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1  |  INTRODUC TION

Thawing of perennially frozen ground (i.e. permafrost) risks mobiliz-
ing vast stocks of aged carbon (C) downstream where they can be 
incorporated into the contemporary aquatic C cycle. These stocks are 
greatest in the thick (>1 m) organic layers of boreal peatlands affected 
by permafrost. Frozen and waterlogged conditions in these sites have 
slowed microbial decomposition and allowed about 180 Pg C, or 

one- fifth of all C in the atmosphere, to accumulate over centuries and 
millennia (Hugelius et al., 2020; Olefeldt et al., 2016). If centennial-  to 
millennial- aged stocks, hereafter termed ‘old’ C, are subsequently ex-
ported and used downstream by aquatic food webs, they may amplify 
the positive feedback to climate warming caused by thawing soils re-
spiring C faster than it is fixed on land (Schuur et al., 2015).

Both accelerated climate warming and wildfire activity are caus-
ing widespread permafrost thaw in boreal peatlands (Gibson et al., 
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Abstract
Vast stores of millennial- aged soil carbon (MSC) in permafrost peatlands risk leach-
ing into the contemporary carbon cycle after thaw caused by climate warming or in-
creased wildfire activity. Here we tracked the export and downstream fate of MSC 
from two peatland- dominated catchments in subarctic Canada, one of which was re-
cently affected by wildlife. We tested whether thermokarst bog expansion and deep-
ening of seasonally thawed soils due to wildfire increased the contributions of MSC 
to downstream waters. Despite being available for lateral transport, MSC accounted 
for ≤6% of dissolved organic carbon (DOC) pools at catchment outlets. Assimilation 
of MSC into the aquatic food web could not explain its absence at the outlets. Using 
δ13C- Δ14C- δ15N- δ2H measurements, we estimated only 7% of consumer biomass 
came from MSC by direct assimilation and algal recycling of heterotrophic respiration. 
Recent wildfire that caused seasonally thawed soils to reach twice as deep in one 
catchment did not change these results. In contrast to many other Arctic ecosystems 
undergoing climate warming, we suggest waterlogged peatlands will protect against 
downstream delivery and transformation of MSC after climate-  and wildfire- induced 
permafrost thaw.
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2018; Hugelius et al., 2020), but virtually nothing is known about 
whether these disturbances will also increase the amount of old soil C 
mobilized into aquatic ecosystems (Estop- Aragonés et al., 2020). The 
hydrology of boreal peatlands, where water moves from permafrost 
plateaus into permafrost- free bogs and fens (Connon et al., 2014), 
makes the transport of soil C unique. Excess ground ice that elevates 
peat plateaus above surrounding non- permafrost bogs and fens by 
about 1– 3 m favours lateral flow paths (Quinton et al., 2019; Wright 
et al., 2009), which keep plateaus relatively dry and oxic, enabling 
open forests to develop (Quinton & Baltzer, 2013). As the seasonally 
thawed ground above permafrost (i.e. active layer) becomes thicker 
from climate warming and wildfire (Gibson et al., 2018; Quinton & 
Baltzer, 2013), more and older soil is exposed to leaching and micro-
bial processing. Flow paths can then move through these layers and 
export old dissolved organic carbon (DOC; Frey & McClelland, 2009; 
Neff et al., 2006; Vonk et al., 2015). By contrast, when the entire soil 
profile thaws, peat plateaus collapse and become flooded in a process 
known as thermokarst, eventually expanding existing bogs and fens 
(Connon et al., 2014, 2015). Bogs and fens formed after thermokarst 
laterally export more recently fixed DOC than intact permafrost peat 
plateaus because of their more productive moss vegetation (Burd 
et al., 2020; Camill et al., 2001; Turetsky et al., 2007). The higher 
water table and anoxia in thermokarst bogs and fens also protects 
older C stocks deep in the soil profile from microbial processing 
(Campeau et al., 2019; Lee et al., 2012; Wilson et al., 2016).

Resource use by aquatic biota can provide additional evidence of 
whether old soil C is incorporated into the contemporary C cycle. Old 
C can be assimilated by secondary consumers directly or by ingesting 
microbes that metabolized these sources (Bellamy & Bauer, 2017). For 
example, O’Donnell et al. (2020) found macroinvertebrates and fish had 
radiocarbon ages of up to several thousand years across 12 streams 
draining boreal to tundra landscapes, including from Yedoma areas 
where DOC may be particularly labile (Drake et al., 2015). Higher tro-
phic levels can also appear aged if old C respired by microbes is fixed 
by photosynthetic organisms at the base of the food web (Guillemette 
et al., 2017). For these reasons, secondary consumers provide an inte-
grated perspective on the fate of old soil C in aquatic ecosystems. Few 
studies, however, have directly related the use of old C by secondary 
consumers to permafrost thaw. In many boreal peatlands, organic mat-
ter was present in soils for centuries to millennia before permafrost 
formed (Heffernan et al., 2020; Pelletier et al., 2017). Consequently, 
the remaining old C may be highly recalcitrant (Burd et al., 2020) and 
poorly assimilated into downstream food webs after permafrost thaw.

Here we assessed how thawing peatland soils contributed 
to downstream aquatic C cycling after catchment disturbance in 
the discontinuous permafrost zone of the Northwest Territories, 
Canada. We first used radiocarbon to date DOC in laterally mobile, 
shallow groundwater of permafrost peat plateaus that were undis-
turbed or burned by wildfire 4 years prior, and in a thermokarst bog 
formed by permafrost thaw about 100 years ago (Pelletier et al., 
2017; Figure 1a). We expected thermokarst bogs would have more 
modern DOC in shallow groundwater than undisturbed peat pla-
teaus if their higher water table routed flow paths through recent 

and more productive Sphagnum vegetation and maintained anaero-
bic conditions that protected deeper C stocks from being degraded 
into soluble compounds. By contrast, we expected relatively older 
DOC in shallow groundwater of burned peat plateaus due to their 
deeper active layer with predominantly oxic conditions. Measured 
active layer depths were twice as deep in the burned plateaus than in 
unburned plateaus by the end of the growing season in the year prior 
to our study: 118 and 58 cm, respectively (Gibson et al., 2018). We 
then estimated the contribution of different C sources to DOC col-
lected in streams draining a burned and unburned catchment using 
two age attribution models (Raymond et al., 2007; Wild et al., 2019). 
The two catchments had similar land cover— nearly 50% permafrost 
peat plateaus and thermokarst bogs (Burd et al., 2018)— differing 
primarily in active layer depths of the plateaus (Gibson et al., 2018). 
We therefore tested whether DOC in outlets of burned catchments 
would appear older and more so as the summer progressed and the 
frost table deepened into the soil profile. Finally, we tested whether 
permafrost thaw mobilized old soil C into the biomass of contempo-
rary aquatic consumers. Our food web sampling coincided with late- 
summer months, when we expected active layers to be fully thawed 
and thus DOC from old soils to be most available for transport and 
assimilation into the downstream C cycle.

