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Abstract. Global average temperatures and the frequency of extreme climatic events, including heat waves, are increasing due
to the anthropogenic rise in greenhouse gas (GHG) emissions. Shallow aquatic areas can potentially buffer some anthropogenic
alterations, acting as net sinks for nutrients and GHGs such as CO,, CH4 and N,O. However, these environments are also
vulnerable to climate variations, with unknown consequences for their role as climate buffers. To investigate the impact of
altered temperatures on the net exchange of GHGs and nutrients, we quantified variations in net metabolism, dissolved
inorganic nitrogen and GHG fluxes in sediments from the Rio San Pedro creek (Bay of Cadiz) exposed to a wide range of
temperatures (10 to 42 °C) over 84 hours of laboratory-controlled incubation, using core incubations, oxygen microprofiles
and microbial community analysis. Sediment respiration increased significantly with temperature, with evidence of inhibition
after prolonged exposure to the highest temperatures (34—42 °C), typical of heatwave conditions. Nitrogen cycling was also
affected, though not straightforwardly: moderate warming increased nitrification and net nitrite efflux, while dissimilatory
processes (denitrification and DNRA) appeared enhanced at higher temperatures. Key nitrification gene abundances did not
increase significantly, but functional predictions from 16S rRNA gene data using PICRUSt2 indicated enrichment of the
predicted denitrification pathway at the highest temperature. Although sediments were a net source of CH4 and N,O
throughout, their temperature responses diverged: N,O release increased up to 26—34 °C then declined, and was higher during
the first days, revealing a decoupling between production and consumption over time; methane release increased exponentially
with temperature throughout. Increasing heatwave frequency and duration could therefore substantially raise net CO, and CHy
release from shallow coastal sediments, while N>O responses appear more complex and non-monotonic, with uncertain net

feedback on global warming.
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1 Introduction

Global warming is considered one of the most serious threats to ecosystems with temperatures of the Earth's surface increasing
worldwide, being directly linked to the production and emission of anthropogenic Green House Gases (GHG) (Burkholz et al.,
2020; Meehl et al., 2005; Perkins-Kirkpatrick and Lewis, 2020). This global warming is additionally increasing the intensity
and frequency of episodes of extreme climatic conditions (ECC)(Schutte et al., 2019; Smith et al., 2023). The ecosystem
response to the extreme temperature changes during heat waves may result in a feedback loop leading to an increase of naturally
produced GHG during biogeochemical cycling, therefore reinforcing global warming (Burkholz et al., 2020).

Shallow coastal ecosystems like estuaries and wetlands play a vital role in providing essential ecosystem services. These areas
are characterized by high biodiversity, support economically important species, and act as crucial buffers during the exchange
of organic matter, nutrients, oxygen, and GHG between land and ocean. Additionally, they receive substantial inputs of organic
carbon and nutrients from rivers and runoff, further emphasizing their importance as critical interfaces between land and sea
(Froneman, 2005; Hines et al., 2013; Schutte et al., 2019). In these environments, the accumulated organic material in the
sediment undergoes a sequence of microbial processes, where oxygen is rapidly consumed, leading to suboxic and anoxic
conditions that further drive organic matter decomposition and nutrient recycling by anaerobic microbial metabolisms
(Canfield et al., 1993; Schutte et al., 2019). These processes result in the production of CO, but might also generate or consume
potent greenhouse gases like N,O and CHa. Shallow coastal environments might contribute significantly to global atmospheric
emissions and play a crucial role in the global nitrogen cycle and the destruction of stratospheric ozone (Burgos et al., 2018b;
Burkholz et al., 2020; Herbert, 1999).

Intertidal systems, are subjected to a wide range of physical forcings, such as daily and seasonal light cycles, immersion and
emersion periods due to tidal changes, and temperature variations. Sediment temperatures can vary by several degrees under
typical conditions, for example from 17 to 24 °C in northern systems, with larger fluctuations occurring in more thermally
variable environments (Deldicq et al., 2021; Guarini et al., 1997). As a consequence, biogeochemical processes and fluxes of
solutes, including GHG, can vary significantly during the day (Douglas et al., 2025; Gong et al., 2023; Lin et al., 2024).
Variations in temperature due to heatwaves can differentially modify physicochemical processes with opposite effects on
solute solubility and diffusion. An increase in temperature can decrease, for example, the availability of oxygen while at the
same time increase its diffusion rates thus affecting the rates and depth distribution of biogeochemical processes involved in
carbon and nitrogen mineralization (Hicks et al., 2018; Rios-Yunes et al., 2023; Thamdrup et al., 1998). Temperature changes
can also directly influence enzymatic processes in biogeochemical cycles, leading to varying impacts on metabolic rates and
shifting the relative importance of different processes (Thamdrup et al., 1998; Weston and Joye, 2005). Typically, higher
temperatures are expected to accelerate metabolic activities, but the relative effect can vary depending on the specific process
and enzymes involved. For instance, elevated temperatures may enhance nitrification by increasing directly enzyme activity
or by a higher availability of ammonium due to increased remineralization rates and simultaneously limit nitrification due to

reduced oxygen concentrations (Brin et al., 2015; Rysgaard et al., 1994).
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Monitoring and understanding the effects of rising temperatures on ecosystem components is essential for predicting ecosystem
responses. However, knowledge about the impacts of extreme climatic events, such as heat waves, remains limited, and few
studies have examined their impacts on intertidal communities (Easterling et al., 2000; Perkins-Kirkpatrick and Lewis, 2020;
Stott et al., 2004). In the present study, we investigated the impact of maintained temperature variations maintained during a
4-day experiment in the absence of tides and in darkness to limit confounding factors. The aim was to assess how temperature
changes affect sediment microbial community composition and metabolism. Sediment—water oxygen and nutrient exchange,
greenhouse gas emissions, bacterial community composition and nitrogen-cycle functional potential were measured across an
initial baseline and five temperature treatments, with 18 °C serving as the experimental control. Although the experimental
conditions do not fully reproduce those in the field, this design provides insight into temperature-driven changes in sediment
microbial communities and biogeochemical processes, as well as their capacity to remain stable or acclimate under substantial

warming.

2 Material and Methods
2.1 Study site and sampling

Sediment cores (n = 24, id. 5.5 cm, 30 cm length) and in situ water were collected on May 2018 in a non-vegetated muddy
area of the shallow Rio San Pedro tidal creek (Cadiz, Spain) (36 © 34 '37.5 "N, 6 ° 11 ' 14.3" W). The creek has an average
depth of 3—6 meters and a semi-diurnal tidal regime. Water temperature varies between 10 and 23 °C in winter and summer,
respectively (Ferron et al., 2009a).

Cores were transported to the laboratory after collection and distributed among five 40 L tanks filled with aerated in sifu water
(36 %o). Sediment cores were maintained for 4 days at 18 °C in darkness for acclimation. After this period, four sediment cores
were used to measure initial conditions (time 0) as described below. Subsequently, temperature in each of the tanks was
progressively modified to reach five different temperatures (10, 18, 26, 34, and 42 ° C) by using electrical heaters or cooling
units. The final temperatures were reached after approximately 6 hours. The effect of the temperature changes was measured
after 12, 36, 60, and 84 hours.

