
Vol.:(0123456789)

Estuaries and Coasts 
https://doi.org/10.1007/s12237-024-01404-0

Effects of Diel Oxygen Cycling and Benthic Macrofauna on Sediment 
Oxygen Demand

Kara J. Gadeken1,2   · Kelly M. Dorgan1,2 

Received: 26 April 2023 / Revised: 9 July 2024 / Accepted: 9 July 2024 
© The Author(s) 2024

Abstract
This field study examined how sediment macroinfauna change patterns of sediment oxygen demand (SOD) throughout a  
diel oxygen cycle. Sediments with a greater faunal presence would be expected to have greater overall SOD, and at night may 
alter their behavior and influence SOD depending on their response to low-oxygen stress. Dynamic faunal bioturbation or  
bioirrigation behavior would also result in corresponding variation in SOD values on short time scales. In situ flow-through 
benthic metabolism chambers were used to measure SOD at a high temporal resolution in discrete sediment patches. Sedi-
ments with more macroinfauna had greater average SOD over the diel cycle, consistent with previous studies. Where more 
macroinfauna were present, they drove greater SOD during nightly low oxygen, presumably by enhancing their burrowing 
and irrigation activities. SOD was also more variable on a sub-diel timescale in sediments with more macroinfauna. Sedi- 
ment oxygen demand is dynamic and highly sensitive both temporally, on very short timescales, and spatially, in terms of 
resident fauna, and their interaction produces heretofore unaccounted complexity in patterns of SOD particularly in shallow 
coastal systems. Extrapolations of temporally and spatially limited SOD measurements to a system-wide scale that do not 
account for the short-term and spatially variable effects of fauna may produce imprecise and misleading estimates of this 
critical ecosystem function.
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Introduction

Benthic macroinfauna can significantly enhance the flux 
of dissolved oxygen across the sediment–water interface, 
here referred to as sediment oxygen demand (SOD). Faunal 
respiration and burrowing and irrigating activities oxygen-
ate deeper sediments and enhance microbial respiration of 
organic matter (Aller 1978; Fenchel 1996; Banta et al. 1999; 
Timmermann et al. 2006; Norling et al. 2007). These func-
tions are often lost when the dissolved oxygen (DO) con-
centration in the overlying water is persistently low, which 
drives faunal mortality and typically lower SOD (Diaz and 
Rosenberg 1995; Rosenberg et al. 2001; Middelburg and 

Levin 2009; Seitz et al. 2009; Lehrter et al. 2012; Sturdivant  
et al. 2012; Gammal et al. 2017). However, in shallow, 
productive coastal environments oxygen availability in the 
water can vary dramatically on short timescales (Wenner 
et al. 2004), often following a diel cycle with high DO con-
centrations during peak light periods due to high photosyn-
thesis rates and low DO concentrations at night driven by 
respiration (Tyler et al. 2009). One study on diel changes in 
benthic metabolism in coral reef sediments found a positive 
relationship between DO concentration and SOD, with a 
2.8-fold increase in flux between minimum and maximum 
DO (Clavier et al. 2008). Since it has become possible to 
measure sediment flux at high temporal resolution with the 
eddy correlation technique (Berg and Huettel 2008), oxygen 
fluxes in shallow, permeable sediments have been shown to 
have high variability between daytime and nighttime fluxes 
but also between successive measurements, taken on time-
scales of minutes to hours (Berg et al. 2013).

The influence of specific faunal taxa or constructed 
assemblages on SOD has been well studied using laboratory 
mesocosm experiments and has shown that the presence of 
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macroinfauna typically contributes to greater SOD (Banta et al. 
1999; Vopel et al. 2003; Lohrer et al. 2004; Norling et al. 2007; 
Michaud et al. 2009). Though researchers rarely relate their 
in situ SOD measurements to the resident faunal community, 
studies which have examined this directly have found a positive 
relationship between total faunal biomass and SOD (Bolam 
et al. 2002; Clough et al. 2005). Total biomass is a useful but 
imperfect predictor as faunal taxa vary widely in their struc-
ture-forming, bioturbation, and bioirrigation activities, both in 
degree and in kind. Some taxa may have an outsized effect on 
SOD relative to their body size, such as small but abundant and 
highly active corophiid amphipods, or nereid worms that can 
construct and irrigate extensive burrow networks (Davey 1994; 
Zorn et al. 2006; De Backer et al. 2011; Kristensen et al. 2011).

