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Abstract. Nearshore zones experience increased sedimenta:  Introduction

tion due to coastal development and enhanced loads of fine

terrestrial sediment (hereafter, TS) in river waters. Deposi-

tion of TS can alter seabed biogeochemical processes bighanges in land use, a rising sea level, and extreme rain-
the effects on benthic ecosystem functioning are unknownfall events increase the supply of terrestrial sediment (here-
The results of a past experiment with defaunated, intertidaPfter, TS) to coastal habitats, either as suspended particles
sediment suggest that a decrease in the oxygenation of thida Waterways or directly from landslides (Miliman and
sediment by a thin (mm) TS deposit causes substrate rejedleade, 1983; Thrush et al., 2004). The suspended TS even-
tion (refusal to bury) by post-settlement juvenile recruits of tually settles, forming a deposit on the surface of the soft-
the tellinid bivalveMacomona liliana We further examined ~Sediment seafloor. This deposit — until reworked by benthic
this behaviour, asking if such deposits negatively affect buriafauna or suspended by flow — alters functions of the sedi-
when applied to intertidal sediment that is oxygenated bymentary ecosystem. It affects benthic organic carbon decom-
bioturbation (C) or depleted of dead and living organic mat-Position and production by impeding the sediment—seawater
ter (D). We observed recruits on the surface of four treat-€xchange of reactive solutes, altering the behaviour of ben-
ments: C, D, and the same sediments to which we added HiC species and associated solute reaction dynamics or, de-
1.7-1.9mm layer of TS (CTS, DTS). The TS deposit de- pending on the scale of the deposit, the composition of the
creased the oxygenation and the pH of the underlying interPenthic species assemblage (Thrush et al., 2003; Cummings
tidal sediment (CTS) confirming previous results, but signif- €t al., 2009; Woodin et al., 2012).

icantly increased but not decreased the probability of burial, FOr centimetre-thick TS deposits, experiments in New
irrespectively of treatment. Juveniles more likely buried into Z€aland estuaries have documented changes in benthic fau-
C than into D. The mechanism that caused previously ob @l assemblages due to migration, mortality, and recruit-
served substrate rejection by post-settlement juvénilél- ~ ment failure (Norkko et al., 2002; Cummings et al., 2003;
iana remains unclear but our results suggest that contact otohrer etal., 2004). More commonly, TS deposits form thin,
the recruits with the TS deposit does not cause substrate rdnillimetre-thick layers but these may still affect the sedimen-
jection. We now hypothesise that conditioning of sedimenttary ecosystem by modifying the burial behaviour of juve-

by bioturbation can mediate negative effects of TS depositdlilé recruits and the sediment uptake and release of reac-
on the recruits’ burial behaviour. tive solutes (Cummings et al., 2009). The effect of thin TS

deposits on the exchange of reactive solutes will be a func-
tion of macrofaunal activity, which is influenced by how the
deposit formed. For example, compare these two scenarios:
suspended TS may form a millimetre-thick deposit on the
surface of coastal sediment already colonised by burrowing
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2226 A. Hohaia et al.: Thin terrestrial sediment deposits on intertidal sandflats

macrofauna. Such a deposit will impede the diffusive solute
exchange across the visible sediment surface, but it may no
affect solute exchange across subsurface linings of macrofau
nal burrows. In contrast, a centimetre-thick deposit will kill
and/or remove the fauna of the sediment and over time, tidal §
currents and waves may erode it down to a thin millimetre-
thick layer. In such a case, the deposit covers the entire
sediment—seawater exchange surface and so affects all solut.

exghanr?e.l . hin TS d . def ig. 1. Surface photographs of four sediment core treatments af-
or the latter scenario (i.e. thin TS deposit on defaunate er 18h: (C) intact intertidal sediment, (CTS) intertidal sediment

sedime_nt), Cummings et _al. (2009) suggest a link betwe_erbovered with TS, (D) organic-matter depleted sediment, and (DTS)
the TS-induced decrease in the oxygenation of the underlyingepleted sediment covered with TS. Core diameter = 5 cm.

sediment and substrate rejection by post-settlement juvenile
recruits of the tellinid bivalveMacomona liliana(Iredale,

1915). Such rejection is of interest because it affects thehe sediment underlying the TS deposit and not to contact
species’ dispersal. In soft-sediment systems in particular, diswith the TS (sensu Cummings et al., 2009), we predicted that
persal of post-settlement juveniles significantly contributespyrial into bare depleted sediment and depleted sediment to
to local (within estuary) population connectivity and the reg- which a layer of TS was added would not differ because the
ulation and organisation of benthic communities (Dayton etTs |ayer does not build up reduced solutes in the underly-
al., 1994; Norkko et al., 2001; Valanko et al., 2010). For ex- ing sediment. We also predicted that burial into bioturbated
ample, the potential dispersal bf. liliana post-settlement  sediment and bioturbated sediment to which a TS layer was
juveniles on intertidal sandflats is in the order of kilometres added would not differ because the resident macrofauna oxy-
per tidal cycle (Petuha et al., 2006), which is similar to the genates the sediment enough to offset TS induced accumula-
realised dispersal distances of many benthic coastal specigfn of reduced solutes. If contact with TS is the driver then in
with a pelagic larval stage (see Shanks (2009) for a discushoth sediments (bioturbated and depleted) the TS treatments

