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CH, Site Data Sets
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Abstract Wetlands are the largest natural source of global atmospheric methane (CH,). Despite advances to
our understanding of changes in temperature and precipitation extremes, their impacts on carbon-rich
ecosystems such as wetlands, remain significantly understudied. Here, we quantify the impacts of extreme
temperature, precipitation, and dry events on wetland CH, dynamics by investigating the effects of both
compound and discrete extreme-events. We use long-term climate data to identify extreme-events and 45 eddy
covariance sites data sets sourced from the FLUXNET-CH, database and Ameriflux project to assess impacts on
wetland CH, emissions. These findings reveal that compound hot + dry extreme-events lead to large increases
in daily CH, emissions. However, per event, discrete dry-only extreme-events cause the largest total decrease in
CH, emissions, due to their long duration. Despite dry-only extreme-events leading to an overall reduction in
CH, emissions, enhanced fluxes are often observed for the first days of dry-only extreme-events. These effects
differ depending on wetland type, where marsh sites tend to be sensitive to most types of extreme-events.
Lagged impacts are significant for at least the 12 months following several types of extreme-events. These
findings have implications for understanding how extreme-event impacts may evolve in the context of climate
change, where changes in the frequency and intensity of temperature and precipitation extreme-events are
already observed. With increasing occurrences of enhanced CH, fluxes in response to hot-only extreme-events
and hot + wet extreme-events and fewer occurrences of reduced CH, fluxes during cold-only extreme-events,
the impact of wetland CH, emissions on climate warming may be increasing.

1. Introduction

Wetlands are the largest natural source of global atmospheric methane (CH,), with natural sources (wetlands and
inland waterbodies) contributing approximately 50% of total global CH, emissions (Saunois et al., 2020), whilst
providing a large array of regulating, sustaining and cultural services (Harrison et al., 2010). Wetlands have
played a pivotal role driving significant fluctuations in global CH, emissions in recent decades (Nisbet
et al., 2023; Peng et al., 2022), and are projected to play an increasing role driving 21st century warming (Zhang
et al., 2017). Extreme climate events, such as heat waves and droughts are increasing in both frequency and
intensity due to human-induced climate change (Intergovernmental Panel on Climate Change (IPCC), 2023).
Observations show that heavy precipitation extreme-events are occurring more frequently and with greater in-
tensity (Du et al., 2019). Extreme climate events directly impact ecosystem functioning (Reichstein et al., 2013)
and land surface properties (e.g., soil moisture), creating positive and negative feedbacks with the atmosphere
(Seneviratne et al., 2006, 2012). Discrete (or univariate) extreme-events are events where a single variable is in an
extreme state whereas compound extreme-events involve two or more drivers (such as simultaneous extreme heat
and drought) and can lead to severe ecosystem impacts (Leonard et al., 2014; Seneviratne et al., 2012).

Carbon dioxide fluxes have for a long time been used as the indicator for ecosystem net carbon gain or loss
(Schwalm et al., 2012; Wolf et al., 2016). However, research has shown that carbon loss via CH, fluxes have an
equally important role on warming, relative to CO, fluxes (Zhuang et al., 2015; Zou et al., 2022). Compared to our
understanding of the impacts of extreme-events on CO, fluxes (Von Buttlar et al., 2018; Zscheischler et al., 2014),
we know relatively little as to how CH, emissions at the ecosystem level respond to extreme-events (Zhang
et al.,, 2017). Previous multi-site syntheses that have assessed the impacts of extreme climate events on
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Figure 1. Wetland CH, emissions are the result of local site characteristics,
which are in turn affected by regional-scale systems, which are in turn
impacted by planetary-scale features. Schematic identifying the
characteristic processes driving wetland CH, emissions, and their relevant
spatial and temporal scales. Included are driving processes that are limited to
local impacts (blue), microtopography and site properties (gold), which
overlap with regional driving processes, such as permafrost presence
(green), as well as large scale processes, such as interannual modes of
climate variability (purple) and long-term climate change (orange). The
black dashed line outlines the scales relevant for the extreme-events assessed
in this study.

dominant drivers of CH, flux variability, however, water levels and vegeta-
tion composition also play important roles (Long et al., 2010; Sturtevant
et al., 2016). Significant changes to wetland extent (Zhuang et al., 2015),
artificial drainage or rewetting have the potential to override these dynamics
(Zou et al., 2022). Simultaneous changes to temperature and water levels lead
to interacting responses where, higher CH, emissions have been observed in
plots subjected to both warming and flooding (raised water table) (Turetsky
et al., 2008).

Significant impacts to wetland ecosystems have been documented during and
following heat waves, droughts, and other extreme-events. The heatwave
caused by the European summer 2003 climate anomaly caused substantial
die-off of Sphagnum moss, the primary plant responsible for peat develop-

ment and carbon accumulation in peatlands, with sustained impacts for at least the 4 subsequent years across 20
Alpine bogs (Bragazza, 2008). The warm and dry conditions of the 2018 European drought led to a lowering of
the water table at several mire sites leading to reduced CH, emissions (Rinne et al., 2020). A series of drought

experiments in a range of wetland systems, observed reduced CH, emissions due to enhanced methanotrophic
oxidation under drier conditions (Borken et al., 2006; Davidson et al., 2008; Olefeldt et al., 2017), where, reduced
emissions have continued beyond the length of the drought (Kang et al., 2018). However, an experimental drought

study saw an initial release of CH,, followed by reduced emissions, persisting beyond the drought itself (Dowrick

et al., 2006).

Lagged ecosystem responses encompass complex overlapping, asynchronous responses to environmental change

(Ruehr et al., 2019; Seneviratne et al., 2012). In particular drought, or extended dry periods, have lasting

ecosystem consequences (Frank et al., 2015). During extreme-events, plants may change their quality, quantity
and timing of litter and rhizodeposition, impacting SOM fractions leading to shifts in microbial populations, and
therefore CH, emissions (Nazaries et al., 2013; Reichstein et al., 2013). Field studies monitoring the impacts of

extended dry periods on vegetation and CH, emissions have reported vegetation die-off during drought

accompanied by reduced emissions, followed by the establishment of introduced species during rewetting, and

enhanced emissions following rewetting (Kosten et al., 2018; Malone et al., 2013). Methane production by

methanogenesis has recovered quickly after rewetting following drought, however, positive CH, fluxes to the
atmosphere (indicative of replenished soil CH, concentrations) were delayed (Knorr & Blodau, 2009; Olefeldt
et al., 2017). In a long-term experimental study investigating the impacts of intensified winter soil frost, reduced
sedge leaf area and enhanced Sphagnum moss growth led to reduced CH, emissions during subsequent growing

seasons, and thereby reduced annual CH, budgets (Zhao et al., 2016). Lagged and legacy effects of climate

extreme-events are understood to significantly alter various components of the terrestrial carbon cycle (Reichstein

et al., 2013).

The changing intensity and frequency of temperature and precipitation extremes, alongside ecosystem sensitivity

and risk, varies seasonally and differs across regions (Seneviratne et al., 2012). Wetland extreme-event impacts

are seasonally dependent, partly because wetland CH, production shows enhanced temperature sensitivity during

summer months (Li et al., 2023). High latitude carbon-rich ecosystems, such as permafrost and tundra
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ecosystems, are at particular risk because conversion of a small fraction of these carbon pools into CH, can
rapidly increase the rate of future climate change (Christensen et al., 2021; Schuur et al., 2015).