A 2004 study by Wenzhofer and Glud investigated the 
relationship between the diurnal cycle and SOD in situ 
(Wenzhöfer and Glud 2004). They observed increased sedi-
ment oxygen uptake in benthic chambers at the onset of 
darkness which diminished throughout the night, in contrast 
to only minor diel changes in oxygen microprofiles. This dif-
ference, as well as diurnally fluctuating oxygen concentra-
tions around faunal burrows observed with planar optodes, 
led the authors to attribute the changes in oxygen flux in 
part to light-driven diel rhythms of faunal activities. Spe-
cifically, the burrows of the sole faunal species found in the 
study sediments (the polychaete Hediste diversocolor) were 
intensively reworked and ventilated during nighttime hours. 
Though this and other studies have linked changing light to 
changes in both microphytobenthos-mediated oxygen fluxes 
and faunal behavior (Bartoli et al. 2003; Rosenberg and  
Lundberg 2004; Tang and Kristensen 2007), light exposure and  
oxygen availability have yet to be sufficiently decoupled and 
evaluated as drivers of diel-scale faunal activity.

Faunal responses to declining DO can be complex and 
their activities may not necessarily change directly with 
DO concentration. When DO is low but not lethal, many 
taxa will maintain or even increase their activity to man-
age the induced stress (Diaz and Rosenberg 1995; Riedel  
et  al. 2014). For example, Gurr et  al. found that the  
cardiac activity of the Atlantic bay scallop Argopecten 
irradians varied inversely with diel-cycling hypoxia, and 
that at moderately low DO (< 5 mg O2 L−1), the scallop 
maintained its heart rate independent of DO concentration, 
but below 2 mg O2 L−1 heart rate declined severely (Gurr 
et  al. 2018). Infauna inhabiting sediments in shallow, 
productive waters where diel oxygen cycling occurs are 
likely acclimated to variability in oxygen availability, and 
particularly to short but repeating bouts of low DO. They 
may compensate by altering their irrigation, burrowing, 
and feeding activity, which may in turn affect sediment 
oxygen consumption over the day/night cycle. However, 
this variability remains largely undescribed since it is dif-
ficult to capture with existing methodologies.

In this field study, we examined how diel-varying oxy-
gen concentrations and the presence of benthic macrofauna 
affect SOD throughout a diel cycle using a custom-built 
benthic chamber system to capture short-term temporal 
variability in adjacent sediments with differing faunal pres-
ence. We expected (H1) that sediments with more infauna 
would exhibit greater SOD overall than less populated sedi-
ments. Further, we hypothesized that infauna would alter 
the relationship between DO and SOD; that either (H2A) 
greater macroinfaunal presence would drive a more posi-
tive relationship between DO and SOD throughout the diel 
cycle, indicating that infauna decrease their activity (and 
their influence on SOD) during nightly low DO, or (H2B) 
greater macroinfaunal presence would correspond to a flatter 
relationship between DO and SOD, indicating that infauna 
increase their activity during the nightly low DO. We also 
expected (H3) that the presence of infauna would contribute 
to greater sub-diel variability in SOD, i.e., variability on the 
scale of minutes to hours, as behaviors can change on short 
time scales.

Methods

Experimental Design

We conducted the experiment at a shallow, sandy site in Bon 
Secour Bay, Mobile Bay, AL, (30.239478°, − 87.894094°), 
using custom-built in  situ semi-flow-through benthic 
metabolism chambers (Gadeken et al. 2023). The site was 
subtidal (< 1 m depth) and easily accessible from shore. 
Mobile Bay is a microtidal system with a mean diurnal tidal 
range of ~ 0.4 m (Webb and Marr 2016). The site is regularly 
exposed to strong wave action and the sediments in the shal-
low margin around Bon Secour Bay are clean, permeable 
sands (Ryan 1969; Davis 2017). Preliminary sampling at 
the site indicated there was a patchy community of infauna 
present, with large areas of sparsely populated sand dotted 
with tubes of the polychaete worm Diopatra cuprea.

