard et al. 2017; Loken et al. 2021). Frac-
tionation is expected to be smaller (higher αR) in systems with
larger contributions of sediment respiration to the DO con-
sumption observed in the water column (Lehmann
et al. 2009), owing to reduced fractionation in environ-
ments with limited supply of DO (Bender 1990; Angert
et al. 2001). While benthic organisms likely contribute sub-
stantially to the DO production and consumption in our
systems, the relative contribution of sedimentary respira-
tion remains unknown. Because we lack this information,
and that measuring αR for hundreds of lakes is not feasible
(Bogard et al. 2017), we use an αR of 0.9824 for all our calcula-
tions. This value corresponds to the average value for all types
of respiration (described in Mader et al. 2017). We assess the
validity of this assumption by recalculating metabolism
assuming both a lower (0.980) and a higher (0.985) αR value
(Supporting Information Figs. S1, S2). We also assess how
results change by adding a 4‰ fractionation of GPP
(Eisenstadt et al. 2010) (Supporting Information Fig. S3). We
emphasize that it is unlikely that all lakes have the same coef-
ficients and that assuming a uniform αR likely is a contribut-
ing source of error, especially because there may be large
variability in DO close to the sediments in these types of lakes
(Klaus et al. 2021).

Gas exchange rates and upper mixed layer depths
The kO2 was derived using Schmidt number scaling from

k600 estimates, which were calculated from wind speed (fol-
lowing Cole and Caraco 1998). Wind speed was measured at
2m height at the lake shoreline (HOBO S-WSA-M003) and
scaled to 10m height (following LWinslow et al. 2016). The
Zmix was estimated from thermistor data (HOBO TidbiT V2,
Onset Computer Corporation, installed at 0.5m increments
from 0 to 4m depth and at every 1m thereafter; 5–10min log-
ging frequency) in R (R Core Development Team 2022) using

package “rLakeAnalyzer,” assuming a minimum density gradi-
ent of 0.1 kgm�3 (Winslow et al. 2019). When continuous
data on Zmix was not available at the time of isotope sampling,
we used the temperature profile that was manually measured
at the same depths as the thermistors (ProDO, YSI). For the
survey of 145 lakes, we estimated kO2 from time series of
modeled climate reanalysis data with wind speed at 10m
height (Muños Sabater et al. 2024), using the same methods as
mentioned above. We assumed that these lakes were fully
mixed so that Zmix is equal to the depth measured directly
under the helicopter, assuming further that the measured
depth is on average representative of the lake depth.

Diel oxygen metabolism modeling
Using monitored incoming solar radiation (HOBO

UA-002-64 or S-LIB-M003), DO, temperature, estimated kO2

and Zmix, daily average metabolism in the epilimnion was esti-
mated using a maximum likelihood metabolism model and a
bootstrapping approach. Following Klaus et al. (2022), we used
established functions from R-package “LakeMetabolizer”
(Winslow et al. 2016) and modeled GPP as a function of
incoming solar radiation and ER as a function of water
temperature, accounting for the estimated DO-flux across the
air-water interface. Scaling parameters for GPP and ER were
estimated for each day and lake using the measured DO time
series, and a maximum likelihood and bootstrapping approach
(Solomon et al. 2013) that resulted in mean and standard devi-
ation estimates of GPP and ER for each day. Days with large
standard deviations relative to the mean, in comparison to all
observations from the same lake and year were deemed as
poor fits (“bad” vs. “good” days) and were subsequently dis-
carded. See Klaus et al. (2022) for further details on data prepa-
ration, modeling and analysis. In addition, outliers of GPP
and ER were identified as values exceeding the upper quartile
(Q3) plus three times the interquartile range (of observations
from the same lake and dataset). Days with outliers of GPP or
ER were also removed to improve comparability between
methods.