Eddy covariance (EC) measurements can be used to provide an estimate of the ecosystem-scale response to
changing climate or environment. The FLUXNET-CH, data set (Delwiche et al., 2021; Knox et al., 2019) and the
Ameriflux project (Novick et al., 2018) provide measurements of the exchange of carbon (CH,, CO,), energy, and
water between the land and the atmosphere. Here, we use 45 site data sets to study the effects of extreme tem-
perature and precipitation events on CH, fluxes. Using these site data sets, we aim to (a) investigate the dif-
ferences between compound (simultaneous) and discrete (univariate) extreme-events, (b) assess the cumulative
impacts over the duration of extreme-events, (c) analyze the lagged impacts that extend beyond the length of the
event itself, and (d) assess the effects of seasonality and wetland classification on CH, flux anomalies during
extreme-events. We expect (a) compound extreme-events to generally lead to larger impacts than discrete
extreme-events, (b) impacts increase with event duration, (c) wetland CH, emissions to return to baseline within
days to weeks after the end of an extreme-event, and (d) the largest impacts will occur during warm months due to
enhanced microbial temperature sensitivity, with differences between wetland types due to differences in physical
properties like pH, soil and vegetation type.

2. Methods

To identify extreme-events over sufficiently long and consistent time periods for all sites, we used gridded climate
data because the length of meteorological site measurements was insufficient for the long time periods required
for extreme-event detection. Using the FLUXNET-CH, database and the Ameriflux project, we compared fluxes
during these extreme-events with fluxes measured at the same time of the year, for other years, outside of
extreme-events.

2.1. Extreme-Event Detection and Identification

Here, we explain the process used to identify discrete (univariate) extreme-events and compound (simultaneous)
temperature and wet/dry extreme-events. Long-term daily temperature and precipitation data were used to
identify extreme climate events. To identify extreme precipitation events, we used the gauge-based daily pre-
cipitation data set, GPCC Full Data Daily Version 2022 (GPCC), which is available for the period from January
1982 to December 2020 (Schamm et al., 2014; Ziese et al., 2018). To identify temperature extreme-events, we
used the 5th generation ECMWF atmospheric reanalysis product for the land (ERAS5-Land) over the same time
period (Mufloz-Sabater et al., 2021). Extreme temperature, precipitation, and dry events were calculated for the
period from January 1982 to December 2020.

An extreme event can occur in any season and therefore the daily time series were deseasonalized by subtracting
the daily average of all years of data (Von Buttlar et al., 2018). To do this the mean air temperature or precipitation
for each day of the year was calculated across all available years. This was then smoothed with a 2 weeks moving
average during a given year (Equation 1) and finally subtracted from the air temperature time series (Equation 2).

1 7 2020
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where, () represents the daily air temperature or precipitation, J(z, y) represents the day of year at time, ¢, but in
year, y. A T denotes the climate anomaly, Nn is de number of days of the moving window and Ny is the number of
years used to calculate the average temperature (or rainfall). A percentile-based approached (Seneviratne
et al., 2012; Zscheischler et al., 2014) was used to define the upper and lower 5th percentile of the deseasonalized
temperature distribution as extreme. To identify wet extreme-events, the upper Sth percentile of the deseason-
alized precipitation distribution was defined as extreme (using Equation 1 and Equation 2). Tests using desea-
sonalized and non-deseasonalized precipitation data yielded consistent results. To identify extreme dryness, dry
days were identified as days where total daily rainfall was <1 mm. Successive dry days were concatenated and the
upper 10th percentile of the duration of consecutive dry days (CDD) were defined as dry extreme-events for each
station. The 10th percentile was used in the calculation of dry extreme-events so that the number of all-dry
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Figure 2. Geographical distribution of sites used in this study. Circular symbols represent sites included in all analyses in this
study, while square symbols indicate sites limited to the assessment of temperature extreme-event impacts. This map was
created using Matplotlib Basemap (https://matplotlib.org/basemap/).

extreme days was similar to the number of all-wet, all-cold, and all-hot extreme days. For the purposes of
identifying extreme dry periods, it was not possible to deseasonalize the precipitation data. Nevertheless, the
impacts of extreme dry periods on wetland CH, fluxes may be seasonally dependent and therefore the seasonal
impacts of extreme dry periods on CH, fluxes were assessed.

To differentiate between the effects of discrete (univariate) extreme-events and compound (simultaneous) tem-
perature and wet/dry extreme-events, the following types of extreme-events were distinguished (Table S1 in
Supporting Information S1): (a) extreme-events irrespective of possible simultaneous extreme-events (i.e., all-
hot, all-cold, all-wet, and all-dry), (b) discrete extreme-events (i.e., hot-only, cold-only, wet-only, dry-only)
and (c) compound extreme-events (i.e., hot + dry, hot + wet, cold + wet, cold + dry). Compound extreme-events
were identified as multiple extreme-events occurring simultaneously on a given day. Discrete extreme-events
were identified as only a single extreme-event occurring on a given day. Additionally, if the period between
two consecutive extreme-events was shorter than 20% of the combined length of the two extreme-events together,
the two successive extreme-events were treated as one single event (Von Buttlar et al., 2018).

2.2. Flux and Site Data Selection

We used site-based EC flux tower data sets with more than 3 years of flux measurements available under the CC-
By-4.0 data use policy from the Ameriflux project (Novick et al., 2018) and the FLUXNET-CH, initiative
(Delwiche et al., 2021; Knox et al., 2019). Of the 577 sites in the Ameriflux project under the CC-By-4.0 data use
policy, 123 sites measured CH, fluxes, and 45 sites had CH, flux measurement records spanning at least 3 years.
Of the 81 sites in the FLUXNET-CH, database, 37 sites had CH, flux measurement records spanning at least
3 years. The urban wetland site, UK-LBT, was omitted along with lake site, DE-Dgw, because these sites capture
CH, emission processes outside the scope of this study. To determine which sites could be included in the
assessment of both precipitation and temperature extreme-events, correlations of both temperature and precipi-
tation long-term gridded climate data and site-based data were calculated using a simple linear regression model.
If the R? value was less than 0.9, for either temperature or precipitation, the time series of the grid box with an R?
closest to 1.0 from the nine nearest grid boxes (i.e., the direct neighboring pixels to the grid box with the EC
tower) was tested. Stations with an R?< 0.6 were omitted from the study. This resulted in 45 sites being selected
for inclusion in the assessment of temperature extreme-events and 20 sites in the assessment of dry extreme-
events, precipitation extreme-events, compound extreme-events, and discrete extreme-events (Table S2 in
Supporting Information S1, Figure 2).
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All sites included in this study are representative of a wet system and were classified by wetland type - including
bog (n = 8), fen (n = 10), drained (n = 4), upland (n = 6), marsh (n = 6), rice (n = 2), and wet tundra (n = 8). The
two salt marsh sites were excluded from the wetland classification analysis due to a lack of data. Wetlands were
classified according to the FLUXNET-CH, metadata (using the “SITE_CLASSIFICATION” variable) and site
literature.