A detailed description of the construction and opera-
tion of the in situ benthic chamber system is provided in 
Gadeken et al. 2023. The chamber setup consists of a central 
housing containing battery power and the electronics of the 
system and five replicate benthic chambers (Fig. 1). Each 
chamber encloses 0.017 m2 of sediment surface area. When 
deployed, the chambers are pushed 15 cm vertically into 
the sediment with 5 cm protruding, which encloses 0.9 L 
of overlying water. The central housing controls and pow-
ers submersible pumps that are each attached to one of the 
chambers, as well as a pump that mixes the overlying water 
in the chambers. An Onset HOBO Dissolved Oxygen logger 
is secured through the lid of each chamber and takes DO 
measurements of the chamber overlying water every 2 min, 
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and an additional HOBO DO logger is attached to the central 
housing platform and takes 2-min interval measurements of 
the ambient DO concentrations. The accuracy of DO meas-
urements taken by the HOBO loggers is ± 6.25 µmol L−1 up 
to 250 µmol L−1, and ± 15.6 µmol L−1 from 250 to 625 µmol 
L−1 (Johengen et al. 2016).

After being deployed, the chamber system is turned on. 
The system allows the chambers to incubate for a pre-set 
duration. Then, the overlying water enclosed in the chambers 
is flushed with water from the external environment, return-
ing DO concentrations to the ambient level (as measured by 
the ambient DO logger). This repeats throughout the deploy-
ment and results in a sawtooth pattern in the DO concen-
trations within the chambers through time, with each tooth 
being a replicate incubation. The slopes of these incubations 
can be used to calculate SOD repeatedly and in associa-
tion with a discrete area of sediment and the fauna within. 
SOD is influenced by many environmental, biological, and 
ecological processes, and given our research question and 
logistical constraints, there were limits on the factors that 
could be considered in the experimental design. Because the 
objective of this study was to isolate the effects of sediment 
fauna on SOD throughout the diel DO cycle, the chambers 

were shaded with a covering of opaque tape to prevent day-
time photosynthesis within the chamber from confounding 
SOD measurements.

The chamber system was deployed midday and recovered 
the following day in three separate ~ 24-h deployments (7–8, 
10–11, and 11–12 August 2021). All HOBO DO loggers 
were two-point calibrated before the first deployment. The 
chamber system was programmed to incubate the chambers 
for 20 min and then flush the chambers to begin a new incu-
bation repeatedly for the duration of the 24-h deployments. 
In all three deployments, the flushing pump for chamber 1 
malfunctioned by frequently failing to switch on at the start 
of a new incubation and flush the chamber with water, so 
data from that chamber were excluded from the analysis 
(Gadeken et al. 2023). This resulted in n = 4 per deploy-
ment, or n = 12 total. After each deployment, the chambers 
and the contained sediments (15 cm depth) were extracted 
and the contents of each chamber were sieved through a 
1-mm mesh sieve in the field and preserved in 70% ethanol 
with Rose Bengal stain. Preserved samples were then sorted 
and infauna identified to the lowest practical taxonomic 
level and counted. The Shannon-Weiner Diversity index 
was calculated for each sample using PRIMER-e statistical 
software (Clarke and Gorley 2015). The total wet biomass 
of all fauna was measured for each chamber sample as well 
as the total biomass of each of the most dominant taxa. 
Faunal biomass was used as the metric for faunal presence 
in subsequent analyses.

Sandy sediment from the study site was analyzed for 
porosity and organic matter. During the first deployment, 
three 10-cm-diameter sediment cores were taken ~ 10 m 
away from the benthic chamber setup, vertically sectioned 
in 1-cm increments, and stored at − 20 °C until processing. 
Porosity was calculated from the conversion equation in 
Jackson and Richardson (2007) using weight lost after dry-
ing at 70 °C for > 24 h (Jackson and Richardson 2007), and 
percent organic matter content was calculated as loss-on-
ignition after burning at 500 °C for 6 h. Samples were not 
acidified to remove CaCO3 before burning. Measurements 
were averaged for each sectioned depth across the three 
sediment cores.