Approximate integration period of the 18O method
To determine an approximate timescale for the period pre-

ceding each sample that a 18O metabolism estimate reflects,
we assessed the average DO residence time (Zmix/kO2) of our
study systems. The average residence time was defined as the
mean depth of all lakes (3.2m) divided by the mean kO2 esti-
mated across all years, lakes and seasons (0.65m d�1),
resulting in �5d. We applied a uniform time-integration
across all lakes and datasets to ensure consistency in our evalu-
ation across datasets and years. We used the median kO2/Zmix

corresponding to the same period (5 d up to the sampling
occasion) as input in the isotope model. Note that the time-
integration period was shorter than 5d in the first set of sam-
ples in three of our datasets (Jämtland, Stekenjokk and Abisko
2019), because the wind-speed loggers and thermistors were
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deployed shortly before the 18O-sampling. To compare the
18O-method estimates with the diel estimates, we paired
each 18O metabolism estimate to the average of diel
metabolism estimates from the 18O sampling day and the
4 prior days. Averaging diel metabolism data over longer
time-scales (> 3 d) also reduces noise and increases the com-
parability with the 18O method (Loken et al. 2021; Klaus
et al. 2022), which strengthens our assessment. We used
Monte-Carlo simulations to propagate the error of input
variables (DO%, δ18ODO and δ18OH2O) into metabolic rates,
and present the means as absolute rates (Supporting Infor-
mation Text S3). The standard deviations of each individual
metabolic rate are presented in the data provided with this
study.

Assumption evaluation—coupling of DO% and δ18ODO

The isotope model assumes that the DO% and δ18ODO are
inversely correlated and that their departure from atmo-
spheric equilibrium happens exclusively because of metabo-
lism. For example, an δ18ODO enriched relative to the
atmospheric equilibrium value (> 24.58‰) indicates net
heterotrophy and therefore the DO% is expected to be
undersaturated (< 100%) (Quay et al. 1995). However,
changes in temperature alter the solubility of DO without
directly changing the concentration of DO, which may
cause DO% to increase if solubility decreases faster than DO
equilibrates. Disproportionately high DO% can result in
unrealistic estimates of ER and GPP that imply production
and consumption of DO, respectively (Bocaniov
et al. 2015). We investigated the magnitude of this effect by
simulating temporal dynamics of DO (and DO%) in the
mixed layer when biological activity is absent, from
timeseries of DOsat (derived from timeseries of barometric
air pressure and temperature), kO2 and Zmix:

SimulatedDOiþ1 ¼ simulatedDOiþ kO2, i

Zmix, i

� DOsat, i� simulatedDOi
� � ð5Þ

where simulated DO at i = 1 was set to DOsat (i.e., simulated
DO% = 100), and Zmix was capped at the lake’s mean depth to
better reflect the effective volumetric exchange of
DO. Equation 5 was iterated over each timestep i in the
timeseries, yielding a simulated timeseries of DO and DO%

(hereafter “simulated DO%”; see Table 2 for conversion to
DO%). These timeseries illustrate how DO% respond to chang-
ing water temperatures in the mixed layer (Supporting Infor-
mation Fig. S4). Other physical processes that influence
mixed-layer DO—such as entrainment of deep-water DO or
catchment inputs—are not accounted for by the simulation.

Each DO% measurement was paired with a sample of simu-
lated DO% from these timeseries to illustrate the potential
impact of temperature on DO% during the 18O-sampling. We
excluded simulated DO% from the analysis in all situations
where timeseries of simulated DO% were incomplete and man-
ual DO samples replaced logger-samples (first set of samples in
Jämtland, Abisko 2019 and Stekenjokk, and the last set in Abi-
sko 2019).

Euphotic zone to mixed layer depth ratio assessment
Because the 18O method (the steady-state approach) is

designed to be used in surface waters with atmospheric
exchange, the mass balance equations are difficult to apply to
deeper water masses below the mixed layer in stratified lakes
(see Eqs. 2, 3). When lakes stratify, surface water sampling does
not capture metabolism occurring below the mixed layer. This
is important to consider in lakes with high benthic relative to
pelagic metabolism during periods when lakes stratify (Bogard
et al. 2017). Therefore, we calculated the area of benthic

Table 2. Table summarizing variables introduced in the methods section.

