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Abstract

Subarctic and Arctic environments are sensitive to warming temperatures
due to climate change. As soils warm, soil microorganisms break down
carbon and release greenhouse gases such as methane (CH,4) and carbon
dioxide (CO-2). Recent studies examining CO- efflux note heterogeneity of
microbial activity across the landscape. To better understand carbon
dynamics, our team developed a predictive model, Dynamic Representation
of Terrestrial Soil Predictions of Organisms’ Response to the Environment
(DRTSPORE), to estimate CO:- efflux based on soil temperature and
moisture estimates. The goal of this work was to acquire respiration rates
from a boreal forest located near the town of Fairbanks, Alaska, and to
provide in situ measurements for the future validation effort of the
DRTSPORE model estimates of CO- efflux in cold climates. Results show
that soil temperature and seasonal soil thaw depth had the greatest impact
on soil respiration. However, the instrumentation deployed significantly
altered the soil temperature, moisture, and seasonal thaw depth at the
survey site and very likely the soil respiration rates. These findings are
important to better understand the challenges and limitations associated
with the in situ data collection used for carbon efflux modeling and for
estimating soil microbial activity in cold environments.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction
Background

Soil respiration is a critical process that occurs in all terrestrial
ecosystems, and it plays a crucial role in the global carbon cycle. CO-" is
released from the soil into the atmosphere through microbial
decomposition of organic matter. Several previous studies have shown that
soil temperature and moisture affect soil microbial activity as measured
through respiration (Wildung et al. 1975; Curiel et al. 2007; Moyano et al.
2013; Streit et al. 2014). Wang et al. (2010) found that soil moisture level
can be a limiting factor in soil biogeochemical processes because low soil
moisture levels can limit the diffusion of soluble nutrients (Manzoni et al.,
2012). Conversely, saturated soil conditions can constrain oxygen
availability (Kechavarzi et al., 2010), also limiting heterotrophic
respiration rates.

The subarctic and Arctic regions are especially vulnerable to increased
temperatures and is experiencing dramatic changes such as accelerated
permafrost thaw, melting of ice features, and shifts in timing and
accumulation of precipitation. Mean annual temperature is expected to
reach a 5°C increase by 2100 in these regions (Lader et al. 2017 ), while a
median global warming of 2.8°C is expected (IPCC 2023) highlighting
the amplified warming of polar regions (Serreze et al. 2006 ). More than
one third of the global carbon reserve is stored in northern peatlands
(Gorham 1991) and when accounting for the 1,035 + 150 Pg carbon
stored in permafrost, the global soil carbon pool is increased by 50%
(Schuur et al. 2015). Compared to temperate soils, high-latitude soil
carbon stocks are especially vulnerable to a warming climate (Karhu et
al. 2014). As the climate warms, this carbon stored in permafrost will
become bioavailable creating a positive feedback loop where higher soil
activity results in more warming, releasing even more carbon (Schuur et
al. 2015; Guimond et al. 2021).

Long-term automated soil respirometer systems have proven to be an
effective tool for quantifying in situ soil respiration, as they allow

* For a full list of the spelled-out forms of the chemical elements used in this document,
please refer to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US
Government Publishing Office, 2016), 265, https://www.govinfo.gov/content/pkg/GPO
-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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continuous, high-frequency measurements of CO- fluxes from the soil
surface. Many studies have used automated respirometer systems of
different makes and designs to successfully measure soil respiration under
different environmental conditions (Suh et al. 2006), such as agricultural
fields in eastern Italy (Delle Vedove et al. 2007), temperate oak forest in
South Korea (Joo et al. 2012), and in a coniferous temperate forest in
central Japan (Makita et al. 2018). Soil respiration consist of heterotrophic
and autotrophic respiration. Heterotrophic respiration only encompasses
the microbial decomposition of the soil organic matter, while autotrophic
respiration comprises emissions from living roots and fungi (Epron 2010)
and requires light to occur, a limiting factor in the arctic. The methods for
measuring respiration using long-term automated respirometer system
vary according to which component of the respiration, autotrophic,
heterotrophic, or total, is being investigated.

