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Abstract. Increasingly variable rainfall patterns expose soils
to more frequent waterlogging in humid climates. Yet, the
effects of waterlogging on soil organic matter decomposi-
tion in mineral soils remain uncertain. We studied the impact
of off-season waterlogging on carbon dioxide (CO;) pro-
duction and dissolved carbon dynamics in controlled green-
house conditions using 32 monolithic soil columns (hereafter
monoliths) (A = 63 cm, d = 15.2cm) sampled from two agri-
cultural fields (silty clay, sandy loam) in southern Finland.
The 1.5 year study comprised three growth cycles with alter-
nating growing and off-seasons. Spring barley (Hordeum vul-
gare) was grown in all monoliths during the growing seasons.
In turn, during all three off-seasons, half of the monoliths
were subjected to waterlogging lasting seven weeks, while in
the other half soil moisture was maintained at ~ 70 % field
capacity. Within these water treatment groups (waterlogged
and control), the monoliths were further divided into two
plant treatment groups: in half of the monoliths, an overwin-
tering cover crop (Festuca arundinacea) was grown, while
in the other half soil was left bare for the off-seasons. Soil
temperature and moisture were continuously monitored, dis-
solved organic (DOC) and inorganic carbon (DIC) concen-
trations in pore water were analyzed at three depths and CO»
fluxes were measured at the surface. Contrary to our hypoth-
esis, waterlogging did not increase soil DOC content. In-
stead, on-going microbial/rhizospheric activity promoted an
increase in DIC content while CO, fluxes declined, indicat-
ing an accumulation of respired CO; in soil pore water. The
sustained CO, production could not be explained solely by

mobilization of Fe-associated C, as initially hypothesized.
After the onset of drainage of the waterlogged monoliths,
CO, fluxes from both soils increased more than predicted
based on changes in soil moisture and temperature, likely
due to the release of previously accumulated CO,. These
post-waterlogging increases in CO; fluxes roughly equaled
the earlier decreases during waterlogging. Thus, although
off-season waterlogging strongly influenced the temporal dy-
namics of CO, fluxes, it did not alter total cumulative CO5
emissions from the studied agricultural soils.

1 Introduction

Climate change is causing significant alterations in rainfall
patterns globally by increasing the inter- and intra-seasonal
variability, and intensifying the climatic extremes (IPCC,
2023). In humid boreal regions, mild and rainy winters may
lead to prolonged and more frequent soil waterlogging out-
side growing seasons (Mattila and Vihanto, 2024; Ruos-
teenoja and Jylhd, 2022). Soil moisture is a critical environ-
mental factor influencing soil carbon (C) fluxes (Raich and
Schlesinger, 1992). Yet, uncertainties remain concerning the
response of soil organic matter (OM) decomposition and car-
bon dioxide (CO;) efflux to relatively short periods of very
high soil moisture (weeks to a few months; i.e. temporary
waterlogging) in cultivated mineral soils (Fairbairn et al.,
2023; Ghezzehei et al., 2019; Goffin et al., 2015; Huang
and Hall, 2017; Moyano et al., 2018). Deepening our un-
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derstanding of the relationship between soil moisture and C
dynamics at or near complete soil water saturation with po-
tentially anaerobic conditions is crucial for improving pre-
dictions of soil-climate feedbacks in changing environmental
conditions.

Contrary to conventional theory, recent studies suggest
that temporary anaerobic conditions may maintain or even
increase total C mineralization in mineral soils, relative to
static aerobic conditions (e.g. Huang et al., 2021; Huang and
Hall, 2017; Liu et al., 2023; Winkler et al., 2019). Although
many C cycling and respiration models still predict near zero
CO;, fluxes at water saturation (Ghezzehei et al., 2019; Moy-
ano et al., 2013; Sulman et al., 2014), mineral soils have
been shown to sustain substantial CO;, production in these
conditions due to on-going anaerobic respiration (Fairbairn
et al., 2023; Huang et al., 2021; Huang and Hall, 2017; Liu
et al., 2023; Moyano et al., 2018; Wickland and Neft, 2008;
Zheng et al., 2019). This occurs because most of the OM
is stabilized by mineral associations (Salonen et al., 2024;
von Liitzow et al., 2007) which provides protection against
biodegradation (Cotrufo et al., 2019; Lavallee et al., 2020),
at least in static oxic conditions. In humid soils, redox ac-
tive iron(IIT) (Fe(III)) (hydr)oxides represent essential bind-
ing agents (Aasano et al., 2018; Rasmussen et al., 2018; Torn
et al., 1997). Therefore, if soil saturates with water for pro-
longed periods and reducing conditions form in the bulk soil,
(facultative) anaerobic microbes start utilizing alternative ter-
minal electron acceptors (TEA), such as Fe(Ill) oxides, in-
stead of oxygen (O;), to oxidize OM (Fiedler et al., 2007,
Jakobsen et al., 1981; Peters and Conrad, 1996; Ponnampe-
ruma, 1985). Upon reduction, the solubility of Fe increases,
which leads to the disruption of Fe oxides and the release of
OM associated with them, thereby making OM vulnerable to
mineralization (Chen et al., 2020; Fairbairn et al., 2023; Gry-
bos et al., 2009; Huang et al., 2021, 2020; Huang and Hall,
2017).

The influence of anaerobic conditions on C mineraliza-
tion has, however, not been uniform across soils and ex-
periments. Soil characteristics, such as texture, the amount
(Hanke et al., 2013; Liu et al., 2023; Winkler et al., 2019;
Zhao et al., 2020) and reducibility (Ginn et al., 2017) of ac-
tive Fe oxides, and the availability of labile C substrates (e.g.
Winkler et al., 2019), influence the soil’s response to water-
logging. Naturally, an adequate amount of reducible Fe that
binds OM is a prerequisite for increased OM vulnerability
due to Fe reduction. Although in humid boreal soils Fe ox-
ides represent a minority of the clay-sized fraction (Ito and
Wagai, 2017), amorphous, low-crystallinity forms constitute
a substantial component of the oxide pool (Keskinen et al.,
2022; Sippola 1974). In the soils studied here, for exam-
ple, short-range-ordered (SRO) Fe oxides represent ~ 50 %
of all pedogenic Fe (Kronberg et al., 2024). Generally, SRO
Fe and Al oxides play a disproportionately important role in
C stabilization thanks to their high specific surface area and
chemical reactivity (Kaiser and Guggenberger, 2003; Yong
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et al.,, 1992). Moreover, naturally occurring oscillations in
soil oxygen availability, particularly in fine-textured humid
soils, may enhance Fe reducibility (Ginn et al., 2017) thereby
eventually also influencing C availability. Indeed, a recent
large-scale study of arable soils in southern Finland showed
that Fe oxides correlated with mineral-associated organic C,
particularly in soils with high clay contents (Salonen et al.,
2024). However, to our knowledge, studies focusing on Fe—
OM interactions in agricultural boreal soils under tempo-
rary anoxia are lacking, and it therefore remains unknown
whether and how seasonal waterlogging affects C dynamics
in these systems. Because soil redox reactions are predomi-
nantly microbially catalyzed (Sigg, 2000; Stumm, 1995), the
availability of labile C substrates stimulates microbial activ-
ity and O2 consumption, thereby promoting the formation of
reducing conditions and associated Fe redox transformations
(Khan et al., 2019; Muhammad et al., 2021; Winkler et al.,
2019).

