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Density and size-dependent bioturbation effects of the
infaunal polychaete Nephtys incisa on sediment

biogeochemistry and solute exchange

by Emma Michaud1,2,3, Robert C. Aller2, Qingzhi Zhu2, Christina Heilbrun2,
and Georges Stora4

ABSTRACT
The impact of bioturbation on the geochemistry of aquatic sediments is known to depend on the

benthic infauna species that are present. However, burrowing and activity patterns of each species may
also change during the different stages of a life cycle. In this study, we examined the effects of four
size classes of the polychaete Nephtys incisa on burrow networks and sediment biogeochemistry. In
our experimental aquaria, the total biovolume (∼biomass) of Nephtys was kept constant, but different
age classes were introduced, so the size and abundance varied between treatments. Despite differ-
ences in the geometry of burrow networks (due to varying density and size of burrows as revealed by
X-radiography), the transport of nonreactive solutes (Br−) showed little difference between treat-
ments. In contrast, the depth distribution of reactive solutes (Fe2+, Mn2+, TPO3−

4 , TCO2, O2, pH)
depended on oxidized sediment volumes and on spatial micro-heterogeneity related to burrowing pat-
terns. Net fluxes of O2, TCO2, and NO−

3 fluxes were strongly affected by age-dependent burrowing
patterns. Carbonate dissolution and remineralization rates (reflected by TCO2 fluxes) were enhanced
as the size of individuals increased. NO−

3 fluxes showed progressive change from dominance of nitri-
fication (release) to denitrification (uptake) as burrow densities decreased with larger individuals.
We conclude that different age-size classes of a single species at identical biovolume affect biogeo-
chemical cycling differently, due to changes in burrow sizes and burrow densities. Because of redox
reaction coupling associated with burrow geometries (Fe2+, Mn2+ oxidation patterns), similar mag-
nitudes of nonlocal transport may be a misleading indicator of biogenic impacts. Our observations
demonstrate that biogeochemical impacts must be evaluated in the context of size (age-) specific traits
and population densities rather than biomass or biovolume alone.
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1. Introduction

Bioturbation has a major effect on organic matter remineralization, nutrient regeneration,
and elemental fluxes in the seabed (Aller 1982, 2001; Quintana et al. 2015) and has played
an essential role in marine biogeochemical cycling since the evolution of metazoan life
(Thayer 1979; Meysman, Middelburg, and Heip 2006; Canfield and Farquhar 2009; Buatois
et al. 2018). Rather than species diversity or species biomass per se, particular species
are critical in determining the impact of bioturbation on physical properties and sediment
geochemistry (Rhoads 1974). The relationships of such key species to benthic respiration
and mineralization intensity have been examined both in situ and ex situ (Mermillod-Blondin
et al. 2004; Norling et al. 2007; D’Andrea and DeWitt 2009; Braeckman et al. 2014).
Bioirrigation and burrow ventilation patterns, particle reworking rates, tube construction
activity, organism mobility, and population densities are general factors that determine the
impact of particular species on sedimentary biogeochemical cycling and fluxes (Marinelli
and Williams 2003; Kristensen and Kostka 2005; Michaud et al. 2005; Braeckman et al.
2014). Inter- and intraspecific interactions can also influence bioturbation activity, and in
this way either facilitate or inhibit animal–sediment interactions that affect nutrient cycling
(Mermillod-Blondin et al. 2004; Norling et al. 2007; Michaud et al. 2009).

From a mechanistic standpoint, multiple properties of burrow structures and biogenic
microenvironments determine the impact of benthos on sedimentary biogeochemical reac-
tions. These properties include burrow diameter and length (burrow wall surface area),
burrow or microenvironment persistence (temporal stability), ventilation frequency (inte-
rior boundary conditions), burrow wall composition, and the depth and spatial organization
of burrows in a deposit (Aller 1982, 2001; Kristensen and Kostka 2005; Meysman et al.
2010; Dornhoffer, Waldbusser, and Meile 2012; Pischedda et al. 2012). Burrow properties
influence the kinetics of specific biogeochemical reactions, thus influencing concentration
patterns and sediment–water fluxes (Marinelli 1992; Aller 2001; Gilbert, Aller, and Hulth
2003; Waldbusser et al. 2004; Waldbusser and Marinelli 2006; Michaud, Aller, and Stora
2010). Individuals from the same species can modify their burrow morphology as a function
of sediment type or sedimentary reactivity (Katrak, Dittmann, and Seuront 2008; Needham
et al. 2010).

The population densities of infauna can also affect the properties of burrows (Heilskov
and Holmer 2001; Marinelli and Williams 2003; D’Andrea and DeWitt 2009; Dunn et al.
2009; Braeckman et al. 2010; De Backer et al. 2011; Murray, Douglas, and Solan 2014).
In addition, burrowing and activity patterns may change during the different stages of a
species’s life cycle. For example, adult animals are larger and build deeper burrows than
younger animals (Whitlatch 1976; Chan, Chan, and Leung 2006), and juveniles often occur
at higher densities and may have different activity patterns than adults. To our knowl-
edge, the effects of such age–size distributions on sedimentary biogeochemical processes
have not been experimentally investigated as such, although diagenetic model calcula-
tions allow inference of potential impacts of transport scaling on reactive and non-reactive
solutes (Aller 1982, 1988; Meile et al. 2005; Michaud, Aller, and Stora 2010). The main
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question of the present study was therefore: Can different burrow scaling and burrowing
behavior between adults and juveniles of the same species at similar biomass differentially
affect biogeochemical reaction patterns? To address this question, we examined the effects
of four discrete size classes of the polychaete Nephtys incisa on burrow geometries, on
sedimentary solute profiles, and on biogeochemical fluxes associated with organic matter
remineralization.

The evaluation of the impact of faunal size on sediment biogeochemistry requires some
form of normalization, and typically activities or effects are normalized relative to quanti-
ties such as biomass or numerical abundance (Emmerson and Raffaelli 2000; Mermillod-
Blondin et al. 2004; Solan et al. 2004; Norling et al. 2007; Braeckman et al. 2014; Hale et al.
2014; Kauppi et al. 2018). In the case of particle reworking by benthos, Gilbert et al. (2007)
found that the biovolume of infauna was linearly related to the quantity of sediment that
infauna displaced during burrowing and feeding. Biovolume can also be directly related to
burrow geometries and species-specific biogenic properties that couple to solute transport,
and can affect biological interactions such as competition for space (Michaud et al. 2009).
Normalization to constant biovolume is therefore a reasonable functional basis by which
to evaluate the impact of benthos on sedimentary biogeochemical processes. In the present
experiments, we have adjusted population densities of different sized individuals to the same
total biovolume in all experimental treatments. Note that in our case, the normalization to
biovolume and biomass are similar because the mass density of the studied species, Nephtys
incisa, does not appreciably vary with age. We hypothesized that populations of adults and
juveniles of the same species with the same biovolume can induce different burrowing pat-
terns and geometrical scaling of burrow structures, and thus differentially affect benthic
biogeochemical properties.

2. Material and methods

a. Sediment and faunal sampling

Sediment and animals were collected by grab sampling from the upper ∼15 cm of the
seabed at a subtidal site in Smithtown Bay (15 m water depth, 40◦ 56.696′N, 73◦ 13.786′W),
central Long Island Sound, USA, on 8 November 2007. Sediment deposits encountered
were silty mud, the bottom water salinity at the time of sampling was 27, and the aver-
age organic carbon content was 2.31 ± 0.27%. Individual specimens of the polychaete
Nephtys incisa were retrieved from the sediment and allocated to one of four size classes
based on length and diameter (Table 1): Extra-Large (XL), Large (L), Medium (M), and
Small (S).

These size classes correspond to specific age groups (Table 1) for the natural population of
this region (Zajac and Whitlatch 1988). Animals from a given size class were kept in separate
plastic containers with a thin layer of sediment (∼0.5–1 cm) overlain by continuously
oxygenated seawater. Sediment and animals were subsequently held in the dark in a cold
room at 15◦C until further use.
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Table 1. Individual worm parameters for each experimental aquarium: number, biomass (g), biovol-
ume (mL), length (mm), and diameter (width in mm). Total biomass (g) and biovolume (mL) in
each aquarium are also indicated.

Mean Mean Mean Mean Specific
individual individual individual individual Total Total age

Size Individual biomass biovolume length diameter biomass biovolume structure
class number (g) (mL) (mm) (mm) (g) (mL) (years)

Tanks for burrow structure analysis

XL 1 0.95 1.1 80 8 0.95 1.1 > 4
L 2 0.43 ± 0.01 0.5 ± 0.01 45 6 0.86 ± 0.02 1 ± 0.01 3.5
M 4 0.22 ± 0.01 0.25 ± 0.05 34 ± 2.5 4 0.89 ± 0.01 1 ± 0.05 2.5
S 8 0.10 ± 0.02 0.10 ± 0.06 17 ± 2.5 2 0.8 ± 0.02 1 ± 0.06 < 1

Tanks for biogeochemical studies

XL 3 0.75 ± 0.18 0.96 ± 0.20 80 ± 10 8 2.25 ± 0.18 2.90 ± 0.20 > 4
L 6 0.40 ± 0.03 0.50 ± 0.08 48 ± 2.6 6 2.40 ± 0.03 3.00 ± 0.08 3.5
M 12 0.18 ± 0.05 0.25 ± 0.05 33 ± 2.6 4 2.00 ± 0.05 2.80 ± 0.05 2.5
S 24 0.09 ± 0.03 0.12 ± 0.05 17 ± 2.5 2 2.16 ± 0.05 2.80 ± 0.07 < 1

Notes: XL: aquarium containing extra large individuals; L: aquarium containing large individuals; M: aquarium
containing medium individuals; S: aquarium containing small individuals. Each size class (last column) corre-
sponds to a specific age structure based on Zajac and Whitlach (1988). Mean ± SD.

b. Experimental setup

During sediment collection, sediment cores were sectioned in separate depth intervals
(0–2 cm; 2–4 cm; 4–6 cm; 6–10 cm; and 10–15 cm), and the sediment from a given interval
was subsequently sieved without water to remove fauna (mesh size = 1 mm; procedure
as in Michaud, Aller, and Stora [2010]). On 21 November (i.e., 13 days after collection),
sediment was introduced into glass flat panel aquaria to a total depth of 15 cm, following the
protocol of Michaud, Aller, and Stora (2010). The goal was to retain the natural pattern of
the sediment organic matter reactivity (sequentially filling the aquaria with sediment from
10–15 cm; 6–10 cm; 4–6 cm; 2–4 cm; and 0–2 cm). Sediments in the aquaria were covered
by 10 cm of overlying water (fresh, unfiltered seawater from Long Island Sound; water
aeration and replacement are discussed below). Two series of aquaria were set up: A first
series of six was dedicated for burrow network analysis (21 cm length, 3 cm width, 26 cm
height), and another series of 12 for biogeochemical analysis (21 cm length, 9 cm width,
26 cm height), as summarized in supplemental file S1.

