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Abstract

Permafrost degradation in peatlands is altering vegetation and soil properties and
impacting net carbon storage. We studied four adjacent sites in Alaska with varied
permafrost regimes, including a black spruce forest on a peat plateau with perma-
frost, two collapse scar bogs of different ages formed following thermokarst, and a
rich fen without permafrost. Measurements included year-round eddy covariance
estimates of net carbon dioxide (CO,), mid-April to October methane (CH,) emis-
sions, and environmental variables. From 2011 to 2022, annual rainfall was above
the historical average, snow water equivalent increased, and snow-season duration
shortened due to later snow return. Seasonally thawed active layer depths also
increased. During this period, all ecosystems acted as slight annual sources of CO,
(13-59gCm™2year™) and stronger sources of CH, (11-14gCH,m™ from ~April
to October). The interannual variability of net ecosystem exchange was high, ap-
proximately +100g Cm™year %, or twice what has been previously reported across
other boreal sites. Net CO, release was positively related to increased summer
rainfall and winter snow water equivalent and later snow return. Controls over
CH, emissions were related to increased soil moisture and inundation status. The
dominant emitter of carbon was the rich fen, which, in addition to being a source

of CO,, was also the largest CH, emitter. These results suggest that the future
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1 | INTRODUCTION

Northern peatlands cover 3.7+0.5million km? and store large
amounts of carbon (C), with recent estimates of 415+150 Pg C
or approximately 80% of the global peatland C stocks (Hugelius
et al.,, 2020). Nearly half of these northern peatlands contain surface
permafrost, which is susceptible to degradation and thaw as soils
warm under a changing climate (Loisel et al., 2020). Given the large
quantity of C stores vulnerable to warming, permafrost peatlands
represent a key component of future carbon-climate feedbacks
(Natali et al., 2021). While long considered a sink of atmospheric
carbon dioxide (CO,), permafrost peatlands can transition to a CO,
source upon thaw. In addition, net emissions of methane (CH,) in-
crease in the initial decades following thaw (Christensen et al., 2007;
Frolking et al., 2011; Heffernan et al., 2022; Helbig, Chasmer, Desai,
et al., 2017; Helbig, Chasmer, Kljun, et al., 2017). However, the mag-
nitude of this feedback is uncertain, and is regulated by permafrost
properties, hydrology, and vegetation (Camill et al., 2001; Helbig,
Chasmer, Desai, et al., 2017; Helbig, Chasmer, Kljun, et al., 2017;
Schuur et al., 2022).

In the boreal region of Alaska, peatlands encompass 574,000 km
or 42% of the boreal landscape (Douglas et al., 2014). These peat-
lands are comprised of a mosaic of ecosystem types underlain by

2

discontinuous permafrost with dominant cover types including
birch, black spruce, mixed and scrub forest and fen and bog mead-
ows. A widespread landscape feature is the peat plateau or ice-rich
permafrost peatlands, typically with black spruce cover that are ele-
vated above wetter, unfrozen portions of the landscape (Jorgenson
et al., 2022; Zoltai, 1972). When this ice-rich permafrost thaws,
ground subsidence catalyzes formation of thermokarst features
called collapse scar bogs (Jorgenson et al., 2001, 2010). These bogs
become inundated, with visible tree dieback, and are colonized
by pioneer mosses, such as Sphagnum riparium, and sedge species
(Jorgenson & Osterkamp, 2005; Zoltai, 1993). Collapse scar bogs
eventually undergo succession, with peat accumulating above the
water table and eventually colonization by species adapted to drier
conditions (Turetsky et al., 2020). Over periods of several hundred
years and under suitable climatic conditions, permafrost may rede-

velop (Shur & Jorgenson, 2007).

carbon-source strength of boreal lowlands in Interior Alaska may be determined
by the area occupied by minerotrophic fens, which are expected to become more
abundant as permafrost thaw increases hydrologic connectivity. Since our meas-
urements occur within close proximity of each other (<1 km?), this study also has
implications for the spatial scale and data used in benchmarking carbon cycle mod-
els and emphasizes the necessity of long-term measurements to identify carbon

cycle process changes in a warming climate.

boreal lowland ecosystems, carbon cycling, Interior Alaska, methane emissions, net ecosystem
exchange, precipitation, thawing permafrost

Another common peatland type in boreal regions are rich fens,
which often have complex groundwater hydrology and can be
too wet and warm to support permafrost formation (Jorgenson
et al., 2020). They receive hydrologic inputs from surface or ground-
water sources that have been in contact with mineral soils, leading
to higher pH and elevated nutrient concentrations compared to poor
fens or ombrotrophic bogs, which receive only atmospheric precip-
itation inputs or runoff from peat plateaus. However, over time and
with increasing permafrost thaw, collapse scar bogs may expand
outward, becoming hydrologically connected to one another and
with local and regional groundwater sources (Quinton et al., 2011),
transitioning into fens.

In North American peatlands, including the lowland Tanana Flats
region in Interior Alaska (263,964 ha), permafrost attained its maxi-
mum extent during the Little Ice Age (Overpeck et al., 1997; Treat &
Jones, 2018; Zoltai, 1993). During periods with a relatively warm cli-
mate, including the mid-1700s and 1900s as well as the most recent
decades, permafrost degradation occurs in this region, resulting in
landscape transition (Jorgenson et al., 2001). Jorgenson et al. (2001)
found an increase in fen area by 29% between 1949 and 1995. More
recently, Lara et al. (2016) estimated a loss of ~7% (15km?) of birch
forests over the 60years from 1950 to 2009 due to thermokarst,
most of which occurred between warm periods in 1980-1989 and
2000-2009 (Lara et al., 2016). This loss of birch forests resulted in
an associated gain in wetland extent. As this landscape transforma-
tion continues, we expect C cycling processes within the landscape
will also change.

Carbon storage in peatlands occurs because C inputs to the soils
from photosynthesis are greater than C losses from microbial and plant
respiration (Charman et al., 2013; Gorham, 1991). The difference be-
tween gross primary productivity (GPP) and ecosystem respiration
(ER) is represented by net ecosystem exchange (NEE, where a posi-
tive value represents a net source and a negative value represents a
net sink of CO,), typically with interannual variability in net ecosys-
tem exchange of CO, of ~+50gCm2year! (Alekseychik et al., 2021;
Baldocchi et al., 2018). Warmer temperatures and increases in atmo-
spheric CO, concentration can promote plant growth, increasing GPP
(Launiainen et al., 2022; Liu et al., 2019; Ueyama et al., 2020). However,
GPP may also be suppressed under hot and dry conditions (Euskirchen
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etal., 2014; Olefeldt et al., 2017; Zona et al., 2023). Furthermore, coun-
terbalancing increases in GPP are elevated ER rates, including both
plant respiration (Heskel et al., 2016) and soil respiration as microbial
activity is stimulated with rising soil temperatures and deeper seasonal
thaw into the top of near-surface permafrost, promoting CO, release
(Laine et al., 2019; Lund et al., 2010; Ueyama et al., 2014). Moisture
regimes may also play a role in ER, which can be reduced under both
extremely dry (Euskirchen et al., 2014) and inundated conditions
(Davidson & Janssens, 2006; Virkkala et al., 2021). Furthermore, the
amount of snow in the winter, which is commonly measured through
snow water equivalent (SWE), may be related to winter respiration
rates (Yi et al., 2015), with deeper snow insulating the ground and
warming underlying soils, thereby stimulating microbial activity and
release of CO, to the atmosphere.

Mechanisms of CH, release in boreal peatlands include plant
transport, ebullition, and diffusion from soils, all of which are
mediated by environmental conditions (Knox et al., 2021). With
a wetter landscape undergoing permafrost thaw (Jorgenson &
Osterkamp, 2005), combined with forecasted increases in precipi-
tation as both rain (Lehmann & Coumou, 2015; Tebaldi et al., 2006)
and snow (Euskirchen et al., 2016), CH, emissions may rise. This rise
may be due to an increase in methanogenesis as plants that trans-
port CH,, such as sedges, flourish (Christensen et al., 2004; Turner
et al., 2020) or due to other factors such as temperature increases
and shifting microbial communities (Waldrop et al., 2023). The mag-
nitude of CH, emissions in some boreal peatlands, such as fens
and bogs, may also be related to inundation sources, which include
spring melt and summer rainfall (Euskirchen et al., 2020; Neumann
et al., 2019) as well as possible oxidation by methanotrophs (Zhang
et al., 2021). While uncertainty remains and data evaluation tech-
niques are ongoing (i.e., Deventer et al., 2019; Nakai et al., 2020), the
introduction of low-power CH,, instrumentation that can make con-
tinuous measurements of CH, emissions at an ecosystem level in re-
mote areas (e.g., McDermitt et al., 2011) is providing us with a better
understanding of how boreal peatland CH, emissions can vary from
year to year (Pugh et al., 2017), and the environmental controls on
this interannual variability (Delwiche et al., 2021; Knox et al., 2021).

