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Climatic changes altering northern landscape structure and 
hydrology1,2 increasingly mobilize ancient (Pleistocene-
aged) and modern terrestrial organic carbon (OC) from 

stored to reactive C pools3–6, disrupting the global C cycle6–8. The 
magnitude of terrestrial OC mobilization is poorly constrained 
for permafrost regions3,5,7, largely due to spatially heterogeneous 
and poorly defined terrestrial–aquatic connectivity3,9,10. Aquatic 
ecosystems cover vast tracts (overall ~16%) of many northern 
landscapes10–12 and are widely recognized as important sites for 
terrestrial OC mineralization5,13–16. However, aquatic assessments 
have largely focused on quantifying static gaseous or dissolved  
C chemical metrics without measurement of lake processes, mak-
ing it difficult to establish the magnitude of terrestrial OC miner-
alized in lakes17.

Most studies of circumpolar lake C cycling have focused on 
thermokarst systems in Siberia and northern Alaska where thaw-
ing of yedoma (Pleistocene-aged permafrost soils with high ice and 
OC content) induces lake expansion and decomposition of large 
quantities of ancient terrestrial OC at lake margins6,10,18. The accu-
racy of extrapolating those results to the circumpolar landscape is 
unclear7,18,19, because yedoma is confined to about 9% of northern 
high-latitude landscapes, soil OC content is much less in most per-
mafrost regions (Supplementary Table 1)7,18,20,21, and direct measure-
ments of ecosystem-scale lake OC processing rates are scarce9,17. On 
the other hand, lakes in arid, topographically flat, low-elevation 
northern regions make up a large and extremely under-represented 
landscape type in circumpolar aquatic C cycling research (Fig. 1a). 
Such lakes can have intense evaporative losses and weak connectiv-
ity to groundwater or streamflow19,22, features that can reduce their 
capacity to process terrestrial OC15,23 and sustain CO2 emissions14,19. 

Consistent with these observations, CO2 partial pressure (pCO2
) is 

much lower for lakes in arid, low-relief landscapes compared with 
other circumpolar regions that have been more studied (Fig. 1b; 
Mann-–Whitney U-test, W =  592,940; P =  2.67 ×  10−13). Overall, 
information on lake OC dynamics from this immense but under-
studied landscape is needed to improve regional C budgets, and to 
better forecast changes in the circumpolar C cycle.

Here, we demonstrate that lakes in arid, low-relief circumpolar 
permafrost landscapes commonly have C cycles dominated by the 
recycling of internally derived OC, making lakes much less active in 
the mineralization of terrestrial OC than conventional expectations 
dictate for northern regions4,8,10,13,16,24. We directly survey whole-lake 
metabolism to assess OC cycling in lakes of the arid Yukon Flats 
Basin (YFB; Fig. 1a and Supplementary Fig. 1). Metabolic surveys 
are supported by remote sensing and geochemical techniques (sta-
ble, radio-isotopic and biomarker analyses), plus high-frequency 
sensor deployments. The YFB is a sub-catchment (118,340 km2)25 
of the Yukon River Basin (YRB), spanning the discontinuous to 
continuous permafrost transitional boundary, and is experiencing 
hydrologic and environmental shifts that may intensify with ongo-
ing loss of permafrost3,25. Lakes of the YFB span long environmen-
tal gradients: from shallow and naturally solute-rich26 lakes at low 
elevation (~100 m a.s.l., the dominant elevation range for lakes 
in the basin; Supplementary Fig. 2), to comparatively dilute and 
deeper foothill lakes (up to ~300 m a.s.l., measured depth, Zmax, 
22 m). Extreme isotopic enrichment of lake waters (δ 18Ο -H2O devi-
ating positively from values corresponding to river and groundwa-
ter, approximately − 21‰, or snow and permafrost, approximately  
− 27‰)22,27 indicates that many lakes are weakly connected to above- 
and below-ground hydrologic flows22.
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Patterns of lake metabolism and oC cycling
Lake OC processing rates were surveyed in spring and autumn 
2016, plus a subset in winter 2017 via a dissolved oxygen (DO) mass 
balance (DO dynamics are proportionally related to C dynamics28). 
Net OC cycling is defined as net ecosystem production (NEP), the 
difference between rates of gross primary production (GPP, OC 
production) and total ecosystem respiration (R, OC mineraliza-
tion). When NEP >  0 the lake is autotrophic and a site of net OC 
production during a given measurement period. NEP <  0 represents 
heterotrophy and net OC mineralization28.