2  |  METHODS

2.1  |  Study sites

We studied two catchments drained by Scotty Creek (61°18′N, 
121°18′W) and Notawohka Creek (61°8′N, 120°17′W) in the dis-
continuous permafrost zone of the western Canadian boreal for-
est. The catchments were in close proximity (c. 50 km) and with 
comparable size (Scotty: 134 km2; Notawohka: 321 km2), geology 
(carbonate- based bedrock overtopped by glacial deposits), topog-
raphy (flat to gently sloping), climate (including total runoff in re-
cent years), and land cover (Burd et al., 2018). Nearly half of each 
catchment was covered by peatland complexes comprised of per-
mafrost peat plateaus dominated by black spruce (Picea mariana) 
and permafrost- free thermokarst bogs dominated by Sphagnum spp. 
mosses. Remaining land cover was mostly upland mixed- wood for-
est characterized by trembling aspen (Populus tremuloides) and white 
spruce (Picea glauca). Despite the similarity in almost all respects, 
>90% of Notawohka was burned in 2013 while Scotty has been un-
affected by any major fire in the last 60 years. We thus referred to 
the sites as the burned and unburned catchments, respectively. At 
each site, we focused our sampling at outlets accessible by road with 
comparable stream depth (c. 0.5– 1.5 m) and width (<10 m).

2.2  |  Water sampling

We measured radiocarbon ages of DOC in peatland shallow ground-
water and stream outlets. We collected shallow groundwater 
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upstream of catchment outlets in September 2017 from a thermo-
karst bog and both burned and unburned peat plateaus. In each 
peatland, we dug pits to the top of the water table (depth for bog: 
7– 28 cm; burned peat: 24– 42 cm; unburned peat: 24– 34 cm), which 
has been shown to be laterally mobile and hydrologically connected 
with catchment outlets at one of our study sites (Quinton et al., 
2019). We then inserted ten 12 cm long MacroRhizons (0.15 µm pore 
size; Rhizosphere Research Products) vertically into the soil with the 
other end connected to 60 ml syringes. The MacroRhizons are non- 
destructive, inert samplers that effectively capture dissolved com-
ponents in soils (Seeberg- Elverfeldt et al., 2005). At each peatland, 
we filled pre- combusted glass bottles (0.5 L) in triplicate with shallow 
groundwater from at least one soil pit (total n = 9). Water was filtered 
in the field through pre- baked 0.7 µm glass fibre filters (475℃ for 4 h) 
using a pre- baked glass filtration assembly (500℃ for 4 h). Samples 
were stored in the dark and cold to minimize degradation of DOC.

We also collected two 2 L surface grab samples from each catch-
ment outlet once in May, July, and September of 2017 (total n = 12). 
Samples were filtered and stored like those from groundwaters. 
DO14C was determined on all samples and DI14C was measured for 
September water only. Concurrently, we measured DOC concentra-
tions 12 times in each outlet from May to October 2017. Samples 
were filtered as for radiocarbon, and then acidified with 0.6 ml 2 N 
HCl to pH < 2 before being analysed on a Shimadzu TOC- L within 
8 days of collection (Shimadzu Co).

2.3  |  Food web sampling

We sampled the aquatic food web in each of the two streams during 
September 2017 for isotopic composition (δ13C- Δ14C- δ15N- δ2H). For 

the consumers, we collected invertebrates by repeatedly sweeping 
across each outlet with a 500 μm mesh D- frame kicknet. Individuals 
were sorted in the field to Order level, either Amphipoda (crusta-
cean amphipods) or larval insects in the Ephemeroptera (mayflies) 
and Odonata (dragonflies). After washing individuals into vials with 
Milli- Q water, they were left for c. 2 h to allow for digestion, as-
similation, and/or gut evacuation (Persaud et al., 2009). We pooled 
c. 40 Amphipoda, 15 Ephemeroptera, and 3 Odonata per vial to have 
enough mass for three different isotopic analyses (see below). In 
total, we had n = 3 Amphipoda and n = 2 Ephemeroptera samples (all 
from the burned site) and n = 2 Odonata samples from each site. We 
also collected ninespine stickleback (Pungitius pungitius, n = 10) and 
young- of- the- year creek chub (Semotilus atromaculatus, n = 9 all at 
the unburned site) using the kicknet. Again, whole individuals were 
pooled in groups of 2– 3 based on similar body length to have enough 
mass for isotope analyses (total n = 7). All samples were flash frozen 
on dry ice.

We also collected three autochthonous and allochthonous basal 
resources available to consumers in each site to measure their iso-
topic composition (δ13C- Δ14C- δ15N- δ2H). First, we isolated phy-
toplankton clumps from the sweep netting and epilithic algae that 
were scraped from hard surfaces (n = 3 per site). Second, we col-
lected leaf litter of the dominant terrestrial plants from the soil sur-
face in each of the mixed- wood forest, thermokarst bog, and burned 
and unburned peat plateaus (n = 3 samples per site). Finally, we char-
acterized old soil organic matter with two cores from a permafrost 
peat plateau within the unburned catchment. The first core (SC1) 
was collected in July 2013 with a 10 cm coring auger and 1 cm sec-
tions at nine depths from 35 to 326 cm were analysed for Δ14C by 
Pelletier et al. (2017). The second core (MT8) was collected less than 
500 m away in the same catchment in August 2014 using the same 

F I G U R E  1  Fluvial carbon is relatively modern despite draining old peatland soils. (a) Aerial image of study landscape showing treed peat 
plateaus adjacent to Sphagnum- dominated thermokarst bogs. We measured the fraction of modern C defined as AD 1950 in DOC of (b) 
shallow groundwater from unburned (U) and burned (B) permafrost peatlands (PP) and a thermokarst bog (n = 3 per site in September) and (c) 
outlets draining U and B catchments (n = 6 per site evenly split across three dates). We concurrently measured (d) outlet DIC in September 
(n = 2 per site). Symbols are means ± standard errors. In (c) and (d), errors are indistinguishable. The fraction of modern C in atmospheric CO2 
during sampling was estimated to be 1.035
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methods (Pelletier et al., 2017), before being placed in a capped PVC 
tube and immediately frozen using dry ice. The core was sectioned 
into 1 cm slices in the laboratory and stored at −20℃. To character-
ize δ13C, δ15N, and δ2H of soil organic matter near the bottom of 
the active layer, we dissected Sphagnum fragments from the MT8 
core in the laboratory. Fragments were taken at depths of 50– 51, 
55– 56, and 59– 60 cm to characterize unburned sites and 130– 131, 
135– 136, and 139– 140 cm to characterize burned sites. Material was 
rinsed in Milli- Q water to remove any contaminants. All consumer 
and resource samples were oven- dried at 50℃ and ground into a 
homogeneous mixture.