For each temperature and day, three sediment cores were incubated to measure sediment-water fluxes of inorganic nitrogen
nutrients (NOs", NOy,, NH4"), oxygen (O,), methane (CHy) and nitrous oxide (N,O). One additional sediment core was used to
measure oxygen microprofiles, as described below. Additional subsamples were taken for molecular analyses, including DNA
extraction, 16S rRNA gene library sequencing to characterize the microbial community and quantification of genes involved

in the nitrogen cycle to determine changes in its functional potential.
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2.2 Sediment-water fluxes

Sediment cores (20 cm of sediment and 10 cm of water column) were equipped with magnetic stirrers suspended in the water
column and driven by extemai motors to maintain turbulence in the water column. Once initial water samples were collected,
sediment cores were sealed with rubber stoppers and incubated for 2—10 hours, depending on the temperature. At the end of
the incubation period, sediment cores were opened outside the water tank for collecting final samples and cores returned fo
their corresponding tank.

Water samples (10 mL) for nutrient analyses were filtered (MF300 glass fiber filter, 0.7 pm nominal pore size, Fisherbrand)
in 12 mL plastic tubes and stored frozen at -24° C until analysis. Nitrate and nitrite were analyzed following the procedure
described in Garcia-Robledo et al. (2014), and ammonium according to Bower & Holm-Hansen (1980). Spectrophotometric
measurements were performed on a Multiskan™ GO microplate reader (Thermo Scientific™).

Oxygen fluxes for the determination of diffusive oxygen uptake (DOU) at the sediment-water interface were measured by O,
vertical concentration profiles in darkness with oxygen selective microelectrodes (100 um tip size, Unisense A/S, Denmark)
controlled by a motorized micromanipulator (MS-232), connected to a computer using the Sensor Trace Pro software
(Unisense®). The microelectrodes were calibrated in the water column with constant bubbling for the 100% oxygen saturation
and in the anoxic zone of the sediment for the 0% saturation. From the profiles, the depth of maximum oxygen penetration
(Zox) was identified and the oxygen fluxes were determined at the diffusive boundary layer by applying Fick’s first law for
molecular diffusion using the molecular diffusion coefficient Dy, determined from the salinity and temperature conditions
(Soetaert and Petzoldt, 2008), and the concentration gradient at the diffusive boundary layer (Jorgensen and Revsbech, 1985;
Kiihl et al., 1994; Revsbech, 1989).

Samples for the determination of N>O and CH4 concentrations were collected in 50 mL serum bottles and preserved with 120
uL of 37% formaldehyde. Concentrations of the dissolved gases were measured using a Bruker® gas chromatograph model
450 GC as described previously by Sierra (2017).

Sediment-water fluxes (mmol m™ h'') for nutrients, total oxygen uptake (TOU) and GHGs were calculated from the
concentration changes over time in the overlying water of the cores during the incubation. Positive flux represents release from

the sediment and negative flux uptake by the sediment.

2.3 Organic matter, DIC and nutrients profiles in the sediment

On the last day of the experiment, one core from each temperature treatment was sliced every cm down to 5 cm depth. Slices
were transferred to 50 mL Falcon tubes and homogenized to collect about 1 g of the sediment slurry for DNA extraction as
explained below. The rest was centrifuged at 4700 xg for 20 min at 4 °C in a Sorvall™ Legend™ X1R centrifuge (Thermo
Scientific™) to extract the porewater (PW). Three mL were transferred to Exetainers® (LabCO, UK) and preserved with 50
pL of 32-37% formaldehyde for later analysis of Dissolved Inorganic Carbon (DIC) via the Gran titration method (Mehrbach
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et al., 1973), and the remaining fraction was transferred to 6 mL plastic vials and kept frozen at -24 °C until later analysis for
nutrients concentrations. Centrifuged sediment was frozen, freeze-dried and homogenized. Carbon and N content were
analyzed on an elemental analyzer (Leco CHNS 932) at the Central Services of the University of A Corufia, Spain. Organic
carbon (Corg) was determined as the difference between the total carbon measured in the freeze-dried sediment samples and
inorganic carbon measured on a replicate previously combusted at 550 °C for 4 h. Total nitrogen was measured in the freeze-
dried sediment samples.

Besides, dissolved inorganic carbon (DIC) and dissolved inorganic nitrogen (DIN) fluxes at the sediment-water interface were
calculated from the DIC and DIN profiles, using Fick’s first law equation applied to the upper 2 cm sediment layer and the
diffusion coefficient with the sediment (Ds), estimated from Dy and corrected for the sediment porosity, hereafter referred as

steady state fluxes.

2.4 Apparent activation energy and Q1o calculation

The dependence of the measured microbial processes with temperature was quantified by the calculation of the apparent
activation energy (E,) and the Qo value. For that purpose, the measured rates were adjusted to the Arrhenius equation, and E,

was calculated by eq. 1:

Rate

E, = —R-T-In (%) (1)
where, A is a constant, R is the ideal gases constant (J K*! mol™!) and T is the experimental temperature (°K). E, was then used
to calculate the Q1o, following eq. 2 (Glud, 2008; Thamdrup et al., 1998):
Q10 =exp (E, - 10K - (R-T- (T + 10K)) ™) )

In addition, we also calculated Q1o values as the difference in rates between two temperatures following eq. 3:

10
— (Rz2)\(T2-TD)
Qo = () 3)
Apparent activation energies and Qio values calculated for each oxygen-uptake variable and exposure time are provided in

Table S1.

2.5 DNA extraction, PCR and sequencing of 16S rRNA

Before centrifuging the sediment to extract PW, a portion (~1g) was placed in 1.5 mL microcentrifuge tubes and frozen at -80
°C. DNA extraction was performed according to mechanical-chemical lysis protocol of Griffiths et al (2000). The quality and
concentration of the extracted DNA was checked by spectrophotometry using a pdrop Multiskan GO (Thermo-Scientific) and
confirmed by Qubit (Thermo-Scientific). The V4 region of the bacterial and archaeal 16S rRNA gene was amplified using
primers 515F (5'-GTGYCAGCMGCCGCGGTAA-3') and 806R (5'-GGACTACNVGGGTWTCTAAT-3") (Walters et al.,
2016). PCR was conducted using the HotStarTaq Plus Master Mix Kit (Qiagen, USA) with the following cycling conditions:
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95 °C for 5 minutes, followed by 30 cycles of 95 °C for 30 seconds, 53 °C for 40 seconds and 72 °C for 1 minute, and a final
elongation step at 72 °C for 10 minutes. PCR products were checked by gel electrophoresis. Samples are multiplexed using
unique dual indices and are pooled together in equal proportions based on their molecular weight and DNA concentrations.
Pooled samples were purified using calibrated Ampure XP beads. Then the pooled and purified PCR product was used to
prepare an [llumina DNA library. Sequencing was performed at MR DNA (www.mrdnalab.com, Shallowater, TX, USA) on a

MiSeq following the manufacturer’s guidelines.

2.6 Bioinformatics analysis

Sequences (fastq files) were processed using DADA?2 pipeline (Callahan et al.,2016) in R V.4.0 (R Core Team 2021). Forward
and reverse reads were trimmed to 250 and 220 bases, respectively. Filtering settings were maximum number of Ns (maxN) =
0, maximum number of expected errors (maxEE) = (1.1). The primer sequences were removed using trimLeft=c(20.20).
Sequences were dereplicated and the DADA2 core sequence variant inference algorithm applied. mergePairs was used to
merge sequences and ASV tables were constructed. Chimeric sequences were removed using removeBimeraDenovo default
settings. ASVs were taxonomically assigned using assignTaxonomy at default settings against the SILVA version 138.2
database (Quast et al., 2012). Samples were rarefied to 150,000 reads per sample for Bacteria before further analysis and
singleton ASVs removed, as well as ASVs appearing in less than 2 samples.