Widespread autotrophy (net OC production) in summer starkly 
contrasts with lake OC cycling in other northern regions (Fig. 2a), 
where lakes are mostly heterotrophic and terrestrial OC sinks16,24,29. 
Spring DO content was mostly over-saturated and isotopically 
depleted relative to atmospheric equilibrium (Supplementary Fig. 3; 
mean ±  1 s.d. =  108 ±  18% DO saturation; δ 18O-DO =  17.3 ±  4.4‰), 
indicating ecosystem autotrophy24,30. By autumn, DO was under-
saturated and isotopically enriched relative to spring δ 18O (autumn 
saturation =  86 ±  7%; δ 18O-DO =  21.4 ±  2.1‰), indicating ecosys-
tem heterotrophy24,30. Winter DO pools were often extremely under-
saturated and isotopically enriched (Supplementary Fig. 3; winter 

DO =  26 ±  21%; δ 18O-DO =  30.0 ±  5.3‰). Spring GPP commonly 
reached rates observed in nutrient-rich lakes in human-dominated 
regions29 (Fig. 2a). Intense autotrophic growth was confirmed with 
remotely sensed surface reflectance in the visible green band, a proxy 
for integrated lake plant biomass (macrophytes and phytoplankton), 
which was strongly correlated to mean GPP (Supplementary Fig. 4; 
r2 =  0.76, P =  4.58 ×  10−6, n =  17). Spring R was high relative to global 
lake estimates29, but typically much less than GPP (Fig. 2b), making 
most lakes net autotrophic and sources of OC production in spring 
(that is, GPP:R >  1 and NEP >  0; Fig. 2c,d). By autumn, rates of GPP 
declined (Fig. 2a), while rates of R were sustained, shifting all lakes 
to heterotrophy in autumn and winter (Fig. 2c,d). Continuous esti-
mates of mixed-layer NEP were made for two of the study lakes 
that spanned our limnological gradient (Fig. 2e and Supplementary  
Fig. 5). Consistent with the isotopic estimates of NEP in June  
(Fig. 2c), both lakes remained autotrophic sites of OC production 
for spring and summer (Fig. 2e), exhibiting much lower autotro-
phic rates late in the season (negative NEP for higher-elevation Boot 
Lake by September; Supplementary Fig. 5). A highly resolved C 
budget for each study lake is beyond the scope of this study and can-
not be established from available field data (see Supporting Text 1),  
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Fig. 1 | Distribution and carbon chemistry of lakes within arid, flat landscapes of the northern circumpolar permafrost landscape. a, Lakes in landscapes 
with similar slopes, soil properties and ranges of precipitation to YFB sites total 230,828 km2, 26.4% of total lake area in the entire northern permafrost 
region12 (blue and yellow areas, respectively). Regions are superimposed on the GMTED2010 global elevation dataset. Methods and Supplementary Table 
1 explain mapping details. A global meta-analysis showed that most lakes sampled for the partial pressure of CO2 (99.7%) lie outside the YFB landscape 
type (beige and red points are outside and inside the landscape, respectively). b, Surface pCO2

 differed between lakes within (median, mean ±  1 s.d. =  372, 
1,066 ±  1,652 μ atm) and outside (median, mean ±  1 s.d. =  1,230, 1,645 ±  1,589 μ atm) the YFB landscape type (Mann–Whitney U-test, W =  592,940, 
P =  2.67 ×  10−13, n =  24,236). Grey circles are mean values. Box ends and line are 25th 75th, and 50th percentiles, respectively. Whiskers are smaller than 
1.5 times 25th to 75th percentile or full data ranges. Samples outside this range are black points.
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yet first-order estimates of annual NEP in a subset of study  
lakes indicates that many systems were likely neutral to net OC 
sources (Supplementary Table 2; median =  1.2, mean  1 s.d. =   
54  184 g C m−2 yr−1). Overall, while some lakes in the YFB may be 
net heterotrophic annually, intense autotrophic growth strongly off-
sets or reduces the OC mineralization capacity of many YFB lakes, 
consistent with observations for other nutrient-rich lakes with 
reduced hydrologic flushing rates15.