Variable Meaning Symbol (unit)

Dissolved oxygen concentration Concentration of oxygen dissolved in water DO (mg L�1)

Dissolved oxygen atmospheric saturation

concentration

Concentration of oxygen dissolved in water at atmospheric saturation DOsat (mg L�1)

Fraction of DO atmospheric saturation in

percentage

(DO/DOsat) * 100 DO% (%)

Fraction of 18O in dissolved oxygen Isotopic ratio of 18:16O in DO relative to a standard of known composition

(VSMOW)

δ18ODO (‰VSMOW)

DO saturation driven by gas exchange

and temperature

Theoretical saturation of DO in absence of GPP and ER, simulated from

Eq. 5 where GPP and ER are set to 0

Simulated DO (%)

Euphotic zone depth Depth at which 1% of incoming surface light penetrates, capped at lake

max depth

Zeu (m)

Upper mixed layer depth Depth of the water layer that exchanges oxygen with the atmosphere Zmix (m)

Fraction of benthic habitat area within

Zeu that is also within Zmix

Metric describing how well benthic metabolism is reflected by a surface

water sample

Azeu:zmix (fraction, 0–1)
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habitat within Zeu (Azeu) and then calculated the fraction of
this area encapsulated within Zmix (Amix). Given that GPP and
ER are strongly coupled in these types of lakes (Klaus
et al. 2022), this metric (hereafter referred to as Azeu:zmix) repre-
sents how well the surface water sample captures benthic
metabolism in each lake. Values near 1 indicate that most of
the benthic metabolism occurs in the mixed layer and values
near 0 indicate that almost none of the benthic metabolism
occurs in the mixed layer (and is thus not accurately incorpo-
rated in a surface-based estimate). We assessed whether both
Azeu:zmix and simulated DO% were associated with derived
unrealistic 18O estimates using point-biserial correlations (see
Supporting Information Text S4, for details on statistical
analysis).

Assessment
Overview of metabolism estimates

Both the 18O and diel methods indicated low metabolic rates
in all 39 lakes and that most lakes are net heterotrophic on
average (ER > GPP). The 18O method derived realistic estimates

of GPP (0:070:11
0:03 g O2 m�3 d�1; medianQ3

Q1) and ER (0:090:17
0:05 g

O2 m�3 d�1). These rates were slightly lower than the

corresponding diel estimates of GPP (0:100:16
0:06 g O2 m�3 d�1)

and ER (0:120:19
0:05 g O2 m

�3 d�1) (Fig. 1). The 18O method gener-
ated many unrealistic metabolic rates during spring and sum-
mer (Fig. 2). During spring (n=42), the 18O method generated
a low proportion of realistic estimates (31%; hereafter referred
to as success rate) of metabolism across all datasets and the
unrealistic rates were subsequently discarded. The output from
the summer (n=60) snapshots followed similar patterns to
those in spring, with a low success rate (47%). In autumn
(n=59), the 18O method had a substantially higher success
rate (81%), similar to the 145 lakes sampled synoptically dur-
ing autumn (80%). Across the 5-d long integration period
corresponding to each 18O estimate, a median of 60% of days
from the diel method were flagged as “good,” with no outliers,
across all seasons and datasets (Supporting Information
Fig. S5).

Comparison of metabolism estimates by season
Because many loggers were still being deployed during

spring isotopic sampling, we were unable to directly compare
realistic 18O estimates to diel estimates (8 of 13 cases). The few
(n = 5) remaining comparable spring estimates showed rela-
tively poor agreement between methods, indicated by a higher
root mean square error (RMSE, Fig. 1a–c). We were able to
compare all realistic estimates from summer (n = 28). The 18O
method generated metabolic rates in summer that generally
were consistent with the diel method, but RMSE was high, the
limits of agreement were wide, and the difference between
methods tended to increase at higher metabolic rates
(Fig. 1d–f). Among realistic estimates in autumn (n = 48),
RMSE and the difference between methods were lower than in