The ASV abundance table and representative 16S rRNA gene sequences were analysed using PICRUSt2 v2.2.0 (Douglas et
al., 2020) to estimate the functional potential of the bacterial and archaeal communities. PICRUSt2 places each ASV within a
reference phylogeny and uses the gene content of related sequenced genomes to predict which gene families are likely to be
present. ASV abundances were corrected for predicted variation in 16S rRNA gene copy number and combined with these
gene-family predictions to generate a predicted metagenomic profile for each sample. Predicted genes were then summarised
into metabolic pathways, which were compared among temperature treatments to identify potential shifts in community
functional capacity. These predictions represent inferred genomic potential rather than direct measurements of gene abundance,

expression or metabolic activity.

2.7 Quantitative PCR

Gene abundance involved in the nitrogen cycle (nirK, nirS, nosZ, nxrB, nrfA, and amoA for Bacteria, Archaea and commamox)
were quantified by qPCR (Table S2). All samples were analysed in duplicates. A 1:10 dilution was used to remove inhibitory
substances (Tatti et al., 2016). Standard curves constructed by amplifying the gene of interest according to Smith et al., (2006)
and no-template controls (NTC) were included in triplicate in each assay. Quantitative PCR was performed using the SYBR

Green GoTaq qPCR Master Mix (Promega), and the appropriate primers and cycling conditions in a 20 pl reaction (Table S2).
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gPCR assays were conducted using a CFX Connect Real-Time PCR Detection System (BioRad). Successful amplification of

the desired fragments was assessed by agarose gel electrophoresis, while specificity was checked by melt curve analysis.

2.8 Statistical analysis

The effects of day and temperature on sediment-water fluxes were analyzed using linear mixed-effects models (LMMs).
Exposure time (12, 36, 60 and 84 h), temperature (10, 18, 26, 34 and 42 °C) and their interaction were included as categorical
fixed effects, while sediment core was included as a random intercept to account for repeated measurements on the same cores.
The significance of the fixed effects and their interaction was assessed using likelihood-ratio tests comparing nested models
fitted by maximum likelihood.

When the temperature x exposure-time interaction was significant, follow-up comparisons of estimated marginal means were
performed for all pairwise temperature contrasts within each exposure time and all pairwise exposure-time contrasts within
each temperature. Degrees of freedom were estimated using the Satterthwaite method, and p values were adjusted using
Tukey’s method within each family of comparisons. CHs4 fluxes were transformed as In(CH4 + 0.32) before analysis. Because
the temperature x exposure-time interaction was not significant for transformed CHs fluxes, temperature effects were assessed
using an additive model, followed by Tukey-adjusted comparisons among temperatures averaged across exposure times.
Likelihood-ratio test results are provided in Table S3, significant follow-up comparisons are reported in Tables S4 and S5, and
all temperature comparisons for CHy are provided in Table S6.

When the dataset was insufficient for fitting a linear mixed model (LMM), Kruskal-Wallis tests or 2-way ANOVAs were
employed instead. The relationship between DIC and NH4" production rates after 84 h was assessed using linear regression
forced through the origin. All analyses were performed using R version 4.3.1 (R Core Team, 2023), using the Ime4, ImerTest
and emmeans packages. Statistical significance was accepted at p < 0.05. Results are reported as mean =+ standard error (SE)
unless otherwise indicated.

All analyses were performed in R version 4.3.0 (R Core Team, 2021). Bacterial and archaeal datasets were analysed separately
using the phyloseq (McMurdie & Holmes, 2013) and microeco packages. Taxonomic composition was summarised as relative
abundance at selected phylum, class and order levels and visualised using stacked bar plots and heatmaps. Significance in taxa
across time and treatment was assessed using ANOVA and DESeq?2 (Love et al., 2014). Differences in the relative abundance
of selected taxonomic groups among the Initial, 10, 18, 26, 34 and 42 °C treatments were additionally assessed using Kruskal—
Wallis tests followed by Dunn’s post hoc comparisons.

Alpha diversity was quantified using observed amplicon sequence variant (ASV) richness and the Shannon diversity index
(H'). Differences among treatments were assessed using Kruskal-Wallis tests followed by Dunn’s post hoc comparisons, and
individual replicate values were displayed alongside boxplots. Beta diversity was calculated using Bray—Curtis dissimilarities
based on ASV abundance data. Differences in community composition were visualised using principal coordinates analysis

(PCoA), with individual samples connected to the centroid of their respective treatment group. The effect of temperature

8
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treatment on community composition was tested using permutational multivariate analysis of variance (PERMANOVA),
implemented using the adonis2 function in the vegan package (Oksanen et al., 2001). Statistical significance was accepted at

p<0.05.

3 Results
3.1 Diffusive and total oxygen fluxes at the sediment-water interface

Temperature had a clear effect on the measured O, microprofiles (Fig. 1). At high temperatures, O, was quickly consumed by
the sediment, resulting in decreased oxygen penetration depth (zox) (~1.3 mm at 42 °C) while smoother, more deeply extended
O, microprofiles were recorded at lower temperatures (~4 mm at 10 °C). Both diffusive and total sediment oxygen fluxes
(consumption rates) increased with temperature (Fig. 2). Diffusive oxygen fluxes increased approximately linearly with
temperature, over the measured range, at a rate of 34 umol O, m h™! °C!. The rate was 1.6 times higher at 42 °C compared
to 10 °C after 12 h and 2.8 times after 60 h. After 84 h, however, DOU decreased at the two highest temperatures. Volumetric
DOU (DOUyy), calculated by dividing the areal DOU rate by the oxic-layer thickness (m), showed more pronounced changes
as expected from the definition, given the decrease in zox with temperature (Fig. 2b). Total oxygen uptake (TOU) increased
with temperature as well, showing a maximum around 26—-34 °C after 12 h (Fig. 2¢). TOU at the highest temperatures of 34-
42 °C was double that at 10—18 °C; however, the increase did not follow a clear linear pattern as in DOU. Both DOU and TOU
showed significant temperature X exposure-time interactions (DOU: 212 = 37.03, p < 0.001; TOU: y%1» = 45.47, p < 0.001;
LMM). Tukey-adjusted comparisons showed that DOU differed between 10 and 42 °C after 12 h, with broader temperature
differences from 36 h onwards; after 84 h, DOU was highest at 26 °C and differed from all other temperatures. For TOU, 10
°C differed from 26 and 34 °C after 12 h and from 42 °C after 36 h, whereas no temperature differences were detected after
60 or 84 h.
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Figure 1. Average vertical microprofiles of dissolved oxygen (O>) across the sediment—water interface in sediments exposed
to the different temperatures tested (10—42 °C) for 24 h. Depth is referenced to the sediment—water interface (0 mm); profiles

250 were measured with O, microelectrodes and are averages of replicate measurements (n= 3).
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Figure 2. Diffusive oxygen uptake (DOU) expressed as areal rates (a) and as volumetric rates within the oxic layer, i.e.

normalised to the oxygen penetration depth (b), together with total oxygen uptake (TOU) (c), in sediments exposed to the

different temperatures (1042 °C) over 4 days (84 h). DOU was derived from O, microelectrode profiles and TOU from whole-

core incubations. Data are means =+ standard error (SE); n = 3.
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260 The apparent activation energy (E,) calculated from areal (mmol O, m* h™') and volumetric (mmol O> m= h') DOU rates
showed an apparent increase over time (Fig. 3). However, no significant differences were observed throughout the experiment
(p-value = 0.3916; Kruskal-Wallis test). Mean E, (areal) increased from 10.5 kJ mol™! after 12 hours to 58.2 kJ mol-' after 84
h. (Table 1) Mean E, (volumetric) were between 2.7 to 1.7 times bigger than areal rates, after 12 and 84 h, respectively. In
contrast, when E, was calculated for areal TOU rates its value decreased with incubation time from 34.7 to 12.3 kJ mol-'. For

265 comparison with other studies, Q1o values were calculated from E, as well (Eq. 4) (Table 2). Qo was 1.2 - 2.2 when calculated
from E, (DOUgeal), 1.5 — 4.0 from E, (DOUyor), and 1.6 and 1.2 from Ea (TOU) after 12 and 84 h, respectively.

