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1  |  INTRODUC TION

Oxygen availability is a fundamental environmental factor that in-
fluences the physiology, development, behavior, ecology and dis-
tribution of living organisms, as well as ecosystem functioning (Diaz 

& Breitburg, 2009; Levin et al., 2009; Middelburg & Levin, 2009; 
Spicer, 2016). The O2 concentration in sea water is determined by 
a dynamic balance between processes supplying (through photo-
synthesis, gas exchange across the air-sea interface and advective 
transport) and depleting O2 (through biological respiration). When 
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Abstract
The O2 content of the global ocean has been declining progressively over the past 
decades,	mainly	because	of	human	activities	and	global	warming.	Nevertheless,	how	
long-term deoxygenation affects macrobenthic communities, sediment biogeochem-
istry and their mutual feedback remains poorly understood. Here, we evaluate the 
response of the benthic assemblages and biogeochemical functioning to decreasing 
O2 concentrations along the persistent bottom-water dissolved O2 gradient of the 
Estuary and Gulf of St. Lawrence (QC, Canada). We report several of non-linear bio-
diversity and functional responses to decreasing O2 concentrations, and identify an 
O2	threshold	that	occurs	at	approximately	at	63 μM. Below this threshold, macroben-
thic community assemblages change, and bioturbation rates drastically decrease to 
near zero. Consequently, the sequence of electron acceptors used to metabolize the 
sedimentary organic matter is squeezed towards the sediment surface while reduced 
compounds	accumulate	closer	(as	much	as	0.5–2.5 cm	depending	on	the	compound)	
to the sediment–water interface. Our results illustrate the capacity of bioturbating 
species to compensate for the biogeochemical consequences of hypoxia and can help 
to predict future changes in benthic ecosystems.
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the rate of O2 consumption exceeds those supplying it, deoxy-
genation occurs and can result (at least temporarily) in hypoxia or 
even anoxia. Hypoxia, a threshold defined here as dissolved O2 
concentrations <62.5 μM	(equivalent	to	1.42 mL L−1	or	2 mg O2 L

−1), 
naturally occurs in many regions of the world's oceans, typically 
in coastal areas and semi-enclosed bodies of water with long res-
idence times, high O2 consumption rates, limited exchanges with 
O2-rich waters and strong water column stratification. Over the 
past five decades, the O2 content of the ocean has been drasti-
cally declining, and the number of documented areas affected 
by hypoxia has been increasing at an alarming pace (Breitburg 
et al., 2018; Diaz & Rosenberg, 2008). Water deoxygenation has 
been aggravated by human activities, mainly through nutrient en-
richment and organic matter (OM) discharge leading to an increase 
in O2 demand and consumption (Diaz & Rosenberg, 2008; Rabalais 
et al., 2010) as well as by global warming that reduces O2 solubility 
in water and enhances water column stratification thus exacer-
bating O2 depletion in bottom waters below a pycnocline (Diaz & 
Breitburg, 2009; Middelburg & Levin, 2009).

Hypoxia can have far-reaching consequences on sediment bio-
geochemistry (Middelburg & Levin, 2009). In the sediment, the mi-
crobially mediated degradation of OM occurs through the sequential 
use of electron acceptors according to their energy yields. Following 
the rapid reduction of O2 near the sediment–water interface (SWI), 
nitrate, manganese(IV)- and reactive iron(III)-oxyhydroxides, sulfate 
and carbon dioxide are sequentially reduced (Froelich et al., 1979; 
Van Cappellen & Wang, 1996). In coastal sediment, where organic 
carbon (OC) accumulation rates are high, the vertical sequence is 
compressed towards the SWI. The decrease of O2 availability in hy-
poxic overlying bottom-waters enhances anaerobic pathways and 
restricts reoxidation processes in the sediment, which leads to the 
accumulation of reduced compounds near the SWI and their release 
to the overlying water (Middelburg & Levin, 2009). The first response 
of benthic organisms to hypoxia is typically behavioral, with mobile 
species escaping the hypoxic area and less mobile ones adopting 
specific behaviors, such as emerging to the sediment surface or 
body elongation (Diaz & Rosenberg, 1995; Riedel et al., 2014, 2016). 
Depending on the duration and intensity of a deoxygenation event, 
hypoxia can lead to mortality (Johnson et al., 2021), with hypoxia 
tolerance being highly species-specific (Diaz & Rosenberg, 1995; 
Vaquer-Sunyer & Duarte, 2008). The sediments in hypoxic areas 
are typically characterized by depauperized and functionally poor 
benthic communities (Levin et al., 2009). Such changes are likely to 
alter the contribution of the community to the ecosystem function-
ing (Diaz & Rosenberg, 2008; Snelgrove et al., 2018).	An	important	
process in the functioning of benthic ecosystems is bioturbation, 
defined as animal-driven processes that alter the sediment matrix 
(Kristensen et al., 2012). By physically mixing the sediment, the 
fauna influences the distribution of OM and particulate electron ac-
ceptors (e.g., iron-oxyhydroxides). Furthermore, by ventilating their 
burrow, fauna promotes the transport of O2-rich water into oth-
erwise O2-poor sediment (i.e., bioirrigation) but also enhances the 
upward transport of reduced compounds (Volkenborn et al., 2019). 

Consequently, bioturbation largely influences the whole functioning 
of ecosystems (Lohrer et al., 2004; Meysman et al., 2006). Under low 
O2 conditions, bioturbation activity can be reduced through changes 
in behavior (i.e., traits-mediated indirect effect) and/or changes in 
species density and diversity (i.e., density-mediated effect), reduc-
ing the transport of oxidized phases that act as an oxidizing barrier 
that limits the effluxes of toxic reduced compounds to the overly-
ing water (Middelburg & Levin, 2009). In situ studies characterizing 
the alteration of bioturbation processes in response to (evolution-
arily speaking) slow and persistent decreasing O2 concentrations 
are, however, very rare (Friedrich et al., 2014; Gammal et al., 2016; 
Norkko	et	al.,	2019). Yet, the paucity of knowledge about bioturba-
tion coefficients under low O2 levels represents a major impediment 
to reliably predicting the sediment response to future decreases in 
bottom-water O2 levels (Katsev et al., 2007).

