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Abstract Despite the rising interest in understand-
ing how climate change could affect the emissions
of greenhouse gases (GHGs) from river systems,
including floodplains, we still lack a mechanistic
understanding of how changing environmental con-
ditions, such as moisture and nutrient availability,
limit the temperature responses of GHG production
in floodplain sediments. To examine the environ-
mental co-limitations on the temperature responses
of three major GHGs (CO,, CH,, and N,O) pro-
duced in floodplain sediments, sediments from a con-
structed wetland on the floodplain of the lower Han
River were incubated for 24 d at four temperatures
spanning 4-28 °C, under three conditions (closed,
open/wetting, and open/drying). The net production
of all three GHGs exhibited nonlinear temperature
responses with gas-specific patterns and magnitudes
of response varying over the incubation period. Dur-
ing the later incubation phase, positive temperature
responses were weakened for the net production
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of CO, and CH, in the dried treatments, whereas a
similar weakening occurred for N,O production in
the wet treatments. This, combined with incubation-
induced changes in dissolved organic carbon and its
fluorescence components, indicated the lack or excess
of moisture and associated changes in O, and organic
carbon availability as critical co-limiting factors
for the temperature responses of GHG production.
Warming decreased §'°C in the CH,, emitted from wet
and hypoxic sediments, implying a stronger warm-
ing effect on CH, production over oxidation. Unlike
many studies assuming a consistent relationship
between temperature and GHG production in sedi-
ments irrespective of other environmental conditions,
our results suggest that warming effects on the GHG
emissions from floodplain sediments would depend
on the balance between gas production and consump-
tion under the prevailing constraints of moisture, O,,
and labile carbon availability.

Keywords Climate change - Environmental
co-limitation - Greenhouse gases - Oxygen
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response

Introduction
Climate change is affecting the behavior of micro-

organisms in both the water column and sediment
of freshwater ecosystems and, consequently, the
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emission of greenhouse gases (GHGs) such as CO,
and CH, (Marotta et al. 2014; Jansen et al. 2022).
Compared to the extensive studies of climatic effects
on GHG emissions from soils (Davidson et al. 1998;
Du et al. 2020; Moonis et al. 2021), much less is
known about environmental controls on the tem-
perature response (defined as the response of bio-
geochemical processes to temperature changes) of
the production of GHGs in freshwater sediments,
including floodplain sediments. Although it has been
demonstrated that increasing water temperature can
accelerate riverine metabolic processes (Acuiia et al.
2008; Marotta et al. 2014), we lack a mechanistic
understanding of how concurrent changes in other
environmental factors, such as moisture and nutrient
availability, modulate warming effects on GHG pro-
duction in river riparian sediments (Comer-Warner
et al. 2018; Wilkinson et al. 2019; Chen et al. 2021).

Recent studies on CO, emissions from dried inland
waters suggest that the response of CO, emissions
from the sediments is sensitive to changing water
levels by droughts and floodings (Marcé et al. 2019;
Keller et al. 2020). The response of CH, to warming
can be greater than that of CO, (Borrel et al. 2011).
Annual global CH, emissions from streams rivers
were estimated at 26.8-27.9 Tg CH,, which accounts
for approximately 15-40% of the emissions from wet-
lands and lakes (Stanley et al. 2016; Rocher-Ros et al.
2023). Seasonal floodings can deplete O, in saturated
sediments, creating favorable conditions for anaerobic
methanogens producing CH, in wetlands that are nat-
urally formed or artificially constructed along flood-
plains (Sha et al. 2011). Nitrification and denitrifica-
tion in river sediments are also sensitive to changes
in the availability of O, and moisture in sediments,
generating N,O as byproducts and hence increasing
N,O emissions from rivers (Chun et al. 2020) and
surrounding wetlands (Ruser et al. 2006). Although
numerous individual studies have investigated cli-
matic effects on the production of GHGs in river and
wetland sediments, there has been limited research
comparing the differential temperature responses of
the three GHGs.

More frequent occurrences of extreme hydrologi-
cal events due to climate change can increase water
level fluctuations and their associated environmental
impacts on floodplains. Changing sediment moisture
levels and the consequent alterations in O, availabil-
ity can either enhance or moderate the temperature
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sensitivity of GHG emissions from floodplain sedi-
ments. However, few studies have examined the
combined effects of temperature, moisture, and O,
on GHG production in floodplain sediments. We
conducted laboratory incubation experiments with
sediment samples from a constructed wetland on
the floodplain of the lower Han River. The primary
objectives were as follows: (1) to compare the tem-
perature responses of the net production of CO,, CH,,
and N,O in the floodplain sediments, and (2) to elu-
cidate how the availability of moisture and O, con-
strains the temperature responses of the three GHGs.
We hypothesized that gas production in floodplain
sediments would vary depending on the GHG type,
with differential responses to temperature increases
depending on the prevailing environmental condi-
tions. Specifically, we expected that wetting and dry-
ing would induce either positive or negative effect
on the temperature response of the net production of
CO,, CH,, and N,O in floodplain sediments, depend-
ing on the shifting optimal ranges of moisture and O,
availability for involved microbial processes includ-
ing methanogenesis, CH, oxidation, nitrification, and
denitrification.

Material and methods
Study site and sampling

In April 2022, floodplain sediment samples were col-
lected at a constructed wetland of the Gangseo Marsh
Ecological Park (latitude: 37° 35" 11.46"; longitude:
126° 49’ 07.76"; elevation: 7 m) on the floodplain of
the lower Han River (Fig. S1). The total area of the
Gangseo Marsh Ecological Park is 0.37 km?, includ-
ing 537 m? of sandy shoreline along the Han River
and 3,225 m? of floodplains interspersed with sev-
eral interconnected constructed wetlands that receive
inflow water from the Han River. The artificial fresh-
water wetlands are dominated by reeds (Phragmites
communis), Amur silver grasses (Miscanthus sac-
chariflorus), and Korean willows (Salix pierotii)
along the waterways surrounded by gently sloped
river banks planted with various deciduous trees
(Seoul Metropolitan Government. 2022).