Soil respiration can be measured using chamber or micrometeorological
methods and the method depends on nature of observation required
(Wagner-Riddle et al. 2006). Micrometeorological methods work well for
long-term, continuous flux measurements and do not interfere with gas
exchange processes, while chamber methods typically only cover small
areas and can disturb the local environment (Wagner-Riddle et al. 2006).
Two common micrometeorological methods are eddy covariance and the
mass balance method. Eddy covariance towers observe the carbon
exchange between ecosystem and atmosphere and measure the turbulent
transport process between them (Liang and Wang 2020). They can
directly measure the carbon flux in plant communities and the
atmosphere, but use of these towers is limited by the hardware
requirements. The mass balance method calculates flux from an area by
calculating the difference in surface flux integrated over height between
upwind and downwind positions (Wagner-Riddle et al. 2006). This
method also can be difficult to deploy due to hardware constraints, often
requiring multiple towers. Chamber-based methods can be easier to
deploy in the field and work well for shorter-term studies (months and
years versus the sometimes decades of the micrometeorological methods).
The chamber methods involve either removing vegetation and installing
soil collars to measure heterotrophic respiration using gas analyzers, or
having static chambers sit on top of the vegetation and measuring both
heterotrophic and autotrophic respiration. Common chamber-based
methods use LI-COR technology (Elberling and Brandt 2003; Treat et al.
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1.3

2007) and Picarro technology (Allan et al. 2014; Kelsey et al. 2016;
Waldrop et al. 2021).

This report describes the deployment and the challenges associated with
the long-term operation of a soil respirometer system and soil parameters
instrumentation deployed in cold climates to measure heterotrophic soil
respiration. Moreover, this study also provides a review of the data
acquired with this instrumentation. These data will be used in future work
to validate the Dynamic Representation of Terrestrial Soil Predictions of
Organisms’ Response to the Environment (DRTSPORE) estimates of CO-
efflux in Fairbanks, Alaska. The model is based on empirical data collected
from laboratory soil incubation studies using soils collected from various
temperate and Arctic locations. Remotely sensed terrain data and weather
models serve as inputs to the model to predict soil activity as a geospatial
layer on a terrain map (Barbato et al. 2018).

Objectives

The objectives of this study were to provide in situ long-term
measurements of heterotrophic soil respiration, soil temperature, and soil
moisture at a site in the Engineer Research Development Center, Cold
Regions Research and Engineering Laboratory’s (ERDC-CRREL)
Permafrost Tunnel Research Facility (PTRF) in Fairbanks, Alaska. The
study site is situated in an undisturbed black spruce forest with moss and
lichen ground cover overlaying ice-rich permafrost. Specifically, this study
aims to achieve the following:

e Provide a method for successfully acquiring long-term in situ soil C-
CO: efflux measurements in cold climates.

e Assess the effects of soil temperature, volumetric water content, and
seasonal thaw depth on C-CO: efflux.

e Contribute to the future effort of validating the DRTSPORE model in
cold climates by providing in situ soil respiration measurements for
comparison with model outputs.

Approach

This study used a soil respirometer system, modified for cold climate
operation, to collect long-term in situ C-CO- efflux (portion of carbon
emitted) measurements from a boreal forest site located above the PTRF
in Fox, Alaska. Soil temperature and moisture and seasonal thaw depth
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was measured from 20 May to 19 September 2022. These data will be
used in future efforts to validate the DRTSPORE CO. efflux predictions
for the study area, however; because of the significant impact that the
instrumentation had on the local site, caution should be exercised when
extrapolating the measurements to larger areas. We highlight the
challenges of implementing these instruments in cold regions and
conclude with recommendations for future efforts measuring soil
respiration at similar sites.
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Materials and Methods
Study Site

This study was conducted from August 2021 to September 2022 at a site
located at the ERDC-CRREL’s PTRF, approximately 13 km north of the
town center of Fairbanks, Alaska (Figure 1).” The site is situated in an
undisturbed black spruce forest (64.950611°N, 147.619929°W) with moss
and lichen ground cover overlaying ice rich permafrost. The climate in this
region is continental with a mean annual air temperature of —2.4°C, mean
July temperatures of 16°C, and mean January temperature of —21.9°C;
yearly extremes range from —51°C to 38°C (Jorgenson et al. 2020). Mean
annual precipitation is 30.3 cm with 40%—45% falling as snow (Liston and
Hiemstra 2011).

Figure 1. Geographical location of the study site in Fairbanks, Alaska. Map (&) of Alaska with a
blue pin marking the study site. Zoomed-in map (b) of Fairbanks with a b/ue pin indicating the
study site. Detailed view (¢) of the study site with a b/ue pin marking the exact location.
(Powered by Esri).

a. b.