The aim of the present study was to elucidate how macroben-
thic community assemblages and sediment biogeochemistry evolve 
in situ in relation to decreasing bottom-water O2 concentrations 
([O2]bot) with a special focus on bioturbation. In order to achieve our 
aim, we carried out a biodiversity survey in combination with bio-
turbation and sediment biogeochemistry assessments in the Estuary 
and Gulf of St. Lawrence (EGSL). Over the past century, the EGSL 
has seen its deep-water (>200/250 m)	O2 concentrations decrease 
from	approximately	125 μM	in	the	1930s	to	an	average	of	65 μM for 
the	1984–2003	period	(Gilbert	et	al.,	2005)	and	down	to	35 μM in 
2021 (Jutras et al., 2023). In the first decade of this century, per-
sistent	hypoxic	bottom-waters	covered	about	1300 km2 of the EGSL, 
while	 this	 area	was	 estimated	 to	 reach	 9700 km2 in 2021 (Gilbert 
et al., 2005; Jutras et al., 2023).	Although	eutrophication	played	a	
significant role in O2 depletion between the 1970s and late 1990s, 
the dominant cause of the bottom-water O2	depletion	since	2008,	
including the sudden decrease in minimum O2	levels	since	2018,	is	a	
change	in	the	circulation	in	the	western	North	Atlantic,	more	specif-
ically a change in the relative proportion of the two parental water 
masses that make up the EGSL bottom-water (Jutras et al., 2020, 
2023). The severity of hypoxia is, however, not homogeneous in 
space, and a landward O2 concentration gradient exists from rela-
tively normoxic waters in the Gulf to severely hypoxic waters at the 
head of the Lower St. Lawrence Estuary (Figure 1a). On the other 
hand, because of the permanent stratification of this deep coastal 
system, the intensity of hypoxia does not show any detectable sea-
sonal pattern (Jutras et al., 2023). Thus, the EGSL is a unique nat-
ural laboratory to study the effect of in situ chronic exposure to 
different O2 levels on macrobenthic communities, their bioturbation 
levels, and sediment biogeochemistry. In addition, using the space-
for-time paradigm (Bozinovic et al., 2011; Gaston et al., 2009), this 
spatial O2 concentration gradient can be used to further predict the 
consequences of deoxygenation on the biodiversity and function-
ing of marine benthic ecosystems. Here, we hypothesize that bot-
tom-water deoxygenation restricts the availability of O2 at the SWI, 
resulting in a gradual (1) depletion of most of the thermodynamically 
favourable electron acceptors and accumulation of reduced com-
pounds within the sediment, and (2) reduction of total density, taxa, 
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and functional richness (FRic) of the macrofauna, and bioturbation 
rates. Finally, we hypothesize that (3) modifications of sediment bio-
geochemical dynamics (i.e., vertical distribution of diagenetic com-
pounds and benthic fluxes), as well as of macrobenthic community 
assemblages and activity, will result in lower total O2 uptake (TOU) 
by the sediment.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The overall water circulation pattern of the EGSL (Figure 1) during 
the ice-free season is estuarine and described as a three-layer sys-
tem	with	warm	and	brackish	surface	waters	 (0–30 m)	 flowing	sea-
ward,	these	overly	a	cold	intermediate	layer	(30–150 m	deep,	formed	
during winter) that flows landward and sits above warmer and more 
saline bottom waters that also flow landward (Figure 1). Deep waters 
are mainly a mixture of cold and O2-rich Labrador Current Water 
and warm and O2-poor	 North	 Atlantic	 Central	 Waters	 (NACW).	
These mix at the edge or on the slope of the continental shelf in the 
Northwest	Atlantic	Ocean.	The	mixing	ratio	of	these	water	masses	
has varied over time (Thibodeau et al., 2018) and are currently domi-
nated	by	NACW	(Jutras	et	al.,	2020). The travel time of deep waters 
from the edge of the continental shelf to the head of the EGSL has 
been	 estimated	 at	 3–5 years	 (Gilbert,	2004). During their journey, 
the deep waters are isolated from the atmosphere by a permanent 
pycnocline (Petrie et al., 1996).	As	a	 result,	O2 concentrations de-
crease landward through biological (mostly microbial) respiration 
and OC remineralization (Gilbert et al., 2005). The OC accumulation 
rate and the contribution of terrestrial OC to the total sedimentary 
OC pool, as determined from its stable carbon isotopic composition 
(δ13C), decrease exponentially seaward (Benoit et al., 2006; Smith & 
Schafer, 1999).

2.2  |  Seawater, sediment, and benthic community 
sampling design and protocols

Samples were collected from September 14th to 29th, 2020 on-
board the R/V Coriolis II.	A	Conductivity-Temperature-Depth	 sen-
sor (CTD, Seabird SBE 911 plus) and O2 probe (Seabird SBE-43) 
mounted	on	a	12 × 12 L	Niskin-bottle	rosette	were	deployed	to	re-
cord the depth profiles of temperature, practical salinity, pressure, 
and O2 concentration throughout the water column at nine stations, 
from P06 to P14 (Figure 1).	Water	depths	varied	between	280	and	
390 m	 (Table 1). Discrete water samples were drawn directly from 
the	Niskin	bottles	to	calibrate	the	O2 sensor using Winkler titration, 
following the procedure described by Grasshoff and Ehrhardt (1999).

Sediment cores were obtained at six stations along the EGSL 
(Figure 1a).	At	each	station,	bottom	water	(5 m	above	the	sea	floor)	
was	 collected	 from	 the	 Niskin	 bottles	 in	 airtight	 plastic	 bags	 and	
stored in the dark at its in situ temperature (ca. 6°C) for later use 
(Figure 2).

A	first	set	of	sediment	samples	were	collected	using	an	Ocean	
Instrument	Mark	II	box	corer	(75 × 75 × 60 cm).	At	each	station,	five	
large	 (10 cm	 inner	 diam.,	 40 cm	 long)	 and	 one	 small	 (2.5 cm	 inner	
diam.,	10 cm	long)	sediment	cores	were	subsampled	with	transpar-
ent acrylic tubing. The level of sediment compression resulting from 
the	tubing	insertion	was	always	less	than	0.5 cm.	The	sediment	sur-
face within the large sediment cores was immediately capped with 
Styrofoam, and the tubing was hermetically closed with rubber lids 
to	limit	contact	with	the	atmosphere.	Within	15 min,	sediment	cores	
were transferred to the on-board thermoregulated (6°C) laboratory, 
gently	filled	(ca.	1 L	per core) with the previously retrieved bottom 
water,	 connected	 to	 an	 N2 bubbling system controlled by an O2 
monitoring/regulator device (OXY-REG, Loligo® Systems, Viborg, 
Denmark), and kept in the dark. Three of the five large sediment 
cores were kept intact to assess the TOU at the SWI and particle 
mixing rates (Figure 2). The remaining two large sediment cores were 

F I G U R E  1 Section	plots.	(a)	Location	
of sampling stations (in red, stations 
where sediment samples were collected). 
The dashed line depicts the geographical 
limits of the Estuary and Gulf of St. 
Lawrence (EGSL) used in this study, (b) 
temperature, (c) practical salinity and (d) 
O2 concentrations in the water column 
along the Laurentian Channel (distance 
is computed from station P06 at the 
head of the Laurentian Channel). Map 
lines delineate study areas and do not 
necessarily depict accepted national 
boundaries.

