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Abstract 1 

To explore the dynamic nature of geochemical conditions in bioirrigated marine permeable 2 

sediments, we studied the hydraulic activity of 3 tellinacean bivalve molluscs (the Pacific species 3 

 and , and the northern Atlantic and Pacific species 4 

). We combined porewater pressure sensing, time–lapse photography and oxygen 5 

imaging to quantify the durations and frequencies of tellinid irrigation activity and the associated 6 

oxygen dynamics in the sediment. Porewater pressure records of all tellinids were dominated by 7 

intermittent porewater pressurization, induced by periodic water injection into the sediment 8 

through their excurrent siphons, which resulted in intermittent oxygen supply to subsurface 9 

sediments. The durations of irrigation (2–12 min long) and intervals between subsequent 10 

irrigation bouts (1.5–13 min) varied among tellinid species and individual sizes. For large 11 

 and , the average durations of intervals between irrigation bouts were 12 

sufficiently long (10 min and 4 min, respectively) to allow complete oxygen consumption in 13 

between irrigation bouts in all tested sediment types. Irrigation patterns of smaller conspecifics 14 

and the smaller species  were characterized by significantly shorter separation of 15 

irrigation bouts, which resulted in more continuous oxygenation of the sediment. Transport-16 

reaction modeling confirmed these species– and size–specific geochemical signatures and 17 

indicated that the geochemical character of the sediment is largely conditioned by the interplay 18 

between temporal irrigation patterns and sedimentary oxygen consumption rates. For large 19 

tellinids, model simulations indicated that oscillatory rather than stationary geochemical 20 

conditions are prevalent in a wide range of sediment types, with oxic pockets collapsing 21 

completely between periods of active irrigation. Based on the model results we developed 22 

analytical approximations that allow estimation of spatio-temporal characteristics of sediment 23 
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oxygenation for a wide range of sediment types and infaunal activity patterns. Our results 24 

emphasize the need to consider the intermittent nature of bioirrigation when studying the 25 

geochemical impact of infauna in permeable sediments.  26 

 27 

1. Introduction 28 

Bioturbation by infaunal organisms has diverse impacts on the functioning and ecology of 29 

benthic systems. It alters the sediment characteristics and the distribution of porewater 30 

constituents (Aller, 1980; Boudreau and Marinelli, 1994; Berg , 2001; Volkenborn , 31 

2007), affects microbial diversity and rates of microbially mediated processes (Aller and Yingst, 32 

1985; Kristensen, 1988; Na , 2008), and influences the structure of micro–, meio– and 33 

macrofaunal benthic communities (Reise, 1981; Meyers , 1987; Woodin 1998; 34 

Marinelli , 2002; Volkenborn and Reise, 2006; Engel , 2012). The significant impact of 35 

single or multiple species on benthic–pelagic exchange fluxes is well documented (Vopel , 36 

2003; Lohrer , 2004; Karlson , 2007; D’Andrea and DeWitt, 2009, Michaud , 37 

2009), but time–integrated approaches such as benthic chamber incubations are likely to average 38 

over the dynamic nature of sediment reworking (Solan , 2004) and porewater bio-advection 39 

(Wethey  2008; Volkenborn  , 2010). Bioturbation is the product of infaunal activities, 40 

e.g. burrowing, pumping, feeding, or defecating, and consequently the rates and direction of 41 

particle movement and fluid flow depend on the frequencies, durations, and the sequence of 42 

behaviors. A number of experimental studies have shown that infaunal organisms irrigate their 43 

burrows in a discontinuous fashion on a timescale of minutes (e.g. Kristensen , 1991) to 44 

hours (e.g., in intertidal areas where the ventilation by infaunal organisms ceases during ebb tide; 45 

Aller and Yingst, 1978; Aller , 1983), implying that bioturbated sediments are subject to 46 
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dynamic geochemical conditions on this time scale (Timmermann , 2006; Volkenborn , 47 

2010, 2012). Typically, irrigation activity patterns are governed by endogenous pacemakers, but 48 

for many organisms they are also altered in response to changes in environmental conditions 49 

(e.g., O2 concentration in the irrigated water; Dales , 1970). 50 

 51 

For a better mechanistic understanding of how infaunal organisms affect biogeochemical 52 

processes, it is essential to perform measurements and modeling on temporal and spatial scales 53 

that reflect the activities of individual organisms. The need to implement discontinuous irrigation 54 

into bioirrigation models was first addressed by Boudreau and Marinelli (1994), who developed 55 

a derivative of the cylinder microenvironment model introduced by Aller (1980) to estimate the 56 

time dependence of solute fluxes. In diffusion–dominated systems intermittent flushing of 57 

burrows causes strong temporal variations in the instantaneous solute fluxes (Boudreau and 58 

Marinelli, 1994). In advection–dominated systems the role of intermittent irrigation is less well 59 

understood, though larger sediment volumes are supplied with reactive chemical species. The 60 

pocket injection model developed by Meysman  (2005) captures the main spatial features of 61 

porewater advection when water is forced into and through permeable sediments continuously 62 

and at a constant rate, but its implementation under intermittent irrigation conditions is lacking. 63 

As recently shown for some important bioirrigating organisms such as arenicolid polychaetes64 

and thalassinid crustaceans, bioadvective porewater transport is driven by species– and behavior–65 

specific porewater pressure dynamics (Wethey , 2008; Woodin , 2010; Volkenborn 66 

, 2010, 2012). These pressure gradients can be detected tens of centimeters away from the 67 

organisms and result in unsteady and bidirectional porewater transport (Wethey and Woodin, 68 

2005; Wethey , 2008; Volkenborn , 2010). As a consequence, substantial sediment 69 
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volumes surrounding infaunal organisms and their burrows experience intermittent oxygen 70 

supply and frequent oscillations between oxic and anoxic conditions (Volkenborn , 2012).  71 

 72 

This study provides experimental evidence that links hydraulic activities of bioirrigating infauna 73 

with oscillation of geochemical conditions in sediments, using three tellinid bivalve mollusc 74 

species as model organisms. Tellinids are cosmopolitan nearshore bivalves with separate inhalant 75 

and excurrent siphons. They are facultative deposit– and suspension feeders (Levinton, 1991). 76 

While the inhalant siphon is used for the uptake of surface particles and overlying water, the 77 

excurrent siphon remains several cm deep in the sediment. During feeding, water passes through 78 

the bivalves and is injected into the sediment at a depth of 2–10 cm, resulting in intermittent 79 

sediment pressurization (Woodin , 2010, 2012). Here we have investigated temporal 80 

patterns of bioirrigation associated with deposit–feeding by tellinid bivalves and their impact on 81 

oxygen dynamics in different sediment types.  82 

 83 

Our focus is on the dynamics of O2 as the energetically most favorable electron acceptor in 84 

biogeochemical reactions and as a widely used proxy for organic matter mineralization (see 85 

review by Glud, 2008). Specifically, we explore the volume of sediment that is characterized by 86 

either permanently oxic or intermittently oxic conditions, which can be regarded as 87 

geochemically distinct environments (Aller, 1994). Sediments experimentally exposed to oxic–88 

anoxic oscillatory conditions – at least on the scale of days to weeks (we are not aware of studies 89 

at minute to hour timescales) – have been shown to exhibit higher mineralization rates of organic 90 

matter, including pollutants, than those with stable redox conditions (Sun , 1993; Aller, 91 

1994; Sun , 2002; Caradec , 2004; Cravo–Laureau , 2011; Bennett , 2012). 92 



 

 5 

Given these changes in mineralization rates, quantification of the frequencies of redox oscillation 93 

and time scales of the behaviors driving these rates is critical. Focusing on redox oscillations and 94 

using empirical data, we parameterized a transport-reaction model to estimate the relationship 95 

between temporal irrigation patterns and (intermittently) oxic sediment volumes in a wide range 96 

of sediment types inhabited by these bivalves and by other important bioturbating organisms.  97 