2.4  |  Isotope measurements

All samples were analysed for radiocarbon on a 3 MV tandem ac-
celerator mass spectrometer at the A.E. Lalonde AMS Laboratory, 
University of Ottawa as described in Crann et al. (2017). The fraction 
of modern carbon, F14C, was calculated as the ratio of 14C/12C in 
sample to a simultaneously measured oxalic acid II standard (Reimer 
et al., 2004), with all appropriate background and machine correc-
tions (Crann et al., 2017). Values were converted to radiocarbon ages 
(uncalibrated) in years before present (i.e. 1950) as −8033ln(F14C) 
and age- corrected isotope ratios Δ14C as (F14C × e[(1950 − y)/8267] − 1)  
× 1000, where y was the measurement year. We used CALIBomb 
(http://calib.qub.ac.uk/CALIB omb/) to estimate any calendar ages 
±1σ with standard calibration datasets (Hua et al., 2013; Reimer 
et al., 2013). As Δ14C data already existed for one of the two soil 
cores (SC1), we did not analyse the second core (MT8) for radiocar-
bon. Instead, we estimated ages of 1 cm sections from an age- depth 
model fitted to existing data for the SC1 core from Pelletier et al. 
(2017). We estimated the age- depth model with a Bayesian accumu-
lation history fitted by the rbacon package in R v.3.5 and extracted 
a posterior mean and standard deviation for the age of each depth 
interval (Blaauw & Christen, 2011). Values were converted to Δ14C 
to be comparable with measurements of DOC and aquatic consum-
ers by interpolating between the nearest uncalibrated radiocarbon 
ages from Reimer et al. (2013).

We also measured all samples for stable isotopes at the G.G. 
Hatch Laboratory, University of Ottawa. Ratios of both δ13C and 
δ15N and separately δ2H were measured on isotope- ratio mass 
spectrometers calibrated with international standards (Brodie 
et al., 2011). We also measured the September outlet water sam-
ples for δ2H ratios on an isotope water analyser at the G.G. Hatch 
Laboratory (Berman et al., 2013) to correct consumer resource use 
for dietary water uptake (see below). Finally, we confirmed that 
H- exchange was negligible with an experiment modelled after 
Bowen et al. (2005) for each sample type (mean fraction of ex-
changeable hydrogen ±1 SD: 0.032 ± 0.25). Importantly, removing 
δ2H from the mixing model made no difference to our conclusions 
(Spearman's rank correlation ρ = 0.99 between resource use for 
consumer model described below estimated with and without δ2H; 
Figure S1).

2.5  |  Statistical analyses of dissolved carbon

We tested whether active layer deepening changed the mean age of 
shallow groundwater and stream- water C using linear models. We 
compared log- transformed radiocarbon ages of shallow groundwa-
ter DO14C in the thermokarst bog and burned peat plateau to ages 
in the unburned peat plateau. Peatland type was the only predictor 
variable. We also compared outlet DOC between the two catch-
ments, accounting for random variation among sampling months 
in each catchment and using F14C rather than age as the response. 
Radiocarbon age could not be analytically solved in the outlets be-
cause all but two F14C values were >1.1, suggesting they comprised 
material since nuclear weapons testing of the late 1950s to early 
1960s and for which a unique age could not be assigned (Reimer 
et al., 2004). Finally, we used a paired t test to compare DOC con-
centration between catchment outlets as samples were taken within 
2 days of each other throughout the year. All analyses were per-
formed in R v.3.5 with Stan v.2.17 used for statistical modelling (see 
Methods S1 for full details of model fitting). R code to reproduce the 
analyses is given in Data S1 and available with the corresponding 
data at https://github.com/atanz ap/agedc arbon.

We also modelled the age distribution of DOC in each shallow 
groundwater type and tested whether it varied between the out-
lets of unburned and burned catchments. Although a single mean 
age of DOC is estimated by radiocarbon dating, DOC is actually a 
mixture of compounds of varying age (Dean et al., 2019). To esti-
mate the contribution made by older groundwater to this mixture, 
we used a simple age attribution model that relates DOC production 
to age in vertical peat profiles (Dean et al., 2018; Evans et al., 2014; 
Raymond et al., 2007). This approach assumes that DOC in shallow 
groundwater is dominated by primary production in the year prior 
to sampling and proportional contributions from past years decline 
exponentially with time at a constant rate k (year−1). Comparing k 
between catchments therefore allowed us to test whether wildfire 
changed the rate at which old peat contributed to DOC pools avail-
able for hydrological export. Conceptually, the model is consistent 
with empirical observations of decomposition and hydrology down-
wards through peat profiles (Hoag & Price, 1995; Holden & Burt, 
2003; Limpens et al., 2008). We then estimated k for each ground-
water type and catchment by modelling the mean F14C of DOC from 
F14C reconstructed for atmospheric 14CO2 (At) for each year t over 
the past 10,000 years, which we assumed was equal to 14C in peat 
organic matter accumulated during that year (Moore et al., 2013):

Atmospheric 14CO2 was derived using Reimer et al. (2013) for 
pre- 1950 values, annual means of Hua et al. (2013) for 1950– 2010, 
and a spline fitted to the two datasets using the smooth.spline func-
tion in R to extrapolate post- 2010 values.

Finally, we quantified how much old soil C contributed to DOC in 
the catchment outlets using the isotope- based source apportionment 

(1)F14C =

t=10,000
∑

t=1

(

e− k(t − 1) − e− kt
)

At .

http://calib.qub.ac.uk/CALIBomb/
https://github.com/atanzap/agedcarbon
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model of Wild et al. (2019). Fluvial DOC in permafrost peatlands is 
primarily derived from gradual leaching of recent terrestrial primary 
production at the soil surface, with smaller contributions from soils 
deeper in the active layer (Wild et al., 2019). Therefore, following 
Wild et al. (2019), we assumed that Δ14C ratios of DOC in each outlet 
were normally distributed with a mean determined by a mixture of 
DOC from shallow groundwater of peat plateaus P and leached from 
surficial litterfall R. The proportional contribution p to each observa-
tion i of outlet Δ14C from the mean Δ14C of each source could then 
be estimated in each catchment j in each month t as:

and we propagated the uncertainty in each source into the estimated 
SD of outlet DOC. Pj was characterized by groundwater Δ14C at the 
top of the water table separately measured in unburned and burned 
peat plateaus. We also considered that DOC could be leached from 
soils at the bottom of the active layer in each peat plateau, and refit the 
model with Pj characterized by Δ14C estimated at the bottom of the 
active layer from the age- depth model fitted to the dated peat core. 
We let active layer depth vary among months from 26 and 31 cm in 
June to 58 and 118 cm in September based on the most likely values 
in the unburned and burned catchments, respectively, measured by 
Gibson et al. (2018). Together, our two Pj scenarios represented the 
upper limit for the contribution of old soil C to fluvial DOC because 
we excluded any possible contribution from deeper frozen layers, as 
might arise from abrupt ground collapse (Wild et al., 2019). Rj was 
constrained from litterfall measured in peat plateaus and thermokarst 
bogs. To allow contributions from soil C to vary with the deeper active 
layers arising from wildfire wj, and be constrained between 0 and 1, we 
modelled mean pjt from a Beta distribution as:

where α was an estimated mean, β was the effect of wildfire, and υt ac-
counted for random variation among months and was estimated from a 
zero- mean normal distribution with separately estimated SD.