(a) (b)

(c) (d)
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kept intact for O2 micro-profiling, nutrient pore-water extraction 
and bioirrigation measurements. The small sediment core was sliced 
at	 0.5,	 1,	 1.5,	 2,	 3,	 4,	 and	 5 cm	 for	 further	 sediment	 physical	 and	
chemical characterization (see below). Three Van Veen grab sedi-
ment	samples	(0.125 m2) were recovered to assess the macrobenthic 
community assemblage.

2.3  |  Characterization of the sediment

The sediment grain size was determined by laser diffraction (Malvern 
Instruments,	2 μm detection limit). The sediment porosity was com-
puted from the water loss after freeze-drying and corrected for the 
residual sea salt content, calculated from the bottom-water practi-
cal	 salinity,	 using	 a	 dry	 sediment	 density	 of	 2.65 g cm−3. The total 
OM content of the freeze-dried sediment samples was determined 
from	the	weight	loss	on	ignition	(LOI)	at	550°C	for	4 h.	The	organic	
carbon (Corg)	 and	 total	nitrogen	 (Ntot) content of the surface sedi-
ment	 (0–0.5 cm	 depth	 interval)	 were	 determined	 at	 the	 GEOTOP	
facilities (Light stable isotope geochemistry laboratory, GEOTOP-
UQAM,	Montréal,	QC,	Canada)	using	an	elemental	analyzer	 (Carlo	
Erba	NC2500).	Prior	to	the	Corg analysis, inorganic carbon was re-
moved by fuming of sediments in a closed container in the presence 
of an open beaker concentrated HCl. The Corg isotope composition 
was determined using a Micromass Isoprime 100 isotope ratio mass 
spectrometer coupled to an Elementar Vario MicroCube elemental 
analyzer. Carbon isotope ratios are reported on the delta notation, 
δ13Corg, relative to the Pee Dee Belemnite standard.

2.4  |  Determination of seawater and pore-water 
oxygen, and nutrient concentrations

In this study, the diffusive O2 uptake (DOU) was used as a proxy 
for the rate of OC mineralization and the reoxidation of reduced 
diagenetic compounds. Oxygen concentration within the sediment 
was	measured	using	Clark	type	microelectrodes.	At	least	five	depth	
profiles of O2 concentration were carried out at random locations 
within one large sediment core per station. This sampling design 
was chosen because it has been shown that biogeochemical het-
erogeneity of the sediment is often associated with microenviron-
ments (Stockdale et al., 2009). Microelectrodes (OX100, Unisense®, 
Aarhus,	 Denmark)	 were	 inserted	 into	 the	 sediment	 in	 100 μm 
steps using a motor-driven micromanipulator (MU1, Pyroscience®, 
Aachen,	Germany).	A	two-point	linear	calibration	of	the	electrodes	
was achieved from measurements of the O2 concentration of air-
bubbled bottom water (100% saturation) and the anoxic zone of the 
sediment	 (0%).	Throughout	micro-profiling,	an	N2 bubbling system 
maintained the in situ bottom-water O2 saturation. Oxygen micro-
profiles	were	typically	completed	within	30–60 min	of	core	recov-
ery. Oxygen diffusive fluxes (DOU in mmol m−2 h−1) were computed 
on the O2	 gradient	 between	 0	 and	 500 μm depth below the SWI 
using Fick's first law of diffusion (Equation 1).TA
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where � is the sediment porosity, D0 is the diffusion coefficient 
(m2 h−1; computed for each station-specific temperature and salinity 
according to Boudreau, 1997) of O2 in water, and �C∕�z is the con-
centration	gradient	(mmol m−3 m−1). The O2 penetration depth (OPD), 
the depth at which O2 concentration was <1% of the concentration 
in the overlying water, was estimated from the micro-profiles.

After	 O2 micro-profiling, rhizons (Rhizosphere research prod-
ucts) were inserted in the sediment core to extract sediment pore 
water	at	0.5,	1,	1.5,	2,	3,	4,	5,	7	and	10 cm	depth.	Pore-water	sam-
ples	were	stored	at	−80°C	until	later	nutrient	analyses.	Pore-water	
NH

+
4
 samples were measured by the colorimetric method described 

in Grasshoff and Ehrhardt (1999) with a detection limit <1 μM. 
Nitrite + nitrate	(NOx; detection limit <0.2 μM) and soluble reactive 
phosphate (SRP; detection limit <0.1 μM) were determined by an 
AutoAnalyzer	 3	 HR	 (Seal-analytical®,	 Norderstedt,	 Germany)	 fol-
lowing	the	procedures	described	by	Aminot	et	al.	(2009).

2.5  |  Determination of bioirrigation levels

Immediately after the addition of previously collected bottom-wa-
ter,	1 mL	of	the	overlying	water	was	sampled	and	filtered	through	

a	0.2 μm cellulose membrane to determine the natural dissolved 
bromide (Br−)	concentration.	Thereafter,	a	known	volume	of	NaBr	
(1 M)	was	 added	 to	 the	 overlying	water	 of	 one	of	 the	 remaining	
sediment	cores	to	reach	an	initial	concentration	of	about	10 mM.	
At	 the	 start	 and	 at	 the	 end	of	 the	bioirrigation	 incubation,	 1 mL	
of the overlying water was similarly sampled. The bioirrigation 
incubation	 lasted	48 h,	during	which	the	sediment	core	was	con-
nected	 to	 the	N2 bubbling system that maintained the [O2]bot at 
in situ value and a homogeneous dissolved tracer distribution in 
the	 overlying	water.	 At	 the	 end	 of	 the	 incubation	 period,	 pore-
water	was	sampled	with	rhizons,	as	previously	described,	at	0.5,	
1,	1.5,	2,	3,	4,	5,	7	and	10 cm	depth	below	 the	SWI	 for	bromide	
analyses. Samples for Br− were analyzed colorimetrically following 
the method of Lepore and Barak (2009) with a precision of ±5%.	
A	numerical	model	was	 fitted	 to	bromide-depth	profiles	 to	esti-
mate the non-local exchange rate, � (min−1), between the overlying 
water and pore-water (Boudreau, 1984). The Br− concentration C 
in the sediment is described by Equation (2), as detailed in Martin 
and Banta (1992):

where � is the porosity, t is time, Ds is the Br− pore-water diffusion 
coefficient (computed for each station-specific temperature and salin-
ity according to Boudreau, 1997), z is the sediment depth and Cow is 