 98 

2. Methods 99 

Hydraulic activities of tellinid species were investigated in laboratory containers and narrow 100 

aquaria using isolated individuals. Porewater pressure sensing was combined with time–lapse 101 

photography to identify porewater pressure waveforms associated with specific tellinid behaviors 102 

(as previously described in Volkenborn , 2010; for pressure sensor specifications see 103 

Wethey and Woodin, 2005; Volkenborn , 2012). Time synchronized planar optode imaging 104 

of oxygen was used to investigate the related oxygen dynamics in the porewater (for details see 105 

Matsui , 2011; Volkenborn , 2012). The experimental set–up differed among species, 106 

and the detailed information on aquarium sizes, overlying water exchange rates, sediment 107 

characteristics, temperature, light, salinity and experimental replication and duration are given 108 

below. In all experiments, sediments were sieved through a coarse mesh (5–10 mm) to remove 109 

larger organisms. In parallel to the aquaria setup, sediment cores (10 cm2 area) were filled with 110 

10–15 cm of sediment for the measurement of sediment permeability by the constant head 111 

method (Klute and Dirksen, 1986). Sub–samples were taken with 5 mL cut–off syringes and used 112 

for the determination of porosity (weight loss by drying). Sediment reactivity, approximated by 113 

the rate of oxygen consumption, was determined by injecting oxygenated water into the sediment 114 

at locations close to the optode but far from the organisms and subsequently measuring 115 
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porewater oxygen concentrations in 10 s intervals until all oxygen was consumed (which took 1-116 

5 min, depending on the sediment type). The volumetric rate of sedimentary oxygen 117 

consumption, KOX, expressed in micromoles of O2 per volume of sediment (Ls ) and time (μmol 118 

O2 Ls
-1 min-1), was then estimated as the initial rate of decrease in the measured porewater O2 119 

concentrations multiplied by sediment porosity (Polerecky , 2005; Volkenborn , 2010).  120 

121 

122 

 is a common bivalve in New Zealand intertidal sandflats (Roper , 1992), 123 

where it lives up to 10 cm below the sediment surface (Powell, 1979). Twenty large individuals 124 

(shell length of 4.1–5.0 cm) were collected in February 2010 from an intertidal sandflat near the 125 

northern entrance of Tauranga Harbour, North Island, New Zealand (37º27.77’S 175º57.90’E) 126 

and four small individuals (shell length of 2.3–2.4 cm) were collected nearby, west of Tuapiro 127 

Point (37º29.37’S 175º57.0’E). For porewater pressure measurements, circular containers (11.1 128 

cm diameter and 10.5 cm deep for large individuals; 17.5 cm diameter and 11 cm deep for small 129 

individuals) were filled with sediment and immersed in running artificial seawater (Red Sea Salt, 130 

Red Sea Aquatics Ltd, Eilat, Israel) (31–34 ‰ salinity). For measurements with large individuals 131 

eight containers were filled with either muddy sand or sandy sediment. For measurements with 132 

small individuals we only used muddy sand sediment. Each container was equipped with a 133 

pressure sensor at approx. 8 cm depth. Time–lapse photographs (every 15 s) were taken from 134 

above with SLR cameras with flash (Nikon D200 and D300). Experiments were done at a 135 

temperature of 17–19°C under ambient light and lasted for 6 days. Oxygen imaging was done on 136 

four  individuals, incubated in narrow aquaria (20 cm × 4.5 cm surface, 20 cm deep). 137 

Two of these aquaria were filled to a depth of approximately 15 cm with muddy sand and sandy 138 
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sediment, respectively. Overlying water was exchanged at a rate of 100 mL min-1, resulting in 139 

complete exchange every 5 min. Each aquarium was equipped with a pressure sensor that was 140 

inserted from above to about 8 cm depth, and with oxygen sensitive foils (20 cm × 20 cm) that 141 

were glued to the inside of both large walls. Incubations were done in the dark for 7 days at 20–142 

23°C. Oxygen images were taken simultaneously from 2 aquaria every 15 s and time–lapse 143 

photographs were taken from above 5 s after each optode image. The aquaria were exchanged 144 

and rotated opportunistically in order to capture periods with tellinids irrigating close to the 145 

optode.146 

147 

 is abundant in intertidal flats in the eastern North Pacific Ocean, where it 148 

burrows 10–20 cm deep into the sediment (Levinton, 1991; Meyerhöfer, 1985). Six specimens 149 

with a shell length of 4.7–5.2 cm were collected in April 2010 from the mid to high intertidal of 150 

False Bay, Washington, USA (48º29.35’N, 123º4.03'W). Individuals were incubated in six 151 

square aquaria (10 × 10 cm surface, 20 cm deep), filled to approximately 15 cm with either 152 

muddy sand or sandy sediment. One wall of each aquarium was equipped with an oxygen 153 

sensitive foil (10 cm × 20 cm) and pressure sensors were deployed from above at approx. 8 cm 154 

depth. Overlying water (from Friday Harbor Laboratories seawater system) was exchanged at 155 

100 mL min-1, resulting in a complete exchange approx. every 5 min. Oxygen images from the 156 

side were taken simultaneously from the six aquaria and top–down time–lapse flash–illuminated 157 

photographs were taken with a 5 s delay. Measurements were done over a period of 4 days in the 158 

dark at a temperature of 12–14°C and a salinity of 34 ‰. 159 

160 
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 is a cosmopolitan nearshore bivalve abundant in intertidal areas of the northern 161 

parts of the Atlantic and Pacific Oceans. Porewater pressure measurements and time–lapse 162 

photography were done in Germany in May 2007 and August 2011. Four individuals with shell 163 

lengths between 1.8–2.0 cm were collected from a mid–intertidal sandflat in Königshafen, Sylt, 164 

Germany (55º02.21’N, 8º24.53’E) and individuals were held in sediment–filled 1 L beakers (in 165 

2007) or 5 L buckets (in 2011) immersed in running seawater from the Wadden Sea Station 166 

seawater system. Measurements were done over 6 days at a temperature of 15–18°C and a 167 

salinity of 33–35 ‰. Oxygen imaging was done in Finland in August 2011. Six individuals of 168 

 (~1.6 cm shell length) were collected from a subtidal location near the Tvärminne 169 

Zoological Station (59º50.60’N, 23º15.71’E). The set–up was the same as in the  170 

experiments (see above). Measurements were done in the dark at 12–15°C and a salinity of 6 ‰. 171 

 172 

173 

Porewater pressure data were analyzed with respect to time allocation to feeding activity, 174 

burrowing, and inactivity for each individual. Intervals of inactivity were defined as periods 175 

without porewater pressure dynamics for >30 min. Burrowing episodes were defined as time 176 

intervals with high magnitude pressure oscillations with intermittent sediment pressurization, 177 

where there were < 20 min between subsequent intervals of high magnitude pressure oscillations. 178 

The first and last high magnitude pressure pulses were used as start and end points to define a 179 

burrowing episode. For periods of deposit–feeding the average durations of pressurized (TPUMP) 180 

and non–pressurized (TREST) intervals and the average frequencies of feeding bouts were 181 

determined for each individual. Feeding bouts were defined as distinct if separated by a > 20 s 182 

gap. Effects of the sediment type on these measures of hydraulic activity were tested for each 183 
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species by one–way factorial ANOVA. For  the effect of tellinid size on the 184 

temporal patterns in hydraulic activity was additionally tested by a one–way factorial ANOVA.  185 

 186 

187 

To study the spatial and temporal dynamics of O2 in an intermittently bioirrigated sediment, a 188 

transport-reaction model was set up in COMSOL 4.3, a finite–element modeling environment. 189 