The burrow network experiment was started on 26 November and included five aquaria:
one aquarium for each size class (i.e., XL, L, M, S) and one control without animals. The
biogeochemical analysis experiment included 12 aquaria in total: two for each size class
(i.e, XL, L, M, S) and four replicated controls without animals (C). Aquaria were given
a code composed of the treatment (XL, L, M, S, C) and a group label (groups A, B, C,
D), reflecting the date at which the sediment was introduced (sediment filling occurred on
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four consecutive days for practical reasons). Start dates were: 21 November for XLA, LA,
and CA; 22 November for XLB, MB, and CB; 23 November for LC, MC, and CC; 24
November for SD1, SD2, and CD. The entire biogeochemical series (12 aquaria) was used
for measurements of solute fluxes across the sediment–water interface at approximately
two-week intervals. For sediment composition analyses, one set of six aquaria (four with
different size classes: XLA, LA, MB, SD2; two controls: CA, CB; all randomly selected)
was used for destructive analysis after approximately one month, and the second set (XLB,
LC, MC, SD1, CC, CD) was retained for destructive analysis at two months. The two-month
time data are, however, not considered here because partial animal mortality compromised
results.

At the starting date, Nephtys specimens were introduced into the aquaria and the abun-
dances were adjusted to attain the same total biovolume in each aquarium (∼3 mL). To this
end, the biomass of individual specimens was measured before introduction into the aquaria,
and the individual biovolume was calculated using a fixed mass density of 0.86 g mL−1.
The added densities corresponded to 3 XL, 6 L, 12 M, and 24 S individuals per aquarium
in the biogeochemical series and 1 XL, 2 L, 4 M, and 8 S individuals per aquarium in
the burrow network series (Table 1), corresponding to real densities of 214 ind m−2 (XL),
427 ind m−2 (L), 855 ind m−2 (M) and 1709 ind m−2 (S), which is well within the natural
range (Zajac and Whitlatch 1988). The aquaria were placed in the dark, to prevent algal
growth, and held at room temperature (22 ± 2◦C) for one month. The aquaria for burrow
network analysis were covered by a plastic sheet to inhibit evaporation, the overlying water
was continuously aerated, and completely renewed every five days (Michaud, Aller, and
Stora 2010). The aquaria for biogeochemical measurements were sealed with gasketed tops
configured with luer lock penetrators, and were connected to individual secondary, aerated
reservoirs (4L) through which water was continuously recirculated using a peristaltic pump
(∼10 mL min−1). When sealed, aquaria enclosed an approximate volume of 1,200 ± 47 mL
of overlying water (average of the eight aquaria), and so the residence time of water in the
aquarium is ∼2 hours. At particular time points, the water circulation was temporarily
stopped (by stopping the pump), which enabled closed incubations to determine the flux
across the sediment–water interface (see below).

The water in each aerated reservoir was completely renewed every four days with fresh,
unfiltered seawater from Long Island Sound. Each biogeochemical aquarium contained a
suspended stirring bar, which was magnetically coupled to a small motor attached to the
exterior of the top. The water was stirred continuously at ∼40–60 rpm.

c. Burrow structures analyses

X-radiography was applied to visualize and quantify the burrows inside the sediment
every seven days over the first month, as described in Michaud, Aller, and Stora (2010).
X-radiograph images were made binary (white = burrow, black = no burrow) for further
quantitative analysis (Fig. 1a). Visible inspection of structures at the aquarium interface was
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Figure 1. Nephtys incisa burrowing networks. (a) Binarized images obtained from X-radiograph
analyses for each treatment: XL (Extra-Large), L (Large), M (Medium), S (Small) after 15 days
and 26 days from the starting date. (b) Visible images (green spectral band) from aquaria showing
the size and length of burrows present at the glass interface. One image for each size class of
individuals (XL, L, M, S).

used to qualitatively confirm patterns revealed by X-radiography (Fig. 1b). Several quantities
that characterize the burrow geometry were calculated from the binary X-radiograph images.

Mean burrow diameter Øburrow was calculated from the lengths of continuous white pixel
segments within each horizontal line. The number of burrows Nburrow at a specific depth
was obtained by dividing the total pixel number in each image line attributed to white
structures by the mean burrow diameter Øburrow, expressed in pixel number: Nburrow =
Σburrowpixels/Øburrow. The number of burrows divided by the area of the sediment–water
interface (Aswi, expressed in cm2) gave the burrow density at a specific depth: ρburrow =
Nburrow/Aswi (number of burrows cm−2). Total burrow length (ΣLburrow) was calculated
from the sum of each burrow length (Lburrow) in each pixel line, fixed at 0.0083 cm for each
horizontal and vertical pixel resolution (cm).

Then, burrow volume at a specific depth (Vburrow) was calculated by multiplying
the total number of burrows of each pixel line by their specific cylindrical volumes:
Vburrow = Nburrow × Π × R2

burrow × Lburrow where Rburrow = burrow radius = Øburrow/2;
Lburrow = burrow length fixed at 0.0083 cm for each horizontal and vertical pixel resolu-
tion (cm). Here, we report the burrow volume as normalized to the local volume of sediment
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vsed = 0.0083 * Aswi, which then provides Vburrow/Vsed = Nburrow/Aswi × Π × R2
burrow

(dimensionless units). If one integrates the local burrow volume Vburrow over the whole
sediment depth, one obtains the total burrow volume ΣVburrow. The ratio of total burrow
volume to the total sediment volume can be expressed as a percentage.

The local burrow wall area (Abw) acts as a proxy of the exchange surface area with
overlying water at a given depth and was calculated for each horizontal pixel line by mul-
tiplying the number of burrows in each line by the corresponding burrow circumference:
Abw = Nburrow × 2Π × Rburrow × Lburrow. Here, we report the local burrow wall area as
normalized to the local volume of sediment: Abw/Vsed = Nburrow/Aswi × 2Π × Rburrow

(expressed in cm−1). If one integrates the local burrow wall area Abw over the whole sedi-
ment depth, one obtains the total burrow wall area ΣAbw. The ratio of the total burrow wall
area ΣAbw over the area of the sediment–water interface represents the exchange surface
area extension, which can be expressed as a percentage.

The ratio between depth-integrated burrow wall area and depth-integrated burrow volume
Abw/Vburrow, gave a single index of the burrow network complexity for the entire aquarium.

d. Sampling and analysis of overlying water

Sediment–water fluxes were measured during closed incubations, in which the flow of
water through an aquarium was stopped, while the overlying water in the aquaria remained
continuously stirred (∼40–60 rpm). Sediment–water fluxes were calculated from the accu-
mulation of solutes in the overlying water, which was followed in two ways: (1) continuous
monitoring of the overlying water using planar optical sensors mounted along the inner glass
side of each microcosm, and (2) serial sampling of overlying water by removing discrete
volumes through the luer locks. Oxygen and TCO2 fluxes (TCO2 = total CO2 = [CO2]+
[HCO−

3 ]+ [CO2−
3 ]) were measured at two time points: in all 12 aquaria two weeks after

initiation of the experiment, between 4 and 15 December (end period 1 = time point 1) and
in six aquaria one month after initiation of the experiment between 17 and 24 December
(end period 2 = time point 2) (online supplemental file S1). Oxygen and TCO2 concen-
trations in overlying water were monitored using planar optodes (time points 1 and 2) and
discrete samples (time point 2) every 30 min for a total duration of 2.5 hr, so that oxygen
depletion in overlying water was less than 20% below the initial value (Hall et al. 1996).
Discrete samples were collected using gas tight syringes. At time point 2, nutrients (NH+

4 ,
NO−

3 , NO−
2 , TPO3−

4 [TPO3−
4 = total reactive inorganic P as PO3−

4 ]) and Br− (introduced
tracer, see below) concentrations were additionally measured in discrete samples.

Approximately one day before the time point 2 sampling, bromide tracer measurements
were made to determine solute exchange between overlying water and pore water. In each
aquaria, the overlying water, including the reservoir, was replaced with fresh, filtered Long
Island Sound seawater (Br− ∼0.7 mM) to which an additional concentration of 5 mM
NaBr (sodium bromide) had been added as a tracer (Martin and Banta 1992). This bromide
concentration did not significantly affect salinity or solution density.
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The oxygen concentration of overlying water was determined by Winkler titration on
unfiltered discrete samples. A portion of the remaining water sample was filtered through a
0.2 μm polysulfone inline filter directly into gas tight syringes, and analyzed immediately
for TCO2 using the flow injection method of Hall and Aller (1992) at a precision of 2%–5%.
The remaining filtered water was frozen for nutrient analyses. Ammonium was measured
using a colorimetric method modified from Solórzano (1969) with a precision 2%–5%.
Reactive inorganic phosphate was measured colorimetrically using reduced ammonium
molybdate (Presley 1971). Nitrate and nitrite were measured using the Griess reaction in
a flow injection analysis mode. Bromide concentrations were determined using a modified
phenol red–chloramine T colorimetric method (Presley 1971; Lepore and Barak 2009).
All reagents and standards were prepared in acid-washed glassware, and standards were
prepared in a nutrient-free artificial seawater matrix. Fluxes were calculated from the slopes
of the linear regression of solute concentrations against time in the closed incubations. A
correction was made for the composition of the water that replaced each discrete sample
(∼50–60 mL) during incubations.

e. Planar optode imaging

Optode membranes (105–126 cm2 surface areas) for monitoring O2, pH, and pCO2 were
mounted along the sides of each aquarium, allowing two-dimensional imaging of these
parameters to determine benthic fluxes and pore water profiles (online supplemental file
S1). O2 was estimated by direct determination of fluorescence intensity, while pH and
pCO2 concentrations were determined ratiometrically, after initial calibration (Glud et al.
1996; Zhu, Aller, and Fan 2005, 2006a, 2006b).