the other seasons, and the range for limits of agreement was
narrower (Fig. 1g–i). Yet, there was a tendency for the 18O
method to slightly underestimate ER at low values and over-
estimate ER at higher values, and slightly underestimate GPP
relative to the diel method. Overall, the 18O method produced
estimates that were generally in agreement (mean difference
near zero) with the diel method in summer and autumn.
Although RMSEs are close to the median metabolic rates from
each method (see section above), the differences between the
methods tended to average out near zero—implying that the
approaches provide comparable metabolism estimates for geo-
graphic surveys.

Contradictory values of DO% and δ18ODO

As a first step in understanding the seasonal variability in
the applicability of the 18O method, we evaluate why the 18O
method had a lower success rate in spring and summer com-
pared to autumn. The 18O method derived unrealistic esti-
mates from contradictory values of DO% and δ18ODO—where
DO% > 100 was coupled with a δ18ODO > 24.58‰ or when
one term was too high in proportion to the other (Fig. 2). This
suggests that there were factors in spring and summer that
caused DO% and δ18ODO to deviate from the assumption
that these variables are inversely correlated. We assess two
interacting mechanisms underlying this pattern: (1) Stratifica-
tion theoretically isolates productive benthic habitats below
the mixed layer, preventing their contribution from being
detected through near-surface water sampling, resulting in a
larger dependency of mixed-layer DO% on physical processes;
(2) increasing temperatures in the mixed layer lowers DO solu-
bility. If this effect is faster than DO atmospheric equilibra-
tion, it may increase DO% irrespective of δ18ODO (Supporting
Information Fig. S4).

Consistent with mechanism (1), Azeu:zmix was negatively
associated with the occurrence of unrealistic rates (Spearman’s
ρ = �0.40, p < 0.001) across all seasons, whereas samples
resulting in unrealistic rates had on average lower Azeu:zmix in
spring and summer (Fig. 3a). Consistent with mechanism
(2), we found that the simulated DO% was positively associ-
ated with unrealistic output (Spearman’s ρ = 0.36,
p < 0.001), visually showing stronger effects (Simulated
DO% > 100) in spring and summer compared to autumn
(Fig. 3b). We defined thresholds for simulated DO% (> 100:
indicates temperature-driven increase in DO%) and Azeu:zmix

(< 0.75: less than 75% of the benthic area within Zeu is also
within Zmix). We used these thresholds to illustrate how the
terms interact: the success rate is highest when both simu-
lated DO% < 100 and Azeu:zmix > 0.75, lowest when simu-
lated DO% > 100 and Azeu:zmix < 0.75, and intermediate in
the other two cases (Fig. 3c). These results suggest that the
18O method derived unrealistic rates when temperature-
driven solubility changes and stratification decouple surface
DO% from whole-ecosystem metabolism.
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Sampling conditions are crucial for the success rate
The success rate of the 18O method was linked to seasonal

temperature dynamics. Success rates mostly reflected preva-
iling sampling conditions rather than inherent lake character-
istics and can vary between 0% and 100% in the same set of
lakes and season (e.g., Fig. 4d). Rising temperatures in the
mixed layer frequently increased simulated DO% > 105
(Fig. 4), while decreasing temperatures more seldom decreased
simulated DO% by a similar magnitude (< 95). Surveys during
temperature peaks in summer, characterized by elevated simu-
lated DO% and lower median Azeu:zmix, had notably lower suc-
cess rates (< 12%; Fig. 4a,b,d in summer). Conversely, stable or