PTRF

Fox, AK ¢
Study site

afeGraph, METUNASA USGS, EPA NPS, USDA

* For a full list of the spelled-out forms of the units of measure used in this document and
their conversions, please refer to US Government Publishing Office Style Manual, 31st ed.
(Washington, DC: US Government Publishing Office, 2016), 248-52 and 345-47, https://www
.govinfo.gov/ content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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2.2

Set-Up of Automated Efflux System for Long-Term Soil
Respiration Monitoring

For long-term soil gas flux measurements, an off-the-shelf automated
system (LI-COR Inc., Lincoln, Nebraska, USA) composed of four main
components was deployed from August 2021 to September 2022; (1) a
CO2/H-0 gas analyzer and system control unit (LI-8100A), (2) a
CH,4/CO-/H-0 trace gas analyzer (LI-7810), (3) a multiplexer (LI-8150),
and (4) three opaque long-term chambers (8100-104) (Figure 2). The
system employed a closed transient method for soil gas flux measurements
and collected data every 30 min for a period of 120 s. For this method, a
gas analyzer (e.g., LI-7810) is used to dynamically measure the soil fluxes
accumulated within the chamber. During the measurement mode, sample
air was drawn from the chamber to the gas analyzer and then sent back to
the chamber. The rate increases of CH,; and CO-: concentrations was used
to estimate soil gas flux.

Four plots were identified in the PTREF field site located approximately 3 m
apart in a square pattern. At each site, 50 x 50 cm area of vegetation (moss
and lichen) and organic-rich soil (peat) was removed using a bread knife
cleaned with 70% isopropanol (Figure 3). Vegetation was removed to
collect respiration measurements from the mineral soil rather than
vegetated soils. In three of the sites, soil collars made from thick-walled, 8
in. SDR 35 PVC pipe with an inside diameter of 21.34 cm and a height of
11.43 cm were inserted into the soil using a rubber mallet (see Figure 3) on
2 August 2021. Soil chambers were installed above the collars and secured
with metal pins.
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Figure 3. Image of vegetation removed from the chamber location with the soil collar visible
(/ef) and chamber installed on the soil collar (right).

LI-8100 Automated Soil CO- Flux System Software Version 4.0.9 (LI-COR
Inc., Lincoln, Nebraska, USA) was used to setup the soil respirometer
system. The parameters required by the software to calculate the total
system volume for flux calculation are the soil surface area inside the
collar (cm2), chamber offset (the distance between the soil surface and the
upper edge of the chamber base plate), and extension tube volume (cm3).
Total system volume for chamber 1 was 5,846.4 cm3, 6,132.4 cm3 for
chamber 2, and 6,005.3 cm3 for chamber 3. Fifteen-meter cables
connected three chambers to the LI-8150 multiplexer (LI-COR Inc.,
Lincoln, Nebraska, USA). The multiplexer contains a diaphragm pump
that collects sample air from the chambers and distributes it to the sensor
at a rate of 1.5 L/min—3 L/min in normal operating conditions.

Power to the instruments was provided by a 30 m long, 120V, 15 A triple
outlet extension cord. The extension cord was plugged into the local
electric grid at the PTRF. The AC to DC (alternating to direct current) LI-
COR 8150-700 power supply was used to power the LI-8100A and the LI-
8150, and the AC to DC universal power adapter (LI-COR Inc., Lincoln,
Nebraska, USA) compatible with 100 to 240 volts alternating current
(VAC) powered the LI7810.

Data were collected using a laptop and Wi-Fi connection to the LI-8100A
throughout the experiment. The data collected from the LI-8100A were
.82z files and included all metadata and high-frequency data collected
during chamber closure. The soil flux gas data were pre-processed for
quality assurance/quality control (QA/QC) using the SoilFluxPro
processing software (v5.2.0; LI-COR Inc., Lincoln, Nebraska, USA).
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2.3

Measurement of Soil Parameters and Seasonal Thaw

Soil temperature and volumetric water content (VWC) were recorded every
15 minutes, from May 20th to September 23rd, 2022, using Onset HOBO 2x
External Temperature Data Loggers (Onset, Bourne, Massachusett, USA)
and Onset HOBO USB Micro Station Data Loggers (Onset, Bourne,
Massachusett, USA) paired with EC5 Soil Moisture Smart Sensors (Onset,
Bourne, Massachusett, USA). The temperature and VWC were measured at
two depths (in the organic and mineral horizons) at each of the three 8100-
104 long-term chambers (LI-COR Inc., Lincoln, Nebraska, USA) and at a
site where the vegetation was left intact (vegetated site [VS] 1) (as shown in
Table 1). VS1 site was located approximately 3 meters from the chamber 2
and 3 plots. Average temperature and moisture sensor depth was 19 cm at
the organic and 31 cm at the mineral horizon.