Floodplain sediment samples and water from
the river channel were collected at three randomly
selected sites (S1, S2, and S3; Fig. S1). The primary
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goal of this collection was not to measure sediment
GHG production rates under the exact field condi-
tions, but instead to obtain enough representative
sediments to use in incubation experiments. At three
randomly chosen locations within each site, a metal
shovel was used to collect sediment samples within
the wetland adjacent to the channel, with depth rang-
ing from 5 to 20 cm below the surface. Large leaves
and roots were discarded and the remaining sediments
from three sampling points were immediately com-
posited into a 1 L amber glass bottle without empty
space to minimize sediment exposure to the air. Dur-
ing the sediment sampling, the water temperature,
pH, conductivity, and dissolved oxygen (DO) were
measured using a portable multi-parameter water
quality probe (Orion 5-Star Portable; Thermo Sci-
entific, USA). A portable weather sensor (Watchdog
1650 Micro Station; Spectrum Technologies, USA)
was used to measure the air temperature, air pressure,
and humidity.

The three bottles of sediment from three sites
were transported on ice before being stored in a 4 °C
refrigerator in the laboratory. The sediment samples
from the three sites were composited into a homog-
enized sample within one week. Before initiating the
incubation experiment, any remaining debris includ-
ing stones, plant debris, and living organisms which
could significantly affect the measurement of the net
GHG production were removed from the sediment
samples. To minimize air exposure while homogeniz-
ing the samples, we removed only the easily recog-
nizable items and then gently mixed the remaining
sediment inside a closed plastic bag as quickly as
possible.

Lab incubation experiment

The experiment included three sediment conditions
to examine the temperature responses of GHG pro-
duction in floodplain sediments with varying levels
of moisture and O,. Equal volumes (60 mL) of the
homogenized sediment samples from the three sam-
pling sites were placed in 120 mL. amber serum bot-
tles to initiate the experiment. In the “Closed” treat-
ment, air exchange was prevented by sealing the
incubation bottles immediately with butyl rubber
stoppers and aluminum crimp caps to create anoxic
conditions in the sediment. The headspace of each
bottle was sparged with ultrapure He gas to induce

anoxic condition over the course of the 24-d incu-
bation. The “Closed” treatment may create condi-
tions that are not representative of GHG production
in actual floodplain sediments, but it was included
as a reference to compare against the other sediment
condition treatments. In the wetting (“Open_wet”)
and drying (“Open_dry”) treatments, the incuba-
tion bottles remained unsealed to allow for free air
exchange as in the field. Ultrapure water was added
to the Open_wet treatment every 3—4 d to maintain
a constant moisture level in the saturated sediments
by keeping the total weight of each sampling bottle
at the initial level, whereas no water was added to
the Open_dry treatment to simulate drying sediment
conditions. Three replicates of the three sediment
condition treatments were incubated at the four tem-
peratures (4 °C, 12 °C, 20 °C, and 28 °C), for a total of
36 experimental units. The incubation was conducted
in the dark at four temperature-controlled incubators.
In each incubator, the incubation bottles of the three
treatments were randomly located on the same level
with a minimal variation from the set temperature.
The experiment was incubated for 24 days to examine
temporal changes in the temperature response of the
net GHG production.

For eight repeated measurements of net produc-
tion rates of the three GHGs (1st, 2nd, 4th, 6th, 10th,
14th, 19th, and 24th days), the bottles of the Open_
wet and Open_dry treatments were first flushed with
He and then sealed for a 1-h incubation, while head-
space samples (20 mL) were directly taken from the
sealed bottles of the Closed treatments by displacing
them with the same volume of He. Immediately after
completing the final gas sampling on Day 24, DO
was measured in the sediment using a multi-param-
eter probe (Orion 5-Star Portable; Thermo Scientific
USA), and then 10 g of sediment sample was mixed
with 100 mL of ultrapure water in 250 mL poly-
carbonate bottles on a shaker for 30 min to extract
organic matter (OM) and inorganic nutrients from the
sediments, following Robertson et al. (1999).

Water and sediment analysis

The water samples collected from the three sam-
pling sites (n=3) and the sediment extracts from
the incubation experiment (n=36) were filtered
through pre-combusted 0.7 um glass fiber filters
(GF/F, Whatman, USA). The filters were dried at
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60 C for 48 h and weighed to measure total sus-
pended solids (TSS). The concentration of dissolved
organic carbon (DOC) in the filtrate was measured
using a total organic carbon (TOC) analyzer (TOC-
Vepn; Shimadzu, Japan) with the limit of detection
lower than 0.01 mg C mg L~'. Major ions were
measured using an ion chromatograph (883 Basic
IC plus; Metrohm, Switzerland) with the limits of
detection: 0.03 mg L™! for NH,*, 0.02 mg L' for
NO;~, and 0.01 mg L™! for PO,*". The same QA/
QC procedures were employed for all water analy-
ses to ensure analytical quality. Standards with
known concentrations as well as blank samples con-
sisting of ultrapure water were analyzed for every
batch of 10 samples to examine instrumental stabil-
ity and analytical precision. Relative standard devi-
ations of the replicate analyses were lower than 5%.
Sediment extracts were also measured for ultra-
violet—visible (UV-Visible) absorbance across a
wavelength range of 200-1,100 nm using a UV-Vis
spectrophotometer (8453; Agilent, USA) and fluo-
rescence excitation-emission matrices (EEMs)
using a fluorescence spectrophotometer (F7000;
Hitachi, Japan). Fluorescence EEMs were obtained
by scanning at 5-nm intervals across excitation
wavelengths of 200-400 nm and at 1-nm inter-
vals across emission wavelengths of 290-540 nm
(Begum et al. 2019). The EEMs measured for the
initial sediment extracts prior to the incubation
were subtracted from those for the final sediment
extracts from the last day to provide visual repre-
sentation of incubation-induced changes in major
fluorescent components. The EEMs were further
used to identify major fluorescent organic compo-
nents using parallel factor analysis (PARAFAC)
in MATLAB (R2022b, Mathworks, Natick, USA)
with the DOM Fluor toolbox developed by Stedmon
and Bro (2008). The fluorescence components were
validated by visual inspection of the residuals and
split-half analysis. The two components identified
by PARAFAC modeling were termed “humic-like”
(peak intensity at 300/433 nm, ex/em) and “protein-
like” (275/340 nm, ex/em) based on the peak wave-
lengths reported in the literature (Fellman et al.
2010). Incubation-induced changes in the maximum
fluorescence intensities of the two identified com-
ponents were compared across the four incubation
temperatures among the three treatments.
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Gas analysis