In June 2010, we began measurements of carbon, water, and
energy exchange across sites that vary in their presence and sta-
bility of permafrost thaw in a lowland boreal landscape of Interior
Alaska known as the Tanana Flats (Euskirchen et al., 2014). We
chose sites representative of these boreal lowlands that represent
a gradient in permafrost thaw without specifically targeting sites
undergoing rapid change. Sites include (1) a black spruce forest on
a peat plateau with cold soils and stable permafrost, (2) a collapse
scar bog formed by thermokarst approximately 100years ago, (3)
a late successional collapse scar bog formed by thermokarst ap-
proximately 500years ago, and (4) a rich fen without permafrost.
The landscape represented by these three ecosystem types (black
spruce, bog, and fen) are approximately 25%, 7%, and 31% of the
2640km? Tanana Flats region, respectively (Jorgenson et al., 2001).
The sites are accessible by road in the snow-free season and with a

snow machine during the period of snow-covered ground. They are

30f24
= IBlobal Change Biology g%V | LEYJL

also in close proximity (<2km apart) and are therefore under the
same climatic regime. We do not include in our measurements the
upland boreal ecosystems of Interior Alaska, which contain white
spruce and aspen forests on south-facing slopes without perma-
frost and upland black spruce forests in north-facing slopes with
permafrost (Jorgenson et al., 2010).

During our decadal measurement period, the sites experienced
impacts of climate warming, including weather-related extreme
events. Clear shifts in climate occurred during our study period ac-
cording to the Képpen climate classification for Fairbanks, AK, which
changed from the subarctic category to warm summer continental
in 2021 triggered by the mean monthly temperature in May rising
above 10°C (NOAA, 2021). Extreme weather events have included
extreme warmth, extreme rainfall, and the earliest snowmelt over a
100-year record. A typical summer in Fairbanks has a mean of 3days
with air temperature 229°C (NOAA, 2021). However, in 2013, there
were 14 days with air temperature 229°C (Euskirchen et al., 2014).
The following summer of 2014 was the rainiest over a 100-year re-
cord for Fairbanks (Euskirchen et al., 2020) and the summer of 2016
was the third wettest (Douglas et al., 2020). The warmest March
on record was in 2019 with a mean monthly temperature of -2.4°C
or 9.0°C above normal, which resulted in the earliest snowmelt on
record. Our eddy covariance measurements now provide the op-
portunity to examine decadal responses to climate warming and ex-
treme events as well as trends and interannual variability in C fluxes
within this dynamic landscape. This task is particularly relevant
since these extreme events are projected to continue in conjunc-
tion with warmer and wetter conditions (Bintanja & Andry, 2017,
Overland, 2021; Walsh et al., 2018).

We examine our long-term data record with respect to the fol-
lowing questions: (1) Do we see trends in atmospheric C fluxes (CO,
and CH,) and associated micrometeorological variables, and if so,
what are the probable drivers of these trends in the fluxes inter-
annually and seasonally? (2) What is the magnitude of interannual
variability and how may it be driven by climate trends and weather
extremes? (3) How many years of data are needed to fully evalu-
ate trends, and how might we expect trends to continue into the
projected warmer future? and (4) What are the implications of our
findings with respect to present and future carbon cycling as the
landscape transitions under permafrost thaw?

2 | METHODS
2.1 | Site description

Our four eddy covariance measurement stations are located in a
boreal peatland among the Tanana Flats lowland of Interior Alaska
(64.70°N,-148.32°W, 100 m elevation; Figure 1a), ~30 km southeast
of Fairbanks. The sites are associated with the Bonanza Creek Long
Term Ecological Research Program (Iter.uaf.edu; Figure 1a) and are
part of the Alaska Peatland Experiment (APEX), which began in 2005
as an effort to understand water table conditions on carbon cycling
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FIGURE 1 (a)Locations of the study sites in the Bonanza Creek Experimental forest of Interior Alaska and (b) photographs of the black
spruce permafrost forest on a peat plateau, (c) the intermediate-aged thermokarst collapse scar bog, (d) the older thermokarst collapse scar

bog, and (e) rich fen.

TABLE 1 Soil physical and chemical

i e ST Bog e G characteristics across the sites.
Ameriflux site name US-BZS US-BZB US-BZO US-BZF
Permafrost Yes Thawed Thawed No
No. of soil cores 12 2 2 3
Organic depth (cm) 64+25 124+9 89+1 98+6
Organic bulk density
Mean+SD 0.14+0.11 0.07+0.06 0.19+0.14 0.17+0.08
Range (0.01-0.51) (0.01-0.42) (0.01-0.41) (0.04-0.36)
% Soil C 38.1+6.1 38.7+4.9 39.3+2.8% 39.4+4.0
C storage (kgm™?) 35.2+22.0 41.9+1.0 62.6+30.7° 65.6+0.8
Surface soil pH 5.6+0.2 5.6+0.1 4.8+0.1 6.5+0.2

aCarbon values derived from loss on ignition (LOI) measurements and the relationship between %C

and LOI for other samples from this area.

at a rich fen (e.g., Chivers et al., 2009; Euskirchen et al., 2020; Kane
et al., 2010; Olefeldt et al., 2017; Turetsky et al., 2008). This project
has expanded to include thermokarst bogs and black spruce peat
plateau sites (e.g., Euskirchen et al., 2014; McConnell et al., 2013;
Neumann et al., 2019; Waldrop et al., 2021).

The sites are located about 500 m apart but vary in their pres-
ence and stability of permafrost and soil characteristics (Table 1).
Sites include a black spruce peat plateau (Figure 1b) with cold per-
mafrost soils, a collapse scar bog representing more recent perma-
frost thaw (Figure 1c), an older collapse scar bog representing less
recent permafrost thaw (Figure 1d), and a rich fen lacking surface

permafrost (Figure 1e).

The permafrost forest is dominated by mature black spruce trees
(Picea mariana, ~100years old), with a variable understory of shrubs,
mosses, grasses, and lichens. The permafrost forest is on an intact
peat plateau that rises ~130cm from the surrounding landscape
(Euskirchen et al., 2014). Collapse scar bogs are circular depressions
that form over decades to 100s of years through thermokarst de-
velopment. These sites contain active thaw margins with “drunken
forest” and significant Picea mariana dieback. Thaw margins of the
younger bog are dominated by indicators of recent permafrost thaw,
including Sphagnum riparium. Radiocarbon dating of plant macrofos-
sils at the boundary between the sylvic permafrost peat and post

thaw collapse peat (marking the transition from lowland forest to
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collapse scar feature) and Cs-137 dating of the peat profile suggest
thermokarst initiated in the center of the younger collapse scar bog
in the 1960s (Manies et al., 2021). The profile of the late successional
collapse scar bog is detailed in Jones et al. (2012), with a chronology
indicating the bog formed approximately 500years ago when the
permafrost thawed following fire. The rich fen lacks trees, is com-
posed of grasses, sedges, and forbs, and formed from previous river
channels with a groundwater regime that remains connected to the
Tanana River. For brevity and ease of reading, throughout the man-
uscript we refer to the black spruce permafrost forest site as ‘black
spruce’, the intermediate-aged collapse scar bog as ‘bog’, the late
successional collapse scar bog as ‘old bog’ and the rich fen as ‘fen’.
We have also included the Ameriflux abbreviations for the sites in
Table 1.

2.2 | Seasonality and climate of Interior Alaska

The region can be characterized by four distinct seasons. Winter,
the ‘cold season’ (mid-October-March), has a continuous snow-
pack, little solar radiation, and a frozen ground surface. ‘Spring’
begins in early April with marked increases in day length and in-
coming solar radiation. Snowmelt occurs in mid- to late April and
leaf out occurs by mid-May. By March, if air temperatures increase
above 0°C, evergreens and bryophytes may begin to uptake CO,
even with continued snow presence (Ueyama et al., 2006). The
“growing season” lasts between mid-May and August. ‘Fall’ occurs
between September and mid-October, with leaf senescence oc-
curring by the third week of September and a snowpack forming
by mid- to late October. For analysis in this paper, we consider
the ‘water year’ as October 1-September 30. ‘Winter’ occurs be-
tween October 15-March 31, ‘Spring’ from April 1 to May 15,

TABLE 2 Dates of CH, data collection
at each site from 2013 to 2022.

Year

2013
2014
2015
2016
2017
2018
2019
2020
2021
2022

Common period

50f24
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‘Summer’ from May 16 to August 31, and ‘Fall’ from September 1
to October 15. These definitions are consistent with related stud-
ies of Euskirchen et al. (2014, 2020).