140
—a-TOU
120 1 —e-DOUvol
o-DOU
~ 100 -
o) ]
= 80
£ 601 Q
(L] J
Y 40
20 -
@)
0 :
0 50 100

Time (h)

Figure 3. Apparent activation energy (Ea, kJ mol!) of sediment oxygen consumption, calculated from areal diffusive oxygen
270 uptake (DOU; mmol O> m2 h''), volumetric DOU within the oxic layer (DOUyor; mmol O, m h!) and total oxygen uptake
(TOU; mmol O> m* h'!). Ea and its standard error (SE) were derived from the slope and associated SE of the linear Arrhenius

regression (Eq. 2)

12
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Table 1. Apparent activation energy (E,, kJ mol!) and temperature coefficient (Q1o) of sediment oxygen uptake at each
275 sampling time, calculated from areal diffusive oxygen uptake (mmol O, m™ h'') and from volumetric uptake within the oxic
layer (mmol O> m™ h'!). E, was obtained from Eq. 2 and Qo from Eq. 3, referenced to 18 °C; values are mean + SE. When
Q1o was instead computed over successive temperature intervals (Eq. 5), the overall mean was 1.33 + 0.14 for areal rates and

2.47 + 0.52 for volumetric rates (n = 16).

280
Areal rates Volumetric rates
1
Hour Ea (kJ mol)) O Ea (kJ mol™) Onw
12 10.50+2.99 1.61 +£0.83 28.11+£7.9 1.474+0.90
36 28.17+3.27 1.44 +0.93 59.69+4.10 2.27+0.95
60 28.84 +£4.78 1.40 £0.88 53.49+8.53 2.08+0.89
84 58.19+5.94 1.18£0.93 101.10%* 4.01%*

*Calculated with the linear part of the curve (between 10-26 °C)

13
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3.2 Dissolved inorganic carbon and nitrogen profiles

DIC and NH4" porewater profiles were affected by temperature variations, at higher temperatures.
Initial concentration of DIC (18 °C, Oh) was constant with depth around 4.01 + 0.13 mM (Fig.
4a). At the end of the experiment, sediment cores exposed to temperatures above 18 °C showed
a clear accumulation of DIC inside the sediment with a peak at 2—3 cm reaching 9.6 mM at 42°
C. As aresult, integrated DIC concentration with depth increased linearly with temperature (Fig.
S2).

Porewater NH4" increased progressively with depth from 12.3 uM to 102.0 uM at 5 cm at the
beginning of the experiment (Fig. 4b). After 84 h, concentrations increased in all the treatments.
At the three lowest temperatures, values reached 350 uM whereas a much higher build up with
depth was observed at 34 and 42 °C, reaching maximum values of 670 and 1050 uM, respectively.
Integrated NH4" concentration with depth did not change up to 26 °C but increased linearly with
temperature up to 42 °C (Fig. S2a).

In contrast to DIC and NH4", porewater profiles of NO>™ and NOj in the sediment indicated
generally net consumption (Fig. 4¢,d). NOy” and NOs™ concentrations were very low and very
little NO3™ was measured below the first centimeter. NO3™ concentrations were higher at lower
temperatures both in the water column and sediment. (Fig. 4c,d). Integrated NO, and NOj
concentrations did not show a trend with temperature; a minimum at 26° C was recorded for both
nutrients (Fig. S2b).

The ratio between integrated DIC and integrated total dissolved inorganic nitrogen (NH4" (directly
from remineralization) + NO,” + NOs™ (produced by nitrification of that NH4") (DIC:DIN)
decreased considerably from initial conditions to those measured after 84 h. DIC:DIN showed its

lowest value of 8.3 at 42° C and its highest of 25 at 26° C (Fig. S2c¢).

3.3 DIC and DIN fluxes at the sediment-water interface

The steady state fluxes at different temperatures indicated an important increase of DIC and NH4*
efflux with temperature after 84 h, increasing from values of 60.0 and 10.7 pumol m2h' at 18° C
to 861. 3 and 257.7 umol m2h! at 42° C for DIC and NH4", respectively (Fig. 5a). DIC and NH4*
production rates showed a strong linear relationship (DIC=3.2-NH4", r>=0.97, p<0.05). NOs™ flux
in the upper sediment layer indicated consumption and a decreasing trend with temperature; rates

at least three orders of magnitude lower than those of DIC and NH4" production rates. (Fig. 5b).
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Core incubations indicated that increasing temperature produced a clear increase in NH4*
consumption, resulting in an increasing influx to the sediment (Fig. 6a). The rate of flux change
with temperature was mostly linear and was highest after 12 h of exposure (-22.7 + 5.8 umol m™
h! °C"), decreasing progressively with time to reach values of -12.6 = 3.2 umol m2 h'! °C! after
84h. NH4* fluxes showed a significant interaction between temperature and exposure time (3?12 =
26.71, p = 0.009; LMM). The magnitude of the flux decreased progressively with time, even
shifting to positive fluxes for the lowest temperatures after 36 h. Tukey-adjusted comparisons
showed the clearest temperature differences after 12 and 36 h: fluxes at 34 °C differed from those
at 10, 18 and 26 °C at both times, while 42 °C differed from 10 and 26 °C after 12 h and from 10
and 18 °C after 36 h. After 84 h, only 10 and 42 °C differed significantly.
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Figure 4. Porewater depth profiles of (a) dissolved inorganic carbon (DIC), (b) ammonium
(NH4"), (¢) nitrite (NO2") and (d) nitrate (NO5") in sediment cores before the experiment (initial,
18 °C; open squares) and after 84 h of exposure to each temperature (10—42 °C; circles). Data are

means + SE (n = 3).
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Figure 5. Sediment—water fluxes of (a) DIC and NH4" production and (b) NOs™ consumption as a
function of temperature, estimated from the steady-state porewater gradients in the upper 2 cm of
sediment. DIC, dissolved inorganic carbon. '18;' denotes the initial condition; all other points

correspond to 84 h of exposure. Positive values indicate net production/release from the sediment.
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NO; was mainly exported to the water column from the sediment, with positive fluxes measured
over the course of the experiment at temperatures below 42 °C (Fig. 6b). Temperature increased
the net NO;™ efflux, showing highest positive values at 34 °C after 12h and at 26 °C for the rest
of the experiment; however, fluxes were mostly negative at 42 °C. Nitrite fluxes showed a
significant interaction between temperature and exposure time (3?12 = 26.34, p = 0.010; LMM).
Tukey-adjusted comparisons confirmed that the pattern depended on exposure time: after 12 h,
fluxes at 26 and 34 °C differed from those at 10 and 42 °C; after 36 and 60 h, the 26 °C treatment
differed from all other temperatures; and after 84 h, 42 °C differed from all lower temperatures.
NO; fluxes did not show a clear pattern with temperature or time. NOj3 flux differences over time
were smaller at the lowest, mostly showing efflux, and highest temperatures, mostly showing
influx. In contrast, they varied from +100 to -110 umol m? h™' with no clear temporal trend at 26
°C (Fig. 6¢). NOs™ fluxes showed a significant interaction between temperature and exposure time
(%12 = 58.43, p <0.001; LMM). No temperature pairwise comparison was significant after 12 h.
At 36, 60 and 84 h, the interaction was driven mainly by the 26 °C treatment, which differed from
10, 34 and 42 °C after 36 h, from all other temperatures after 60 h, and from 10, 18 and 42 °C
after 84 h (Tukey-adjusted comparisons).

