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ABSTRACT

Excess CO2 accumulated in soils is typically trans-

ported to the atmosphere through molecular diffu-

sion along a concentration gradient. Because of the

slow and constant nature of this process, a steady

state between peat CO2 production and emissions is

often established. However, in peatland ecosystems,

high peat porosity could foster additional non-dif-

fusive transport processes, whose dynamics may

become important to peat CO2 storage, transport and

emission. Based on a continuous record of in situ

peat pore CO2 concentration within the unsaturated

zone of a raised bog in southern Canada, we show

that changes in wind speed create large diel fluctu-

ations in peat pore CO2 store. Peat CO2 builds up

overnight and is regularly flushed out the following

morning. Persistently high wind speed during the

day maintains the peat CO2 with concentrations

close to that of the ambient air. At night, wind speed

decreases and CO2 production overtakes the trans-

port rate leading to the accumulation of CO2 in the

peat. Our results indicate that the effective diffusion

coefficient fluctuates based on wind speed and

generally exceeds the estimated molecular diffusion

coefficient. The balance between peat CO2 accu-

mulation and transport is most dynamic within the

range of 0–2 m s-1 wind speeds, which occurs over

75% of the growing season and dominates night-

time measurements. Wind therefore drives consid-

erable temporal dynamics in peat CO2 transport and

storage, particularly over sub-daily timescales, such

that peat CO2 emissions can only be directly related

to biological production over longer timescales.
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diffusion; respiration; eddy-covariance; non-diffu-
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HIGHLIGHTS

� Wind speed and temperature generate diel cycles

in peat CO2 concentration.

� Wind can effectively flush CO2 out of the peat.

� Wind-driven CO2 emissions have implications

across multiple aspects of ecosystem studies.
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INTRODUCTION

Northern peatlands exchange CO2 continuously

with the atmosphere, which results in a small but

persistent global C-sink (Treat and others 2019).

Conceptually, this exchange takes place between

two compartments: the atmosphere and the bio-

sphere (Baldocchi and Monson 2014; Loisel and

others 2020). The atmosphere (that is, boundary

layer) is mostly turbulent and acts as a recipient of

biogenic CO2. The biosphere, incorporating the

canopy and the soil, acts as both a sink and a source

of CO2, through the counteracting action of plant

photosynthesis and respiration from both soil and

plants. Momentum transfer typically breaks down

somewhere below the canopy due to the surface

friction drag, making the biosphere mostly free of

turbulence. The lack of turbulence below this

boundary leaves only the steady and slow process

of molecular diffusion along a concentration gra-

dient as the driver of vertical CO2 transport through

soils and into the atmosphere (Lerman 1979;

Pumpanen and others 2003). Based on this com-

partmentalization of the atmosphere and biosphere

is a suit of ecological concepts (Orchard and Cook

1983; Davidson and Janssens 2006; Barba and

others 2018), process-based models (Parton and

others 2010; Smith and others 2014; He and others

2021) and measurement techniques (for example,

soil chambers, eddy covariance) (Baldocchi 2003).

Peat CO2 emissions should be at a steady state

with CO2 production when vertical gas transport is

driven by molecular diffusion (Pumpanen and

others 2003; Rey 2015; Barba and others 2018).

Together, peat CO2 production and emission

should therefore respond mostly to ambient tem-

perature changes, which determine production

(Lloyd and Taylor 1994; Wu and others 2012;

Yvon-Durocher and others 2012), and plant C up-

take, which alters the CO2 gradient between the

peat and the atmosphere and therefore the rate of

diffusion. However, intermittent non-diffusive

transport processes could override molecular dif-

fusion and create phase shifts in peat CO2 emis-

sions, with periods of storage and delayed emission

relative to production. These non-diffusive trans-

port processes can operate across multiple time-

scales and include convective fluxes, such as

thermal convection (Spohn and Holzheu, 2021),

pressure pumping (Massman 2006) and buoyancy

flow (Rappoldt and others 2003), turbulent diffu-

sion (Campeau and others 2021) and advective

fluxes, such as soil venting (Hirsch and others

2004; Redeker and others 2015; Moya and others

2022). These processes may not considerably alter

the estimate of the annual C balance of ecosystems,

but nonetheless represent important underlying

mechanisms that determine the magnitude and

timing of soil CO2 emission at a shorter timescale.

Terrestrial ecosystems with the highest potential for

non-diffusive transport processes are soils with

high porosity, strong exposure to wind and where

large temperature fluctuations occur. While all of

these criteria apply to northern peatlands, physical

gas transport processes in peat have received far

less attention than biological drivers of peat CO2

production and emissions (Pumpanen and others

2003; Phillips and others 2011; Rey 2015).

Here, we explore the temporal dynamics in peat

pore CO2 based on in situ continuous half-hourly

measurements of CO2 concentration at different

depths in the unsaturated peat of raised bog (Mer

Bleue bog, Canada). Temporal changes in peat pore

CO2 concentration reflect the continuously devel-

oping balance between local CO2 production,

transport and emission. We hypothesize that be-

cause of the influence of non-diffusive transport

processes, peat pore CO2 concentrations will ex-

hibit little temperature sensitivity, particularly over

short timescales. To help identify the physical

controls over peat pore CO2 store over time, we

complemented our analysis with above-ground

CO2 concentration measurements (0.1–2.6 m

above ground), eddy covariance (EC)-derived CO2

fluxes, together with peat temperature, water

table depth and meteorological measurements,

such as precipitation, atmospheric pressure and

wind speed.