terrestrial contributions to lake oC cycling
Many YFB lakes collectively received and mineralized little ter-
restrial OC relative to endogenous (lake-derived) OC and were 
not quantitatively important locations for terrestrial C processing 
and transformation, as is commonly assumed and observed for 
northern lakes in more-studied geographic regions (Fig. 1a)4,8,10,13,16.  
We used cross-lake regression model intercepts of R versus GPP 
(Fig. 2f) to distinguish the mineralization of a persistent, slowly 
decomposed OC pool from that of biolabile OC, which is largely 
derived from contemporary GPP29,31. Rates of baseline R (intercept-
derived OC consumption) were greatest in spring (0.77 g C m−2 d−1) 
and declined by autumn (0.29 g C m−2 d−1), probably reflecting sea-
sonal shifts in terrestrial OC influx, with most input occurring  
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Fig. 2 | Seasonal metabolism in YFB lakes. a–d, Isotopic estimates of GPP (a, Mann–Whitney U-test, W =  283, P =  0.00222), R (b, W =  194, P =  0.708), 
NEP (c, W =  333, P =  1.02 ×  10−6) (inset: under-ice NEP, same units) and GPP:R (d, Kruskall–Wallace H =  33.59, P =  5.08 ×  10−8, Dunn post hoc, P <  0.0039, 
spring >  autumn >  winter). e, Sensor-derived, cumulative mixed-layer NEP in two study lakes. Dates: day/month/year. f, Isotopic R versus GPP. Major axis 
regression models shown for spring (orange points, R =  0.419 GPP +  2.058, n =  19, r2 =  0.31, P =  0.01) and autumn (blue points, R =  1.286 GPP +  0.777, n =  19, 
r2 =  0.92, P <  0.0001). Error bars are ± 1 s.d. outputs from Monte Carlo simulations (n =  10,000). Boxplots as in Fig. 1b.
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Fig. 3 | Decreased contribution of terrestrial vascular plant material in 
hydrologically disconnected lakes. Carbon-normalized lignin-phenol yield 
(Λ6) and the isotopic composition of water (δ 18O-H2O) in a subset of the 
lakes sampled over the three sampling campaigns (r =  − 0.72; P =  1.11 ×  10−5; 
t =  − 5.38; n =  30).
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during the spring thaw period, followed by reduced summer/
autumn inputs. When spring and autumn rates are averaged and 
scaled to the entire YRB using an existing total lake-area estimate 
(Supplementary Fig. 2; 10,950 km2)9, we calculate that YRB lakes 
may be consuming no more than about 2 Tg of terrestrial OC per 
year. This number is probably overestimated (and therefore con-
servative) for two reasons. First, the annual average of baseline  
R extends over the ice-covered period, when metabolic rates are 
much lower (Fig. 2c). Second, the C-normalized yields of terrestrial 
vascular plant-derived lignin phenols from bulk dissolved organic 
carbon (DOC) (Fig. 3; ~0.01–0.2 mg lignin per 100 mg OC) were 
about 2 to 40 times less than typical C-normalized lignin yields 
in systems with strong terrestrial connectivity32,33, indicating that 
much of the OC fuelling baseline R is probably derived from persis-
tent endogenous OC pools, and not terrestrial OC. Ultimately, this 
conservatively high estimate of terrestrial OC mineralization shows 

that lakes in the YRB probably mineralize a negligible fraction  
(< 1%) of average terrestrial net primary production (194 Tg C yr−1)9.

Four lines of evidence confirm that autumn and late-winter het-
erotrophy (Fig. 2c,d and Supplementary Fig. 5) is largely driven by 
re-mineralization of endogenous and not terrestrial OC for many 
study lakes. First, autotrophic growth was so efficient in spring that 
a major fraction of endogenous OC escaped mineralization (that is, 
spring slope of R versus GPP <  1; Fig. 2f), and the largest seasonal 
shifts to heterotrophy occurred in lakes with the highest spring GPP 
(Fig. 2f). Second, autumn net OC consumption was most intense in 
lakes having the weakest hydrologic connectivity (using δ 18O-H2O 
as a proxy22; r =  − 0.58, P =  0.01; Fig. 4a) and the lowest terrestrial OC 
(inferred from specific ultraviolet absorbance at 254 nm (SUVA254) 
as a proxy for aromaticity, Fig. 4b, r =  0.72, P =  <  0.001, and lig-
nin phenol yields, Fig. 3; r =  − 0.72; P =  1.11 ×  10−5), despite hav-
ing the highest DOC concentrations (Fig. 4c; r =  − 0.63, P =  0.005). 
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Third, dissolved inorganic carbon (DIC) content roughly doubled 
across the lakes during winter under ice (Fig. 5a), due in part to 
CO2 buildup (see discussion in Supporting Text 1). The largest 
concentrations of under-ice DIC were observed in lakes with the 
weakest hydrologic connectivity (Fig. 5b; r =  0.49; P =  0.08), lowest 
terrestrial OC content (Figs. 3 and 4b) and δ 13C-DIC values closely 
matching atmospheric CO2 (− 8.36‰ June to September average34) 
(Fig. 5c; P =  0.005, r =  0.70), not terrestrial OC (~− 27‰)23. Fourth, 
radiocarbon composition of OC in a subset of lakes confirmed little 
input of ancient, Pleistocene-aged terrestrial OC (Supplementary 
Fig. 8; median and mean ±  1 s.d. of DOC radiocarbon age =  13 and 
342 ±  471 yr bp). In lakes with modern OC pools (Supplementary 
Fig. 8), efficient microbial consumption may turn the OC pool 
over within 1–2 yr (Supplementary Table 3). In hydrologically dis-
connected lakes (Supplementary Fig. 8), decade- to century-long 
persistence and accumulation of highly degraded, stable lake and 
terrestrial organic matter may be the underlying cause of the old 
OC signal35, as suggested by the inverse relationship between Δ 14C-
DOC and δ 18O-H2O (Supplementary Fig. 8). This phenomenon is 
consistent with lakes situated within comparable, arid and low-relief 
settings35,36. Taken together, recycling of most of the endogenous 
OC on seasonal to annual timescales underscores the importance 
of these shallow, high-latitude lakes as key sites for material produc-
tion and energy mobilization. In otherwise unproductive arid land-
scapes, recent long-term, drought-induced declines in terrestrial 
productivity35,37 may further amplify the importance of lake-derived 
C in the context of broader food-web support.