SOD Calculation and Analysis

SOD was calculated from the slope of the linear regression 
for each of the ~ 20-min incubation periods. Though many 
of the slopes were linear, some displayed an irregular pattern 
and were not useable. We removed low-quality data accord-
ing to the criteria outlined in Gadeken et al. (2023). SOD 
calculated from slopes with R2 values below 0.75 (unless 
determined to be linear but failed the threshold due to a 
shallow slope), slopes calculated from incubations shorter 
than 10 min, and measurements taken during incubations 

Fig. 1    Schematic of setup for custom-built flow-through chambers 
(reproduced from Gadeken et al. 2023). The central housing contains 
the batteries and electronics and the pumps are controlled via connec-
tions through a wet-mate bulkhead. The HOBO taking the Ambient 
DO measurement is secured to the platform with the chamber hous-
ing. During a measurement period, the flushing pumps (pumps 1–5) 
sequentially turn on to flush the overlying water in the chambers, and 
then the mixing pump is intermittently turned on to agitate the overly-
ing water of all the chambers to prevent stagnation
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in which DO in the chamber decreased by more than 50% 
of the starting DO or had an overall positive slope were 
removed from the data set (Table S1).

The experiment was of a nested random design with 
repeated measures of SOD. To evaluate the effect of fau-
nal presence on SOD throughout the diel cycle (H1), a lin-
ear mixed effects model was performed on all measure-
ments of SOD with DO and faunal biomass as fixed effects 
and deployment and sample as random effects. Nested 
model likelihood-ratio tests were performed by generat-
ing reduced models excluding DO and biomass as fixed 
effects and comparing between the full model and each of 
the reduced models. Further, we performed simple linear 
regressions of DO and SOD (hereafter SOD/DO) for each 
sample and regressed the resulting slopes against faunal 
biomass. Though this was necessary to compare the set of 
SOD/DO relationships among biomass values, it should be 
noted that this process essentially collapsed existing vari-
ance in the SOD/DO regressions into a single value, the 
slope, used for subsequent analyses. Test analyses were also 
performed using faunal abundance data and biomass from 
the most dominant taxa. These produced similar patterns 
to the analyses using total biomass but had less explana-
tory power, so total biomass was used as the best available 
metric of faunal presence.

Evaluating sub-diel variability in SOD was challenging 
because SOD was predicted to depend on DO, which varied 
over time. There were also numerous missing data points 
because not all chamber runs had usable slopes for every 
measurement period, which precluded several commonly 
used time series analysis methods that require very high 
coverage and consistent measurement intervals. To address 
these problems, we conducted a smoothing analysis. After 
detrending the SOD data for each sample using the sample 
mean, we used a weighted moving average to fit a smooth-
ing curve to the time series of each sample’s SOD meas-
urements. The moving average was a lowpass filter using 
filter coefficients equal to the reciprocal of the span width. 
This analysis was performed iteratively on each sample’s 
SOD data using increasing numbers of adjacent points 
for the moving average (hereafter “span size”) to the data 
(Fig. S1). We then calculated the residual sum of squares 
(RSS) of the smoothed fit at each span size and examined 
the change in RSS with increasing span size. Smoothed fits 
were generated for odd-numbered span sizes from 1 to 29 
points. A maximum span size of 29 was selected because all 
samples approached an asymptote at relatively small span 
sizes so calculations at greater spans were deemed unneces-
sary. If the SOD data contained high sub-diel variability, we 
expected a steep initial increase in RSS at small span sizes 
and a flat trend to emerge as span size increased. If infauna 
increase sub-diel variability, samples with more infauna 
would be expected to have a steeper initial slope.

Analyses were performed in Matlab R2021a and the R 
statistical software using custom scripts (R Core Team 2021; 
The MathWorks Inc. 2021).

Results

The ambient DO followed a diel cycle in all three deploy-
ments (Fig. 2). Both the maximum DO concentration and 
the time of day of maximum DO varied between deploy-
ments. The minimum DO concentration was similar among 
the three deployments (~ 3.4 mg L−1); however, it occurred 
at different times in the nightly low DO period. Deploy-
ment 1 displayed an irregular pattern during the night-time 
hours, with a sudden, brief dip in DO beginning around 12 
AM. Temperature data from the HOBO logger displayed 
a concurrent bump in temperature at this time (Fig. S2A), 
indicating that this may be the result of a water mass moving 
through the area.