METHODS

Site Description

Mer Bleue is a 28 km2 domed ombrogenic, olig-

otrophic bog located near Ottawa, Canada

(45.41�N, 75.48�W). The area underwent bog for-

mation starting approximately 7000 years ago

(Roulet and others 2007). The depth of the accu-

mulated peat ranges between 0.3 m at the margins

and 5–6 m on average near the centre of the bog.

The local climate is temperate and humid, with a

mean annual air temperature of 6.0 �C. The annual

precipitation at the site is 943.5 mm, with � 25%

falling as snow. The research site area has a hum-

mock–hollow microtopography with a mean ele-

vation difference of 0.25 m between hummock

tops and hollow bottoms (Lafleur and others 2003).

Hummocks cover approximately 70% of the bog,

and the remaining 30% is hollows. The bog has a

relatively thick unsaturated zone. The seasonal
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water table fluctuates between 20 cm and as much

as 80 cm below the hummock surface during the

driest summers and averages 40 cm below the

hummock surface over the growing season (Tek-

lemariam and others 2010; He and others 2023).

The peat porosity in the hummocks ranges from

99% near the surface to 94% at 40 cm depth

(Dimitrov and others 2010). Moss vegetation at the

study location is almost completely dominated by

Sphagnum capillifolium and Sphagnum magellanicum.

The vascular plant community of the overstory is

dominated by ericaceous shrubs (Chamaedaphne

calyculata, Kalmia angustifolia, Rhododendron groen-

landicum and Vaccinium myrtilloides) along with

some sedges (Eriophorum vaginatum) and forb

(Maianthemum trifolium) (Bubier and others 2006).

The peatland also supports a few scattered tree

species such as (Larix laricina, Betula populifolia and

Picea mariana).

Peat Pore CO2 Concentration,
Temperature and Water Level
Measurements

Half-hourly measurements of CO2 concentration

(ppm) in peat were taken using the Vaisala CAR-

BOCAP GMP220 and GMP221 non-dispersive in-

frared (NDIR) CO2 sensors. The CO2 sensors were

deployed horizontally at depths of 5, 10, 20 and

40 cm below the ground surface in the hummock

and 5 and 10 cm below the ground surface in the

hollow. Each sensor was enclosed inside an ex-

panded polytetrafluoroethylene (PTFE) sleeve to

ensure that the sensor was protected from water

but remained permeable to gases. Sensors were

deployed in 2008, but measurements were col-

lected from June to December 2009 to ensure

recovery of the site after instrumentation. The

sensor measurements represent a gas phase con-

centration of CO2 that is in equilibrium with any

peat pore air or water, which is variable in time

according to soil moisture conditions. Soil temper-

ature was measured using thermocouples at depths

of 1, 5, 10, 20 and 40 cm in one hummock and one

hollow using arrays of copper–constantan ther-

mocouples embedded in wood dowels. Both CO2

and temperature measurements were recorded at

5 min intervals, averaged every 30 min and stored

on a data logger (CR21X, Campbell Scientific, UT,

USA).

Water table position was measured in two wells

(one in a hollow and one in a hummock) using a

float and counterweight system attached to a

potentiometer. Frequent manual observations were

used to verify the water level measurements and

were expressed as the average water level depth

below the hummock surface. CO2 concentrations

are typically higher and more stable in porewater

than in air-filled pores, with colder and more

constant temperatures (Blodau and others 2007;

Campeau and others 2021). Although water

table records indicate that the depth of the unsat-

urated zone varied from 25 to 45 cm below ground

throughout the study periods (Supplementary

Figure S1), the CO2 concentration and temperature

measurements at - 40 cm indicate that the sensor

was never fully submerged below the water table.

It is worth noting that the surface of this peatland is

highly variable due to the hummock and hollow

microforms, such that ground surface reference for

the water table and our CO2 concentration profile

may differ slightly. The average water table position

of 34 cm below the ground surface during the

study year was similar to the long-term average

(Supplementary Figure S1, He and others 2023).

CO2 Exchange and Environmental
Variables

This peatland has been continuously monitored for

CO2, energy (latent and sensible heat) and

momentum fluxes using an EC system since 1998

(Lafleur and others 2003). During the study period,

the EC system consists of a three-dimensional sonic

anemometer (model R3-50 Solent, Gill Instru-

ments, Lymington, England), a closed-path infra-

red gas analyser (IRGA, model 7000, LI-COR Inc.,

Lincoln, NE, USA) and fine wire thermocouple

(25 mm diameter). The sonic anemometer and in-

take for the IRGA were mounted 2.6 m above the

bog surface on the 8 m tower. The net CO2 ex-

change (NEE) between the atmosphere and the bog

surface is computed as the sum of the 30-min

covariance of the CO2 mixing ratio and vertical

velocity and the rate of change in CO2 concentra-

tion measured at the height of the EC instruments.

Night-time fluxes are removed from the record

when friction velocity is less than 0.1 m s-1. NEE

was partitioned into component fluxes of ecosys-

tem respiration (ER) and gross primary production

(GPP) using temperature and light response rela-

tionships. A detailed description of all flux data

handling and quality control procedures is provided

by Roulet and others (2007).