Controls on lake oC cycling
The controls on metabolism in our study lakes appear to be a func-
tion of millennial-scale geomorphic processes related to past glacia-
tion cycles that carved out the flat landscape of the study region38 
and set the stage for shallow-lake development, riverine nutrient 
deposition on the landscape26 and consequently widespread nutri-
ent and light availability that sustains intense autotrophic OC pro-
duction under ice-free conditions. The shallow, nutrient-rich26, 
and well-lit (Supplementary Fig. 7) growing environment explains 
how most lakes in the YFB and elsewhere19 can support extreme 
autotrophic growth, a conclusion supported by the green nature 
of most lakes surveyed throughout the YFB region using the same 
remote sensing approach applied to our study lakes (Supplementary  
Fig. 4a,b). The synchronous nature of metabolic patterns across the 
YFB (Fig. 2b–e, Supplementary Figs. 4 and 5) is consistent with other 
topographically flat, arid, northern and temperate regions where 
lake metabolism and C cycling are strongly controlled by broad-
scale climatic drivers regulating energy influx captured by autotro-
phic organisms39. Alongside previous work19,23,35, it is increasingly 
clear that C cycling in many high-latitude lakes deviates from the 
common expectation that terrestrial OC loading and heterotrophic 
activity exert primary controls on food-web functioning13,16,24,29.

Our observations suggest many high-latitude lakes (Fig. 1a) 
deviate from the common global model of dilute, unproductive and 
heterotrophic northern lakes4,8,13,16,24,29, and may not act as active 
locations of terrestrial OC processing. Although some lakes may be 
net heterotrophic (especially deeper lakes at higher elevations), at 
the broader regional scale we inferred little terrestrial OC mineral-
ization, modern or ancient, in our flat-basin study lakes with weak 
hydraulic connectivity. This conclusion is consistent with works 
documenting limited cycling of ancient C in non-Yedoma arctic 
lakes18 and emphasizing that aquatic mineralization of terrestrial 
OC scales inversely with residence time15. The shallow, hydrologi-
cally disconnected nature of many lakes in the YFB and possibly 
other arid, flat and low-to-moderate soil-OC northern areas (~26% 
of all lake area in permafrost landscape; Fig. 1a) probably renders a 
large proportion of high-latitude lakes relatively unimportant sites of 
terrestrial OC processing. Although temperature and precipitation  

increases1,2 will intensify terrestrial OC loading and mineralization 
in some high-latitude regions4,8, it is possible that lakes in arid and 
drought-prone regions35 having comparatively limited terrestrial 
productivity37 may not conform to expected increases in terrestrial 
OC processing.
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Methods
Study area and field sampling. Study lakes are located in the YFB, a sub-basin 
of the broader YRB (Supplementary Fig. 1). Lakes were sampled in June (n =  20) 
and August 2016 (n =  21), and under ice in April 2017 (n =  13). Sampling was 
conducted in open-water pelagic areas, and in the April 2017 sampling a motorized 
auger was used to drill a hole in the ice to facilitate sampling. Water temperature, 
DO concentrations and fraction saturation were measured with an EXO II probe 
(Campbell Scientific). Sensors were calibrated before and after sampling campaigns 
and no drift in outputs was observed. Individual lake surface elevations were 
downloaded from Google Earth. Water column temperature profiles (to maximum 
7 m depth) and Secchi depth (Zsecchi) measurements were made in August 2016. In 
Boot Lake, thermal stratification was present and Zmix was estimated as the depth of 
maximal thermal gradient. The light extinction coefficient (kd; m−1) was calculated 
as 1.7/Zsecchi, and euphotic zone depth (Zeu; depth of 1% of surface light penetration) 
calculated as 4.605/kd