2.6  |  Statistical analysis of resource use by 
aquatic consumers

We estimated how much old organic matter was utilized by the 
aquatic food web with a four- isotope (δ13C- Δ14C- δ15N- δ2H) mixing 
model. We have previously found this model to recover known pa-
rameters with relatively high precision and accuracy, that is, <10% 
relative bias (Tanentzap et al., 2017). Briefly, the model estimated 
the proportion of different resources used by crustacean amphi-
pods, aquatic insects, or fish from isotopic ratios observed in their 
body tissues and the mean and SD of isotopic ratios in modern plant 
litter, shallow groundwater DOC from peat plateaus, and epilithic 
algae. The functional form of this model resembled Equation (2), but 
with more potential resources and isotopes (see Methods S1 for full 

notation). For modern plant litter, we weighted isotope ratios by the 
proportion of land cover occupied by wetland (i.e. both thermokarst 
bogs and permafrost peatlands) and upland forest in each catchment 
(Burd et al., 2018). For shallow groundwaters, we used δ13C, δ15N, and 
δ2H observed in solid peat beneath the top of the water table, that 
is, 50– 60 cm depth. However, we assumed isotopic ratios of DOC 
leached from peat throughout the saturated layer would be consist-
ent with those at the top of the water table because they are pre-
served by waterlogged conditions that slow decomposition (Krüger 
et al., 2014). This assumption was partly supported by the lack of 
correlation between depth and either δ13C or δ15N when fitting a 
linear model to measurements across the 50– 130 cm depth range 
(t4 = 1.56, p = 0.194 and t4 = −2.69, p = 0.055, respectively). There 
was a statistically significant change in δ2H (t4 = −3.76, p = 0.020), 
but this effect was negligible (mean ± SD: 0.06 ± 0.02% cm−1 of mean 
δ2H). Nonetheless, the model accounted for potential fractionation 
effects, such as from preferential decomposition of lighter isotopes 
in deeper layers, by incorporating uncertainty in the isotopic ratios 
of resources. Finally, the model also accounted for physiological dif-
ferences of biota by estimating a unique trophic position, trophic- 
level fractionation of δ15N, and contribution of dietary water to δ2H 
ratios for each consumer from published information (Methods S1). 
Lipid correction was not applied to consumers as it was likely inap-
propriate in our case, i.e. when estimating dietary proportions from 
whole- body isotopic signatures (Arostegui et al., 2019), and it made 
no difference to our results (Figure S2).

In addition to the shallow groundwater model, we also tested 
whether solid peat from the bottom of the active layer directly con-
tributed DOC or POC to consumer biomass. Using the age- depth 
model for the dated peat core (SC1), we estimated Δ14C for active 
layer depths in the unburned and burned catchments at the time 
of food web sampling (58 and 118 cm, respectively; Gibson et al., 
2018). For δ13C, δ15N, and δ2H, we took the nearest solid peat mea-
surements at 50– 60 and 130– 140 cm deep from the MT8 soil core 
for the unburned and burned catchments, respectively. As peat 
tends to be highly depleted in Δ14C relative to DOC (Chasar et al., 
2000), separate models with shallow groundwater DOC versus peat 
at the bottom of the active layer can be considered to represent the 
‘youngest’ (i.e. maximum) and ‘oldest’ (i.e. minimum) contributions 
of peatland soils to the aquatic food web, respectively (after Wild 
et al., 2019).

We also tested whether consumers used resources differently 
between the burned and unburned catchments. To do so, we esti-
mated the proportional contribution of old organic matter from old 
soils po,ijl to each observation i of consumer l in catchment j from a 
Beta distribution with an estimated mean ojl and SD:

where α and β were as in Equation (3) and υl accounted for random 
variation with repeated observations of the same consumer and was 
sampled from a zero- mean normal distribution with estimated SD. 
As total resource use had to sum to one, mean contributions from 

(2)Δ14Cijt = pjtPj +
(

1 − pjt
)

Rj ,

(3)logit
(

pjt
)

= � + �wj + �t ,

(4)logit
(

ojl
)

= � + �wj + �l ,
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modern plant litter pf,ijl and algae pa,ijl were equal to (1 − po,ijl), and we 
could also estimate the mean of pa,ijl by refitting Equation (4) as log-
it−1(α + βwj + υl) × (1 − po,ijl). The simplex constraint then reduced pf,ijl to 
equal 1 − po,ijl − pa,ijl.

2.7  |  Statistical analysis of resource use by aquatic 
primary producers

To determine whether DIC was aging the aquatic food web, we fit-
ted the consumer isotopic mixing model to observations of δ13C and 
Δ14C in epilithic algae. DIC primarily comes from mineralization of 
terrestrial organic matter, geological weathering, and atmospheric 
CO2 exchange (Campeau et al., 2017). We further distinguished ter-
restrial sources between soils from the organic horizon, measured 
by litterfall, and the active layer, measured by shallow groundwater 
DOC, and used their corresponding isotope ratios in our model. Once 
CO2 from heterotrophic activity is dissolved in soils, its δ13C values 
also become enriched by 1– 4‰ because of selective gas exchange 
through soil pores (Amiotte- Suchet et al., 1999). We therefore let 
δ13CO2 of our three sources be enriched by a median of 2.5‰ as 
they moved from soils into streams. We also refitted this model using 
solid peat at the bottom of the active layer as a terrestrial DIC source 
instead of shallow groundwater DOC. Peatland soils can also export 
large quantities of CH4 to fluvial networks, especially from anaerobic 
conditions in the active layer (Campeau et al., 2014; Dinsmore et al., 
2010; Olid et al., 2021 but see Street et al., 2016). This CH4 can then 
be made available for autotrophic growth by methane- oxidizing bac-
teria (Grey, 2016; Kohzu et al., 2004; Raghoebarsing et al., 2005). 
We therefore considered CO2 respired from methanotrophs as a 
fourth source of terrestrial DIC and set the corresponding δ13CO2 to 
a mean ± SD of −50 ± 5‰ based on published data (Whiticar, 1999). 
This value was consistent with other food web studies (Kankaala 
et al., 2006) and equivalent to assuming the range of values in 
Nykänen et al. (2014) was roughly three times the SD. We let the 
Δ14C ratio of this source equal that of shallow groundwater DOC as 
we assumed it was produced from the same source material, particu-
larly at depth (Chanton et al., 2008), that is, the base of the active 
layer. We also had no reason to expect the Δ14C ratio to change from 
methanogenesis followed by methanotrophy. Geological sources had 
a mean ± SD for δ13C and Δ14C of −1.25 ± 0.4‰ and −1000 ± 1.0‰, 
respectively (Whiticar, 1996). The Δ14C estimate was consistent with 
the presumed age of glacial tills that characterize surface geology 
in our study region and were deposited during the glacial period 
(Aylsworth et al., 2000). For the atmospheric DIC source, we used 
our spline- estimated value of Δ14C in 2017 (see above) and mean 
δ13C from May to September 2017 at the Point Barrow, Alaska moni-
toring station (Keeling et al., 2005). We let the δ13C value be enriched 
by 7‰ from diffusive exchange between the atmosphere and stream 
water (Wigley et al., 1978). Finally, we estimated fractionation of 
δ13C by algae during photosynthesis (Bade et al., 2006).