sion). should have a lower burial rate.
The results by Cummings et al. (2009) support the hypoth-

esis that benthic solute transport and reaction processes af-
fect the behaviour of juvenile recruits (see also Woodin et2  Material and methods
al., 1995; Woodin, 1998; and Marinelli and Woodin, 2002,
2004), specifically, that juvenile recruits at the surface of the2.1  Experimental design
deposit probe reduced products of the microbial decomposi-
tion of organic matter to assess the suitability of the under-We conducted five replicate experiments (hereafter, Runs) in
lying sediment. If juvenile recruits reject the TS deposit in a recirculating seawater flume to investigate how deposits of
response to contact with reduced solutes due to a deposifFS on the surface of two types of intertidal sediment affect
induced decrease in the oxygenation of the underlying sedpore-water solute concentrations and the burial behaviour of
iment, but not in response to contact with TS, then this be-post-settlement juvenil®l. liliana. Because only one flume
haviour should be a function of the sediments’ potential towas available, we conducted the Runs consecutively in May
accumulate reduced solutes. A TS deposit over less reactivand June 2011; each Run lasted two days (Table 1).
sediment (less organic matter) should not cause a rejection. On the first day of each Run, we inserted two cores of
Similarly, a TS deposit over reactive sediment that is venti-each sediment type into the flume: intact natural intertidal
lated by tube-dwelling macrofauna should also not cause @ediment (hereafter, intertidal), and intertidal sediment from
rejection. which living and dead organic matter was removed by com-
Here we extend the study by Cummings et al. (2009), testbustion (hereafter, depleted). We covered the surface of one
ing whether deposits of freshly suspended TS negatively afcore of each sediment type with a thin layer of TS. That
fect burial of juvenile recruits (i) in the presence of macroin- is, each Run tested four sediment treatments: intertidal sedi-
fauna and (ii) in the absence of organic matter in the un-ment (C), depleted sediment (D), TS over intertidal sediment
derlying sediment. To do so, we observed the behaviour of CTS) and TS over depleted sediment (DTS; Table 1, Fig. 1).
post-settlement juvenil®l. liliana, the bivalve species used On the second day of each Run, after an 18 h acclimation
by Cummings et al. (2009), on the surface of TS depositedbf the sediment to unidirectional flume flow (free stream flow
over (i) undisturbed, bioturbated intertidal sediment and (i) velocity ~ 2.4 cm s1), we recorded either five QRun 1, 2,
intertidal sediment from which we removed dead and liv- 3), two oxidation—reduction potential (Eh, Run 4), or two pH
ing organic matter by combustion (hereafter, depleted sedf(Run 5) microprofiles in each sediment core (Table 1). Af-
iment). Assuming that the juveniles are responding to con-er profiling, we stopped the flume flow and released twenty
tact with reduced solutes diffusing from the pore water of post-settlement juvenile individuals M. liliana from one

intertidal depleted

“~ y

g
DTS

C
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Table 1. Date of sediment collection in 2011, type and number of pore water microprofiles measured in each core, maximum and minimum
flume seawater temperature during the Runs and allocation of sediment core treatments to each of the four core positions.

Profiles  Temp.{C) Core position (no. of juveniles)
Run Date f) Max Min 1 2 3 4

24May O (5) 184 169 CTS DTS C D
26May G () 200 189 D CTS DTS C
31May & (5) 183 166 C D CTS DTS
2 June Eh (2) 182 169 DTS C D CTS
10June pH(2) - - CTs DTS C D

b wNPF

pipette placed above each of four sediment cores so that theyoured this suspension through a 250 um mesh to remove
drifted onto the sediment surface. We initiated the flow andlarge particles and then used 15 mL to create a 1-2 mm-thick

observed their burial behaviour over the following 4 h. deposit on the surface of each of two cores in the flume.
Aliquots of 10 mL were used for particle size analyses.
2.2 Sediments and bivalves We measured particle size, water content, and organic

matter content of the homogenised top 5cm of the inter-
We collected intertidal sediment and post-settlement juvenilgidal sediment following Giere (1993). This sediment was
M. liliana concurrently from Tauranga Harbour, a large tidal poorly sorted fine and very fine sand (median particle di-
inlet on the northeast coast of the North Island, New Zealandameter 114 um). Depleted sediment was moderately sorted
The collection took place at a sheltered mid-intertidal sand-medium sand (median particle diameter 330 um). Mud (
flat 80 m east of Tuapiro Channel in the northern basin ofg3 um), water, and organic matter contents were higher in in-
the harbour (372929’ S, 1735651 E) on the first morn-  tertidal sediment (13.4, 27.1, and 2.2 %, respectively) than
ing of each Run within 1 h either side of low tide. Fine sandsin depleted sediment (2.4, 19.4, and 0.4 %, respectively).