Table 1. Long-term chambers and control sites soil temperature and volumetric water content
(VWC) sensor placement.

Vegetation (moss and
lichen) Thickness (above Organic soil temperature Mineral soil temperature
surface soil) and VWC sensor depth and VWC sensor depth
Chamber (cm) (cm) (cm)
Chamber 1 |12t 15 29
Chamber2 |20t 25 35
Chamber3 |15t 14 23
VS1 18 22 36

TIndicates the sites from which the vegetation was removed (bare sites).

Seasonal active layer thaw depth was measured at the three chamber
sites, and at VS1 (where the vegetation was left undisturbed). These
measurements were acquired every time a site visit was made (n = 33)

from 23 May to 19 September 2022. Additional seasonal thaw
measurements were made 20 cm to 30 cm from the chamber sites, where
the ground vegetation was left intact (n = 24), starting 23 June to 19
September. The measurements were made by pushing a 1 cm diameter
graduated metal rod (frost probe) downward into the ground to refusal to
establish the distance between the ground surface vegetation and the top
of the frozen soils (Shiklomanov et al. 2013).
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2.4

Modifications to an Automated Efflux System for Long-Term Soil
Respiration Monitoring In Cold Climates

Operating scientific instrumentation in cold climates can be challenging
mostly because of the extreme cold temperatures that are common from
October to March. The soil respirometer system had an operating
temperature range of —25°C to 45°C. To ensure that the instrumentation
was at or above the minimum operating temperature, we custom-made an
encloser (92 cm x 60 ¢ x 60 cm) constructed with 5 cm thick Styrofoam
(Figure 4). The temperature inside this custom-made insulated enclosure
was monitored using an Onset HOBO UX100-003 temperature and relative
humidity logger (Onset, Bourne, Massachusett, USA). The enclosure
maintained an inside temperature above —20°C throughout the winter
months, which was 5°C warmer than the minimum operating temperature
of the instruments inside.

Figure 4. Outside view of a custom-made Styrofoam enclosure used to house LI-COR soil
respirometer gas detectors at operating temperatures (/ef?). Inside view of the Styrofoam
container housing LI-8150, LI-8100A, and LI-7810 components (right).

Bl

4 k N fj‘ *ﬁi; A

We wrapped the cables and tubing connected to the 8100-104 long-term
chambers to the soil respirometer system in 1.3 cm thick tubular pipe
insulation foam to prevent/minimize clogging due to moisture freezing up
inside the tubing.
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Costco (Columbus, Indiana) folding tables with a surface of 91.4 cm x 91.4
cm were place over the 8100-104 long-term chambers in the winter
months to prevent snow accumulating on the chambers (Figure 5). This
was necessary as the chambers had to open and close freely to accurately
measure soil respiration fluxes. Furthermore, M-D Building Products
(Oklahoma City, Oklahoma) fiberglass screen mash was wrapped around
the table from top to bottom to prevent snow from drifting on the 8100-
104 long-term chambers. The tables were removed from over the
chambers during the snow free months to minimize the changes to the
environment at the plots.

Figure 5. The 8100-104 long-term chamber deployed during warmer months (7jght) and the
8100-104 long-term chamber deployed during winter months with setup modifications to
protect from heavy snowfall (/ef?).

g W
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Results and Discussion
Soil Temperature and Moisture

Soil temperature and moisture were measured from 20 May to 23
September 2022. The analysis presented in this report was performed on
the data from the above date range. Note that the soil moisture probes are
not reliable at temperatures less than 0°C. Overall, soil temperature ranged
from —0.12°C to 13.98°C and soil moisture ranged from 0.11 m3/ms3 to 0.58
m3/m3 (Figure 6).

The maximum organic soil temperature at all the chambers was recorded on
6 July and on 12 July at VS1 site while the minimum temperatures were
recorded at or immediately after the sensors were deployed in late May
2022. Chamber 2 site had the highest, 13.98 °C, and the lowest, —0.03 °C,
recorded organic soil temperatures. The maximum mineral soil temperature
of 10.42 °C was recorded at chamber 2 on 7 July and —0.12°C for the
minimum at VS1 on 25 May. VS1 1 site had the latest peek in the mineral
soil temperature, from all the four sites, and it occurred on 2 August and the
lowest maximum seasonal mineral soil temperature of 3.83°C.