A smaller tower close to the soil CO2 sensors was

equipped with a series of intake tubes at 0.1, 0.2,

1.2 and 2.6 m leading to an LI-6262 closed-path

IRGA (LI-COR). A pump and solenoid valve system

drew air into the IRGA from each intake for 2 min.

CO2 readings from the first minute were discarded
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to account for line flushing. The readings from the

second minute were recorded on a 21X data logger

(CSI) to determine the 30 min average CO2 con-

centration (ppm) from each of the four levels.

Auxiliary environmental measurements were

taken in support of the CO2 concentration profile

and EC measurements including radiation (long

and shortwave radiation, model CNR1 Kipp & Zo-

nen, Delft, the Netherlands), air temperature and

relative humidity (model HMP35 probe, Campbell

Scientific, Logan, UT, USA) and wind speed, which

is primarily obtained from the sonic anemometer,

but occasionally gap-filled with cup wind speed

(model 20,120, R.M. Young Company, MI, USA)

measured 2.0 m from the bog surface after correc-

tion for height differences.

CO2 Storage Calculation

The total amount of CO2 stored in the peat pores

and above ground was estimated at 30 min inter-

vals over a 1 m2 area. The volumetric pore space at

each peat depth was estimated based on bulk

density measurements described by Dimitrov and

others (2010). The peat surface was assumed to

correspond to the top of the moss capitulum, while

the lower depth of the unsaturated zone fixed at

40 cm, which corresponds to the permanently

unsaturated zone during our study period. The

amount of CO2 stored in the air was calculated

from the height of the EC system (2.6 m) to the

peat surface. Concentrations of CO2 (ppm) were

first converted to density (g C cm-3) using the

ideal gas law according to continuous atmospheric

pressure and temperature measurements at each

depth below ground and into the air. Densities

were linearly interpolated between the concentra-

tion measurement locations. The total CO2–C

stored in the peat pores and air above ground was

obtained by the sum of the volume-weighted CO2–

C density at each layer. Wind could move gas phase

CO2 faster than CO2 dissolved in soil moisture, but

we consider that equilibrium between those two

phases occurs rapidly in the peat. Therefore, the

estimate of peat pore CO2 store considers the full

storage without distinction between the gas and

dissolved phases.

Effective Diffusivity Calculations

The effective diffusion coefficient (Deff, cm2 s-1)

was derived based on Fick’s first law of diffusion, as

follows:

Deff ¼ FCO2= DCO2=Dzð Þ: ð1Þ

where FCO2 represents the CO2 emission from the

peat to the atmosphere. This FCO2 is a result of

saprotrophic and mycorrhizal (that is, hetero-

trophic (HR) and autotrophic respiration (AR))

from the belowground plant parts. Since there was

no direct measure of FCO2 at the Mer Bleue site,

we roughly estimated FCO2 as representing on

average 48.5%, with a minimum of 20% and a

maximum of 80% of the total EC-derived ecosys-

tem respiration (ER) measurements, and expressed

this 30 min flux as g cm-2 s-1. This estimate of

FCO2 is based on the partitioning of HR and AR at

this site, which was made using a combination of

dark and light soil chamber measurements over

plots with variable degrees of vegetation cover,

ranging from intact to completely clipped (Rankin

and others 2022). The DCO2 is the difference be-

tween CO2 density (g cm3) in the air (10 cm above

ground) and the peat pores (10 cm below ground).

The Dz is the distance between those two depths,

which is 20 cm. The Deff is therefore the rate of

diffusion needed to sustain the FCO2 while main-

taining the CO2 gradient between the air and peat

compartments.

Non-diffusive transport processes are considered

to occur if Deff exceeds the coefficient of molecular

diffusion in the peat pore space. Because molecular

diffusion is not directly measured, we roughly

estimate it as Do;air (cm2 s-1), the temperature-de-

pendent molecular diffusion coefficient of CO2 in

the air according to Lerman (1979).

Do;air ¼ 0:1325 þ 0:00009 � Tsð Þ ð2Þ

where Ts is the temperature of the soil at a specific

depth. Note that this will be a slight overestimate as

peat porosity is not 100%, but instead ranges from

99% near the surface to 94% at 40 cm below the

ground surface (Dimitrov and others 2010).

Temperature Dependence of Peat Pore
CO2 Store

A least square linear regression model was applied

to the peat CO2 store as a function of the average

peat temperature (Ts) while selecting only obser-

vations with the lowest measurable wind speed

(< = 0.3 m s-1) measured at 2.6 m above ground

(range 0 to 7.8 m s-1 throughout the full mea-

surement period) (Supplementary Figure S2). This

model estimates the plausible magnitude of peat

pore CO2 store change over time as a function of

soil temperature only in the absence of wind

transport:
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CO2Store g m�2
� �

¼ 0:09 �0:002ð Þ
� 0:01 �0:00012ð ÞTS ð3Þ

p-value < 0.0001, R2 = 0.56, n = 3070.