Variable, “FCH,” was used to assess CH, fluxes. From the FLUXNET-CH, data set, non-gap-filled aggregated
daily flux measurements were used and gap-filled data was included only if the time between two actual mea-
surements was 24 hr, and otherwise excluded. For site data accessed through Ameriflux, half hourly measure-
ments were aggregated to daily averages if more than 70% of original measurements or high confidence gap-filled
(QC flag “0”) data were available and was only included if the time between two actual measurements was less
than 24 hr. Tests comparing our aggregated data and entirely non-gap-filled data confirmed that our conclusions
remained consistent. For tall towers, the storage correction term, “SCH,,” was added to CH, flux measurements.
We did not exclude data based on the length of data gaps because some sites included in this study lie within the
Arctic where measurements are only available for the growing season but at times, for several consecutive years.
Instead, daily flux data was included where at least 3 years of data were available for that day of the year, and
otherwise excluded.

Differences in CH, flux sensitivity across sites may impede a straightforward assessment of extreme-event
impacts and therefore each site flux data set was normalized by standard deviation (Equation 3). Analyses
were completed using both normalized and native CH, flux units and our conclusions remain consistent for both
normalized and non-normalized data. This manuscript presents CH, flux anomalies calculated using normalized
site fluxes [—].

_f-f
WO =55

3)

where, frepresents the daily flux f represents the mean of daily site fluxes, o( f) represents the standard deviation
of the daily site fluxes, and z [—] denotes the normalized daily flux.

For each extreme-event day, the daily flux anomaly was defined as the difference between the mean daily flux and
a comparable reference period (Equation 5), calculated using normalized fluxes. The reference period was defined
as the mean of the day of the year for all other years with available site data and then smoothed using a 14 days
moving-average (Equation 4). Anomalies are therefore only representative of extreme-event days with available
measurements.

1 7 2020
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where, A Z represents the normalized flux anomaly. Tests using a 7 and 21 days moving-average confirmed that
our conclusions remain consistent when calculated relative to both shorter and longer moving-average windows
(Figure S1 in Supporting Information S1).

One complication when estimating the impacts of wet extreme-events on CH, flux measurements is that EC
towers have difficulty to measure during moments of heavy precipitation because the open-path instrumentation
(e.g., sonic anemometers) are affected by water droplets (Burns et al., 2015). On rainy days, the intermittent, often
start, stop, nature of precipitation means that flux measurements may be possible during rain-free moments. To
maintain high quality flux data, we have restricted the analysis to only include data if more than 70% of original
measurements or high confidence gap-filled data were available, only using high quality gap filled data if the time
between two actual measurements was 24 hr or less.
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2.3. Assessment of Extreme-Event Impacts on CH, Fluxes

We first assessed the impacts of extreme-events that occurred irrespective of other simultaneous extreme-events
(all-hot, all-cold, all-wet, all-dry) on wetland CH, emissions. We then compared the impacts of compound
extreme-events (cold + dry, hot + dry, hot + wet, cold + wet), discrete extreme-events (cold-only, hot-only, wet-
only, and dry-only), against extreme-events that occurred irrespective of other simultaneous extreme-events (all-
hot, all-cold, all-wet, all-dry) on wetland CH, emissions.

To understand the ecosystem response to both compound and discrete extreme-events, we assessed three types of
responses: (a) CH, flux anomalies during the event; (b) cumulative CH, flux anomalies over the event duration;
(c) CH, flux anomalies extending beyond the length of the extreme-event itself (lagged response). To test for
statistical significance, flux anomalies were compared against reference data where the reference data consisted
of all flux data, excluding extreme-events. The lagged response was evaluated by comparing the daily CH, flux
anomalies for the 12 month period after the event against the CH, flux anomalies during reference years. The
reference data for this analysis excluded the year following the event as well as other extreme-events.

We quantified the ecosystem response to both compound and discrete extreme-events using the entire data set, but
also assessed the role of (a) seasonality (northern hemisphere summer, spring, winter, and autumn), and (b)
wetland classification. These assessments were limited to the northern hemisphere because the two southern
hemisphere sites did not qualify for inclusion in the compound and discrete extreme-events assessment due to
poor correlation between site precipitation data and the long-term GPCC precipitation record.

The sign convention in this paper is that a positive gas flux is indicative of the flux entering the atmosphere and
therefore, a positive flux anomaly indicates a higher than average emission. To test for statistical significance, the
Mann-Whitney U test was used to compare distributions and the Welch's #-test was used to specifically compare
the mean of distributions. The Mann-Whitney U test is a nonparametric test that determines if it possible to reject
the null hypothesis that both samples come from the same population, without making the assumption that the two
populations are normally distributed. The Welch's #-test is a two-sample location test, suitable for populations
with unequal variances and sample size, to test if two populations have equal means. All analyses were conducted
using Python three and the statistical tests were performed using the SciPy and pyMannKendall Python packages.

2.4. Changing Extreme-Event Frequency

To provide a picture of how extreme-events are changing at these wetland sites, we calculated linear trends using
longterm climate data. We used the median of pairwise slopes method (or Sen's trend estimator) to calculate long-
term trends (Aschrott, 2021; Sen, 1968), and trend significance was estimated using the Mann-Kendall test (Farlie
& Kendall, 1971).

3. Results

Firstly, we assess the changing frequency of extreme-events at these wetland sites (Section 3.1). We then
investigate the effects of extreme-events on wetlands by assessing the mean daily CH, flux anomalies (Sec-
tion 3.2). Thirdly, we assess the changing and cumulative impacts over the duration of extreme-events (Sec-
tion 3.3) and lastly, the lagged impacts (Section 3.4). All CH, flux anomalies are calculated using unitless [—]
normalized daily site fluxes (Equation 3).

3.1. Changing Extreme-Event Frequency at Wetland Sites

Over the past decades, notable changes have occurred in the frequency and intensity of climate extreme-events at
these wetland sites (Figure 3). Cold-only and hot-only extreme-events showed strong longterm trends where the
decrease in the frequency of cold-only extreme-events (—7.7 days year~™') was larger than the increase in hot-only
extreme-events (5.4 days year™!, Figure 3). Discrete extreme-events occurred more often than compound
extreme-events, over the entire assessment period. There was no significant change in the frequency of most
compound extreme-events (cold + dry, cold + wet, hot + dry), although a slight positive trend in the frequency of
hot + wet extreme-events (+0.2 days year‘l) was observed.
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Figure 3. Extreme-event frequency is changing at these wetland sites. Average trends (days per year) of extreme-event
occurrence across all sites and the associated statistical significance (p). Statistically significant trends are indicated by: +++
(p < 0.001), ++ (p < 0.01), + (p < 0.05). Note the different y axes.

3.1.1. Increasing Hot-Only Extreme-Event Frequency Across all Seasons

Seasonal results showed significant warming in all seasons (Figure S5 in Supplementary Information S1). The
largest changes have occurred during spring hot-only extreme-events (2.0 days year™!), autumn cold-only
extreme-events (—5.3 days year™!), and spring dry-only extreme-events (—2.9 days year~!). Strong decreases in
the frequency of cold-only extreme-events were observed during winter (—2.9 days year™!) and summer
(—0.5 days year™!) extreme-events. The changing frequency of hot-only extreme-events was observed across all
other seasons - winter (1.6 days year™!), summer (1.1 days year™!), and autumn (1.0 days year™'). These results
indicate several significant longterm trends in extreme-event frequency with substantial differences across
seasons.

