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A B S T R A C T   

During the European heatwave of 2018 that led to record-breaking temperatures in many countries across 
northern and central Europe, average seawater temperature in July was 2.5 �C higher than the mean from 2004 
to 2017 for same month in the Belgian coastal zone (BCZ) (Southern Bight of the North Sea). The mean dissolved 
CH4 concentration in surface waters in July 2018 (338 nmol L� 1) was three times higher than in July 2016 
(110 nmol L� 1), and an extremely high dissolved CH4 concentration in surface waters (1607 nmol L� 1) was 
observed at one near-shore station. The high dissolved CH4 concentrations in surface waters in the BCZ in July 
2018 seemed to be due to a combination of enhancement of methanogenesis and of release of CH4 from gassy 
sediments, both most likely related to warmer conditions. The emission of CH4 from the BCZ to the atmosphere 
was higher in 2018 compared to 2016 by 57% in July (599 versus 382 μmol m� 2 d� 1) and by 37% at annual scale 
(221 versus 161 μmol m� 2 d� 1). The European heatwave of 2018 seems to have led to a major increase of CH4 
concentrations in surface waters and CH4 emissions to the atmosphere in the BCZ.   

1. Introduction 

Methane (CH4) is the second most important long-lived anthropo
genic greenhouse gas (GHG) after CO2 (IPCC, 2013), and has numerous 
anthropogenic and natural sources and sinks in the three major Earth 
compartments (atmosphere, land and ocean) (Saunois et al., 2016). The 
open ocean is a very small source of CH4 to the atmosphere (�2 TgCH4 
yr� 1, Rhee et al., 2009; Weber et al., 2019) compared to other natural 
CH4 sources (~220 TgCH4 yr� 1) dominated by wetlands and to 
anthropogenic CH4 sources (~350 TgCH4 yr� 1) dominated by agricul
tural food production (cattle and rice paddies) (Saunois et al., 2016). 
The origin of CH4 in surface waters of the open ocean is elusive, coined 
the “ocean CH4 paradox”, possibly related to several processes that are 
probably variable from one system to another such as the transformation 
of methylated molecules such as dimethylsulfoniopropionate or meth
ylphosphonate (Karl et al., 2008; Florez-Leiva et al., 2013), production 
of CH4 by phytoplankton itself (Lenhart et al., 2016), or methanogenesis 
in the guts of some species of copepods (Stawiarski et al., 2019). Coastal 
waters, and in particular estuaries, are more intense sources of CH4 to 
the atmosphere (~10 TgCH4 yr� 1) than open oceanic waters (Bange 
et al., 1994; Middelburg et al., 2002; Borges and Abril, 2011; 

Upstill-Goddard and Barnes, 2016). The CH4 emissions from coastal 
waters are sustained by methanogenesis in sediments fueled by high 
organic matter deposition and in some regions by natural gas seeps, mud 
volcanoes or CH4 hydrates (Dimitrov, 2002; Damm and Budeús, 2003; 
Mau et al., 2007; Malakhova et al., 2010; Shakhova et al., 2010). In 
coastal waters, the largest source of CH4 seems to be sedimentary and 
leads to an enrichment of CH4 in bottom waters, the fate of which de
pends on water column depth. Concentrations of CH4 in surface waters 
and related CH4 emissions to the atmosphere are higher in shallow re
gions of the continental shelf (Borges et al., 2016), and, in deeper areas, 
CH4 in bottom waters is dispersed by lateral transport (advection or 
turbulent mixing) or removed by microbial oxidation, and is transported 
very slowly across the thermocline to surface waters (Schneider von 
Deimling et al., 2011; Mau et al., 2015; Graves et al., 2015). Overall, this 
leads to a negative relation between CH4 concentration and depth (in 
absolute values) both locally (Borges et al., 2016, 2018) and globally 
(Weber et al., 2019).The future evolution of CH4 emissions from coastal 
waters in response to warming and eutrophication (and related expan
sion of hypoxia) remains largely unconstrained and unquantified (Naqvi 
et al., 2010). 

The response to natural oscillations (e.g. El Ni~no-Southern 

* Corresponding author. 
E-mail address: alberto.borges@uliege.be (A.V. Borges).  

Contents lists available at ScienceDirect 

Continental Shelf Research 

journal homepage: http://www.elsevier.com/locate/csr 

https://doi.org/10.1016/j.csr.2019.104004 
Received 8 July 2019; Received in revised form 24 October 2019; Accepted 27 October 2019   

mailto:alberto.borges@uliege.be
www.sciencedirect.com/science/journal/02784343
https://http://www.elsevier.com/locate/csr
https://doi.org/10.1016/j.csr.2019.104004
https://doi.org/10.1016/j.csr.2019.104004
https://doi.org/10.1016/j.csr.2019.104004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csr.2019.104004&domain=pdf


Continental Shelf Research 190 (2019) 104004

2

Oscillation, North Atlantic Oscillation) or extreme weather events (e.g. 
heatwave, very mild winter) can be used as a natural laboratory to 
determine how marine ecosystems might respond to climate change (e. 
g. warming, increased stratification, local change of wind intensity) (e.g. 
Le Qu�er�e et al., 2002; Champenois and Borges, 2012, 2019). Further
more, heatwave events are predicted to increase in frequency and 
magnitude as a consequence of global warming (Fr€olicher et al., 2018). 
Heatwaves have been shown to affect marine ecosystems worldwide, 
leading to mortality of some organisms, out-of-range species migrations, 
or outbreaks of undesirable organisms, in pelagic communities (McCabe 
et al., 2016; Cavole et al., 2016; Oliver et al., 2017), seagrass beds 
(Marb�a and Duarte, 2010; Arias-Ortiz et al., 2018), coral reefs and 
reef-associated communities (Wernberg et al., 2013; Hughes et al., 
2017), kelp forests (Wernberg et al., 2016), and rocky benthic commu
nities (Garrabou et al., 2009). The effect of heatwaves on the marine 
sources and sinks of greenhouse gases such as CH4 and on its emission to 
atmosphere have not been documented so far, to our best knowledge. 

Borges et al. (2016, 2018) reported the distribution and seasonal 
variability of dissolved CH4 in the Belgian coastal zone (BCZ) and hy
pothesized that warming would increase CH4 concentrations in surface 
waters. This hypothesis builds on the fact that there are large quantities 
of organic matter from former peatlands (dating from the last glacial 
period) in near-shore sediments and the presence of gassy sediments, 
most probably pockets of CH4 (Missiaen et al., 2002). Furthermore, the 
BCZ is an area of important deposition of sediment and organic matter 
compared to the rest of the North Sea (de Haas and van Weering, 1997), 
consequently near-shore sediments are muddy and rich in organic 
matter (Braeckman et al., 2014). Warming could stimulate the release of 
CH4 from sediments either due to enhanced methanogenesis (mainly 
limited by temperature, given the high stock of sedimentary organic 
matter) and/or release of CH4 from gassy sediments (ebullition/flaring). 
Furthermore, the water column in the BCZ is permanently well-mixed 
(no summer thermal stratification), so that inputs of CH4 from sedi
ments are efficiently mixed to surface waters; conversely, warming of 
surface waters propagates to an equivalent warming of surface sedi
ments. The heat should then further propagate deeper into the sediment 
by diffusion and advection, depending on sediment porosity (Goto and 
Matsubayashi, 2009) and by pore-water pumping by surface waves 
(Savidge et al., 2016). 