(1)DOU = � ×
D0

1 − ln(�)2
×

�C

�z

(2)�×
�C

�t
=

�

�z

(
�Ds×

�C

�z

)
−��×

(
C−Cow

)

F I G U R E  2 Schematic	representation	of	
the sampling procedure and experimental 
design. (1a) First, bottom water was 
collected and stored in gastight bags. 
(1b) Six sediment cores were collected 
with a box corer for (a) sediment 
characteristics, (b) O2 micro-profiling, 
pore-water extraction and bioirrigation 
assessment and (c) O2 benthic fluxes 
and particle mixing measurements. (2) 
Sediment samples were also collected 
with a Van Veen grab and sieved through 
a	1	and	a	0.5 mm	mesh	for	macrobenthos	
identification.
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6 of 15  |     PASCAL et al.

the bromide concentration in the overlying water. � is assumed to be 
constant over a fully bioirrigated depth Lb below which the non-local 
exchange rate decreases exponentially as modulated by the attenua-
tion coefficient k�.

Modelling was conducted using R software (R Core Team, 2022) 
and relied on the R package ReacTran (Soetaert & Meysman, 2012) 
for one dimension transport modelling and the R package deSolve 
(Soetaert et al., 2010) for solving the Equation (2). �, Lb, and k� 
were estimated by iteration, minimizing the root mean square 
error (RMSE) of the predicted tracer profile on observed data. 
Details of the parameters used for bioirrigation modelling are 
shown in Table S4.

2.6  |  Determination of the total oxygen uptake 
by the sediment

TOU and particle mixing were assessed on the same set of three 
sediment cores (Figure 2c).	First,	5 g	of	 luminophores	 (40–60 μm 
size	 range,	 density = 2.5 g cm−3;	 PARTRAC®,	 Glasgow,	 UK)	 were	
homogeneously spread at the sediment surface of three sediment 
cores (per station). These sediment cores were then fitted with 
PVC lids equipped with magnetic stirrers. The dissolved O2 con-
centration was measured in real time using an optode (O2 sensor 
Spot SP; PreSens®, Regensburg, Germany) connected to a multi-
channel O2	 meter	 (OXY-10	 SMA;	 PreSens)	 through	 optical	 fibre	
cables.	A	linear	calibration	of	the	optode	was	conducted	from	the	
measurements of the O2 concentration in a bottom-water sample 
purged with ambient air (100% saturation) and a sodium ascorbate 
solution (0% saturation). Benthic flux incubations were performed 
in the dark at the in situ bottom-water temperature. The dura-
tion of these incubations was adjusted so that O2 saturation in the 
overlying	water	never	fell	below	80%	of	its	initial	value.	The	slope	
(in mmol m−3 h−1) from the linear regression of the changes in O2 
concentration over the incubation period was used to compute the 
TOU, as follows:

where V is the volume of overlying water (m3), and A is the surface of 
the SWI (m2). The TOU by the sediment includes, in addition to DOU, 
fauna respiration and sediment irrigation (Glud, 2008). In this study, 
the comparison between TOU and DOU was used to assess the contri-
bution of the macrobenthic community to the TOU.

After	 the	 TOU	 incubations,	 the	 sediment	 cores	 were	 opened,	
and	reconnected	to	the	N2 bubbling system to continue the incuba-
tion for the particle mixing assessment.

2.7  |  Determination of particle mixing

The	 particle	 mixing	 incubations	 lasted	 4 days	 (including	 the	 dura-
tion of benthic flux incubations) before the sediment cores were 
sliced	over	the	0.5,	1,	1.5,	2,	3,	4,	5,	6,	8,	10,	12,	15 cm	depth	inter-
val below the SWI. Sediment slices were freeze-dried and homog-
enized.	From	each	slice,	a	1 g	subsample	of	dry	sediment	was	spread	
onto a plate and photographed under UV light using a digital camera 
(α9;	 SONY®).	 Luminophores	were	 counted	 on	 each	 image	 after	 a	
binarization	step	(based	on	RGB	threshold)	using	Analyze	particles	
function	 in	 ImageJ	 software	 (ver.	1.53a).	The	proportions	of	 lumi-
nophores in each slice were used to compute depth profiles of lumi-
nophores for each sediment core. The maximum penetration depth 
(MPD) of luminophores (a proxy of mixing depth) was assessed from 
these profiles. Biodiffusion coefficients (Db; as a proxy of sediment 
reworking rates) were estimated using a simple biodiffusive model 
(Cochran, 1985) to fit the depth profile of luminophore concentra-
tion, following Equation (5):

where C is the luminophore concentration (%), t is the time (year), and z 
is the vertical depth in the sediment column (cm).

A	solution	to	Equation (6) is:

where M is the amount of available tracers deposited at the sediment 
surface (z = 0)	at	the	start	of	the	 incubation	(t = 0).	Db was estimated 
by iteration, minimizing the RMSE of the predicted tracer profile on 
observed data.

2.8  |  Macrofauna identification

Sampled	 sediment	 was	 sieved	 on-board	 through	 1	 and	 0.5 mm	
mesh sieves. The retained material from each fraction was pre-
served in a 4% buffered formaldehyde-saline solution for later 
macrofauna identification in the laboratory. Macrobenthic organ-
isms were sorted, counted, and identified to the lowest taxonomic 
level possible. From this database, total macrofauna density and 
taxa richness were calculated. In this study, we identified two 
biological traits (Feeding types and Bioturbation mode) charac-
terized by four categories each to describe the organisms' func-
tional behaviors (Table S1). Taxa were assigned trait modalities 
using a standard fuzzy coding approach (Chevenet et al., 1994), 
which allowed each taxon to represent multiple trait modalities 
and thus account for intraspecific variations. Scoring ranges from 
0 to 3 were adopted: with 0 corresponding to no affinity for a 
given trait modality, 1 and 2 reflecting, respectively, a low and 
high affinity and 3 an exclusive affinity. Information on trait ex-
pression for all taxa were extracted from several sources (Degen 

(3)𝛼(z)=

⎧
⎪⎨⎪⎩

𝛼, if z≤Lb

𝛼×e−(z−Lb)∕k𝛼 , if z>Lb

(4)TOU= slope×
V

A

(5)�2C

�t
=Db×

�2C

�z2

(6)C(z, t)=
M√
�Dbt

e

�
−z2

4Db t

�
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    |  7 of 15PASCAL et al.