The 2D axisymmetric model domain consisted of a cylinder (radius 20 cm, sufficiently large to 190 

minimize boundary effects) with the top 2 cm filled with water and the bottom 20 cm with 191 

sediment. The mesh consisted of approximately 5500 finite elements with side lengths between 192 

<1 mm near the injection pocket and the sediment water interface and 6 mm in regions with low 193 

flow and small concentration gradients. A spherical injection pocket with a radius of 0.2 cm was 194 

positioned on the central symmetry axis 5.75 cm below the sediment surface. The transport of 195 

the overlying water and porewater was modeled using COMSOL’s implementation of Navier–196 

Stokes and Brinkman equations describing free flow in an isotropic porous media (Le Bars and 197 

Grae Worster, 2006), accounting for pressure gradients and viscous forces but neglecting inertial 198 

terms. As a solver we used the sparse direct solver MUMPS (http://graal.ens-lyon.fr/MUMPS). 199 

The top of the domain was set as open (zero normal stress), and the normal flow at the bottom 200 

and vertical domain boundaries was set to zero. Intermittent irrigation was modeled by imposing 201 

the fluid velocity at the injection boundary to values that varied between zero (during the resting 202 

interval TREST) and the ratio of the instantaneous volumetric pumping rate and the surface area of 203 

the injection pocket (during the pumping interval TPUMP). Permeability of 5×10-12 m2 and 204 

porosity 0.45 were used in all simulations. Because irrigation was implemented by imposing 205 
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flow velocity rather than pressure at the inlet boundary, the flow velocity field and the results 206 

derived from it were not affected by this choice of sediment permeability. 207 

 208 

Pumping rates of tellinid bivalves for model parameterization were derived from the literature. 209 

For of comparable sizes to those used in our experiments (5.0 cm shell length), 210 

Meyerhöfer (1985) measured instantaneous pumping rates of 1.8 mL min-1 with thermistor 211 

probes. Based on this instantaneous pumping rate, and given the proportional time of active 212 

irrigation by  measured in this study (7 irrigation bouts h-1, 5 min duration; see 213 

Results), time–integrated pumping rates would be around 1.1 mL min-1, which is in the range of 214 

pumping rates estimated with the “clambox” when averaged over 12 min intervals (Specht and 215 

Lee, 1989). Assuming the  dry weight versus instantaneous pumping rate 216 

relationship estimated by Meyerhöfer (1985), and the size versus dry weight relationship found 217 

by Gallucci and Hylleberg (1976), we estimated the instantaneous pumping rates for the size 218 

classes used in our experiments to be 1.8, 1.6, 0.43, and 0.35 mL min-1 for , large and 219 

small , and , respectively. In additional simulations exploring the 220 

relationship between pumping rates and oxic sediment volumes, instantaneous pumping rates 221 

were varied between 0.1 and 3 mL min-1.  222 

 223 

O2 concentrations in the porewater, denoted as C, were computed using  224 

                                                          (1) 225 

where  is the advection velocity field (m s-1), is porosity, and  (in m2 s-1) parameterizes 226 

diffusion when in the sediment (  = /(1-2×ln( ))× Dmol, with Dmol = 1.9.10-9 m2 s-1 ; Schulz, 227 

2000) and dispersion when in the overlying water (D = Dmol + 0.4. /363.(z. u*/ )3, where  is the 228 
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kinematic viscosity (10-6 m2 s-1), u* is shear velocity and z is the distance from the sediment–229 

water interface; Boudreau, 2001). The shear velocity was set to 10-5 m s-1, which was sufficient 230 

to establish a homogeneous O2 concentration distribution in the overlying water; its value did not 231 

significantly affect the burrow-associated oxic sediment volume discussed below. Hydrodynamic 232 

dispersion in the sediment was neglected because it plays only a minor role at low flow velocities 233 

(Meysman , 2006). The net O2 consumption rate  was set to 0 in the overlying water and 234 

was modeled as -KOX × C / (KM+C) in the sediment, where KOX is the maximum sedimentary 235 

oxygen consumption rate (see above) and KM is the half–saturation constant. In muddy sands, 236 

KOX values are typically in the range of 5–30 μmol Ls
-1 min-1 (Glud et al. 2003; Volkenborn 237 

, 2010). In more muddy sediments, they may exceed 50 μmol Ls
-1 min-1 (e.g., Volkenborn 238 

, 2012), and are typically <5 μmol Ls
-1 min-1 in highly permeable sands (Billerbeck , 239 

2006; Werner , 2006; Volkenborn , 2012). Model simulations used KOX values in the 240 

range from 2.25 to 45 μmol Ls
-1 min-1, thus covering the range found in natural sediments. The 241 

half–saturation constant KM was set to 1 μM, with comparable results achieved when setting it to 242 

10 μM (not shown) which is in the range of KM values used in previous studies (e.g., Van 243 

Cappellen and Wang, 1995). In all simulations, a no flux condition was imposed at the bottom 244 

and side of the domain, and O2 concentration of 220 μM was imposed at the top of the domain, 245 

whereas in the injected water it was set to 88 μM, consistent with the maximal porewater O2 246 

concentrations detected at the aquarium wall in our experiments (typically around 40% air 247 

saturation). This reduction in O2 can be mostly attributed to the respiratory O2 uptake by the 248 

pumping organisms.  249 
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250 

3. Laboratory results251 

All three tellinid species 252 

engaged in a range of hydraulic activities that caused behavior–specific porewater pressure 253 

waveforms. An exemplary pressure record from  is shown in Figure 1. Most of 254 

the time, all 3 species were surface–deposit–feeding (videos 1–3 in the appendix). Episodes of 255 

deposit–feeding lasted from several hours to a few days and were characterized by intermittent 256 

irrigation as indicated by frequent alternations of pressurized and non–pressurized intervals (Fig. 257 

1). From time to time tellinids relocated their excurrent siphons, which could be seen in time–258 

lapse images as a change in the location of particle movement and accumulation of fecal pellets 259 

at the sediment surface. Movements of the excurrent siphon occurred while the sediment was 260 

pressurized and caused short positive pressure pulses at typical frequencies of 2 pulses min-1 261 

(Fig. 1C). Movements of the incurrent siphon were associated with short positive or negative 262 

pressure pulses around the hydrostatic pressure baseline. Deposit–feeding was accompanied by 263 

frequent sediment blow–outs through the incurrent and excurrent siphons, i.e. pseudofeces 264 

expulsions and defecations, respectively, both causing very similar short negative or positive 265 

pressure pulses (<4 s decreasing pressure, followed by an active recovery or sediment–dependent 266 

pressure recovery over 2–7 s). Burrowing caused substantial sediment movement, and was 267 

characterized by large positive and negative pressure pulses (Fig. 1B). The frequencies and 268 

durations of hydraulic activities varied among species (Figs. 2 and 3; Table 1). However, for all 269 

of them, the time–integrated pressures (pressure amplitude  duration) during the pulses 270 

associated with feces or pseudofeces expulsions were typically <5 % of the pressures integrated 271 

over one irrigation bout. Thus, though large in amplitude, the short duration of the pressure 272 
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pulses associated with feces and pseudofeces expulsions suggests little contribution of these 273 

behaviors to the transport of porewater by the bivalves, which is consistent with findings for 274 

arenicolids (Wethey  2008). Thus, we have focused the analysis on the intermittent 275 

porewater pressurization during deposit–feeding, since this behavior was the most important in 276 

terms of time allocation (Table 1) and porewater advection.277 

278 

Analysis of the pressure records revealed that the average 279 

durations of pumping (TPUMP) and resting (TREST) differed among tellinid species and size classes 280 