In the present study, we report dissolved CH4 concentrations in 
surface waters at nine fixed stations in the BCZ during 2018 (Fig. 1) that 
are compared to an equivalent data-set obtained in 2016. We compare 

the data-sets obtained with the same analytical methodology in 2016 
and 2018 at the same stations and using the same temporal resolution 
(monthly), to check for inter-annual changes. In particular, we investi
gate the response of marine CH4 concentration to the European 2018 
heatwave (WMO, 2018), in order to test the above mentioned hypothesis 
of enhancement of dissolved CH4 concentrations in response to warm
ing. The European 2018 heatwave led to record-breaking temperatures 
in many countries across northern and central Europe, and according to 
the European Center for Medium Weather Forecast, near-surface air 
temperature anomaly in Europe in the period of April to August, 
calculated with respect to the 1981–2010 average for those months, was 
nearly 2 �C in 2018, much larger than in any previous year since 1979 
(Magnusson et al., 2018). 

2. Material and methods 

Data were collected in the BCZ on board the RV Simon Stevin at nine 
fixed stations (Fig. 1) in 2017, 2018 and 2019 during 23 cruises of one or 
two days duration (28/29-03-17; 26-04-17; 23/24-05-17; 05-03-18; 21/ 
22-03-18; 04/04-04-18; 24/25-04-18; 02/03-05-18; 29/30-05-18; 25/ 
26-07-18; 27/29-08-18; 25/27-09-18; 24/25-10-18; 21/22-11-18; 18- 
12-18; 29/30-01-19; 20/21-02-19; 26/27-03-2019; 08/08-04-2019; 23/ 
24-04-2019; 06/08-05-2019; 20/21-05-2019; 04/05-06-2019). Sam
pling was carried out in surface waters (3 m depth) with a 4L Niskin 
bottle mounted on a six bottle rosette connected to a conductivity- 
temperature-depth (CTD) probe (Sea-bird SBE25). Sampling was only 
made in surface waters because we previously showed that there are no 
major vertical gradients (between surface and bottom waters) of 
salinity, temperature and CH4 in the BCZ which is a permanently well- 
mixed area due to its shallowness and strong tidal currents (Borges 
et al., 2016). Duplicate water samples for the determination of dissolved 
CH4 concentration were collected in borosilicate serum bottles (50 mL) 
with silicone tubing, left to overflow, poisoned with a saturated solution 
of HgCl2 (200 μL), sealed with a butyl stopper and crimped with an 
aluminum cap. The concentration of CH4 was determined with the 
headspace equilibration technique and a gas chromatograph (GC) 
equipped with a flame ionization detector (SRI 8610C) calibrated with 
CH4:CO2:N2O:N2 mixtures (Air Liquide Belgium) of 1, 10 and 30 μatm 
CH4. The method is described in detail by Borges et al. (2018), and was 
inter-calibrated with other laboratories in the first large-scale interna
tional inter-calibration of marine CH4 and N2O measurements (Wilson 
et al., 2018). Precision was about �3% for CH4 based on analysis of 159 

Fig. 1. Map of the nine sampling stations (circles), the West Hinder platform (wind speed measurements), bathymetry, and sediment acoustic turbidity in the Belgian 
coastal zone. Acoustic turbidity corresponds to gassy sediments (from Missiaen et al., 2002). 
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duplicate samples. The air-sea flux of CH4 (FCH4) was computed using 
the gas transfer velocity parameterization as a function of wind speed of 
Nightingale et al. (2000), and the Schmidt number of CH4 in seawater 
computed from temperature according to Wanninkhof (1992), using 
daily wind speed data from the Westhinder platform (2.4378�E 
51.3883�N) acquired by the Meetnet Vlaamse Banken (MVB) and 
retrieved from the Vlaams Instituut voor de Zee (VLIZ) data-center 
(http://www.vliz.be/en/measurement-network-flemish-banks). We 
used a constant atmospheric value of the partial pressure of CH4 (pCH4) 
of 1.9 μatm. The typical variability of atmospheric pCH4 of �0.2 ppm 
leads to a small error in the computation of FCH4, on average of <�0.5% 
for our data-set because the observed dissolved CH4 concentrations in 
the BCZ were always distinctly above the saturation value. 

Samples for the determination of chlorophyll-a (Chl-a) were filtered 
on Whatman GF/F glass fiber filters (47 mm diameter) and stored frozen 
(� 20 �C). The concentration of Chl-a was determined on acetone (90%) 
extracts by fluorimetry (Holm-Hansen et al., 1965) using a Kontron 
SFM25 fluorimeter. Samples for the determination of total suspended 
matter (TSM) were filtered on pre-weighted Whatman GF/F glass fiber 
filters (47 mm diameter) and data retrieved from the VLIZ data-center 
(http://www.vliz.be/en/lifewatch-0). 

Hourly seawater temperature data from 2004 to 2018 were acquired 
at the two platforms (Westhinder (2.439�E 51.389�N) and Wandelaar 
(3.047�E 51.395�N)) by the MVB and retrieved from the VLIZ data- 
center (http://www.vliz.be/en/measurement-network-flemish-banks). 
Seawater temperature from the platforms compared satisfactorily with 
the CTD measurements from the cruises (Fig. S1). Daily average air 

temperatures were acquired at the Oostende airport (2.870�E 51.204�N, 
< 1km from the seashore) and were retrieved from Weather Under
ground data-base (https://www.wunderground.com/). 

Statistical tests were carried out at 0.05 level, using GraphPad 
Prism® software. Normality of the distribution was tested with the 
D’Agostino-Pearson omnibus normality test, and differences were tested 
with the Wilcoxon matched-pairs signed rank test. 

The georeferenced and timestamped data-set from 2017 to 2019 of 
dissolved CH4 concentration, salinity, water temperature and Chl-a is 
publicly available (Borges and Gypens, 2019). The data-set from 2016 is 
also publicly available as a Supplemental File of Borges et al. (2018). 

3. Results and discussion 

Seawater temperature in the BCZ in July–August 2018 was excep
tionally high compared to the last 13 years (Fig. 2). The monthly average 
of seawater temperature in the BCZ in July 2018 (20.4 �C) was 2.5 �C 
higher than the mean from 2004 to 2017 in July (17.9 �C), and the 
monthly average of seawater temperature in August 2018 (21.0 �C) was 
2.3 �C higher than the mean from 2004 to 2017 in August (18.8 �C). The 
monthly average seawater temperature in 2018 was higher by 1.5 �C in 
July and by 1.4 �C in August compared to 2016. Monthly air tempera
ture in Oostende in July 2018 (19.0 �C) was 2.3 �C higher than the mean 
from 2004 to 2017 in July (16.7 �C). The monthly average air temper
ature in 2018 was higher by 2.2 �C in July and by 0.1 �C in August 
compared to 2016. The time-series of air temperature since 2004 shows 
that two other heatwaves occurred in August 2004 (18.7 �C) and July 

Fig. 2. Time series of monthly seawater temperature (�C) in the Belgian coastal zone and monthly air temperature (�C) in the city of Oostende from 2004 to 2018. 
Horizontal dotted line indicates the value of July 2018. 
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2006 (20.2 �C), but there was not a corresponding increase of seawater 
temperature, probably reflecting less extensive and more local heat
waves, and/or of shorter duration. 