3.2. Compound Extreme-Events Impact CH, Flux Anomalies

Compound extreme-events (Figures 4a—4d) influenced both the magnitude and at times, the direction of CH, flux
anomalies relative to the impacts of all-hot, all-cold, all-wet, all-dry extreme-events (Figures 4e—4h). Hot + dry
extreme-events (1.11 &+ 1.32) led to the largest flux anomalies, where impacts were significantly different to both
all-dry and all-hot extreme-events (p < 0.05), and the reference data (p < 0.001). Cold + wet extreme-events
(—0.34 £ 0.22) led to notably reduced CH, fluxes with low variability, significantly different to the impacts
of all-wet and all-cold extreme-events (p < 0.05), and the reference data (p < 0.01). Hot 4+ wet extreme-events
(0.32 + 0.86) caused notably enhanced CH, fluxes, significantly different (p < 0.05) to the reference data but not
significant relative to the impacts of all-hot extreme-events or all-wet extreme-events. Hot-only extreme-events
(0.21 £ 0.81) led to notably enhanced CH, fluxes, significantly different (p < 0.001) to the reference data but not
significant relative to the impacts of all-hot extreme-events. Mean CH, flux anomalies during dry-only extreme-
events (—0.03 £ 0.84) and wet-only extreme-events (0.05 £ 0.9) were minimal but highly variable. Flux
anomalies were not observed during cold + dry extreme-events or cold-only extreme-events. It is important to
note that compound extreme-events occurred less frequently than discrete extreme-events and therefore, the
number of measurements were also less. For example, there were 1128 days of CH, flux measurements during
hot-only extreme-events but only 53 days of measurements during hot + dry extreme-events. The distributions of
compound and discrete extreme-events emphasize how strongly compound and discrete extreme-events differ
from all-hot, all-cold, all-wet, all-dry extreme-events (Figure S3 in Supporting Information S1).
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Figure 4. Compound extreme-events influence the magnitude and the direction of CH, flux anomalies relative to the impacts
of all-hot, all-cold, all-wet, all-dry events. (a—d) Flux anomalies during compound and discrete events (y axis) are plotted
(and tested for statistical significance) against the impacts of all-cold, all-hot, all-wet and all-dry extreme-events (x axis).
Statistical significance (p<0.05) is indicated using a black outline. Average anomalies across all sites are shown using large
markers and individual sites are shown using small markers. Black arrows indicate data points outside the plot range. (d—f) Box
plots show upper and lower quartile (boxes), median (black line), mean (gray square), smallest and largest values without
outliers (whiskers). The number of data points and outliers are written in brackets along the x axis. Statistical significance
relative to the reference data is indicated by: +++ (p < 0.001), ++ (p < 0.01), + (p < 0.05).

Without checking whether extreme-events were compound or discrete in nature, extreme temperature-events (all-
hot and all-cold) led to significant impacts, whereas all-wet and all-dry events did not (Figures 4e—4h). All-hot
extreme-events (0.20 £ 0.76, mean * standard deviation) generally caused enhanced CH, flux anomalies,
significantly different (p < 0.001) to the reference data (Figure S3 in Supporting Information S1). Conversely, all-
cold extreme-events (—0.04 = 0.61) resulted in minimally reduced flux anomalies, significantly different to the
reference data (p < 0.05). Both all-dry extreme-events (0.05 £ 0.93) and all-wet extreme-events (0.05 £ 0.9) led
to a broad range of anomalies, where the overall impacts were not significantly different to the reference data.
Methane flux anomalies showed a degree of variability in response to all types of extreme-events, as indicated by
both positive and negatives anomalies in response to all event types. These conclusions remained consistent for
non-normalized data (Figure S2 in Supporting Information S1). These results indicate that compound and discrete
extreme-events influenced both the scale and direction of CH, flux anomalies relative to the impacts of all-hot,
all-cold, all-wet, all-dry extreme-events.

3.2.1. Seasonal Impacts Varied Across Extreme-Event Types

Seasonal differences in wetland impacts were observed in response to several types of extreme-events, namely
dry-only, hot + dry, hot-only, and hot + wet extreme-events (Figure 5). Enhanced daily flux anomalies were
found during summer (JJA) hot + dry extreme-events (1.36 + 1.47) and hot-only extreme-events (0.45%+ 1.06)
and, significantly different to the seasonal reference data. Conversely, summer cold-only extreme-events (—0.31
+ 0.52) caused significant negative flux anomalies relative to the reference data. Enhanced anomalies were also
observed during summer hot 4+ wet extreme-events (0.8 £+ 1.08) though not significantly different to the reference
data. Spring (MAM) hot + dry extreme-events (1.36 £1.47), dry-only extreme-events (0.45 + 1.49), and hot-only
extreme-events (0.16 + 0.58) caused significant positive flux anomalies. The impacts of dry-only extreme-events
showed large variability between seasons: notable positive anomalies during spring, varied anomalies during
summer (—0.01 = 0.77) and negative anomalies during autumn (—0.25 £ 0.49), with few or no measurements
recorded during winter (DJF) extremes-events. Autumn (SON) extreme-events saw limited occurrence of sig-
nificant flux anomalies relative to the reference data, where dry-only extreme-events and wet-only extreme-

LIPPMANN ET AL.

8 of 20

85U017 SUOLIWOD aAER1D) 8|dealjdde ay) Ag peusenob afe sopie YO ‘8sn Jo se|n 10} AriqiT8uluO A8|IM UO (SUONIPUOD-PUR-SWLBIALI0D A8 |IM"Afelq 1 Bul UO//SANy) SUONIPUOD pue SWie 1 8yl 88s *[202/2T/60] o Ariqiaullu A8|IM ‘T0Z800991202/620T OT/I0p/woo: As|im Aseidijpuljuo'sgndnBe;/sdny wou) pepeojumod ‘6 ‘v202 ‘¥Zz6iv6T



AN |
M\I Global Biogeochemical Cycles 10.1029/2024GB008201
AND SPACE SCIENCES
Hot+dry Hot+wet Hot-only Dry-only Wet-only Cold-only
+++
4_ 4 4 4 4 4
+++
2_ 4 4 4 4 4
+++ + +
+++ +++ it
SRS BTN Y PR PR S
=T
n -24 i 1 i i i
% 14 37 8 7 10 8 225 411 269 104 67 385 175 46 111 410 275 192 78 19 212
E K Yy & $ &y & $ % & $ ¥ & $ ¥ & $ ¥ &
S W Y P W ¥ P W ¥ P W Y P ¥ ¥ P O W ¥ P
© +++
x
S 4] | 1 | ] |
"_:r 4 +++i haa
T
®) +
2_ 4 4 4 ++ 4 4
++ +
H +++ Ji x iy H+ +++ 4
o8 R R ea . +{' 4 ¢ dieiHeE
_2_ 4 4 - 4 4 4
115 19 6 10 15 13043 371 117 218 51 25 37_65 13128440 70 226 335 19247 18 63 10 1487 15947 7
O DL S Do Q2 O DL L D@ @ O DL S Do > O DL L D@ Q> O DL S Do 2 O DL N D@ Q>
<boo<_b\<\®(<® @'D@\) Q\,DQQ}(: \@(\& @00{»\(\'&((@\“0@0 Q\’b(\Q~\° '&(\& & @&(‘0 @»@-\) Q\(b(\q_\(: \@(\& Q)oo@(\%e@(&e\} Q\’DQQ‘\O \@(\& Q}oo@(\%e @@@0 q\(‘)(\ A \@(\& e00{_2’\,\@(@ \@e\) Q\,oo@o \@(\b*