cooling summer conditions were associated with higher suc-
cess rates (> 54%; Fig. 4c,d in summer), had higher median
Azeu:zmix, and largely lacked elevated simulated DO% > 105,
similar to all autumn surveys. Spring surveys, often coinciding
with temperature peaks (Fig. 4b,c) or relatively low median
Azeu:zmix (< 0.75) (Fig. 4a), yielded moderate success rates at
best (< 41%). Overall, these findings indicate that rising tem-
peratures created unfavorable conditions for the 18O
method—causing both stratification and DO solubility
changes that may increase DO% (Supporting Information
Fig. S4), which violate assumptions on metabolic contribu-
tions in the mixed layer.
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Fig. 1. Left panels: Relationship between metabolic estimates (GPP = green, ER = purple) from the diel and 18O methods in spring (a–c), summer (d–f),
and autumn (g–i). The black diagonal line depicts the hypothetical 1 : 1 relationship. Root mean square error (RMSE) and linear regressions (solid lines)
for GPP and ER are color-coded accordingly. Middle and right panels: Bland–Altman plots for GPP (right) and ER (middle) comparing agreement between
the two methods. The x-axis shows the average of the two methods, while the y-axis shows the difference between them. The solid horizontal line indi-
cates the mean difference (systematic bias), and dashed lines represent the limits of agreement (mean difference � 1.96 � standard deviation of the
differences).
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Metabolic rates scale with DOC concentrations
The synoptic survey of 145 lakes sampled in September

2017 resulted in a high success rate (80%), which supports the
conclusion that the 18O method generally derives realistic

estimates in conditions that are typical for autumn (stable or
cooling water temperatures). To put these metabolic rates into
context, the estimates were compared to both diel and 18O
method estimates in September from different years and
regions and plotted against a gradient in DOC. In clear, low-
productivity Arctic lakes with predominantly benthic GPP,
DOC may have a strong influence on GPP and ER, integrating
the effect of key drivers such as nutrient and light availability
(GPP) and substrate availability (ER) (Hanson et al. 2003;
Seekell et al. 2015). At concentrations higher than 5 mg L�1,
the relationship with GPP (but not necessarily ER) may break
down or become negative because of light limitation in
increasingly colored water (Seekell et al. 2015). Both the 18O
method and diel method captured similar regional patterns of
lake metabolism across DOC gradients in autumn that gener-
ally were consistent across years and methods (Fig. 5).

In the Abisko region, both GPP and ER scaled with DOC on
a log10 scale (0–5 mg L�1), with slopes of 0.13–0.24 and 0.13–
0.25, respectively, and significant fits (R2 = 0.27–0.57,
p < 0.05; Supporting Information Table S1). The regressions
from both methods had overlapping confidence intervals
(Fig. 5), indicating that they yield similar predictions about
regional metabolic drivers across years. The synoptic survey
included a wider variety of lakes, spanning a wider range of
DOC and metabolism estimates that aligned with patterns
from the other regions. For example, Jämtland lakes often had
DOC > 5 mg L�1 and showed lower GPP slopes, with GPP that
does not scale with DOC (Supporting Information Table S1),
visually similar to the synoptic survey pattern at DOC
> 5 mg L�1. In the clearer lakes in Stekenjokk, metabolism
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Fig. 2. Relationship between δ18ODO (‰VSMOW) and DO atmospheric
saturation percentage (DO%) in near-surface samples. Points represent all
measurements; point colors show the season and fill indicates if the 18O
model output was unrealistic (GPP consuming or ER producing DO; hol-
low circles) or realistic (filled circles). Error bars show the measurement
uncertainty of δ18ODO and DO%. The horizontal and vertical dashed lines
denote the atmospheric equilibrium values. The diagonal dotted line rep-
resents the logistic regression decision boundary separating a 50% proba-
bility of an estimate being “realistic” from “unrealistic.” It was derived by
fitting a binomial model to a binary classification metric (realistic
vs. unrealistic), using DO% and δ18ODO as predictors.
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Fig. 3. (a) The proportion of benthic area within Zeu that is also within Zmix (Azeu:zmix) during the time-point for each sample, and (b) DO saturation per-
centage (simulated DO%) simulated from time series of temperature, Zmix, and kO2 across seasons for samples resulting in realistic (yellow) and unrealistic
(blue) 18O estimates. Boxes show the interquartile range (IQR; 25th–75th percentiles), solid horizontal lines the median, whiskers indicate 1.5� IQR, and
points represents each measurement. (c) Azeu:zmix and simulated DO binned for all lakes and seasons, points are colored according to (a) and (b). Dashed
lines show thresholds for simulated DO% (>100: indicates temperature-driven increases in DO%) and Azeu:zmix (< 0.75: less than 75% of the benthic area
within Zeu is also within Zmix). The annotated text describes the percentage of realistic estimates (success rate) in each quadrant.
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estimates from both methods were high relative to other lakes
with lower DOC concentrations (< 2.5 mg L�1), which can be
explained by shallower depths, greater light penetration
through the water column and higher nutrient concentrations
(Table 1). These results show that the 18O method enables syn-
optic samplings across > 100 lakes in a single day, yet provid-
ing conclusions consistent with those obtained from the more
labor-intensive diel method applied to 39 lakes over 3 yr.