The most abundant infaunal taxa across all samples were 
mobile surface and subsurface deposit feeders in the poly-
chaete families Nereididae, Capitellidae, Orbiniidae, and 
corophiid amphipods (Fig. 3a). Total faunal wet biomass 
ranged from 0.45 to 8.03 g m−2, with both the maximum 
and minimum values found in samples from deployment 1 
(Fig. 3b). Biomass was dominated by orbiniid and nereid 
worms. One of the chambers in the third deployment (Fig. 3, 
sample 11) had relatively low faunal abundance but con-
tained a large burrowing wormfish (Microdesmidae) that 
contributed 62% of the biomass of that sample. We did not 
find any D. cuprea in the samples despite seeing their tubes 
when deploying the chambers and finding their tube caps 
in the preserved samples. However, D. cuprea can extend 
their tubes up to 1 m deep into the sediment (Woodin 1978), 
and we suspect that some may have been enclosed in the 
chambers but evaded collection by retreating deeper into the 
sediment than the chamber was able to sample.

The average porosity of all depths was 38%. Porosity was 
slightly higher in surface sediments but remained consistent 
with increasing depth, and organic matter content was consist-
ently very low at all depths, with an average of 0.22% (Fig. S3).

SOD patterns throughout the diel cycle are shown for 
each sample in the three deployments in Fig. 2. The great-
est individual measures of SOD were in samples 3 and 4 
in deployment 1, which also had the greatest faunal bio-
mass among all samples (Table 1). The highest SOD also 
occurred during the short dip in DO concentrations during 
that deployment. Deployment 2 displayed comparatively 
low SOD among all four samples (Table 1, Fig. 2b), while 
deployment 3 measures were moderately higher (Table 1, 
Fig. 2c).

The likelihood-ratio tests revealed that the model 
was significantly improved with the inclusion of 
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Fig. 2   Ambient DO and 
calculated SOD values for each 
sample throughout the three 
deployments (a–c). The shaded 
box indicates approximate 
night-time hours (sunrise and 
sunset times did not differ more 
than 5 min across deployments). 
Note that the axes for sediment 
oxygen demand are inverted. 
The ambient DO data have been 
smoothed using a moving aver-
age with a window size of 12 to 
increase readability
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Fig. 3   a Faunal community 
composition by abundance  
and b faunal wet biomass  
by greatest contributing taxa, 
normalized to m−2 and g m −2, 
respectively. The most  
abundant groups were the 
polychaete families Nereididae, 
Capitellidae, Orbiniidae, and 
corophiid amphipods. Orbiniids 
and nereids contributed most of 
the biomass in most samples, 
though in deployment 3, sample 
11 contained a single burrow-
ing wormfish (Microdesmidae) 
that made up the majority of 
biomass of that sample

Table 1   Summary data of SOD measurements and faunal community for each sample

n is the number of high-quality replicate incubations for each sample used in subsequent analyses. SOD is in units of mmol m−2d−1. Faunal 
abundance and biomass are normalized to m−2 and g m−2, respectively, and diversity was calculated using the Shannon-Weiner method

Deployment Sample n Mean SOD ± Std Dev Abundance Biomass Diversity

1 1 57 51.2 (± 28.6) 471 1.8 1.255
2 36 39.0 (± 26.9) 177 4.7 0.636
3 65 104.9 (± 36.0) 2765 31.2 1.474
4 47 60.0 (± 72.6) 1118 26.5 1.129

2 5 38 45.9 (± 28.1) 1471 14.7 1.733
6 42 36.6 (± 22.9) 529 7.7 1.273
7 49 34.1 (± 19.8) 471 10.6 1.213
8 46 31.8 (± 17.5) 471 5.9 0.974

3 9 49 59.2 (± 26.5) 2412 18.2 1.544
10 39 55.7 (± 19.1) 3059 15.9 1.628
11 46 75.5 (± 33.0) 647 12.4 1.499
12 43 38.9 (± 19.2) 941 8.2 1.511
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faunal biomass (p = 0.001, Δdf = 1), but not DO (p = 0.09, 
Δdf = 1) as effects on SOD. Upon regressing the SOD/
DO slopes (Fig. 4a, Table S2) against faunal biomass, 
we found a significant negative correlation (p = 0.0047, 
Fig. 4b), with SOD decreasing slightly or showing no 
relationship with decreasing DO at low faunal biomass 
but increasing with decreasing DO when faunal biomass 
was high.