& A\Q} & & & &

Figure 5. Extreme-event impacts varied across seasons (upper panels) and wetland classification (lower panels). Box plots show upper and lower quartile (boxes),
median (black line), mean (gray square), smallest and largest values without outliers (whiskers). Statistical significance relative to the reference data (separated by
season and wetland classification, respectively) is indicated by: +++ (p < 0.001), ++4 (p < 0.01), + (p < 0.05), calculated using Welch's s-test. The number of data
points included in the analyses are written along the x axes. Distributions with less than five members are omitted.

events (—0.03 +0.64) are exceptions. Winter extreme-events did not cause significant impacts relative to the
reference data. Seasonal differences were observed in response to several types of extreme-events, where summer
and spring extreme-events led to particularly large effects relative to reference data (Figure 5).

3.2.2. Extreme-Event Impacts Varied According to Wetland Type

Extreme-event impacts varied depending on wetland type, where marsh sites tended to show a sensitivity to most
types of extreme-events. Hot + dry extreme-events led to enhanced emissions in all types of wetlands, where, the
effects were large and statistically significant in marsh (1.57 + 0.85) and particularly, upland (3.64 &+ 1.01) sites.
Hot-only extreme-events generally led to varied effects, where enhanced and significant emissions were observed
in marsh (0.71 £ 1.08), fen (0.19 £ 0.48), and rice (0.26 £ 0.55) sites. Whilst, bog (0.06 £ 0.4), drained (0.09 £
0.73), wet tundra (0.05 £ 0.73) and upland (0.08 £ 1.18) sites showed a degree of variability in response to hot-
only extreme-events. The impacts of hot + wet extreme-events led to diverging effects where emissions were
notably enhanced in fens (0.66 + 0.73) but variable in upland sites (—0.03 + 0.77). Dry-only extreme-events led
to a range of responses with small enhanced emissions in bog (0.32 + 0.54) sites, negative anomalies in upland
(—0.43 £ 0.67) sites, and small but variable anomalies in marsh (—0.15 #+ 0.85), fen (0.21 % 1.12), drained (—0.03
+ 0.35), and rice (0.04 £ 0.42) sites. This is partly due to differences in event durations observed across wetland
types (Section 3.3). The impacts of cold-only extreme-events varied according to wetland type: mild but sta-
tistically significant negative anomalies in marshes (—0.22 + 0.25), bogs (—0.17 £ 0.22), and fens (—0.11 £ 0.2),
with minimal effects observed in drained (0.13 % 0.59), upland (0.13 = 0.91), wet tundra (0.03 £ 0.36), and rice
(—0.04 + 0.29) sites. Wet-only extreme-events did not lead to any statistically significant impacts. These results
show that the effects of extreme-events differed depending on wetland type, where marsh sites tended to be
sensitive to most types of extreme-events.
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Figure 6. Extreme-event impacts varied over the event duration. Upper panels show the overall impacts, middle panels show the seasonal effects, and lower panels show
the differences between wetland classification. Shading indicates 1 standard deviation. Generalized additive models were fitted to the data to display the overall trends.
Extreme-event types with only single day extreme-events were omitted (cold + wet and hot + wet). Note the differing x and y axes.

3.3. Changing Impacts Over Event Duration

Cumulative impacts reveal the total emission anomaly caused by each type of extreme-event but also whether
daily impacts remained consistent throughout the event duration. Extreme-events tended to lead to consistent
effects on daily CH, flux anomalies throughout the duration of the event, with the exception of dry-only events
(Figure 6). The impacts of dry-only extreme-events on CH, fluxes were marked by an initial phase of enhanced
CH, fluxes and a second phase of reduced fluxes, resulting in a large cumulative negative flux anomaly (—23.52
on day 106, cumulative flux anomaly). It is worth noting that fluxes recorded during dry-only events that persisted
beyond 100 days stem from 4 sites in the same region (US-Bil, US-Bi2, US-Sne, US-Tw4). Hot + dry extreme-
events (8.24 on day 9) and hot-only extreme-events (2.6 on day 9) caused consistent enhanced CH, flux
anomalies. Cold-only extreme-events (—2.2 on day 14) resulted in consistent negative flux anomalies for the
duration of the event. Cold + dry extreme-events led to positive daily flux anomalies (0.52 + 0.18, mean daily
flux anomaly + standard deviation), that gently decreased in magnitude with the length of event, resulting in a
very small cumulative flux anomaly (0.32 on day 6). Wet-only extreme-events led to a small positive cumulative
flux anomaly (1.03 on day 4). These results indicated that extreme-events tended to cause consistent accumulating
impacts throughout the event duration, with the exception of dry-only extreme-events where impacts occurred in
two phases.

3.3.1. Seasonality Influenced Cumulative Flux Anomalies

Seasonality influenced the magnitude of cumulative flux anomalies during all extreme-event types with available
data (Figure 6). Particularly dry-only extreme-events which caused diverging impacts depending on season.
Spring dry-only extreme-events caused consistently enhanced daily flux anomalies (6.95 on day 18, cumulative
flux anomaly). Whereas, summer dry-only extreme-events impacts occurred in two phases, shifting from
enhanced to reduced fluxes on day 26, resulting in a large cumulative negative flux anomaly (—13.05 on day 67).
Autumn dry-only extreme-events caused consistently reduced fluxes, leading to a very large cumulative flux
anomaly (—18.90 on day 87). Summer hot-only extreme-events (4.11 on day 9) and hot + dry (10.25 on day 9)
extreme-events caused large cumulative flux anomalies, with milder effects during spring, autumn, and winter.
Hot-only extreme-events caused consistent positive flux anomalies during summer events (4.11), winter events
(2.37), and spring events (1.84). However, autumn hot-only extreme-events events led to small negative cu-
mulative flux anomalies (—0.23). Cold-only extreme-events caused negative daily flux anomalies across all
seasons, with the largest camulative anomalies occurring during winter (—2.08). Spring, summer, and autumn
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the extreme-event. Statistical significance relative to the reference period is indicated by: +++ (p < 0.001), ++ (p < 0.01), +

(p < 0.05), calculated using a Mann—-Whitney U test. The mean + STD of the mean daily CH, flux anomalies of the year
following extreme-events and the reference data are provided in the legend, and shading indicates =1 STD. The number of CH,
measurements used to make this figure is plotted in Figure S4 in Supporting Information S1.

cold-only extreme-events led to small negative cumulative flux anomalies (—0.37, —0.49, —0.45, respectively).
Both summer and spring hot + dry extreme-events resulted in consistent enhanced flux anomalies. Wet-only
extreme-events caused consistent enhanced anomalies during summer (1.65) and spring (0.50). These results
showed that seasonality influenced the cumulative and changing impacts over the extreme-event duration, but
caused polarizing effects during dry-only extreme-events.