The sensitivity of NH4" and NO," fluxes to temperature was estimated by Ea and Q. Ea for NH4*
increased with time throughout the experiment from 31.0 = 7.4 to 82.0 + 31.4 kJ mol,
corresponding to a Qo of 1.5 and 3.1, after 12 and 84 h respectively. In contrast, Ea for NO2
fluxes decreased considerably after 84h (Table S2).
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Figure 6. Sediment—water fluxes of dissolved inorganic nitrogen measured in whole-core
incubations: NH4" (a), NO2™ (b) and NOs™ (c), in sediments exposed the different temperatures
tested (10—42 °C) over 84 h relative to the in situ temperature of 18 °C recorded at time 0. Positive

values indicate efflux from the sediment to the overlying water. Data are means + SE (n = 3).

21



https://doi.org/10.5194/egusphere-2026-5410
Preprint. Discussion started: 1 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

3.4 N20 and CHj4 fluxes

A release of N>O and CH4 from the sediment was recorded throughout the experiment (Fig. 7).
N0 fluxes showed a significant interaction between temperature and exposure time (12 = 32.92,
p <0.001; LMM). (Fig. 7a). At 12 h, N»,O flux increased exponentially with temperature. Net
release decreased progressively with time i.e. the peak at 42 °C was observed at 12 h, at 34 °C at
36 h and at 26 °C at 60 h. Although differences were not clear statistically, highest values at the
lowest temperatures (10 and 18 °C) were observed after 84 h. The values of Ea and Qo for N>O
fluxes were lower than other solutes, 13.2 kJ mol™' and 1.2 respectively, and tended to decrease
over time (Table S2). Tukey-adjusted comparisons showed that, after 12 h, N2O flux at 42 °C
differed from all lower temperatures. Within the 42 °C treatment, the 12 h flux differed from those
after 36, 60 and 84 h.

CH; fluxes increased exponentially with temperature during the entire experiment (Fig. 7b).
Temperature had a significant overall effect on CHy fluxes (x% = 43.43, p < 0.001; LMM),
whereas the temperature x exposure-time interaction was not significant (x*> = 16.53, p = 0.168).
Tukey-adjusted comparisons averaged across exposure times showed no differences among 10,
18 and 26 °C; fluxes at 34 °C were higher than at these three temperatures, and fluxes at 42 °C
were higher than at all other temperatures (all adjusted p < 0.018). At the lowest temperatures
(1018 °C), fluxes varied slightly and ranged from 0.39 to 1.30 nmol m h™!. In contrast, at 34 °C
and 42 °C, the release of CHs4 increased one and two orders of magnitude, respectively. Ea and
Qi values for CHy4 production by the sediment were among the highest measured in this study,

85.5+10.9 kJ mol™! and 3.3 & 0.5, respectively (Table S2).

3.5 Organic carbon and total nitrogen content

Initial concentration of organic carbon (Cor) and total nitrogen content (Nioar) in the upper 5 cm
were 20.8 +3.2 and 1.4 + 0.3 mg g dw™!, respectively, resulting in a C:N (mol:mol) of 18.5 + 5.4
(Fig. S1). After 84h, we observed no clear changes in the vertical profiles of Co at the higher
temperature range (26—42 °C), whereas we observed a decrease in the upper sediment layer (up
to 4 cm) at 10 and 18 °C. The final Ny concentration in the upper 0-3 cm sediment layer was

lower than the initial one after 84 h of temperature exposure in all assayed temperatures. The
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different response of Corg and Nioat contents to temperature resulted in an increase in C:N ratio in

the upper 2 cm at 2642 °C with respect to the initial conditions at 18 °C.
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Figure 7. Sediment—water fluxes of the greenhouse gases (a) nitrous oxide (N,O) and (b) methane
(CH4) measured in whole-core incubations of sediments exposed to the different temperatures
tested (10—42 °C) over 84 h relative to the in situ temperature of 18 °C recorded at time 0. CH4

fluxes are shown on a log)o scale. Data are means + SE (n = 3).

24



https://doi.org/10.5194/egusphere-2026-5410
Preprint. Discussion started: 1 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

3.6 Quantitative PCR

The gene abundance of the different enzymes involved in the nitrogen cycle showed a general
pattern of higher content at the middle temperatures of 18 and 26 °C (Fig 8). The abundance of
the different genes varied several orders of magnitude with nirS and nrfA showing the highest
abundances and Arch amoA and nxrB the lowest. Differences at the end of the experiment between
treatments did not show any clear differences (p>0.05) with the exception of nxrB, where 10 and
42 °C were different from the initial and 18 °C. Normalizing the abundances to total 16S rDNA
copy numbers resulted in relatively similar patterns with highest numbers at 18 to 26 °C with the
exception of Arch amoA and nosZ that showed the highest ratio at 42 °C (Fig. S3). For Bac amoA,

CoAmmox, nxrb, and nrfA, the initial ratio was clearly different than the rest.
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Figure 8. Abundance of nitrogen-cycling functional genes in the 0—1 cm sediment layer across

the five temperatures (10, 18, 26, 34 and 42 °C): (a) nirS and (b) nirK (nitrite reductases;

denitrification), (c) bacterial and (d) archaeal amoA (ammonia monooxygenase; ammonia

oxidation), (e) nxrB (nitrite oxidoreductase; nitrite oxidation), (f) comammox amoA (complete
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ammonia oxidisers), (g) nrfA (marker of dissimilatory nitrate reduction to ammonium, DNRA)
and (h) nosZ (nitrous oxide reductase). Within each panel, left bars show absolute gene copy
numbers and right bars show copies normalised to the 16S rRNA gene. Black bars, initial

conditions (0 h); grey bars, final conditions (84 h). Data are means + SE (n = 3).
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3.7 Taxonomic responses of Archaea and Bacteria to heat treatments

The archaeal dataset contained 846 ASVs represented by 30,288 sequence reads, with Archaea
accounting for, on average, less than 0.6% of the total reads. The bacterial dataset contained 7,983
ASVs represented by 5,796,536 reads. The most abundant bacterial phyla, defined as those with
a mean relative abundance greater than 3%, were Pseudomonadota, accounting for an average of
47.9% of reads per sample, followed by Thermodesulfobacteriota (10.3%), Bacteroidota (9.3%),
Chloroflexota (4.8%), Planctomycetota (3.9%), Gemmatimonadota (3.9%), Verrucomicrobiota

(3.6%) and Myxococcota (3.5%) (Fig. 9a).

There were few differences in the relative abundance of the dominant phyla among the Initial, 10,
18, 26 and 34 °C treatments (Kruskal-Wallis tests, p>0.05). However, comparison of the Initial
and 42 °C treatments identified significant increases in Chloroflexota, particularly
Anaerolineales, and Bacillota, particularly Peptostreptococcales—Tissierellales (Kruskal-Wallis
tests, p<0.05; Dunn’s post hoc tests, p<0.05). Myxococcota and Verrucomicrobiota decreased

significantly at 42 °C (Kruskal-Wallis tests, p<0.05; Dunn’s post hoc tests, p<0.05).