In natural and cultivated soils, roots are a source of readily
degradable C for soil microbes (Kuzyakov, 2006; Muham-
mad et al., 2021). As much as half of the C photosynthet-
ically fixed by plants can be allocated belowground (Chan-
dregowda et al., 2023; Clemmensen et al., 2013; Keiluweit
et al., 2015). In agriculture, the cultivation of overwintering
cover crops has been recognized as an effective strategy to
increase soil C inputs and thus, promote soil C sequestra-
tion (Kaye and Quemada, 2017; Poeplau and Don, 2015).
However, it has also been observed that root exudates can
stimulate decomposition of OM through priming (Bingeman
et al., 1953), either directly by increasing microbial activity
or indirectly by promoting the mobilization of C associated
with soil minerals (Keiluweit et al., 2015; Kuzyakov et al.,
2000). This, together with the changing climatic conditions,
introduces complexity in assessing the net impact of cover
crops on soil C dynamics (Jian et al., 2020; Poeplau and
Don, 2015). To our knowledge, the impact of cover crops
on C fluxes during periodic waterlogging has gained very lit-
tle attention, despite the potential for root-derived C inputs
to promote the mobilization of stable, mineral-associated C.
Thus, it remains unknown whether and to what extent the
labile C inputs from roots affect C dynamics in temporarily
waterlogged conditions.

Thus far, studies focusing on the effects of water satu-
ration/anaerobic conditions on OM mobilization and CO;
fluxes in mineral soils have mainly been either laboratory in-
cubations (Bhattacharyya et al., 2018; Fairbairn et al., 2023;
Huang et al., 2021, 2020; Huang and Hall, 2017; Zhao et al.,
2020) or field studies (Jeanneau et al., 2020; Possinger et al.,
2020). Mesocosms allow assessing the role of soil struc-
ture and plant cover on C flows and transformations, while
maintaining the control over environmental conditions, but
so far they have been rarely used. In our 1.5 year greenhouse
experiment, we studied C dynamics in intact soil profiles
under controlled temperature and moisture to capture pro-
cesses more representative of field conditions. The data used
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in this study was collected from a soil monolith experiment
which experimental procedure has been described in our pre-
ceding publication (Kronberg et al., 2024). In this particu-
lar study, we investigated how seasonal waterlogging affects
CO; fluxes and dissolved C species dynamics in two hydro-
logically distinct cultivated mineral soil profiles (silty clay,
sandy loam) with and without overwintering cover crop (Tall
Fescue, Festuca arundinacea). Finally, an empirical model
describing the dependency of soil respiration on temperature
and moisture was fitted to the data to assess its ability to sim-
ulate observed CO; flux dynamics during and after waterlog-
ging. The following hypotheses were set:

(a) Temporary waterlogging mobilizes Fe-associated C
leading to increased soil DOC content during waterlog-

ging.

(b) Temporary waterlogging does not reduce the total cu-
mulative CO, emissions from either soil.

(c) Silty clay with higher OM, clay and Fe oxide contents
result in higher cumulative CO; fluxes than from sandy
loam soil.

(d) Soil C input from cover crops promotes C dissolution
and CO, production in waterlogged conditions.

2 Material and methods
2.1 Soil monolith experiment

Cylindrical soil monoliths (d, 15.2cm; A, 63 cm) were col-
lected with a tractor-mounted soil auger (Uusitalo et al.,
2012) in November 2020 and May 2021 from two agricul-
tural fields in Southern Finland classified as Eutric Stagnosol
(60°16'23.4" N 24° 56'40.6” E) and Eutric Cambisol/Mollic
Umbrisol (60°49'07.3” N 23°45'54.8” E) with silty clay and
sandy loam USDA texture, respectively. These soils repre-
sented typical OM (Fernandez-Ugalde et al., 2022; Heikki-
nen et al., 2013; Lemola et al., 2018) and SRO Fe oxide con-
tents for the region. The two soils differed in their hydro-
logical characteristics. The dense structure and fine texture
in the silty clay soil limited the movement of water through
the profile causing water stagnation and repeated alteration of
oxidized and reduced conditions resulting in the formation of
stagnic properties (see Kronberg et al., 2024). In contrast, the
coarse texture in the sandy loam soil facilitated an efficient
water movement and transport of solutes into deeper soil lay-
ers. In the profile brown colors indicated a release of Fe from
primary minerals. Selected soil properties are presented in
Table 1.

The experiment was established in a greenhouse compart-
ment at University of Helsinki in June 2021, and it is de-
scribed in detail in Kronberg et al. (2024). Briefly, 32 soil
monoliths were collected from the two agricultural fields,
with 16 from each soil type. These monoliths were assigned
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to a factorial design with two plant treatments and two wa-
ter treatments. This setup resulted in eight unique treatment
combinations (2 soil types x 2 plant treatments x 2 water
treatments), each having four treatment replicates (Fig. 1).
During the 1.5 year-long experiment, three study cycles with
alternating growing and off-seasons were conducted. Re-
peated cycles were conducted to assess (i) whether the ob-
served responses were consistent over study cycles, thereby
increasing the robustness of our findings, and (ii) whether
treatment effects, particularly those related to the cover crop,
required time to emerge, given that measurable changes in
soil properties develop gradually. Here, only the results from
the second and the third study cycles are presented because
the first cycle was dedicated for optimization of the experi-
mental conditions, sampling and monitoring methods.

Soil temperature, volumetric water content (SVWC,
m3>m~?) and redox potential (Ey) were continuously mea-
sured at 10, 30 and 50cm soil depths in three out of
four replicated monoliths (24 in total). Soil temperature
and SVWC were measured with Teros12 sensors (METER
Group, USA). The soil moisture readings were calibrated
to each monolith according to the gravimetric soil mois-
ture content and bulk density determined at the end of the
experiment (Kronberg et al., 2024). E} was measured by
platinum electrodes together with Ag/AgCl saturated KCl
reference electrodes (Paleo Terra, The Netherlands). Data
was logged with a Campbell datalogger (Campbell Scientific
CR800 with two AM16/32B multiplexers) (Kronberg et al.,
2024). The target seasonal temperatures (day/night) for the
greenhouse were 20/15 °C for summer, 15/10 °C for autumn,
10/5 °C for winter and 15/10 °C for spring. The soil temper-
ature was controlled with a separate cooler and an insula-
tion box constructed around the soil monoliths. The realized
mean soil temperature at 30 cm depth was 15.1 and 15.3 °C in
summer, 10.9 and 11.7 °C in autumn, 5.7 and 7.1 °C in win-
ter and 10.9 and 10.1 °C in spring during study cycles two
and three, respectively. During the waterlogging treatment
the mean temperature was 6.4 °C in the second and 7.5 °C
in the third cycle (Kronberg et al., 2024).

Barley (Hordeum vulgare) was grown in all monoliths dur-
ing the growing seasons while Tall Fescue (Festuca arundi-
nacea) was under sown to half of the monoliths as an over-
wintering cover crop. Both barley and cover crop biomass
were harvested and the dry mass was determined by drying
at 105 °C for one hour and then overnight at 60 °C (Hakala
etal., 2009). Afterwards, the cover crop was allowed to grow
over the experimental winter and again harvested before the
next cultivation. During each study cycle, all monoliths were
fertilized equally using laboratory quality salts with applied
nutrient levels corresponding to 90, 110 and 150kgNha~!;
0,12.5 and 25kgPha~!; and 32, 25 and 100kgKha~! in cy-
cles one, two and three, respectively. The fertilization was in-
creased towards the end of the experiment to address nutrient
deficiencies observed in barley. Micronutrients were applied
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Table 1. Selected physical and chemical properties of the studied soils. The results accompanied by detailed analytical methods have been
previously described in Kronberg et al. (2024).