Optode images were saved in tiff format at a spatial resolution of 45 μm per pixel. Image
processing was performed using Matlab (mathworks.com). Because the edges of some
optode membranes were damaged, regions of interest (ROI) from the overlying water-to-
sediment surface (for benthic fluxes measurements) and from the sediment surface to deeper
layers (for pore water concentrations) were selected within the central part of each image.
The dimensions of the ROIs were different between each aquarium, but ROIs were taken as
large as possible, representing more than 60% of an aquarium side. To avoid any bias, we
utilized the entire ROI and did not select specific subareas (e.g., burrows within sediments).
For the flux measurements, the same ROI was automatically defined between each picture
of the same time series from the same aquarium. In each ROI, intensity values per pixel were
transformed into a solute concentration (μM of O2, pCO2, and pH) based on calibration of
the optode foils. For each pixel, pCO2 was converted in the corresponding CO2 (in μM)
by using the Henry gas constant K0 = 0.034 mol L−1 atm−1 at experimental conditions
(22◦C, 27 S).

To determine TCO2 accumulation and O2 consumption, O2, CO2, and pH concentrations
were first averaged over the entire ROI in the overlying water. Subsequently, TCO2 was
calculated from CO2 and pH (NBS) using updated forms of the original program CO2SYS
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(Lewis and Wallace 1998; Robbins et al. 2010). Dissociation constants of K1, K2 (Mehrbach
et al. 1973; Dickson and Millero 1987) were used. Flux estimates were then calculated from
the slopes of the linear regression of averaged TCO2 and O2 values (derived from successive
ROIs) against time.

For each ROI within the sediment, the mean, median, standard deviation, and percentiles
were calculated for each horizontal line of calibrated pixels. Individual pixel TCO2 was not
calculated because the pH and pCO2 measurements were made using a different optode and
ROI, and thus individual pixel locations differed. The 95th and 5th percentiles indicated the
thresholds beyond which the highest and the lowest concentrations are found, respectively.
95th percentiles were calculated for oxygen concentrations and pH, whereas 5th percentiles
were calculated for CO2 concentrations. In this way, extreme values of solute concentrations
are considered (lowest, highest), and may represent biogeochemical microenvironments and
thus micro-scale heterogeneity.

f. Sampling and analysis of sediment and pore water

i. Remineralization rates To estimate the depth distribution of the organic matter reminer-
alization rate, subsamples of sieved sediment from each depth interval (0–2; 2–4; 4–6;
6–10; 10–15 cm) were incubated anoxically in 50 mL centrifuge tubes (buried in mud) and
analyzed serially with time over 43 days to obtain TCO2 and NH+

4 net production rates
(Aller and Yingst 1980). Pore water was separated by centrifuging subsamples at 3–5 day
intervals, filtered through 0.2 μm polysulfone inline filters into gas tight syringes, and ana-
lyzed immediately for TCO2 using the flow injection method of Hall and Aller (1992) at
a precision of 2%. Dissolved NH+

4 was measured colorimetrically using indophenol blue
(∼2%–3% precision) (Solórzano 1969). Reversibly adsorbed NH+

4 was estimated on sub-
samples of the centrifuged sediment extracted at 22◦C for 1 hr with 2N KCl (Rosenfeld
1979; Mackin and Aller 1984).

ii. Pore water and bulk sediment properties Immediately following the flux incubations,
including the Br− tracer measurements, at time point 2, sediment from six aquaria (CA, CB,
SD1, MB, LA, XLA) was sliced into 0.5 cm thick layers from 0 to 2 cm depth, 1 cm layers
from 2 to 5 cm depth and 2 cm layers from 5 to 12 cm depth. Subsamples from each interval
were taken for porosity, for meiofauna/bacteria measurements (preserved in buffered 2%
formaldehyde), and for pH measurements. pH was measured at a precision of 0.1% by direct
insertion of a rugged, combination semi-microelectrode after standardization on the NIST
(NBS) scale. The remaining sediment was centrifuged (10–15 min, 3,500 rpm) under anoxic
conditions. A portion of the pore water was filtered (0.2 μm polysulfone inline filters) into
gas tight syringes, and analyzed immediately for TCO2 (Hall and Aller 1992). Subsamples
of the remaining filtered pore water were either frozen for nutrients (NH+

4 , NO−
3 ), stored at

4◦C for Br−, or acidified. The subsamples for Fe2+, Mn2+, and TPO4 analyses were acidified
to pH ∼2 with 12N trace metal grade HCl. NO−

3 , NH+
4 , TPO4 and Br− were analyzed, as

for overlying water. Fe2+ and Mn2+were analyzed colorimetrically using Ferrozine and
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formaldoxime methods, respectively (Goto, Komatsu, and Furukawa 1962; Stookey 1970).
The residual centrifuged sediment was frozen (−20◦C) until further analysis of solids. Total
carbon (C), nitrogen (N), and sulfur (S) were determined on dried, ground sediment samples
using a Carlo Erba (Milan, Italy; carloerbareagents.com) 1102 CHNOS elemental analyzer.
Analytical precision, expressed as the relative standard deviation of three replicate analyses,
were ±0.8% for N, ±1.6% for C, and ±10.7% for S. Inorganic C was estimated from the
quantity of CO2 released from known weights of dry sediment following acidification
with HCl as measured by a micropressure sensor (Schink, Stockwell, and Ellis 1979).
The analytical precision for Cinorg was ±6% (SD). Sediment porosity was estimated from
wet and dry weights of sediment subsamples assuming an individual particle density of
2.5 g cm−3. The sand (>62 μm) and silt-clay (<62 μm) were determined using wet sieving.

g. Bioirrigation modeling

The transport of bromide tracer was simulated using a transient transport model as defined
in equation 1, which accounts for both diffusion and nonlocal irrigation (Emerson, Jahnke,
and Heggie 1984). The model assumes a constant porosity with depth and time, a fixed
volume of overlying water, a constant core area, and time-independent transport coefficients
during the tracer incubation period.

∂C

∂t
= Ds

∂2C

∂z2
+ η(CT − C) (1)

t = 0; C = C0, 0 ≤ z ≤ L

t > 0; C = CT (t), z = 0
∂C

∂z
= 0, z = L

η = f (z), 0 ≤ z ≤ LB

where

C(z, t) = Br− concentration in pore water (C0 = constant)

t = time after injection of the tracer

z = depth; coordinate origin at interface, positive into sediment

Ds = diffusion coefficient, constant

η(z) = nonlocal transport coefficient, function of depth

CT (t) = time-dependent solute concentration in overlying water of fixed volume, V .

L = depth of sediment (impermeable base of aquarium)

LB = depth of bioirrigated zone (nonlocal transport zone; LB ≤ L)

The model equations were solved numerically using a forward, fully explicit approach
using a centered finite difference scheme (checked for accuracy by analytical solutions for
specific cases). The nonlocal transport coefficient was assumed to either decrease exponen-
tially below a specific depth (e.g., η = η0e

−α0z; η0, α0 constants; for z < LB ; or below LB)



2021] Michaud et al.: Density and size-dependent bioturbation effects 191

or to remain entirely constant over a depth interval (η = η0 for z < LB). The latter approx-
imation with LB = 4–6 cm was found suitable to fit Br− profiles over the relatively short
incubation time of 18–24 hr. An additional nonlocal term that attenuated with depth below
LB was necessary for modeling TCO2 and NH+

4 distributions as outlined subsequently. To
properly connect the two zones (z < LB and LB < z < L), the continuity of fluxes and
concentrations were assumed at z = LB . The value of η was taken as 0 in controls.

h. data processing

The sediment column was reorganized into four main sediment layers according to
Berger’s model (Berger, Ekdale, and Bryant 1979), as a function of classical distribu-
tions of biogenic structures in coastal sediments (Gerino 1992): 0–2 cm (mixed layer), 2–4
cm (sub-mixed layer), 4–6 cm (mixed layer transition), >6 cm (not-mixed layer). Solute
concentrations derived from 2-D optodes were averaged for each horizontal pixel line. Con-
centration values and burrow parameters from each pixel line were used as pseudo-replicates
of the appropriate sediment layer (0–2 cm; 2–4 cm; 4–6 cm; > 6 cm) for each aquarium (XL,
L, M, S, C). Statistical differences in burrow geometry parameters and 2-D solute concen-
trations were tested between depth layers (0–2 cm; 2–4 cm; 4–6 cm; >6 cm), size classes
(aquaria XL, L, M, S), and their interactions (aquaria × layer) with PERMANOVA analysis
with 999 permutations and α = 0.05 (Anderson 2017). To determine which burrow geom-
etry parameters (Vburrow/Vsed, Lburrow/Vsed, Abw/Vsed, Abw/Vburrow) and biogeochemical
fluxes (TCO2, O2, NO−

3 , Br−) explained the most variability among Nephtys treatments, a
principal component analysis (PCA) was performed on the correlation matrix. Data were
normalized prior to analysis. Finally, correlation analyses were used to quantify the relat-
edness between variables with the non-parametric Spearman multicorrelation analysis for
the entire sampling period, after data normality verification. The correlation coefficients of
Spearman ρ quantifies the statistical dependency between variables (i.e., the strength of the
correlation). All statistical analyses were conducted within the R environment (R Develop-
ment Core Team 2021) and relied on the vegan (Oksanen et al. 2020) and FactoMineR (Lê,
Josse, and Husson 2008) packages.

3. Results

a. Bulk sediment properties

Porosity in the two control aquaria averaged 0.844 ± 0.008 in the surface layers
(0–1 cm) and decreased slowly to 0.778 ± 0.001 at depth (∼8 cm). Porosity in the treat-
ments with animals was slightly higher at the surface (0.871 ± 0.003) but decreased to
similar values at depth (0.775 ± 0.007 at ∼8 cm). The depth-averaged porosity across all
aquaria was 0.78 ± 0.06. Wet sieving revealed an average sand content of 2.60 ± 1.37%
weight (median 2.65%), and a 97.4 ± 1.37% silt-clay content. There was no significant
difference in particle size between depth intervals. The organic C (Corg), total N, and total
sulfur contents of the sediment ranged 2.24%–2.36%, 0.25%–0.26%, and 0.68%–0.72%,
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Table 2. Characteristics of the depth-integrated burrow geometries from X-radiography for the four
size classes over time from the initial day (+15 days, +22 days, +26 days): total sediment volume
(Vsed, cm3), total area of the sediment–water interface (Aswi, cm2), burrow radius (Rburrow, cm),
burrow length (Lburrow, cm), burrow volume (Vburrow, cm3), and burrow wall area (Abw, cm2),
Vburrow/Vsed ratio (%), Abw/Aswi ratio (%), and Abw/Vburrow (.cm−1).