Spectral Decomposition and Statistical
Analysis

Spectral decomposition examines a signal in the

frequency domain and utilizes the Fourier trans-

formation of the original time domain representa-

tion. The approach separates the inherent

fluctuations of a signal into cyclic patterns and

provides information on the importance of specific

frequencies in the time series. Here, the magni-

tudes of the fluctuations were evaluated as a

function of frequency using the power spectral

density, which can be related to the variance of the

time series (Stoica 1997; Wörman and others

2017). Thus, the relative importance of specific

intervals of periodicities was obtained by normal-

ization of the cumulative distribution function of

variances. More details on the spectral decomposi-

tion approach using a similar dataset can be found

in Riml and others (2019). Wavelength coherence

plots were done to assess and visualize the coher-

ence between peat pore CO2 store and wind speed

or peat temperature across multiple timescales.

These calculations were performed using the R

package (biwavelength) and repeated 1000 times.

Kendall ranked correlation was performed to

determine the strength of the correlation between

different time series data. Locally weighted least

squares (Loess) regression was used to identify the

relationship between peat pore CO2 store and wind

speed. Least square linear regression models were

performed on the DCO2 peat–air (ppm) and wind

speed, and Deff and wind speed. Figures were gen-

erated using packages from the tidyverse (Wick-

ham and others 2019). Analyses were performed

using the R Core Team (2022) (R: A language and

environment for statistical computing. R Founda-

tion for Statistical Computing, Vienna, Austria.

URL http://www.R-project.org/).

RESULTS

Peat pore CO2 concentration varied from 372 to

1996 ppm across all four depths (5, 10, 20 and

40 cm from the ground surface) between June and

December 2009 (n = 8544 per depth) (Figure 1A).

The CO2 was well mixed across the different peat

layers, as indicated by the close positive correlation

between each depth (r ranging from 0.99 to 0.92,

Supplementary Figure S3). Spectral decomposition

analysis indicated that a persistent 24 h signal

dominates the peat pore CO2 concentration times

series at each depth (Figure 1B). In fact, between

68 and 83% of the cumulative variance in the CO2

concentration time series at each depth took place

in the periodicities below 24 h over July (Fig-

ure 1D). The amplitude of the diel fluctuations in

peat pore CO2 was larger during the summer

months (for example, average in July was

840 ppm, equivalent to 0.18 g C m-2) than in the

autumn (for example, average in October was

382 ppm, equivalent to 0.08 g C m-2).

For illustration, we narrowed down parts of our

analysis to July because this corresponds to a period

of the year with the highest biological CO2 pro-

duction and where our data were most complete.

During that month, daily peat pore CO2 concen-

tration at all four depths attained their minimum in

the middle of the day (around 13:00) while the

maximum CO2 generally occurred in the middle of

the night (around 01:00) (Figure 1B). The tem-

perature for the near-surface peat (5 and 10 cm)

also followed a diel cycle, but the peat temperatures

were mostly constant in the deeper peat (20–

40 cm) (Figure 1B). Near-surface peat tempera-

tures reached their lowest value in the morning

(around 5–7:00) and their highest value in the late

afternoon (between 15 and 17:00). The diel cycle in

peat temperature was therefore leading that of

CO2, by about 10 h at –5 cm and 8 h –10 cm,

respectively (Supplementary Figure S4). There was

also a regular 12 h signal in the near-surface peat

temperature, which was absent in the CO2 time

series at the same depth and disappeared in the

deeper peat horizons (Figure 1). In deeper peat,

CO2 fluctuated widely and regularly at the daily

scale, despite near-constant local temperatures

(Figure 1, Supplementary Figure S4-5). As a result,

there was a considerable time lag between the diel

cycles in peat pore CO2 and the average peat tem-

perature (Figure 2, Supplementary Figure S4).

The peat pore CO2 store, at 30 min intervals and

in the top 40 cm of the peat, averaged 0.15 g C m-

2 and varied from 0.1 to 0.36 g C m-2 during June

to December. The relationship between peat pore

CO2 store and peat temperature revealed a recur-

rent diel anticlockwise hysteresis loop instead of a

linear or power relationship (Figure 2). The peat

pore CO2 store generally decreased throughout the

morning, along with falling peat temperature, and

increased throughout the evening with rising peat

temperature (Figure 2). However, these periods of

rapid change were separated by periods of pro-

longed stability, mostly throughout the day and

night, where the peat pore CO2 store remained,
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low and high, respectively, despite changing tem-

peratures (Figure 2). As a result, the peat pore CO2

store was about 3 times larger during the night

than during the day for a similar range in temper-

ature. On days following high rain events, the

hysteresis loops in peat pore CO2 store often col-

lapsed with both temperature and CO2 store being

more stable throughout the day (Figure 2).

There was a steep and persistent positive gradient

in CO2 concentration between the near-surface

peat pores (–10 cm) and the air above ground

(+ 10 cm) (DCO2 peat–air), which confirmed that

the peat is a continuous source of CO2 to the

atmosphere. This gradient averaged + 462 ppm

across July and also exhibited a recurrent diel cycle.

The DCO2 peat–air was lower during the daytime

(average + 302 ppm between 7:00 and 17:00) and

increased during night-time (average + 636 ppm,

between 21:00 and 5:00), which corresponded with

periods of higher and lower wind speed, respec-

tively (Figure 3A). The effective diffusion coeffi-

cient (Deff) varied from 0.012 to 3.2 cm2 s-1

(Equation 1) and also followed a diel cycle with

values near molecular diffusion at night (0.132–

0.135 cm2 s1 (Equation 2)), but increasing almost

one order of magnitude during the day (Figure 3B).