(Fig. 2, Table 1) The temporal irrigation patterns of individuals were characterized by a 281 

substantial variation around the individual means. On average, the standard deviation of TPUMP 282 

and TREST of individuals was 40% of the mean duration (Fig. 3). 283 

  284 

The large specimens were hydraulically active 94% of the time (n=16 285 

individuals, 8 in mud, 8 in sand over 5 days). 88 (± 4) % of the time these individuals were 286 

deposit-feeding. Feeding episodes were characterized by intermittent porewater pressurization, 287 

with 8.3 (± 2.5) min of pressurization separated by 10.0 (± 1.8) min intervals of no hydraulic 288 

activity (mean and SD of 16 individuals with 50–317 bouts analyzed per individual). This 289 

corresponded to 3.3 (± 0.5) feeding bouts h-1 and pressurization of the sediment during 45 (±10) 290 

% of the time while feeding. Sediment type had no significant effect on the durations of 291 

pressurized (F1,14=0.94; p=0.35) and non–pressurized (F1,14=1.14; p=0.30) intervals or feeding 292 

bout frequencies (F1,14=0.11; p=0.74). Feeding activity by the small  specimens (n=4, 293 

all in muddy sand, 82 to 122 bouts analyzed per individual) was characterized by barely 294 

significantly shorter pressurized (4.4 ± 1.0 min, F1,10=4.8; p=0.051), significantly shorter non–295 

pressurized (6.7 ± 1.8 min; F1,10=12.9; p=0.005) intervals, and significantly higher feeding bout 296 
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frequencies (5.6 ± 1.2 min; F1,10=18.6; p=0.002) when compared to the larger conspecifics 297 

feeding in the same muddy sediment type. 298 

 299 

was hydraulically active 93% of the time (n=5 individuals over 3–4 days) After 300 

the initial burrowing, they were actively deposit–feeding 83 (± 20) % of the time (mean and SD 301 

of 5 individuals), with 2 individuals allocating a significant portion of the time to suspension 302 

feeding (28% and 19%). While deposit–feeding, the incurrent siphon was continuously moving 303 

around, ingesting surface sediment. Deposit–feeding was characterized by 5.0 (± 1.0) min of 304 

pressurization separated by intervals of 3.7 (± 1.1) min (n=5 individuals, with 94–167 feeding 305 

bouts analyzed per individual). The average frequency of feeding bouts was 7.1 (± 1.4) h-1. 306 

Burrowing accounted for 2.4 (± 3) % of the time budget and burrowing episodes lasted 68 (± 20) 307 

min. 3 of 6 individuals did not burrow at all after the episode of initial burrowing. 308 

309 

 individuals were small compared to the other tellinid species and the 310 

magnitude of porewater pressurization was very small most of the time. Time allocation of 311 

deposit–feeding was therefore determined from time–lapse photography. Over the 6–7 days of 312 

observation the two individuals were actively feeding during 57% and 45% of the time. Feeding 313 

occurred in bouts of 2.3 (± 0.2) min duration separated by intervals of 1.7 (± 0.2) min (78–197 314 

bouts of 3 individuals analyzed). The feeding bout frequency was 15.1 (± 0.2) h-1. Burrowing 315 

occurred 0.62 (± 0.25) times per 24 h and lasted 12.9 (± 7.6) min. 316 

317 

Over the course of the measurements, seven 318 

of the 28 tellinid individuals positioned their excurrent siphons for some hours close to the 319 
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oxygen sensitive foil. While feeding, the sediment was intermittently supplied with oxygen. 320 

Oxygen dynamics were directly related to porewater pressurization, with oxygen concentrations 321 

increasing during pressurized and decreasing during non–pressurized intervals (Fig. 4). Oxic and 322 

anoxic intervals typically alternated on the scale of minutes in synchrony with the pressure 323 

records, and maximal oxygen concentrations were typically around 40% air saturation. 324 

Sometimes, as a result of water injection occurring at some distance from the optode, the 325 

detection of oxygen by the optode was delayed relative to the onset of porewater pressurization 326 

(Fig. 4A). 327 

 328 

The differences in feeding bout frequencies and interval durations (Table 1; Fig. 2) caused 329 

species–specific oxygen dynamics in the sediment (Figs. 4, 5; Appendix video 4). For , 330 

the oxygen delivered during feeding bouts was typically entirely consumed during the resting 331 

periods, and oscillations from oxic to anoxic and back to oxic conditions occurred at frequencies 332 

of < 3 times per hour, with oxic and anoxic periods typically lasting around 10 min (Figs. 4, 5). 333 

With oscillations between oxic and anoxic conditions occurred more frequently (up to 334 

6 h-1), congruent with the higher feeding bout frequencies documented by porewater pressure 335 

sensing for this species (Table 1). In the one occasion when a  specimen irrigated 336 

close to the optode, oxygen was present almost continuously, reflecting incomplete oxygen 337 

depletion during the short resting period between irrigation bouts.  338 

 339 

4. Modeling intermittent bioadvection and O2 dynamics 340 

Based on the irrigation patterns determined with porewater pressure sensing, the size–specific 341 

instantaneous pumping rates from the literature and the oxygen concentrations of the injected 342 
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water determined with planar optode imaging, we modeled the dynamics of the oxic sediment 343 

volume (VO2, defined as the volume of sediment with porewater O2 concentrations >2 μM and 344 

depths >1 cm, i.e., below the depth to which O2 penetrates by diffusion from the overlying water 345 

in our conditions) for the three species at 3 different sediment reactivities (Fig. 6). These 346 

reactivities correspond approximately to the range of sediments types that tellinids inhabit - from 347 

permeable clean sands to low permeability muddy sands.  348 

 349 

There was an increase in VO2 during each irrigation bout 350 

and a decrease after the irrigation stopped. Because of the long time intervals between irrigation 351 

bouts, the injection pocket of  experienced oxic to fully anoxic oscillations 352 

regardless of their oxygen consumption rates (Fig. 6A). For , model simulations 353 

predicted oxic-anoxic oscillatory conditions only for sediment with high and intermediate 354 

reactivity (Fig. 6B). For  oxygen was entirely consumed between subsequent 355 

irrigation bouts only in highly reactive sediments, while in sediments of intermediate and low 356 

reactivity portions of the irrigated pocket remained oxic due to the short intervals between 357 

subsequent irrigation intervals (Fig. 6C). Thus, the spatio-temporal patterns of oxygen 358 

distributions largely depend on the species- and size-specific irrigation patterns in relation to the 359 

sedimentary oxygen consumption rates. 360 

 361 

 Model simulations showed that the maximal volume of the 362 

oxic sphere, VO2max, depends on both the instantaneous pumping rate, Q, and the sediment 363 

reactivity, KOX (Fig. 7). A relationship between these quantities derived from the model 364 

simulations was VO2max = m × Q / KOX,, where the proportionality constant m = 81.5 μM (Fig. 8). 365 
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This relationship is consistent with the idea that, at steady state, the amount of oxygen injected 366 

into the sediment per unit time (Q × O2
injected, where O2

injected is the oxygen concentration in the 367 

injected water) is equal to the rate at which O2 is consumed in the oxic sediment volume. For a 368 

low KM value (1 μM), the rate of O2 consumption in the sediment is approximately constant and 369 

equal to KOX for a wide range of relevant O2 concentrations. Therefore, the consumption rate can 370 

be approximated by VO2max × KOX,, resulting in  371 

     VO2max  (Q × O2
injected ) / KOX.     (2) 372 

Indeed, O2
injected 88 μM in this expression closely approximates the proportionality constant m 373 

= 81.5 μM derived from the model results. The small difference, attributed to the combined 374 

effects of neglecting diffusive transport, neglecting reaction kinetics at low O2 concentrations, 375 

and the use of a 2 μM threshold for defining oxic sediment, indicates that the role of these effects 376 

is minor. 377 

 378 

Our experimental data support this estimate for the oxic sediment volume. For O2
injected = 88 μM, 379 