The mean seawater temperature measured at the nine fixed sampling 
stations (Fig. 1) was 1.5 �C higher in July 2018 (21.3 �C) than in July 
2016 (19.8 �C) (Fig. 3). Higher seawater temperatures were observed at 
all nine stations, with differences ranging between 0.7 �C at stations 700 
and 780 and 2.3 �C at station 215 and ZG02 (Fig. S2). There was an 
onshore-offshore gradient of seawater temperature in July 2018, with 
lower temperatures offshore (20.8 �C on average for stations ZG02, 330 
and 780) than onshore (22.0 �C on average for stations 120, 130 and 
700) (Fig. S2). 

Summer-time CH4 concentrations (July–August) were significantly 
higher in 2018 than 2016 (Wilcoxon matched-pairs signed rank test 

p ¼ 0.0432 < 0.05). The mean CH4 concentration in surface waters in 
July 2018 (338 nmol L� 1) was three times higher than in July 2016 
(110 nmol L� 1) (Fig. 3). Higher CH4 concentrations in July 2018 than 
July 2016 were observed at seven of the nine individual stations (Fig. 4 
and S3). The differences of CH4 concentrations in July 2018 compared to 
July 2016 were particularly marked at stations 130 and 700, with 
extreme CH4 concentrations of 1074 and 1607 nmol L� 1, respectively. 
Such dissolved CH4 concentration values are much higher than those 
typically reported in estuarine polyhaline regions, as maximum CH4 
concentrations are observed mostly in the oligohaline estuarine regions 
with values typically <500 nmol L� 1 (Borges and Abril, 2011). These 
dissolved CH4 concentration values were higher than any other previous 
report in natural surface waters of the North Sea, and equivalent to the 
maximum concentration reported above an abandoned borehole in the 
Northern North Sea (CH4 concentration of 1453 nmol L� 1, Rehder et al., 
1998). Such high dissolved CH4 concentrations are extremely uncom
mon in continental shelves in general (typically CH4 � 10 nmol L� 1) (e. 
g. Bange et al., 1994; Bange, 2006; Weber et al., 2019), and are only 
observed in areas of shallow and intense gas seeps such as near Coal Oil 
Point in Santa Barbara Channel (Mau et al., 2007) or the bays in the 
Black Sea around Sevastopol (Malakhova et al., 2010). The dissolved 
CH4 concentrations in the BCZ in late winter and spring (January–May) 
were similar in 2016, 2017, 2018 and 2019 (Fig. 3), even if the late 
winter (January–March) seawater temperatures were particularly low in 
2018 (Figs. 2 and 3). The dissolved CH4 concentrations in the BCZ in 
early winter (October–December) were also similar as those in 2016 and 
2017 for the monthly averages of all stations (Fig. 3). At station 130, the 
shallowest among the nine sampled stations, high values of dissolved 
CH4 concentrations were observed in September 2016 and November 
2018 (Fig. 4) possibly in relation to transient increases in relation 
sediment resuspension due to autumn storms. Indeed, in November 
2018, TSM values were higher in the most coastal stations (700, 130, 
120) (50.0 � 19.0 mg L� 1) than the most off-shore stations (ZG02, 330, 
780) (13.0 � 10.4 mg L� 1), indicative of vigorous sediment resus
pension, and the highest TSM value among the nine sampled stations 
was at stations 130 (69.0 mg L� 1). In conclusion, the major difference 
among years of dissolved CH4 concentrations in the BCZ was observed in 
July 2018 compared to 2016, except for small-scale variations in 
autumn due sediment resuspension at the shallowest station (130). 

The concentration of CH4 in estuarine environments depends on the 
balance of source terms (riverine and lateral inputs and sedimentary 
fluxes) and loss terms (emission to the atmosphere and microbial 
oxidation). Salinity values in July 2018 were lower in most stations than 
in July 2016, but values were within the range typically observed at 
each station (Fig. S4). However, at station 700 where the highest CH4 
concentration was observed, salinity was higher in July 2018 than in 
July 2016. Furthermore, Borges et al. (2018) showed using a simple 
model that CH4 brought from the Scheldt estuary is rapidly lost during 
transport in the BCZ mainly due to emission to the atmosphere, and that 
inputs of CH4 from the Scheldt do not contribute significantly to the 
observed high CH4 values in the BCZ. We conclude that the difference in 
dissolved CH4 concentration in the BCZ between July 2018 and 2016 
was unrelated to differences in estuarine inputs of CH4 from the Scheldt. 

Borges et al. (2018) showed that CH4 at the different stations of the 
BCZ behaved differently to inputs of phytoplankton organic matter and 
to seasonal temperature change, depending on the organic matter con
tent of sediments (sandy and organic matter poor versus muddy and 
organic matter rich). At stations with organic poor and sandy sediments 
(stations 215, ZG02 and 330), CH4 production in sediments seemed to 
rapidly increase in response to the sedimentation of organic matter from 
the spring phytoplankton bloom, and then declined by the start of 
summer. This is in line with the observation of a peak of CH4 production 
in the sediments that follows the spring phytoplankton bloom with a 
time lag of 1 month in Eckernf€orde Bay in the Baltic Sea (Bange et al., 
2010; Steinle et al., 2017). In the stations of the BCZ with sandy sedi
ments, the time lag between the CH4 peak and the phytoplankton bloom 

Fig. 3. Average of the nine sampled stations in the Belgian coastal zone (Fig. 1) 
of seawater temperature (�C), chlorophyll-a concentration (Chl-a in μg L� 1), 
and dissolved CH4 concentration (CH4 in nmol L� 1) in 2016, 2017, 2018 and 
2019. Error bars represent the standard error (that in some cases are smaller 
than the symbol and do not appear on the plot). 
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seemed to be shorter (14–21 d) because more shallow (Borges et al., 
2018). Consequently, it seems unlikely that changes in the intensity of 
the spring phytoplankton bloom might explain changes in CH4 pro
duction in the BCZ several months later, either in summer or fall. Indeed, 
the most off-shore western stations (ZG02, 330, 215 and 230) showed in 
2019 distinctly higher peaks of CH4 in mid-May compared to the other 
years (Fig. 4 and S3). This was probably in response to the higher de
livery of freshly produced organic matter from the phytoplankton 
bloom. Indeed, average Chl-a at stations ZG02, 330, 215 and 230 in 
April was higher in 2019 (11.7 � 3.6 μg L� 1) than 2016 
(4.1 � 2.1 μg L� 1) and 2018 (10.3 � 7.1 μg L� 1) (the higher mean value 
in 2018 compared to 2016 was driven by the values at station 230, the 
mean value in 2018 excluding this station was 6.9 � 3.0 μg L� 1). At these 
stations, CH4 peaked in Mid-May 2019 in response to higher spring-time 
Chl-a but decreased again by early June 2019, confirming that the 
response of CH4 to the spring phytoplankton bloom is fast (<1 month) 
and short-lived. 