40. Samples for δ 18O and δ 13C-DIC analysis were collected at 
about 25–50 cm depth into 12 ml precombusted borosilicate vials and preserved 
with ZnCl2 free of air (vial preparation and sample handing detailed by Holtgrieve 
et al.41). Samples for δ O18-H2O were collected in 125 ml plastic bottles, filled to 
full capacity free of air, and stored in the dark until analysis. Lake surface water 
for laboratory analyses was collected and filtered on site (0.45 μ m capsule filters, 
Geotech Environmental Equipment).

Automated, high-frequency measurements were taken at platforms deployed 
in two of the study lakes (Canvasback and Boot lakes). Hourly water temperature, 
DO and pH were recorded using an EXO II water-quality sonde via a CR1000 
datalogger (Campbell Scientific). Sensors were calibrated before and after 
deployment and the data were corrected for drift. The platform on Canvasback 
Lake recorded hourly wind speed and direction (R.M. Young Wind Sentry, 
Campbell Scientific), air temperature (Vaisala HMP45C) and solar radiation (Licor 
L200-SZ pyranometer).

Laboratory analyses. Filtered water was analysed for DIC content following 
ref. 42, and for DOC following ref. 43. Spectrophotometric ultraviolet absorbance 
and SUVA254 were measured following ref. 44. Lignin phenols were measured on 
an Agilent 6890 N GC/5975 MS following detailed steps within refs. 32,33. Λ6 was 
calculated as the concentration of the vanillyl (vanillin, acetovanillone and vanillic 
acid) and syringyl (syringaldehyde, acetosyringone and syringic acid) phenols 
normalized to DOC concentration.

Stable isotopic composition of both O and C are reported in the text using delta 
notation,

δ δ = ∕ −R RO or C ( ) 1 (1)18 13
sample standard

where Rsample and Rstandard are ratios of heavy to light isotopes (18O:16O or 13C:12C) in 
samples (Rsample) and in standards (Rstandard) of standard mean ocean water (SMOW) 
or Vienna PeeDee Belemnite (VPDB), respectively. Samples for δ O18-H2O were 
analysed at the Reston Stable Isotope Laboratory in Boulder, CO, USA, using 
standard methods45. Exetainers for δ 18O and δ 13C-DIC analyses were prepared and 
processed at the University of Washington following ref. 41 using a ThermoFinnigan 
Delta V Plus isotope ratio mass spectrometer in continuous-flow mode connected 
to a custom autosampler interface. Processing included headspace creation using 
pure He gas, followed by injection of 0.2 cm3 of phosphoric acid to convert DIC to 
CO2. Working standards were high-pressure cylinders of CO2 and a custom mix of 
O2 and Ar, balance He, in similar proportions to atmospheric air. Runs included 
standards of approximately 1.5% CO2, balance He, with known δ 13C-CO2 of − 
36.95‰ versus VPDB based on concurrent dual inlet measurements. Atmospheric 
air (0.2–0.9 ml) was added to each standard, allowing calibration to the known and 
constant value of 23.8‰ versus SMOW in air. Standards of air-equilibrated lake 
water (Lake Washington) filtered twice at 0.45 μ m were treated as unknowns and 
used to evaluate both accuracy and precision of runs. Data were post-processed by 
averaging second and third injections and correcting for mass-dependent effects.

A subsample of lake-water filtrate was frozen then prepared for radio-isotopic 
(Δ 14C) measurement of DOC using standard methods (ref. 46 and references 
therein). Samples were thawed, acidified and sparged with pure N2 gas to remove 
DIC. Samples were then ultraviolet-oxidized to convert DOC to CO2 and 
cryogenically purified, and CO2 was finally trapped and sealed in 6 mm thick, 
combusted Pyrex glass tubes. Converted CO2 was processed at the National Ocean 
Sciences Accelerator Mass Spectrometry facility using standard methods. For 
radiocarbon results, values are reported in permil notation and the mean age of the 
bulk DOC pool is determined using standard calculations (http://www.whoi.edu/
nosams/radiocarbon-data-calculations).