Depth Soil C and N pHy,0 Oxides b Particle size
distribution
(cm) Total C WEOC Total N Alpx Feox (kg dm_3) Sand Silt Clay
(%) (mgkg™h (%) (mmolkg~")  (mmolkg™!) %) (%) (%)
Silty 0-10 2.6 48 0.22 7.1 62 112 1.01 9 43 47
clay 10-20 2.3 50 0.20 7.0 69 117 1.11
20-30 1.2 41 0.10 7.0 57 77 1.50 6 34 60
3040 0.5 32 0.05 7.2 50 41 1.53
40-50 0.3 26 0.03 74 48 37 1.48 3 39 58
50-60 0.3 24 0.02 7.5 35 35 1.43
Sandy  0-10 1.7 33 0.15 6.6 109 51 1.13 67 16 17
loam 10-20 1.8 29 0.15 6.7 107 50 1.26
20-30 1.7 33 0.15 6.7 110 51 1.40 71 15 14
3040 14 39 0.10 6.8 155 50 1.39
40-50 0.7 47 0.03 6.8 171 50 1.31 84 11 5
50-60 0.5 45 0.02 6.8 152 34 1.39

Symbols and abbreviations: WEOC, water extractable organic carbon; Algx, Oxalate extractable aluminum (poorly ordered oxides); Feox, Oxalate extractable iron (poorly
ordered oxides); pp, soil bulk density.
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Figure 1. A schematic illustration of the soil monolith experiment study design. The 16 monoliths collected from each agricultural field (silty
clay, sandy loam) were assigned to two levels of plant (No CC, No cover crop; CC, Cover crop) and water treatments (Sat, Water saturation;
< FC, moisture maintained at 70 % field capacity).

as a foliar fertilizer (YaraVita Solatrel) during the second and

third study cycles (Kronberg et al., 2024).

During the growing seasons all monoliths received equal
irrigation of 17-27 mm per week via computer controlled

Biogeosciences, 23, 2431-2450, 2026

Priva automated drip irrigation system (Greenhouse Envi-
ronmental Control Systems, Priva BV, The Netherlands).
Throughout the experiment, the monoliths were irrigated
with artificial rainwater which was made according to the
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ionic composition of typical rainwater in Southern Finland
(Vet et al., 2014). After the harvest i.e., during the off-
seasons, half of the monoliths received excessive manual ir-
rigation until saturation was reached and water infiltration
into the soil ceased (Saturation treatment). In the other half,
the topsoil moisture was maintained at 70 % soil field capac-
ity (< FC treatment) corresponding to ~ 50% water filled
pore space (Kronberg et al., 2024). Soil moisture in all mono-
liths was adjusted according to soil moisture readings from
Teros12 sensors. The waterlogging treatment was initiated by
mimicking a 3 d heavy rainfall event (25 mmd~") that natu-
rally occur in Southern Finland (Uusitalo et al., 2012; Vir-
tanen et al., 2013). The drainage outlets were closed on the
third day of the heavy rainfall event (taken as day O of wa-
terlogging treatment). After, these monoliths were manually
irrigated with 0-23 mm water per monolith per irrigation,
and this was repeated several times per day if needed. Irri-
gation was stopped/paused once infiltration ceased. Whereas
the silty clay soil got waterlogged already during the simu-
lated heavy rainfall event, waterlogging of the sandy loam
soil took on average 8d longer due to the larger fraction
of air-filled soil pores at the start of the excessive irrigation
(Kronberg et al., 2024). In the second study cycle, some un-
fortunate leakages occurred in some sandy loam monoliths
through sensor hole sealings, compromising complete water-
logging in the topsoil (further discussed in Kronberg et al.,
2024). The length of the waterlogging treatment in cycles
two and three was 54 and 50d, respectively. The drainage
was initiated by opening the drainage outlets.

2.2 CO; flux measurements

CO, fluxes were measured with a closed manual chamber
system including an opaque cylindrical polypropylene cham-
ber (d, 15.2cm; h, 20-39 cm) and a non-dispersive infrared
gas analyzer (Li 850, Li-cor Environmental, USA). The mea-
surement system included a controlling unit with a tablet and
a Raspberry Pi (Model 3B, Raspberry Pi Ltd., UK) computer
running a custom-made Python program, enabling on-line
monitoring of the gas mixing ratio development in the cham-
ber headspace. The gas analyzers were installed in parallel
in the sample line to prevent problems stemming from their
pumps operating at different flow rates. The volume of the
used chamber varied according to the plant height and ranged
from 3.6-7.2dm?>. The air inside the chamber was continu-
ously mixed by a fan installed on the chamber sealing and
the temperature was continuously monitored using a Pt-100-
temperature probe and a Nokeval RMD 680 logger (Nokeval,
Finland). The measurements were conducted weekly or bi-
weekly during the off-seasons and bi-weekly during growing
seasons.

On a measurement day each monolith was measured once
for ~7min. The junction between the chamber and the
monolith was sealed with plastic foil to make the chamber
airtight. If any errors or leakages were observed during the

https://doi.org/10.5194/bg-23-2431-2026

closure, the measurement was repeated. The distance of the
soil from the chamber edge was measured at least monthly.
During the third study cycle, an empty chamber was mea-
sured before (and sometimes after) each measurement round
to quantify any potential baseline fluxes. The median of
the empty chamber flux for CO; was 1.25mgm~2h~! (Qy,
0.34; 03, 2.86; 1, 25;). Accordingly, the empty chamber CO,
flux was deducted from the measured CO, fluxes. Erroneous
closures, identified by fluctuations in CO;, mixing ratio, were
excluded from further analysis

Gas fluxes were calculated by fitting a linear model to
the gas mixing ratio data plotted against the closure time.
The model fitting was conducted with a least squares method
for the gas concentration change over 6 min. The first 30—
45s of the chamber closure were omitted to avoid errors
caused by the system instabilities and pressure variations
at closure (Pavelka et al., 2018). Linear fits of CO, mix-
ing ratios against elapsed time were initially examined vi-
sually. Clear deviations from linearity were interpreted as
evidence of leakage, typically caused by improper chamber
insertion. Erroneous measurements were excluded by apply-
ing an R? threshold of 0.84. This threshold effectively re-
moved all failed closures in cases where CO; flux exceeded
three times the standard deviation of the flux measured in
the empty chamber. For lower fluxes, R> values were gener-
ally below 0.84 even when the measurement was successful.
These instances were therefore evaluated individually and
excluded only when the CO, mixing ratio exhibited evident
fluctuations indicative of leakage (0.4 % of the total data).
The fluxes using the slope term dC /dt from the linear fit were
calculated with the Eq. (1):

_ d_CMgaspV

= x 3600 (0
dt RTA

where F is the gas flux (gm~2h~1), Mg, molar mass of the
gas (gmol™1), p air pressure (101 325Pa), V chamber vol-
ume (m?), R ideal gas constant (8.314 JK~! mol™ 1), T air
temperature (K) and A is a monolith surface area (m?). Posi-
tive flux indicates an efflux of gas to the atmosphere.