3.3.2. Cumulative Impacts Varied According to Wetland Type

Cumulative extreme-event impacts varied according to wetland type. In response to hot + dry extreme-events,
accumulated CH, anomalies were substantial in upland (21.85) and marsh (10.94) sites but minimal in bog (1.47)
and drained (1.29) sites. Over the course of dry-only extreme-events, large negative anomalies accumulated in
marsh sites (—23.62), moderate negative anomalies accumulated in upland sites (—7.29), enhanced anomalies in
bog sites (6.11), and small anomalies in fens (2.55), rice (1.53), and drained (—1.62) sites. While both drained and
marsh sites recorded CH, measurements during long duration (>80 days) dry-only extreme-events, large
anomalies were only observed in marsh sites. Over the duration of hot-only extreme-events, enhanced emissions
accumulated at marsh (7.1) and upland (4.19) sites, while small but consistent emissions were observed at fen
(1.83), rice (1.15), drained (1.23) and bog (0.74) sites. The emissions that accumulated over even the most
persistent (4 days) wet-only extreme-events were low across all types of wetlands, with the largest anomalies
observed in bog sites (1.88). During cold-only extreme-events, small or no anomalies were observed in most types
of wetlands, where the largest effects, as well as longest event durations, were observed in upland sites (—1.73).

3.4. Lagged Response: Enhanced Flux Variability Following Extreme-Events

For at least the year following extreme-events, CH, fluxes were observed to be highly variable and significantly
different (p < 0.001) to the reference data for several extreme-event types (Figure 7), with the largest effects
observed following cold + dry extreme-events. Of the discrete extreme-event types, dry-only extreme-events
exerted the largest anomalies in the year following events, in comparison to the reference data. Methane flux
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anomalies following cold + wet extreme-events (0.05 = 0.3, mean daily flux anomaly + standard deviation),
cold-only extreme-events (0.04 + 0.06), and dry-only extreme-events (0.09 £ 0.1) were higher than the reference
data, whereas CH, fluxes following cold + dry extreme-events (—0.28 + 0.42) and hot-only extreme-events
(—0.04 £+ 0.04) were reduced relative to the reference data. Methane fluxes following wet-only extreme-
events (0.02 = 0.03), were significantly different to the reference data (0.001 £ 0.03). Fluxes exhibited
increased variability in the year following hot + dry extreme-events and hot + wet extreme-events, although
average annual CH, flux anomalies were comparable to the reference data. These results are indicative of the
lasting effects extreme-events can have on wetland ecosystems.

4. Discussion
4.1. Assessment of Compound and Discrete Extreme-Events

We found that differentiating extreme-events into compound and discrete events to be a critical step to under-
standing the extreme-event impacts on wetland ecosystems because compound extreme-events can have impacts
on CH, fluxes that are opposite in sign to discrete extreme-events. Hot + dry extreme-events led to large enhanced
CH, fluxes which were significantly different to both dry-only and hot-only extreme-events, indicating that
interacting processes caused by concurrent extreme-events work to enhance net CH, emissions. This was also true
for the compounding and interacting processes during cold + wet extreme-events relative to all-cold and all-wet
extreme-events.

Our results indicate that compound and discrete extreme hot events (hot-only, hot + wet) and extreme dry events
(hot + dry, dry-only) lead to large impacts on wetland CH, emissions, where extreme wet events (wet-only), and
extreme cold events (cold-only) generally have mild effects. Many previous studies have found temperature to be
the main driver of daily CH, fluxes at wetland sites (Desai et al., 2015; Sturtevant et al., 2016). Daily soil and air
temperature were identified as the dominant predictors of CH, emissions at FLUXNET-CH, sites (Knox
et al., 2021; Sturtevant et al., 2016). Methane fluxes are reduced during cold + wet extreme-events which in-
dicates that the sensitivity of methanogenic archaea to cool temperatures is greater than the impacts of increased
oxic conditions (Bardgett et al., 2008; Conrad, 1996). It is unexpected that cold + dry extreme-events did not lead
to anomalous CH, fluxes, given that cold temperatures suppress fermentation and dry conditions promote CH,
oxidation by increasing oxygen availability and methanotrophic activity (Dean et al., 2018). However, limited
flux measurements were recorded during cold + dry extreme-events, and of those available, all were recorded
during winter where CH, emissions are typically very low.

We assessed the impact of heavy rainfall extreme-events but did not find a consistent relationship with anomalous
CH, fluxes, where autumn wet-only extreme-events were an exception. Whilst the anaerobic conditions resulting
from saturated soils stimulate methanogenic activity and promote heightened CH, production (Dean et al., 2018),
previous multi-site syntheses have not found a direct relationship between daily precipitation and wetland CH,
emissions (Knox et al., 2021). However, heavy precipitation days have been found to be a key driver of wetland
CH, emissions in land surface models (Xu et al., 2024). Until now, no multi-site synthesis has confirmed whether
heavy precipitation events affect observed wetland CH, emissions. This assessment shows that overall, even the
most extreme precipitation events do not impact wetland CH, emissions. Therefore, this insight can help improve
the representation of wetland CH, emission processes in land surface models (Forbrich et al., 2024).

There are two possible explanations for the lack of a relationship between heavy precipitation events and CH,
anomalies. Firstly, heavy precipitation events may not lead to an increase in local anaerobic conditions. Pre-
cipitation may not have a direct impact on site water levels which are also dependent on evapotranspiration, and
local site topography, amongst other factors. Secondly, enhanced methanogenesis may have occurred, and
contributed to the belowground CH, pool, without impacting surface emissions, due to the time required to
replenish soil CH, concentrations (Reiche et al., 2009). Previous studies have found that CH, emissions lag
behind water table depth (WTD) by a period of 17 days (Knox et al., 2021) or 10-11 days (Goodrich et al., 2015;
Moore & Roulet, 1993).

Previous multi-site syntheses of similar site data sets have primarily investigated the impacts of isolated drivers on
wetland CH, emissions (Chang et al., 2021; Feron et al., 2024; Knox et al., 2021; Li et al., 2023). Our study
indicates that co-occurring anomalous drivers can lead to unprecedented wetland CH, emissions. For example,
hot + dry extreme-events led to enhanced emissions, where the impacts were greater and significantly different to
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the impacts related to hot-only and dry-only extreme-events. Similarly cold + wet extreme-events led to reduced
emissions, with effects that were larger and significantly different to those of cold-only and wet-only extreme-
events. These findings suggest that future multi-site syntheses can gain further insights by including assess-
ments of interacting drivers.