KOX = 16 μmol Ls
-1 min-1, and Q = 1.6 mL min-1, Eq. 2 predicts a VO2max of 8.8 cm3. Under these 380 

conditions we detected an intermittently oxic area of 4 cm2 when  was injecting water 381 

into the sediment close to the O2 sensitive foil (Fig. 5). The ratio of the predicted (intermittently) 382 

oxic volume and the measured oxic area suggests that the detected area extended roughly 2.2 cm 383 

into the sediment away from the oxygen sensitive foil, which seems reasonable, given the 384 

uncertainties with respect to the shape of the oxic pocket (e.g. we do not know if we are seeing a 385 

cross–section through the center or through the outer part of the oxic pocket). 386 

 387 
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 Given the intermittent irrigation activity of tellinids, the 388 

questions arise as to whether VO2max is reached over a single irrigation bout and whether the oxic 389 

pocket becomes fully anoxic between subsequent irrigation bouts.  390 

 391 

The metric of interest for redox oscillation is the fraction of VO2max that is reached after a given 392 

duration of pumping and not the size of VO2max. The size of VO2max depends on the instantaneous 393 

pumping rate (Fig. 8; Eq. 2); however, the fraction of VO2max reached after a given duration of 394 

pumping does not (Fig. 9 A and B). The fraction of VO2max that is reached after a given duration 395 

of pumping does depend on KOX (Fig. 9A). Furthermore, as shown by the solid lines in Fig. 9A, 396 

the increase of VO2 towards VO2max is well approximated by  397 

                                 VO2 / VO2max  A × {1–exp[(-KOX × TPUMP) / (O2
injected × )]} + B,            (3a)              398 

where TPUMP is the time since the start of the pumping activity. The fitting parameters A and B 399 

depend on KOX approximately as 400 

            A  a0 + a1 KOX + a2 KOX
2

,                                               (3b) 401 

            B  b0 + b1 KOX ,                                                                              (3c) 402 

where a0 = 1.444, a1 = -3.985 × 10-3 Ls min μmol-1, a2 = 5.16 × 10-5 Ls
2 min2 μmol-2, b0 = -0.01, 403 

b1 = 1.06 × 10-3 Ls min μmol-1. The regression coefficient R2 for equation 3b is 0.98 and 0.99 for 404 

equation 3c. Model simulations also show that the time required for the volume of oxic sediment 405 

to increase from zero to 95% of VO2max, denoted as TO2max, is also independent of the 406 

instantaneous pumping rate but increases with decreasing values of KOX (Fig. 9C). This 407 

relationship is well approximated by  408 

                    TO2max  O2
injected × / KOX.                                                                     (4) 409 

 410 
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Based on the average durations of TPUMP for the tellinids used in our experiments (Table 1), 411 

equation 4 allows prediction of the KOX value above which a specific tellinid species and size 412 

class will establish 95% of VO2max over the course of a single irrigation bout (see dotted 413 

horizontal lines in Fig. 9C). For example, at KOX > 20 μmol Ls
-1 min-1 even the short pumping 414 

intervals of  will establish 95% of VO2max, while at KOX <5 μmol Ls
-1 min-1 415 

none of the tellinids in our experiments would be, on average, pumping sufficiently long to reach 416 

95% of VO2max. Similarly, equations 3a-c allow prediction of the fraction of VO2max reached by 417 

pumping water with oxygen concentration O2
injected into permeable sediment of a given reactivity 418 

KOX  for a given interval TPUMP, provided that the injection pocket at the start of pumping is fully 419 

anoxic. For example, for O2
injected = 88 μM, the volume of the oxic sediment induced by pumping 420 

for 2 min would be 50% of VO2max for KOX=9 μmol Ls
-1 min-1 but 80% of VO2max for KOX=18 421 

μmol Ls
-1 min-1 (Fig. 9A). It should be noted that these approximations are valid only for such 422 

combinations of values of KOX, TPUMP and O2
injected that the predicted ratio VO2 / VO2max falls 423 

within the range 1% to 95%.  424 

 425 

Model simulations show that the fraction of VO2max that is still oxic after a given duration of no 426 

irrigation (TREST) does not depend on the instantaneous pumping rate but only on KOX (Fig. 9B), 427 

and that it is well approximated by  428 

        VO2 / VO2max  A× {1 – (TREST × KOX) / (O2
injected ×  )} + B                   (5) 429 

The fitting parameters A and B depend on KOX approximately as Eq 3b and Eq 3c, where a0 = 430 

1.005, a1 = 1.573 × 10-4 Ls min μmol-1, a2 = 2.62 × 10-5 Ls
2 min2 μmol-2, b0 = 0.012, b1 = -2.93 × 431 

10-3 Ls min μmol-1. The regression coefficient R2 is 0.99 for both. 432 

 433 
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Likewise, the time it takes for the oxic sediment to decrease from VO2max to a volume < 1 % of 434 

VO2maxs, denoted as TO2zero, is independent of VO2max, depends only on KOX (Fig. 9D), and is well 435 

approximated by (Fig. 9D)  436 

    TO2zero  O2
injected × / KOX.                        (6) 437 

 438 

Thus, based on the average durations of TREST for the tellinids used in the experiments (Table1), 439 

equation 6 allows prediction of the KOX value above which oxygen is completely consumed in 440 

the course of an average resting interval for any of the tellinid species and size classes (see 441 

dotted lines in Fig. 9D). For example, at KOX > 23 μmol Ls
-1 min-1 even the short resting interval 442 

of  is sufficiently long to allow complete oxygen depletion, while at KOX  < 3.7 443 

μmol Ls
-1 min-1 none of the tellinids in our experiments would be, on average, resting sufficiently 444 

long to allow complete oxygen depletion in the injection pocket. Similarly, equation 5 allows 445 

prediction of the fraction of VO2max reached in a sediment of a given reactivity KOX after resting 446 

for a given interval TREST, provided that VO2 = VO2max at the start of resting. For example, after 2 447 

min of resting the fraction would be about 55% for KOX  = 9 μmol Ls
-1 min-1 but only about 10 % 448 

for KOX  = 18 μmol Ls
-1 min-1 (Fig. 9B).  449 

450 

5. Discussion451 

Bioturbation creates 452 

heterogeneous and dynamic geochemical conditions in sediments (Aller, 1994), but our ability to 453 

quantify and predict the spatio–temporal dynamics is still limited, especially in advection–454 

dominated systems. In these environments infaunal activities can be a predominant driver of 455 

porewater transport (Meysman , 2005; Volkenborn , 2007; Wethey , 2008) that 456 
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brings oxygenated fluids into contact with suboxic or anoxic sediment. Models of continuous 457 

bioirrigation adequately predict gradients in porewater solutes (Aller, 1980; Na , 2008), but 458 

they do not allow characterization of the temporal dynamics of the geochemical conditions 459 

associated with infaunal activity. Intermittent irrigation is not unique to tellinids, but is 460 

characteristic for many different types of infauna, such as arenicolid polychaetes (Kristensen, 461 

2001; Timmermann , 2006; Volkenborn , 2010), nereid polychaetes (Foster–Smith, 462 

1978; Kristensen, 2001; Pischedda , 2012), terebellid polychaetes (Aller and Yingst 1987), 463 

thalassinid crustaceans (Forster and Graf, 1995; Volkenborn , 2012) or chironomid insect 464 

larvae (Polerecky , 2006; see also review by Riisgård and Larsen, 2005). Thus, periodic 465 

oxygen supply is the rule rather than the exception in bioturbated sediments. The resulting 466 

spatial–temporal patterns in redox conditions are largely driven by (i) durations and frequencies 467 

of active irrigation intervals, (ii) instantaneous pumping rates, and (iii) sediment reactivity, e.g., 468 

sedimentary oxygen consumptions rates. Given the potential effects of redox oscillations on 469 

organic matter mineralization as well as the probable interruption of anoxic or oxic pathways as 470 

the oscillation occurs, it is critical to explore the factors constraining stable or oscillatory redox 471 

conditions. 472 

 473 

The instantaneous pumping rates of individuals constrain the maximal sediment volumes 474 