2.3 | Eddy covariance and biophysical
measurements

Eddy covariance measurements of CO,, latent, and sensible heat and
associated meteorological measurements commenced in June 2010
in the black spruce permafrost forest, November 2010 in the bog,
May 2011 in the fen, and June 2018 in the old bog. In April 2013, we
initiated eddy covariance measurements of CH, at the bog, and in
May 2014 eddy covariance CH, measurements began at the fen and
spruce sites, with collection occurring from late April or early May
through late September or early October each year. In May 2018, we
moved the CH, instrument from the black spruce site to the old bog.
CH, data were not collected year-round at the sites due to power
limitations, but were typically collected between April-October,
with exact periods differing from year-to-year (Table 2). Footprint
analyses denote with 90% probability that the tower footprints are
not overlapping and source areas are within the target ecosystem.
Installation and data processing of these measurements were previ-
ously described in Euskirchen et al. (2014, 2020) but we provide an
overview here.

Due to the remote site location, electrical power for instrumen-
tation is provided by solar panels and batteries with the occasional
use of a generator during December and January. Power systems
consist of a 1400 W crystalline photovoltaic array charging a large
(~5000Ah) 12V absorbent glass mat battery bank. Eddy covariance
instrumentation for measuring fluxes of CO,, CH,, water, and energy
is mounted in the center of the sites on a tripod at heights of 2m in

Start and end dates

Bog Fen Black spruce Old bog
4/20-9/21 — - —
4/13-10/30 4/16-10/31 = —
4/11-9/28 4/9-9/29 4/7-9/29 —

4/1-11/2 5/4-10/31 3/31-10/16 =

4/5-11/5 4/5-10/19 4/5-11/3 —
4/15-11/5 4/6-9/29 = 4/6-11/4
3/29-11/12 3/29-10/29 — 3/29-11/17
4/18-11/2 4/17-10/26 = 4/15-10/31
4/18-11/18 4/14-10/26 — 5/14-11/8
3/23-11/29 3/23-11/5 = 3/23-11/2
4/20-9/21 5/4-9/29 4/7-9/29 5/14-10/31

Common period bog and fen: 5/4-9/21 from 2014 to 2022
Common period bog, fen, and old bog: 5/14-9/21 from 2018 to 2022

Note: ‘Common period’ refers to the dates when data collection occurred across all years for the
site specified in the column or as specified across a group of sites, ‘bog and fen’ and ‘bog, fen, and

old bog'.
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the fen and 3m in the bogs. Instrumentation was mounted at 5m on
a triangular tower at the black spruce site.

Instrumentation consists of a three-dimensional sonic anemom-
eter (CSAT-3; Campbell Scientific Instruments, Logan, UT, USA)
and an open-path infrared gas analyzer (LI-7500 IRGA; LI-COR,
Lincoln, NE, USA) at the permafrost forest and old bog, and an EC-
150 (Campbell Scientific Instruments, Logan, UT, USA), at the fen
and bog for measurements of CO,, latent, and sensible heat fluxes.
Measurements of CH, fluxes are performed with a fast-response
open-path methane analyzer (LI-7700; LI-COR, Lincoln, NE, USA),
which uses a LI-7550 interface unit to control mirror heating and
cleaning cycles and to route the high-frequency data to the datalog-
ger. All instrumentation is connected to a digital datalogging system
to log data at 10Hz intervals.

Basic microclimatic data are also collected, including pho-
tosynthetically active radiation (PAR; 2m above the ground;
LI190SB, LI-COR), air temperature (T,) and relative humidity (RH;
2m above the ground; HMP45C, Vaisala, Helsinki, Finland), soil
water content (water content reflectometers at 2 and 6 cm depth,
CS616, Campbell Scientific Instruments), soil heat flux (two rep-
licates at 5cm below the surface, HFPO1-SC, Hukseflux, Delft,
Netherlands), precipitation as rain was measured with a tipping
bucket (2m above the ground; TE525MM, Texas Electronics,
Dallas, TX, USA), net radiation (2m above the ground; NR-LITE;
Kipp and Zonen, Delft, Netherlands), snow depth (2m above the
ground; SR50A, Campbell Scientific Instruments), albedo (2m
above the ground; albedometer CMAG, Kipp and Zonen), soil tem-
perature (T, at 2 and 6cm depth; TCAV; averaging soil thermo-
couple probe; Campbell Scientific Instruments), and barometric
pressure (PB105, Vaisala). Snow water equivalent (SWE) data are
collected with a precipitation weighing assembly (ETI NOAH IlI;
Fort Collins, CO, USA; Van Cleve et al., 2018). These variables are
measured at 1s intervals and stored on the datalogging systems.
Both the processed eddy covariance and microclimatic data are
averaged for 30min periods. Photographic images are collected
once a day with a StarDot Netcam (StarDot Technologies, Buena
Park, CA, USA). Water table levels at the fen, bog, and old bog are
measured using a pressure transducer (Campbell Scientific, Logan,
UT) installed at the bottom of a 5cm diameter, 1 m long PVC well.

Depths of the seasonally frozen and thawed active layer (top
of near-surface permafrost) have been measured at six locations at
the APEX complex since 2008 (Manies et al., 2021, 2023). A thin
(1-cm diameter) rod is pushed into the soil until refusal and distance
from the moss/lichen surface to this depth is measured. Active layer
thickness (ALT) measurements are repeated between August and
October and are located within six sites in the permafrost plateau
area between the black spruce and bog flux towers. Data are plotted
by each location over time with a linear regression model fit to the
data to examine trends in active layer by area and year. We exam-
ine the relationship between ALT for a given year and precipitation,
looking separately between total and monthly summer rain and total

SWE from the water year.

2.4 | Dataprocessing
241 | Eddy covariance data

Eddy covariance data processing and post-processing are per-
formed as described in Euskirchen et al. (2014, 2020) and are
available through the Ameriflux database (Euskirchen, 2022a,
2022b, 2022c, 2022d). A CO, signal strength diagnostic, which
represents optical impedance by precipitation or aerial con-
taminants, is provided by the infrared gas analyzers. This diag-
nostic is used as a quality assurance/quality control variable for
both flux and radiation data. The “WPL" terms are applied dur-
ing post-processing to the CO, and latent heat fluxes to account
for changes in mass flow caused by changes in air density (Webb
et al., 1980). Corrections are applied to account for frequency at-
tenuation of the eddy covariance fluxes (Massman, 2000, 2001).
For the consideration of nocturnal CO, advection, we calculate
a storage term and then performed a friction velocity (u*) cor-
rection for calm periods, when u* was less than 0.1mst, which
was determined through applying the u* analysis in REddyProc
(Wutzler et al., 2018).

Data gaps occur because of instrument malfunction, power
outages, instrument calibration, or occasional generator use in
December and January. Shorter gaps (s1day) in eddy covariance
data are usually related to instrument errors during precipita-
tion. Longer gaps (1-2weeks) occur due to power outages and in-
strument shutdown during cold temperatures. We did not gap-fill
the 9 months (March-December) in 2014 and for three and a half
months in 2022 (mid-September-December) when data were lost
from the black spruce site due to malfunction with the gas analyzer.
For data gaps of approximately 1-6days, we gap fill by calculating
the mean diurnal variation where a missing observation is replaced
by the mean for that time period (half hour) based on adjacent days
(Falge et al., 2001). Marginal distribution sampling is used to gap-fill
larger data gaps of 1-2weeks (Reichstein et al., 2005). We use the
ReddyProc software for gap-filling (Wutzler et al., 2018). Over the
entire study period, the percentage of data collected was near 95%
from March to October, excluding the two periods from the black
spruce when the gas analyzer malfunctioned. Between November
and February data collection was ~75%. Data coverage during the
entire period was approximately 85% after accounting for data loss
from power outages, instrument malfunction, precipitation, and u*
filtering.

The error in eddy covariance measurements due to u* uncer-
tainty, data gaps, gap-filling techniques, and inherent random mea-
surement error were quantified using bootstrapping to estimate
the error (a 95% confidence interval) about the total NEE, GPP,
ER, and CH, estimates (Papale et al., 2006; Wutzler et al., 2018).
Given that the u* uncertainty can be significant, this is estimated
separately in ReddyProc. This estimated u* uncertainty is then
added to the bootstrapped error based on the remaining sources

of uncertainty.
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2.4.2 | Partitioning net ecosystem exchange into
gross primary productivity and ecosystem respiration

While we do not directly measure GPP and ER, NEE based on eddy
covariance data can be partitioned into these counterparts to pro-
vide an approximation of ER and GPP and therefore a general un-
derstanding of photosynthetic versus respiratory controls over NEE.
This partitioning is calculated by employing the algorithm described
in Reichstein et al. (2005), using the ReddyProc software (Papale
et al., 2006; Reichstein et al., 2005; Wutzler et al., 2018). The par-
titioning is performed based on nighttime temperature, where
‘nighttime’ is defined as PAR <50pmo|m’2 sL. The algorithm fits a
respiration model to the measured nighttime NEE data and then ex-
trapolates the optimized model to the daytime using temperature
observations during the day. An Arrhenius-type model after Lloyd
and Taylor (1994) is used to derive and extrapolate the temperature
dependence of ER. The difference between modeled ER and meas-
ured NEE provides the GPP estimate. For consistency with NEE,

greater negative values of GPP correspond to greater productivity.