& Faulwetter, 2019; Faulwetter et al., 2014; Queirós et al., 2013). 
When information was not available for a given taxon, information 
was obtained from that of closely related species at the nearest 
taxonomic level. The community trait expression in each sample 
was computed from the multiplication of the species density ma-
trix by the trait categories matrix. FRic (Villéger et al., 2008) was 
computed from these two biological traits (i.e., feeding type and 
bioturbation mode) within a distance-based framework (Laliberté 
& Legendre, 2010).

2.9  |  Data analyses

Data analyses were performed using R software (R Core Team, 2022) 
(ver. 4.2.0). CTD and dissolved O2 data from the CTD casts were 
calibrated, processed and visualized using oce package (Kelley & 
Richards, 2022).	Data	values	are	given	as	means ± SD.	First,	 linear	
models (lm function from stats package) were fitted to test the ef-
fects of Station (fixed factors; six levels) on the OPD, DOU, total 
macrofauna density, number of species, FRic, bioturbation metrics 
(i.e., maximum penetration depth of luminophore, biodiffusion co-
efficient and nonlocal bioirrigation coefficient), and TOU. The nor-
mality and homoscedasticity of the residuals and the presence of 
outliers were assessed visually for each model. If a significant effect 
of the Station factor was observed (p < .05),	pairwise	 tests	 (Tukey	
contrast) were performed to characterize their modalities. Second, 
the nature of the relationship (linear vs. non-linear) between each 
variable showing significant differences between stations (i.e., all 
mentioned above except FRic) and [O2]bot was investigated using 
generalized additive models (gam function from mgcv package; 
Wood, 2017). The thin plate regression spline smooth class and 
restricted maximum likelihood were used to fit the model to the 
data. Station P07, at the head of the EGSL, was removed from the 
analysis because of its location where distinct environmental con-
ditions (significant mixing with near-surface waters in response to 
rapid shoaling) are encountered. Tests assumptions were checked 
as mentioned above.

Macrofauna density data were transformed using Hellinger 
transformation. Stations were grouped using a hierarchical clus-
tering analysis with a ward agglomeration method (hclust function 
from stat package). Patterns of macrobenthic community assem-
blage	were	visualized	using	principal	component	analysis	(PCA,	RDA	
function from vegan package; Oksanen et al., 2022). In addition, the 
difference in macrobenthic community between clusters was tested 
using a multivariate analysis of variance. The contributions of envi-
ronmental factors that explain differences in benthic assemblages 
were investigated using transformed-based redundancy analysis 
(tb-RDA).	 Environmental	 data	were	 standardized	 and	 checked	 for	
co-correlation using variance inflection factor (VIF) values (environ-
mental factors with VIF greater than 10 were removed from the envi-
ronmental data matrix). Stepwise selection was used to build models 
using model R2	for	variable	selection.	The	significance	of	the	tb-RDA	
overall model, terms, and axes were tested using permutation tests. 

Patterns	of	biological	trait	expressions	were	visualized	using	PCA	of	
the Hellinger-transformed data.

3  |  RESULTS

3.1  |  Water column and sediment characteristics

At	 the	 time	of	 sampling,	 the	EGSL	hypoxic	 area	was	 found	below	
200/250 m	depth	and	extended	over	ca.	300 km,	encompassing	sta-
tion P07, P09 and P11b (Figure 1). The sediment characteristics were 
relatively similar along the EGSL except at the head (station P07) 
where sediment was sandier, poorer in OM and had a lower δ13Corg 
signature (Table 1). Excluding P07, [O2]bot was the only physico-
chemical variable that exhibited significant changes along the EGSL.

3.2  |  Oxygen and nutrient pore-water 
concentrations

Diffusive O2 fluxes (DOU) were similar at all stations except at P09 
where it was about twice as high (Table S2; Figure 3b). DOU was re-
lated to [O2]bot in a significant non-linear fashion (Table S3; Figure 3e) 
The OPD also significantly differed between stations (Table S2; 
Figure 3c) and increased (quasi) linearly with [O2]bot (Figure 3f).

Bottom-water	 and	 pore-water	 NOx, NH
+
4
 and SRP concentra-

tions at station P07 were barely detectable except for a relatively 
small	peak	in	NOx	at	the	sediment	surface	(0–0.5 cm	depth	interval).	
Along	the	transect	O2	concentration	gradient,	NOx concentrations 
were always higher in the bottom-waters than in the pore waters. 
All	sediment	cores	showed	a	NOx peak at the sediments surface and 
decreased sharply to reach below detection limit concentrations 
around	 3 cm	 deep.	 The	 magnitude	 of	 the	 sub-surface	 pore-water	
NOx peak decreased with [O2]bot.	At	all	stations,	the	bottom-water	
NH

+
4
 concentration was close to the detection limit in the first cm 

below the SWI. NH+
4
 concentrations increased noticeably with depth 

in	 the	 sediment	 and	 the	 concentration	 at	 10 cm	 depth	 decreased	
with increasing [O2]bot. The bottom-water SRP concentrations were 
lower than in the pore-water. SRP concentrations increased with 
depth	over	the	first	10 cm	of	 the	sediment	column.	 In	 the	hypoxic	
area, SRP concentrations were larger and detectable from the sed-
iment surface while SRP concentrations in the non-hypoxic area 
were smaller, and only detectable below ~3 cm	depth	beyond	which	
they	remained	relatively	constant	until	10 cm	depth.

3.3  |  Macrobenthic community assemblage

A	 total	 of	 13,944	 individuals	 from	18	 samples	 (six	 stations × three	
replicates) were sorted and 94 taxa were identified. Total density, 
taxa and FRic of macrobenthic fauna are reported in Table 1. Total 
density significantly differed between stations (Table S2) and de-
creased asymptotically with decreasing [O2]bot (Figure S1) except at 
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8 of 15  |     PASCAL et al.

station P07 where a relatively high total density was recorded. Taxa 
and FRic decrease linearly with decreasing [O2]bot. When comparing 
the total density within each size fraction (i.e., >1 mm	and	0.5–1 mm),	
the	 0.5–1 mm	 fraction	 accounted	 for	 70%–86%	 of	 the	 total	 den-
sity at all stations except at P07 where it only accounted for 27% 
(Figure S2).