We used a novel model averaging approach to combine es-
timates from the different isotopic mixing models fitted to the 

epilithic algae. As we only measured two isotopes, a single model 
with all six potential DIC sources (surficial vegetation, shallow and 
deep active layer soils, methanotrophy, geological weathering, and 
atmospheric exchange) would have been statistically unidentifiable. 
We instead fitted separate models for each of the four terrestrial 
sources, all including geological and atmospheric sources. We then 
used bootstrapped- Pseudo- Bayesian model averaging (Pseudo- 
BMA+) to derive parameter estimates across the three models (Yao 
et al., 2018) with the loo package in R (Vehtari et al., 2017). This av-
eraging approach was preferable because we wanted to calculate 
model weights separately. We expected some models to be more 
similar than others and did not want these to share weights through 
joint estimation, that is, stacking predictive distributions.

3  |  RESULTS

3.1  |  Low levels of old carbon recovered in 
catchment outlets

Old C stocks in shallow groundwater of the peat plateaus appeared 
little disturbed by active layer deepening after wildfire despite being 
available for lateral transport. DOC in shallow groundwater of per-
mafrost peat plateaus during late summer was estimated to be be-
tween 568 and 3465 radiocarbon years old and was not older in 
the burned plateau, suggesting no major hydrological export of old 
C stocks after wildfire (t6 = 0.37, p = 0.726; Figure 1b). The posi-
tion of the water table supported this explanation. Despite a deeper 
thaw depth in the burned site, the water table was at similar depths 
between burned and unburned plateaus in late summer relative to 
a known marker in the soil profile, White River Ash tephra, which 
dates to c. 1260 year uncalibrated BP (Clague et al., 1995). Burned 
and unburned peatlands had mean (±standard deviation, SD) satu-
rated zones that were 35 (±10) cm versus 27 (±6) cm beneath the 
soil surface, respectively, and 23 (±7) cm versus 18 (±6) cm beneath 
the White River Ash tephra. Thus, shallow groundwater must have 
received little DOC from deeper peat to not be more aged in the 
burned catchment, where soil thawed much deeper during late sum-
mer sampling.

DOC in shallow groundwater of the thermokarst bog also con-
tained old soil C as it had a fraction of modern carbon (F14C) beneath 
current atmospheric 14CO2. Although this DOC was still, on aver-
age, younger than in the unburned permafrost peatland (t6 = −3.24, 
p = 0.018; Figure 1b), DOC is a mixture of differently aged mole-
cules. Large contributions from modern material can skew bulk age 
estimates and mask contributions from older sources, like deeper 
layers of peat plateaus. Upper soil profiles would have had elevated 
contributions to bulk DOC in the bog groundwater because of the 
higher water table (mean ± SD depth: 19 ± 2 cm; Wilcoxon– Mann– 
Whitney test for difference with unburned peatland: Z = −1.99, 
p = 0.046), and these have been disproportionately enriched in 14C 
following aboveground nuclear testing of the 1950s and 1960s. A 
model of contributions towards DOC mixtures from different depths 
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in the peat profile supported this interpretation. We found that, de-
spite these modern sources, 1000- year- old C was still present in bog 
groundwater, as expected whether the higher water table protected 
rather than destabilized old C captured from peat plateaus by lateral 
flow or thermokarst (Figure 2).

Despite old soil C being exposed to leaching and microbial pro-
cessing by permafrost thaw, these stocks contributed little towards 
fluvial export of DOC from our study catchments. We found that 
DO14C in catchment outlets during early summer exceeded mod-
ern values, indicating most of the C pool was recent and originated 
after enrichment of atmospheric 14CO2 in the 1950s and 1960s 
(Figure 1c). Bulk DOC in catchment outlets did age during July and 
September when flow paths deepened relative to our initial May 
sampling (t8 = −4.43, p = 0.002 and t8 = −3.74, p = 0.006; respec-
tively), but values were still younger than in shallow groundwater of 
the peat plateaus and bogs (Figure 1).

To disentangle the contributions of different aged C pools to-
wards outlet DOC mixtures, we re- fitted the age- attribution model 
that assumed contributions of DOC from past years declined expo-
nentially with time. This model estimated that 66% of DOC recov-
ered at the catchment outlets was between 50 and 500 years old 
when averaged across summer observations, with 12% older than 
this range (Figure 3a,b). We then fitted a source attribution model to 
distinguish the contribution of different peatland sources towards 
outlet DO14C. We assumed that outlet DOC was either recently 
fixed by surficial vegetation or came from shallow groundwater of 
peat plateau measured above, allowing this contribution to vary 
among months as hydrological connectivity changed. The Δ14C val-
ues of recent terrestrial primary production were constrained with 
measurements of litter in peat plateaus and thermokarst bogs, all of 
which had modern radiocarbon ages, that is, post- 1950. Using dif-
ferences in Δ14C signatures between potential sources, the model 
estimated that on average, across sites and sampling months, 9% 
(95% CI: 0% to 40%) of the outlet DOC came from shallow ground-
water of peat plateaus (Figure 3c). Contributions were similar (mean: 

7%; 95% CI: 0%– 27%) when we let solid peat at the bottom of the 
active layer contribute to outlet DOC, with active layer depth vary-
ing among months as the soil thawed. At its deepest, the bottom of 
the active layer had solid peat with estimated mean ± SD ages of 
1956 ± 265 and 2942 ± 843 radiocarbon years in the unburned and 
burned catchments, respectively.