We observed high variability in SOD measurements 
between and within samples (Fig. 2). In most samples, 

the RSS steeply increased as the span size widened, 
showing a sharp RSS increase when the span is widened 
from one to three adjacent points, and approached an 
asymptote as the span size increased (Fig. 5a). In all 
samples, RSS increased to greater than 50% of the sam-
ple’s maximum as the span size increased to 7 points or 
140 min (grey box in Fig. 5a). The linear initial slopes 
for each sample (a metric of high-frequency variability) 
were regressed against faunal biomass and revealed a 
significant relationship (Fig. 5b).

Fig. 4    a Regressions of DO  
and SOD for each sample,  
colored by sample biomass (g m −2 ). 
Points are the individual SOD meas-
urements and lines are the regressions 
among all incubations for that 
sample. b Simple linear regression 
of the slopes of DO vs SOD against 
faunal biomass for each sample. Solid 
red line is the regression, and dotted 
red lines are 95% confidence bounds. 
The dotted line at zero indicates 
where SOD shows no dependence 
on DO



	 Estuaries and Coasts

Discussion

Overall, SOD was greater in sediments with more fauna 
(H1), consistent with previous studies (Aller 1988; Pelegri 

and Blackburn 1995; Waldbusser et al. 2004; Webb and Eyre 
2004). In samples with low faunal biomass, SOD was rela-
tively low throughout the diel cycle, which is not unexpected 
in sandy sediments low in organic content (Hargrave 1972; 

Fig. 5   Results of smoothing 
analysis assessing temporal 
variability. a Residual sum of 
squares (RSS) for smoothing fits 
performed with moving aver-
ages of an increasing number 
of points, converted into the 
amount of time the moving 
average covered. b the regres-
sion of initial slopes of RSS val-
ues over the smallest four span 
sizes (contained in the grey box 
in a) against faunal biomass
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Burdige 2006). Our measurements of SOD and the observed 
increase with faunal presence also agree well with chamber 
measurements from other studies in similar habitats. Banta 
et al. (1999) measured basal SOD rates of 30 mmol m−2 d−1 
in lab microcosms with unpopulated sandy sediments, and 
the addition of the polychaete Hediste diversicolor (for-
merly Nereis diversicolor) inflated SOD by 80–90% (Banta 
et al. 1999). Likewise, Webb and Eyre found that burrow-
ing thalassinid shrimp in in situ benthic chambers increased 
SOD by 80% compared to unoccupied sediments (Webb and 
Eyre 2004).

We found significant variability in SOD on two distinct 
temporal scales; diel variability driven by the presence of 
fauna and sub-diel variability on the scale of minutes to hours. 
The combined significant effects of DO and faunal biomass 
on SOD indicate that, where fauna were present, lowered DO 
drove shifts in their activity and behavior that increased SOD. 
This is consistent with our hypothesized response (H2B), as 
well as the observations of Wenzhofer and Glud (2004), who 
found that the majority of nightly DO uptake could be attrib-
uted to faunal effects. Their variability in SOD appeared to 
be caused by light-driven circadian behaviors, and though 
our measurements were made in shaded chambers, the dura-
tion of our deployment was short enough that such behaviors 
cannot be eliminated as a potential driver. Though shading 
the chambers was necessary to isolate the effects of the resi-
dent fauna on sediment metabolism, shading also eliminated 
benthic photosynthesis which in shallow sediments can drive 
very high oxygen flux at the sediment surface (Sundbäck 
et al. 1991, 2000). In sediments exposed to their natural light 
regime, faunal contribution to sediment oxygen influx may be 
greater during daylight hours than at night but dampened or 
drowned out by high oxygen efflux from benthic productivity.

We hypothesized that fauna may flatten the relationship 
between DO and SOD (H2B); however, in the regression of 
the DO vs SOD slopes against faunal biomass, increasing 
sediment faunal presence essentially inverted the relation-
ship of DO and SOD throughout the diel cycle, surpassing 
even our hypothesized response. The regression of faunal 
biomass and the SOD/DO slope crosses zero which indi-
cates that there exists some tipping point where increasing 
faunal presence begins to drive higher nightly SOD. Our 
data demonstrate that the presence of fauna changes SOD 
patterns considerably throughout the diel cycle, and in ways 
that could not be predicted from measurements at any single 
time point or even from daytime measurements alone.