During the eight gas samplings, a 20 mL gas sam-
ple was collected from the headspace (60 mL) of
the incubation bottle using a 50 mL syringe with a
three-way stopcock. The syringe was flushed five
times with He prior to the sampling. The air pres-
sure and temperature were measured in the room for
the calculation of the partial pressures and dissolved
concentrations of the three GHGs based on Henry’s
law (Hudson 2004). The gas samples were simul-
taneously analyzed for CO,, CH,, and N,O using
a gas chromatograph (GC 7890A; Agilent, USA).
The GC was equipped with a 12 ft 1/8 inch Supelco
Hayesep Q column, a flame ionization detector
(FID) coupled with a methanizer for CH, and CO,,
and a microelectron capture detector (WECD) for
N,0O. The GC was operated following the routine
settings and QA/QC procedures described in detail
by Jin et al. (2018). Standard gases of the three
GHGs in N, balance, together with ultrapure N,
gases as blanks, were measured for every batch of
ten samples. The precision of the replicate analyses
was typically lower than 5%.

To examine differential warming effects on the
production and consumption of CH, under the
three different incubation conditions, gas samples
taken from the Closed and Open_wet treatments
on Day 24 were further analyzed for the stable car-
bon isotope ratio of CH, to elucidate the source of
CH, production using a GasBench-IRMS (Ther-
moScientific, Bremen, Germany) at the UC Davis
Stable Isotope Facility. The stable C isotope com-
position is expressed as 613C=(Rsample/RSmndard)—l,
where Ry, and Ry, ngq.q are the ratios of heavy to
light isotopes (}*C:'?C) in the sample and standard
(Vienna Pee Dee Belemnite), respectively. The sta-
ble C isotope composition has widely been used to
evaluate the potential sources and transformations
of CH, in wetland sediments and various aquatic
ecosystems. Source tracing is based on the devia-
tions of the measured values of 8'°C in the CH,
from the usual ranges found for the CH, generated
by acetoclastic (=70 to —32%o0) and hydrogeno-
trophic (=115 to —55%0) methanogenesis (Horni-
brook et al. 2000; Wells et al. 2020).
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Data presentation and analysis

To compare treatment effects, the net production of
each GHG was calculated from the concentration
increase in headspace, normalized per day and per
unit volume of sediment (for instance, expressed as
mg CO, L™' d™!). The cumulative production of the
three GHGs in the experimental treatments was also
interpolated throughout the incubation period from
the eight daily production rates (Park et al. 2002).

Temperature quotient or coefficient (Q,,) was
calculated as a measure of temperature sensitivity
based on the net gas production rates measured at
four temperatures. The relationship between tem-
perature and GHG production rates was nonlinear,
as often found in other studies (e.g., Wilkinson
et al. 2019). Therefore, Q,, was calculated using the
following exponential equations (Lloyd and Taylor
1994; Moonis et al. 2021):

R = ae’”
where R represents the rate of respiration at tempera-
ture T and a and b are constants.

Q)9 ="

Significant treatment effects were analyzed using
one-way analysis of variance (ANOVA) followed by
Tukey’s test for multiple comparisons using SPSS
Statistics 26 (IBM Inc., USA). Prior to statistical
analyses, data distribution was examined using the
Shapiro—Wilk normality test. In the case of skewed
data, log-transformed data were used for further
analyses. The relationships between GHG produc-
tion rates and environmental variables were exam-
ined by performing principal component analysis
(PCA) using the “FactoMineR” and “factoextra”
packages in R (version 4.2.2). Correlations between
factors for each treatment group were visualized
using the package "corrplot" operating in R (version
4.2.2). Regressions between temperature and net
GHG production rates were analyzed using Sigma-
Plot 15.0 (Systat Software Inc., UK).

Results

Eight gas samplings conducted during the 24-d
incubation period revealed large variations in the
daily net production (the flux representing the dif-
ference between production and consumption) of
the three GHGs over time and between treatments
(Fig. 1). Overall, the net production rates of CO,
and N,O tended to be highest in the Open_wet
treatments, followed by those of the Open_dry and
Closed treatments, whereas the CH, production rate
was distinctively higher in the Closed and Open_
wet treatments at the highest temperature, compared
to the generally low levels found in the Open_dry
treatments throughout the incubation (Table 1). In
the Closed treatments, the net production rates of
CO, and N,0O were low throughout the incubation
period, whereas the net CH, production continued
to increase at the highest temperature, reaching lev-
els comparable to those in the Open_wet treatments
on Day 24 (Fig. 2). The Open_wet and Open_dry
treatments displayed large variations in CO, and
N,O production rates during the second half of
the incubation, particularly due to fluctuations at
28 °C under which moisture levels can change
more quickly. For instance, the repeated wettings
at 3—4 day intervals in the Open_wet treatments
resulted in fluctuations in the net CO, production
ranging from 62 to 2112 mg CO, L' d~! (Table 1).