2.4.3 | Growing degree days and determination of
snow melt and snow return

We calculate cumulative growing degree days (GDD) based on mean
daily air temperature (T,) for both the measurement sites and the
30year mean, as GDD=X max (0, T;-0), where T, is the mean daily
T, and the base is 0°C. We use 0°C as the base temperature since, as
noted above, both the black spruce trees and bryophytes may pho-
tosynthesize at temperatures above freezing even with continued
snow presence.

As in Euskirchen et al. (2020), we determine the date of snow
return in the autumn by observing at which point albedo remained
above 0.3 (30% radiation reflected) in conjunction with mean daily
air temperatures at or below freezing, and snow presence as mea-
sured with the snow depth sensor and snow bucket. Timing of snow
melt is determined by albedo measurements below 0.3, mean daily
air temperatures above freezing, and an absence of snow measured
by the snow depth sensor and the snow bucket. Our dates are also
cross-checked with visual webcam images.

244 | Methane emissions and global
warming potential

While we do not measure CH, emissions year-round there were
some years when CH, measurements begin prior to snowmelt and
when soil temperatures (~2cm depth) remain below 0°C (Table 2).
Based on these cold season periods when soils are frozen (March-
early April) and CH,, data are available, we provide a rough estimate
of cold season CH, emissions for the fen, bog, and old bog. We also
separately examine emissions from October to early November in

years when data are available to gain a better understanding of fall

70f24
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and early winter emissions, prior to soil freeze. We compare these
mean daily estimates of cold season and fall emissions to those be-
tween May-September to identify seasonal differences.

To provide an overall estimate of C emissions from our study
sites, the CH, data are converted to CO, equivalents (CO, e) by
multiplying the CH,, flux by the 100-year global warming potential
(GWP) of methane, estimated at 28 (Myhre et al., 2013). We use the
conventional GWP metric over other recently discussed metrics,
such as the sustained GWP (SGWP), which is also subject to short-
comings (Neubauer & Megonigal, 2015). The SGWP would result in
an estimated 38% higher CO, e values, estimated at 45 over a 100-
year timescale compared to 28 for GWP, and thereby the GWP pro-
vides a more conservative estimate.

2.5 | Trend analysis and significant difference tests

We assessed trends in metrics related to biophysical variables and
fluxes collected at our sites. This included time series of day of snow
return and snow melt, snow season duration snow season, total snow
water equivalent (SWE) over the water year (October 1-September
30), total precipitation (rain plus SWE), soil water content, and soil
temperature. For fluxes, we assessed trends in annual NEE, GPP, ER,
and winter ER (or, equivalently, winter NEE). We also assessed trends
in CH, during periods when data were collected.

This trend analysis was similar to that conducted in Euskirchen
et al. (2017). We first tested for autocorrelation in the time series
using autocorrelation and partial autocorrelation functions (acf, pacf
in R software version 3.2.3). Since we did not detect autocorrela-
tion or partial autocorrelation in our variables we applied the non-
parametric Mann-Kendall test for trend at the 5% significance level
on the data. We also computed the magnitude of the trend (a trend-
line with a slope) based on the Theil-Sen approach (Sen, 1968).

To examine significant differences across sites for annual means
in cumulative NEE, GPP and ER, we implemented the agricolae
package in R to perform an ANOVA and initially test for significant
differences across sites, followed by a Tukey's honestly significant
difference test to determine which sites were significantly different.
To test for significant differences in seasonal CH, emissions within
a given site, we performed a Games-Howell test using the rstatix
package in R.

2.6 | Empirical models

To better understand environmental factors influencing annual val-
ues of NEE, GPP, ER, and winter ER (based on winter ER calculated
over the water year) and CH, emissions with the decadal time se-
ries (i.e., excluding the old bog site) we developed empirical models
of these fluxes versus environmental variables based on data sum-
marized at both the monthly and annual time scale. These variables
include total annual rainfall, total rain and snow over the water year,

mean summer (June 1-August 31), winter (October 15-March 30),
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fall (September 1-October 14), and spring (April 1-May 31) soil
temperatures, growing degree days, total evapotranspiration, mean
summer soil water content, day of snowmelt, day of snow return,
duration of the snow season, air temperature, vapor pressure defi-
cit, atmospheric pressure, and water table depth based on best fit
multiple regression equations. For the models based on monthly
data, we also examined if total precipitation (rain+SWE) and soil
temperature from the previous month were significant predicators
of cumulative fluxes for the current month. For models based on an-
nual data we examined one variable at a time, given the known cor-
relations between temperature and precipitation and the potential
to having too few degrees of freedom. We were also interested in
determining if simple models could be useful for predicting annual
fluxes. We tested various models including linear, exponential, and
parabolic based on the environmental variables. Best fit was deter-
mined using Akaike's information criteria compared across models
for a given season and ecosystem. If Akaike's information criteria
were the same for two models both models are presented.

We performed additional analysis at the fen site to ensure the
seasonal analysis of early (May-June) and mid-late (July-September)
dry (water table depth <Ocm) and wet (water table depth >0cm) pe-
riod controls on carbon fluxes remained consistent with the findings
of Euskirchen et al. (2020), which included only the data from the
years 2011-2018. That is, we added 4years of data from 2019 to
2022 to the analysis. Specifically, we examined how early season
wet periods, coincident with runoff from snowmelt, and later season
wet periods, coincident with inundation from rainfall, were associ-
ated with CO, uptake and release and CH, emissions.

Moisture status of the fen was classified from May to September
from 2011 to 2022 when water table depths were available. These
four classes included: (1) early season dry: days in May and June
when the water table is below the surface, (2) early season wet/in-
undated: days in May and June when the water table is above the
surface, (3) mid-late season dry: days in July, August, or September
when the water table is below the surface, and (4) mid-late season
wet/inundated: days in July, August, or September when the water
table is above the surface.

We evaluated the influence of moisture status classification on
fluxes by calculating adjusted means with an analysis of covariance
model (ANCOVA), including mean daily soil temperature (T, 7.5cm
depth) for each of the cumulative daily fluxes. NEE, ER, GPP and
CH,:

Flux = Moisture Status x T, x (T, x Moisture Status). (1)

The above analysis indicated the slopes for the interaction term,
T, x Moisture Status, were unequal (p <.0001) for all fluxes, thereby
not meeting the ANCOVA assumption of equal slopes. We thus ap-
plied an unequal slopes model (Neter et al., 1996) of the form:

Flux = Moisture Status x (T, x Moisture Status). 2)

We used the ‘proc glm’ procedure in SAS for Equation (1) and
the ‘proc mixed’ procedure in SAS for Equation (2) (version 9.4, SAS
Institute, Cary, NC).

2.7 | Regional scaling

We provide an approximation of C emissions in boreal lowlands
for the years 2011-2022 based on the NEE and CH,, data. We pro-
vide separate estimates for both the Tanana Flats (2640 km?) and
all of the boreal lowlands in Alaska, including the Tanana Flats.
Lowlands comprise approximately 42% of the 574,000 km? boreal
land area in Alaska (Douglas et al., 2014). Of the Tanana Flats and
the entire lowland area, roughly 24% is classified black spruce,
40% as low fens, 7% as thermokarst collapse scar bogs, and the
remainder is categorized as lowland birch or mixed forest and low
scrub vegetation (Douglas et al., 2014; Jorgenson et al., 2001).
That is, the vegetation within the footprints of our eddy covari-
ance towers is represents ~71% of the Tanana Flats and the over-
all boreal lowland vegetation in Alaska. For the fens, this equates
to an area of 1056km? for the Tanana Flats and 96,432km? for
all boreal lowlands and for the collapse scar bogs, this equates
to 185km? for the Tanana Flats and 16,876 km? for the lowlands.
For the black spruce, this equates to an area of 634km? for the
Tanana Flats and 57,859 km? for the lowlands. We scale our es-
timates to the Tanana Flats and boreal lowland area by consid-
ering the mean annual fluxes of NEE and CH, (Figure 7) for the
rich fen, bog, and black spruce forest and using our mean annual
bootstrapped error estimates (Table S3) of these fluxes to pro-
vide upper and lower bounds on our measurement annual means.
We also examine scenarios with variation in the percent of the
landscape that is fen (15%-50%), bog (10%-15%) and black spruce
(50%). We chose these scenarios to demonstrate how increases in
permafrost degradation and the associated vegetation shifts may
influence landscape-level C emissions. For example, increasing the
prevalence of one vegetation type with low C emissions (e.g., black
spruce, which is associated with more stable permafrost) may re-
sult in much lower landscape-level emissions, while decreasing the
prevalence of a vegetation type with higher C emissions (e.g., fens
and collapse scar bogs, associated with permafrost thaw) may re-

sult in much higher landscape-level C emissions.