The maximum VWC in the organic and mineral soils were measured at the
VS1 site and they were 0.58 m3/m3 on 21 June and 0.55 m3/m3 on 22
May respectively. The minimum for the of VWC values 0.11 m3/m3 were
recorded on 26 May at the VS1 site for the organic sediments and 0.17
m3/m3 at the chamber 2 site on 18 June for the mineral soil. The organic
soil temperatures were consistently warmer than the mineral soil
temperature at all the sites throughout the monitoring period with the few
following exceptions: out of 12,072 recorded soil temperature values,
higher mineral soils values were recorded 80 times at chamber 1, 26 times
at chamber 2, 214 times at chamber 3, and 154 times at the VS1 1 site.

Chamber 1 and 2 sites predominantly had higher average VWC in the
organic soils (0.53 m3/m3 and 0.5 m3/m3 respectively) while chamber 3
and the VS1 sites in the mineral soils (0.54 m3/m3 and 0.37 m3/m3
respectively) (Figure 6). The dryer and cooler mineral soils at chamber 2
are likely due to the deeper organic soil horizon and thicker vegetation
layer as compared to chambers 1 and 3 (Table 1). Despite that the
vegetation was removed from the chamber plots, the surrounding
vegetation likely still affected the thermal regime at the plots.



Figure 6. Soil temperature and moisture data in the organic soils (brown) and mineral soils (b/ack) from the three long-term
chambers and the control site.
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Seasonal active layer thaw depth Seasonal thaw depth was measured at
two locations at the chamber sites; at the long-term chamber where the
vegetation was removed and in the immediate vicinity (approximately 30
cm) of the chambers where the vegetation was left intact (VS) as well as at
the VS1 site from 23 May to 19 September 2022, every time a site visit was
made. The maximum seasonal soil thaw depth measured at all the sites
were recorded in September 2022. Overall, the maximum seasonal thaw
depth for all the bare sites (n = 3) was —73 + 4.6 cm (standard error [SE])
and —61 + 3.8 cm (SE) for the vegetated sites (n = 4). However, when only
VS1 located approximately 3 m from the chamber sites was considered, the
maximum thaw depth was much shallower: —49 cm (SE) (Figure 7).
Seasonal thaw depth at the VS near the chambers were likely deeper than
at the VS1 site due to the warmer soil temperatures near the chambers as
compared to VS1 site (Figure 6). The average percentage increase in active
layer depth between the bare and vegetated plots at each chamber plot
was: 10.6% at chamber 1.25% at chamber 2, and 14.4% at chamber 3,
highlighting the difference between vegetated and bare soil thermal
regimes. The significantly higher increase in active layer depth between
the bare and vegetated sites at the chamber 2 plot, as compared to
chamber 1 and 3 plots, was likely due to the thicker vegetation layer
present at chamber 2 (Table 1).

Figure 7. Seasonal thaw depth at the chamber (bare) and vegetated (VS) plots, and VS2 site
from 23 May to 19 September 2022.
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3.2

Soil Respiration Results from the Automated Efflux System

The soil respirometer system experienced severe malfunctions during the
study period that resulted in the equipment having to be sent back to the
manufacturer for repairs. During a typical gas measurement, the
instrument provides a graph of the entire reading over the 120 s period,
which should appear primarily linear with respect to slope as gas
continues to build in the chamber after it is sealed. The R2 value from
these readings should reflect the linearity of these measurements and
therefore this value should provide a metric for evaluating the quality of
each gas measurement. Both the LI-870 and the LI-7810 provided data
with R2 values less than 0.5 for the majority of the study period (2 August
2021 to 23 September 2022). This could be because the soil temperatures
were very cold and possibly reached the limit of detection during the
winter months for these instruments. During the winter months, soil
moisture is locked in frozen soil and the water in the pore space in
unavailable to the microbes and therefore nutrient availability for
microbial activity and heterotrophic respiration is limited. The LI-7810
CO: data showed an increase in the measurement R2 value (0.5 or
higher) once the soil temperature started to increase at the beginning of
May 2022.

A total of 28,656 soil CO-and CH,4 efflux observations were obtained during
the period when the LI-7810 trace gas analyzer was operational from
January to September 2022. Due to instrument issues such as the LI-7810
trace gas analyzer optical bench failure and poor CO: efflux measurement R
values (0.5 or less), only 40% of the CO- and 10% of the CH, efflux data was
used for the statistical analysis. The benefit of having both the LI-8100 and
LI-7810 instruments deployed was the ability to interchange results. For
example, the LI-8100 instrument had a long-term H-0 sensor failure that
was not initially detected, which led to all the CO- efflux data acquired with
this instrument being discarded.