4.2. Consistent Impacts Throughout Most Extreme-Events

Overall, most types of extreme-events caused consistent impacts on cumulative CH, flux anomalies throughout
the duration of the event, where dry-only extreme-events were an exception. Dry-only extreme-events led to
contrasting effects on CH, fluxes (Section 3.3). It is commonly understood that periods of extreme dryness lead to
reduced CH, fluxes due to larger aerobic soil space, enhanced methanotrophic and reduced methanogenic activity
(Borken et al., 2006; Knorr & Blodau, 2009). However, this assessment revealed that the impacts of dry-only
extreme-events occur in two phases, where, the first days of the event are marked by increased CH, fluxes
and the last days are marked by reduced CH, fluxes. Experimental drought studies have observed initial pulses of
high CH, release, followed by no or low CH, emissions (Dowrick et al., 2006; Estop-Aragonés et al., 2016).
Previously produced CH, hitherto trapped in the saturated soil structure can diffuse upwards through the newly
aerated soil column or be released as ebullition due to a decrease in pressure. The newly oxic soil layers become
unsuitable for further CH, production, allowing for continued CH, oxidation (Dowrick et al., 2006); a process
likely responsible for the reduced CH, fluxes in the later stage of dry-only events.

4.3. Seasonal Differences

The impacts of dry-only, hot-only, and hot + dry extreme-events on daily CH, flux anomalies varied depending
on season (Sections 3.2.1 and 3.3.1). Methane emissions are closely coupled to seasonal plant productivity at sites
with plants containing aerenchyma tissue (van den Berg et al., 2020; Vroom et al., 2022), but decoupled at other
sites due to slower diffusive transport or storage effects (Pirk et al., 2015; Treat et al., 2018). Seasonal effects were
particularly strong for dry-only extreme-events, which caused increased emissions in spring, varied effects in
summer, and decreased emissions in autumn. Several summer extreme-event occurrences caused significant
differences relative to the summer reference flux anomalies, indicating that CH, emissions are more sensitive to
temperature changes in warmer months (Li et al., 2023).

The cumulative effects of extreme-events varied depending on season, particularly during dry-only extreme-
events. Enhanced flux anomalies were observed during spring dry-only events, variable during summer
events, and reduced during autumn events. Rhizodeposition which produces the primary substrate for meth-
anogenesis, is closely coupled with photosynthetic activity, and therefore strongest in spring and summer (Jones
et al., 2004). Reduced rhizodeposition in autumn may limit the capacity for below-ground CH, production,
negating enhanced CH, flux anomalies observed during the initial phase of spring and summer dry-only events.
Future analyses may investigate the role of preceding site conditions (e.g., water table levels), related to seasonal
evapotranspiration cycles, on wetland CH, fluxes during extreme dry periods (Reiche et al., 2009).

4.4. The Role of Wetland Type

Wetland types varied widely in their sensitivity to extreme-events, where marsh and upland sites were generally
most sensitive to extreme-events and drained sites were least sensitive to extreme-events. Wetland classification
is based on environmental factors such as soil composition (peat or permafrost), nutrient status (nutrient-poor or
nutrient-rich), water source (precipitation-fed, groundwater-fed, or a combination), elevation (upland or not),
snow presence, and vegetation type (Treat et al., 2018). These environmental properties are catalysts within a
number of relevant biogeochemical processes related to temperature, precipitation and water level, and substrate
availability that play a role in both CH, production and oxidation (Olefeldt et al., 2012). These results show that
both drained wetlands and marshes experience long periods of drought (i.e., > 80 days). However, the impact on
marshes is substantially greater than the impacts on drained wetlands. As expected, drained wetlands were not
found to be sensitive to extreme-events, likely due to their low water tables and consequently, low CH, production
potential (Turetsky et al., 2014). Marshes, however, generally have nutrient rich soils and may contain aeren-
chyma vegetation, which efficiently transport CH, between the soil and the atmosphere, meaning changes to
belowground CH, concentrations are quickly evident in the surface flux. Upland sites were found to be sensitive
to extreme-events, despite being typically associated with low annual CH, budgets (Olefeldt et al., 2013; Voigt
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et al., 2017). Their heightened sensitivity may be attributed to their localized extent at high elevations, where
upland systems are often adapted to specific and unique conditions, making them more susceptible to changes in
temperature and water levels (Knox et al., 2019). Both fens and bogs showed some sensitivity to extreme-events,
despite fens generally exhibiting large annual CH, budgets relative to bogs (Knox et al., 2019; Treat et al., 2018).
Fens and bogs typically have substantial water-holding and thermal capacities because of their deep soils, due to
the presence of Sphagnum vegetation and peat accumulation, potentially making them less sensitive to short lived
changes in temperature, heavy precipitation, and drought. However, disruption to their nutrient levels or vege-
tation communities can lead to substantial long-term, lagged effects. Permafrost and carbon-rich tundra soils may
exhibit different CH, flux dynamics compared to other wetland systems because the presence of permafrost can
reduce the active soil layer, and thereby the maximum volume of the soil gas reservoir, facilitating the rapid
release of elevated soil CH, concentrations (Bao et al., 2023; Pirk et al., 2015). Future studies may investigate the
ecological factors that make marshes and upland sites more sensitive to extreme-events, and determine whether
this finding is consistent for extreme-events defined across other spatial and temporal scales.

4.5. Significant Lagged Effects at Least One Year After Extreme-Events

For at least 1 year following several types of extreme-events, CH, fluxes were significantly different to the
reference data (Section 3.4), where cold + dry extreme-events showed the largest lagged effects. Lagged effects
can include diminished ecosystem resistance to environmental stress, changes in rhizodeposition, effects on soil
properties, and shifts in plant and microbial populations (Frank et al., 2015). Vascular plants with large aeren-
chyma tissue are fast growing, competitive vegetation, capable of out-competing slow growing species such as
Sphagnum mosses (Harpenslager et al., 2015) whilst efficiently transporting belowground CH, into the atmo-
sphere (van den Berg et al., 2020). Future research may investigate if and how climate change and extreme-events
may lead to shifts in wetland vegetation composition. Of the discrete extreme-event types, dry-only extreme-
events caused the largest lagged impacts. A delay of methanogenic CH, production often occurs following
drought resulting in persistent reduced CH, emissions (Dowrick et al., 2006; Estop-Aragonés et al., 2013). This
may be due to a change in electron acceptor availability (Freeman et al., 2004; Knorr & Blodau, 2009) which
enable competing microbial populations to out-compete methanogens for available carbon substrates, reducing
methanogenic activity in (re)saturated soils, and consequently reducing CH, emissions (Angel et al., 2012; Yuan
et al., 2019). Competition for substrates is a key factor influencing the rate of CH, production in wetland systems.
Long-term lag effects following extreme climate events have been documented (Bastos, Ciais, et al., 2020;
Desai, 2014; Zhao et al., 2016) and carbon-rich systems, such as wetlands, are at particular risk due to the long
recovery time required to regain lost carbon stocks (Frank et al., 2015).

Extreme-events, as defined in this study, may occur in anomalously warm years or seasons, affecting CH, fluxes
beyond the length of an extreme-event. The method used in this study to assess lagged impacts does not account
for possible confounding large-scale drivers, however, this analysis provides preliminary insights into the impacts
of lagged effects following extreme-events.