Average Chl-a was higher in March and early April 2018 than 2016 
(Fig. 3). This seemed to be a generalised feature at all nine stations 
(Fig. S5) suggesting better light conditions in early 2018 than 2016, as 
winter-time dissolved inorganic nutrients were similar in 2018 and 2016 
(not shown). However, average Chl-a concentrations in the BCZ were 
similar from late April to July in 2016 and 2018 (Fig. 3). Furthermore, 
the highest CH4 concentrations in July 2018 were observed at stations 
130 and 700 where sedimentary CH4 production does not respond to 
inputs from the spring phytoplankton bloom, but, instead is a function of 
seasonal temperature variations because they have muddy sediments 
rich in organic matter (Borges et al., 2018). We conclude that the dif
ference in CH4 concentration in the BCZ between July 2018 and 2016 
was unrelated to marginal differences in the early spring phytoplankton 

bloom in particular in the near-shore muddy stations (130 and 700) 
where the highest CH4 concentrations were observed, although it might 
have played a small role in the off-shore sandier stations (ZG02 and 
330). 

Fig. 4. Seasonal variations of dissolved CH4 concentration (CH4 in nmol L� 1) at nine stations in the Belgian coastal zone in 2016, 2017, 2018, 2019. The plots are 
arranged to correspond to the spatial distribution of the stations (Fig. 1), left to right corresponding to West to East, and top to bottom corresponding from off-shore 
to near-shore. The same data are presented in Fig. S2 with Y-axis individually scaled for each station. 

Fig. 5. Dissolved CH4 concentration (nmol L� 1) as function of seawater tem
perature (�C) averaged for the nine stations (Fig. 1) in the Belgian coastal zone 
in 2016, 2017, 2018 and 2019. The dotted line shows the exponential fit for 
data with seawater temperature (T) > 10 �C: CH4 ¼ 1.7527 exp(0.2283*T) 
(r2 ¼ 0.93), where CH4 is in nmol L� 1 and T in �C. 
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The average dissolved CH4 concentration for each cruise was posi
tively correlated to water temperature (Fig. 5), as previously reported in 
the area (Borges et al., 2016, 2018), although extending markedly the 
upper bounds of the range of variations of both dissolved CH4 concen
tration and seawater temperature values. This might possibly be 
explained by the optimum temperature for methanogenic archaea 
around 35–40 �C for mesophiles and 60–65 �C for thermophiles (Zeikus 
and Winfrey, 1976; Schulz et al., 1997; Yvon-Durocher et al., 2014). The 
most common lineages of methanogenic archaea in marine sediments 
are Methanoculleus and Methanosaeta followed by Methanolinea, and 
organisms from all three groups are either mesophiles or thermophiles 
(Wen et al., 2017). Psychrophile methanogenic archaea (optimum 
growth at 15–20 �C) have only been reported in cold deep lake sedi
ments but not in marine sediments (Blake et al., 2017), although psy
chrotolerant methanogenic archaea (optimum growth temperature 
similar to mesophiles but capable of survival at temperatures of 0–5 �C) 
have been reported in Arctic marine sediments (Kendall et al., 2007). 
Below the optimum temperature and in an environment rich in organic 
matter, a positive relationship between methanogenesis and tempera
ture is expected (Yvon-Durocher et al., 2014). Indeed, warming has been 
shown experimentally to increase CH4 production in freshwater sedi
ments (Yvon-Durocher et al., 2017; Comer-Warner et al., 2018). 

Although station 120 is characterized by muddy sediments rich in 
organic matter (Braeckman et al., 2014), the increase of CH4 in July 
2018 compared to 2016 was not as spectacular as in stations 130 and 
700 (Fig. 4 and S3). Stations 130 and 700 are located above a zone of 
gassy sediments (Missiaen et al., 2002). Release of CH4 from gassy 
sediments is enhanced in warmer conditions due the decrease of the 
solubility of CH4 and thermal expansion of gas pockets (Martens et al., 
1998; Wever et al., 1998). We conclude that the increase of temperature 
related to the heatwave of 2018 most likely led to a general increase of 
CH4 in surface waters (at nearly all stations) due to enhancement of 
methanogenesis (stimulation of microbial metabolism), and that, in 
addition, the higher temperature also most likely led to enhanced CH4 
release from gassy sediments (in particular at stations 130 and 700 sit
uated in the area of acoustic turbidity indicative of gassy sediments). 

However, the above interpretation of the CH4-temperature relation 
given in Fig. 5 requires that the extra heat in the water column during 
the heatwave of 2018 partly propagated into the sediments, and pre
sumably also led to higher sediment temperatures. The BCZ is shallow 
(<30 m deep) and experiences strong tidal currents, consequently, the 
water column is permanently well mixed so that the surface of sediments 

should have experienced warmer conditions in 2018 compared to the 
other years, and we assume that this extra heat propagated deeper in the 
sediment. The extent of additional warming of sediments should depend 
on the sediment thermal diffusivity that increases with porosity and is 
highest in sandy sediments (Goto and Matsubayashi, 2009). Further
more, in sandy and permeable sediments such as those present in the 
BCZ, surface gravity waves may drive advective pore-water exchange 
that can increase 50-fold the fluid exchange between sandy sediment 
and overlying water relative to the exchange by molecular diffusion 
(Precht and Huettel, 2003), and should also increase heat propagation in 
sediments (Savidge et al., 2016). In shallow and sandy sediments of the 
Gulf of Mexico, Jackson and Richardson (2001) showed that tempera
ture within the sediment down to 1 m below surface tracked closely 
seasonal changes of the overlying water at time-scales compatible with 
the long-lasting heatwave experienced in Europe in 2018. 

The FCH4 in July 2018 was 202% higher at station 130 (1935 versus 
639 μmol m� 2 d� 1) and 165% higher at station 700 (2845 versus 
1070 μmol m� 2 d� 1) than in July 2016. The overall average of FCH4 for 
the nine stations in July 2018 was 57% higher than in July 2016 (599 
versus 382 μmol m� 2 d� 1) (Table 1). The yearly average of FCH4 for the 
nine stations was 37% higher in 2018 than 2016 (221 versus 
161 μmol m� 2 d� 1), showing that the European heatwave of 2018 most 
likely had a major impact on the CH4 emissions from the BCZ. 