Figure 8 shows the hourly, daily, and weekly average C-CO- efflux from
the three chambers from 20 May to 1 September. No averages were
calculated when 20% or more of the data were missing. Chamber 2 had
the highest mean hourly (1,523.1 mg of C-CO. m-2/day-!) and daily
(679.7 mg of C-CO= m-2/day-!) and chamber 1 the highest weekly
(629.8 mg of C-CO2 m-2/day-1) CO: efflux. The average CO: efflux from
all three chambers was 423.8 mg of C-CO- m-2/day-1.
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Figure 8. Hourly, daily, and weekly mean C-CO2 efflux colored by chamber showing that chamber 2
had the highest mean hourly and daily fluxes and chamber 3 had the highest weekly flux.
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Overall, there were cumulatively 4,882 g of C-CO- m~2 and 1.2 g of C-CH,4
m-~2from all the chamber plots combined. Chamber 1 had the highest
cumulative C-CO: efflux of 1,816 g of C-CO- m~2, followed by chamber 3,
1,704 g of C-CO2 m—2, and chamber 2 with 1,362 g of C-CO> m~2 . Chamber
2 had the highest cumulative C-CH, efflux of 0.91 g of C-CH4 m~2followed
by chamber 1 with 0.21 g of C-CH4 m~2, and lastly chamber 3 with 0.13 g of
C-CH4 m~2. The difference in the cumulative CO- efflux between the three
chambers should not be used as an indicator as the actual overall CO-
efflux from these plots because of the varying number of data points at
each chamber: chamber 1 (n = 4366), chamber 2 (n = 3330), and chamber
3 (n = 4270).

Soil temperature is a key driver of soil respiration, however, the
relationship between soil temperature and soil respiration is not always
straightforward and can be influenced by factors such as soil moisture,
nutrient availability, and the composition of the underlying microbial
community (Curiel et al. 2007; Moyano et al. 2013; Barbato et al. 2015).
One factor that can also affect the relationship between soil temperature
and soil respiration is the lag time between changes in soil temperature
and changes in soil respiration. Lag time refers to the delay between a
change in the environmental conditions and the response of the
ecosystem. Several studies have shown that there can be a lag time of



ERDC/CRREL TR-23-18

16

hours to days and weeks between changes in soil temperature and changes
in soil respiration (Kuzyakov and Gavrichkova 2010; Carey et al. 2016).

Our initial regression analysis of the C-CO- efflux with soil temperature
and VWC relationship revealed a low to moderate correlation with R>2
values ranging from 0.16 to 0.36. Due to the poor correlation, we
performed a regression analysis between the C-CO: efflux data and the 2,
4, 6, 8, and 12 hr interval lag time soil temperature data. The relationship
at chamber 1 site increased slightly when the C-CO- efflux was correlated
to a soil temperature lag time of 2 and 4 hr. The R2 values increased from
0.36 to 0.45 when correlated to a 2 hr mineral horizon soil temperature
lag time and from 0.32 to 0.45 for the 4 hr organic horizon soil
temperature lag time. There was a decline in the R2 values when the C-CO-
efflux was correlated to any of the 2 to 12 hr interval lag timed soil
temperature data at the chambers 2 and 3 sites (Table 2). The poor
correlation between C-CO: efflux data and the 2, 4, 6, 8, and 12 hr interval
lag time soil temperature and VWC data indicated a possible longer lag
time between the changes in soil temperature and VWC and the change in
C-CO:, efflux.

Table 2. Linear regression analysis (A2) of soil CO2 efflux versus soil
temperature lag time of O, 2, 4, 6, 8, and 12 hr, respectively.

Chamber Soil Layer Ohr | 2hr | 4hr | 6hr | 8hr |10 hr |12 hr
Organic 0.36 | 0.45(0.44 | 0.34 | 0.21 | 0.12 | 0.06

Chamber 1
Mineral 0.3210.40(0.39|0.33|0.23 | 0.14 | 0.08
Organic 0.16 | 0.11 | 0.08 | 0.06 | 0.05 | 0.06 | 0.07

Chamber 2
Mineral 0.21|10.18 | 0.14 | 0.11| 0.10 | 0.11 | 0.12
Organic 0.16 | 0.11 | 0.06 | 0.03 | 0.02 | 0.03 | 0.06

Chamber 3
Mineral 0.17 | 0.12 | 0.08 | 0.05 | 0.03 | 0.33 | 0.05

The C-CO: efflux and soil temperature correlation significantly increased
at all the chamber plots when the linear regression analysis was conducted
on the daily and weekly averaged data. Chambers 1 and 2 weekly averages
of the mineral and organic soil temperatures best correlated to the C-CO-
efflux with R2 values of 0.65 to 0.85, while at chamber 3 site daily averages
had a better correlation to the C-CO:- efflux with R2 values of 0.39 for the
organic and 0.36 for the mineral soil daily average temperatures (Table 3).
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Table 3. Linear regression analysis (/2) of average hourly, daily, and weekly soil
CO2 efflux (C-CO2 m-2/day-1) versus soil temperature (°C).