Size Time of Vsed Aswi Rburrow Lburrow Vburrow Abw Vburrow/Vsed Abw/Aswi Abw/Vburrow

class analysis (cm3) (cm2) (cm) (cm) (cm3) (cm2) (%) (%) (.cm−1)

XL 15 d 521 41 0.20 26 3.26 32 0.63 78.1 9.82
22 d 590 47 0.20 52 6.60 65 1.12 138 9.85
26 d 479 39 0.20 45 5.70 57 1.19 146 10.0

L 15 d 536 43 0.15 54 3.80 51 0.71 119 13.4
22 d 479 39 0.15 63 4.50 60 0.94 154 13.3
26 d 492 40 0.15 78 5.50 73 1.12 183 13.3

M 15 d 550 44 0.10 106 3.30 66 0.60 150 20.0
26 d 485 39 0.10 159 5.00 100 1.03 256 20.0

S 15 d 520 42 0.05 165 1.30 52 0.25 124 40.0
22 d 484 39 0.05 147 1.10 46 0.23 118 41.8

respectively, with no obvious differences with depth or between aquaria (online supplemen-
tal file S2). The inorganic C content (Cinorg), assumed to be entirely CaCO3, was 0.23 ±
0.03% at the start of the incubation (n = 5; all depths) and averaged 0.20 ± 0.08% across
all aquaria at the termination of the experiment (online supplemental file S2). The mean
value of Corg = 2.31 ± 0.27%, mean Corg/Ntotal = 10.5 ± 1.7 (mol/mol), and mean total
sulfur = 0.69 ± 0.20% (online supplemental file S2).

b. Burrow structures

The visible images from the side of aquaria and the binarized images from X-radiography
(Fig. 1) showed clear differences in Nephtys burrowing networks between size treatments
(XL, L, M, S) 15 and 26 days after the beginning of the experiment. After fauna addition, the
smallest individuals burrowed sooner than the adult ones. Total burrow length was largest
for juvenile worms; burrow structures for juveniles stabilized as soon as the beginning of
the experiment (Table 2).

At the time of sediment sampling (+26 days), burrow diameters were generally smaller
than the measured width of individuals, and burrow radii ranged from 0.05 cm for S to 0.2 cm
for XL individuals (Table 2). The burrows of largest animals (XL) had fewer branches than
those of the smaller animals, which had numerous interconnected extensions (Fig. 1). The
burrow density (ρburrow; Fig. 2a) ranged between 0.01 and 0.7 burrows cm−2 at the surface,
and significantly increased in subsurface layers (0–2 cm depth; 0.2; 0.4; 1; 1.4 burrows cm−2

for XL, L, M and S aquaria, respectively). The ρburrow is particularly high at the surface and
subsurface layers for the M and S treatments. ρburrow was significantly lower for the larger
size classes (p < 0.001; XL < L < M < S) up to 6 cm depth, and became significantly
higher down to 6 cm depth for the XL aquarium (p < 0.001) where the other size classes
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Figure 2. Nephtys incisa burrowing activity. The upper panel (a) shows the depth-dependant data
averaged every 0.5 cm up to 10 cm depth for all the inhabited aquaria (18–24 December 2007):
burrow density ρburrow, burrow wall area Abw/Vsed, and burrow volume (Vburrow/Vsed) normalized
to the sediment volume. The lower three panels (b, c, d) show the corresponding depth-integrated
data: (b) mean burrow density over first 4 cm (cm−2); (c) total burrow wall area (Abw/Vsed; cm−1);
(d) total burrow volume (Vburrow/Vsed) at 15, 22, and 26 days after the start of the experiment.

were absent. ρburrow were similar at 2–4 cm depth between M and S aquaria (p > 0.23),
and at 4–6 cm depth between XL and L aquaria (p > 0.42) (Fig. 2a). Averaged over the
first 4 cm depth, the burrow density was highest with the smallest individuals during all the
duration of the experiment (Fig. 2b).

Normalized burrow wall areas ranged between 0.1 and 0.5 cm−1 over the first 4 cm,
and increased in the following order XL < S < L = M (Fig. 2a). Beneath 4 cm, Abw/Vsed

significantly decreased with depth for each aquarium (p < 0.001), but the M and XL
treatments retained a high Abw/Vsed between 4 cm and 6 cm depth and beneath 6 cm,
respectively (p < 0.01). At the final time point, and when integrated over the whole sediment
volume, the surface extension due to burrow walls was highest for the M treatment (250%),
followed by L (182%), XL (146%), and S (119%) (Table 2 and Fig. 2c).

Burrow volumes did not follow the same depth trend as the burrow wall areas. In the
surface layer, Vburrow/Vsed ranged between 0.5% and 3% in the order S < XL < M <L (p <
0.01). In subsurface layers (2–4 cm), XL and L treatments had the largest burrow volumes
(more than 3%; p < 0.01). While the XL aquarium had the highest Vburrow/Vsed, down to
10 cm (p < 0.01), the M still had important Vburrow/Vsed at 6 cm depth compared with
the L treatment (p < 0.01). Integrated over the whole sediment volume, ΣVburrow were the
highest for the largest size classes in the following order XL > L > M, and six times bigger
than the S size class (p < 0.01) (Fig. 2d). Consequently, Abw/Vburrow ratios were twice and
four times larger for the smallest size S relative to the XL and L sizes, respectively.
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Figure 3. TCO2 and NH+
4 functions of time and depth. (a) TCO2 production rate as a function of time

in anoxic incubations of sediment from the different depth intervals in experimental aquaria (0–2,
2–4, 4–6, 6–10, 10–15 cm). The polynomial curves represent the fits used to derive TCO2 pro-
duction rates as a function of time. (b) TCO2 production rates (mM d−1) as a function of depth
at the beginning and end of the experimental period. (c) NH+

4 as a function of time in anoxic
incubations from the same depth intervals. The dashed lines represent fits used to estimate initial
production rates of NH+

4 after correction for adsorption. (d) NH+
4 against TCO2 in anoxic incuba-

tions. The initial stoichometric relationship (12 d) is shown by the dashed line (geometric mean N/C
slope = 74.2 mmol/mol; adsorption corrected C/N slope = 4.1; assuming K = 2.25).

c. Sediment remineralization rates

The TCO2 in anoxically incubated sediment samples increased linearly with time over
the first ∼12 days (constant accumulation rate), with a progressive decrease in the accumu-
lation rate thereafter (Fig. 3a). The TCO2 evolution in each depth interval over 43 days was
fit by an exponential function of the form C = C1(1 − e(−kt)) + C0, where C0, C1, k =
constants, consistent with a single fraction of reactive organic matter with a first order
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decomposition rate constant k (Westrich and Berner 1984). The asymptotic stabilization
suggests a relatively small quantity of reactive organic matter that is gradually exhausted
(see online supplemental file S3). Because TCO2 increased with incubation time, these
patterns may also partially reflect precipitation of carbonate in closed anoxic incubations.
This could be particularly relevant in the surface-most layers, where TCO2 increases were
greatest, and thus remineralization rates may be underestimated. If sustained for 30 days,
the highest rate (0.42 mM d−1, initial rate in the first 2 cm; Fig. 3b; see also online supple-
mental file S3) would have resulted in a decrease in solid Corg of ∼0.02% wt., assuming
a porosity of ∼0.8, which is at the limit of detection of an elemental analyzer. We refer to
the pool of organic material that supports the rapid production of TCO2 (and NH+

4 ) during
these anoxic incubations as “reactive” organic matter. A decreased production of TCO2

supported by less reactive organic matter pools was expected over longer time periods
(Westrich and Berner 1988; Burdige 2006). Assuming a uniform average reaction constant
k = 0.039 ± 0.020 d−1 (n = 5; see online supplemental file S3), the observed TCO2 pro-
duction rate has the form of the curve fits: R = (R0e

−αz + R1)e
−kt ; where R0, R1 are

remineralization rates (mM d−1), z = depth below sediment–water interface (cm), α =
depth attenuation constant (cm−1) (Fig. 3b). The depth integrated production supported by
the initial rates (t = 0; z = 15 cm) was 30.4 mmol m−2 d−1 (adopting the average porosity
= 0.78; R1 − 0.309; R0 = 0.184 mM d−1; α = 0.267 cm−1). This would correspond to
the expected TCO2 flux from the sediment at steady state, if the reactive Corg pool was
not depleted and assuming no effect of biogenic transport activities on remineralization
(Fig. 3b). Assuming time-dependent decrease in Corg remineralization rates, the approxi-
mate minimum expected supported TCO2 flux is ∼9.4 mmol m−2 d−1 at 30 days (depth
integration of the remineralization function, R(z, t), at t = 30 d).

The NH+
4 accumulation patterns with time were similar to those for TCO2 (Fig. 3c).

Time-dependent increases of NH+
4 in each depth interval were fitted by a similar exponential

function: C = C1(1 − e(−kNt)) + C0, (where C0, C1, kN = constants) (see online supple-
mental file S4). Estimates of kN were smaller than for TCO2 (kN ∼ 0.024 ± 0.005 d−1).
A decrease in remineralization rate with time is consistent with a relatively small pool of
reactive organic matter, and kN < kC implies carbonate precipitation affected TCO2 accu-
mulation in incubations. During the first 12 days, a linear increase of NH+

4 characterized
the pore water (online supplemental file S4). The average reversible adsorption coefficient
of NH+

4 was K = 2.25 ± 0.66 (SE slope; adopting an average porosity of 0.78). After
correction for reversible adsorption (multiplier factor [1+K]) and porosity, we estimated a
depth-integrated NH+

4 production rate of 6.1 mmol m−2 d−1 (over the first 12 days), which
is the expected sediment–water flux of NH+

4 at steady state in all aquaria assuming no addi-
tional reactions (e.g., no nitrification, denitrification) or decay of substrate with time. The
molar C/N remineralization ratio (depth integrated TCO2 production rate divided by NH+

4
production rate) was therefore ∼5.0, which is slightly larger than the adsorption corrected
regression slope of TCO2 against NH4 pore water concentrations in the incubations over
the first 12 days (Fig. 3d).
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Figure 4. Bromide (Br−) tracer. (a) Br− penetration patterns in aquarium sediment. (b) Br− fluxes
(J-Br−, mmol Br− m−2 d−1) and nonlocal transport coefficient (d−1) calculated from Br− pore
water profiles in the controls and Nephtys size class aquaria.