The cumulative production of the three GHGs
widely varied with temperature and treatment
(Fig. S2). The cumulative production rates of CO,
and N,O were highest at 28 °C in the Open_wet treat-
ments, followed by those of the Open_dry treatments.
Although the difference was not statistically signifi-
cant, the cumulative amount (2,112 mg CO, L‘l) pro-
duced in the Open_wet treatments at 28 °C was 20
times greater than that of the Closed treatments. The
cumulative N,O production in the Open_wet and
Open_dry treatments amounted to 2,360 pg N,O
L~! and 1,766 pg N,O L' at 28 °C, respectively.
In contrast, the CH, production in the Closed treat-
ments at 28 °C exceeded that of the Open_wet treat-
ments, reaching 24,344 ug CH, L™' on Day 24. The
cumulative CH, production in the Open_dry treat-
ments was as low as 1,242 pg CH, L™" at the highest
temperature.

To examine temporal changes in gas-specific tem-
perature responses, the daily net production of the
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three GHGs was compared across the four incubation
temperatures for three selected days, each represent-
ing the initial, mid-term, and final state of the incu-
bation: Days 1, 10, and 24 (Fig. 2). Statistics from
the nonlinear regressions between temperature and
net gas production rates measured on Day 24, along
with Q, values, are summarized in Table S1. On all
three days, net CO, production showed similar non-
linear increases with increasing temperature in all
three treatments (Fig. 2). However, the strongest tem-
perature response at 28 °C shifted from the Open_dry
treatments on Day 10 to the Open_wet treatments on
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Treatment

Day 24. The temperature responses of net N,O pro-
duction were maintained within a relatively narrow
range, with the strongest response occurring at 28 °C
and switching from the Open_wet (Day 1) to Open_
dry treatments (Days 10 and 24) (Fig. 2).

Although net CH, production also generally dis-
played positive temperature responses in all treat-
ments except the Open_dry treatments on Day 24,
the strongest temperature responses were found in the
Closed and Open_wet treatments at 28 °C and con-
tinued to increase over time by more than 100-fold
on Day 24, compared to the rather weak responses
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Table 1 Mean net production rates of CO, (mg m~! d~!), CH, (pg L™! d™!), and N,O (pg L™' d™') during 24-day incubation of

floodplain sediments at four temperatures spanning 4-28 C

Tempera- CO, (mg L' d™1) CH, (ugL'd™h N,O (ugL='d™")

ture Closed Open_dry Open_wet Closed Open_dry Open_wet Closed Open_dry Open_wet

4°C 5242 19148 20842 5.384a 18.54 (=2 22Ba(—2t0 3%*(0-7) 12B8 842 (0.6-13)
(8-134) (19-441)  (25-489)  (1-13) to 31) 36) (1-20)

12°C 95.54a 25348 26348 36.644 24742 15 (=2to 742 1688 1782 (7-25)
(12-239)  (28-585)  (27-621)  (6-73) (5-65) 39) 0.0-28)  (7-24)

20°C 13842 39748 (34— 356"% 9.448 13288 6042 1742 17388 14342
(20-309)  1063) (37-849)  (4-14) (12-413)  (41-88) (2-54) (32-526)  (25-402)

28°C 332Ab 7624 (53— 8484P (62— 45574° 610%Y (24— 56834P 254P 630" (45— 994B° (121-
(37-849)  1899) 2112) 10- 1242) (67— (6-41) 1766) 2360)

24344) 23,031)

Treatments include Closed, Open_wet, and Open_dry. Values are the means of eight repeated measurements over the course of
24-day incubation, followed by minimum and maximum in parentheses (n=38). Values followed by different capital letters are sig-
nificantly different between treatments for the same temperature at P <0.05. Values followed by different lowercase letters are signifi-
cantly different between temperatures for the same treatment at P <0.05

Day 1 Day 10 Day 24
~1200 200 200
> ® Closed (r*=0.99, p<0.01) a @ Closed (r=0.97, p<0.01) b ® Closed (r*=0.98, p<0.01) c
= " Open_dry (r*=0.96, p<0.01) Open_dry (r*=0.95, p<0.05) Open_dry (r*=0.89, p<0.05)
§ 160 1 Open_wet (*=0.90, p<0.01) 150 { Open_wet (r*=0.99, p<0.01) . Open_wet (r*=0.92, p<0.05)
o
E
5 100 100 100
°
3
8 50 50 50 ’/5‘
= e . ] &
o & E ~
(] — Y e
04 . . . . 04 4 0 sl

__150 ) 1500 1 15x10°
j’ ©® Closed (r’=0.88, p<0.05) d ® Closed (’=0.99, p<0.01) ® Closed (r*=0.99, p<0.01) f
- Open_dry (’=0.94, p<0.05) Open_dry (r’=0.99, p<0.01) Open_dry
- (- Open_wet %00 Open_wet (=1, p<0.01) —_— Open_wet (r’=0.99, p<0.01)
2
c
? F
R 500 1 5x10°
2
[-%
- . /
I e
o 0 s [A) 1’ 0 7/,/ 3 < = =