(VO2max) that are supplied with oxygen (Figs. 7B and 8A), but they do not affect the temporal 475 

dynamics of the intermittently oxic pockets. Model simulations indicate that the wax and wane 476 

of the oxic pockets are solely governed by the temporal irrigation patterns (TPUMP and TREST), the 477 

sedimentary oxygen consumption rates KOX , and the oxygen concentrations in the irrigation 478 

water (Fig. 7A). The model results (Figs. 8 and 9) and the analytical approximations (equations 479 
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2-6) allow predictions of the volumes of sediment that are supplied with oxygen as well as of the 480 

relative proportion of sediment that experiences oscillatory or continuously oxic conditions for a 481 

wide range of sediment types and temporal irrigation patterns. 482 

 483 

Overall, model simulations suggest that over a wide range of sediment types (i.e., with KOX >23 484 

μmol Ls
-1 min-1) the volumes of subsurface sediment pockets that become oxic as a result of 485 

intermittent irrigation activity by the studied tellinids are similar to those derived from 486 

continuous irrigation models, and that the entire pockets switch between oxic and anoxic 487 

conditions during an average TPUMP-TREST cycle. In a typical muddy sand sediment (  = 0.45; 488 

KOX =25 μmol Ls
-1 min-1; Volkenborn , 2010) with 50 tellinids m-2, the intermittent 489 

injection of water with an instantaneous pumping rate of 1.6 mL min-1 ind.-1 (Meyerhöfer, 1985) 490 

with an oxygen concentration of 88 μM will result in a sediment volume of approximately 280 491 

cm3 m-2 that oscillates between oxic and anoxic conditions several times per hour. 492 

 493 

However, short durations of TPUMP and TREST in combination with low reactivities of the 494 

sediment make it more likely that at the end of TPUMP the oxic sediment pocket is not in steady-495 

state and that oxygen is not fully consumed at the end of TREST (Figs. 9 A and B). Under these 496 

conditions, different irrigation patterns with similar time-integrated pumping rates may have very 497 

different geochemical consequences. For example, in a sediment with KOX = 18 μmol Ls
-1 min-1, 498 

irrigation patterns of TPUMP = 3 min and TREST = 3 min will result in an oscillating sediment 499 

volume of VO2max, whereas for TPUMP = 1 min and TREST = 1 min the maximal volume of 500 

oxygenated sediment will be about 50% smaller and < 50% of this volume will be oscillating 501 

(Fig. 9A and B).  502 
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 503 

Given the variability of TPUMP for the studied tellinid individuals (Fig. 3), the maximum volume 504 

of oxygenated sediment (VO2max; see Eq. 2) will not be established during some of the shorter 505 

irrigation bouts (compare Figs. 3 and 9), which is congruent with our observation that oxic-506 

anoxic oscillations are less frequent in the outer region of the oxygenated pockets (see images of 507 

FREDOX for  and  in Fig. 5). Similarly, given the temporal variability of TREST 508 

(Fig. 3), some intervals of resting will be too short for the sediment to become fully anoxic 509 

before the onset of the next pressurization interval. This is apparent in the optode imagery for 510 

 during minute 20 to 35, when TREST intervals were short, in contrast to minute 45 to 60 511 

min, when TREST intervals were longer and there was an anoxic interval between the subsequent 512 

feeding bouts (Fig. 4).  513 

 514 

The tellinids were all engaged in the same suite of hydraulic behaviors, but the temporal patterns 515 

of these activities and, consequently, their geochemical impact varied among species and size 516 

classes. Besides species-specific aspects it was the size of the tellinids that constrained the 517 

duration of TPUMP and TREST. Very likely, the smaller gills provide less space to accumulate 518 

particles during deposit–feeding, which forces smaller individuals to expel particles more 519 

frequently. Given that the geochemical dynamics are directly linked to the durations of pumping 520 

and resting intervals, the geochemical signature of an individual is likely to change also as a 521 

result of behavioral response to the environmental conditions. In our experiments, tellinids were 522 

deposit–feeding most of the time (Table 1), but tellinid behavior is known to vary depending on 523 

the environmental conditions. Deposit–feeding dominates in fine sediments (Olafson, 1986) and 524 

at low water flow velocities (Levinton, 1991), while the time spent suspension feeding increases 525 
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at high population densities (Marinelli and Williams, 2003) and high food availability in the 526 

water column (Hummel, 1985; Lin and Hines, 1994).  shows reversible 527 

morphological changes in response to changes in food conditions, with smaller gill (particle 528 

collection) to palp (particle sorting) ratios in finer sediments (Drent , 2004). The location of 529 

subsurface water injection can also change with environmental conditions. The burrowing depth 530 

of tellinids is affected by animal size, length of the incurrent siphon, sediment type, season, and 531 

the presence of predators (Zwarts and Wanink, 1989; Tallqvist, 2001). In our narrow aquaria the 532 

excurrent siphons were often located in the upper 4 cm of sediment, and it may well be that the 533 

constrained conditions in ant–farm and container settings as well as the relatively short duration 534 

of experiments may have limited burrowing depth. 535 

 536 

We did not find a significant difference in hydraulic activity in response to sediment type, but for 537 

some individuals we occasionally observed periods of irrigation without obvious uptake of 538 

sediment particles. The duration of sediment pressurization increased during such periods. For 539 

example, for one  individual that was pumping without particle uptake, the durations of 540 

irrigation and resting intervals increased from 5.2 min and 4.9 min while deposit–feeding (Table 541 

1) to 20 min and 10 min, respectively (mean of 26 bouts over a 5 hour period). Model 542 

simulations predict that at, e.g., KOX = 4.5 μmol Ls
-1 min-1 such a change in the irrigation pattern 543 

will result in a 1.7 fold larger oxic pocket (Fig. 9A), and instead of continuously oxic conditions 544 

within 40 % of the pocket, the entire volume will switch between oxic and anoxic conditions 545 

(Fig. 9B). Thus, environmental factors that are known to affect temporal infaunal activity 546 

patterns, such as temperature (Stief , 2010), oxygen concentrations (Dales , 1970; 547 

Mangum and Burnett, 1975), organism densities (Marinelli and Williams, 2003), flow velocities 548 
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(Levinton, 1991), food availability in the water column (Hummel, 1985; Lin and Hines, 1994), 549 

the presence of predators and injury (Kamermans and Huitema, 1994), or a combination of these 550 

factors (e.g., Kolar and Rahel, 1993), are also likely to influence the magnitude and dynamics of 551 

sediment oxygenation. The relatively low variability in the means of TPUMP and TREST in tellinids 552 

of the same species and size class (Fig. 3, Table 1) suggests that the observed irrigation patterns 553 

were robust representatives of species- and size class- specific activity patterns in our 554 

experimental settings. However, given the responsiveness of tellinids to a wide range of 555 

environmental variables, such external factors may, via their impact on infaunal behavior, 556 

ultimately also impact the geochemical dynamics in the sediment. 557 

 558 

 Model simulations enabled us to show that the interplay 559 

between biological parameters (instantaneous pumping rates, temporal patterns of irrigation, 560 

efficiency of respiratory O2 uptake by the animal) and the sediment characteristics (sedimentary 561 

oxygen consumption rates, sediment porosity) result in specific oxic-anoxic oscillatory 562 

conditions in the sediment. It should be noted that O2 concentrations in the irrigated water as 563 

well as porosity of the sediment lie within a relatively narrow range compared to instantaneous 564 

pumping rates and sedimentary oxygen consumption rates, which both may vary over 2 orders of 565 

magnitude and more. Thus, it is the volumetric instantaneous pumping rate (related to organism 566 

size and species), the O2 consumption rate of the sediment and the duration of irrigation and 567 

resting intervals that constrain the oxygenated sediment volume (Figs. 8 and 9). In model 568 

simulations we did not account for the spatial – and maybe even more importantly the temporal – 569 

variability of KOX. From repeated injections of oxygenated water close to the planar optode and 570 

measurements of subsequent decays of oxygen in time, we know that over the first few injections 571 
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KOX typically decreases, which can be attributed to the initially rapid oxidation of a highly 572 

reactive pool of reduced compounds (Polerecky , 2005). With repeated injections of oxic 573 

water over the course of hours to days, KOX is expected to change as a result of changes in 574 

microbial activity and abundance, as well as changes in sediment porosity and organic matter 575 

content. Organic rich fecal pellets, for example, accumulate around the injection pocket and are 576 

characterized by high nitrifying activity (Henriksen , 1983), which will alter oxygen 577 

consumption rates and may relate to the repositioning of the bivalve on timescales of days. 578 