The low abundance of Archaea in some samples limited more detailed analysis. Nevertheless, a
clear increase in Methanosarcinales was observed between the Initial condition and the 42 °C
treatment (Fig. 9b). SILVA 138.2 places Methanosarcinales within the class Methanosarcinia.
Within Pseudomonadota (Fig. S4), the Alphaproteobacteria order Rhodospirillales increased
approximately 18-fold, from a mean relative abundance of 0.1% in the Initial samples to 1.8% in
the 42 °C treatment (Dunn’s test, p<0.05). Caulobacterales increased approximately tenfold, from
0.1% in the Initial samples to 1.1% at 42 °C (Dunn’s test, p<0.05). Within Gammaproteobacteria,
Pseudomonadales increased from a mean relative abundance of 10% in the Initial samples to 13%
at 42 °C (Dunn’s test, p<0.05). Steroidobacterales increased in the 18 and 26 °C treatments but
subsequently decreased at 42 °C (Kruskal-Wallis test, p<0.05; Dunn’s post hoc test, p<0.01).
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Figure 9. Relative abundance of microbial taxa at the sediment surface across temperature

treatments (initial, 10, 18, 26, 34 and 42 °C), under initial conditions and after 84 h. Stacked bars

show mean proportions of (a) bacterial phyla and (b) archaeal classes. Only taxa accounting for

> 1 % of the community in at least one sample are shown individually; remaining groups are

pooled as 'Other".
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3 8. Richness, diversity and community responses of Bacteria to heat treatments

ASV richness varied considerably among replicates and showed an overall decline with increasing
temperature, with approximately a twofold difference between the highest and lowest treatment
means; however, differences among treatments were not statistically significant (Fig. 10a).
Shannon diversity also declined with increasing temperature. An overall difference among
treatments was detected using a Kruskal-Wallis test (p<0.01), with Dunn’s post hoc comparisons
indicating significantly lower diversity at 34 and 42 °C than under the Initial condition (p<0.05;
Fig. 10b). Community composition based on Bray—Curtis dissimilarities differed significantly
only between the Initial condition and the 42 °C treatment in pairwise PERMANOVA tests
(p<0.05; Fig. 11).
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Figure 10. Microbial a-diversity at the sediment surface across temperature treatments (initial,

10, 18, 26, 34 and 42 °C), under initial conditions and after 84 h. Points represent individual

replicates (n=3 per treatment), boxes show the interquartile range and median, and whiskers

indicate the data range. Different letters in panel (b) indicate significant differences among

treatments based on Dunn’s post hoc test following a Kruskal-Wallis test (P<0.05)..
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Figure 11. Principal coordinates analysis (PCoA) of microbial community composition at the
sediment surface across temperature treatments. Each point is a replicate sample (n=3 per
treatment) coloured by temperature — the initial community and the communities after 84 h of
exposure at 10, 18, 26, 34 and 42 °C — and thin lines connect replicates to their group centroid.
The ordination is based on Bray—Curtis dissimilarities among amplicon sequence variants
(ASVs); axes PCol and PCo2 explain 37 % and 15.5 % of the total community variation,

respectively.
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3. 9. Reconstructed functional analysis using PiCrust2

ASV abundance profiles and representative sequences were used to predict the functional
potential of the microbial communities. Principal component analysis of predicted MetaCyc
pathway abundances showed clear separation of the Initial, 34 °C and 42 °C treatments, indicating
shifts in predicted community function at the highest temperatures. Direct comparison of the
Initial and 42 °C treatments identified significant differences in several pathways (Fig. S5). The
predicted denitrification pathway was relatively enriched at 42 °C, together with pathways
associated with formaldehyde metabolism, branched-chain amino-acid degradation, -alanine
biosynthesis, protocatechuate and gallate degradation, and carotenoid biosynthesis. In contrast,
pathways associated with methylphosphonate degradation, 2,3-butanediol biosynthesis,
isopropanol biosynthesis and degradation of chitin derivatives were relatively enriched under
Initial conditions. No clear differences were detected in pathways associated with methanogenesis
or methane oxidation. Principal component analysis of predicted MetaCyc pathway profiles
showed clear differences among temperature treatments, with the strongest separation observed

between the initial and 42 °C (Fig S6) samples.

4 Discussion

Previous studies have shown that warming increases respiration and oxygen consumption in
marine sediments, although responses vary with sediment type, temperature range and exposure
duration (Thamdrup et al., 1998; Wieland & Kiihl, 2000; Hancke & Glud, 2004a; Weston & Joye,
2005). More recent experiments have examined heatwave effects on benthic metabolism, nutrient
cycling or greenhouse-gas exchange, but these components have rarely been assessed together
(Simone et al., 2024; Gobeler et al., 2025; Douglas et al., 2025). By combining microsensor
measurements, whole-core fluxes, porewater profiles, greenhouse-gas exchange, functional-gene
quantification and microbial community analyses, the present study provides evidence of a largely
resistant sediment microbial community. Although warming progressively increased sediment
metabolism, microbial composition and several biogeochemical functions remained
comparatively stable across most of the temperature range, with pronounced restructuring
occurring mainly at 42 °C. This indicates resistance to moderate warming but a threshold response

under extreme heat exposure.
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4. 1. Effect of temperature increase on total sediment metabolism

Sediment metabolism was strongly affected by temperature enhancing heterotrophic microbial
metabolism and organic matter degradation rates (Hancke and Glud, 2004). Oxygen consumption
rates (DOU, TOU areal and DOU volumetric rates) increased linearly with temperature, as did
sediment porewater DIC and NH4". The increase in total metabolism observed here is consistent
with earlier studies on temperature effects on benthic communities (Hancke and Glud, 2004;
Wieland and Kiihl, 2000). Despite the variability in exposure times in the different experiments
and across the wide range of temperatures all resulted in a sustained rise in sediment O, demand.
However, the effect varies several folds between different temperatures.

The impact of heat waves on sediment oxygen consumption is complex, as temperature influences
several interdependent physicochemical and biological processes (Hancke and Glud, 2004;
Jorgensen and Revsbech, 1985; Wieland and Kiihl, 2000). Higher temperatures reduce O»
solubility, being the concentration in equilibrium with the atmosphere is 0.58 times lower at 42°
with respect to 10 °C. In addition, an increase in T would reduce the apparent diffusive boundary
layer (DBL) thickness. The apparent DBL, estimated from eq. 1 in Jergensen and Revsbech
(1985), at 42° was 0.69 times the value at 10 °C. Finally, higher T increases the molecular
diffusion coefficient; D, is 2.27 times higher at 42° vs. 10° C. While the reduced DBL thickness
and increased diffusion could elevate DOU, the lower oxygen solubility may offset this effect.
Accurately assessing these temperature-dependent changes is challenging due to the simultaneous
interplay of these variables (Jorgensen and Revsbech, 1985; Millero and Poisson, 1981; Wieland
and Kiihl, 2000). Our calculations, following Rasmussen and Jergensen (1992) (Eq 2 and 17,
therein), to obtain the concentration of O, at the sediment surface and the oxygen flux,
respectively, suggest that sediment oxygen demand (DOU) increases with temperature by 20%
(1.2 times) from 10 °C to 42 °C, driven by physicochemical only temperature-dependent effects.
This is a minor effect compared to the 178% increase observed on average (2.78-fold) in DOU
across the same temperature range during the experiment. In addition, factors like wind and tidal-
induced turbulence likely play a more important role than the physicochemical changes in O»
solubility and diffusivity in the control of oxygen fluxes in situ.