Hourly Daily Weekly
Chamber (Organic Mineral Organic  [Mineral Organic  |Mineral
Chamber 1 |0.36 0.32 0.51 0.48 0.67 0.65
Chamber 2 [0.16 0.21 0.59 0.64 0.78 0.85
Chamber 3 [0.16 0.17 0.39 0.36 0.31 0.29

A similar regression analysis was conducted to investigate the
relationship between the hourly, daily, and weekly averaged C-CO- efflux
and VWC values. Only chamber 2 site had a low to moderate correlation
with R2 values for the daily averages ranging from 0.37 (mineral) to 0.49
(organic) and 0.48 (mineral) to 0.6 (organic) for the weekly averaged
values (Table 4).

In our study, we observed that C-CO- efflux and soil temperature were
most correlated when the regression analysis was run on the daily and
weekly averages which agrees with the previous findings from Kuzyakov
and Gavrichkova (2010) and Carey et al. (2016).

Table 4. Linear regression analysis (A2) of average hourly, daily, and weekly soil CO2
efflux (C-CO2 m-2/day-1) versus soil VWC (m3/m3).

Hourly Daily Weekly
Chamber |Organic Mineral Organic Mineral Organic Mineral
Chamber 1 0 0.01 0.04 0.04 0.09 0.08
Chamber 2 0.15 0.09 0.49 0.37 0.60 0.48
Chamber 3 0 0 0.03 0 0.02 0

Seasonal thaw depth is another factor found to contribute to soil
respiration rates. In areas where thaw depth is shallow, microbial activity
may be limited to the upper layers of soil, leading to lower overall
respiration rates. Scott-Denton et al. (2003) found that spatial variation in
soil respiration was positively correlated to the organic horizon depth,
which is related to the thaw depth.

A linear regression between seasonal thaw depth and CO: efflux was
conducted to determine if these relationships between the two parameters
existed at our site (Figure 9). There was a low to moderate positive
correlation between weekly seasonal thaw depth measurements and weekly
C-CO:- efflux averages 1 had the greatest thaw depth (—28 cm to 82 cm) as
well as the highest average respiration rate (432 mg of C-CO- m-2/day-1).



ERDC/CRREL TR-23-18

18

Figure 9. Linear regression analysis was used to assess the correlation between thaw depth
and mean daily soil efflux between 19 May 2022 and 31 August 2022. Results show soil CO2
efflux tends to increase with thaw depth.
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In our study, there was a significant difference in thaw depth between the
bare sites and the ones where the vegetation was left intact; maximum
seasonal thaw depth was shallowest at the control sites, and it was
approximately half of that measured at the chamber 1 site (Figure 7).
Vegetation cover can have a significant effect on permafrost thaw and
mitigating its impact on the environment and the underlying soils.
Vegetation cover can prevent permafrost thaw in several ways: it
provides shade and insulation which reduces the amount of solar
radiation reaching the soil, it absorbs and stores water, and it stabilizes
the surface soils and prevents erosion (Kanevskiy et al. 2017; Turetsky et
al. 2010; Heijmans et al. 2022).

One of the most significant challenges of deploying and long-term
operation of scientific instrumentation in cold climates is dealing with the
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harsh weather conditions such as extreme cold temperatures and snow
accumulation over the instrumentation. To overcome these challenges, we
modified our soil respirometer system setup (as described in Section 2).
Modifications such as building a custom-made enclosure to maintain the
required minimum operating temperature, covering the chambers to
prevent snow accumulation, and insulating the tubing to prevent and
minimize clogging due to moisture freezing up inside ensured that the
instruments’ operating requirements were met. One drawback of these
modifications was their impact on the environment where the instruments
were deployed. Snow provides an effective thermal insulation when the
snow depth exceeds 10 cm (Zhao et al. 2018); the maximum annual
average snowpack depth measured at this site was 87 cm on 7 April 2022.
The lack of snow cover very likely changed the thermal regime at the
chamber sites as compared to the snow-covered soundings which could
have led to reduced soil respiration as compared to the undisturbed
surrounding soils.