As only dark chamber measurements were conducted, to-
tal ecosystem respiration, including CO» originating from
both soil and plant components, was obtained. To estimate
the fraction of CO, flux deriving specifically from the soil,
aboveground cover crop biomass was removed 43 d after the
initiation of waterlogging during the third study cycle. CO,
fluxes were measured twice on the same day, immediately
before and after biomass removal. The difference between
the two measurements was assumed to represent respiration
from aboveground plant tissues. This approach was applied
to ensure that the observed differences between the cover
crop and no cover crop treatments did not derive simply from
the variation in aboveground biomass.

Biogeosciences, 23, 2431-2450, 2026
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2.3 Dissolved C and Fe in soil porewater

Soil porewater samples were collected with Rhizon CSS
samplers (pore size 0.15-0.2um, Rhizosphere Research
Products B.V., The Netherlands) from three treatment repli-
cates (monitored monoliths). At each sampling, needles
(0.8 x 40 mm, Becton Dickinson, S.A., Spain) were inserted
at the end of the samplers to connect them to 12 mL evac-
uated glass vials (Labco Limited, England) through rubber
septa. Porewater samples were collected only from the mono-
liths belonging to the saturation treatment because suction
was not adequate for sampling the monoliths maintained at
70 % FC. In the third cycle, samples were collected only dur-
ing the waterlogging treatment, whereas in the second cy-
cle, sampling was conducted both during the treatment and
after the start of the drainage, with the final sampling done
16 d after. Total dissolved C (TDC), DOC and dissolved in-
organic carbon (DIC) concentrations were measured with
combustion catalytic oxidation method (TOC-L, Shimadzu
Corporation, Japan) and total dissolved Fe concentration was
measured colorimetrically with a 1,10-phenantroline method
(Hill et al., 1978, see Kronberg et al., 2024). Samples were
stored at —20 °C before the analysis.

2.4 Data analysis

Data analysis was conducted in R studio software environ-
ment with R version 4.4.3 (R Core Team, 2025). The impact
of soil type as well as plant and water treatments on average
CO; fluxes were tested with linear mixed effects model in
glmmTMB package (Brooks et al., 2017). The effects were
tested separately for the two study cycles. Monolith and mea-
surement round were set as a random intercept to account
for the repeated measurements and the non-independency of
the data. The flux data was further divided into two tempo-
ral subgsroups, during and after the water treatment (but be-
fore the next cultivation), and the model was built separately
for these time intervals due to their different flux dynamics.
The models were first constructed with the likelihood method
(ML), and the selection of interaction terms to include in the
final models was done based on Akaike’s information cri-
teria (AIC) with stepAIC function and backwards method
in MASS package (Venables and Ripley, 2002). Dropping
interaction terms mostly improved the AIC apart from the
period after waterlogging in cycle 3 for which the interac-
tion between water and plant treatment was included. All
main terms (soil type, water and plant treatments) were al-
ways included in the final model which was constructed with
the restricted maximum likelihood method (REML). The as-
sumptions of normality and homoscedasticity of the model
error terms were inspected visually in all analyses. The sig-
nificance level in all statistical analyses was set to 0.05.

To calculate cumulative CO, fluxes, we first generated
daily flux values for each monolith by linearly interpolat-
ing between temporally consecutive measurement events us-
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ing the na.approx function in the zoo package (Zeileis and
Grothendieck, 2005). Next, the cumulative sum was calcu-
lated starting either from crop cultivation (beginning of the
season) or from the beginning of the waterlogging treatment
and calculated until next cultivation. The cumulative CO»
fluxes calculated over the entire cycles were also further nor-
malized for cumulative above ground biomass. The effect of
soil, water and plant treatment on cumulative CO; fluxes was
tested with linear model separately for the study cycles two
and three. The assumptions of normality and homoscedastic-
ity of the model residuals were visually evaluated by diag-
nostic plots. Biomass normalized cumulative CO, fluxes did
not fulfill the assumption of residual normality and hence,
Box—Cox transformation was applied (Box and Cox, 1964).
Tukey’ s post hoc tests were further applied to test the differ-
ences in between the treatments by using emmeans function
in emmeans package (Russell, 2023). The comparison was
done among the levels of water and plant treatments for each
soil type and study cycle.

We also tested how well could a simple empirical model
predict the CO, efflux during and after waterlogging events.
CO; efflux was modelled in the monitored monoliths with
an empirical equation utilizing an exponential temperature
function (Kitterer et al., 1998) combined with a parabolic
WEFPS function (Luo and Zhou, 2006; Moyano et al., 2013)
as follows:

r-10

Fco, = 0,0° x (—a x WFPS? + b x WFPS) )

Fco, is the soil CO; efflux (zm~2d~1), Oy is the CO; tem-
perature sensitivity factor, T is the measured soil temperature
(°C) at 10 cm depth, WFPS is the water-filled pore space (%)
calculated as the proportion of the measured SVWC at 10 cm
from the maximum SVWC (SVWC/,x) in each monolith be-
longing to the saturation treatment. In the 70 % FC treatment,
an average of the SVWCj,.x in the saturated monoliths in
each soil type was used. In the equation, a,b and Q¢ are
parameters fitted for the two soils and two plant treatments
separately. Residual standard error, adjusted R+ slope from
the linear fit between the modelled and measured fluxes as
well as the model residuals were used to evaluate the model
performance. The constructed models were used to calculate
the daily CO, flux for each monitored monolith with daily
average values of soil 7 and WFPS (n = 3). Obtained fluxes
were used to calculate the cumulative CO; fluxes similarly
than with measured values starting from the beginning of the
water treatment until next cultivation. The difference in cu-
mulative fluxes calculated based on measured vs. modelled
values was tested with pairwise ¢-test.

To study the relationship between dissolved C and Fe con-
centrations in soil porewater, repeated measures correlation
analysis, where monolith was set as a participant/subject,
was performed with rmcorr package (Bakdash and Maru-
sich, 2024). Then, the concentrations of dissolved C species
in soil pore water (c, mgL~") were further converted to the
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amount of C per liter soil (mgL ™! soil). This was done to
eliminate the apparent effect of SVWC on soil C contents in
changing moisture conditions. In each monolith, the amount
of accumulated DIC, i.e., the change in soil DIC storage
(ADIC, mg C m~?), during waterlogging was calculated with
the Eq. (3).

3
ZLayer:l V' X (Bend X Cend — Ostart X Cstart) Layer
A

ADIC =

3

In the equation, V, is the volume of each soil layer
(3.54dm?), A is the monolith surface area (0.018 m?), Cend
and cgare are the soil porewater DIC concentrations (mg L’l)
at the end and at the first sampling of the waterlogging pe-
riod, respectively, and Oeng and Oy are the corresponding
volumetric soil water contents. In cases where the cgt Was
not available for a specific soil monolith (no porewater ob-
tained), the average of the first sampling round in each soil
type and depth calculated based on available monoliths was
used. The equilibrium porewater CO; concentration at the
start was assumed to be similar within the same soil type
and depth. The concentration was also assumed to be similar
within each 20 cm soil layer around the sampling depth.