There was a significant positive relationship be-

tween the half-hourly Deff and wind speed

throughout July (Deff = 0.09 (± 0.008) + WS 9

0.15 (± 0.0046), p < 0.0001, R2 = 0.40) (Fig-

ure 4).

Low Deff and wind speeds, often prevailing at

night, allow the CO2 to build up in peat pores,

despite the cooling of the peat and likely fading

local CO2 production (Figures 2 and 3). Wind rising

the following morning flushes CO2 out of the peat

pores faster than local production can supply, thus

leading to a rapid decrease in peat pore CO2 store

Figure 1. Half-hourly measurements of peat pore A CO2 concentration with depths divided into four sub-panels (a 5 cm,

b 10 cm, c 20 cm and d 40 cm) and coloured into orange shades, with increasing depth corresponding to darker shades)

and C temperatures (same depths as for CO2 concentration, but superimposed and in blue shades) along the vertical peat

profile between June and December 2009. Panels B and D present the same data, but in the frequency domain and for

July exclusively, with B showing the power spectral density for CO2 concentration and temperature at each depth with

the same colour coding and sub-panelling as in A and D, and in their cumulative distribution function of variance against

the period length in days for all CO2 and temperature measurements superimposed.
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(Figures 2 and 3). This low CO2 store is then

maintained throughout the day because high

winds instantaneously flush out CO2 produced in

the unsaturated peat (high Deff) (Figures 2 and 3).

Once Deff and wind speed decrease in the evening,

CO2 builds up rapidly once again, enhanced by the

heat accumulated in the peat throughout the day,

likely boosting local CO2 production (Figures 2 and

3). This cycle is then repeated on each subsequent

day to a variable degree. The days with stronger

winds (higher Deff) had lower DCO2 peat–air and

peat CO2 store compared to days with lower wind

speeds for the same time of the day (Figure 3).

Wavelength coherence analysis indicated a

higher and more consistent coherence between the

peat pore CO2 store with wind speed than with peat

temperature (Figure 5). The coherence between

peat CO2 store and wind speed was strongest

around the daily timescale (1 day) and consistent

throughout the full study period (June to Decem-

ber) (Figure 5A). There were also periods of high

coherence at longer timescales (for exam-

ple, > 1 day), especially in July, October and

December. There was an anti-phase lag (left

pointing black arrows) between the peat pore CO2

store and wind speed, indicating that wind speed

peaked when the peat pore CO2 store bottomed

down (Figure 5A). This phase shift was consistent

across all timescales (16 h to 10 days). In compar-

ison, the coherence between peat pore CO2 store

and peat temperature was also strong around the

daily timescale but faded away in the autumn

(October–December) (Figure 5B). Contrary to

wind speed, the phase shift between peat pore CO2

store and temperature indicated that daily peaks in

peat temperatures led the daily peaks in peat pore

CO2 store (downward-pointing black arrows) and

this phase shift was not consistent across timescales

(Figure 5B).

The full amplitude of the daily changes in CO2

store in the top 40 cm of the peat column ranged

from 0.003 to 0.31 g C m-2, with an average of

Figure 2. Scatterplot of the total peat pore CO2 store (g m-2) against the average peat temperature in the top 40 cm peat

column. Each panel represents a different day in July 2009 (n = 31 panels). Each point represents a half-hourly

measurement and is coloured by the time of the day (morning = green, daytime = yellow, dawn = orange, night-

time = indigo) and linked together by a line of the same colour gradient (n = 48 points per panel). Water drops in the top

right corner of each panel illustrate the total precipitation received that day.
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0.14 g C m-2 across the full study period. In

comparison, the amplitude of the modelled daily

changes in peat pore CO2 store based on tem-

perature sensitivity alone was 0.002–

0.075 g C m-2, with an average of 0.031 g C m-2

over the full study period (Equation 3, Supple-

mentary Figure S2). The bias in CO2 storage

when accounting only for the atmosphere, or

both the atmosphere and surface peat, was on

average 0.3 g m-2 at night and 0.1 g m-2 during

the day (Figure 6A). However, the changes in

CO2 storage over time (that is, storage flux) be-

tween those two estimates were mostly random

throughout the day (Figure 6B).

Figure 3. In A depth gradient of CO2 (ppm) from 10 cm above the peat surface to 40 cm below. Each sub-panel

represents a different hour of the day, at 3-h intervals (8 panels). Connected dots in each panel represent a different day in

July and are coloured by wind speed, with warmer colours indicating stronger winds. In B, the effective diffusion

coefficient (Deff;), on a log scale, against the hours of the day with each dot represents an individual half-hourly

measurement coloured by wind speed; the thick black line marks the average Deff (assuming FCO2 represents 48% of ER),

while the grey ribbon marks the range in Deff (assuming FCO2 represents 20 or 80% of ER). The horizontal dashed line in

B marks the diffusion coefficient for molecular diffusion (Equation 2). Points falling above this threshold indicate

additional non-diffusive transport processes.
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DISCUSSION