Contributions of old soil C towards outlet DOC did not vary with 
active layer deepening in either age attribution model (Figure 3). In 
the first model, the rate at which DOC production declined with 
depth through the peat profile was indistinguishable between un-
burned and burned catchments despite active layers being nearly 
twice as deep in the latter (95% CI for effect of burning on decom-
position rate k: −0.66 to 1.00). Similarly, peat plateaus contributed 
to outlet DOC similarly between catchments in the Δ14C source 
attribution model either from shallow groundwater or solid peat at 
the bottom of the active layer (95% CI for effect of burning: −2.37 
to 0.31 and −2.37 to 0.36 for each source, respectively). These re-
sults were consistent with observations of outlet DOC ages, which 
showed no average difference between catchments (95% CI: −0.12 
to 0.10). Outlet DOC was only older in the burned catchment during 
July when low flow may have caused more water to be sourced from 
deeper soils (95% CI for difference in F14C: 0.02 to 0.05). Although 
DOC concentrations were 1.6 mg L−1 higher, on average, in the 
burned than unburned outlet (mean ± standard error [SE] over the 
ice- free season: 20.7 ± 0.5 mg L−1 vs. 19.1 ± 0.5 mg L−1, respectively; 
paired t11 = 2.29, p = 0.043), absolute DOC export was lower on 
an areal basis. We lacked corresponding estimates of total runoff 
during our measurements, but values differed by <10% between 
catchments in the previous year (Burd et al., 2018). Nonetheless, as 
the burned catchment had nearly three times the area of peat pla-
teaus and thermokarst bogs (154 vs. 56 km2 in the unburned site), it 
likely exported more old C on an absolute basis. Together, the two 
age attribution models suggested old C stocks were mostly stable 
despite thaw disturbance and/or were detected at low levels in out-
let DOC pools because they were being preferentially consumed.

F I G U R E  2  Shallow groundwater contains old carbon even after c. 100 years after thermokarst bog formation. Mean (±95% CI) 
percentage of carbon estimated in different age classes by assuming DOC production declines exponentially through vertical soil profiles 
of (a) a thermokarst bog and (b) burned and unburned permafrost peat plateaus. Peat plateaus were pooled for modelling after detecting no 
difference in age profiles (Figure 1)
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3.2  |  Food web primarily assimilates modern 
terrestrial carbon

Dating of the aquatic food web discounted preferential assimila-
tion of old C into biomass, despite consumers being visibly aged. 
To estimate the use of old soil C by aquatic consumers, we fitted 
a four- isotope (δ13C- Δ14C- δ15N- δ2H) mixing model that considered 
modern plant litter, DOC from peat plateau shallow groundwater, 
and epilithic algae as potential resources. While 2 of 7 young- of- the- 
year fish had radiocarbon ages of >40 years old (Figure 4a), peat-
land shallow groundwater DOC contributed only 0%– 8% (95% CI) 
to biomass across consumers and sites (Figure 4b). This range over-
lapped with the amount of outlet DOC derived from peatland soils 
(Figure 3c). Thus, there was no difference between the contribution 
of old shallow groundwater DOC to catchment outlets versus con-
sumer biomass when comparing posterior distributions of these es-
timates (95% CI of p values from Kolmogorov– Smirnov tests across 
1000 samples: <0.001 to 0.364; Figure S3). The contribution to 

consumer biomass was similar when shallow groundwater DOC was 
replaced as a food web resource with solid peat from the bottom of 
the active layer (95% CI: 0%– 6%).

We found evidence that primary producers were fixing old DIC, 
thereby aging the aquatic food web, but little of this C came from 
the mineralization of soil organic matter. Across both sites, DIC 
was as aged as DOC (Wilcoxon signed- rank test, V = 7, p = 0.625; 
Figure 1), suggesting it contained similar amounts of old C (Figure 2). 
Epilithic algae, which most contributed to consumer biomass (95% 
CI: 53%– 100%; Figure 4b), equally had pre- modern radiocarbon ages 
(Figure 4a). To link uptake of old C with biomass age at the base of 
the food web, we fitted another isotopic (δ13C- Δ14C) mixing model 
that apportioned C sources fixed by algae. This model separated 
contributions from atmospheric CO2 and both biogenic (e.g. organic 
matter mineralization) and geogenic sources (Figure S4). We found 
that, averaged across sites, active layer soils contributed 3% (95% CI: 
1%– 5%) towards algal biomass from mineralization of either shallow 
groundwater DOC or solid peat into CO2. Weathering contributed 

F I G U R E  3  Old soil C from permafrost peatlands contributes relatively little to DOC in catchment outlets across summer. Mean (±95% 
CI) percentage of carbon in outlet DOC of (a) unburned and (b) burned catchments modelled by assuming DOC production declines 
exponentially through vertical peat profiles. White arrows scaled to mean DOC concentrations. We also estimated the (c) mean (±95% CI) 
percentage contribution to outlet DOC from shallow groundwater versus surficial vegetation of the peat plateau. We produced separate 
estimates in unburned and burned catchments with isotopic mixing models fitted to three sampling dates across summer 2017. Median 
R2 = 0.90 for (a) and (b), 0.47 for (c)

F I G U R E  4  Low levels of old carbon in aquatic consumers at catchment outlets. (a) Boxplots of Δ14C ratios and estimated radiocarbon 
ages of algae (n = 6) and aquatic consumers. We differentiated larval aquatic insects (Ephemeroptera and Odonata, n = 6), small fish 
(Pungitius pungitius, juvenile Semotilus atromaculatus; n = 7), and crustacean amphipods (Amphipoda; only present in burned catchment, n = 3) 
in burned and unburned catchments. (b) Mean percentage (±95% CI) of shallow groundwater DOC from peat plateaus and algal organic 
matter that contributed to consumer biomass. Estimates came from a four- isotope mixing model; see Table S1 for parameter estimates. 
Bayesian R2 = 0.97 across isotopes
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slightly more by 1%– 9% (95% CI), but mostly modern, surficial plant 
litter from the surrounding landscape accounted for much of the re-
mainder (95% CI: 37%– 69%; Figure 5; Figure S4).

Our algal δ13C values were also among the most negative re-
ported, to our knowledge (median δ13C = −40‰; Figure S5), sug-
gesting some DIC fixed by photosynthesis was highly depleted in 
δ13C. CH4 oxidation would produce the most depleted 13CO2 in our 
system (mean δ13C = −50‰). If the CH4 came from anoxic layers 
at the bottom of the peatland active layer, it would have a similar 
Δ14C as DOC and could simultaneously age algal biomass. Therefore, 
we tested whether algae used DIC produced by oxidation of CH4 
with Δ14C identical to that of DOC in shallow groundwater and 
δ13C = −50‰ (Figure S3), and found a small contribution (95% CI: 
1%– 4%). This model was better supported than one in which we 
let Δ14C ratio of CH4 equal present- day (i.e. atmospheric) values 
(pseudo- BMA + weights = 0.09 vs. 0.06, respectively, when included 
in the model set in Table S1). Overall, our models estimated that, 
on average, 6% (95% CI: 3%– 13%) of consumer biomass came from 
old soil C when summing both the direct uptake of organic matter 
and indirect recycling of millennial- aged DIC via algal photosynthesis 
(Figure 5).