Characteristic of Finnish soils, neither of the studied soils
contained significant amounts of carbonates (verified with
0.2M HCI, “Fizz test”) and thus, ADIC was assumed to con-
sist mainly of dissolved CO, deriving from soil respiration.
Thus, the total amount of respired CO, during the water-
logging was estimated by adding the ADIC to the cumu-
lative CO; fluxes from each monolith. Only the waterlog-
ging period from which porewater samples were collected
was considered (Cycle 2: waterlogging days 0-49; cycle 3:
days 7-45). In the 70 % FC treatment, only the cumulative
CO; flux was considered because no porewater was obtained
and the ADIC was assumed to be negligible because of the
gas exchange with the atmosphere. The effect of time (days),
soil type, plant treatment and depth on the concentration
of TDC, DIC, DOC and total CO; production were tested
with linear mixed effects model and nlme package (Pinheiro
et al., 2023). A stepwise (backwards) model selection was
performed with stepAIC function in MASS package (Ven-
ables and Ripley, 2002). The effect of waterlogging on total
respired/produced CO; (in comparison to the 70 % FC treat-
ment) was further tested by pairwise comparisons by em-
meams function (Russell, 2023). The comparison was done
separately for the two cycles within soil type and plant treat-
ment.

3 Results
3.1 Measured CO; fluxes

During the waterlogging treatment the CO, fluxes were sig-
nificantly (p < 0.01) lower in the saturated soil monoliths
than in the control monoliths kept at 70 % FC (Fig. 2 and
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Table S1 in the Supplement). CO; fluxes from the saturated
monoliths without cover crops were mostly around (cycle 2)
or below (cycle 3) 0.5 ng_2 d~!, and fluxes in the mono-
liths with cover crop were significantly higher (4-0.18 and
+0.87gCm~2d~" in cycles 2 and 3, respectively (Table S1).
Upon drainage, the fluxes from the saturated monoliths in-
creased to significantly higher level than in the 70 % FC
treatment (p < 0.001, Fig. 2). The observed CO, pulse upon
drainage was steeper in sandy loam compared to the silty clay
soil (Fig. 2). After the CO; pulse, the differences between
the two water treatments levelled out within two weeks in
sandy loam soil. In silty clay soil, CO; fluxes from the pre-
viously saturated monoliths remained higher than from the
non-saturated treatment until the next cultivation which was
four weeks after drainage.

Waterlogging did not have a significant impact on off-
season cumulative CO;, fluxes in either of the study cy-
cles, plant treatments or soils (Fig. 3). In the third cycle,
however, the mean cumulative CO, fluxes in the saturated
soils without the cover crop (silty clay 34+5.0gCm™2,
sandy loam 40 44.9 g Cm~2) were slightly lower than in the
70 % FC treatment (silty clay 494 11.3gCm~2, sandy loam
46+7.0gC m’z). In turn, according to the linear model, the
cover crop significantly increased the cumulative fluxes (p <
0.01), while the soil type did not have a significant impact on
them (p = 0.06 or 0.87 in cycle two and three, respectively).
The difference between the two plant treatments was larger
in the third than in the second cycle (Fig. 3). According to
the post hoc tests, the difference between the CC and No CC
monoliths in the second cycle was not significant in either
water treatment in sandy loam soil (p = 0.08/0.09) or in the
70 % FC treatment in silty clay (p = 0.09). The treatment-
wise pattern in cumulative CO, fluxes over the entire study
cycles (growing and off-seasons combined) remained consis-
tent with those calculated for the off-seasons alone, but only
when the fluxes were normalized for above-ground biomass
(Fig. 3). Finally, cumulative CO; fluxes from the last off-
season were also normalized per root biomass determined at
the end of the experiment (see Kronberg et al., 2024 for de-
tails of root biomass determination). Once normalized per
root biomass, cumulative CO, fluxes without cover crop
were 3.7-6 times higher than with the cover crop (Fig. S2
in the Supplement).

In the 70% FC treatment, the amount of above ground
cover crop respiration, determined as the difference between
the measured fluxes before and after above ground biomass
removal, was on average 0.64£0.42gCO, m 2h~! and 0.5+
0.55gC0O, m~2h~! in silty clay and sandy loam monoliths,
respectively. This represented 15 % and 12 % of the total CO,
flux in silty clay and sandy loam, respectively. However, the
averages were not statistically different from zero in either
of the soils. Instead of a decrease, the above ground biomass
removal induced an increase in CO; fluxes from saturated
monoliths. In silty clay soil, the fluxes increased on average
0.64+0.88gm~>d~! while the increase in sandy loam soil
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Figure 2. Measured (mean = standard deviation, n = 4) and modelled (shaded ribbons, range, n = 3) CO, efflux and soil volumetric water
content at 10 cm depth (SVWC, mean =+ standard deviation, n = 3) during and after waterlogging in (A). silty clay and (B) sandy loam
soil during study cycles two and three CC, Cover crop; No CC, No cover crop; FC, 70 % field capacity; Sat, Water saturation). The gray
shaded area represents the duration of the waterlogging event and the vertical solid line the day when the soil temperature was increased
from 5-10° C for simulated spring. The x axis represents the number of days since the onset of the respective waterlogging event.

was modest, on average only 0.1 0.59mgm~>d~'. How-
ever, because of the large deviation between the replicate
monoliths, the increases did not deviate from zero signifi-
cantly.

3.2 CO; efflux modelled with the empirical model
Soil temperature dominated over moisture as the predictor

for CO, efflux as indicated by the high Q¢ and low a and
b parameter values (Table 2). The modelled fluxes were very
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similar in the waterlogged and in 70 % FC treatment espe-
cially in silty clay soil (Fig. 2). The CO, flux dynamics and
response to soil moisture were better captured (Fig. 2) and
the model performance was overall better in sandy loam soil
which is illustrated by the smaller RSE of the model and
a larger R? of the linear model fitted for the predicted vs.
measured data than in silty clay soil (Table 2). In both soils,
model performed better with the cover crop than without the
cover crop as indicated by higher R? (Table 2).
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Table 2. Results of the temperature (7') and water filled pore space (WFPS) dependency model fit to CO, flux data from the monitored
monoliths during the off-seasons. Also, the adjusted R2, slope and intercept from the linear fit between the modelled and measured fluxes,

used to evaluate model performance, are presented.

Fco, ~ T, WFPS

Predicted ~ Measured

RSE  Qjo a b n ‘ Intercept  Slope R?

No cover crop Silty clay 2.24 349 0.0009 0.13 145 2.73 0.38 0.39
Sandy loam 1.88 3.31 0.0010 0.13 150 242 041 045

Cover crop Silty clay 222 4.79 0.0008 0.14 150 2.58 0.60 0.59
Sandy loam 193 3.79 0.0018 021 150 2.14  0.65 0.66

RSE = Residual standard error of the model (ng*2 a-by, Q10 = fitted CO, flux temperature sensitivity parameter, a and
b = fitted model parameters, n = number of observations, Intercept = intercept of the linear regression fitted for modelled and
measured CO, fluxes, Slope = slope of the linear regression, R?= adjusted coefficient of determination of the linear regression.

Towards the end of the waterlogging, the model overes-
timated the fluxes in the saturation treatment. In turn, the
model could not reproduce the CO; peak measured after the
initiation of drainage which led to underestimation of the
fluxes (positive residuals) upon drainage in the monoliths be-
longing to the saturation treatment (Figs. 2 and S1 in the Sup-
plement). During the third waterlogging, the model overesti-
mated the CO; fluxes in the monoliths without the cover crop
(Fig. 2). In cycle two, the cumulative CO» efflux calculated
with modelled data was in good agreement with those calcu-
lated from the measured data with no statistically significant
difference between the two (Fig. 3 and Table S3 in the Sup-
plement). During cycle three, the same was true only for the
monoliths with the cover crop. Without cover crops, cumula-
tive CO; efflux obtained from the modelled CO, fluxes was
significantly higher in both soils and water treatments (Fig. 3
and Table S3).