Discussion
We found that the 18O method can derive reliable estimates of

metabolism that generally align with the diel method in

low-productivity Arctic lakes throughout Sweden. Taking advan-
tage of its efficiency, the 18O method can gather useful informa-
tion on lake metabolism across hundreds of lakes in a single field
season, which allows for robust regional lake ecosystem assess-
ments. These results are consistent with previous applications and
assessments of the 18O method (Bogard et al. 2017, 2019, 2020).

However, we found that in very low-productivity systems
dominated by benthic metabolism, ambient conditions can
cause issues when using the 18O method. In line with our
hypothesis, rapidly increasing water temperatures (that elevate
simulated DO% > 105) often occur during the ice-free season
in Arctic lakes (MacIntyre et al. 2009). Rising temperatures
cause two overlapping caveats: (1) they violate assumptions of
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Fig. 4. Seasonal trends in mixed-layer temperatures for each region and year, illustrating how the 18O method success rate varies with changes in tem-
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the 18O method, whereby changes in DO% are assumed to
result solely from lake metabolism and vary with respect to
δ18ODO; and (2) they promote lake stratification (MacIntyre
et al. 2009; Saros et al. 2016), which constrains benthic metab-
olism to occur in deeper water layers that may be missed by
surface samples (Bogard et al. 2017). When these problems
occur simultaneously, which they often do (Figs. 3, 4), metab-
olism in the mixed layer may be difficult to estimate using the
18O method. Unless the 18O method is further developed to
cope with these constraints, it needs to be applied cautiously
and under appropriate conditions to yield meaningful results.

Solubility changes may invalidate 18O estimates
Through changes in solubility, sharp increases in water

temperature can contribute to DO oversaturation in these

low-productivity lakes (Supporting Information Fig. S4). For
example, a 5% increase in DO% would have pushed the
majority of estimates over the decision boundary separating
realistic rates from unrealistic rates (Fig. 2). Problems with
the 18O method related to DO solubility have mainly been
observed in large wind-exposed lakes, and were attributed to
upwelling events (in addition to warming) that cause sharp
changes in mixed-layer temperature and solubility (Bocaniov
et al. 2015). Because small lakes are less prone to wind-driven
mixing (Klaus et al. 2021), the effects of changing DO solu-
bility on 18O estimates may be relatively small compared to
larger lakes (Bogard et al. 2017). Yet, we found that seasonal
warming of the mixed layer alone largely impacts 18O esti-
mates through changes in solubility (Bocaniov et al. 2015),
especially in small low-productivity Arctic lakes.
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Fig. 5. Relationships between September metabolism rate estimates and DOC concentrations. Rates from the 2017 synoptic survey of 145 lakes using
the 18O method are compared to rates from the 39 extensively monitored lakes: (1) diel estimates (left panels a, c) and (2) 18O estimates (right panels
b, d). Solid lines indicate linear regression models for each dataset. The regression for the synoptic samples was limited to DOC of 0–5 mg L�1 due to
sparse data above this range and to better match the gradient of the extensively monitored lakes. Gray shading shows the 95% confidence interval of
regression models for the synoptic survey and the surveys conducted in the same region (Abisko).
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In the Arctic, lake ice cover often melts near summer sol-
stice when solar radiation is at its peak, causing rapid warming
of the mixed layer (MacIntyre et al. 2009). Further, the exten-
sive ice cover season results in an extended period of net-
heterotrophy (Karlsson et al. 2023) and fractionation of DO
toward more enriched values of δ18ODO under ice (Supporting
Information Fig. S6). When the ice melts and the water is
heated, DO% may be disproportionately high relative to
δ18ODO owing to decreases in DO solubility. Moreover, long
days and short nights in summer facilitate warming across
consecutive days, especially during heatwaves (Fig. 4). These
increases in mixed-layer temperatures often occur fast enough
that DO solubility decreases faster than DO can equilibrate
(Supporting Information Fig. S4), potentially increasing DO%