200 ' : ' ' 200 + 200
% ® Closed (*=0.99, p<0.01) g ® Closed h ® Closed i
Y o Open_dry (=0.86, p<0.05) is0] Open_dry (r*=1, p<0.01) " Open_dry
Q Open_wet (F'=1, p<0.01) Open_wet (’=0.99, p<0.01) Open_wet (r*=0.98, p<0.01)
z - 'y 8
o
= 100 100 100
c
S
3
3
B 50 50 4 50
a
2 _®
Z 9 = - g 0 @ v (5] (] 5 2 T ©

4 12 20 28 4 20 28 < 12 20 28

Temperature (C)

Fig. 2 Changing temperature responses of the net production
of three greenhouse gases during the 24-day incubation period
of floodplain sediments. Data are presented for three selected
days (Day 1: a, d, g; Day 10: b, e, h; Day 24: c, f, i) and three
treatments including Closed, Open_dry, and Open_wet. Error

Temperature (T)

Temperature (C)

bars represent +one standard deviation (n=3). Only significant
regressions are indicated by the best-fit regression lines (expo-
nential growth model). Note the increase in y-axis range for
CH, production from (d) Day 1 to (e) Day 10 to (f) Day 24
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observed on Day 1. In contrast, the net CH, produc-
tion was extremely low in the Open_dry treatments
across all temperatures on Day 24. The values of §'°C
in CH, taken from the Closed and Open_wet treat-
ments on Day 24 provided some insights into the
potential sources of CH, in the sediments incubated
under different magnitudes of warming (Table 2).
The mean of §°C in CH, from the Closed treat-
ments was lower at 28 ‘C (—47.49+4.28%o¢) than
those measured at 12 °C (—31.76 +2.37%o) and 20 ‘C
(—31.73 £9.54%o0), although the differences were sta-
tistically not significant. The mean of the §!°C values
measured in the Open_wet treatments at 28 °C was the
lowest (—52.96+12.40%¢). The 8'C values meas-
ured in the Closed and Open_wet treatments under
28 °C fall in the ranges found for the CH, generated

Table 2 5'°C in CH, released from the Closed and Open_wet
sediments on Day 24

Treatment  8'°C (%o)

12°C 20°C 28°C
Closed -31.76 2.37) —=31.73(9.54) —-47.49 (4.28)
Open_wet —52.96 (12.40)

Values are presented as means followed by standard deviations
in parentheses (n=3)

by acetoclastic (—70 to —32%o) and hydrogenotrophic
(=115 to —55%0) methanogenesis (Hornibrook et al.
2000; Wells et al. 2020).

During the 24-d incubation period, the mean val-
ues of DO tended to decrease in both the Closed and
Open_wet treatments, although the generally low
DO values were not significantly different among the
treatments (Table 3). In the Open_dry treatments,
NO;™-N concentrations in the sediment extracts
tended to increase in proportion to temperature. How-
ever, DOC concentrations significantly declined with
temperature, reflecting warming-enhanced biodeg-
radation of DOC into CO,, which was indicated by
the relatively high cumulative CO, production meas-
ured at 28 °C (Fig. S2). The nutrients measured in the
sediment extracts of the Open_wet and Closed treat-
ments exhibited relatively small changes compared
to the initial nutrient levels (NO;™—N: 4-37%; PO,*™:
9-17%; Table 3). However, DOC concentrations in
the extracts of the Closed and Open_wet treatments
significantly increased in proportion to temperature
increases (Table 3).

Changes in fluorescence EEMs and two identified
PARAFAC components over the 24-d incubation also
revealed distinct differences in the DOM composi-
tion of sediment extracts between the Open_dry and
the other wetter and hypoxic treatments (Fig. 3). In

Table 3 Concentrations of DO, DOC, and three ions that were measured initially (0 h) and following 24 days (Day 24) of incubation

of floodplain sediments

Treatments Temperature DO (mg L™') DOC (mgL™') NH,*-N(mg NO;~ (mgL™) 80142‘ (mg PO~ (mgL™)
L™)
Sediment (Oh) 4 °C 0.88 24.5 0.65 0.52 5.37 1.73
Closed (Day  4°C 0.15(0.06)A* 221 (1.7 0.54 (0.09)A%  0.38 (0.06) 5.09 (0.24)A%  1.52 (0.06)A%
24) 12°C 0.22 (0.13)2 252(0.9°  0.79 (0.04*° 034 (0.02* 424 (0.41)* 1.58 (0.03)*
20°C 0.15 (0.06)** 28.7 (1.1)A¢ 1.01 (0.03)A  0.38 (0.03)"® 3.79 (0.12)**  1.45 (0.06)A2
28°C 0.06 (0.01)A* 29.9 (0.4)A¢ 1.71 (0.1 0.38 (0.07)® 3.85 (0.14)**  1.58 (0.05)A2
Open_dry (Day 4°C 0.35 (0.16)* 22,5 (1.0)*  0.44 (0.08)**  0.38 (0.08)A2 5.50 (0.35)A%  1.42 (0.07)A¢
24) 12°C 0.23 (0.13)4*  23.5 (0.2)"° 0.69 (0.05)A*  0.49 (0.27)A% 5.49 (0.24)4%  1.42 (0.11)"?
20°C 2.05 (1.50)**  20.9 (0.7)B¢ 0.25(0.08)%°  0.73 (0.3D)%  11.25 (0.77)**  0.09 (0.01)B"
28°C 8.31 (3.60)"* 20.9 (1.7)%¢ 0.35(0.14)%* 3,06 (4. 7D)A  16.37 (10.83)A* 0.50 (0.38)B"
Open_wet (Day 4 C 0.28 (0.07)%%  23.1 (0.5)A? 0.60 (0.06)4*  0.50 (0.28)A2 5.94 (0.68)**  1.43 (0.11)»?
24) 12°C 0.31 (0.29)4%  24.2 (1.3)A2 0.71 (0.08)4% .35 (0.03)A2 5.13 (0.65)**  1.47 (0.01)»?
20°C 0.09 (0.01)2*  29.6 (0.2)"° 1.00 (0.02)4%  0.33 (0.06)A2 3.98 (0.02)"*  1.51 (0.03)A2
28°C 0.03 (0.01)A* 27.8 (1.5)A° 1.12 (0.42)%°  0.43 (0.15)® 4.30 (0.40)A%  1.58 (0.16)A%