Three groups of stations were discriminated on the basis of hi-
erarchical clustering (Figure 4a). Cluster 1 included the hypoxic 
stations P09 and P11b, cluster 2 included the non-hypoxic sta-
tions P13, P13b and P14 and cluster 3 was comprised of station 
P07	 only.	 The	 clustering	was	 statistically	 justified	 (df = 1,	F = 5.851,	
p = .001,	 R2 = 22.2%;	 Figure 4b). The segregation of clusters 1 and 
2 from cluster 3 resulted mainly differences in the density of the 
Polychaeta Spionidae Ttrochochaeta watsoni and Spiophanes kroyeri, 
the Polychaeta Sabellidae Chone spp., the Sipuncula Golfingiidae 
Phascolion (Phasocilion) strombus strombus and the Echinodermata 
Ophiuridae Ophiura sarsii, all of which were more abundant in clus-
ter 3, and the density of the Polychaeta Paraonidae Levinsenia gracilis 
which was more abundant in clusters 1 and 2 (Figure 4c). The segrega-
tion of cluster 1 from cluster 2 resulted mainly from differences in the 

density of the Polychaeta Cossuridae Cossura spp. and the Polychaeta 
Nereididae	Ceratocephale loveni which were more abundant in cluster 
1, and the density of the Polychaete Capitellidae Heteromastus fili-
formis which was more abundant in cluster 2. When considering com-
munity biological trait expressions, the segregation of clusters 1 and 
2 from cluster 3 was confirmed (Figure 4d). This segregation mainly 
resulted from differences in the density of conveyors, filter feeders 
and surface deposit feeders which were more abundant in cluster 3. 
Stations from cluster 2 were overall at the centre of the multivari-
ate space. On the other hand, cluster 1 was divided in two subclus-
ters with samples from station P9 characterized by higher density of 
surficial modifiers and samples from stations P11b characterized by a 
higher density of biodiffusers and scavengers.

The	 variables	 LOI	 (df = 1,	 F = 20.255,	 p = .001),	 [O2]bot	 (df = 1,	
F = 8.181,	 p = .001),	 δ13Corg	 (df = 1,	 F = 4.790,	 p = .004)	 and	 Depth	
(df = 1,	F = 2.176,	p = .053)	were	used	 in	 the	model	 (df = 4,	F = 8.850,	
p = .001)	 to	 construct	 the	 tb-RDA	 based	 on	 Hellinger-transformed	
macrofauna density (Figure 4f). This model explained 64.9% (adjusted 
R2) of the total variance. Differences in the macrobenthic community 
assemblage between clusters 1 and 2 and cluster 3 were mainly related 

F I G U R E  3 Sediment	O2 and nutrient 
concentrations. (a) Depth profiles of 
dissolved O2 concentration in the 
sediment and associated mean (±SD), 
(b) diffusive oxygen uptake (DOU; n = 5),	
(c) oxygen penetration depth (OPD; 
n = 5),	(d)	depth	profiles	of	NOx, NH

+

4
 and 

soluble reactive phosphate (SRP) and 
(e, f) generalized additive model plots 
showing the effect of bottom-water O2 
concentration on both DOU and OPD 
(station P07 was excluded from this 
analysis, see text for details). Colour scale 
defines bottom-water O2 concentration at 
the station whilst different letters indicate 
significant differences between stations.

(a) (b)

(c)

(d)

(e) (f)
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    |  9 of 15PASCAL et al.

to differences in LOI, depth and sediment δ13Corg signature. The dif-
ferences in macrobenthic community assemblage between clusters 1 
and 2 were mainly related to [O2]bot. Within cluster 1, there was also 
segregation between stations P09 and P11b, related to [O2]bot.

3.4  |  Bioturbation

Luminophore depth profiles showed very low within-station vari-
ability (Figure 5a). Db coefficients were maximum at P07, minimum 

at P09 and P11b and intermediate at P13, P13b and P14 (Table S2; 
Figure 5b). The MPD was significantly lower at P07, P09 and P11B 
than	 at	P13,	P13b	and	P14.	At	 all	 stations,	 except	P09	and	P11b,	
excess [Br−] depth profiles differed from the theoretical, purely dif-
fusive	profiles.	Along	the	Laurentian	Channel,	the	nonlocal	bioirriga-
tion coefficient (α) was highest at P07, drastically decreased at P09, 
then increased from P09 to P13, beyond which it remained relatively 
constant.

Db and � are related to [O2]bot in a significant non-linear rela-
tionship (Table S3; Figure 5e,g). Db and � were relatively constant 

F I G U R E  4 Macrobenthic	community	
assemblage. (a) Hierarchical clustering 
and (b, c) principal component analyses of 
the Hellinger-transformed density of the 
macrofaunal species, and (d, e) traits and 
(f) redundancy analysis of the Hellinger-
transformed density of the macrofauna 
of the six sampled stations. Panel (b, 
d) are depicted in scaling 1 to preserve 
the distance between stations and (c, e) 
in scaling 2 to preserve the correlation 
between species or functional traits. In (c), 
the only species for which the first two 
axes represented at least 30% (cumulative 
R2) of their variance are depicted, ensuring 
that these species are well represented 
and did contribute to the observed 
pattern. Clusters determined in (a) are 
depicted in green for cluster 1, orange for 
cluster	2,	and	magenta	for	cluster	3.	ACTI,	
Actinaria;	CERA,	Ceratocephale loveni; 
CHON,	Chone spp.; COSS, Cossura spp.; 
ENNU,	Ennucula delphinodonta;	EUNI,	
Eunice pennata;	GALA,	Galathowenia 
oculata; HETE, Heteromastus filiformis; 
LEVI, Levinsenia gracilis;	MACO,	Macoma 
calcarea; OPHI, Ophiura sarsii;	PHAS,	
Phascolion (Phasocilion) strombus 
strombus; SPIO, Spiophanes kroyeri; TROC, 
Ttrochochaeta watsoni. See Table S1 for 
traits abbreviations.

(a)

(b) (c)

(d) (e)

(f)
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10 of 15  |     PASCAL et al.

at high [O2]bot	 (≥80 μM) and abruptly dropped below an O2 con-
centration	 of	 about	 80 μM. MPD varied linearly with [O2]bot 
(Figure 5f).

3.5  |  Total oxygen uptake

Overall, TOU was significantly lower in the hypoxic area (i.e., P07, 
P09 and P11b) than in the non-hypoxic area (i.e., P13, P13b and P14) 
(Figure 6; Table S2). In addition, the DOU accounted for a larger pro-
portion of the TOU in the hypoxic area (ranging from 40% to the to-
tality of the TOU) while it accounted for only 17%–27% of the TOU 
in the non-hypoxic area.