d. Pore water solute distributions

i. 1-D non-reactive solute distributions and transport: Bromide. Bromide penetrated into
the microcosm sediments over the 18- to 24-hour exposure period. The aquaria containing
Nephtys showed a deeper penetration depth of the bromide signal, and a higher bromide
inventory (concentration integrated over depth) relative to controls (Fig. 4a). We assumed the
controls showed only diffusion and not nonlocal bioirrigation, and the resulting sediment
diffusion coefficient (Ds) for Br− in the controls was 1.12 ± 0.1 cm2 d−1. For different
tortuosity relations, and adopting a porosity of 0.78, temperature of 22 and salinity of 27,
the theoretically expected Ds is in the range 1.00–1.08, depending on the exact tortuosity
model (Boudreau 1997). This same Ds value was used when fitting the Br− depth profiles
of the Nephtys aquaria. The modeled nonlocal transport coefficients for Br− were η0 =
0.14, 0.10, 0.14, and 0.14 d−1; α0 = 0 (all cases); and LB = 4.5, 6, 5, and 4 cm in the XL,
L, M, and S aquaria, respectively (Fig. 4b). The measurements of the overlying water Br−

concentrations were compromised analytically, and so fluxes could not be calculated from
the Br− decrease in the overlying water. Model predicted fluxes of Br− into the sediment
(based on pore water depth profile fitting) were 42 and 43 mmol m−2 d−1 for CA and CB,
and 63, 59, 52, and 57 mmol m−2 d−1 for SD, M, L, and XL, respectively, at the time of
Br− sampling, and represent approximate flux enhancements of ∼1.4 ± 0.1 in all Nephtys
aquaria (Fig. 4b).
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Figure 5. Vertical pore water profiles. (a) TCO2 and (b) NH+
4 pore water profiles at t = 0 (solid

vertical bars) and after ∼4 weeks in the experimental aquaria (symbol plotted at midpoint of
sample depth interval). Transient nonlocal transport–reaction model profile fits are shown as solid
lines for CA, S, M, L, and XL tanks. There was a Δt relative to initial profiles for CA (26 d), S (27 d),
M (27 d), L (29 d), XL (27 d), and CB (32 d). 1-D profiles of reactive solutes distribution at the
end of the experiment: (c) pH, (d) Fe2+, (e) Mn2+, (f) TPO4. The dashed curves are plotted to aid
viewing of distributions.

ii. 1-D reactive solute distributions: TCO2 and NH+
4 , pH, TPO4, Fe2+, and Mn2+. The

pore water distributions of TCO2 and NH+
4 within aquaria differed substantially one from

another at the times of sampling, with the highest accumulation observed in controls and
lower concentrations in the aquaria containing Nephtys (concentrations in M ≤ L < XL
< S < CA < CB; Fig. 5a and b). The TCO2 and NH+

4 profiles were modeled using a
transport–reaction model consistent with the Br− nonlocal transport rates obtained for each
aquarium and the estimated time–depth dependent production rates of TCO2 and NH+

4 based
on R(z, t) at the time of sampling (Fig. 3). The model equations for each solute (i) are given
in the online supplemental file S5, and the model parameters used for the XL, L, M, and S
aquaria are presented in supplemental file S6. To obtain good fits to the upper 8–10 cm of the
profiles of TCO2 and NH+

4 in Nephtys aquaria, while using the reaction rates as measured
in the anoxic incubations, we found it was necessary to assume that nonlocal transport
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extended deeper than indicated by Br−. In these cases, the nonlocal transport functions
were assumed to be constant over the depth interval defined by Br− penetration (i.e., LB),
but below LB , nonlocal transport was apparently not zero. In the absence of additional
tracer data, it was assumed that below LB , nonlocal transport attenuated exponentially
with depth (Martin and Banta 1992). The depth attenuation constants (α0) of nonlocal
transport below depth LB necessary to obtain fits to the upper 8–10 cm of the profiles were
comparable for both TCO2 and NH+

4 (see online supplemental file S6). Thus, the profiles of
both TCO2 and NH+

4 , were consistently fit by assuming the transport parameters obtained
from Br− tracer analysis (η = η0; α0 = 0; L < LB), an additional nonlocal transport term
at depth (η = η0 exp(−α0z), L ≥ LB), and the remineralization rates derived from the
anoxic incubation series. Although distributions within the intensely burrowed zone were
reasonably fit by the model for TCO2 and NH+

4 , the NH+
4 concentrations within deepest depth

intervals remained underestimated, indicating that reaction rates could be underestimated
in the deeper intervals (up to ∼0.5 μM d−1 below ∼8 cm), possibly due to the use of a
single kC (= −0.039 d−1) for the time dependence of all reaction rates (online supplemental
file S6).

The vertical profiles of pore water pH, Fe2+, Mn2+, and TPO4 (total dissolved inorganic
P) (Fig. 5c–f) were typical in their overall depth dependence to those commonly observed
in organic-rich, marine muds. There were clear subsurface minima (pH) or maxima (TPO4,
Fe2+, and Mn2+) present 1–4 cm below the upper oxidized sediment surface. Maxima
(peak concentrations of TPO4, Fe2+, and Mn2+) and minima (pH) were more pronounced
in controls compared to aquaria with Nephtys, and the relative deviations in concentrations
(maxima) from control profiles were in approximately the same order as observed for TCO2

and NH+
4 concentrations: L ≤ M < XL < S < CB < CA.

iii. 2-D distributions of reactive solutes: O2, CO2, pH. For each 2-D optode image, the
background (0.01–0.1 μM O2) was below detection and could not be distinguished from
zero with this methodology. Oxygen concentrations decreased rapidly below the sediment
surface for all aquaria, and highest averaged concentrations (∼200 μM O2) were found
only in the first millimeters below the sediment surface (Fig. 6). Mean and median oxygen
values remained significantly higher in the upper 0–2 cm of inhabited sediments compared
with the control aquarium (p < 0.001), and the controls showed a conspicuous subsurface
minimum in O2. The presence of the larger animals slightly enhanced oxygen in subsurface
and deeper layers, with highest subsurface concentrations for the L aquarium (2 μM O2;
p < 0.001) followed by the XL and M aquaria. While volume-averaged O2 concentra-
tions remained very low, images showed oxidized sediment in and around burrows in each
inhabited aquarium (Fig. 6a and b). 2-D oxygen concentrations were uniformly low sharply
below the sediment surface in the control aquarium and otherwise at analytical background
(undetectable), whereas O2 distributions were more heterogeneous with animals (Fig. 6a).
The highest oxygen concentrations in deep layers are obscured by the mean and median
calculations (Fig. 6c), but they are revealed by larger standard deviations over depth in the
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Figure 6. Nephtys incisa burrows and O2 concentrations (18–24 December 2007). (a) Pictures from
sides of the aquaria showing the fluorescence results of the O2 fluorosensor in all treatments and
(b) visible views. (c) O2 concentrations. (c) Oxygen 95th percentiles averaged every 0.5 cm to 10
cm depth for the XL, L, M, S, and C treatments.

Nephtys inhabited sediments than in control aquaria (e.g., 95th percentiles; Fig. 6d). The
burrows visible in pictures were often oxygenated and surrounded by a relatively O2 rich
zone (Fig. 6a and b). These oxidized microenvironments were associated with the highest
subsurface O2 concentrations with order L > XL > M > S > C (Fig. 6d).

2-D CO2 distributions showed different patterns (Fig. 7). Horizontally averaged CO2 con-
centrations increased rapidly below the sediment surface with the large animals (100 μM
CO2; p < 0.001). Below 2 cm, the control aquarium reached maximum concentrations
(200 μM CO2; p < 0.001). CO2 concentrations were significantly lowered in layers
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Figure 7. Nephtys incisa burrows and O2 concentrations (18–24 December 2007). (a) Pictures from
sides of the aquaria showing the radiometric fluorescence results of the CO2 fluorosensor in all
treatments and (b) visible views. (c) CO2 concentrations. (d) CO2 5th percentiles averaged every
0.5 cm to 10 cm depth for the XL, L, M, S, and C treatments.

impacted by large burrows down to 8 cm depth in the order M < L < XL < S (100–
250 μM, respectively; p < 0.001; Fig. 7c). The median in each pixel line was similar to the
averaged concentration. Standard deviations around the means in the control were low and
homogeneous with depth, whereas they were more variable in the order S < XL < L < M
aquaria. Burrows affected the CO2 concentrations vertically. Low averaged CO2 concentra-
tions (100–150 μM) were measured in deep layers where burrows were observed (Fig. 7a
and b), the most distinctive example of which was the M aquarium. A CO2 concentration
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Figure 8. Nephtys incisa burrows and pH (18–22 December 2007). (a) Pictures from sides of the
aquaria showing the radiometric fluorescence results of the pH fluorosensor in all treatments and
(b) visible views. (c) pH. (d) pH 95th percentiles averaged every 0.5 cm to 10 cm depth for the XL,
L, M, S, and C treatments.

gradient is observed around each burrow in the optode images (Fig. 7a and b). The lowest
CO2 concentrations are associated with the presence of burrows and oxidized microenvi-
ronments around them for M and L aquaria (50–100 μM) from 1 cm deep (Fig. 7d).

2-D pH distributions showed an overall decrease of average pH with depth below the
sediment–water interface, with a distinct subsurface minimum in the control aquarium
(mean pH ∼7.1–7.2) between 1–4 cm (Fig. 8a and c). Additionally, the pH in the upper
∼1 cm remained nearly constant in the control aquarium (Fig. 8c), while it decreased below
the sediment surface in the aquaria with worms. Low attenuation or constant pH within the
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Figure 9. Oxygen uptake (J-O2, mmol O2 m−2 d−1) and total CO2 release (J-TCO2, mmol TCO2
m−2 d−1). (a) Measured in the control aquaria over all the duration of the experiment (6, 8, 12,
17, and 24 December 2007; ranging 15–33 d after experiment initiation) from the planar optodes.
(b) TCO2/O2 flux ratios against time for the control aquaria.

upper 0.5–1 cm of the S and M aquaria was also occasionally seen (95th percentile) (Fig. 8d).
pH values increased in surface and subsurface sediments inside and around burrows. The
highest pH values (95th percentile) was measured for XL > S > L = M (Fig. 8d) between
2 cm and 4 cm depth. The distinct subsurface minimum of pH evident in the control largely
disappeared in aquaria inhabited by worms (p < 0.001; Fig. 8c). Minima of pH were
heterogeneously distributed (7.2–7.4) with depth around the burrows (see M aquarium in
Fig. 8a and b). Horizontally averaged pH (mean pH) of 7.4 to 7.6 at depth (below 4 cm)
were significantly higher in the presence of XL and L animals, respectively (p < 0.001;
Fig. 8a and b), classes for which the 95th percentiles have the highest pH (Fig. 8d).

e. Net solute fluxes: TCO2, O2, NO−
3

Because we analyzed the solute fluxes via discrete sampling in the four control aquaria on
five different dates (6, 8, 13, 17, 24 December; ranging 15–33 d after experiment initiation;
see online supplemental file S1), we have a proxy of the time evolution of the experimental
system without macrofauna (Fig. 9). The measured O2 flux (J-O2) into sediment quickly
increased from −7.7 to −30 mmol O2 m−2 d−1 (within the first 15 d) and remained nearly
constant afterward. TCO2 flux (J-TCO2) increased progressively to higher rates over time
(3.5–65 mmol TCO2 m−2 d−1) (Fig. 9a). A plot of J-TCO2/J-O2 against time demonstrates
that the net flux ratio was initially < 1, increased to ∼1.4 by three weeks, and thereafter
continued to increase rapidly to ∼2–2.2 (Fig. 9b).