Our study focused on measuring heterotrophic soil respiration which
required the removal of the vegetation layer at the chamber site. This
disturbance significantly impacted the soil temperature, soil moisture, and
seasonal thaw depth at the chamber sites. A one-way ANOVA analysis
revealed that the soil temperature, at both the organic and mineral
horizons, between the bare and vegetated sites, to be significantly different
as demonstrated by high F values from 1,047.89 (organic) to 2,067.89
(mineral) and extremely low p-values from 4.09E-212 (organic) to 0.0
(mineral). Similar results were observed for the VWC data one-way
ANOVA analysis where the F values were 12,931.5 (organic) and 7,721.05
(mineral) and p-values were 0 for both the organic and mineral horizons
between the bare and vegetated sites. Both organic and mineral horizon
soil temperatures were consistently warmer and had a more pronounced
diurnal variation at the bare sites as compared to the vegetated sites
(Figure 6). By removing the vegetation, the soil underneath was exposed to
the atmosphere which likely led to higher organic and mineral soil
temperatures and an increase in the organic soil water content.

There were several studies that focused on soil respiration rates in Arctic
and subarctic regions, as they are an important component of the global
carbon cycle. In an early study conducted near the town of Fairbanks,
Alaska, by Schlentner and Clive (1985) from 1 May to 30 September in
1980 and 1981, soda lime was used to measure soil respiration. The
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measurements were made by first drying and then weighing the soda lime
before and after field deployment and the CO- absorption was determent
gravimetrically using a balance. There results found that both soil
temperature and moisture can affect soil respiration. In a more recent
study, Watts et al. (2021), investigated the soil respiration fluxes from
tundra and boreal ecosystems in Alaska and Northwest Canada.
Automated long-term chambers and eddy covariance towers were used to
measure soil respiration from September 2016 to August 2017. Their
research showed that soil temperature was an important driver of soil
respiration with 58% of the regional soil respiration is occurring in the
summer months, 27% in the shoulder seasons, and only 15% in the winter
months. Moreover, their results show that soil respiration significantly
impacted the carbon uptake from high latitude permafrost regions in
Alaska and Canada. Similar to their finding, our research revealed that
temperature had the strongest correlation to soil respiration with the
highest respiration rates recorded in July. Rodenhizer et al. (2022)
investigated the effect of abrupt permafrost thaw on C efflux at a tussock
tundra site in Alaska from 1 May 2017 to 30 April 2020. The CO- efflux
was measured using eddy covariance towers. Their findings show that with
abrupt increased in thaw there was an increased in CO- release from soil to
the atmosphere. Comparable to their findings, our research also revealed
that increased thaw depth positively affects soil respiration.

These studies have found that soil respiration rates in cold regions vary
depending on factors such as soil temperature and moisture, permafrost
thaw, and vegetation cover. However, the main takeaway from these and
other recent studies that focused on cold regions soil respiration and its
contribution to the global carbon budget is that as temperatures warm,
soil respiration rates will increase due to increased microbial activity and
decomposition of newly available organic matter from previously

frozen soils.
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Conclusions and Recommendations

Measuring soil temperature, soil moisture, and soil respiration is crucial in
changing climates, especially in cold climates where the balance of carbon
stored in the soil is becoming increasingly important to the global carbon
budget. As soil temperatures in cold regions increase, microbial activity
will also likely increase in the soil, which can have a significant impact on
the amount of carbon released from these soils into the atmosphere. By
measuring in situ soil respiration, researchers can estimate the amount of
carbon that is being released from the soil and use this information to
develop more accurate carbon emissions predictive models. However,
some considerations should be considered when using the in situ acquired
data for modeling. Deploying instrumentation in the field can change the
local environmental conditions and the organisms within it. This is
especially true in Arctic and subarctic environments as they are very
sensitive to change. In our research, we significantly altered the local
environment by first removing the vegetation from the chamber sites, and
second, by preventing the snow from accumulating over the sites. These
changes, even though necessary for in situ heterotrophic soil respiration
measurements and long-term automated instrument operation,
significantly altered the soil thermal regime of the sites and most likely the
measured soil respiration rates. Researchers should consider these in situ
data limitations when performing model validations and regional CO-
efflux estimations. We recommend avoiding using the chamber method for
in situ heterotrophic soil respiration measurements in cold climates where
vegetation plays an important role in the soil temperature regime. A less
intrusive method and instrumentation needs to be developed if more
accurate in situ heterotrophic soil respiration rates are desired.
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