4. Conclusion 

The European heatwave of 2018 most likely led to a major increase 
of the emissions to the atmosphere of CH4 from the BCZ both in summer 
and at annual scale. This indicates that emissions of CH4 to the atmo
sphere in coastal environments similar to the BCZ (shallow and with 
organic rich sediments) should most likely increase in future because 
heatwave events are predicted to increase in frequency and magnitude 
as a consequence of global warming (Fr€olicher et al., 2018). Also, the 
response of the BCZ to the European of 2018 heatwave seems to have 
provided a natural in-situ experiment of the response to future warming 
of CH4 emissions from shallow marine areas. 
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Table 1 
Average at nine stations in the Belgian coastal zone (Fig. 1) of dissolved CH4 concentration in surface waters (nmol L� 1), wind speed (m s� 1), gas transfer velocity (k600 
in cm h� 1) and air-water CH4 flux (FCH4 in μmol m� 2 d� 1). The date corresponds to the last day of the cruise (duration 1–2 days). Wind speed was averaged over the 15 
days prior to the last day of the cruise to provide seasonally representative values and smooth out transient weather events (windy or calm spells). Data of CH4 were not 
acquired in January and February 2018, so to provide annual averaged FCH4, the yearly cycle was completed with data acquired in January and February 2019. Only 
the cruises of 2016 concurrent in the yearly cycle with those of 2018/9 were used.  

Dates CH4 Wind speed k600 FCH4 

nmol L� 1 m s� 1 cm h� 1 μmol m� 2 d� 1 

2016 2018/9 2016 2018/9 2016 2018/9 2016 2018/9 

28-01-16 29-01-19 20 23 10.9 9.5 33.8 25.9 90 79 
16-02-16 21-02-19 38 50 11.2 8.8 34.7 22.4 192 167 
04-03-16 05-03-18 13 36 9.9 10.2 28.5 28.3 47 131 
31-03-16 22-03-18 21 19 8.9 9.6 22.7 24.5 70 58 
11-04-16 04-04-18 23 35 8.4 7.3 21.3 14.6 76 75 
27-04-16 24-04-18 15 27 8.6 6.4 20.4 12.6 45 56 
04-05-16 03-05-18 18 20 8.6 8.9 21.0 22.7 58 73 
25-05-16 30-05-18 48 61 7.0 6.8 14.3 13.5 126 163 
26-07-16 26-07-18 110 338 7.3 5.1 15.4 7.5 382 599 
24-08-16 27-08-18 51 96 8.3 8.2 19.3 18.8 209 391 
27-09-16 26-09-18 156 87 7.3 8.0 15.7 19.0 530 543 
26-10-16 24-10-18 40 45 8.4 7.2 19.8 14.8 142 207 
23-11-16 22-11-18 41 71 10.5 10.1 30.6 27.5 208 313 
19-12-16 18-12-18 35 46 7.2 11.2 14.3 34.8 74 245 
Average  45 68 8.8 8.4 22.3 20.5 161 221  

A.V. Borges et al.                                                                                                                                                                                                                               



Continental Shelf Research 190 (2019) 104004

7

Acknowledgements 

We are grateful to the crew of the RV Simon Stevin for assistance 
during the cruises, to Andr�e Cattrijsse and Jonas Mortelmans (VLIZ) for 
organizing the schedule of cruises, to Thibault Lambert for producing 
Fig. 1, to Marc-Vincent Commarieu and Adriana Anzil for help with 
laboratory analysis, and to two anonymous reviewers and associate 
editor for constructive comments on the previous versions of the 
manuscript. CTD and TSM data were provided by VLIZ and acquired in 
the frame of LifeWatch. The GC was acquired with funds from the Fonds 
National de la Recherche Scientifique (FNRS) (2.4.598.07). CR has a PhD 
grant from the FRIA (Fund for Research Training in Industry and Agri
culture, FNRS). JLM has a PhD grant from the International Training 
Network MIxITiN funded by European Union’s Horizon 2020 research 
and innovation programme under the Marie Skłodowska-Curie grant 
agreement No 766327. AVB is a research director at the FNRS. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.csr.2019.104004. 

References 

Arias-Ortiz, A., Serrano, O., Masqu�e, P., Lavery, P.S., Mueller, U., Kendrick, G.A., 
Rozaimi, M., Esteban, A., Fourqurean, J.W., Marb�a, N., Mateo, M.A., Murray, K., 
Rule, M.J., Duarte, C.M., 2018. A marine heatwave drives massive losses from the 
world’s largest seagrass carbon stocks. Nat. Clim. Chang. 8, 338–344. 

Bange, H.W., Bartell, U.H., Rapsomanikis, S., Andreae, M.O., 1994. Methane in the Baltic 
and North seas and a reassessment of the marine emissions of methane. Glob. 
Biogeochem. Cycles 8, 465–480. 

Bange, H.W., 2006. Nitrous oxide and methane in European coastal waters. Estuar. Coast 
Shelf Sci. 70, 361–374. 

Bange, H.W., Bergmann, K., Hansen, H.P., Kock, A., Koppe, R., Malien, F., Ostrau, C., 
2010. Dissolved methane during hypoxic events at the boknis eck time series station 
(Eckernf€orde bay, SW Baltic Sea). Biogeosciences 7, 1279–1284. 

Blake, L.I., Tveit, A., Øvreås, L., Head, I.M., Gray, N.D., 2017. Response of methanogens 
in Arctic sediments to temperature and methanogenic substrate availability. PLoS 
One. https://doi.org/10.1371/journal.pone.0129733. 

Borges, A.V., Abril, G., 2011. Carbon dioxide and methane dynamics in estuaries. In: 
Wolanski, E., McLusky, D. (Eds.), Biogeochemistry, Treatise on Estuarine and Coastal 
Science, vol. 5. Academic Press, Waltham, pp. 119–161. 

Borges, A.V., Champenois, W., Gypens, N., Delille, B., Harlay, J., 2016. Massive marine 
methane emissions from near-shore shallow coastal areas. Sci. Rep. 6, 27908. 
https://doi.org/10.1038/srep27908. 

Borges, A.V., Speeckaert, G., Champenois, W., Scranton, M.I., Gypens, N., 2018. 
Productivity and temperature as drivers of seasonal and spatial variations of 
dissolved methane in the Southern Bight of the North Sea. Ecosystems 21, 583–599. 

Borges, A.V., Gypens, N., 2019. Data-base of CH4 and ancillary data in the Belgian 
coastal zone (2017, 2018, 2019), available at: https://zenodo.org/record/3518034. 

Braeckman, U., Yazdani Foshtomi, M., Van Gansbeke, D., Meysman, F., Soetaert, K., 
Vincx, M., Vanaverbeke, J., 2014. Variable importance of macrofaunal functional 
biodiversity for biogeochemical cycling in temperate coastal sediments. Ecosystems 
17, 720–737. 

Cavole, L.M., Demko, A.M., Diner, R.E., Giddings, A., Koester, I., Pagniello, C.M.L.S., 
Paulsen, M.-L., Ramirez-Valdez, A., Schwenck, S.M., Yen, N.K., Zill, M.E., Franks, P. 
J.S., 2016. Biological impacts of the 2013–2015 warm-water anomaly in the 
Northeast Pacific: winners, losers, and the future. Oceanography 29, 273–285. 