Though we were unable to directly measure animal activity  
within the chambers during the deployments, the increase in 
SOD in more populated sediments at night was likely driven 
by fauna responding to low DO by increasing bioirrigation. 
Nereid worms irrigate their burrows (Wells and Dales 1951), 
and several common species are known to shift from oxygen  

conforming to regulatory behaviors at low DO concentrations  
(Kristensen 1983). However, the two samples with the high- 
est nightly SOD values (samples 3 and 4) were dominated by  
orbiniids and had relatively little nereid biomass. Orbiniids are 
not known to construct and irrigate burrows like some nereids 
do (Jumars et al. 2015), so we would not have predicted that 
they drove the elevated SOD measurements. They are, how-
ever, active burrowers (Francoeur and Dorgan 2014) and have 
many dorsal external gills along their posteriors (Rouse and 
Pleijel 2001); irrigation during active burrowing may contribute  
more to bioirrigation than expected. A more likely explana-
tion is that these samples may have contained individuals of 
the tube-dwelling Onuphid polychaete D. cuprea that evaded 
collection by retreating deep in their tubes when the sediment 
cores were extracted. D. cuprea tubes create subsurface habi-
tat and refuge for other burrowing animals (Woodin 1978), 
and their irrigation activity is well documented (Mangum  
et al. 1968; Dales et al. 1970). Both the higher faunal abun- 
dance and the greater SOD measured in those samples may  
have been due to the presence of D. cuprea.

The short time scale of irrigation activity also explains the  
sub-diel variability in our measurements. In most of our sam- 
ples, SOD varied substantially measurement-to-measurement, 
i.e., on ~ 20-min time scales, and samples with greater faunal 
presence exhibited greater high-frequency variability. Infauna 
typically irrigate intermittently in cycles of activity and rest 
which vary in intensity, rate, and duration and can be altered  
by DO availability (Wells and Dales 1951; Mangum et al. 
1968; Kristensen 1983, 1989, 2001; Volkenborn et al. 2010, 
2012; Camillini et al. 2019). The irrigation pattern depends 
on the taxon, however most irrigating infauna cycle through 
behaviors on a timescale of minutes or tens of minutes. On 
the timescale of our SOD incubations (~ 20 min), fauna inter-
mittently irrigating likely contributed to the measurement-to-
measurement variability. In sediments with large and com- 
plex faunal communities, intermittent irrigation would drive 
swings in SOD on very short timescales and depending on the 
resident fauna. Even accounting for diel variation by measur-
ing SOD at maximum and minimum DO and interpolating 
measurements between them would not accurately describe 
SOD dynamics throughout the entire cycle and would still  
yield unreliable estimates of net SOD over time. This may be 
compounded by variation in daytime benthic primary produc-
tion (Kwon et al. 2012), which was purposefully excluded in  
this study. And though our short, repeated incubations offer  
a far greater resolution of measurement than most batch-style 
benthic chambers, the selection of 20 min as the incubation 
period was a methodological trade-off between collecting  
sufficient DO measurements in each incubation to calculate 
SOD and capturing the changes driven by constantly varying 
DO. Were the incubation period shorter it may emerge that  
fauna drive more dramatic changes in SOD on even shorter 
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timescales and our 20 min incubations, brief as they were, still 
smoothed the signal and reduced variance in the end data set.

It is common practice in sediment research to extrapolate  
single SOD measurements through time and space. SOD 
measurements taken in laboratory core incubations and with 
“batch” style benthic chambers are questionable in their rep-
resentativeness, and the faunal effects that can substantially 
increase both the magnitude and the variability in SOD add 
important context to high-frequency eddy correlation SOD 
measurements. Measurement of SOD on small temporal  
and spatial scales has only recently become methodologi-
cally feasible but is proving potentially highly significant, 
and variability can now be captured but has yet to be fully 
explained. Our observed high spatial and temporal SOD  
variability, and their apparent interdependence, indicate that 
increasing resolution of SOD measurement in both dimen- 
sions may be not only beneficial but necessary to accurately 
characterize metabolic processes in these systems.
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