3.3 Dissolved C dynamics in porewater

TDC content increased during waterlogging at 10 and 30 cm
depths in both soils and under both plant treatments (Fig. 4).
The observed increase was attributed to the increased DIC
content while DOC content remained relatively unchanged.
The increases in TDC and DIC contents during waterlogging
at 30 cm depth were more pronounced in sandy loam than in
silty clay, whereas especially in the second cycle the increase
in DIC content in the top 10cm layer was steeper in silty
clay. In sandy loam, waterlogging induced an increase in DIC
content also at 50 cm depth (Fig. 4).

At 10cm depth the contents of all dissolved C species
(TDC, DIC, DOC) were significantly higher in silty clay than
in sandy loam soil as illustrated by the significant soil term
(for TDC, DIC, DOC) as well as the significant interaction of
soil and waterlogging days (for TDC, DIC) in the mixed ef-
fects models (Table S4-S6 in the Supplement). Cover crops
increased the TDC content in the silty clay topsoil while
in sandy loam the increase was more pronounced at 30 cm
depth (Fig. 4). In the third cycle, the average DOC content
at 50 cm depth was significantly higher in the monoliths with
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the cover crop than without in sandy loam soil (p = 0.01)
(Fig. S2), while there was no statistically significant differ-
ence during the second cycle (Table S6).

During the second off-season, porewater TDC concentra-
tion correlated with dissolved Fe concentration at 10 and
30 depths in silty clay soil both with (10cm: » =0.51,
p =0.023; 30cm: r =0.58, p=0.005) and without the
cover crop (10cm: r =0.46, p =0.049; 30cm: r = 0.58,
p =0.006), and in sandy loam with the cover crop (10 cm:
r=0.58, p=0.009; 30cm:r =0.59, p =0.07) (Table SO
in the Supplement). In silty clay soil, the correlation with
dissolved concentration was attributed to the changes in DIC
concentration in both plant treatments (Fig. 5a), whereas in
sandy loam Fe concentration correlated with DOC instead,
however, only in the topsoil (Fig. 5d). During the third cycle
the porewater C and Fe concentrations were only measured
during the waterlogging (excluding the drainage phase) and
then, the DOC concentration did not exhibit positive corre-
lation with Fe in either soil at any depth (Table S9). Dur-
ing this cycle, the correlation between DIC and Fe concen-
trations, in turn, was significant in both soils with the cover
crop at 30cm (silty clay: r =0.88, p < 0.001; sandy loam:
r =0.71, p = 0.022) and in silty clay at 10 cm with the cover
crop (r = 0.75, p = 0.013) (Table S9).

3.4 Total CO; production as the sum of cumulative
CO; fluxes and ADIC

Results from the linear model showed that waterlogging de-
creased the total CO, production (cumulative CO; flux +
ADIC) statistically significantly during the second (p =
0.002) but not during the third (p =0.10) waterlogging
(Fig. 6 and Table S7 in the Supplement). However, accord-
ing to the pairwise comparisons, the means of the two wa-
ter treatments within each soil type and plant treatment were
only statistically significantly different in silty clay soil in
cycle two without the cover crop (Fig. 6 and Table S8 in the
Supplement). In the third cycle CO, production was statisti-
cally significantly higher with the cover crop than without
(+35ng’2, p < 0.01) while there was no difference in
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the second cycle (p = 0.1). Soil type was significant in cy-
cle two where the total CO, production during waterlogging
was lower in sandy loam than in silty clay (—8.3gCm™2,
p =0.05) (Fig. 6). Soil type was not significant in cycle
three.

The amount of the accumulated DIC in the saturated
monoliths corresponded to on average 6 %—29 % of the to-
tal CO; production during waterlogging. In the second cy-
cle, the percentage was on average 11.54+5.7% (No CC)
and 13.5+0.4% (CC) in silty clay, and 6.0+1.7% (No
CC) and 8.8+3.9% (CC) in sandy loam. In the third cy-
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cle, the percentage was larger in No CC treatment (silty clay
28.8 £2.5%, sandy loam 19.8 £ 2.6 %) but it remained at a
similar level in the CC treatment (silty clay 9.4+1.4 %, sandy
loam 8.9 £2.4%).

4 Discussion
4.1 Impact of waterlogging on measured CO, fluxes

We studied the impact of periodic off-season waterlogging
on soil C dissolution, and CO, emissions in a controlled
mesocosm study with intact soil profiles with and without
Tall Fescue as a cover crop. In our experiment, temporary
soil waterlogging lasting ~ 50d at an average soil temper-
ature of ~ 7°C did not significantly alter cumulative CO;
emissions calculated over waterlogging and the subsequent
drainage period. Our results align with findings from sev-
eral incubation studies suggesting that temporary anaerobic
conditions may exert only a minor impact on C decompo-
sition and cumulative greenhouse gas emissions (e.g. Bhat-
tacharyya et al., 2018; Hanke et al., 2013; Huang et al., 2021;
Tete et al., 2015; Winkler et al., 2019). However, previous
studies have reported effects in both directions, depending
on soil characteristics, and the nature and duration of redox
conditions.

While static anoxic conditions have suppressed C losses
in several studies (Fairbairn et al., 2023; Huang et al., 2020;
Tete et al., 2015), as traditionally believed, oxic-anoxic fluc-
tuations have led to equal or greater C losses (Huang et al.,
2021; Jeanneau et al., 2020; Tete et al., 2015). In the labora-
tory incubations by Huang et al. (2021) and Tete et al. (2015),
reduced decomposition during anaerobic period(s) was com-
pensated by increased CO, efflux during the following aer-
obic period(s) in weekly to monthly timescale. This pattern
is consistent with our results: the cumulative CO, fluxes re-
mained unaffected by waterlogging but the temporal flux dy-
namics differed between the two water treatments. The re-
duced CO; fluxes during waterlogging were compensated for
by the higher fluxes after the drainage in both soils. Based on
these observations, during transient anaerobic events, most
CO;, fluxes tend to occur during the subsequent drainage/aer-
obic phase which makes the calculation of cumulative emis-
sions sensitive to the chosen observation period. Thus, our
results underscore the importance of considering the follow-
ing drying period in assessing the impacts of waterlogging
on soil CO; efflux under fluctuating moisture conditions.

According to Ginn et al. (2017), repeated anoxic-oxic cy-
cles increase soil Fe reducibility, which may, in turn, enhance
C availability and promote C mineralization. Among the soils
used in our experiment, the silty clay soil had experienced
fluctuating redox conditions in field as indicated by its stag-
nic properties. It also contained a higher Fe oxide content
than the sandy loam. Therefore, we expected that waterlog-
ging would enhance C availability and mineralization more
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strongly in silty clay soil. Yet, contrary to our hypothesis, the
cumulative CO; fluxes (calculated over the waterlogging and
the following drainage period), and their response to water-
logging, were similar in the two soils. Only a slight differ-
ence between the two soils was observed in CO, production
during waterlogging in the second study cycle. This lack of
clear differences between the two soils contradicts with the
higher DOC and DIC contents measured in the silty clay than
in the sandy loam topsoil during waterlogging, implying a
higher mineralization rate in the silty clay during both study
cycles. The dissolved C dynamics in deeper soil layers, how-
ever, help to explain the lack of difference in the aggregated
CO; fluxes from the whole profile.