Values are means followed by standard deviations in parentheses (n=3). Values followed by different uppercase letters are sig-
nificantly different among the treatments at P <0.05, while values followed by different lowercase letters are significantly different

among the four temperatures at P <0.05
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Fig. 3 Changes in fluorescence excitation-emission matrices
(EEMs) and intensities of two identified fluorescent compo-
nents over the 24-day incubation of Closed (a—d), Open_wet
(e-h), and Open_dry (i-1) treatments. Incubation temperature:
4°C(a, e, i), 12°C (b, f, j), 20 °C (c, g, k), and 28 °C (d, h, ).
The differential EEMS for the first of three replicates per treat-

agreement with the warming-enhanced color (blue)
changes in the differential EEMs of the Open_dry
treatments, the peak fluorescence intensity of both
the humic-like (at 300/433 nm, ex/em) and protein-
like (at 275/340 nm, ex/em) PARAFAC components
decreased in proportion to temperature increases.
Both the Closed and Wet_open treatments exhibited
the reversed patterns: warming-induced red color
shifts in the differential EEMs and increases in fluo-
rescence intensities of both PARAFAC components.
The PCA biplot displays close relationships
between two GHGs (CO, and CH,) and temperature
and some water quality components (DOC NH,*, and
PO43') for both the Closed and Open_wet treatments
(Fig. 4). The three water quality variables (DOC
NH4+, and PO43‘), temperature, and the two GHGs
(CO, and CH,) constituted the three largest contrib-
uting variables to the two identified principal com-
ponents (Dim1 and Dim?2; axis loadings reported in
Table S2). These relationships were consistent with
the significant positive correlations between the two
GHGs (CO, and CH,) and temperature, DOC, and

Temperature (T)

ment were obtained by subtracting the initial EEMs measured
for the sediment extracts prior to the incubation from those for
the extracts on the last day. The humic-like fluorescence peak
at 300/433 nm (Ex/Em) and the protein-like fluorescence peak
at 275/340 nm (Ex/Em) were identified by the parallel factor
analysis (PARAFAC)

NH4+ measured in the Closed and Open_wet treat-
ments, although the significance level was weak or
lacking for some relationships in the Open_wet treat-
ment (Fig. 5). In the Open_dry treatment, N,O was
clearly separated from NO;~, S0,2~, and DO (Fig. 4),
which was consistent with positive, but not significant
correlations between N,O and the same components
(Fig. 5).

Discussion

Although the temperature dependence of GHG
production has been examined for various sedi-
ment types (Marotta et al. 2014; Shelley et al. 2015;
Comer-Warner et al. 2018), this study is unique in
simultaneously comparing the predominant environ-
mental controls on the temperature responses of the
net production of the three GHGs in floodplain sedi-
ments. Gas-specific temperature responses observed
during the 24-d incubation suggest that warming
effects on the net production of the three GHGs
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Fig. 4 Biplots comparing
the contributing variables
identified by principal
component analysis (PCA)
of data from the three treat-
ments of floodplain sedi-
ments: Closed, Open_dry
(open to atmosphere), and
Open_wet (open to atmos-
phere and wetted). Temp
indicates temperature, while
Diml and Dim2 denote

the primary and second-
ary principal components,
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Fig. S Correlations between the net production rates of GHGs
and water quality components in the sediment extracts meas-
ured on the last day of 28-d incubation of the Closed, Open_
dry, and Open_wet treatments. Positive and negative correla-

can be modulated by other prevailing environmen-
tal factors including O,, moisture, and labile DOC
availability (Figs. 1, 2). In particular, the weakened
later-stage responses in the Open_dry (CH,) and
Open_wet (N,O) treatments (Fig. 2) without exhibit-
ing any depletion of major nutrients such as nitrogen
(Table 3), suggest a lack or excess of moisture and
associated changes in O, availability as the primary

@ Springer

tions are indicated by blue and red colors, respectively, with
significance levels denoted by either ns (not significant) or
asterisks (*P<0.05; "P<0.01; ***P<0.001). Temp indicates
temperature

co-limiting factors. While assessing the gas-specific
warming effects on GHG production in floodplain
sediments, we discuss the predominant co-limiting
factors for the temperature responses of the three
GHGs. Additional discussion is then provided regard-
ing the implications of the research findings for pre-
dicting riverine GHG emissions under a changing
climate.
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Environmental controls on the differential
temperature responses of three GHGs

The nonlinear positive relationships between temper-
ature and net CO, production found in all three treat-
ments agreed with previous incubation experiments
with lake sediments (Marotta et al. 2014) and river
bottom sediments (Shelley et al. 2015; Comer-Warner
et al. 2018). However, the exponential temperature
responses persisted only in the Open_wet treatments
(Fig. 2), indicating the role of moisture as a primary
control on the temperature responses of CO, produc-
tion. As moisture becomes a critical factor limiting
microbial respiration in the drying sediment, moisture
loss can negatively affect the respiratory response to
warming (Carey et al. 2016).