Old soil C was further excluded as an important resource in the 
aquatic food web by comparing the radiocarbon signature of biota 
between catchments. We specifically found that algae and consum-
ers in the burned catchment had a higher mean Δ14C (Figure 4a; 
t20 = 3.77, p = 0.001). As biota did not use resources differently 
between sites (Figure 4b; Table S1), this result was attributable to 

differences in Δ14C of peat plateau litter, which was the most used 
resource across the food web via both DIC and DOC (Figure 5). Litter 
left in the organic horizon of peat plateaus after wildfire was closer 
in Δ14C to peak atmospheric values from aboveground nuclear test-
ing, that is, more enriched (Figure S4). Estimated calendar ages indi-
cated a 96% probability that the mean F14C of peat plateau litter in 
the burned site was from 1991 to 2000, whereas all unburned litter 
was estimated to be post- 2002.

4  |  DISCUSSION

Here we found low levels of old C were released into the contempo-
rary carbon cycle downstream of boreal peatlands after thermokarst 
bog formation or wildfire despite it being available for hydrological 
export in shallow groundwater. In all studies of smaller tributaries 
(i.e. creeks) draining undisturbed permafrost peatlands compiled by 
Estop- Aragonés et al. (2020), DOC was mostly modern, aside from 
a subset collected by O’Donnell et al. (2014). Gandois et al. (2019) 
similarly estimated that millennial- aged C from permafrost peatlands 
contributed <10% of DOC to a downstream lake. Our work advances 
our understanding of these dynamics by finding that DOC remains 
mostly modern even when these peatlands are disturbed by perma-
frost thaw associated with climate warming and wildfire. Likewise, 
future increases in DOC export after permafrost thaw (Frey & Smith, 
2005; Olefeldt et al., 2014) may be primarily modern in origin. The 
scarcity of old soil C in downstream waters could not be explained by 

F I G U R E  5  Flow of modern and old carbon from land into stream food webs through five potential pathways. We considered DIC fixed by 
algae could come from mineralization of modern surficial vegetation from peat plateaus, bogs, and upland forests; old soil C from the bottom 
of the active layer; oxidation of methane produced in anoxic layers of the active layer; weathering processes; or atmospheric diffusion. 
Consumers could assimilate algal C or DOC from either modern surficial vegetation or old soil C from the bottom of the active layer. Arrows 
are proportional to contributions towards algal and consumer biomass estimated from isotopic mixing models, with DIC pool used by algae 
in proportion to its availability. Colours group pathways into modern (light brown) and old (dark brown) soil C or weathering/atmospheric 
transfer (black). White text denotes different C sources
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preferential mineralization, as porewater with old C sourced from the 
burned and unburned peat plateaus had relatively low biodegradabil-
ity compared to younger DOC from the thermokarst bog (Burd et al., 
2020). Using radiocarbon dating, we found the aquatic food web 
assimilated little old soil C. Instead, most of the biomass of aquatic 
consumers came from algal recycling of contemporary terrestrial C 
(Lennon et al., 2006). Thus, unlike regions where DOC released from 
thawing soils is old and highly labile (Abbott et al., 2014; Drake et al., 
2015; Littlefair & Tank, 2018; Mann et al., 2015; Vonk et al., 2013), 
our work offers evidence that the vast old C stocks in boreal peat-
land soils appear protected from downstream export and food web 
assimilation after permafrost thaw. Alongside evidence from inland 
waters in tundra (Bouchard et al., 2015; Dean et al., 2020; Prėskienis 
et al., 2021) and more mineral-  and ice- rich boreal catchments (Elder 
et al., 2019), we conclude that old C may not always be preferentially 
released and mineralized in downstream waters.

4.1  |  Fluvial C export from boreal peatlands 
resilient to active layer deepening and thermokarst

Hydrological changes accompanying permafrost disturbance may 
protect old C in different ways between thermokarst bogs and peat 
plateaus. In thermokarst bogs, high water tables slow aerobic mi-
crobial activity and thus the mobilization of old C into downstream 
waters (Estop- Aragonés et al., 2020). Elevated CH4 production in 
these environments (Olefeldt et al., 2013), which consists of some 
(<10%) previously frozen C from deeper soil horizons (Cooper et al., 
2017), can also be accompanied by methane oxidation (Perryman 
et al., 2020). The greater productivity of vegetation in the bogs than 
the peat plateaus (Camill et al., 2001; Heffernan et al., 2020) could 
have also contributed more recent DOC to shallow groundwater and 
diluted aged signatures, especially if any exudates released at depth 
by woody plants on the plateaus were highly labile (Crow & Wieder, 
2005). These processes would together explain the little old organic 
C and small amount of CH4 from deeper soil layers that we estimated 
were exported into the aquatic food web. Thermokarst bogs may 
have also exported little old C because they remain hydrologically 
isolated in our landscape by surrounding permafrost peat plateaus 
that impede subsurface flow (Connon et al., 2014).

By contrast, limited subsurface flow from thawed peat plateaus 
rather than high water tables may have helped to protect old C after 
active layer deepening. As the frost table deepens during the grow-
ing season, the thawed saturated zone of peat plateaus moves into a 
zone of low hydraulic conductivity (Quinton & Baltzer, 2013). Lateral 
water movement correspondingly slows, and alongside typically 
drier conditions towards late summer, little old soil C may be mobi-
lized laterally from peat plateaus. Although runoff is greater in spring, 
the shallower frost table, and thus flow paths, primarily exports 
younger soil C (Raymond et al., 2007), and we found that outlet DOC 
was youngest in May during the spring freshet. Stream DOC has also 
been found to become increasingly aged as the growing season pro-
gresses in other permafrost regions (Dean et al., 2018; Neff et al., 

2006). Evans et al. (2014) similarly found that water table depth was 
an overriding factor controlling fluvial export of old DOC from peat-
land soils. Degradation of old soil C into dissolved forms was mainly 
promoted by well- drained oxic soils (Evans et al., 2014). An additional 
explanation for our results is that peat plateaus route water to adja-
cent bogs and fens rather than directly to drainage outlets (Connon 
et al., 2014). As described above, the shallow water table, large stor-
age capacity, and anaerobic conditions of these wetlands may slow 
and dilute the release of old C further downstream. Finally, the few 
bulk DO14C samples in our study may be unable to resolve small dif-
ferences in the contributions of old soil C from active layer deepening 
(Wild et al., 2019). We estimated the true difference in contributions 
of old soil DOC between burned and unburned catchments in our 
source attribution model would be at most 5%– 16% (95% CI) on an 
absolute basis so as not to detect significantly different posterior dis-
tributions given the observed bulk DOΔ14C values.