4  |  DISCUSSION

Like several coastal ecosystems, the EGSL bottom waters are sub-
jected	 to	 persistent	 hypoxic	 conditions	 since	 the	 1980s	 (Gilbert	
et al., 2005; Jutras et al., 2020, 2023). The areal extent and sever-
ity of hypoxia in this region have dramatically increased between 
2018	 and	 2021,	 in	 response	 to	 changes	 in	 the	 circulation	 pattern	
in	 the	western	North	Atlantic,	 likely	due	to	climate	change	 (Jutras	
et al., 2020, 2023).	Although	one	cannot	exclude	 the	 influence	of	
eutrophication on bottom-water deoxygenation, this mechanism is 

F I G U R E  5 Bioturbation	metrics.	
(a) Depth profiles of luminophore 
concentrations (points) and fitted models 
(lines) and (b) associated mean (±SD) 
biodiffusion coefficient (Db; n = 3)	and	(c)	
maximum penetration depth (MPD; n = 3)	
of luminophores and (d) depth profile of 
dissolved bromide (points), fitted models 
(solid line) and theoretical diffusive 
profile (dashed lines). � (min−1; n = 1)	is	
given in the corresponding panel. (E–G) 
Generalized	additive	model	(GAM)	plots	
showing the effect of bottom-water O2 
concentration on bioturbation metrics 
excluding (blue curve) and including 
[dotted black curve in (e, f)] data from 
Cool (2022) (open triangle). Station P07 
was	excluded	from	GAM	analyses,	see	
text for details. Colour scale defines 
bottom-water O2 concentration at the 
station. Letters indicate significant 
(p < .05)	differences	between	stations.

(a) (b)

(c)

(d)

(e) (f) (g)

F I G U R E  6 Sediment	total	oxygen	uptake.	Mean	(±SD) sediment 
total oxygen uptake (TOU; n = 3).	Colour	scale	defines	bottom-
water O2 concentration at the station. Letters indicate significant 
differences between stations. Red circles depict the mean diffusive 
oxygen uptake (DOU, Figure 3b). Percentage values indicate the 
contribution of DOU to TOU.
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    |  11 of 15PASCAL et al.

currently of secondary importance (Jutras et al., 2020).	Accordingly,	
the sediment characteristics we documented are similar to those 
reported by Thibodeau et al. (2006) for the early 2000s, indicating 
stable OM inputs to the system over this period. In this study, we 
employed an integrative approach, involving marine biology, ecol-
ogy, and biogeochemistry. For the first time, we shown evidence 
from a natural system that slow and persistently decreasing O2 con-
centrations lead to a threshold-type response in bioturbation level, 
with far-reaching consequences on sediment biogeochemistry.

Early diagenetic processes in the sediment column are tightly 
linked to the environmental conditions in the overlying water column 
(Middelburg & Levin, 2009). We show that variations of the [O2]bot 
alter the distribution of electron acceptors and associated early di-
agenetic reactions in the sediment column, but these changes do 
not occur gradually along the O2 concentration gradient. The DOU 
remains relatively constant along the O2 gradient except at the O2-
minimum location (P09), where DOU is about two times higher than 
at other stations. In a recent study, Cool (2022) showed that, along 
the [O2]bot gradient, O2 diffusing into the sediment was mainly con-
sumed by the oxidation of reduced compounds produced below the 
oxic layer. This implies that OC mineralization results mainly from an-
aerobic diagenetic pathways. The OPD decreases linearly along the 
O2 concentration gradient, restricting the already lower O2 availabil-
ity in the hypoxic area to the very first mm of the sediment column. 
Likewise,	the	concentration	of	NOx in the overlying water and at the 
sediment	surface	(0.5 cm	depth,	corresponding	to	the	peak	NOx con-
centration) decrease with [O2]bot, suggesting that the consumption 
of	NOx is not balanced by local benthic nitrification. The increase in 
pore-water SRP concentrations with depth tends to be larger and 
occurs at shallower depths in the hypoxic area (stations P09 and 
P11b) than in the non-hypoxic area (stations P13, P13b and P14). 
The vertical loss of SRP sediment adsorption capacity is typically 
attributed to the progressive reductive dissolution of iron-oxyhy-
droxides in the anoxic subsurface sediment layer and to the progres-
sive	 remineralization	 of	 OM	 (Anschutz	 et	 al.,	 2007; Slomp, 2011; 
Sundby et al., 1992). In marine iron-rich sediments, such as those of 
the EGSL, the loss of sediment adsorption capacity probably results 
from squeezing the iron oxyhydroxide pool closer to the SWI (Lefort 
et al., 2012). Whereas Lefort et al. (2012) indicated that the reactive 
iron pool increases as the [O2]bot decrease in the EGSL, the standing 
stock of iron-oxyhydroxides decreases at the expense of authigenic 
iron sulfides, more specifically acid volatile sulfides. However, our 
data cannot inform us about changes in the size of the standing stock 
of	sedimentary	iron-oxyhydroxides.	Associated	to	these	changes	in	
the distribution of electron acceptors, our results show an accumu-
lation of the reduced chemical compounds such as NH+

4
 in pore-wa-

ters, an acutely toxic compound to macrobenthic organisms (Gray 
et al., 2002).

Because macrobenthic biodiversity and species identity largely 
influence sedimentary OM mineralization (Snelgrove et al., 2018), 
identifying environmental factors that influence macrobenthic com-
munity assemblages is key to evaluate the effects of dissolved O2 
concentrations on ecosystem functioning. Total density as well as 

taxa and FRic decrease with decreasing [O2]bot and substantially in-
crease at the head of the EGSL. These results are consistent with 
those of previous studies in the EGSL (Belley et al., 2010; Zettler 
& Pollehne, 2023), as well as other low O2 environments (Levin 
et al., 2009). Changes in macrobenthic community assemblages in 
the EGSL are driven by two environmental variables (Figure 4f). 
First, the quantity and origin of the sedimentary OM segregate the 
station at the head of the EGSL (station P07) from all other sam-
pled stations. This station is the shallowest of the sampled sites 
and is characterized by coarser sediment, a lower sedimentary OM 
content, OC of mainly terrestrial origin (Table 1), and a higher sed-
imentation rate (Smith & Schafer, 1999). These features, and espe-
cially the latter, may explain the surprisingly greater proportion of 
large (>1 mm)	organisms	 and	 the	 abundance	of	 filter	 feeders	 (e.g.,	
the Bivalvia Ennucula deplphinodonta, the Polychaeta Chone spp. 
and Galathowenia oculata) at this hypoxic location despite these 
traits being typically associated with taxa sensitive to low O2 con-
centrations (Gammal et al., 2016; Levin, 2003; Levin et al., 2009). 
Second, [O2]bot drives the differences in macrobenthic community 
assemblages between all the other stations along the EGSL. [O2]bot 
has a direct effect on the survival of benthic organisms with thresh-
old values depending on numerous factors (e.g., taxa, size, life his-
tory) (Diaz & Rosenberg, 1995; Vaquer-Sunyer & Duarte, 2008). 
Thus, bottom-water deoxygenation of the EGSL has prompted the 
migration and/or death of sensitive organisms. The low variability 
in macrobenthic community assemblages between stations within 
the non-hypoxic area (cluster 2), and the significant difference with 
those from the hypoxic area (cluster 3) suggest the existence of an 
O2-dependent threshold below which macrobenthic community 
assemblages	are	significantly	modified.	According	to	our	data,	 this	
[O2]bot	threshold	occurs	between	84	and	54 μM within the range of a 
previously	reported	threshold,	between	100	and	50 μM, for benthic 
epifauna in the EGSL (Isabel et al., 2021).