Planar optodes fluxes for O2 and TCO2 were derived at two time points, after 15 days
(period 1) and 30 days (period 2) (Fig. 10; supplemental file S1). Initially (period 1), fluxes
increased from control treatments to higher values progressively with animal size (XL > L >

M > S > C) according to logarithmic relationships (J-O2 = 23.62ln(x) – 62.58; R2 = 0.87
and J-TCO2 = −92.61ln(x) + 169.17; R2 = 0.98; Fig. 10a and b). The same pattern was
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Figure 10. Total CO2 fluxes (J-TCO2, mmol TCO2 m−2 d−1) and oxygen uptake (J-O2, mmol O2
m−2 d−1). (a) Total CO2 fluxes and (b) O2 uptake measured in all the aquaria (C, S, M, L, XL) with
planar optodes, at the end of period 1 (averaged fluxes, n = 2 for the inhabited aquaria, n = 4 for the
control aquaria) and at the end of period 2 (single fluxes for each inhabited aquarium and averaged
fluxes for the control aquaria, n = 2). The logarithmic relationships and equations between fluxes
and size structure are in the main text. (c) Linear correlations between J-O2 and J-TCO2 at the two
periods of the measurements, with the different ways to measure the fluxes (planar optodes and
discrete sampling). (d) Macrofauna respiration O2 fluxes (mmol O2 m−2 d−1) for all the aquaria;
the values were corrected to 22C using a Q10 of 2.5 (Shumway 1979).

seen at the second time point with regression coefficients (J-O2 = 22.74ln(x) − 58.86;
R2 = 0.88 and J-TCO2 = −46.08 ln(x) + 131.01; R2 = 0.98; Fig. 10a and b), but
without replication of the individual treatments. Comparisons between the two methods
(planar optodes and discrete sampling) for measuring oxygen uptake and TCO2 effluxes
showed good overall agreement (online supplemental file S7). Oxygen uptake ranged from
∼ −7 to −63 mmol O2 m−2 d−1 and TCO2 release from 3 to 172 mmol TCO2 m−2 d−1,
reaching magnitudes that greatly exceeded the steady state flux predicted from the anoxic
remineralization rates.

There is good relationship between O2 and TCO2 fluxes during period 1 of the experiment
(R2 = 0.70, p < 0.05), with a geometric mean slope of the correlation: ΔTCO2/ΔO2 =
−2.69 (Fig. 10c). The flux ratios using optical and discrete samples at the end of period 2
ranged from −1.92 (R2 = 0.92) to −1.83 (R2 = 0.52) (Fig. 10c; p < 0.05). During
both period 1 and 2, the ratios of fluxes were greater than predicted from steady state
stoichiometric models of aerobic respiration of organic matter only (ΔTCO2/ΔO2 ∼0.75
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Figure 11. Nitrate fluxes (J-NO−
3 , mmol NO−

3 m−2 d−1) measured in the overlying water by discrete
sampling of each treatment at the second period.

assuming complete nitrification). We compared the TCO2, CO2, alkalinity concentrations,
and the resulting benthic fluxes from the various analytical methods used and found excellent
agreement (i.e., flow injection, pH electrode) (online supplemental file S8).

Nitrate fluxes (period 2) were distinguished by effluxes from sediment into the overlying
water in the S and M treatments with values ranging 1–2.2 mmol NO−

3 m−2 d−1, and by
influxes into the sediments in the Control, L, and XL treatments with values of −0.1 to
−0.9 mmol NO−

3 m−2 d−1, respectively (Fig. 11). Phosphate fluxes were below detection
in all cases and thus not shown.

f. Relationships between burrow structures and benthic fluxes

The PCA analysis explained 90% of the variability among the aquaria and various sam-
pling dates over the whole duration of the experiment. The first axis explained 53.8% and
the second axis 36.9% (Fig. 12). The most important variables (and their loadings) defining
the first axis were the Lburrow/Vsed (0.98), Abw/Vsed (0.90), Abw/Vburrow (0.87) and bromide
fluxes (−0.96), while the Vburrow/Vsed (0.68), NO−

3 fluxes (0.84), O2 fluxes (0.83) and TCO2

fluxes (−0.86) defined the second axis. Aquaria were separated into five groups on the basis
of PCA results. Sampling dates for each aquarium group are clustered. Sampling dates for
each group of aquaria had little effect on aquarium groupings. The S and M treatments
were characterized by the PCA as having high NO−

3 released into overlying waters and the
higher total lengths of burrows and denser burrows networks (Abw/Vburrow). The volumes of
burrows coupled to the TCO2 effluxes group the replicates of L and XL treatments, whereas
the burrow wall areas group M and L treatments.
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Figure 12. Principal component analysis based on the burrow geometry (Vburrow/Vsed, Lburrow/Vsed,
Abw/Vsed, Abw/Vburrow) and biogeochemical fluxes (TCO2, O2, NO−

3 , Br−) measured in the
replicates of control and in the replicates inhabited aquaria over the duration of the experiment
(involving two periods of measurements). The two axes pictured explain 90.7% of the variability
in the treatments data. Dim: dimension.

The correlation matrix in the online supplemental file S9 indicated significant rela-
tionships between the biogeochemical variables and the burrow geometries based on the
Spearman correlation coefficients (p < 0.05). The geometry variables of burrows were
significantly intercorrelated (Abw/Vburrow and Lburrow/Vsed). Oxygen uptake and nitrate
fluxes were negatively associated to TCO2 effluxes with an increasing burrow length and
Abw/Vburrow ratios (Fig. 13). The TCO2 and nitrate fluxes were correlated with the burrow
volumes (online supplemental file S9).

4. Discussion

The primary purpose of this study was to evaluate whether a single species of infauna
(the polychaete Nephtys incisa) can influence sediment biogeochemistry and solute fluxes
differently depending on the age–size stage. To provide a common basis for comparison,
biovolume (∼biomass) was fixed across all four size classes and abundances were adjusted.

a. Burrowing patterns of the Nephtys incisa populations

Infaunal burrowing patterns can reflect the depth-dependent availability of reactive
organic matter in deposits and variation in physical properties, such as porosity (Michaud,
Aller, and Stora 2010). With some exceptions (Norling et al. 2007), most experimental
studies of bioturbation have homogenized sediment over depth intervals that are large rel-
ative to natural compositional gradients (>10 cm). To minimize artifacts in the burrowing
responses of the different Nephtys size classes, we retained the natural reactive substrate
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Figure 13. O2 and TCO2 fluxes at the sediment–water interface as a function of the burrows geometry
variables (Lburrow/Vsed, Abw/Vburrow) in all the inhabited aquaria for the two periods of the
experiment. (a) O2. (b) TCO2. Period 1 (gray); period 2 (black). Spearman correlations (ρ) are
indicated on each graph. The various shapes distinguish the aquaria: diamonds (XL), circles (L),
squares (M), and triangles (S).

and porosity distributions as much as possible. Both the magnitudes and the depth atten-
uations of TCO2 and NH+

4 production rates (Fig. 3b) in the aquaria were comparable to
those found previously in central Long Island Sound (attenuations: 0.3–0.8 cm−1; Aller and
Yingst 1980; Westrich and Berner 1988). We therefore assume that the observed burrow-
ing patterns reflect typical behavior in natural deposits that have exponential decreases of
reactive organic matter and porosity with depth. Miron et al. (1991) found that shape and
length of nereid burrows are density dependent, burrows being smaller and more “I-” or
“L-” rather than “U”- shaped at high densities of adults. In our case, natural densities and
typical biovolumes were used for individual size classes, and we think that alteration of
burrow geometries due to spatial overlap of structures was also minimized.

The Abw/Vburrow ratio was higher for the smallest size classes (Table 2), showing that
burrows of juveniles are more complex than those of adults. The burrows of juvenile worms
(S, M) are 6–7 times longer in aggregate than XL and L burrows, but are distributed over
a shallower sediment depth (0–4 cm), making them denser in the subsurface. In contrast,
the burrows of adult worms (L and XL) are deeper (to 10 cm depth) but are less dense and
complex. This suggests that a Nepthys individual does not make its burrow more complex
(no supplementary burrow branch) during growth (passage from juveniles to adult stage) but
makes it larger relative to its own biovolume. Total burrow volumes were thus highest for the
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larger size classes. When the burrows grow, the burrow wall areas remain similar between S
and XL size classes, and the burrow volume increases only for XL. It is at the intermediate
age stage (M, L) that the burrow wall areas are the most important. Calculations from the
burrow geometries thus reveal that the network density of burrows and burrow heterogeneity
depend on the body size classes and are not proportionally linked to the total biovolumes of
worms. For the same total biovolume and within the same volume of sediment, the bigger
burrow volumes over depth were generated by the largest size classes, while the burrow
wall areas were increased in the order M = L > S = XL up to 4 cm depth, with a higher
burrow complexity in the order S > M > L > XL. The different burrowing depths of animals
depend on their size, but also likely on their musculature and on the geotechnical properties
of sediments. For the juvenile Nephtys, whose metabolism is less demanding and proboscis
(for foraging) less developed (Trevor 1978), it is likely much easier to burrow where mud
is less compacted (Φ > 0.88) (Trevor 1976; Dorgan 2015; Crane and Merz 2017).

b. Non-reactive solute transport

At the time of final sampling, the lowest sediment–water Br− flux was in the control
(∼40 mmol m−2d−1) and resulted largely from physically controlled diffusion. Br− fluxes in
the aquaria inhabited by Nephtys (∼60 mmol m−2 d−1) resulted from both physical diffusion
and biological nonlocal transport. The factor of ∼1.4 increased flux of Br− into bioturbated
deposits demonstrates that burrow structures were at least periodically ventilated, and that
radial exchange between sediment and burrow water took place around them. Despite the
substantial differences in burrow geometry distributions between the Nephtys size classes
and different burrowing exchange areas, however, the internal transport regimes as measured
by Br− nonlocal transport coefficients (0.1–0.14 d−1), were very similar in the presence of
Nephtys, and approximately independent of size class and burrow density.