3 | RESULTS

3.1 | Trends in meteorological and biophysical
variables

We observed increasing precipitation as both rain and snow water
equivalent from 2005 to 2022. The historical mean total rainfall
amount for this area is ~160 mm and the historical SWE is ~90mm
(1990-2004; NOAA, 2021). Each year beginning in 2014 received
above average rainfall with a mean of 220mm each water year
2005-2022 (Figure 2a). Precipitation as snow, with mean of 126 mm
SWE each water year from 2005 to 2022, accounted for a mean of
37% of the total precipitation as both rain and snow.

Even though there was a significant increase in SWE from
2005 to 2022 (Figure 2b), this trend was coupled with a shorter
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FIGURE 2

In (a), total snow water equivalent (SWE) and rain (mm) for each water year October 1, 2004-September 30, 2022, and

between October 1-April 30 for 2022 for SWE. Trends in SWE (b), the duration of the snow season (c), day of snow return (d), and day
of snowmelt (e). The slope of the line is based on the Theil-Sen estimate, and the significance is assessed using a Mann-Kendall test, as
described in Section 2. There is no trend line shown for the day of snowmelt (e) since there was not a statistically significant trend.

snow season duration (Figure 2c), which was primarily due to a
later return of snow in the fall (Figure 2d). There was not a sta-
tistically significant trend in the day of snowmelt onset although
the earliest snowmelt on record for Fairbanks occurred in March
2020, resulting in the shortest snow season recorded during our
measurements (Figure 2e).

Despite above-average rainfall, the water table depth measured
with the pressure transducers at the collapse scar bogs typically
remained below the surface because the peat layer floats on the
surface (Figure 3a; Neumann et al., 2019). The rich fen remained
flooded (water table depth >60cm above the surface) in 2014, 2017,
2018 and 2020 (Figure 3b).

Winter soil temperatures (7.5cm depth) increased significantly in
the black spruce and rich fen (Figure 4a) as did fall soil temperatures in
the bog (Figure 4b). Surface soil water content (5cm depth) increased
significantly from 2011 to 2022 in the bog (Figure 4c). The rich fen soil
water content data were not reliable due to the flooding at the site.

Active layer thickness (ALT) nearly doubled with average depth
to permafrost less than 40cm in 2008 and 2009 and between
57-73cm for the years of 2015-2022 (Figure 5; Tables S1 and S2).
In addition, the variability of active layer thicknesses increased 3-4
times between these two time periods. Although there was a posi-
tive relationship between ALT and precipitation, this was not signif-
icant (R>=0.2, p>.05).

3.2 | CO, fluxes: Net ecosystem exchange, gross
primary productivity, and ecosystem respiration

All the sites were neutral to slight sources of CO,, with means ranging
from13+31 ng'zyear'1 attheblack sprucesite, 23+23gC m2 year'1
at the bog and 50+ 17 gCm2year * at the rich fen which was a signifi-
cantly greater CO, source than the black spruce and bog (with +error
based on the bootstrapping methodology described in Section 2.4.1
and shown in Table S3; Figure 6a; Figures S1 and S2, with u* uncer-
tainty representing on average 25% of total uncertainty). In the black
spruce and rich fen, interannual variability in NEE (represented as the
standard deviation of the mean total annual NEE over the period of re-
cord) was higher (+102 and 113ng'2year'1, respectively), than that
of the collapse scar bog (+58gCm 2year ™).

Both GPP and ER were significantly larger at the black spruce
site compared to the bog and fen (Figure 6b,c). Winter ER was
greatest at the fen, and this was significantly different from that
of the bog, but not that of the black spruce (Figure 6d). Winter ER
accounted for ~16% of total ER at the bog and black spruce sites
and 24% at the fen. GPP and ER were greatest between late June
and July, with GPP falling to zero or nearly zero during the period
of snow-covered ground from October to mid-April (Figure S3).
There were no statistically significant trends over time in the an-
nual fluxes of NEE, GPP, and ER.
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FIGURE 3 Water table depth (cm) from May to September in the bog from 2009 to 2022 and old bog from 2020 to 2022 (a) and fen from
2005 to 2022 (b). In years marked as flooded, water table depth exceeded 60cm above the surface and was not measured.

Comparing across the bog, old bog, fen, and black spruce sites for
the years when annual data were available for all four sites (2019-
2021; Figure 6e-h) mean annual NEE for the bog (46+13gCm™)
and old bog (47+24gCm™) was essentially the same, with the
most uptake occurring at the black spruce site during 2019-2021
(—82129ng’2; Figure 6e, with+error based on the bootstrapping
methodology described in Section 2.4.1 and shown in Table S3).
There were year-to-year differences between the bog and old bog.
For example, in 2019, the bog was a source of CO, with a total an-
nual NEE of 18+ 11gCm™2 while the old bog was a sink of CO, with
a total annual NEE of -12+17gCm™2 and in 2021 when the old bog
was a larger source of CO, (131+15 gCm™) compared to the bog
(82+11gCm™% Figure S1).

3.3 | Empirical models of NEE, GPP, and ER

At the black spruce, bog, and fen, total (cumulative) NEE, GPP, ER,
and winter ER fluxes were related to precipitation amounts (total
annual rain and total snowfall in terms snow water equivalent) and
timing of snowfall in the fall (day of snow return with onset of albedo
above 0.3, as described above; Table 3). At the fen, total annual NEE
was parabolically related to GDDs, and linearly increased/decreased
with total annual rainfall. Winter ER at each site was exponentially

related to winter soil temperature. Larger amounts of total rainfall

(April-October rainfall) and snow in terms of SWE also increased
winter ER.

At the fen, based on Equations (1) and (2), CO, fluxes from May
to September were related to inundation status and soil tempera-
ture (Table 4; Figure S4). Both NEE and GPP showed the least eco-
system C uptake during early season wet periods coincident with
inundation from snow and wet conditions prior to freeze in the late
fall (—0.2g(:m’2day’1 for NEE and —Zi.lng’zday’1 for GPP during
the early season inundation and -0.5gC m’zday’1 for NEE and
-3.7gCm™2day™* for GPP during late season wet conditions, consid-
ering adjusted means controlling for soil temperature; Figure S4a,b).
The most net C uptake occurred during mid-late season dry peri-
ods (NEE of -1.3gCm™day ™). The greatest amount of ER occurred
during early season dry conditions (3.2ng’2day’1; Figure S4c).

3.4 | CH,fluxes across sites

We compared mean CH, emissions between the fen and bog for the
years 2014-2022 during a consistent measurement period from May
4 to September 21 (Table 2; Figure 7a). Emissions varied between
the two sites and were ~20% greater from the fen (Figure 7a). We
performed a similar comparison between the fen, bog, and old bog
for the years 2018-2022 and the period from May 14 to September
21 when data were collected across the three sites. There were no
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FIGURE 4 Trends in soil temperature (7.5cm depth) during the winter from 2011 to 2022 for the black spruce and fen sites (a) and during
the fall in the bog (b). In (c), the trend in soil water content (5cm depth) during the summer from 2011 to 2022 in the bog. The slope of the
line is based on the Theil-Sen estimate, and the significance is assessed using a Mann-Kendall test, as described in Section 2.

statistically significant differences between the sites, although emis-
sions again remained greater (by ~17%) from the fen (Figure 7b).

At all three sites, emissions of CH, were highest in the warm
season from May to September, intermediate in the fall between
October and November, and lowest in periods in early April, cor-
responding to the cold season when surface soils remained frozen
(Figure 7c). Our estimate of cold season CH, emissions for the fen was
1.3+4.6mg CH4day’1 based on periods in late March and early April
when the CH, measurements occurred and soil surface tempera-
tures remained below freezing (Figure 7c). Assuming relatively con-
stant emissions during cold periods and multiplying 1.3mgCH, day’1
by the number of cold season days (~150) adds approximately
O.193gCH4year’1 of CH, emissions from the fen, or ~2% of the mean
annual emissions measured each year from May 14 to September
21, 2014-2022 (Figure 7b). At the bog, cold season CH, emissions
in early April were 0,007.6J_r0.008,7gCH4day’1 (Figure 7c), increas-
ing estimates of mean annual emissions by 1.1gCH4year'1 or ~10%
of the mean annual emissions measured each year from May 14 to
September 21, 2014-2022 (Figure 7b). For the old bog, our estimate

of cold season emissions was 22.3+8.5 mgCH4day'1, correspond-
ing to 3.2gCH4year’1 of CH, emissions, or 32% of the mean annual
emissions measured between May 14-September 21 (Figure 7b).