The strong temperature dependence of the net
CH, production in the Closed and Open_wet treat-
ments (Fig. 2; Table S1) suggests that moisture is
also critical for the temperature response of CH,
production in floodplain sediments. The rate of CH,
production in freshwater systems generally increases
exponentially with temperature (Brooks Avery et al.
2003). The divergence of the temperature responses
between the Open_dry and the other two, wetter
treatments (Fig. 3) corroborates the significance of
the moisture level for methanogenesis in flooded
sediments. This finding is in line with the negative
relationship between water table depth and the tem-
perature dependence of CH, emissions from 204
wetlands compiled by a global synthesis (Chen et al.
2021). Increased water temperature stimulates micro-
bial activity but reduces the dissolution of gases in
water, which can enhance the physical process of CH,
evasion from the water column to the atmosphere
(Soumis et al. 2004; Schrier-Uijl et al. 2011).

The values of 8'°C in the CH, emitted from the
floodplain sediments indicated the role of methano-
genic archaea in CH, production at higher tempera-
tures. This observation agrees with an isotopic signa-
ture averaging —42.3%o that was linked to acetoclastic
methanogenesis as the primary mechanism for CH,
production in freshwater wetlands (Hornibrook et al.
2000). The isotope ratio alone cannot provide direct
evidence for a warming effect on methanogenesis
over CH, oxidation, because temperature-enhanced
CH, oxidation can simultaneously enrich the isotopic
signature (Whiticar 1999; Jin et al. 2018; Park et al.
2023). However, the warming effect on CH, oxidation

appeared much weaker than that on CH, production
in the Closed and Open_wet treatments, potentially
due to oxygen-depleted sediment conditions prevail-
ing at the end of the incubation period (DO levels
ranging from 0.03 to 0.3 mg L7!). Oxygen avail-
ability may explain the unique temperature-response
curves of CH, given differential warming effects on
CH, production and oxidation under hypoxic condi-
tions (Shelley et al. 2015). CH, production by metha-
nogenic archaea is increasingly hindered by rising O,
levels (Ragsdale and Kumar 1996; Borrel et al. 2011),
resulting in a negative relationship between DO levels
and CH, emissions from flooded sediments (Schrier-
Uijl et al. 2011).

High concentrations of easily decomposable DOC
can stimulate the production of CH, in streamwater
and sediments (Keller and Stallard 1994; Crawford
and Stanley 2016; Romeijn et al. 2019). Based on
incubation experiments with bottom sediments from
lowland agricultural streams, Romeijn et al. (2019)
suggested both the quantity and quality (as indicated
by OM aromaticity) of DOC as the primary controls
over microbial metabolic activity and the production
of CO, and CH,. The decreases in DOC concentra-
tions and fluorescence intensities of the protein-
like and humic-like PARAFAC components in the
Open_dry treatments concurred with commensurate
increases in CO, and little changes in CH,. Together,
these trends indicate warming-enhanced aerobic con-
sumption of labile DOC that might not have been
replenished from the diminishing pool under the dry-
ing conditions. The Open_wet treatments produced
more CO, and CH, at higher DOC concentrations
under warmer conditions. These results, combined
with the significant correlations between the two
GHGs (CO, and CH,) and DOC (Fig. 5), imply that
the production of CO, and CH, can be stimulated in
saturated floodplain sediments when anoxic condi-
tions are coupled with a sustained supply of labile
OM until the organic pool reaches a threshold for
depletion. The warming-enhanced fluorescence inten-
sities in both the protein-like and humic-like peaks
identified for the DOM extracted from the Closed
and Open_wet treatments support the sustained
DOM supply within the 24-d time frame that might
be before reaching the depletion threshold. OM-rich
sediments tend to be more reactive to warming, as
shown by the OM-dependent temperature responses
of streambed sediments (Comer-Warner et al. 2018).
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Compared to CO, and CH,, N,O displayed the
most complex temperature response patterns, as illus-
trated by the large fluctuations of the net N,O produc-
tion in the Closed and Open_wet treatments during
the later incubation phase (Fig. 2). These complex
temperature responses may reflect the narrow range
of suitable conditions for the net N,O production
linked to various N transformation processes. Com-
plete nitrification and denitrification can occur under
optimal conditions, namely oxic and anoxic condi-
tions, respectively. However, varying amounts of N,O
can be produced from incomplete nitrification and
denitrification under suboptimal conditions of mois-
ture and O, availability. Whereas the net N,O pro-
duction in the Closed treatments was low under high
moisture and anoxic conditions that might be optimal
for complete denitrification, varying amounts of N,O
were produced in both Open_dry and Open_wet treat-
ments at the higher temperatures (20 °C and 28 °C)
throughout the 24-d incubation period. These results
emphasize the varying potentials of N,O production
in the floodplain sediments under changing condi-
tions of moisture and O,.

The varying environmental conditions away from
the narrow optimal range for nitrification and deni-
trification may explain the lack of straightforward
relationships between N,O production and key con-
trolling factors, as also found in a global meta-anal-
ysis on the temperature sensitivity of freshwater
denitrification and N,O production (Velthuis and
Veraart 2022). Prior studies found that the activity of
microorganisms containing the nosZ gene responsi-
ble for reduction of N,O to N, might decrease with
increasing temperature beyond the threshold at 25 °C,
producing more N,O (Liao et al. 2018; Chang et al.
2022). As the drastic increases in the net N,O produc-
tion of the Open_dry treatments at the highest two
temperatures (20 ‘C and 28 ‘C) illustrate, warming
around and beyond 25 °C, coupled with the narrow
range of suitable levels of moisture and O,, can tip
the balance between the production and consumption
toward an N,O surge.