In sandy loam the increase in DIC was more modest
in the topsoil than in silty clay but the content increased
more evenly at all soil depths. This suggests that while CO,
production was lower in the sandy loam topsoil compared
to silty clay, higher microbial activity at deeper depths in-
creased the total respiration per area, thereby narrowing the
difference in cumulative CO; emissions between the two
soils. Most studies on soil C dynamics focus exclusively on
changes in the top 0-20cm soil layer (Poeplau and Don,
2015). However, it has been demonstrated that examining
the entire soil profile can yield conclusions that greatly differ
from those based solely on topsoil analysis (Tautges et al.,
2019). Thus, our findings emphasize that C dynamics in
deeper soil layers may play a significant role in overall C
dynamics and should therefore not be overlooked in future
studies.

4.2 Belowground C dynamics during waterlogging

4.2.1 Waterlogging causes a discrepancy between
respired CO; and

Increasing soil DIC concentrations — reflecting the accu-
mulation of CO;, within soil pores — indicated that during
waterlogging, C mineralization continued at a higher rate
than would have been inferred from CO; flux measurements
alone. In our experiment, accumulated CO, (ADIC) was at
most ~ 30% of the total CO, production during waterlog-
ging (sum of cumulative CO; fluxes and ADIC) which is
in a good agreement with previously reported values (Maier
et al., 2011; Sanchez-Cafete et al., 2018). The accumula-
tion of CO; results from impeded diffusive gas transport un-
der waterlogged conditions (Greenway et al., 2006), causing
CO3 to be retained in the soil and released upon re-drying,
when a peak in CO; efflux was observed. Consequently, the
discrepancy between CO; production and measured efflux
demonstrates that momentary soil CO; efflux should not be
considered equivalent to soil respiration as the two are de-
coupled in transiently high soil moisture events (Maier et al.,
2011; Ryan and Law, 2005; S4nchez-Canete et al., 2018).
Thus, the immediate response of CO, efflux to soil wa-
terlogging reflects not only the moisture sensitivity of het-

https://doi.org/10.5194/bg-23-2431-2026

2443

erotrophic respiration but also the concurrent constraints on
gas transport.

The discrepancy between CO, production and efflux likely
caused the empirical CO; efflux model to fail in simulat-
ing the flux dynamics and capturing the post-drainage CO»
pulse. The model was unable to reproduce the CO;, pulse
upon drainage because the pulse did not represent momen-
tary soil respiration but was largely a consequence of the re-
lease of previously respired CO,. These results support pre-
vious evidence that simple models may underestimate the
CO; production during water saturated, anaerobic conditions
(e.g. Fairbairn et al., 2023).

To account for the difference in measured CO, efflux
and soil respiration, Maier et al. (2011, 2010) and Hirsch
et al. (2004) have proposed an incorporation of a storage
flux term in soil moisture dependency models. They defined
the storage flux as the flux resulting from changes in the
amount of CO; stored in soil (Hirsch et al., 2004; Maier
et al., 2011, 2010). We believe that incorporating a storage
flux term could have also improved model performance in
our study. However, a robust implementation would have re-
quired higher spatial resolution of DIC measurements across
the soil profile. Overall, to accurately model C dynamics dur-
ing transient or temporary waterlogging, process-based ap-
proaches that account for anaerobic CO, production (Fair-
bairn et al., 2023) and changes in gas transport should be
considered.

4.2.2 Processes contributing to the increase in dissolved
C content

We hypothesized that soil waterlogging would promote mo-
bilization of the Fe associated C and therefore result in an
increase in soil DOC content, as commonly observed in incu-
bation studies (e.g. Chen et al., 2020; Huang and Hall, 2017;
Pan et al., 2016; Winkler et al., 2019). As opposed to our
hypothesis, soil DOC content did not increase in either soil
during waterlogging; the only clear increase was observed in
sandy loam topsoil after drainage, likely due to enhanced OM
decomposition and plant root exudation. However, TDC con-
tent increased during waterlogging, suggesting that an im-
mediate microbial mineralization of DOC to CO, may have
masked any increases in DOC content, with the effect instead
becoming apparent as an increase in DIC (Fairbairn et al.,
2023). In addition to mobilization of mineral associated C,
in the presence of plant cover, the accumulating CO, (DIC)
may have also originated from root respiration or from the
decay of root litter (Kuzyakov, 2006). The above-mentioned
processes and their contributions to increased TDC/DIC are
discussed next.

Our results suggest that the contribution of Fe dissolu-
tion and the mobilization of associated C in the overall in-
crease in TDC/DIC content was likely small. Waterlogging
appeared to induce only slight reductive Fe dissolution since
the Fe concentrations in porewater remained low throughout
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the study (max ~ 10umolL™") (Kronberg et al., 2024). In
silty clay topsoil, for instance, the highest average DIC con-
centration during the second cycle (~ 3 mmol L~!) was three
orders of magnitude higher than that of Fe (~ 2umolL™1).
Thus, although soil DIC concentration correlated with Fe
concentration during waterlogging, particularly in silty clay
soil, the dissolution of Fe-OC alone can not explain the ob-
served increases in DIC/TDC. Vice versa, the higher dis-
solved C content, reflecting soil microbial/rhizospheric activ-
ity, may have rather enhanced Fe dissolution slightly, as also
seen in previous studies (e.g. Winkler et al., 2019). Overall,
substrate availability was likely not substantially enhanced
by waterlogging, as cumulative CO; fluxes did not increase
relative to the 70 % FC treatment.

Root respiration, including the activity of roots and closely
associated microbes, can represent between 10 % and 90 %
of the total soil respiration (Hanson et al., 2000). In our ex-
periment DIC increased only slightly more with the cover
crop than without despite the ~ 10 times higher root biomass
at 0-20 cm depth with the cover crop (Kronberg et al., 2024).
Thus, if a substantial fraction of the accumulated DIC in soil
would have derived from root respiration, we would have ex-
pected a larger difference in the produced DIC. In fact, during
waterlogging, cover crops had a more pronounced effect on
measured CO, fluxes than on DIC, and thus, we think that a
significant fraction of the CO; respired by cover crop roots
was released to the atmosphere directly through their stems.
Indeed, it has previously been demonstrated that a substan-
tial amount root-derived CO; can be transported to the atmo-
sphere via transpiration stream in plant xylem (Aubrey and
Teskey, 2021, 2009). Although this mechanism could not be
verified with our experimental setup, the transport of CO,
through Tall Fescue stems seems highly likely, as the species
has been shown to develop aerenchyma under waterlogged
conditions, enhancing gas exchange between the rhizosphere
and the atmosphere (Mui et al., 2021). This feature is specific
to Tall Fescue and has not been shown to apply to many other
commonly used cover crop species, such as annual ryegrass
for example.

If the dissolution of Fe-associated C and root respiration
can account only for small portions of the observed increases
in TDC, what are the remaining potential sources? In addi-
tion to direct release of C from Fe associations, the com-
monly observed increase in C solubility upon flooding has
been attributed to pH-driven OC desorption from mineral
phases (Grybos et al., 2009; Pan et al., 2016), dispersion of
soil colloids (Buettner et al., 2014) and accumulation of mi-
crobial metabolites and fermentation products in anaerobic
conditions (Fairbairn et al., 2023; Tete et al., 2015). The cir-
cumneutral initial pH of the soils in our experiment resulted
in a slight decrease rather than an increase in pH during
waterlogging which was likely caused by an accumulation
of CO; as carbonic acid and bicarbonate (H,CO3, HCO3)
(Kronberg et al., 2024). Thus, desorption driven by the pH
increase (Grybos et al., 2009) was unlikely. In soil, fermen-
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tation and Fe reduction are often coupled (Lovley, 1991;
Snoeyenbos-West et al., 2000). Had fermentation proceeded
at a much higher rate than Fe reduction in our system, we
would have expected a more pronounced initial accumulation
of organic metabolites and fermentation products, reflected
as an increase in DOC content.