Dynamic changes of KOX around the injection pockets may have been responsible for some of 579 

the mismatches between planar optode measurements and model output data. For example, for 580 

very comparable values of KOX the steady-state oxic volume (VO2max) was established for shorter 581 

time intervals in one of our measurements (Fig. 4a:  at KOX = 16 μmol Ls
-1 min-1) than 582 

predicted from model simulations (Fig. 6A:  at KOX = 18 μmol Ls
-1 min-1). Estimates of 583 

KOX from the oxygen decrease after this tellinid had stopped pumping during the time interval 584 

shown in Fig. 4a varied between 8-10 μmol Ls
-1 min-1. Thus, KOX was lower than our estimate 585 

based on water injections in distant anoxic sediment and the model indeed predicted shorter 586 

intervals of steady-state oxic sediment volumes at lower values of KOX (Fig. 6). 587 

 588 

KOX varies also seasonally due to changes in temperature, organic content and microbial activity 589 

(Glud , 2003; Billerbeck , 2006; Werner , 2006). For example, Werner  590 

(2006) documented a 20-fold change in sedimentary oxygen consumption rates between summer 591 

(KOX  14 μmol Ls
-1 min-1) and winter (KOX 0.7 μmol Ls

-1 min-1). As a consequence of such 592 

variation in sediment reactivity, the geochemical signature of a species with a specific irrigation 593 

pattern may change, e.g., from a mostly continuously oxic pocket at lower KOX (i.e., in winter) to 594 
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a mostly oscillatory pocket at higher KOX (i.e., in summer). Thus, due to the dynamic and 595 

heterogeneous nature of oxygen consumption rates predictions of (intermittently) oxic sediment 596 

volumes based on the (average) reactivity of the bulk sediment will only be as accurate as 597 

estimates of KOX within this sediment volume. 598 

 599 

Another crucial assumption in our model was homogenous sediment permeability. This resulted 600 

in close to spherical oxic pockets in the model. However, the optode data suggest that the 601 

tellinids frequently created rather vertical cylinders (Figs. 4, 5), suggesting locally enhanced 602 

upward movement of injected water. Visual observations as well as the porewater pressure data 603 

(Fig. 1) suggest that tellinids are capable of injecting water at much higher flow rates, e.g., 604 

during defecations. These “jets” can induce sedimentary cracks to the surface (Matsui , 605 

2011). Furthermore, fecal pellets accumulate over time around the injection pockets, which 606 

further alter not only the reactivity but also the physical characteristics of the sediment. 607 

Occasionally, we observed suboxic water exiting the sediment, especially when injection 608 

occurred at a relatively shallow depth. In concert, these phenomena are likely to impact the shape 609 

and size of the oxygenated pockets beyond the factors assessed in the numerical model and 610 

analytical expressions presented here. 611 

612 

6. Conclusions and perspectives 613 

Intermittent irrigation by infaunal organisms has been shown to create geochemically dynamic 614 

zones in the sediment where oxic and anoxic conditions alternate on the scale of minutes 615 

(Volkenborn , 2012). This study is a first attempt to integrate the intermittent nature of 616 

bioirrigation into a numerical transport-reaction model that allows an exploration of the related 617 
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redox dynamics. Model simulations as well as the simple analytical approximations derived from 618 

these simulations indicate that temporal irrigation patterns in concert with sedimentary oxygen 619 

consumption rates play an important role in constraining the intermittently or continuously oxic 620 

sediment volumes. Furthermore, the simulations predict that oscillatory rather than stationary 621 

redox conditions are prevalent in a wide range of sediments inhabited by tellinid bivalves.  622 

 623 

We expect that the transient availability of oxygen in the sediment has significant implications 624 

for biogeochemical processes. Oxic–anoxic oscillations on the scale of days to weeks have been 625 

found to increase rates of organic degradation when compared to continuous oxic or continuous 626 

anoxic conditions (Aller, 1994; Sun , 1993). Though insights into how microbial 627 

assemblages respond to fluctuating conditions are limited (Cravo–Laureau , 2011), the 628 

higher efficiency in organic mineralization is thought to result from the activation of different 629 

microbial assemblages during oxic and anoxic conditions (Sun , 1993). Here, we have 630 

shown that oxic–anoxic oscillations not only occur on the scale of hours to days, e.g., due to 631 

repositioning of excurrent siphons, but also on much shorter time scales, with oxic and anoxic 632 

conditions alternating up to six times per hour within these ephemeral oxic pockets (Figs. 4, 5). 633 

How microbial assemblages deal with these rapid changes is largely unexplored. For example, 634 

oxic–anoxic fluctuations on comparable short time–scales occur when oxic surface sediment is 635 

ingested by deposit–feeding infauna and is exposed to anoxic conditions within the digestive 636 

tract (Stief , 2009). The residence time of the sediment in the gut is typically in the range of 637 

30 min. It was found that this duration is not sufficient to allow complete denitrification, which 638 

resulted in significant release of nitrous oxides. Thus, rapid oscillations between oxic and anoxic 639 

conditions not only reduce the time during which aerobic mineralization can take place, they 640 
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may also affect rates and benthic fluxes. Quantifying the spatial–temporal dynamics in redox 641 

conditions is critical for understanding early diagenesis and argues for the use of 2D optical 642 

sensors that allow high resolution measurements of chemical species, such as pH (Hulth , 643 

2002; Zhu , 2006, Larsen , 2012), ammonia (Strömberg and Hulth, 2005) carbon 644 

dioxide (Zhu , 2006; Schröder ., 2007), ferrous iron (Zhu and Aller, 2012) and other 645 

porewater trace metals (Stahl , 2012). The combination of measurements and transport-646 

reaction models on appropriate spatial-temporal scales that account for the intermittency of 647 

infaunal activity are needed to better understand biogeochemical processes in biologically active 648 

sediments. 649 

 650 
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Appendix 668 

Videos 1-3: Time-lapse movies of the tellinid bivalves , and 669 

 (72 hour real-time in 27 s; 9600-fold speed). Particle reworking is related to 670 

deposit-feeding activity. Occasionally the approximate position of the subsurface excurrent 671 

siphon can be deduced from the locations of ongoing particle displacement. 672 

 673 

Video 4: Oxygen dynamics (450-fold speed) induced by intermittent irrigation by the tellinid 674 

bivalves , and as revealed by planar optode 675 

imaging of oxygen. 676 
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Figure legends962 

 Porewater pressure dynamics associated with hydraulic activities of the tellinid bivalve 963 