Champenois, W., Borges, A.V., 2012. Seasonal and inter-annual variations of community 
metabolism rates of a Posidonia oceanica seagrass meadow. Limnol. Oceanogr. 57, 
347–361. 

Champenois, W., Borges, A.V., 2019. Inter-annual variations over a decade of primary 
production of the seagrass Posidonia oceanica. Limnol. Oceanogr. 64, 32–35. 

Comer-Warner, S.A., Romeijn, P., Gooddy, D.C., Ullah, S., Kettridge, N., Marchant, B., 
Hannah, D.M., Krause, S., 2018. Thermal sensitivity of CO2 and CH4 emissions varies 
with streambed sediment properties. Nat. Commun. 9, 2803. https://doi.org/ 
10.1038/s41467-018-04756-x. 

Damm, E., Bud�eus, G., 2003. Fate of vent-derived methane in seawater above the Håkon 
Mosby mud volcano (Norwegian Sea). Mar. Chem. 82, 1–11. 

de Haas, H., van Weering, T.C.E., 1997. Recent sediment accumulation, organic carbon 
burial and transport in the northeastern North Sea. Mar. Geol. 136, 173–187. 

Dimitrov, L.I., 2002. Mud volcanoes - the most important pathway for degassing deeply 
buried sediments. Earth Sci. Rev. 59, 49–76. 

Fr€olicher, T.L., Fischer, E.M., Gruber, N., 2018. Marine heatwaves under global warming. 
Nature 560, 360–364. 

Florez-Leiva, L., Damm, E., Farías, L., 2013. Methane production induced by 
dimethylsulfide in surface water of an upwelling ecosystem. Prog. Oceanogr. 
112–113, 38–48. 

Garrabou, J., Coma, J.R., Bensoussan, N., Bally, M., Chevaldonn�e, P., Cigliano, M., 
Diaz, D., Harmelin, J.G., Gambi, M.C., Kersting, D.K., Ledoux, J.B., Lejeusne, C., 
Linares, C., Marschal, C., P�erez, T., Ribes, M., Romano, J.C., Serrano, E., Teixido, N., 
Torrents, O., Zabala, M., Zuberer, F., Cerrano, C., 2009. Mass mortality in 
Northwestern Mediterranean rocky benthic communities: effects of the 2003 heat 
wave. Glob. Chang. Biol. 15, 1090–1103. 

Goto, S., Matsubayashi, O., 2009. Relations between the thermal properties and porosity 
of sediments in the eastern flank of the Juan de Fuca Ridge. Earth Planets Space 61, 
863–870. 

Graves, C.A., Steinle, L., Rehder, G., Niemann, H., Connelly, D.P., Lowry, D., Fisher, R.E., 
Stott, A.W., Sahling, H., James, R.H., 2015. Fluxes and fate of dissolved methane 
released at the seafloor at the landward limit of the gas hydrate stability zone 
offshore western Svalbard. J. Geophys. Res. 120, 6185–6201. 

Holm-Hansen, O., Lorenzen, C.J., Holmes, R.W., Strickland, J.D.H., 1965. Fluorometric 
determination of chlorophyll. J. Cons. Int. Explor. Mer 30, 3–15. 

Hughes, T.P., Kerry, J.T., �Alvarez-Noriega, M., �Alvarez-Romero, J.G., Anderson, K.D., 
Baird, A.H., Babcock, R.C., Beger, M., Bellwood, D.R., Berkelmans, R., Bridge, T.C., 
Butler, I.R., Byrne, M., Cantin, N.E., Comeau, S., Connolly, S.R., Cumming, G.S., 
Dalton, S.J., Diaz-Pulido, G., Eakin, C.M., Figueira, W.F., Gilmour, J.P., Harrison, H. 
B., Heron, S.F., Hoey, A.S., Hobbs, J.-P.A., Hoogenboom, M.O., Kennedy, E.V., 
Kuo, C.-Y., Lough, J.M., Lowe, R.J., Liu, G., McCulloch, M.T., Malcolm, H.A., 
McWilliam, M.J., Pandolfi, J.M., Pears, R.J., Pratchett, M.S., Schoepf, V., 
Simpson, T., Skirving, W.J., Sommer, B., Torda, G., Wachenfeld, D.R., Willis, B.L., 
Wilson, S.K., 2017. Global warming and recurrent mass bleaching of corals. Nature 
543, 373–377. 

IPCC, 2013. In: Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., 
Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (Eds.), Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change. Cambridge University 
Press, Cambridge.  

Jackson, D.R., Richardson, M.D., 2001. Seasonal temperature gradients within a sandy 
seafloor: implications for acoustic propagation and scattering. In: Leighton, T.G., 
Heald, G.J., Griffiths, H.D., Griffiths, G. (Eds.), Proceedings of the Institute of 
Acoustics Conference, vol. 23, pp. 361–368 (Southampton, UK).  

Karl, D.M., Beversdorf, L., Bjorkman, K.M., Church, M.J., Martinez, A., DeLong, E.F., 
2008. Aerobic production of methane in the sea. Nat. Geosci. 1, 473–478. 

Kendall, M.M., Wardlaw, G.D., Tang, C.F., Bonin, A.S., Liu, Y., Valentine, D.L., 2007. 
Diversity of archaea in marine sediments from Skan Bay, Alaska, including cultivated 
methanogens, and description of Methanogenium boonei sp. nov. Appl. Environ. 
Microbiol. 73, 407–414. 

Le Qu�er�e, C., Boop, L., Tegen, I., 2002. Antarctic circumpolar wave impact on marine 
biology: a natural laboratory for climate change study. Geophys. Res. Lett. 29 
https://doi.org/10.1029/2001GL014585, 45-1-45-4.  

Lenhart, K., Klintzsch, T., Langer, G., Nehrke, G., Bunge, M., Schnell, S., Keppler, F., 
2016. Evidence for methane production by marine algae (Emiliana huxleyi) and its 
implication for the methane paradox in oxic waters. Biogeosciences 13, 3163–3174. 

Magnusson, L., Ferranti, L., Vamborg, F., 2018. Forecasting the 2018 european 
heatwave. ECMWF Newslett. 157, 4. https://www.ecmwf.int/en/newsletter/157/n 
ews/forecasting-2018-european-heatwave. accessed 07.03.19.  

Malakhova, L.V., Egorov, V.N., Malakhova, T.V., Gulin, S.B., Artemov, Y.G., 2010. 
Methane in the Sevastopol coastal area, Black Sea. Geo Mar. Lett. 30, 391–398. 

Marb�a, N., Duarte, C.M., 2010. Mediterranean warming triggers seagrass (Posidonia 
oceanica) shoot mortality. Glob. Chang. Biol. 16, 2366–2375. 

Martens, C.S., Albert, D.B., Alperin, M.J., 1998. Biogeochemical processes controlling 
methane in gassy coastal sediments-Part 1. A model coupling organic matter flux to 
gas production, oxidation and transport. Cont. Shelf Res. 18, 1741–1770. 