by more than 5% (Figs. 3, 4) and resulting in unrealistic esti-
mates (Bocaniov et al. 2015).

The 18O method is thus most reliable during periods of rela-
tively stable temperatures, or in shallow and more productive
lakes where metabolic processes dominate DO dynamics
(Bocaniov et al. 2015; Bogard et al. 2019). In our study region,
shallower lakes generally have higher metabolic rates (Klaus
et al. 2022) and are more often fully mixed (Klaus et al. 2021),
which generally results in larger offsets between simulated
and measured DO% (Supporting Information Fig. S4). Yet, the
lakes in this study generally have lower metabolic rates com-
pared to lakes where the 18O method has previously been
applied (e.g., Bogard et al. 2019). With higher lake metabo-
lism, the metabolic DO dynamics in the mixed layer are less
likely to be masked by temperature-driven DO dynamics, espe-
cially during well-mixed conditions. Basic knowledge of lake
productivity and physical processes that may violate mass bal-
ance equations of the study systems is therefore crucial before
planning broad-scale surveys using the 18O method. It is
important still to consider that the diel method may also
reach methodological limits in comparatively low-productivity
lakes where diurnal changes in DO are small (Peeters
et al. 2019; Klaus et al. 2022).

Solubility increases driven by cooling may also bias the out-
put from the 18O method, causing it to overestimate ER
(Bocaniov et al. 2015). In our study lakes, temperature declines
often co-occurred with deepening of the mixed-layer (Fig. 4).
With a deeper mixed-layer, heat loss from the lake to the
atmosphere is drawn from a larger volume of water, resulting
in less severe temperature declines and potential impacts on
DO% (Figs. 3, 4). Therefore, we propose that the impact of
cooling on our 18O-estimates is small compared to heating,
which is supported by a low average difference in ER between
methods during autumn (Fig. 1).

Implications of stratification
The lakes in this study are known to have a strong coupling

between GPP and ER (Klaus et al. 2022), and substantial ben-
thic contributions to whole-lake metabolism (Ask et al. 2012;
Norman et al. 2022). Surface samples may therefore miss a

large fraction of lake metabolism when stratification con-
strains benthic GPP to deeper water masses (Bogard
et al. 2017). The 18O method has thus been assumed to be bet-
ter suited for polymictic, often shallower systems (Bocaniov
et al. 2015; Bogard et al. 2019) or systems with larger contribu-
tions of pelagic metabolism (Bogard et al. 2017). Even if a
large fraction (25 of 39) of our study lakes are polymictic, most
of these lakes stratify during episodic events with higher air
temperatures (Klaus et al. 2021). During these events, effects
of benthic metabolism were likely not well integrated in the
mixed-layer DO, and temperature-driven effects on mixed-
layer DO dynamics may have increased in proportion to
metabolism (as described above). We therefore observed
higher success rates when a larger proportion of the
benthic habitats within Zeu was integrated in the mixed layer
(Figs. 3a, 4). These findings reflect a previously documented
caveat of the 18O method associated with surface samples fail-
ing to represent metabolism occurring below the mixed layer
in stratified lakes (Bogard et al. 2017).