Emissions of CH, from the bog from April 20 to September 21,
2013 to 2021 were logarithmically related to summer soil water
content (based on the mean summer SWC at 2 and é6cm depths).
At the fen, CH, emissions decreased exponentially as net grow-
ing season CO, uptake at the fen decreased (Figure 7e). Based
on Equations (1) and (2), CH, emissions at the fen were greatest
during both early season wet and mid- to late season dry conditions
(~0.08 gCH4m’2day’1; Table 4; Figure S4d) and lowest during early
season dry conditions (~O.OSgCH4m'2 day™).

3.5 | Cumulative carbon emissions in CO, e

Considering all available measurements of CH, (beginning be-
tween 2013 and 2014 at the bog and fen, respectively, and the
old bog in 2018; Table 2), converting them to CO, equivalents
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(CO, e; Section 2), and adding them to measured NEE allowed
us to consider total emissions of CO, e based on our measure-
ments (Figure 8). The emissions were largest at the fen, where
CH, emissions added an additional ~3550gC02em’2 (CH,+CO,:
5263gC0O,em™% CO, only: 1716gCO,em™?; Figure 8c). Emissions
at the bog were slightly less than the fen, where CH, emissions
added an additional ~3176 gCO,em™ (CH,+CO,: 4210gCO,em™%;
CO, only: 1034gC02em'2; Figure 8c). Measurements of CH, in
the black spruce site were low (Figure 8b), adding an additional
77gCO2em’2 to the measurements of NEE between the years
2015-2017 (Figure 7c). At the old bog, CH, emissions added an ad-
ditional ~1657gC0O,em™ (CH,+CO,: 2163gCO,em?; CO2 only:
507gCO,em? Figure 8d).

3.6 | Regional scaling

By scaling our continuous measurements of CO, and CH, from 2011
to 2022 (Figure 9) to the vegetation types by the boreal lowland
area in Alaska (574,000km?), we estimate a cumulative release of
0.30-0.40PgC from the represented boreal lowlands during this
time, considering fen, bog, and black spruce land cover comprises
40%, 7%, and 24% of the landscape, respectively, with the upper
and lower bounds based on bootstrapping (Figure 9). In this esti-
mate, the release of C from boreal fens dominates the carbon signal
(0.29-0.34 PgC). If we consider an increase in fen area to 45% cover-
age and thermokarst collapse scar bog to 10% coverage, estimated
landscape emissions rise to 0.35-0.47PgC. An additional increase
to fen area with 50% coverage and thermokarst bog area with 15%
coverage results in 0.41-0.55 Pg C estimated emissions. Considering
a different landscape scenario where black spruce forest dominates
50% of the lowland landscape and fens shrink to 15% while the bogs
remain at 7%, emissions drop to 0.09-0.21Pg from 2011 to 2022.
Taking into account only the Tanana Flats region (2640 km?) of this

FIGURE 5 Depth of permafrost (cm)
over time at six different sites in the
permafrost plateau area of the APEX site.

General area between
bog and forest towers

Area-1
Area-2
Area-3
Area-4
Area-5
X Area-6

boreal lowland landscape (Figure 9), these estimates are smaller.
We estimate cumulative release of 1.6 9><10’3PgC in the lower
bound scenario with black spruce comprising 50% of the landscape
to 6.0x107° PgC in the upper bound scenario where fens comprise
50% of the landscape.

4 | DISCUSSION

4.1 | Source versus sink strength of C across the
circum-boreal region

Previous studies indicate that, excluding anthropogenic fos-
sil fuel emissions, the boreal region is currently a net C sink,
although this sink strength may change in the future towards ei-
ther a greater net release or uptake of C. For example, climate-
related disturbances such as wildfire and permafrost thaw (e.g.,
Bradshaw & Warkentin, 2015; Helbig, Chasmer, Desai, et al., 2017,
Helbig, Chasmer, Kljun, et al., 2017; Manies et al., 2021; Zhuang
et al., 2020) as well as human impacts from land clearing and road
construction, may result in greater C release. Greater uptake may
be due to increases in GPP that are not fully offset by increases
in ER, particularly in boreal upland forests (Liu et al., 2022) and
drought that may result in reductions in CH, emissions (Heiskanen
et al., 2021). Bradshaw and Warkentin (2015) applied an inven-
tory approach to estimate C storage and flux in the circum-boreal
region and determined it was a net sink of 364-1716 PgC but the
region may be transitioning to a net C source due to warming and
both natural and anthropogenic disturbances. Zhuang et al. (2020)
applied a process-based model to simulate North American peat-
land C storage over the last 12,000years and found that these
peatlands accumulated 85-174PgC over the study period, but
that peat decomposition and permafrost degradation complicate

future predictions of the sink strength (Jones et al., 2023). Two
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FIGURE 6 Mean (standard deviation) annual net ecosystem exchange (NEE, a), gross primary productivity (GPP, b), ecosystem respiration
(ER, ¢), and winter ecosystem respiration (winter ER, d) from 2011 to 2022 in the black spruce, bog, and rich fen. Panels (e-h) are similar,
except these include data from 2019 to 2022 in the black spruce, bog, old bog, and rich fen. Different letters indicate significant differences

between sites for a given flux based on a Tukey HSD test.

studies conducted at the pan-Arctic scale indicate, based on CO,
alone, the boreal region remains a net sink of CO, for the years
1990-2015 with much of this sink strength derived from the
boreal uplands, particularly those in the Eurasian boreal region,
and Siberia in particular (Virkkala et al., 2021; Watts et al., 2023).
Considering only evergreen boreal forests, recent work finds a
net sink of 0.4PgCyear® between 1981-2018, but there is no
trend toward increasing in CO, uptake as increases in GPP are

compensated for by losses due to ER, with large interannual vari-
ability (Pulliainen et al., 2022).

However, when both CO, and CH, are included in calculations
of greenhouse gas forcing, northern boreal ecosystems may not
compensate for the added greenhouse gas warming potential of
methane in at least the short-term time frame (~100years) given
the relatively short lifespan of CH,,. In northwestern Canadian bo-
real peatlands, Helbig, Chasmer, Kljun, et al. (2017) estimated that
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TABLE 3 Regression analysis of annual flux of net ecosystem exchange (NEE), gross primary productivity (GPP) and ecosystem respiration
(total annual ER and winter ER) and best fit environmental variables for the years 2011-2022.

Flux
(gCm2year™) Site Model R? p-value N
NEE Black spruce 16.70-0.868 x (total rain and SWE)month prev 0.50 <.0001 89
1315.705-4.459 x day of snow return 0.32 .08 10
1469.01+0.5982 x Total rain and SWE - 5.7326 x day of snow return 0.49 .09 10
Bog -28.0217 x €, where x=0.1981 XT5 vorer 0.41 <.0001 60
-152.6805+0.4706 x total rain and SWE 0.45 .02 12
Fen 32.105-5.8467xT, 0.49 <.0001 84
-174.078 +0.8433 x total rain 0.46 .03 11
31.477 - 34.105x+0.0092x%, where x=GDDs 0.40 .02 11
Old Bog 4.826-273.738xT, 0.45 <.0001 31
GPP Black spruce 15.562+2.352 x (total rain+SWE)month I 0.52 <.0001 89
-314.4681-2.1129 x total rain 0.67 .003 10
-47.2012-2.0017 x total rain and SWE 0.72 .001 10
-6.91263-0.10395 x winter T, 0.60 .008 10
Bog 67.1358 x e, where x=O.O5OO><TSwm+O.00157 X (total rain and 0.49 <.0001 60
sWE)r"IOnth
-448.2220-0.5603 x total rain 0.74 .0004 12
Fen 25.411+12.433xT,  -0.778x(total rain and 0.72 <.0001 84
SWE),ontn = 0.004 x{(total rain and SWE),_ .\ % (Tsmmh)}
-2026.697 +4.965 x day of snow return 0.57 .01 11
Old Bog 18.3179 x e*, where x=0.1673xT, 0.80 <.0001 31
ER Black spruce  35.241+1.440x(total rain and SWE), ;i brev 0.32 <.0001 89
234.9425+2.5323 x total rain 0.67 .004 10
Bog 53.0093 x¢€*, where x=0.0462><T5mmh+0.00256><tota| rain and 0.35 <.0001 60
SWEmOnth
245.4551 +0.9411 x total rain and SWE 0.67 <.0001 12
Fen 44.390+5.068xT,  -0.291xtotal rain and SWE_ ., —0.003 x{(total 0.46 <.0001 84
rain and SWE), . x(T, )}
1894.0318 +0.7474 x total rain and SWE - 5.3214 x day of snow return 0.40 .08 11
Old Bog 11.4066 xe*, where x=0.1679xT, 0.66 <.0001 31
Winter ER Black spruce 40.1116 xe*, where x:O.1579><Tsmm—0.00324><(tota| rain and 0.35 <.0001 70
SWE) ot
181.7969 xe*, where x=0.1981x T, 0.54 .01 10
-11.05803 +0.39970x total rain 0.81 <.0001 10
Bog 17.1354 xe*, where x=0.2813 XTsmm 0.45 <.0001 84
-67.82487 +0.39508 x (total rain and SWE) 0.83 <.0001 12
89.4875xe*, where x=0.7057 X T 0.41 .03 12
30.229 +0.4912 x total rain 0.49 .01 12
Fen 31.4231 xe*, where x=0.3349 XTsmam 0.31 <.0001 70
550.0047 +0.5301 x (total rain and SWE) - 2.0453 x day of snow return 0.51 .04 11
5.2481xe", where x=0.4494x T, 0.52 .01 11
Old Bog 26.7905 xe*, where x=0.1289xT, 0.52 .01 32

Note: The number of years used to construct the models of cumulative annual flux is N=12 at the bog, N=11 at the fen since data collection began
in May 2011, and N=10 at the black spruce site due to loosing data in 2014 and 2022 because of instrument malfunction. The old bog site is only
included in the monthly analysis since data collection began in 2018. The subscript ‘month’ refers to values for a given variable from that current
month and ‘month prev’ are values from the previous month. p-values below .05 are considered significant.