Mau, S., Valentine, D.L., Clark, J.F., Reed, J., Camilli, R., Washburn, L., 2007. Dissolved 
methane distributions and air-sea flux in the plume of a massive seep field, Coal Oil 
Point, California. Geophys. Res. Lett. 34, L22603. https://doi.org/10.1029/ 
2007GL031344. 

Mau, S., Gentz, T., K€orber, J.-H., Torres, M.E., R€omer, M., Sahling, H., Wintersteller, P., 
Martinez, R., Schlüter, M., Helmke, E., 2015. Seasonal methane accumulation and 
release from a gas emission site in the central North Sea. Biogeosciences 12, 
5261–5276. 

McCabe, R.M., Hickey, B.M., Kudela, R.M., Lefebvre, K.A., Adams, N.G., Bill, B.D., 
Gulland, F.M.D., Thomson, R.E., Cochlan, W.P., Trainer, V.L., 2016. An 
unprecedented coastwide toxic algal bloom linked to anomalous ocean conditions. 
Geophys. Res. Lett. 43 (10), 366-10,376.  

Middelburg, J.J., Nieuwenhuize, J., Iversen, N., Høgh, N., De Wilde, H., Helder, W., 
Seifert, R., Christof, O., 2002. Methane distribution in European tidal estuaries. 
Biogeochemistry 59, 95–119. 

Missiaen, T., Murphy, S., Loncke, L., Henriet, J.-P., 2002. Very high-resolution seismic 
mapping of shallow gas in the Belgian coastal zone. Cont. Shelf Res. 22, 2291–2301. 

Naqvi, S.W.A., Bange, H.W., Farias, L., Monteiro, P.M.S., Scranton, M.I., Zhang, J., 2010. 
Marine hypoxia/anoxia as a source of CH4 and N2O. Biogeosciences 7, 2159–2190. 

Nightingale, P.D., Malin, G., Law, C.S., Watson, A.J., Liss, P.S., Liddicoat, M.I., Boutin, J., 
Upstill-Goddard, R.C., 2000. In situ evaluation of air-sea gas exchange 
parameterizations using novel conservative and volatile tracers. Glob. Biogeochem. 
Cycles 14, 373–387. 

Oliver, E.C.J., Benthuysen, J.A., Bindoff, N.L., Hobday, A.J., Holbrook, N.J., Mundy, C. 
N., Perkins-Kirkpatrick, S.E., 2017. The unprecedented 2015/16 Tasman Sea marine 
heatwave. Nat. Commun. 8, 16101. https://doi.org/10.1038/ncomms16101. 

Precht, E., Huettel, M., 2003. Advective pore-water exchange driven by surface gravity 
waves and its ecological implications. Limnol. Oceanogr. 48, 1674–1684. 

Rehder, G., Keir, R.S., Suess, E., Pohlmann, T., 1998. The multiple sources and patterns of 
methane in North Sea waters. Aquat. Geochem. 4, 403–427. 

A.V. Borges et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.csr.2019.104004
https://doi.org/10.1016/j.csr.2019.104004
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref1
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref1
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref1
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref1
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref2
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref2
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref2
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref3
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref3
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref4
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref4
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref4
https://doi.org/10.1371/journal.pone.0129733
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref6
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref6
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref6
https://doi.org/10.1038/srep27908
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref8
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref8
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref8
https://zenodo.org/record/3518034
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref10
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref10
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref10
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref10
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref11
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref11
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref11
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref11
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref12
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref12
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref12
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref13
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref13
https://doi.org/10.1038/s41467-018-04756-x
https://doi.org/10.1038/s41467-018-04756-x
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref15
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref15
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref16
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref16
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref17
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref17
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref18
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref18
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref19
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref19
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref19
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref20
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref20
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref20
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref20
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref20
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref20
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref21
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref21
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref21
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref22
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref22
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref22
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref22
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref23
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref23
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref24
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref24
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref24
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref24
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref24
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref24
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref24
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref24
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref24
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref24
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref25
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref25
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref25
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref25
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref26
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref26
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref26
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref26
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref27
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref27
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref28
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref28
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref28
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref28
https://doi.org/10.1029/2001GL014585
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref30
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref30
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref30
https://www.ecmwf.int/en/newsletter/157/news/forecasting-2018-european-heatwave
https://www.ecmwf.int/en/newsletter/157/news/forecasting-2018-european-heatwave
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref32
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref32
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref33
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref33
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref34
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref34
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref34
https://doi.org/10.1029/2007GL031344
https://doi.org/10.1029/2007GL031344
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref36
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref36
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref36
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref36
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref37
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref37
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref37
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref37
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref38
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref38
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref38
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref39
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref39
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref40
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref40
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref41
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref41
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref41
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref41
https://doi.org/10.1038/ncomms16101
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref43
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref43
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref44
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref44


Continental Shelf Research 190 (2019) 104004

8

Rhee, T.S., Kettle, A.J., Andreae, M.O., 2009. Methane and nitrous oxide emissions from 
the ocean: a reassessment using basin-wide observations in the Atlantic. J. Geophys. 
Res. 114, D12304. https://doi.org/10.1029/2008JD011662. 

Saunois, M., Bousquet, P., Poulter, B., Peregon, A., Ciais, P., Canadell, J.G., 
Dlugokencky, E.J., Etiope, G., Bastviken, D., Houweling, S., Janssens-Maenhout, G., 
Tubiello, F.N., Castaldi, S., Jackson, R.B., Alexe, M., Arora, V.K., Beerling, D.J., 
Bergamaschi, P., Blake, D.R., Brailsford, G., Brovkin, V., Bruhwiler, L., Crevoisier, C., 
Crill, P., Kovey, K., Curry, C., Frankenberg, C., Gedney, N., H€oglund-Isaksson, L., 
Ishizawa, M., Ito, A., Joos, F., Kim, H.-S., Kleinen, T., Krummel, P., Lamarque, J.-F., 
Langenfelds, R., Locatelli, R., Machida, T., Maksyutov, S., McDonald, K.C., 
Marshall, J., Melton, J.R., Morino, I., Naik, V., O’Doherty, S., Parmentier, F.-J.W., 
Patra, P.K., Peng, C., Peng, S., Peters, G., Pison, I., Prigent, C., Prinn, R., 
Ramonet, M., Riley, W.J., Saito, M., Sanyini, M., Schroeder, R., Simpson, I.J., 
Spahni, R., Steele, P., Takizawa, A., Thornton, B.F., Tian, H., Tohjima, Y., Viovy, N., 
Voulgarakis, A., van Weele, M., van der Werf, G., Weiss, R., Wiedinmyer, C., 
Wilton, D.J., Wiltshire, A., Worthy, D., Wunch, D.B., Xu, X., Yoshida, Y., Zhang, B., 
Zhang, Z., Zhu, Q., 2016. The global methane budget. Earth Syst. Sci. Data 8, 
697–751. 