4.2  |  Aquatic food webs do not preferentially use 
old peatland C

The lack of preferential assimilation of old soil C into the aquatic 
food web contrasts with microbial communities elsewhere (Drake 
et al., 2015; Selvam et al., 2017) and may have arisen because of 
differences in permafrost formation. Most boreal peatlands are in 
the discontinuous permafrost zone (Hugelius et al., 2020), where 
thick peat layers and tall vegetation structures must form to fa-
cilitate downward freezing into soils (Shur & Jorgenson, 2007). 
Consequently, deeper and older peat is exposed to microbial activity 
for at least centuries to millennia before freezing, during which it can 
become relatively resistant to additional turnover (Heffernan et al., 
2020; Pelletier et al., 2017). This process appears to make old peat 
less biodegradable should thawing occur (Burd et al., 2020; Leifeld 
et al., 2012; Pinsonneault et al., 2016) and limits its incorporation 
into higher trophic levels (O’Donnell et al., 2020). The higher mineral 
content of non- peatland soils can also sorb recalcitrant compounds 
that increase the bioavailability of old C (Kawahigashi et al., 2004; 
Littlefair & Tank, 2018). Although old peatland DOC can still be labile 
if permafrost aggraded after organic matter accumulation, such as 
in waterlogged soils that slow microbial degradation (Selvam et al., 
2017), most peatlands in the discontinuous permafrost zone formed 
over drier ecosystems, that is, via paludification (Kuhry & Turunen, 
2006), so our findings may be generalizable in this region.

Ecosystem properties rather than the structural composition of 
organic matter can also make compounds unavailable for microbial 
degradation and assimilation into the aquatic food web (Kothawala 
et al., 2021; Lehmann & Kleber, 2015). A study in Alaska found that 
the molecular composition of DOC exported along the permafrost– 
mineral interface was enriched in compounds indicative of micro-
bial metabolism as compared with shallower flow paths through 
organic- rich horizons (Lynch et al., 2019). We may have therefore 
missed an important resource in our isotopic mixing models by con-
sidering only peat and not DOC at deeper depths, which can differ 
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in molecular composition (Chanton et al., 2008; MacDonald et al., 
2021). However, our approach to use shallow groundwater DOC and 
peat at the base of the active layer as end members in our mixing 
model should encompass the range of potential isotopic composition 
available to downstream food webs. Concentrations of substrates 
unique to old DOC may have also been too dilute in our study rel-
ative to the microbial community (Kothawala et al., 2021; Lehmann 
et al., 2020). Consequently, these substrates would return a lower 
energetic return for microbes than the investment required for their 
assimilation and degradation (Kothawala et al., 2021; Lehmann et al., 
2020). Even if only some of these substrates were unique to old ver-
sus active layer DOC, for example, 18% of the molecular formulas in 
polygonal peatlands studied by MacDonald et al. (2021), they would 
still help to limit the incorporation of old soil C into the downstream 
food web alongside the other mechanisms we have discussed.

4.3  |  Wider implications for permafrost C cycling

The amount of old soil C lost through downstream transport may 
presently make little difference to C budgets in boreal peatland 
landscapes. In our sites, catchments can release between 1.5 and 
2.8 g C m−2 of DOC in a year of average runoff (Burd et al., 2018). 
As our age distributions in stream outlets estimated a mean (95% 
CI) of 1.3% (0.04%– 7.9%) of DOC was at least 1000 years old, then 
no more than 0.17 g C m−2 year−1 of millennial- aged soil C may leave 
the catchment as DOC. Relatedly, upwards of 0.63 (mean; 95% CI: 
0.09– 6.06) g C year−1 is estimated to be released as CO2 per m2 of 
watershed across fluvial networks of subarctic Canada (Hutchins 
et al., 2020). Assuming algae fix different CO2 sources in proportion 
to their availability, our mixing models estimate that no more than 
0.54 g C m−2 year−1 of the total CO2 pool fixed by algae contains 
old soil C and is evaded from the stream network. These two fluxes 
summed are no more than 5% of the annual C accumulation in per-
mafrost peatlands of c. 20 g C m−2 year−1 (Heffernan et al., 2020; 
Loisel et al., 2014). Moreover, assuming permafrost peat plateaus in 
our study region store at least 155 kg C m−2 (Heffernan et al., 2020), 
it would take millennia to deplete the millennial- aged soil C given 
these estimated rates. Although certainly preliminary, the magni-
tude of our calculations implies that permafrost peatlands are not 
amplifying climate warming by exporting old C into fluvial networks. 
Partly, active layer deepening may be causing old C to be respired 
before it is able to move laterally (Estop- Aragonés et al., 2018).

Because little old soil C is currently released into downstream wa-
ters, permafrost peatlands remain highly vulnerable to future distur-
bance. Specifically, the water table in permafrost- free bogs and fens 
can be permanently lowered by future warming that elevates both 
evapotranspiration (Helbig et al., 2020) and hydrological connectivity 
through loss of peat plateaus (Haynes et al., 2018). The lower water 
table will subsequently favour oxic conditions that enhance microbial 
decomposition (Alm et al., 1999; Ise et al., 2008; Olefeldt et al., 2017; 
Schädel et al., 2016), including of old soil C captured from peat pla-
teaus (Estop- Aragonés et al., 2018). Similarly, reduced moisture deep 

along the edges of collapsing peat plateaus could facilitate aerobic 
decomposition of old soil C (O’Donnell et al., 2012). Once dissolved or 
desorbed into soil water, old DOC may be transported downstream 
by lateral flow paths, which are further enhanced as wetlands become 
better connected to the drainage network with loss of permafrost 
(Haynes et al., 2018). Finally, catchment discharge can increase after 
permafrost thaw (Quinton et al., 2019), particularly during summer 
runoff (Burd et al., 2018), and remain elevated until most ground ice 
is lost (Gibson et al., 2019). More old soil C may therefore be exported 
after disturbances like wildfire without necessarily changing sources 
of DOC export (e.g. Granath et al., 2020). Although our results sug-
gest less DOC export on an areal basis in the burned catchment with 
deeper active layers, future work that quantifies catchment carbon 
budgets over multiple seasons would help reduce uncertainty about 
the processes associated with the hydrological export of old soil C 
stocks. More generally, our work suggests that disturbances to local 
hydrology may threaten the future of old peatland C stocks more 
than the direct thawing of frozen organic matter.
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