Abbreviations: GDD, growing degree days; SWE, snow water equivalent.
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TABLE 4 Fixed effects models of moisture/inundation status
and soil temperature (Equation 2) for NEE, ER, GPP (gC m2day™)
and CH, (gCH4m_2 day™) at the rich fen.

Modeled flux  Status Equation

NEE Inundated May-June* 0.27-0.10xT,
Inundated July-September* 3.57-0.40xT,
Dry May-June* 0.52-0.20xT,
Dry July-September* 2.17-0.27 T,

GPP Inundated May-June* -0.85-0.34xT,
Inundated July-September* 1.47-0.48xT,
Dry May-June* -1.33-0.31xT,
Dry July-September* 0.81-0.47xT,

ER Inundated May-June* 0.91+0.24xT,
Inundated July-September* 1.98-0.07xT,
Dry May-June* 1.72+0.12xT,
Dry July-September* 1.45-0.16 T,

CH, Inundated May-June 0.002+0.005x T,
Inundated July-September* -0.07+0.02xT,
Dry May-June* -0.01+0.007x T,
Dry July-September* -0.006+0.007x T,

Note: T =soil temperature at 7.5cm depth. A ™ indicates the p-value
for a given intercept and slope are statistically significant at p<.05. The
degrees of freedom for the models of NEE, ER and GPP is 1817 and for
the CH, model is 1354. Updated from Euskirchen et al. (2020).

a long-term net CO, uptake of >200gCOzm2year’1 is required to
offset the positive radiative forcing of increasing CH, emissions
until the end of the 21st century. The eddy covariance measure-
ments of annual net CO, uptake in this northwestern Canadian
landscape are less than half of this value at ~-78gCO, mZyear'1
(Helbig, Chasmer, Kljun, et al., 2017), indicating CO, uptake can-
not compensate for all emissions. In Sweden, year-round chamber
measurements across a permafrost palsa, a Sphagnum bog under-
lain by permafrost, and a fully thawed fen, indicated that the land-
scape became a stronger CO, sink between 2012-2018, but future
increases in CH, emissions due to permafrost thaw, greater inun-
dation, and vegetation response could offset this sink, exerting a
warming influence on the climate (Holmes et al., 2022). In a boreal
forest in northern Sweden, 17 years of eddy covariance measure-
ments of CO, from 1997 to 2013 indicated that the forest switched
from a net C sink to C source due to increases in ecosystem respi-
ration during both the spring and fall shoulder seasons (Hadden &
Grelle, 2016). Our data show that from 2011 to 2022 the boreal
lowlands of Interior Alaska were already net CO, sources due to
larger releases of CO, through ER compared to uptake from GPP.
Adding emissions of CH, results in large emissions expressed as
CO, e (Figure 8). Thus, a number of studies under various method-
ologies found, including this study, demonstrate that thaw-induced
increased CH, emissions, combined with possible decreases in net
CO, uptake, should exert a positive net radiative greenhouse gas

forcing through the 21st century.
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4.2 | Trends, interannual variability and drivers of
CO, fluxes

Despite trends in driving environmental variables, including warm-
ing soil temperatures, increased precipitation as both rain and snow,
greater soil moisture, and a shorter snow season at our study sites
from 2011 to 2022 (Figures 2-5), we did not find any statistically sig-
nificant temporal trends (e.g., changes in the C sink strength of a site)
in seasonal or annual C fluxes. However, as described below, the in-
terannual variability of the C fluxes at our sites is large (i.e., Figure 6;
Figure S1). It stands to reason that any trends in the data may be
masked by the responses of these sites to shorter-term variations in
biophysical variables and extreme events. This complication elicits the
question of how many years of data would be needed to discern long-
term trends arising from changes in driving factors linked to increases
in atmospheric [CO,] and climate warming from natural variability.
Baldocchi et al. (2018) determined that measurement uncertainty
is also a key factor in interpreting trends, with the detectable trend
threshold needing to exceed 8 g Cm2year ! with a measurement error
of 30ng’2 year’1 for a five-year time series. Our study shows uncer-
tainty at these sites of 11-34gC m2year ! (Table S3), indicating that
given the length (~10years) of our time series at the bog, black spruce,
and fen sites, we should have been able to discern any temporal trends
in the C fluxes against background measurement error.

The interannual variability of ecosystem C fluxes (represented as
the standard deviation of the mean annual NEE over the number of
measurement years; Figure 6) can represent vulnerability to varia-
tions in shorter term daily to seasonal weather patterns and extreme
events. Large fluctuations in the C sink strength of an ecosystem due
to these dynamics may have long-lasting influence on net C uptake at
the decadal time scale. Here, we find that the interannual variability
of the fen (+113gC m'zyear'l) and black spruce (ilOZng'2 year'l)
was twice that reported for other boreal ecosystems, while that
of the thermokarst bog (iSBngdear’l) was close to reported
values (+~40-50gC m'zyear'l; Alekseychik et al., 2021; Baldocchi
et al., 2018; Launiainen et al., 2022; Strachan et al., 2016; Ueyama
et al., 2014). This result indicates fluxes at the bog may be more
resilient to shorter-term environmental changes such as flooding
or snow. As previously reported in Euskirchen et al. (2020), inter-
annual variability in the fen was primarily due to the record rain-
fall in 2014 when CO, release was 267gC m~2year !, The most
recent measurements in 2022 also showed similar release of CO,
at 251gCm2year™, which was seemingly related to low GPP under
early season inundated conditions at the site (354ng’2year’1;
Table S3; Figure S4c). Unfortunately, data were lost in the black
spruce in 2014 due to instrument malfunction, but the bog did show
greater losses with the record rainfall (a more positive NEE) in 2014
compared to other years (124ng'2; Figure S1).

Our year-round measurements of NEE provide an opportunity to
better understand the importance and drivers of ecosystem respira-
tion during the winter in this boreal landscape. Winter ER was between
~16%-24% of total annual ER (Figure 6), with variation in mean win-

ter soil temperature exponentially related to total winter ER (Table 3).
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FIGURE 7 Total mean (standard deviation) daily emissions of CH, across periods of common data collection in the bog and fen (a) and the
bog, old bog, and fen (b). In (c), mean (standard deviation) daily CH, emissions by seasons at the bog, fen, and old bog. In (d), relation between
bog CH, emissions and water table depth, and in (e), the relation between CH, emissions and NEE. Different letters indicate significant
differences between sites for a given flux based on a Games-Howell test.

We also found greater winter ER occurred following wetter summers
(Table 3) demonstrating how summer conditions can influence win-
ter processes. This relationship is particularly notable given that each
year from 2014 was marked by total rainfall that was greater than the
mean (Figure 2a) and that increases in precipitation, as both rain and
snow, are generally expected under a warming climate (Bintanja &
Andry, 2017). Increases in precipitation as snow may result in a deeper
snowpack with warmer temperatures and a deepening active layer
depth which can support increasing rates of microbial activity over
winter (Natali et al., 2019). Soil temperature was a significant predic-
tor of winter ER at all sites and SWE was a significant predictor at the
bog and fen (Table 3). In the future, it will be valuable to explore the
relationship between year-round NEE and active layer depth, but at
present, the ALD data and C fluxes for the individual sites do not align
for along enough period of time to perform this analysis. It is therefore
critical to continue to explore winter dynamics and the processes that
may enhance or impede winter respiration in boreal landscapes since

this may have a significant impact on boreal carbon budgets.