During stratified conditions, near-bottom DO% may be less
affected by changing temperatures in the mixed layer (Staehr
et al. 2012a). Samples of DO% and δ18ODO taken from deeper
water masses below the mixed layer may therefore align better
with the model assumptions than surface samples and result
in higher success rates. We estimated that the success rate
would be 61% during spring and summer using near-bottom
samples only (Supporting Information Fig. S7), compared to
43% for the corresponding surface samples (Fig. 2). Estimating
metabolism from these near-bottom samples would require an
updated mass balance approach and plausible assumptions on
DO exchange between stratified layers (to replace the term
kO2 in Eq. 2 and 3) to accurately constrain rates of GPP and
ER. Exploring how surface samples can be combined with
deep-water samples to constrain whole-lake metabolism under
stratified conditions with the 18O method could be a promis-
ing avenue for future modeling and refinement of the
method.

Implications of fractionation coefficients
The assumed αR had minor impacts overall on the agree-

ment between the diel and 18O methods (Supporting Informa-
tion Figs. S1, S2), but it is important to understand its effects
on estimated GPP and ER. A more conservative αR (0.985),
which may be justified by high benthic respiration (Quiñones-
Rivera et al. 2007; Lehmann et al. 2009; Bogard et al. 2017)
lowered 18O estimates by an average of 14% for ER and 19%
for GPP. Assuming a lower αR (0.980) increased the 18O esti-
mates by an average of 17% for ER and 22% for GPP. The
lower αR implies relatively high pelagic respiration (Quay
et al. 1995; Bocaniov et al. 2012; Quiñones-Rivera et al. 2015),
which may not be representative of our study lakes. Assuming
a 4 ‰ (αp ¼1:004) fractionation during photosynthesis
(Eisenstadt et al. 2010) increased 18O estimates by an average
of 19% for ER and 28% for GPP.
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Lowering αR resulted in slightly lower offsets for GPP esti-
mates, but increased offsets for ER (Supporting Information
Fig. S2), similar to the effect of assuming a 4‰ photosyn-
thetic fractionation (Supporting Information Fig. S3). In con-
trast, increasing αR resulted in larger offsets for both GPP and
ER (Supporting Information Fig. S1). Judged by the small
impact of αR on the RMSE and average differences between
methods, our assumed αR (0.9824) appears reasonably repre-
sentative for our systems, while lake-to-lake differences in αR
and αp are still a plausible source of error between estimates
from individual lakes. Thus, developing methods that can
effectively constrain lake-specific αR and αp across large
populations of lakes will be valuable for future applications of
the 18O method.

Summary and recommendations
• We recommend using the 18O method in well-mixed lakes

under relatively stable thermal conditions, or in higher pro-
ductivity lakes with larger contributions of pelagic metabo-
lism. Under these circumstances, the 18O method is likely
to capture realistic patterns of metabolism that align well
with the diel method.

• The 18O method can be used to sample over 100 lakes in a
single day, opening the door to regional scale estimates of
metabolic rates from several hundred lakes in one field sea-
son. The operational scale of the method is thus larger than
for the more labor-intensive diel method, making it the
more suitable method available for large-scale spatial
surveys.

• The 18O method reaches its operational limits in low-
productivity lakes with predominantly benthic metabolism
during periods of rapid warming, which may contribute to
temperature-driven oxygen supersaturation and water col-
umn stratification. Stratification is expected to contain ben-
thic metabolism below the mixed layer. This makes surface
samples less representative of whole ecosystem metabolism.
Both temperature-driven impacts could yield unrealistic
estimates from the 18O method.

• Using the 18O method in the mixed layer requires careful
consideration of seasonal meteorological conditions and
lake properties that may challenge the applicability of its
underlying assumptions. Investigating more advanced mass
balance approaches that integrate the full water column in
combination with accounting for changes in DO solubility
may be a valuable direction for future improvements of the
method.
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