Biodegradable DOC (BDOC) incubations at Boot and Canvasback lakes were 
done in spring, autumn and winter (Supplementary Table 3). Filtered lake water was 
transferred to precombusted glass amber bottles and inoculant (0.05 l of lake water 
filtered through a pre-rinsed 1.6 µ m syringe filter) was added. Inoculated samples 
were stored on ice until incubation set-up less than 8 h later, then added (30 ml) to 
precombusted, 40 ml amber glass vials (T =  0, 2, 7, 14 and 28 d, each triplicated). 
Samples were filtered at corresponding times (0.45 µ m syringe filters), acidified 
(60 µ l 6 N HCl), capped and stored in the dark until analysis. Vials from T =  0 were 
processed immediately after set-up for DOC concentration as above. BDOC was 

quantified as the difference between averaged initial (T =  0) and final (T =  28 d) 
DOC concentrations, as a percentage of initial mean DOC concentration or as 
a concentration (mg l−1). Decomposition constants (ref. 47) were estimated from 
single-exponential models assuming one stable DOC pool, which best fit the data:

= − −Mineralized DOC(% of Initial DOC) 100(1 e ) (2)k t1

here t is time (days), and k1 is the DOC decomposition rate constant (d−1).

Air–water gas exchange. Wind speeds at 10 m height (U10; m s−1) were calculated 
from measurements at ~3 m above the surface of Canvasback Lake (z =  3 m) 
following refs. 48,49
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where U3 is wind speed at 3 m height above the lake surface, Cd10 is the drag 
coefficient at 10 m (0.0013) and K is the von Karman constant (0.41). Wind speeds 
were averaged for spring estimates from 25 June to 30 June (2.88 m s−1; average 
daily s.d. =  1.24) and from 9 to 12 September (1.77 m s−1; average daily s.d. =  1.18), 
as the weather station was removed from Canvasback Lake immediately before the 
lake survey in the autumn. Hourly wind speeds measured at Canvasback Lake were 
applied across lakes, and values of U10 (m s−1) and lake area9 (LA; km2) were used to 
estimate site- and date-specific k600 piston velocities (cm h−1)48:

= . + . + .k U U2 51 1 58 0 39 log (LA) (4)600 10 10 10

Gas exchange coefficients50 specific to oxygen (kO2) were calculated from k600 values:

= −k k (Sc / 600) (5)O2 600
2/3

where Sc is the temperature-specific Schmidt number for O2
51. Air–water O2 

exchange (FO2; mg O2 m−2 d−1) was determined using Fick’s law of diffusion,

= −F k (DO DO) (6)O2 O2 sat

where DO is ambient dissolved O2 concentration, and DOsat is DO at atmospheric 
equilibrium.

Metabolic calculations. Ecosystem metabolism (the major driver of lake OC 
processing52) was evaluated from mass-balance calculations fully described in 
ref. 30. Temporal changes in surface-water concentrations of DO (d DO/dt) were 
assumed to be dependent on gains due to GPP, losses due to R and rates of F 
(converted to volumetric units by dividing by Zmix):

= + −t F Z RdDO / d / GPP (7)O2 mix

Changes in 18O-DO concentration (d18O-DO/dt) depend on the same processes 
as DO concentration, but additionally depend on the isotopic composition of 
each oxygen pool and on isotopic fractionation factors associated with each 
process. Estimates of atom fractions of 18O (AF =  18O / (16O +  18O)) were calculated 
following ref. 30:

= ∕ +R RAF (1 ) (8)sample sample

We estimated GPP and R assuming an absence of physically driven changes in DO 
via vertical or lateral exchange of water masses, such that GPP, R and atmospheric 
gas exchange are the only processes driving DO and isotopic dynamics:

α α

α α

− = − +

−

t k

R

d O DO / d (DO AF DO AF ) / Z

(GPP AF ) ( AF )
(9)

18
O2 g sat air s DO mix

H2O p DO r

The AFs of DO, atmospheric O2 and H2O are AFDO, AFair and AFH2O, respectively. 
The δ 18O signature of air is assumed to be 23.88‰53, while literature fractionation 
factors included kinetic gas exchange (αg =  0.9972)54, gas solubility effects 
(αs =  1.0007)55 and photosynthesis (αp =  1.000)56. Consistent with previous work24,30, 
an isotopic fractionation factor of about 0.985 was used for ecosystem R (αr), 
which is robust over the long metabolic gradients in this dataset24. Assuming that 
temporal changes in DO and 18O-DO pools were in steady state (that is, net change 
of zero) over daily to multiday timescales (ref. 30 and references therein), equations 
(7) and (9) can be rearranged to solve for GPP and R:

= − − − −k b c a c d cGPP ( / Z )[DO( ) DO ( )] / ( ) (10)O2 mix sat

= − − − −R k b d a d d c( / Z )[DO( ) DO ( )] / ( ) (11)O2 mix sat

where a =  AFairαsαg, b =  AFDOαg, c =  AFDOαC and d =  AFH2Oαp. The metabolic balance 
of lakes was estimated as the difference between GPP and R (NEP) and GPP:R.
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Missing isotopic data prevented metabolic estimates on 3 of 55 occasions. 
One under-ice sample (Canvasback Lake) yielded negative and impossible 
GPP:R values, so was removed. Gas exchange under ice was assumed to be zero, 
so winter estimates of GPP, R and NEP were not possible. Winter NEP was 
estimated independent from isotopic data. Assuming that measured autumn DO 
concentrations persisted until ice cover, the daily rate of DO loss in the 13 lakes 
sampled in winter was calculated as the difference between September and April 
DO concentrations, divided by the assumed ice-cover period prior to sampling  
(1 November 2016 to April 2017 sample date).

Hourly data from Canvasback and Boot lakes were used to calculate daily 
mixed-layer NEP from 28 May (2 June for Boot Lake) to 11 September 2016. 
Measured DO concentrations and water temperature at 0.5 m depth, plus  
hourly averaged wind data recorded at about 3 m height, were used in the 
bookkeeping (metab.bookkeep) method in the ‘LakeMetabolizer’ package in 
R57. This is the most robust modelling approach with the fewest associated 
assumptions57, and the most straightforward interpretation given the unique 
environmental conditions (that is, 24 h photic period). Daily rates of NEP 
(g O2 m−3 d−1) were calculated as mean hourly rates of NEP (NEPhr) for each day. 
NEPhr was calculated from hourly changes in DO (Δ DO; g O2 m−3 h−1) and discrete 
rates of gas exchange (Fhr/Zmix):

Δ = + ∕FDO NEP Z (12)hr hr mix

Here, Zmix was estimated as above from water-column temperature profiles,  
Fhr was estimated using equation (6) and k600 was estimated from equation (4)  
using existing lake area estimates9 and hourly averaged wind speed measurements 
using the U10 function in LakeMetabolizer57. Within LakeMetabolizer,  
DO concentrations at saturation (DOsat) were estimated from surface water 
temperature and lake surface elevation using the o2.at.sat function. Values  
for k600 were converted to kO2 using the k600.2.kGAS function. Areal mixed-layer 
NEP was estimated by multiplying volumetric NEP by Zmix then converting  
to C units assuming a metabolic quotient of 1 mole CO2 generated per mole  
O2 consumed.

First-order annual NEP budgets were constructed for lakes sampled across 
the three field campaigns (n =  11) to establish the general regional magnitude 
of net OC cycling across lakes. These estimates are coarse and not intended to 
provide high-resolution budgets of C cycling in each lake. Spring and autumn 
oxygen isotopic mass-balance NEP values were applied to the entire ice-free 
period. Estimates of high-frequency NEP from Canvasback and Boot lakes 
defined periods where spring and autumn point samples were most appropriately 
scaled. As autotrophy persisted in both lakes until approximately mid-September 
(Supplementary Fig. 5), the more autotrophic, spring isotopic NEP values were 
applied to each lake from 1 May 2016 to 15 September 2016. The daily rate of 
under-ice NEP (calculated as detailed above) was extrapolated to the full ice-cover 
period (roughly 1 November 2016 to 1 May 2017).

Remote sensing and GIS analyses. Climatic and catchment characteristics of lakes 
sampled here were compared with those in the broader YFB region and across 
the pan-arctic using ArcGIS 10.4 (ESRI). All data58–61 and information used are 
presented in Supplementary Table 1. We conservatively identified circumpolar 
landscapes possessing characteristics within the ranges from the immediate 
lakes sampled, and not the total range found within the YFB or YRB. Regions 
were included that had landscape slopes averaging 0–2.2%, annual precipitation 
from 174 to 403 mm yr−1 and soil carbon content from 33.6 to 64.2 kg m−2 (to 3 m 
depth). Total soil thickness (Supplementary Table 1), which varies significantly 
across the pan-arctic region, varied among sample lake catchments across the 
entire range of thickness from 1 to 50 m in depth, yet we conservatively restricted 
our analysis to an average of 34.5 ±  21.8 m depth. Average annual temperature 
and temperature ranges were evaluated as potential characteristics to compare 
sampled lakes to the broader permafrost region; however, the extreme range and 
variability associated with temperature prevented the differentiation of our sites 
from other regions. Landscapes similar to the YFB region were extracted within 
the northern circumpolar permafrost region12 and merged with the globally 
consistent lake database, HydroLAKES11 (which excludes human-made reservoir 
systems). The total area of lakes within the permafrost landscape was calculated 
to be 875,257 km2. The total area of lakes identified within our defined region was 
230,828 km2 (Fig. 1a).