Although both DOU and TOU increased with temperature, the effect was clearer for DOU,
showing a clear progressive increase in DOU with temperature and time in the first 60 h,
indicating greater temperature sensitivity, likely due to microbial metabolic adjustments or

changes in community composition. Following the increase in rates, a decrease was clearly
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observed at the two highest temperatures that could indicate inhibition of microbial respiration
from prolonged heat exposure. Previous studies have shown that warming alters sediment
metabolism and microbial community structure, although responses vary with temperature,
exposure duration and sediment characteristics (Hicks et al., 2018; Seidel et al., 2023a, b). By
combining microsensor measurements, whole-core fluxes, porewater profiles, greenhouse-gas
exchange, functional-gene quantification and microbial community analysis, the present study
provides evidence of a metabolically responsive but compositionally resistant sediment
community. Oxygen consumption and nutrient cycling responded across the temperature gradient,
whereas microbial diversity and community composition remained comparatively stable from the
initial conditions to 34 °C. Pronounced restructuring occurred primarily at 42 °C, with reduced
diversity, a decline in Pseudomonadota and enrichment of Chloroflexi, particularly
Anaerolineales, and Firmicutes, particularly Peptococcales. This indicates resistance to moderate
warming but a threshold response when temperatures exceeded the range normally experienced
by the community. The decrease in oxygen consumption rates was then most likely due to the
depletion of labile organic substrates (Arnosti et al., 1998; Glud, 2008; Hansen and Kristensen,
1998; Papaspyrou et al., 2004), as the community seemed to adjust to the temperature changes.
TOU rates, influenced by both diffusive and advective fluxes, showed a less clear temperature
dependence, likely due to differences in the abundance and type of micro and meiofauna affecting
the overall temperature changes. Consequently, TOU did not show a clear decrease at the highest
temperatures, but it was maximum, remaining highest at the highest temperatures (34-42 °C).
The contribution of DOU to TOU increased from about 30% at 18 °C to 60—80% across the
temperature range, suggesting a potential negative effects to the infauna under higher temperature
or at least a higher contribution of microorganisms to the O, fluxes at higher temperature. Thus,
despite the temperature-dependent shift observed here, the overall magnitude of the DOU
contribution remained within the broad range previously reported for intertidal and subtidal
sediments (Musat et al., 2006; Rabouille et al., 2003).

The sensitivity of DOU to temperature, measured by Ea and Qo, increased over time. However,
an increase in temperature sensitivity is the opposite of classical thermal acclimation, and more
likely reflects changes from an early flux under physical O>-transport control with the enzyme-
limited biological signal strengthening over time. After 12 to 84 hours of exposure, mean Ea
(areal) for DOU increased from 10.5 to 58.2 kJ mol™' (Qyo from 1.15 to 2.22), whereas mean Ea
(volumetric) was 2.7 to 1.7 times higher, respectively. These findings, which align with previous

research using O in short-term incubation experiments with different tidal and subtidal sediment
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communities from different geographic locations, including experiments with sediment slurries,
suggest that exposure duration influences the response of sediment oxygen demand to warming.
In contrast to DOU, Ea for TOU rates decreased from 34.7 to 12.3 kJ mol-! over time (Qjo from
1.61 to 1.18). These values are lower than those reported in short-term studies at higher latitudes
for whole core incubations but at lower temperature ranges (Qi0=2.4 - 3.3, Hancke & Glud
(2004)). This suggests that the effect of temperature increase seems to be higher at lower
temperatures. The decline in Ea for TOU likely reflects the harmful effects on infauna due to
prolonged exposure to increased temperatures and the reduced oxygen availability. This suggests
that the duration and intensity of temperatures increase, such as heat waves, can significantly

affect both sediment biochemistry and trophic webs.

4 2. Nitrogen cycling processes

The effect of temperature on the nitrogen cycle varied both in time and with temperature. NH4"
fluxes revealed a linear change with temperature whose intensity, however, changed over time.
Initially, after 12 hours, the sediment acted as a net sink for NH4*, with uptake rates being 7.5
times higher at 34 - 42 °C with respect to 10 °C. Since the experiment was conducted in the dark
to exclude the effect of assimilation by benthic microalgae, this demand likely stemmed from a
stimulation of the nitrification, anammox and bacterial assimilation near the sediment-water
interface (Dalsgaard and Thamdrup, 2002; Rosales Villa et al., 2019; Schutte et al., 2019). Deeper
anaerobic remineralisation accumulated NH4* below the shrinking oxic zone acting as another
source contributing to the bacterial demand. In fact, production rates of NH4" calculated from the
steady profiles at the end of the experiment increased exponentially with temperature. The
DIC:NH4" production ratio of 3.2 was well below both the Redfield remineralisation C:N of 6.6
and the bulk sediment C:N of 18.5 (section 3.5), indicating preferential mineralisation of labile,
nitrogen-rich organic matter rather than the refractory bulk pool; the higher integrated porewater
DIC:DIN (8.3-25; Fig. S2c) is reconcilable as a flux-versus-standing-stock difference (Anderson
and Sarmiento, 1994; Redfield, 1958). Regardless, these production rates were similar to values
previously reported for Cadiz Bay sediments (Burgos et al., 2018a) and other temperate regions
(Berg et al., 1998; Hansen and Kristensen, 1998; Leote and Epping, 2015; Papaspyrou et al.,
2007). Although, the sediment was a net source of NH4" at lower temperatures, at 34 °C and 42
°C, the sediment continued to uptake NH4" from the water column over time, albeit at lower rates,

suggesting a stimulation of nitrification rates.
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Although NOj profiles indicated a consumption of this solute in the sediment, increasing with
temperature, suggesting temperature-stimulated denitrification (Canion et al., 2014), they did not
have the sufficient resolution to discern the fine depth changes occurring at the few upper mm. In
fact, NO, and NOs™ fluxes were mostly positive, supporting an increase in nitrification rates. NOy
rates exhibited a more consistent pattern with NO»™ efflux increasing with temperature up to 34
°C, but an influx at 42 °C, whereas those of NO3™ varied unpredictably with fluxes alternating
between consumption and release within a day, most notable at 26 °C. The exception was the
fluxes at 42 °C that like NO, were negative although very close to undetectable levels.

Nitrifying microorganisms exhibit broad thermal tolerance, with optimal activity typically
between 25 and 35 °C in temperate coastal sediments (Herbert, 1999). Yet, whole-core
measurements often record lower nitrification rates in summer than in winter, an effect attributed
to the thermal reduction of the oxic layer, and thus O, availability-alongside intensified
competition for NH4* by fast-growing heterotrophs (Hansen et al., 1981). In our study, sediment
0O, demand increased markedly with temperature, causing oxygen penetration depth to shrink
from roughly 4 mm to 1.3 mm. Such narrowing of the oxic zone shifts the balance toward
anaerobic processes and can uncouple nitrification—denitrification coupling, ultimately
dampening the net stimulation of nitrification at the highest temperatures (Thamdrup and
Fleischer, 1998). However, despite pronounced functional shifts, we observed no significant
change in the absolute abundance of key nitrification genes (bacterial and archaeal amoA, nxrB),
except for a relative enrichment of archaeal amod at 42 °C. This decoupling between gene
abundance and process rates likely reflects the inherently slow growth and high activation
energies of nitrifiers, whose biomass responds more slowly to temperature changes than enzyme-
mediated reaction rates (Reay et al., 1999). Concurrently, the net fluxes of NO, and NO; revealed
non-linear responses: effluxes rose with warming up to 34 °C but shifted toward a slight uptake
at 42 °C. Such behavior suggests that dissimilatory nitrate reduction processes (denitrification and
DNRA) increasingly outpace downstream NO; oxidation at extreme temperatures. Indeed,
DNRA is known to intensify under warming and low-O: conditions, competing effectively with
denitrification (Dawson and Murphy, 1972; Nizzoli et al., 2010). Furthermore, temperature-
mediated enhancements of denitrification and anammox rates have been reported in saline
sediments, with differing thermal optima among pathways (Brin et al., 2017). By the end of the
experiment (84 h), the cumulative effect of heat stress drove a shift in NO," dynamics that
underscores the dual importance of heat-wave intensity and duration in situ (Tan et al., 2020).