Finally, we want to bring up the possibility that O; en-
trapped in soil pores upon water saturation could have
formed aerobic microenvironments (Williams and Oostrom,
2000) where aerobic respiration could go-on and contribute
to an increased soil DIC and TDC content. Huang and Hall
(2017) speculated that anoxic-oxic interfaces may play an
important role in the observed increases in C mineralization
during waterlogging periods. The porous and heterogenous
soil matrix often leads to significant spatiotemporal variabil-
ity in soil redox conditions as well as microbial metabolic
rates and pathways (Fiedler, 2000; Keiluweit et al., 2017).
Thus, despite the low redox potentials measured in our study
(Kronberg et al., 2024), aerobic microsites may have facil-
itated aerobic instead of anaerobic respiration, thereby con-
tributing to CO; production during waterlogging.

4.3 Impact of the cover crop on C mineralization

We expected that Tall Fescue as a cover crop would alter the
response of soil CO, production to waterlogging because of
increased substrate availability promoting C mobilization. As
opposed to our hypothesis, the response of cumulative CO,
fluxes to waterlogging was similar in both plant treatments.
This suggests that cover crop root C inputs did not signifi-
cantly promote mobilization of OM from mineral phases as
reported by e.g. Winkler et al. (2019), although higher dis-
solved C content in the cover crop treatment appeared to
slightly enhance Fe solubility. Despite careful soil moisture
monitoring, slight oscillations in soil moisture occurred due
to cover crop transpiration in the sandy loam topsoil. This
introduced a minor confounding effect on soil redox state, as
noted in our preceding study (Kronberg et al., 2024). While
we consider the impact on C fluxes to be small, it may have
facilitated more efficient gas transport from soil to the atmo-
sphere. Furthermore, the specific feature of Tall Fescue being
able to form aerenchyma, which facilitates O transport into
the roots, may have mitigated its effects on Fe-associated C
by accelerating the drop in soil redox potential less than an-
ticipated (Kronberg et al., 2024). Therefore, these findings
should not be generalized to other cover crop species.

The applied methodology does not allow us to distinguish
soil respiration from total ecosystem respiration which un-
fortunately prevents a direct assessment of waterlogging ef-
fects on soil versus plant respiration. However, measure-
ments taken during the third waterlogging event, following
the removal of aboveground cover crop biomass, showed that
cover crop respiration was relatively low (0.6gCm~=2d~")
compared to the average difference in CO; fluxes between
monoliths with and without the cover crop (3.2gCm~2d™1).
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This indicates that the overall higher CO, emissions from
the monoliths with the cover were likely driven by below-
ground processes rather than by aboveground autotrophic
respiration. Furthermore, higher cumulative CO, emissions
with the cover crop persisted when normalized to cumula-
tive above ground biomass further suggesting that the higher
fluxes were not resulting from above ground autotrophic res-
piration. In fact, cover crop biomass was minor compared
to barley biomass (~ 12 %, data not shown) while the root
biomass was significantly larger under the cover crop treat-
ment as presented in our previous publication (Kronberg
et al., 2024).

Normalizing cumulative CO, fluxes from the last off-
season to root biomass in the top 20 cm of soil showed that
the fluxes per gram of root biomass were approximately three
times higher without cover crops than with them (Fig. 3).
This suggests that although the cover crop increased the CO»
emissions per m?, the plant cover had a net positive effect
on soil C sequestration because emissions per soil C input
(i.e. root biomass) were smaller. Thus, potential priming ef-
fects of the cover crop on OM (not directly measured) did not
appear to be substantial enough to offset the positive contri-
butions of the cover crop to soil C storage. Hence, our results
tentatively suggest that cover crops had a net positive effect
on soil C sequestration, even under periodic waterlogging,
which is in line with studies that have promoted cover crops
as effective strategy to improve soil C sequestration (Heikki-
nen et al., 2022; Kaye and Quemada, 2017; Poeplau et al.,
2015; Poeplau and Don, 2015).

4.4 Environmental implications and research outlook

A recent study showed that many agricultural fields in Fin-
land already experience periodic waterlogging during late
autumn when transpiration is low and rainfall is high (Mat-
tila and Vihanto, 2024). This highlights the urgent need to
apply mechanistic insights on the effects of temporary water-
logging on C dynamics from laboratory incubations to field
scale, with our mesocosm study acting as a crucial bridge be-
tween the two. Our results suggest that waterlogging outside
growing seasons might not significantly affect net C miner-
alization in cultivated mineral soils in a cool, humid climate.
Accordingly, the associated risk of soil C loss and resulting
climate feedbacks may be smaller than anticipated from lab-
oratory incubation studies, which have largely focused on
tropical and volcanic soils (e.g. Bhattacharyya et al., 2018;
Huang et al., 2020; Winkler et al., 2019). However, our study
focused merely on the effects of altered soil moisture on CO,
fluxes and dissolved C dynamics, without accounting for po-
tential impacts on C inputs, soil N dynamics or on produc-
tion of another potent greenhouse gas, nitrous oxide (N;O).
It is also important to recognize that besides soil moisture,
climate change-induced shifts in e.g. off-season soil temper-
atures and freeze—thaw cycles are likely to affect greenhouse
gas emissions and soil C sequestration capacity (Heikkinen
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et al., 2022; Liu et al., 2024). Thus, studies that evaluate the
net impacts from these factors in an integrated manner are
warranted in the future.

From the methodological perspective, we want to high-
light that the changes in soil CO, storage during and af-
ter high soil moisture events should not be overlooked as
neglecting these changes could lead to biased view of mo-
mentary soil respiration. In modelling, model-data synthesis
is used to match modelled results with the measured fluxes
facilitating the calibration of C cycling simulation models
(Nevalainen et al., 2022) and enabling the assessment of indi-
vidual climate parameters’ effects on the outcome (Heimsch
et al., 2024). The lag between respiration and the release of
the respired CO; to the atmosphere will make such model-
data synthesis challenging, as the measured CO, efflux may
result from respiration over the preceding weeks. Incorpo-
rating the temporary storage of dissolved CO, into models
would improve the accuracy of the simulation of short-term
dynamics and ensure that the respiration terms would be fit-
ted based on the correct time period under when they occur.

We conclude that because surface CO, fluxes reflect the
net soil-atmosphere release, which depends not only on pro-
duction but also on transport and temporary storage within
the soil profile, simple empirical models are unable to capture
momentary soil respiration. Moreover, the continued CO;
production observed under anaerobic, water-saturated condi-
tions supports previous findings that temporary waterlogging
does not suppress CO, production in mineral soils to near
zero. Despite the important role of short-range-ordered Fe-
oxides in C stabilization in boreal agricultural soils, the dis-
solution and mobilization of associated C did not appear to
be the primary driver of the sustained CO; production. Fur-
thermore, root C inputs from Tall Fescue, used as an over-
wintering cover crop, did not promote a substantial release
of Fe-associated C, as indicated by low dissolved Fe con-
centrations and an unaltered soil CO, efflux response to wa-
terlogging in the presence of plant cover. Overall, our results
suggest that off-season waterlogging in a cool, humid climate
has no effect on total CO; emissions from cultivated mineral
soils.
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