Influence of Wind Speed
and Temperature on Peat Pore CO2 Store

Our data indicate that wind speed, soil moisture

and temperature work in synergy to create large

fluctuations in peat CO2 store across multiple

timescales; from the sub-daily (Figures 1, 2 and 3)

to daily and seasonal timescales (Figure 5). At the

sub-daily timescale, wind speed rather than tem-

perature drives temporal variations in peat CO2

concentration, with diel changes in wind speed

prohibiting the accumulation of CO2 in the peat

beyond a few consecutive hours at night-time. The

temperature sensitivity of peat pore CO2 store at

the sub-daily timescale gave rise to a recurrent

anticlockwise hysteresis loop (Figure 2), which

typically indicates that secondary processes,

including non-diffusive gas transport processes,

interplay with local biological CO2 production

(Phillips and others 2011; Zhang and others 2015;

Koschorreck and others 2022). The shape of this

hysteresis loop, however, changed considerably

following rain event (Figure 2), indicating that

rising soil moisture could dampen these non-dif-

fusive transport processes at the sub-daily and daily

timescale. We estimate that the observed diel

fluctuations in peat CO2 store are on average 5

times larger than would otherwise be under strict

temperature sensitivity (Equation 3, Supplemen-

tary Figure S5). The effect of wind also extends

beyond the sub-daily timescale to longer periods,

with windier days storing less CO2 in the peat

compared with calmer days (Figures 3, 4 and 5).

The effect of wind on peat CO2 transport is pos-

sibly greatest in ecosystems where soil volumetric

pore space is large, which is characteristic of most

peatlands. Even though CO2 transport in water is

orders of magnitude slower than in air (Lerman

1979), kinetic energy from the atmosphere has

been shown to penetrate deep into the peat pore-

water of a fen, where it can lead to large seasonal

variations in peat porewater CO2 store (Campeau

and others 2021). The calculated effective diffusion

coefficient (Deff) indicates that molecular diffusion

would be too slow and steady to explain the peat

CO2 emissions (FCO2) estimated at this site (that is,

Deff exceeds 0.135 cm2 s-1, Figures 3B and 4A).

Instead, the Deff varies according to wind speed and

ranges from a level close to molecular diffusion

(mostly at night-time) to an order of magnitude

above that level (mostly during daytime) (Fig-

ure 3B). Soil venting has been observed in peat-

lands using experimental wind tunnels on the field

(Redeker and others 2015) or controlled laboratory

experiments (Poulsen and others 2017; Bahlmann

and others 2020). To our knowledge, this study is

the first to reveal the synergic effect of wind speed,

temperature and soil moisture on peat CO2 con-

centration based on in situ continuous measure-

ments in a pristine peatland. A similar effect of

wind on soil CO2 transport has been identified in

forest litter using a similar methodology to ours

(Hirsch and others 2004). Soil venting was also

identified in EC measurements of CO2 flux from

desert ecosystems where vegetation is sparse (Moya

and others 2022). Previous studies at this bog also

noted the influence of wind on soil chamber

measurements (Lai and others 2012) and NEE

measurements during the non-growing season

(Rafat and others 2021). The synergic influence of

wind speed and temperature on peat pore CO2

Figure 4. Scatterplots of the effective diffusion

coefficient (Deff; cm2 s-1), on a logarithmic scale,

against the wind speed (m s-1), with each circle

coloured by the hours of the day in July 2009 and lines

representing the range in Deff based on variable FCO2

contributions (that is, 20–80% to ER fluxes). In A, the

horizontal dashed line marks the molecular diffusion

coefficient based on Equation 2. In B, wind exceedance

probability distribution for each hour of the day

(coloured lines) and averaged daily (black line). The

dashed line marks the 2 m s-1 arbitrary threshold

identified in (Redeker and others 2015) and where

most of the apparent half-hourly change in peat CO2

store and Deff exceeding molecular diffusion occurs in our

data.
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store is most dynamic in the range of 0–2 m s-1,

while wind speeds rising above 2 m s-1 appear to

simply override any biological CO2 production and

maintain the peat pore CO2 store at a low and

constant level (Figure 4B). A similar threshold, at

2 m s-1 wind speed, was identified in experimental

tunnels by Redeker and others (2015).

Implications for Atmospheric Gas
Exchange Measurements

The EC methodology can provide near-continuous

measurements of atmosphere–biosphere CO2 ex-

change. When turbulent conditions prevail, the

influence of wind on peat CO2 emission is contin-

uously embedded in the EC-derived CO2 exchange

measurements. However, during calm conditions,

the air and peat below the EC system can accu-

mulate and store considerable amounts of CO2, to

be released at subsequent time steps, when turbu-

lent conditions return. EC measurements of NEE

are computed as the sum of the turbulent CO2 flux

and this storage term (Baldocchi 2003). We esti-

mate that accounting for the additional mass of

CO2 that builds up in the peat during calm condi-

tions nearly triples this storage term (Figure 6A).

However, changes in CO2 storage flux tend to

balance over the diel cycle (Figure 6B), and thus,

their omission should not result in a significant bias

in NEE over daily and longer timescales. Peat CO2

storage calculations should account for the full

footprint of the EC measurements at Mer Bleue,

given that the effect of wind on peat pore CO2 is

similar in both hummock and hollow microforms

of this peatland (average elevation difference

25 cm; Supplementary Figure S4) and the water

table at the site lies well below the surface of both

microforms throughout the summer (Supplemen-

tary Figure S1).