Surface reflectance values in the green band were assessed using satellite 
remote sensing imagery from the Landsat 8 OLI sensor. Surface reflectance images 
generated using the Landsat 8 Surface Reflectance Code62 were filtered to 15 
May–September 2016 for the study region using Google Earth Engine63 (total =  53 
images). After masking of clouds and cloud shadows, median growing-season 
surface reflectance values for each lake were extracted using a 3 ×  3 kernel centered 
on each sample point64. The shallow depths (< 10 m) of most lakes and extension 
of the photic zone to the lake bottom (Supplementary Fig. 7) allows for upwelling 
signals to integrate the extensive submerged or emergent macrophytes ubiquitous 
to these systems, as well as phytoplankton pigments throughout the water column, 
thereby capturing ecosystem-scale plant biomass patterns through time and across 
lakes. This analysis was extended to the broader YFB (Supplementary Fig. 4a) 
using lake areas delimited in ref. 9.

Circumpolar lake pCO2
 meta-analysis. We complied existing data on 

circumpolar lake pCO2
8,14,18,19,24,27,65,66 (exhaustive reference list and data in 

Supporting Data File 1). Extremely shallow YFB wetland sites (< 0.5 m deep) 
were excluded. YFB lakes with pCO2

 values equal to 0 were retained because they 
also had extreme pH values higher than 9.25 that corroborated the pCO2

 values 
(Supplementary Fig. 9). Following ref. 8 we excluded sites with pH <  5.4 for which 
pCO2

 was calculated from alkalinity, water temperature and pH, and therefore 
probably erroneously high, and excluded lakes from temperate and other 
southerly regions. Sites with water temperatures < 3 °C were removed to eliminate 
data from winter under-ice periods. In some cases, pCO2

 was calculated from 
measurements of DIC, pH and temperature. Where latitude and longitude were 
provided, lakes were plotted in Fig. 1a.

Statistical analyses. Analyses were performed using R version 3.3.3 (ref. 67), unless 
otherwise stated. Data distributions were assessed visually and using a Shapiro–Wilk 
normality test, and where data were non-normally distributed (Shapiro–Wilk: 
P ≤  0.001) comparisons were made using a Mann–Whitney U test between two 
groups, and a Kruskall–Wallace test with Dunn post hoc tests for more than two 
groups. Boxplots are presented using default settings in R. Bivariate comparisons 
of continuous data were made using Pearson correlation tests on linear or log10-
transformed data where data distributions violated assumptions of normality. 
Comparisons of R versus GPP using MA regression were made on spring and 
autumn data sets using the lmodel2 package (ref. 68). June data were analysed with 
and without one extreme outlier. In both cases the overall relationship did not 
change considerably (logged data in Supplementary Fig. 6). To estimate baseline R31 
in units of C, MA regression model intercepts were converted from O to C units 
(assuming a metabolic quotient of 1 mole CO2 generated per mole O2 consumed). 
MA regression was used to compare average ice-free GPP (average of June and 
September values) with remotely sensed green-band surface reflectance values 
(Supplementary Fig. 3). Type 1 ordinary least-squares regression was used to 
compare maximum depth at the sampling site (Zmax) with the ratio of euphotic zone 
depth (Zeu) to Zmax among lakes (Supplementary Fig. 7). All BDOC equations were 
fitted using least-squares regression (Levenberg–Marquardt method) in Statistica 10.

Monte Carlo simulations characterized potential errors in metabolic estimates 
induced by inaccurate parameterizations of input parameters (wind speed, isotopic 
fractionation during R) that have been shown to importantly influence individual 
estimates30. Values of GPP, R, NEP and GPP:R were estimated 10,000 times from 
measured data and literature-derived fractionation factors (detailed above), 
but with a randomly generated, uniform distribution of fractionation values 
(αC =  0.982–0.988) and randomized, daily average wind speed values distributed 
normally around the observed mean ±  1 s.d. of daily wind speeds from 28 to 30 June 
and 9 to 12 September (June, 2.88 ±  1.24 m s−1; September, 1.77 ±  1.18).

Code availability
Code associated with oxygen isotopic mass balance calculations for lake 
metabolism is available at https://github.com/MattBogard/LakeO18Metabolism.

Data availability
Data supporting the findings of this study are accessible within freely available and 
referenced databases, and within Supporting Information File 1 (CO2 meta-analysis). 
All original data generated in this study are available from the corresponding author 
and will be made freely available on ScienceBase (https://www.sciencebase.gov/
catalog/item/5bb786b0e4b0fc368e906b09) shortly after publication.
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