4.3 | Driversof CH,

The significant differences in mean total CH, emissions from 2014

to 2022 between the bog and fen (Figure 6a) resulted in cumulative

CH,+NEE emissions (Figure 8) at the fen (5263gC02em'2) that
were larger than those at the bog (4210gC02em’2), with likely an
even larger estimate at the fen because CH, measurements at the
fen began a year later (2014 vs. 2013). However, we also found that
winter emissions of CH, (based on measurements in late March and
early April when soils were frozen; Figure 7c) are likely less than
those of the bog (2% of May-September emissions at the fen ver-
sus 10% at the bog). Future work at these sites would benefit from
mechanistic biogeochemical and microbial studies in addition to
year-round CH, measurements, similar to the investigations of Rinne
et al. (2018) in boreal Finland, but would necessitate an augmen-
tation of the power supply or more frequent generator use in the
winter. It would also be helpful to compare long-term measurements
between closed-path and open-path analyzers at these sites given
longer path lengths and necessary air density corrections associ-
ated with open-path analyzers. However, recent work finds good
agreement between the two sensor types over the long-term, with
more error due to the stochasticity of turbulent transport and flux
footprint heterogeneity than due to the different types of analyzers
(Deventer et al., 2019).

While water table depth strongly affects CH, release in peat-
lands (Huang et al., 2021; Knox et al., 2021; Moore & Roulet, 1993),
we did not observe this relation at either of our sites because (1)

the fen was often flooded (Figure 3b) and (2) the bog contains a
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FIGURE 8 Cumulative net ecosystem exchange (NEE) and NEE +CH,, expressed as CO, equivalents (CO, e) for the bog (a), rich fen (b),
black spruce (c), and old bog (d). These graphs include all time periods when both NEE and CH,, data were collected at the sites.
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FIGURE 9 Estimate of CO, and CH, release across the boreal lowland region in Interior, AK and for the Tanana Flats for the years of our
measurements from 2011 to 2022 as shown in Figure 7. Estimates are based on the data provided in Figure 7, indicated by ‘Data’ and also on

the ‘Upper’ and ‘Lower’ end of the errors provided in Table S3.

floating peat mat, such that measured water table depth can seem
quite stable despite variation in site hydrology (Figure 3a). However,
at the bog we did find a relationship between soil water content in

shallow soil (5cm) and total CH, emissions from May to September

(Figure 7d). In agreement with Euskirchen et al. (2020), we found
that flooding in the fen during the early season was related to
smaller CH, emissions, while flooding later in the season was related

to larger CH, emissions. This trend could be due to at least three
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possible explanations (see also Euskirchen et al., 2020). First, a high
water table can reduce CH, emissions because the aerenchymatous
plants (sedges, horsetail, grasses) that dominate this ecosystem are
submerged—thereby negating their ability to “pipe” CH, to the at-
mosphere. Second, an increase in the activity of aerenchymatous
plants during flooding can have an oxidizing effect on rhizosphere
pore water chemistry, producing an environment more favorable for
methanotrophy during the growing season, (McPartland et al., 2019;
Rupp et al.,, 2019; Strack et al., 2017). Third, flooding may affect
redox chemistry, increasing soil ferric iron and nitrate for example,
thereby suppressing methanogenesis (Mitchell & Branfireun, 2005).
The relation between NEE and CH, emissions at the fen also sug-
gests a rhizodeposition effect, where greater net CO, uptake corre-
sponds to greater release of CH,, which could be caused by feeding
of methanogens in the rhizosphere of growing plants, and the sea-
sonal dynamics of facultative methane oxidizers (Rupp et al., 2021;
Turner et al., 2020; Figure 7e).

44 | Wetland type and landscape mapping:
Implications for C cycling in landscapes undergoing
permafrost thaw

Aswidespread permafrost thaw continues over this century (Douglas
et al., 2021), the areal coverage of different ecosystems will change,
sometimes in unpredictable ways, altering regional C budgets. For
example, recent work suggests that talik formation (unfrozen zones
either above or within the permafrost soil layers) and talik thickness
in black spruce lowland areas will increase substantially and could
impact up to 70% of the Interior Alaska landscape (Farquharson
et al,, 2022), thereby influencing thermokarst development, hydro-
logical connectivity, and carbon cycling. The significance of accurate
landscape mapping of poorly drained, lowland peatlands undergo-
ing permafrost thaw is highlighted by large differences in estimates
of C losses from boreal lowlands in Interior Alaska due to differ-
ences in ecosystem type (Figure 9). Other work has also emphasized
the importance of maps that delineate bogs and fens (Jorgenson
et al., 2001), with significantly greater CH, emissions found in fens
compared to bogs in the boreal region (Turetsky et al., 2014) and
a greater sensitivity of fens compared to bogs to climate change
(Wu & Roulet, 2014), as also found in this study. While we did not
find significant differences in C fluxes between the bog and old bog
based on our 3years of data (Figures 6 and 7), other work has high-
lighted the ecological diversity of bogs across the boreal region and
suggests that different types of bogs should be delineated, includ-
ing pine bogs compared to bogs with dwarf shrubs and sphagnum
(Alekseychik et al., 2021) or bogs that have rapidly expanded follow-
ing fire (Gibson et al., 2018).

It is important to accurately delineate the proportion of the land-
scape covered by ecosystems with low CH, emissions, such as our
black spruce site (Figure 8c), and high CO, uptake, such as some ma-

ture boreal forests (Peichl et al., 2023), including the upland white

spruce and birch/aspen forests that we do not measure. It should also
be noted that our flux towers lie with a ~1km? section of the land-
scape, and as such, landscape heterogeneity at this scale should be
considered in both mapping and modeling efforts. In addition, while
the fen, bog, and black spruce ecosystems studied here are consid-
ered representative of those across the lowlands in boreal Alaska,
additional long-term eddy covariance measurements in other lowland
wetland complexes in boreal Alaska would help to elucidate how well
they do indeed represent the landscape. Modeling studies of lowland
boreal wetland biogeochemistry in Alaska are relatively rare, but they
find, similar to this study, that this landscape is a net source of C (Lyu
etal., 2018; Ma et al., 2023). However, these modeling studies include
shortcomings, including the inability to delineate and model fens ver-
sus bogs, parameterizations based on historical data from Canadian
wetlands without considering the most recent data from boreal
Alaska or only a simple representation of permafrost. Our upscaling
analysis presented here, combined with the shortcomings of pub-
lished modeling studies in this landscape, point to the importance and
need for a more detailed modeling approach in these boreal lowlands.

While this study considers the contribution of net CO, and CH,
emissions to climate warming from lowland boreal ecosystems, a
fully upscaled C balance of this landscape would need to consider
other factors. For example, dissolved organic carbon from the fen
could increase lateral C losses (Kane et al., 2010; Roulet et al., 2007).
Some losses may, in part, be counterbalanced by increases in ni-
trogen availability as permafrost thaws, thereby promoting greater
plant productivity (Finger et al., 2016). Furthermore, it is important
to consider the plant component of ecosystem respiration since
increasing CO, emissions could also be related to increasing abo-
veground plant respiration (King et al., 2006). Other climate feed-
backs, such as increases in evapotranspiration (Helbig et al., 2020)
and decreases in snow cover (Euskirchen et al., 2016), would provide
an even more inclusive picture of the atmospheric warming potential
of boreal lowlands.

Finally, the fate of permafrost C post thaw depends on the
history of permafrost formation. Sites with older syngenetic per-
mafrost, or permafrost that aggraded at the same time as the peat
formed, typically have carbon rich soils with well-preserved organic
matter and can correspond to post-thaw carbon losses of 45 kng’2
in the century following thaw (Jones et al., 2017). Alternatively,
epigenetic permafrost, or permafrost that aggraded after the peat
formed, at our site and in many boreal peatlands is younger and
formed after peat accumulation, meaning permafrost organic matter
is more processed. At these sites, post-thaw carbon losses tend to be
smaller, ranging from 20 kg C m2to 27 kgC m~2in the century follow-
ing thaw (Manies et al., 2021). These losses can be partially or fully
offset from the higher rates of C accumulation in the post-thaw bogs
compared to the permafrost forests (Estop-Aragonés et al., 2018).
Therefore, when extrapolating estimates of C release across boreal
lowlands, consideration should be given to how and when the per-
mafrost aggraded as it may influence present-day estimates of C re-

lease and uptake.
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5 | CONCLUSION

Our work illustrates the importance of long-term measurements
of carbon fluxes over the full annual cycle in heterogeneous boreal
lowlands undergoing unprecedented shifts in climate, permafrost
thaw, and changing hydrology. Based on these measurements, it
would be valuable to reconsider our paradigm of boreal landscapes
as net carbon sinks, particularly as the landscape shifts to a greater
coverage of area occupied by wetlands, and fens in particular, as
permafrost continues to thaw. This work also has implications for
ecosystem modeling in this region, with larger interannual variabil-
ity than found in other boreal ecosystems, coupled with the preva-
lence of extreme events, ongoing warming, and increases in both
rain in snow. These factors contribute to larger uncertainty bounds
for model benchmarks and illustrate the importance of assimilating
the most recent carbon flux measurements for quantifying boreal

carbon balance under a rapidly changing climate.
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