Many C cycle study applications require NEE

partitioning to ER and GPP components. The ER

component is typically modelled by quantifying the

temperature dependence of night-time NEE

(Reichstein and others 2005; Wutzler and others

2018) when there is no GPP, but also when lower

wind speeds prevail (Figure 5C). The delays be-

tween peat CO2 production and emission caused by

changes in wind speed throughout the day suggest

that a uniform temperature extrapolation of night-

time ER may not fully capture the diel dynamics in

peat CO2 emissions, particularly from belowground

sources, for example ER fluxes may be much

higher than expected on windier nights as the peat

CO2 store is vented to the atmosphere compared to

calmer nights at the same temperature. The effect

of changing wind speed on the peat CO2 store is

most dynamic within the range of 0–2 m s-1 wind

Figure 5. Wavelet coherence plot between half-hourly peat pore CO2 store and A wind speed at 2.6 m above the ground

surface and B average peat temperature from 5 to 40 cm below the ground surface. The figures represent a matrix with

colours indicating the strength of the coherence between the two time series across different timescales (y-axis; 6 h to

2 weeks) over the full measurement period (x-axis; June–Dec. 2009). Warm colours, like red, indicate a high coherence

(for example, high synchronicity), while low coherence is represented by cold colours like blue (for example, low

synchronicity). The arrow’s direction indicates the phase shift in the coherence between the two time series: right = in

phase (that is, the two time series fluctuate together with both peaking at the same time), left = anti-phase (that is, the

two time series fluctuate in opposite ways with one peaking while the other bottoms down). The grey area indicates

periods of missing data.
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speeds, which dominates night-time measure-

ments, indicating this effect could be most impor-

tant over this specific period of the day. Although

night-time EC measurements are typically filtered

using friction velocity thresholds to help ensure

only turbulent conditions are sampled, venting of

the near-surface peat should be measured and ac-

counted for using the rate of change in the storage

term to ensure ER flux measurements represent

biological processes.

Soil CO2 emissions are also commonly measured

using soil chambers, where the effect of wind and

pressure pumping has already received significant

consideration (Xu and others 2006; Lai and others

2012). Our data indicate that wind effectively flu-

shes the peat pore CO2 down to our lowest avail-

able measuring depth (- 40 cm in hummock and

- 10 cm in hollows) (Figure 1, Supplementary

Figure S3). Likely, wind can rapidly mobilize CO2

stored in the peat at least down to the water table.

The collars of soil chambers in peatlands should

extend down to the water table and factor in the

change in effective chamber volume due to CO2

ventilation. Also, as noted by Lai and others (2012),

chamber protocols may need to be modified at

night. At Mer Bleue, chambers are closed for longer

periods at night so that the initial emission rates are

disregarded for steady-state conditions about

13 min or more after the chamber volume is sealed

(Lai and others 2012). However, soil chamber

measurements performed at different moments of

the day may not fully capture the diel dynamics in

peat CO2 transport with changing wind conditions.

A possible solution to this issue might be to install

adjustable fans inside the chambers to reflect

ambient conditions.

Implications for Ecosystem Processes
and Modelling

Currently, peatland ecosystem models assume that

soil respiration is instantly released to the atmo-

sphere, thus omitting time–dynamic gas transport

processes (for example, Parton and others 2010;

Petrescu and others 2015; He and others 2021;

Shao and others 2022). The modelled soil respira-

tion is typically evaluated against the temperature-

driven dynamics in ER from EC systems, which

could lead to poor accuracy in modelled peat CO2

emissions over short timescales (sub-daily to daily,

Figure 4). Wind predominantly affects the timing

of peat CO2 emissions rather than gas production

itself. Therefore, randomization of wind patterns

over longer timescales (Zeng and others 2019)

would likely mitigate this bias over multiple days to

years. However, our data also indicate that to-

gether, wind speeds, temperature and soil mois-

ture, influence changes in peat CO2 store across

multiple days (Figures 2 and 4), for example hotter

and dryer days enhance both peat venting and local

CO2 production, while wetter and colder condi-

tions dampen both processes (Figure 2). This triad

of interconnected controlling factors (wind, tem-

perature and moisture) may influence the accuracy

of process-based models over multiple timescales.

Figure 6. A Distribution of the error in half-hourly CO2

storage in air or air + peat and B the corresponding error

in CO2 storage flux (g m-2 30 min-1) between both

estimates (air vs air + peat). Dots are coloured by the

wind speed and the dotted line in B marks 0, which

corresponds to no error between the two estimates. The

thick black line represents the average error over July,

while the grey area represents the standard deviation.
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Given that CO2 transport is many orders of

magnitude faster in air compared with water,

changes in soil moisture could play a dominant role

in peat CO2 dynamics from daily to seasonal

timescales. Intensification of the hydrological cycle,

with increasing storm events and droughts, could

amplify the future dynamics in peat CO2 emissions.