This tendency can be understood by considering the relationship between nonlocal trans-
port coefficients and burrow diffusion geometries. The burrow spacing and diameters are
relatively constant over depth intervals of 4–6 cm, and up to as much as ∼9 cm for the
XL size class (Fig. 2). Using the cylinder microenvironment model (Aller 1980), we can
approximate solute diffusion geometry and scaling in this upper burrowed zone, which
dominates Br− transport in each aquarium, as a set of evenly spaced hollow cylinders of
length LB separated on average by a distance 2r2 and having burrow radii r1 determined
by respective burrow width (e.g., Table 2). Boudreau (1984) showed that at steady state, an
approximate relationship between the cylinder model geometry and the nonlocal exchange
coefficient is given by

η ≈ Dsr1

(r2
2 − r2

1 )(r̄ − r1)
(2)

where r̄ = radial position at depth z where the radially averaged solute concentration occurs.
This relationship, (equation 2), assumes a linear concentration gradient of solute from

r1, the inner burrow wall surface, to r̄ . The nonlocal approximation to the cylinder model
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also holds for unsteady conditions, at least for unreactive solutes, and a given value of η

can correspond to any of an infinite set of geometric combinations (Aller and Yingst 1985;
Aller 1988). If the linear gradient in C(r) is assumed to extend to r2, and if r1 << r2, then
equation 2 simplifies further to

η ∼ Dsr1

(r2
2 − r2

1 )( 2
3 r2 − r1)

. (3)

From equation 3, the measured values of η (0.14; 0.1, 0.14, 0.14 d−1; Fig. 4) and r1 (0.05,
0.1, 0.15, 0.2 cm; Table 2) imply approximate values for r2 of 0.87, 1.2, 1.3, and 1.45 cm
(S, M, L, XL). So the mutual increase of both r2 (lower burrow density) and r1 (larger size
burrow) result in a nearly constant η. The measured spacing of burrows in X-radiographs
indicates an expected range of r2 of 0.25–0.5 (S, M); 0.75 (L), and 1.5 (XL). This spacing
allows conversion of the burrow network into cylindrical burrow equivalents with estimated
r2 of 1.3, 1.9, 2.7, and 3.8 cm (S, M, L, XL), or into bifurcated burrows with estimated r2 of
0.95, 1.3, 1.9, and 2.7 cm. Remarkably, these various measured and modeled estimates are
in a comparable range and in the relative order of magnitude, particularly given uncertain-
ties regarding exactly how burrows are ventilated (e.g., which sections and how frequently).
Most important, however, these calculations demonstrate that it is reasonable that the differ-
ent sets of geometrical dimensions of the burrow structures could produce similar averaged
transport conditions for a non-reactive tracer such as Br− despite substantial variation in
faunal density and individual size.

c. Reactive solute distributions

i. TCO2 and NH+
4 average transport–reaction relationships. The pore water distributions

of TCO2 and NH+
4 can be generally well simulated by combining the nonlocal transport

parameters derived from Br− analysis and the production rates independently derived from
the anoxic incubation time series (Figs. 3–5). The primary exceptions are that additional
nonlocal transport had to be included below a depth LB , and that the NH+

4 production
rates appear to be underestimated, or transport is overestimated, at depth (below 8 cm).
Underestimation of NH+

4 production at the time of sampling is likely due to an overestimate
of reactive organic matter decay rate for both C and N (kC ∼ 0.039 d−1). Because of the
relatively coarse sampling resolution of the averaged pore water profiles, the transport–
reaction model fits are not particularly sensitive to departures from the estimated reaction
rates, positive or negative, in the upper∼1 cm or in microenvironments surrounding burrows.
The effects of any loss of NH+

4 due to nitrification in the surface region or around burrows,
for example, were undetectable in the depth interval averaged pore water profiles.

Cable bacteria (Meysman 2018) were found to be present in surface sediment of all
aquaria, with the longest filaments in the control aquarium CA (microscopic observation
J. Aller, pers. comm.). Unfortunately, because sediment samples were stored for years
before cable filament cell enumeration, counts were not considered sufficiently accurate
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Figure 14. Aragonite and inorganic C saturation states. (a) Aragonite (Ω) in bulk pore water samples as
a function of depth in the experimental treatments at the end of period 2. (b) Inorganic C (∼CaCO3)

in sediment as a function of depth in sampled aquaria at the end of period 2. The depth-averaged
value in sediment (0–15 cm) was 0.23 ± 0.03%.

to report numerically. The pH profiles in the CA control at the end of period 2, indicate
that cable bacteria were likely active, with comparatively limited attenuation of pH in the
upper ∼1 cm and a distinct subsurface minimum at 2.5–3 cm (Meysman et al. 2015).
Although near interface pH gradients were also minimized in a small percentage of optical
profiles obtained from the M and S aquaria (Fig. 8d), suggestive of localized cable bacteria
activity, the average pH profiles in the aquaria with worms indicate that cable bacteria
activity did not dominate average patterns. Their activities may have potentially altered
reaction mechanisms and balances, particularly around burrows (Aller et al. 2019), but
the general agreement between the modeled pore water distributions of ΣCO2 and NH+

4
in surface sediment with the independently measured transport rates (Br−) and reaction
rates estimated from anoxic incubations suggests that, if active, they did not alter organic
matter mineralization to an extent detectable with the sampling resolution. There was also
no evidence of net accumulation of authigenic carbonates in the oxic surface zone (Nielsen
and Risgaard-Petersen 2015), and in fact a net loss of Cinorg from surface sediment was
observed in all aquaria (Fig. 14). As discussed subsequently, cable bacteria likely affected
sediment–water fluxes of TCO2 and O2–TCO2 relationships in the control aquaria after an
initial ∼3-week period.

The difference in modeled nonlocal transport functions between Br− and TCO2 and NH+
4

(attenuation with depth) may be explained in part by differences in the relative time scales
associated with the solute distributions and by burrow irrigation patterns, or by differences
in net reaction rates. Br− penetrations reflect transport and responses over a relatively short
period (18–24 hr), whereas the TCO2 and NH+

4 distributions represent transport–reaction
conditions averaged over a more extended period (up to ∼26–32 d). The handling of aquaria
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during experimental manipulations may also induce burrow irrigation and activity behavior
that differs from the averaged longer term patterns, for example, the temporary retreat
of individuals into deeper regions of burrows than they might normally be positioned.
With respect to mineralization rates, it is possible that NH+

4 production is slightly enhanced
underneath the relatively intensely irrigated surface zone or in proximity to burrows relative
to closed anoxic incubations because of the decrease in inhibitory metabolites (Aller 1978,
1988); however, the control aquaria showed similar behavior to that in the biologically
irrigated aquaria, implying that the NH+

4 remineralization rate is underestimated at depth
by the serial anoxic incubations in all cases (Fig. 3).

ii. pH, TPO4, Fe2+, Mn2+ distributions and biogenic transport–reaction structure. The
transport–reaction structure generated by Nephtys substantially affected the average distri-
butions of H+, TPO4, Fe2+, and Mn2+ relative to controls (Fig. 5). As noted previously,
in the control aquaria, these properties were likely strongly influenced by cable bacteria in
the upper few centimeters during time period 2 and at the time of final sampling (Nielsen
and Risgaard-Petersen 2015; Meysman 2018). Intense burrowing is known to inhibit cable
bacteria activity (Malkin et al. 2014; Yin et al. 2021), so that one effect of Nephtys is
to create conditions that minimize the influence of cable bacteria on spatially averaged
sediment properties and fluxes such as those measured in this study. Thus, comparison
of the control distributions and those associated with Nephtys likely represents a contrast
between conditions dominated by macrofauna–bacteria consortia and those dominated by
cable bacteria activity. The pore water distributions demonstrate that peak concentrations of
Fe2+, Mn2+, and TPO4 (averaged over ∼189 cm2) can vary by ∼30 to ∼100 μM between
Nephtys aquaria at the burrow densities present and also are distinctly lower than in controls.
Unfortunately, for highly reactive solutes the complex transport–reaction patterns formed
by Nephtys cannot be accurately simulated by the same nonlocal transport models derived
from Br− (Aller 2001; Meile et al. 2005). These models assume horizontal homogene-
ity of pore water concentrations and transport fluxes in direct proportion to η(z) and the
mean burrow water–pore water differences at any given depth (Boudreau 1984, 1997). The
supply of oxidants (O2, NO−

3 ) along burrow walls usually creates oxic–suboxic microenvi-
ronments and significant local sinks for dissolved Fe2+, Mn2+, and TPO4 that may be stable
or highly transient (Meile et al. 2005). We interpret the differences in the Fe2+, Mn2+, and
TPO4 distributions between aquaria as reflecting these processes, consistent with enhanced
burrow wall exchange areas and oxidized microenvironments in the presence of Nephtys
(Fig. 15). Future studies should better resolve reactive solute distributions such as Fe2+ at
the microenvironment scale.

d. Net fluxes of reactive solutes TCO2, O2, and NO−
3

Relative to control aquaria, the presence of Nephtys clearly altered the net fluxes of TCO2,
O2, and NO−

3 , and did so in patterns associated with worm sizes (Figs. 10, 11, and 13). The
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Figure 15. Oxidized sediment volume. (a) As a function of depth and time in experimental inhabited
aquaria. (b) The column graph represents the depth-averaged values for each sampling period for
the inhabited (XL, L, M, S) and control (C) aquaria.

fluxes of both TCO2 and O2 increased as worm sizes increased. Part of this pattern reflects
direct O2 consumption and respiration by Nephtys. Assuming that the general O2 uptake
pattern of errant polychaetes applies to Nephtys, then: O2 uptake (10◦C) = 0.344(B0.61) mL
O2 h−1 g dry wt−1 (B = biomass – g dry wt; Shumway 1979). Converting the wet biomass
values of Nephtys in each aquarium by assuming a dry/wet ratio of 0.15 and assuming
Q10 = 2.5 to correct O2 consumption from 10 to 22◦C, we estimated that Nephtys contributed
an average of 6.24, 5.02, 2.33, and 1.26 mmol O2 m−2 d−1 to the sediment water O2 flux for
XL, L, M, and S aquaria, respectively (Fig. 10d). An equivalent flux of TCO2 would result if
a respiratory quotient of one were assumed for Nephtys. The sediment was sieved through
a 1 mm mesh and therefore contained meiofauna that affect both transport and reaction
rates at the sediment–water interface and stimulate oxic processes in the bioturbated zone
(Aller and Aller 1992; Piot, Nozais, and Archambault 2014); however, we cannot accurately
evaluate this possible contribution, and we assume it is much less than the direct impact of
macrofaunal biomass in these experiments.