4.6. Longterm Trends of Extreme-Event Impacts

Extreme event impacts on wetlands are changing due to changes in the intensity and frequency of extreme-events
(Dunn et al., 2020; Seneviratne et al., 2012), changing site characteristics (Bao et al., 2023; Parmentier
et al., 2018), and anthropogenic interventions (Kosten et al., 2018). Beyond this, extreme-event impacts are also
changing due to non-linear interactions between drivers and processes (Knox et al., 2021; Sturtevant et al., 2016).
Human-caused climate change is now altering the behavior of large scale drivers of interannual variability (such
as the North Atlantic Oscillation, El Nino Southern Oscillation and others), affecting the occurrence and intensity
of extreme temperature and precipitation (or drought) events (Abram et al., 2021; Renom et al., 2011). The
longterm trends of extreme-event occurrences at wetland sites included in this study indicate increasing instances
of enhanced CH, fluxes in response to hot-only extreme-events and hot + wet extreme-events whilst negative
trends indicate fewer instances of reduced CH, fluxes during cold-only extreme-events (Section 3.1). These
trends indicate that wetlands may increasingly contribute to the rise in atmospheric CH, concentrations, providing
a positive feedback to climate warming (Feron et al., 2024; Nisbet et al., 2023).

Seasonal differences in the long-term trends of extreme-event occurrence (Figure S5 in Supporting Informa-
tion S1) are consistent with increasing surface temperatures, where observations show that minimum (winter)
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temperatures are increasing faster than maximum (summer) temperatures (Dunn et al., 2020). Significant positive
trends indicate greater occurrences of enhanced CH, fluxes during both summer hot-only and hot + dry extreme-
events. European summer heatwaves are expected to occur more often in response to climate change due to a
poleward shift in the North Hemisphere atmospheric jet stream (Horton et al., 2015). Simultaneous hot and dry
periods are projected to occur more frequently across Europe, the Mediterranean and other areas due to alteration
of the North Atlantic Oscillation north-south dipole pattern (Hao et al., 2022) and was already observed to be a
key mechanism driving the 2016/17 European drought (Garcia-Herrera et al., 2019). Alongside this, negative
trends indicate fewer occurrences of reduced fluxes during both summer cold-only extreme-events and spring
dry-only extreme-events. Observed trends indicate an increasing frequency of winter hot + wet and hot-only
extreme-events, and a decreasing frequency of winter cold-only extreme-events, however, winter extreme-
events are unaccompanied by significant CH, flux anomalies. Hot extreme-events during winter can induce
plant activity, leading to direct plant damage when temperatures return to below freezing, a phenomenon that has
been called “false spring” (Frank et al., 2015). Observed spring extreme-event trends indicate increasing fre-
quency of enhanced CH, fluxes during hot-only extreme-events and hot + dry extreme-events. Spring thaw in
high latitude systems cause substantial CH, emissions which can account for one quarter of annual CH, emissions
(Baoetal., 2021; Long et al., 2010), and therefore an increase to the frequency of spring hot extreme-events could
impact annual CH, budgets. These trends indicate that summer and spring are witnessing the greatest changes to
extreme-event driven wetland CH, emissions with greater occurrences of enhanced fluxes during spring and
summer hot-only and hot + dry extreme-events (Feron et al., 2024). Conversely summer is experiencing fewer
occurrences of reduced fluxes during cold-only extreme-events whilst spring is witnessing fewer occurrences of
reduced fluxes during dry-only extreme-events. These trends indicate that wetlands are experiencing a rise in the
frequency of extreme-events that amplify CH, emissions whilst simultaneously witnessing a decline in the types
of extreme-events that reduce emissions. This highlights the growing potential for wetlands to increasingly
contribute to atmospheric CH, concentrations, acting as a positive feedback mechanism that accelerates climate
warming (Feron et al., 2024; Zhang et al., 2023).

4.7. Further Investigations

The results of this research highlight the importance of using both compound and discrete extreme-event defi-
nitions when investigating ecosystem extreme-event impacts. Exploration of alternative variables which are
inherently compound in nature, such as water level or vapor pressure deficit, may be useful signifiers of extreme-
events critical to wetlands. Our assessment of extreme precipitation impacts on wetland CH, emissions is limited
in scope because the impacts of changing precipitation on wetland water levels and CH, emissions are dependent
on a number of other factors such as evapotranspiration and topography. Whilst data sets of global surface water
extent (Jensen & Mcdonald, 2019) and soil moisture (Lal et al., 2023) already exist and there are ongoing ad-
vancements of WTD estimates (Burdun et al., 2023), there are currently no data sets of global daily water levels.
Such a data set is urgently needed. However, to validate long term water level estimates there is also a need for in
situ site water level data. Only half of the sites included in this study provide in situ water level measurements.
Therefore, the availability of both longterm global data sets and in situ site data limit the capacity to perform
multi-site assessments of extreme water level impacts.

This study has taken the approach of first identifying anomalous drivers and secondly assessing related ecosystem
impacts. This approach takes advantage of readily available meteorological and EC flux data. However, an
alternative method is to first define ecosystem extreme-events by identifying extreme flux anomalies for example,
and subsequently undertake further analysis to attribute the drivers or processes responsible (Zscheischler
et al., 2013, 2014).

The difficulties faced by EC towers when measuring CH, fluxes during rainfall extreme-events (Burns
et al., 2015) limits the temporal coverage of site data, potentially obscuring the full impact of wet extreme-events.
Flux towers are unable to operate during moments of rainfall and therefore, these moments are omitted from the
site measurement record. Our own aggregation of data, required 70% of half-hourly data or data associated with
the highest QC flag. However, no large anomalies were observed in response to heavy precipitation extreme-
events and it is therefore unlikely to have caused a bias in the data. Notably, we did not account for dissolved
CH, lost by runoff, which may be an important transport pathway (Dinsmore et al., 2010).
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Additionally, regional gaps in site locations contributed to spatial discrepancies in the analysis and temporal gaps
in site measurements led to a low availability of winter flux measurements, particularly for high latitude sites.
There was a lack of both tropical sites and southern hemisphere sites in this study, highlighting the urgent need for
more observational sites in these regions (Schwalm et al., 2010).

5. Conclusions

Changing wetland CH, emissions are responsible for recent increases in global CH, emissions. Whilst extreme
climate events are changing in both frequency and intensity, little is known about their impacts on wet ecosys-
tems. This study finds that the effects of compound extreme-events (e.g., hot + dry extreme-events) on daily CH,
fluxes are greater in magnitude than discrete extreme events (e.g., hot-only). In general, heavy precipitation
events did not lead to CH, flux anomalies, however, per event dry-only extreme-events led to substantial cu-
mulative negative anomalies due to their extended duration. These two points together provide critical insights
into the impacts of the changing precipitation cycle on wetland CH, emissions and how we can expect future
extreme-events to impact wetland CH, emissions. Longterm lagged responses can persist for at least the year
following extreme-events. Looking ahead, these findings have implications for understanding how extreme-
events may evolve in the context of climate change. As winters continue to warm faster than summers, we can
expect fewer occurrences of reduced CH, fluxes during cold-only extreme-events, and increasing occurrences of
enhanced CH, fluxes in response to hot-only extreme-events, and hot + wet extreme-events. This assessment
provides land surface modelers the opportunity to test simulated wetland responses to extreme compound and
discrete events. These results highlight the importance of the assessment of compound and discrete extreme-
events when investigating ecosystem impacts.
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