(shell length 5.0 cm, sediment permeability 4.3×10-12 m2). The 22 hour 964 

sequence starts and ends with burrowing episodes. In between, this individual was deposit–965 

feeding, characterized by intermittent pressurization and positive and negative hydraulic pulses 966 

associated with feces and pseudofeces expulsions and siphon movements. B and C are 967 

enlargements of the pressure data as indicated by the dashed boxes in A. 968 

969 

 Intermittent porewater pressurization associated with deposit–feeding by 970 

 (shell length 4.9 cm, permeability 4.3×10-12 m2),  (shell length 4.9 cm, 971 

permeability 2.3×10-12 m2) and  (shell length 2.3 cm, unknown permeability). 972 

Dotted lines indicate baseline hydrostatic pressure (p=0). 973 

974 

 Temporal characteristics of intermittent porewater pressurization during deposit–975 

feeding by tellinid bivalves. Shown are irrigation characteristics of individuals that belong to 976 

different species and size classes in sediment types with different sedimentary oxygen 977 

consumption rates (KOX in μmol Ls
-1 min-1; ‘na’ not available). Durations of pressurized (TPUMP) 978 

and non–pressurized intervals (TREST) are displayed as box-and-whisker plots. Boxes correspond 979 

to the 25th and 75th percentiles, vertical lines span the 5th and 95th percentiles and the horizontal 980 

lines within the boxes correspond to the median durations. Maximal and minimal durations are 981 

indicated by small horizontal bars. Numbers in the middle correspond to the average frequencies 982 

of irrigation bouts per hour calculated as 60/(TPUMP+TREST).983 



 

 

 Dynamics of porewater oxygen concentrations and pressure recorded simultaneously 984 

during deposit–feeding by two tellinid species in sediments with volumetric oxygen consumption 985 

rates of 16 μmol Ls
-1 min-1. The left images are O2 snapshots while the right images are the 986 

vertically orientated time–series of the horizontal profile indicated by dotted lines in the O2 987 

snapshots (a and b). The white lines in the O2 profile time–series are the time–synchronous 988 

porewater pressure records. Pressure plateaus above the hydrostatic baseline pressure (horizontal 989 

dotted line) correspond to feeding bouts and result in oxygenation of subsurface sediment. 990 

991 

 Representative spatial–temporal patterns of sediment oxygenation during 2–4 hours of 992 

deposit–feeding by 3 tellinid species. The images show (from top to bottom) the probability of 993 

oxygen being present over the analyzed period (PO2), the average oxygen concentration over the 994 

oxic intervals (cO2), the frequency of alterations from oxic to anoxic and back to oxic conditions 995 

per hour (FREDOX), and the average durations of the oxic (TOX) and anoxic (TANOX) periods. 996 

Sediment reactivity for  and was 16 μmol Ls
-1 min-1.997 

998 

 Modeled variations of the oxic sediment volumes (VO2, defined as the volume of 999 

sediment with porewater O2 concentrations >2 μM and below a sediment depth of 1 cm) with 1000 

intermittent irrigation by tellinids. Simulations were run for 3 different sediment reactivities 1001 

(KOX) that approximately correspond to the range of sediment types that these bivalves inhabit – 1002 

from permeable clean sand (KOX = 4.5 mol Ls
-1 min-1) to low permeability fine sand (KOX = 40 1003 

mol Ls
-1 min-1). Simulations are based on the means of the species–specific irrigation patterns 1004 

derived from porewater pressure analysis and instantaneous pumping rates from the literature 1005 

( : Q = 1.6 mL min-1; TPUMP = 8.1 min; TREST = 10 min; : Q = 1.8 mL min-1; 1006 



 

 

TPUMP = 4.8 min; TREST = 3.7 min; : Q = 0.35 mL min-1; TPUMP = 2.3 min; TREST = 1.7 1007 

min). Bars below species names depict the type of activity (white = rest; black = pumping).  1008 

1009 

 Modeled variations of the oxic sediment volume, VO2, around the injection pocket 1010 

over a 40 min long period of constant irrigation followed by a resting period sufficiently long to 1011 

reach anoxic conditions. A: Variation of VO2 for a specific instantaneous pumping rate (1.5 mL 1012 

min-1) at various sediment reactivities. B: Variation of VO2 for a specific sediment reactivity (18 1013 

μmol Ls
-1 min-1) and various instantaneous pumping rates. The time required to reach 95% of a 1014 

steady state oxic volume (TO2max) as well as the time required for a complete consumption of 1015 

oxygen within the volume VO2max (TO2zero) are independent of the pumping rate and are governed 1016 

by the reactivity of the sediment only. 1017 

1018 

 Modeled relationships between the instantaneous pumping rates (Q) and the maximal 1019 

oxic volumes (VO2max) established with continuous water injection into sediments of different 1020 

reactivities (KOX). KOX values are indicated at the distal end of the lines (A). The slope of the 1021 

linear regression VO2max versus Q, denoted as m, depends on KOX and can be described by a 1022 

hyperbolic function (B). Symbols correspond to values derived from model simulations, while 1023 

solid lines correspond to the analytical approximations shown.  1024 

 1025 

 Spatio-temporal dynamics of oxygenated pockets induced by intermittent water 1026 

injection into sediments of different reactivity. A and B show the fraction of VO2max that is 1027 

reached after a given duration of pumping and resting, assuming the initial conditions of VO2=0 1028 

and VO2=VO2max, respectively. Symbols correspond to means obtained by modeling of the 1029 



 

 

fraction of VO2max established after certain TPUMP and TREST for 6 different pumping rates ranging 1030 

from 0.1 mL min-1 to 3 mL min-1; the error bars, if shown, would be the size of the symbol and 1031 

values were not different as a function of pumping rate. Solid lines correspond to analytical 1032 

approximations of VO2/VO2max (Eqs. 3 and 5). Panels C and D show the durations of pumping and 1033 

resting that are necessary to reach 95 % and 1 % of VO2max (TO2max and TO2zero), respectively. 1034 

Filled symbols depict the means of TO2max and TO2zero derived from simulations with the same 6 1035 

pumping rates (0.1 mL min-1 to 3 mL min-1), while the solid lines correspond to the analytical 1036 

approximations of TO2max and TO2zero (Eqs. 4 and 6). Open squares with error bars on the right 1037 

side of C and D depict mean durations and standard deviations of tellinid irrigation bouts (TPUMP) 1038 

and resting intervals (TREST) measured with porewater pressure sensors for different tellinid 1039 

species and sizes. Shown are the means of n individuals of large  (n=16), small 1040 

 (n=7), large  (n=5), and  (n=3). The horizontal dotted lines through 1041 

the means of TPUMP and TREST and the vertical dotted lines from their intersections with the 1042 

hyperbolic curves were added for orientation. All simulation results shown used O2
injected = 88 1043 

μM. 1044 



 

 

 Tellinids and sediment characteristics during porewater pressure measurements and 1045 

derived behavioral time allocation to behaviors (deposit–feeding, burrowing, inactive) and 1046 

temporal characteristics of intermittent irrigation during deposit–feeding. ‘N’ is number of 1047 

individuals; ‘k’ is sediment permeability; ‘KOX’ is sedimentary volumetric oxygen consumption 1048 

rate; ‘na’ not available, *derived from time–lapse photography of 2 individuals. 1049 



Table 1 Volkenborn et al. 

cm 10-12 m2 vol % h-1 n
mean mean sd mean sd mean sd

M. liliana 8 4.7 4.3 0.49 16  2 86.2 6.3 7.5 3.4 7.7 2.3 10.5 1.9 179
M. liliana 8 4.7 0.24 0.56 43 11 89.5 6.7 3.7 3.3 8.9 2.7 9.5 1.8 139
M. liliana 4 2.4 0.10 0.56 43 11 95.8 0.9 3.2 5.6 4.4 1.0 6.7 1.8 99
M. nasuta 2 5.0 7.3 0.43 16  4 93.2 2.5 4.4 6.1 5.2 1.2 4.9 0.7 99
M. nasuta 3 5.0 2.3 0.51 31  6 85.8 3.2 11.0 8.0 4.6 0.8 2.9 0.2 129
M. balthica 3 2.1 na na na na *50.4 *0.5 *49.1 15.1 2.3 0.2 1.7 0.2 127
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Figure 2 Volkenborn et al. 
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Figure 3 Volkenborn et al. 
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Figure 8 Volkenborn et al. 
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