Implications for riverine greenhouse gas emissions
under a changing climate

The gas-specific temperature responses observed dur-

ing the 24-d incubation suggest that warming can
increase CO, production in floodplain sediments
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under a wide range of moisture and O, availability,
whereas warming effects on the net production of
CH, and N,O would depend on the complex inter-
play between production and consumption under a
relatively narrow range of optimal moisture and O,
conditions. The extremely high Q,, values estimated
for the Closed and Open_wet floodplain treatments
(Table S1) imply that warming effects on the net pro-
duction of CH, in floodplain sediments can become
stronger under saturated conditions accompanied by
hypoxic to anoxic conditions. However, prolonged
drying conditions may reverse CH, production under
the negative influence of oxic conditions on methano-
genesis while temporarily enhancing N,O production
from nitrification or denitrification under shifting O,
conditions.

As a result of climatic warming, it has been pro-
jected that river water temperatures will increase by
0.8-1.6 °C for 2071-2100 relative to 1971-2000
(van Vliet et al. 2013). Although experimental and
modeling studies have reported either linear or expo-
nential temperature responses of CO, and CH, pro-
duction in lake sediments (Marotta et al. 2014; Yvon-
Durocher et al. 2014; Jansen et al. 2022), temperature
responses have been found to differ between CO, and
CH, production in streambed sediments, with nonlin-
ear CH, responses primarily explained by differential
temperature effects on CH, production and oxida-
tion (Shelley et al. 2015; Comer-Warner et al. 2018).
These studies have usually focused on the responses
of CH, relative to CO,. For example, Shelley et al.
(2015) found that the temperature response of CH,
production was twice that of anaerobic CO, produc-
tion. Our results suggest that varying moisture and O,
conditions can significantly modulate warming effects
on the net production of both CH, and N,O in flood-
plain sediments to a degree unexpected for CO, pro-
duction. The Q,, values for CO, varied little among
the treatments (Table S1) compared to those for CH,
and N,O. Wetting combined with exposure to air
increased the Q,, for N,O by a factor of 6.9 relative
to that of the Closed treatments. These results indi-
cate a significant contribution of warming-enhanced
GHG production in floodplain sediments with vary-
ing moisture and O, levels to the riverine emissions
of GHGs.

The combined effects of warming and wetting
can enhance GHG emissions from sediments more
than the rates expected from the isolated effects
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of temperature and moisture changes (Yang et al.
2022). This coupled effect was initially verified
in the Open_wet treatments. When the floodplain
sediments were sufficiently moist under completely
(Closed) or temporarily (Open_wet) anoxic condi-
tions, the large increases in CH, production (reach-
ing around 5,000 pg L=! d~!) at the highest incuba-
tion temperature resulted in the extremely high Q,,
values (Closed: 403; Open_wet: 330). After O, and
alternative electron acceptors have been depleted, the
ensuing anaerobic state creates a favorable condition
for production of CH, (Kuivila et al. 1989). A simi-
lar effect of water levels on the temperature depend-
ence of CH, production in wetland soils has been
established by a global synthesis (Chen et al. 2021).
When the floodplain sediment was dried, a greater
rate of CO, production followed during a sustained
drought period, similar to the continuously declining
CO, production we observed in the Closed treatments
in this study. Paranaiba et al. (2020) studied a situa-
tion of extreme droughts followed by heavy rainfalls,
where CO, emission increased while sediment dried
over 15 days, then decreased when the sediment was
completely dry. Although further experiments in the
field would be required to corroborate the findings
from the laboratory incubation experiment described
here, the temporal changes in drying and wetting
effects on GHGs we found suggest that more frequent
occurrences of droughts and floodings would result
in higher rates of GHG production under actual field
conditions.

In summary, warming has the potential to enhance
the net production of GHGs in floodplain sediments
and its contribution to the riverine GHG emissions,
but under the constraints of varying environmen-
tal conditions. The specific outcome would depend
on the prevailing environmental conditions rep-
resented by moisture and O, levels. As a caveat for
extrapolating the results of this study, it should be
emphasized that laboratory incubation experiments
are limited in simulating actual field conditions. For
instance, fluctuating river flows would result in more
frequent exchange of substances between the river
water and interacting sediments. Under field condi-
tions, elevated water temperatures can have a larger or
smaller effect on the actual rates of GHG production
as affected by the intervening influences of material
exchange on prevailing sediment conditions. More
field-based measurements of GHG emissions across

a wide range of temperatures and moisture conditions
are required to provide reliable estimates of emission
increases in response to future temperature increases.

Conclusions

A 24-d incubation experiment revealed gas-specific
temperature responses of the net production of three
GHGs in floodplain sediments that are constrained by
co-limiting factors including moisture, O,, and labile
organic carbon. The CO, production in the floodplain
sediments responded positively to warming over a
wide range of moisture and O,. The significance of
O, as the key co-limiting factor was evident in the
production of CH,. The net CH, production in the
dried sediments gradually decreased owing to the
increase in O,, whereas a drastic increase in CH, pro-
duction occurred in the Open_wet and Closed treat-
ments at the highest temperature under increasingly
anoxic conditions with a constant supply of labile car-
bon. The strongest temperature response of the N,O
production shifted from the wetted treatments to the
dried treatments during the later incubation phase,
implying that a narrow range of optimal hypoxic con-
ditions for nitrogen transformation processes (either
nitrification or denitrification) generating N,O varies
with time depending on moisture and O, availability.
The gradual drying combined with the active interac-
tion of bare sediments with air may be responsible
for the greater flux of N,O compared to the wetter
treatments. Overall, the results suggest that warm-
ing effects on riverine emissions of the three GHGs
would be significantly affected by the changing avail-
ability of moisture and O, that can shift the balance
between gas production and consumption in flood-
plain sediments. In the face of intensifying hydro-
logic extreme events, more frequent occurrences of
droughts and floodings can significantly alter the tem-
perature responses of GHG emissions from floodplain
sediments by affecting the co-limiting environmental
factors.
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