Understanding how bioturbation rates will respond to decreas-
ing [O2]bot is of paramount importance to accurately and reliably 
predict the biogeochemical response of sediment to deoxygen-
ation (Katsev et al., 2007; Middelburg & Levin, 2009). We show 
that [O2]bot is an important driver of bioturbation processes. The 
MDP of luminophores decreases linearly with decreasing [O2]bot, 
suggesting that infauna responds to bottom-water deoxygenation 
by gradually reducing their burrowing depth, as reported in the pa-
leorecord (Caswell & Herringshaw, 2022). In contrast, the relation-
ships between [O2]bot and particle mixing rate (Db) and bioirrigation 
rate (α)	are	non-linear,	as	both	show	an	abrupt	change	between	84	
and	53 μM, implying the existence of an O2-dependent threshold. 
Given that Cool (2022) reported a Db	of	9.6 cm

2 year−1 at a station 
near P09 that is characterized by a [O2]bot	of	63 μM, the threshold 
value appears to be located at the lower end of the O2 window we 
identify. In the EGSL, the reduction of bioirrigation intensity below 
the O2-dependent threshold led to the accumulation of pore-water 
NH+

4
. Interestingly, the depth at which the pore-water SRP concen-

tration starts to increase is consistent with the MPD, suggesting 
that lowering of the MPD in the hypoxic area (stations P09 and 
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P11b) limits the production and the downward transport of metal 
oxides carrier phase. Overall, bioturbation seems to mitigate the 
effects of bottom-water hypoxia on sediment biogeochemistry as 
long as the [O2]bot is above a threshold value that we estimate at 
around	63 μM.

The TOU decreases with [O2]bot suggesting a lower influence 
of respiration and bioturbation by macrobenthic communities in 
the hypoxic area. This is consistent with our results on total mac-
rofauna density and bioturbation rates. Interestingly, at station 
P09, the DOU accounted for all the TOU despite the non-negligible 
presence of macrofauna. The organisms inhabiting this particular 
station (the most abundant being annelid species) are clearly able to 
survive under low O2 concentrations, as they likely possess adap-
tive traits enabling them to do so. Several coping strategies have 
been described tolerating hypoxia, such as the enhancement of an 
organism's O2 uptake efficiency through increased respiratory sur-
face area, higher concentration and/or affinity of respiratory pig-
ments, lower metabolic rates (i.e., lower energy requirements) and 
the use of anaerobic metabolisms (Riedel et al., 2016; Spicer, 2016). 
Despite the latter being one of the most common responses to hy-
poxia (Childress & Seibel, 1998), it is mainly encountered in motile 
organisms that are able to reach more oxygenated water to bal-
ance their O2 debts (Levin, 2003) or organisms that are subject to 
short-term, episodic hypoxic events (Hochachka & Somero, 2002). 
Given that our data suggest a very low macrofauna contribution to 
TOU, the physiological evolutionary strategy benthic invertebrates 
likely use in the hypoxic area investigated is to reduce their meta-
bolic rates and activity levels. Indeed, annelids have been shown to 
adapt their metabolic rates and metabolism to global change driv-
ers (Calosi et al., 2013; Thibault et al., 2020 and reference within), 
including hypoxia (Grimes et al., 2020). In the EGSL, as [O2]bot have 
decreased at a relatively slow pace over the past century (Gilbert 
et al., 2005; Jutras et al., 2020, 2023), it may have allowed some 
species to establish themselves in the hypoxic area either through 
adaptation or because they already possessed hypoxia adaptive 
tolerance. However, the exact adaptive mechanism(s) that enable 
these species to flourish under chronic low O2 conditions remain 
elusive.

Using a natural gradient of O2 concentration, we shed some 
light on the hypoxia-induced effects on sediment biogeochemistry, 
benthic infauna community and benthic invertebrate activity levels 
in the EGSL. In contrast to our working hypothesis, macrobenthic 
community diversity and bioturbation rates decrease according 
to a threshold-type response with decreasing [O2]bot, a threshold 
that	 appears	 around	 63 μM. Below this threshold particle mixing 
and bioirrigation decrease drastically to near null, likely in response 
to changes in infauna community assemblage and a lower activity 
of the species that inhabit these areas. Furthermore, our results 
suggest that the bioturbation activity of macrobenthic communi-
ties can buffer the effect of bottom-water deoxygenation on sedi-
ment biogeochemistry but when bioturbation decreases or ceases 
iron-oxyhydroxides are concentrated near the SWI and reduced 
compounds concentrations to build up in the sediment pore-waters. 

In marine iron-rich sediments such as in the EGSL, the large pool of 
iron-oxyhydroxides still serves as an oxidizing barrier and should 
do so as long as other electron acceptors of greater energy yields 
[e.g., O2, NO−

3
, Mn(IV)-oxides] are not depleted (Katsev et al., 2007). 

Nevertheless,	 given	 the	 ongoing	 depletion	 of	 [O2]bot in the EGSL 
(Jutras et al., 2023), as well as in the global ocean (Breitburg 
et al., 2018), we predict that these reduced compounds will con-
tinue to build up in pore-waters and progressively move closer to 
the SWI consuming electron acceptors, including metal oxyhydrox-
ides and O2. This will inevitably lead to a decrease in the stock of 
electron acceptors that act as an oxidizing barrier, until (once con-
sumed) reduced compounds [such as Mn(II), Fe(II) and the toxic NH+

4

,	As(III,IV)	and	HS−] may diffuse out of the sediment column and fur-
ther compromise the health of this ecosystem. Based on the space-
for-time paradigm (Bozinovic et al., 2011; Gaston et al., 2009), our 
study of the EGSL deoxygenation gradient sheds light on what we 
may expect to observe in a deoxygenating ocean in the future, and 
its consequences for the ecological and biogeochemical functioning 
of benthic ecosystems.
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