After subtracting these estimated Nephtys respiratory contributions from the aver-
age total measured fluxes of O2 and TCO2 for period 1, the residual fluxes are:
J-O2 = −51.1, −49.9, −34.2, −30.6, and −19.1 mmol m−2 d−1; and J-TCO2 = 159,
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100, 78.0, 35.5, and 14.6 mmol m−2 d−1 for XL, L, M, S, and C, respectively. The ratios
of J-O2 in Nephtys aquaria to the control flux average = 2.7, 2.6, 1.8, and 1.6, implying
substantial additional sinks for O2 that correlate directly with worm size. The additional
sinks may reflect stimulation of remineralization rates, increased dissolved and solid phase
metabolite reoxidation (e.g., NH+

4 , Mn2+, Fe2+, FeS2) by macrofauna, and unsteady con-
ditions enhanced by burrowing.

Similarly, the J-TCO2, corrected for direct macrofaunal contributions, clearly exceeds
the magnitudes expected from sedimentary aerobic respiration alone at steady state. Assum-
ing that a portion of the O2 flux is consumed by nitrification only, then further subtracting
0.77 * J-O2 from J-TCO2 results in residual J-TCO2 (period 1) of 120, 61.8, 51.7, 11.9, and
−0.1 mmol m−2 d−1 for XL, L, M, S, and C aquaria, respectively. This excess J-TCO2 may
reflect unsteady fluxes during active burrowing, contributions from anaerobic metabolism
including coupled nitrification–denitrification and SO4 reduction, and carbonate dissolu-
tion. We expect that any unsteady fluxes from initial inventories of pore water TCO2 would
decline with time. If all of the initial pore water TCO2 above seawater background were
flushed from an aquarium sediment, approximately 283 mmol m−2 would have been avail-
able. If all the initial pore water TCO2 were released uniformly over a 14- to 28-day period,
excess J-TCO2 fluxes of 20 to 10 mmol m−2 d−1 could have resulted, respectively. We think
that it more likely that most initial pore water TCO2 was released to overlying water during
the first few days of the experiment when worms began to burrow. In either case (pulsed or
uniform release rate), the initial conditions are unlikely to dominate the TCO2 fluxes at the
times they were measured.

The ratios of O2 and TCO2 fluxes are suggestive of a major role of CaCO3 dissolution in
all treatments and Nephtys aquaria in particular. If we assign all acid production from aerobic
oxidation of organic matter (including nitrification) with Redfield ratios of C/N/P (106/16/1)
to the dissolution of CaCO3, then a J-TCO2 / J-O2 of 1.67 would be expected if reactions
go to completion (Emerson, Grundmanis, and Graham 1982). If there is no contribution
from nitrification or if coupled nitrification–denitrification occurs, the flux ratios can be 1.78
(coupled nitrification–denitrification) to 2 (no nitrification, no TPO4 release). The measured
total flux ratios (1.8–2.7; Fig. 10c) are consistent with substantial CaCO3 dissolution but
also with additional processes not tied directly to O2. In the absence of Ca2+ and Mg2+
analyses, we cannot be sure of the exact balance between the contributions of multiple
possible reactions, including anaerobic remineralization, but we conclude that much of
the excess TCO2 relative to O2 must reflect CaCO3 dissolution and coupled nitrification–
denitrification, and that these net reactions are enhanced differentially by Nephtys size
classes in the order XL > L > M > S. Although it is known that bioturbation activities
can increase CaCO3 dissolution and associated alkalinity fluxes from both muds and sands
(Green, Aller, and Aller 1992; Rao et al. 2014), the present results reveal the complexity of
the interactions of these reactions with community structure.

A further evaluation of the likely role of CaCO3 dissolution in elevating J-TCO2

comes from mineral saturation states. The average pore water in all aquaria was distinctly
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undersaturated with respect to aragonite and calcite in the upper ∼3 cm, consistent with
substantial CaCO3 dissolution and elevated J-TCO2 (Fig. 14). As noted earlier, we believe
that during period 2, cable bacteria were active in the control aquaria, which likely explains
supersaturation of CaCO3 in the upper 0–1 cm at the termination of the experiment, but
not in Nephtys inhabited aquaria (Fig. 14). Largely undetectable bulk solid phase changes
are expected given the range of observed J-TCO2 and the variability in measured values
of inorganic C (∼CaCO3) (Fig. 14b). If for example, CaCO3 supported a TCO2 flux of
50 mmol m−2 d−1 from the upper 6 cm (typical primary bioirrigation depth based on Br−)

for 30 days, then an average loss of ∼48 μmol g−1 would be required (porosity = 0.79; bulk
density ∼0.53 g cm−3). This loss corresponds to ∼0.05% Cinorg, which is not detectable in
bulk samples given measurement variability (Fig. 14b).

If CaCO3 dissolution was largely focused into oxidized microenvironments associated
with burrows or the uppermost surface layer, loss should have been analytically detectable
in burrow walls. Unfortunately, we did not separately dissect and measure burrow wall
compositions. O2 is heterogeneously distributed over sediment depth as dictated by the
complexity of burrow networks, and this heterogeneity cannot be revealed by simple aver-
aged concentrations (Wenzhöfer and Glud 2004; Pischedda et al. 2008, 2012). The likely role
of redox microenvironments in producing the net flux patterns is supported circumstantially
by examination of the total oxidized sediment volume and production rates in the different
aquaria (Fig. 15). Both the volume magnitude and production rates of oxidized sediment
during burrow formation vary directly in the order XL > L > M > S > C, in the same rela-
tive sequence as the enhancement of J-O2 and J-TCO2. Dornhoffer, Waldbusser, and Meile
(2012) illustrated by modeling how biogeochemical heterogeneity caused by burrows can
affect oxygen distribution inside sediment and total oxygen uptake. In our study, microen-
vironments along Nephtys burrow walls likely promoted aerobic Corgremineralization and
the reoxidation of metabolites such as Fe sulfides (e.g., pyrite, FeS2), Fe2+, Mn2+, enhanc-
ing the dissolution of CaCO3 disseminated through the deposit as well as the escape of
anaerobically generated HCO−

3 .
As in the case of O2 and TCO2, and in sharp contrast to nonreactive Br−, there were strong

density and size dependent effects of Nephtys on the net NO−
3 fluxes across the sediment–

water interface (Fig. 11). The highest NO−
3 flux observed was ∼2.2 mmol m−2 d−1 for the S

aquaria, corresponding to ∼40% of the expected total remineralized N flux (∼5.4 mmol m−2

d−1). The production of NO−
3 due to nitrification of NH+

4 in the oxic zone of burrow walls
is commonly observed (Kristensen, Jensen, and Andersen 1985). Net NO−

3 fluxes are the
results of the balance between nitrification and denitrification, two processes that are tightly
coupled in sediments. The coupling between burrow wall nitrification and denitrification
in the anoxic regions surrounding burrows can result in strong density dependence of net
NO−

3 fluxes and denitrification (Aller 1988; Gilbert, Aller, and Hulth 2003; Braeckman
et al. 2010). At high burrow densities (M and S aquaria) showing more complex burrows
network (Abw/Vburrow; see Fig. 13 and Table 2), the oxic zones surrounding burrows can
meld together and, in the extreme, produce virtually continuous oxic conditions that inhibit
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denitrification between burrows. Thus in the simplest case the system takes on properties
of a deposit with a 1-D diffusion-reaction distribution having a thick oxic zone overlying
anoxic sediment and minimized denitrification. It is not simply the fraction of oxidized
sediment per volume, but its geometrical distribution that is critical to reactive element
fluxes. At low densities, the system is also dominated by 1-D diffusion-reaction patterns,
with a relatively thin surface oxic zone, and denitrification is again minimized. Theoretically,
for a particular remineralization rate, there are optimal packing patterns of oxic–anoxic
microzones at intermediate densities that maximize the proportion of remineralized N that
is denitrified. The experimental data here confirm these predicted density dependent patterns
directly and also demonstrate, that a single species can have very different net effects on N
redox reaction coupling as a function of age-dependent size and population density.

5. Conclusions

Age-specific size classes of a single infaunal species, in this case Nephtys incisa, can have
different effects on biogenic structure of sediment as a function of size and abundance when
present at similar biomass or biovolume in a deposit. Despite qualitative and quantitative
differences in burrowing patterns related to size and population abundance, the nonlocal
transport coefficients of nonreactive solutes such as Br− and their resulting net fluxes show
little difference. The averaged pore water distributions of TCO2 and NH+

4 differ spatially
as a function of the Nephtys population size and abundance patterns, and averaged depth
distributions are well simulated by the nonlocal transport processes parameterized by Br−.
The transport of TCO2 and NH+

4 required to account for spatially averaged pore water
profiles, however, require attenuations with depth, that reflect differences in the overall
time scales governing the distributions of Br−, averaged distributions of TCO2 and NH+

4 ,
and remineralization rates.

At equivalent total biovolume (and biomass), we conclude that burrow density and radius,
which depend on the body size structure, directly affect burrow complexity, the extension
of surface area and burrow volumes within sediments, and the associated biogeochemical
spatial micro-heterogeneity. In sharp contrast to the behavior of nonreactive Br−, the O2,
TCO2 and NO−

3 fluxes showed differences as a function of specific burrowing and oxidation
patterns, and are thus strongly affected by age-specific population properties of single
species. We show that with respect to solute transport, population abundance at a fixed
biovolume, and associated burrow habit and oxic sediment volume are the most critical
factors. Similar magnitudes of nonlocal transport estimated from nonreactive solutes can
be a misleading indicator of the effects of bioturbation activity on benthic biogeochemical
cycling.

Because burrowing patterns by Nephtys incisa change during its life cycle, our study
shows that the impact of a species can differ substantially as a function of size and abundance,
and thus consideration must be given to age-specific size–abundance relations and burrowing
patterns rather than biovolume–biomass per se.
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