Savidge, W.B., Wilson, A., Woodward, G., 2016. Using a thermal proxy to examine 
sediment–water exchange in mid-continental shelf sandy sediments. Aquat. 
Geochem. 22, 419–441. 

Schneider von Deimling, J., Rehder, G., Greinert, J., McGinnnis, D.F., Boetius, A., 
Linke, P., 2011. Quantification of seep-related methane gas emissions at 
Tommeliten, North Sea. Cont. Shelf Res. 31, 867–878. 

Schulz, S., Matsuyama, H., Conrad, R., 1997. Temperature dependence of methane 
production from different precursors in a profundal sediment (Lake Constance). 
FEMS Microbiol. Ecol. 22, 207–213. 

Shakhova, N., Semiletov, I., Leifer, I., Salyuk, A., Rekant, P., Kosmach, D., 2010. 
Geochemical and geophysical evidence of methane release over the East siberian 
arctic shelf. J. Geophys. Res. 115, C08007. https://doi.org/10.1029/2009JC005602. 

Stawiarski, B., Otto, S., Thiel, V., Gr€awe, U., Loick-Wilde, N., Wittenborn, A.K., 
Schloemer, S., W€age, J., Rehder, G., Labrenz, M., Wasmund, N., Schmale, O., 2019. 
Controls on zooplankton methane production in the central Baltic Sea. 
Biogeosciences 16, 1–16. 

Steinle, L., Maltby, J., Treude, T., Kock, A., Bange, H.W., Engbersen, N., Zopfi, J., 
Lehmann, M.F., Niemann, H., 2017. Effects of low oxygen concentrations on aerobic 
methane oxidation in seasonally hypoxic coastal waters. Biogeosciences 14, 
1631–1645. 

Upstill-Goddard, R.C., Barnes, J., 2016. Methane emissions from UK estuaries: Re- 
evaluating the estuarine source of tropospheric methane from Europe. Mar. Chem. 
180, 14–23. 

Wanninkhof, R., 1992. Relationship between wind speed and gas exchange over the 
ocean. J. Geophys. Res. 97, 7373–7382. 

Weber, T., Wiseman, N.A., Kock, A., 2019. Global ocean methane emissions dominated 
by shallow coastal waters. Nat. Commun. 10, 4584. https://doi.org/10.1038/ 
s41467-019-12541-7. 

Wen, X., Yang, S., Horn, F., Winkel, M., Wagner, D., Liebner, S., 2017. Global 
biogeographic analysis of methanogenic archaea identifies community-shaping 
environmental factors of natural environments. Front. Microbiol. 8, 1339. https:// 
doi.org/10.3389/fmicb.2017.01339. 

Wernberg, T., Smale, D.A., Tuy, F., Thomsen, M.S., Langlois, T.J., de Bettignies, T., 
Bennett, S., Rousseaux, C.S., 2013. An extreme climatic event alters marine 
ecosystem structure in a global biodiversity hotspot. Nat. Clim. Chang. 3, 78–82. 

Wernberg, T., Bennett, S., Babcock, R.C., de Bettignies, T., Cure, K., Depczynski, M., 
Dufois, F., Fromont, J., Fulton, C.J., Hovey, R.K., Harvey, E.S., Holmes, T.H., 
Kendrick, G.A., Radford, B., Santana-Garcon, J., Saunders, B.J., Smale, D.A., 
Thomsen, M.S., Tuckett, C.A., Tuya, F., Vanderklift, M.A., Wilson, S., 2016. Climate- 
driven regime shift of a temperate marine ecosystem. Science 353, 169–172. 

Wever, T.F., Abegg, F., Fiedler, H.M., Fechner, G., Stender, I.H., 1998. Shallow gas in the 
muddy sediments of Eckernf€orde Bay, Germany. Cont. Shelf Res. 18, 1715–1739. 

Wilson, S.T., Bange, H.W., Ar�evalo-Martínez, D.L., Barnes, J., Borges, A.V., Brown, I., 
Bullister, J.L., Burgos, M., Capelle, D.W., Casso, M., de la Paz, M., Farías, L., 
Fenwick, L., Ferr�on, S., Garcia, G., Glockzin, M., Karl, D.M., Kock, A., Laperriere, S., 
Law, C.S., Manning, C.C., Marriner, A., Myllykangas, J.-P., Pohlman, J.W., Rees, A. 
P., Santoro, A.E., Torres, M., Tortell, P.D., Upstill-Goddard, R.C., Wisegarver, D.P., 
Zhang, G.L., Rehder, G., 2018. An intercomparison of oceanic methane and nitrous 
oxide measurements. Biogeosciences 15, 5891–5907. 

World Meteorological Organisation, 2018. July sees extreme weather with high impacts. 
https://public.wmo.int/en/media/news/july-sees-extreme-weather-high-impacts/ 
accessed 07.03.19.  

Yvon-Durocher, G., Hulatt, C.J., Woodward, G., Trimmer, M., 2017. Long-term warming 
amplifies shifts in the carbon cycle of experimental ponds. Nat. Clim. Chang. 7, 
209–213. 

Yvon-Durocher, G., Allen, A.P., Bastviken, D., Conrad, R., Gudasz, C., St-Pierre, A., 
Thanh-Duc, N., del Giorgio, P.A., 2014. Methane fluxes show consistent temperature 
dependence across microbial to ecosystem scales. Nature 507, 488–491. 

Zeikus, J.G., Winfrey, M.R., 1976. Temperature limitation of methanogenesis in aquatic 
sediments. Appl. Environ. Microbiol. 31, 99–107. 

A.V. Borges et al.                                                                                                                                                                                                                               

https://doi.org/10.1029/2008JD011662
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref46
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref47
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref47
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref47
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref48
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref48
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref48
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref49
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref49
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref49
https://doi.org/10.1029/2009JC005602
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref51
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref51
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref51
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref51
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref52
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref52
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref52
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref52
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref53
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref53
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref53
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref54
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref54
https://doi.org/10.1038/s41467-019-12541-7
https://doi.org/10.1038/s41467-019-12541-7
https://doi.org/10.3389/fmicb.2017.01339
https://doi.org/10.3389/fmicb.2017.01339
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref57
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref57
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref57
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref58
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref58
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref58
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref58
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref58
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref59
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref59
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref60
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref60
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref60
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref60
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref60
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref60
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref60
https://public.wmo.int/en/media/news/july-sees-extreme-weather-high-impacts/
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref62
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref62
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref62
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref63
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref63
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref63
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref64
http://refhub.elsevier.com/S0278-4343(19)30387-5/sref64

	Response of marine methane dissolved concentrations and emissions in the Southern North Sea to the European 2018 heatwave
	1 Introduction
	2 Material and methods
	3 Results and discussion
	4 Conclusion
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