Furthermore, changes in vegetation cover could

also alter the natural surface roughness of an

ecosystem and shift the influence of wind on peat

CO2 dynamics. A more intermittent snow cover

with lower thickness is anticipated in our studied

region (Rafat and others 2021), which could leave

the peat exposed to wind for longer periods of the

year. At last, the potential changes in physical gas

transport processes in response to water

table restoration strategies (Evans and others

2021), aiming to reduce peat CO2 emissions (Page

and Baird 2016; Ma and others 2022), may not

have received sufficient attention. Overall, we

suggest that the influence of wind on peat CO2

dynamics, within the context of changing peatland

hydrology and plant community, be assessed in

further detail to be incorporated across multiple

aspects of peatland studies, including process-based

models.

The role of peatlands as sources of atmospheric

methane (CH4) has gathered significant interest in

the context of short-term climate mitigation (Pet-

rescu and others 2015). Non-diffusive methane

fluxes are known to occur in peat porewater due to

the low solubility of CH4 (for example, ebullition,

plant-mediated transport and thermal convection)

(Bellisario and others 1999; Tokida and others

2007; Poindexter and others 2016), but dynamics

in the transport of free CH4 in peat are less known.

The effect of wind on CH4 in air-filled peat pores

could be manifested in two ways. Wind could en-

able CH4 to bypass methane oxidizer and allow a

larger proportion of CH4 to reach the atmosphere

(Clymo and Pearce 1997; Zheng and others 2018).

Alternatively, peat methanogenesis could be sup-

pressed by oxygen supplied through peat venting,

decreasing peat CH4 emissions. A more detailed

investigation of the interplay between CH4 pro-

duction, oxidation and wind transport is recom-

mended.

CONCLUSIONS

Biological processes are often perceived as the

dominant control over peat CO2 emissions because

molecular diffusion is considered the main physical

process through which CO2 is transported from the

peat to the atmosphere. Our results demonstrate

that dynamics in physical gas exchange dominate

the short-term variability in peat CO2 store. Peat

CO2 emission rates overwhelmingly exceed what

could be attributed to molecular diffusion and vary

considerably at the sub-daily and daily timescale,

based on changes in wind speed. Consequently,

peat CO2 production and emissions are not at a

steady state but rather shifted in time because of

dynamic non-diffusive transport processes. Venting

of CO2 out of the peat influences the timing of peat

CO2 emission and storage across several timescales.

At the sub-daily timescale, peat venting suppresses

the peat CO2 store during the daytime and en-

hances it at night. These effects can be reproduced

across longer timescales, with changing wind re-

gimes across different days. The influence of wind

on peat CO2 dynamics blurs the physical boundary

between the atmosphere and biosphere that is

represented across many aspects of peatland stud-

ies. While peat venting could influence the accu-

racy of gap filling and modelling of EC-derived flux

measurements together with the assessment of peat

CO2 dynamics with other environmental factors at

short timescales (sub-daily), its effect likely be-

comes negligible when integrated over sufficiently

long timescales (multiple days to years). Nonethe-

less, our results suggest that our conceptualization

of the peatland–carbon–climate nexus could over-

look an important mechanism and thus call for a

better comprehension of the physical transport

processes that govern C cycling in peatlands.
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Šigut L, Menzer O, Reichstein M. 2018. Basic and extensible

post-processing of eddy covariance flux data with REddyProc.

Biogeosciences 15:5015–5030.

Xu L, Furtaw MD, Madsen RA, Garcia RL, Anderson DJ,

McDermitt DK. 2006. On maintaining pressure equilibrium

between a soil CO2 flux chamber and the ambient air. J

Geophys Res 111.

Yvon-Durocher G, Caffrey JM, Cescatti A, Dossena M, del

Giorgio P, Gasol JM, Montoya JM, Pumpanen J, Staehr PA,

Trimmer M, Woodward G, Allen AP. 2012. Reconciling the

temperature dependence of respiration across timescales and

ecosystem types. Nature 487:472–476.

Zeng Z, Ziegler AD, Searchinger T, Yang L, Chen A, Ju K, Piao S,

Li LZX, Ciais P, Chen D, Liu J, Azorin-Molina C, Chappell A,

Medvigy D, Wood EF. 2019. A reversal in global terrestrial

stilling and its implications for wind energy production. Nat-

ure Clim Change 9:979–985.

634 A. Campeau and others



Zhang Q, Katul GG, Oren R, Daly E, Manzoni S, Yang D. 2015.

The hysteresis response of soil CO2 concentration and soil

respiration to soil temperature. J Geophys Res Biogeosci

120:1605–1618.

Zheng J, RoyChowdhury T, Yang Z, Gu B, Wullschleger SD,

Graham DE. 2018. Impacts of temperature and soil charac-

teristics on methane production and oxidation in Arctic tun-

dra. Biogeosciences 15:6621–6635.

Wind as a Driver of Peat CO2 Dynamics in a Northern Bog 635


	Wind as a Driver of Peat CO2 Dynamics in a Northern Bog
	Abstract
	Highlights
	Introduction
	Methods
	Site Description
	Peat Pore CO2 Concentration, Temperature and Water Level Measurements
	CO2 Exchange and Environmental Variables
	CO2 Storage Calculation
	Effective Diffusivity Calculations
	Temperature Dependence of Peat Pore CO2 Store
	Spectral Decomposition and Statistical Analysis

	Results
	Discussion
	Influence of Wind Speed and Temperature on Peat Pore CO2 Store
	Implications for Atmospheric Gas Exchange Measurements
	Implications for Ecosystem Processes and Modelling

	Conclusions
	Funding
	Data Availability
	References