PICRUSt2 predictions were consistent with a shift in community functional potential at 42 °C,
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including an increased predicted relative abundance of pathways associated with denitrification,
acetate production (PWY-7254) and ectoine biosynthesis (P101-PWY). The enrichment of
ectoine biosynthesis may indicate an increased potential for cellular stress protection, although
these predictions do not demonstrate changes in gene abundance, expression or process rates.
Incorporating the effects of episodic thermal anomalies into predictive models will therefore be
important for forecasting nutrient fluxes and greenhouse-gas emissions from intertidal and coastal

wetland sediments under future climate scenarios.

4 3. Production of greenhouse gases

Estuaries can act as either sources or sinks for N,O depending on conditions and timing
(Lamontagne et al., 2003). In the San Pedro River, N,O fluxes ranged from -0.11 and 0.38 pmol
m2h'! (-2.64 —9.12 umol m d"), these net emission rates aligns with previously reported values
in the area (Ferron et al., 2009b). Our results did not show a consistent, sustained effect of
temperature, despite that increased temperatures may enhance denitrification by expanding anoxic
conditions, potentially leading to greater NoO production. However, this might trigger contrary
effects, for instance, the thinner oxic zone might limit nitrification, reducing NOy™ availability for
N20 production. PiCrust2 functional predictions suggest a higher relative abundance of nosZ,
which might be consuming the N>O produced in previous steps. nosZ encodes nitrous oxide
reductase, which catalyses the terminal step of denitrification (N2O — N2) and is the only known
biological sink for N2O (Dalsgaard and Thamdrup, 2002; Sanford et al., 2012; Zumft, 1997); its
predicted enrichment at 42 °C would therefore favour net N.O consumption rather than
accumulation. In parallel, both DNRA and anammox route reactive nitrogen away from N.O —
DNRA returns NOs™ to NH4*, and anammox combines NO.~ with NH4* directly into N> with no
N:O intermediate (Thamdrup and Dalsgaard, 2002). However, because anammox in temperate
marine sediments peaks near 15 °C and declines above ~37 °C (Thamdrup and Dalsgaard, 2002),
DNRA and complete denitrification are the more likely N.O-suppressing routes at the highest
temperatures. As the net N>O flux integrates production by incomplete denitrification and nitrifier
pathways against these consumption and bypass routes, their opposing temperature responses can
offset one another, which would account for the muted net signal despite any pronounced shifts
in the underlying nitrogen cycle.

Methane (CHy) in coastal systems primarily originates from estuarine inputs or benthic production

linked to organic matter mineralization. Its production mainly results from methanogenesis, which
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involves anaerobic processes such as acetate fermentation or CO, reduction (Faber et al., 2012;
Ferron et al., 2009a) although recent discoveries also revealed the relevance of other processes
going on in the sediment surface and even at oxic marine environments (Repeta et al., 2016; Xiao
etal., 2017, 2018). Methane concentration in the water column is influenced by both aerobic and
anaerobic oxidation processes. While methane oxidation can continue under hypoxic-anoxic
conditions as oxygen levels decrease, its dynamics are complex due to the interplay between
physicochemical processes and biological aerobic and anaerobic processes (Abril et al., 2002;
Bastviken et al., 2008; Gudasz et al., 2010). Higher temperatures enhance the production of
methane carried out by microorganisms and increase the diffusive flux from the deeper parts of
the sediment to the water column. However, the methane that diffuses upwards is also consumed
by microbial oxidation processes, also favored at higher temperatures (Abril and Iversen, 2002;
Herbert, 1999; Stocker, 2014). Both production of CH4 and emission from the sediment show a
remarkable temperature dependence for wide range of ecosystems and microbial communities.
Nevertheless, a relative increase of the emissions at higher temperatures it is commonly observed,
then suggesting a decoupling between production and consumption processes (Y von-Durocher et
al., 2014). In our experiment, we also observed that methane released from the sediment increased
with temperature, reaching a peak of 93.4 nmol m2h! (2.24 pmol m?2 d') at 42 °C. The range of
fluxes measured are higher than previous data reported in the Rio San Pedro, but they are similar
to those reported in coastal basins of the Mexico's Western Margin (Abril et al., 2002; Bastviken
et al., 2008; Ferron et al., 2009a; Sansone et al., 2004).

The taxonomic data showed that warming to 42 °C notably shifted the key methanogenic players.
Methanosarciniales, archaeal methanogens that tolerate higher temperatures and rely on acetate,
became significantly more abundant than at the experiment’s outset (Biddle et al., 2012;
Dellagnezze et al., 2023; Lever and Teske, 2015). At the same time, Rhodospirillales, a group of
purple non-sulfur bacteria that ferment organic substrates into acetate, also increased (p < 0.01).
This tandem rise suggests a simple but effective partnership: Rhodospirillales produce acetate,
which Methanosarciniales then convert to methane. In contrast, the broader PiCrust2 bacterial
community showed no clear change in methanogenic or methanotrophic genes, indicating that
these two groups are likely to drive the temperature-induced spike in CH4 production.

The results obtained during the laboratory simulation of a short-term heatwave on intertidal
sediments from the Rio San Pedro creek revealed a quick and significant impact on the
biogeochemical processes and microbial community structure. The increase in oxygen

consumption, coupled with relevant changes in nitrogen cycling pathways towards denitrification

39



https://doi.org/10.5194/egusphere-2026-5410
Preprint. Discussion started: 1 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

at higher temperatures, revealed the vulnerability of shallow coastal areas to short-term alterations
of temperatures caused by extreme climate events. The rise in the methane efflux at high
temperatures, driven by alterations in the archaeal and bacterial communities involved in
methanogenesis, highlights the potential for increased greenhouse gas emissions from coastal
sediments under future climate scenarios. Although we have used a simplified system for
simulating the impacts of heatwaves, further research is needed to better understand the impacts
of the increased intensity and duration of heatwave events in the response of shallow coastal

ecosystems to global warming.

5 Conclusions

Taken together, our results show that short-term warming of the magnitude reached during
heatwaves markedly alters the benthic metabolism, nitrogen cycling and greenhouse-gas
exchange of these shallow tidal-flat sediments. The strong thermal stimulation of sediment
respiration, followed by a decrease above ~34 °C and by a pronounced compression of the oxic
zone, is consistent with the temperature sensitivity of benthic metabolism reported for other
temperate intertidal systems (Papaspyrou et al., 2007; Thamdrup and Fleischer, 1998) and for this
same estuarine system under ambient conditions (Burgos et al., 2018a; Ferron et al., 2009b). As
oxygen penetration shrinks, the balance of nitrogen transformations shifts from nitrification
toward denitrification and DNRA, in line with the temperature-stimulated dissimilatory nitrogen
loss described elsewhere (Brin et al., 2017; Canion et al., 2014), while the exponential rise in
methane efflux is comparable to the high CH4 emission potential of organic-rich coastal sediments
(Abril et al., 2002; Sansone et al., 2004). The broader ecological implication is that intertidal flats,
often regarded as buffers that sequester carbon and nutrients, can shift toward net sources of CO»,
CHys4 and, transiently, N>O once thermal thresholds typical of heatwaves are exceeded, and that
this transition is driven by restructuring of the microbial community rather than a simple change
in reaction rates. As such extremes become more frequent and prolonged, the capacity of these
systems to act as coastal climate buffers may weaken, generating positive feedbacks on regional

carbon and nitrogen budgets that warrant longer-term, field-based assessment.
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