(media_n grain diameter 120-170 um) Wit_h a Iovy~e4— The median diameter of the well or moderately well sorted
8%) silt/clay (< 63um) content characterise sediments atparticles in the TS suspension, determined with a Malvern
the collection site. The clarustrovenus stutchburgndM. Mastersizer-2000, ranged from 87 to 98 um. The mud con-

liliana dominate macrofaunal biomass but numerically thetent of this sediment ranged from 41 to 53 %.
most important taxa are polychaetes34 per 0.01 rf) fol-

lowed by bivalves £ 13 per 0.01 ) and amphipods~ 10 2.3 Seawater flume environment

per 0.01 M) (Lelieveld et al., 2004; Pratt et al., 2014).

To collect juvenileM. liliana, we washed surface sedi- The flume consists of a 7.23 m long, 50 cm wide, and 50 cm
ment with seawater on a 0.5 mm mesh and placed all retainedeep acrylic channel with a 40 cm-diameter return pipe that
material into one seawater-filled bag. In the laboratory, weruns beneath the channel. An impeller in the descending arm
sorted this material under a dissecting microscope, placingf the return pipe regulates flow speed via a variable-speed
20 post-settlement juveniM. liliana in each of four contain-  motor. Four holes in the floor of the working section (550 cm
ers filled with aerated, artificial seawater. Their shell lengthdownstream from the flume entrance) allowed the insertion
was 1.6-0.2mm (mear:1SD, n =400, max = 2.3mm, of tubes containing the sediment cores. These holes were
min = 1.1 mm). evenly spaced along a line perpendicular to the raceway and

To collect intertidal sediment, we inserted one acrylic tubeconfined to the central 33 cm in the cross-stream direction.
(inner diameter =5.3 cmy 10 cm into the sandflat at each of ~ We inserted the sediment-filled tubes into the flume
six sites randomly defined with Cartesian co-ordinates withinthrough its bottom plate and then filled the flume with ar-
a 10 m-diameter area. Stoppers placed at the bottom and théicial seawater to 19 cm. Thereafter, we raised the sediment
top of each tube enclosed the sediment core. Of these six sedfiside the four tubes with a precision extruder so that their
iment cores, we inserted two into the flume and froze one forsurfaces were flush with the flume floor. We then lowered the
later analyses of sediment water content, organic matter corsurfaces of those two cores that required a surface deposit of
tent, and grain size distribution. To make cores of organic-TS (Table 1) by~ 1-2 mm and applied the deposit.
matter depleted sediment, intertidal sediment was combusted To apply a deposit of TS, we placed one PVC tube (inner
in a muffle furnace at 450C for 6 h to remove organic car- diameter = 6.5cm) above each sediment core in the flume.
bon, and then added to acrylic tubes filled with artificial sea-The PVC tubes confined the suspension of TS to the seawater
water. directly above the sediment core, and prevented deposition

We obtained TS from a landslide at Hahei Beach, Coro-on to the bottom of the flume and the neighbouring sediment
mandel, and suspended about 100g of this sediment iores. We added the suspension to the seawater inside the
100 mL artificial seawater on the first day of each Run. Wetwo PVC tubes above the receiving cores and waited 30 min
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for particles to settle. For the remaining two cores, seawater- 3min before it buried as described above within 10 min.
was added to the PVC tubes instead of the TS suspension. ADelayed search and burial the juvenile rested on one valve
PVC tubes were then carefully removed, the flow was startedor > 3 min before it orientated itself so that its apex was up-
(free stream velocity = 2.41 cnt$) and the flume was left permost, with its anterior end in front and siphonal end be-
running overnight. hind. Using the foot, the juvenile crawled along the sediment

Flume seawater temperature, salinity, angd €ntent,  surface, anterior end first. Its foot dug into the sediment an-
measured with a multiparameter sonde (model 6600V2-4terior end first, with the apex-siphonal end protruding from
YSI Inc.) submerged downstream of the flume working sec-the sediment. The juvenile completed burial within 10 min.
tion, ranged from 17 to 28C, 32.7 to 32.9, and 90 to 94% Emergenceg(see Cummings et al., 1993) — after complete
saturation. The intensity of the photosynthetically active ra-burial, the juvenile resurfaced, anterior end foremost, with its
diation incident from the ceiling lights of the laboratory valves slightly open and the foot brought close to the gape.
was 22 umol photons N s~1 (LI-192 Underwater Quantum  The juvenile then moved upward until only its siphonal end
Sensor, LI-COR). The ceiling lights were off from 20:00 to remained embedded, toppled over, and came to rest on one
07:00h. valve. Drift — some juveniles that had buried into depleted

Four 10 min time series measurements with a Sontek 1&ediment emerged to first crawl a distance on the sediment
MHz acoustic Doppler Velocimeter revealed that the flow ve- surface, stop, and then position their shells vertically. The ju-
locity of the seawater in the boundary layer (0—18 mm) aboveveniles then toppled onto one valve and skidded downstream
flume bottom was highest in core position 1 (1.9 cthisand  with the apex of the shell facing upstream and left the core
gradually decreased towards core position 4 (1.4thSo surface via byssus driftinggubsurface search a trace indi-
account for this variation, we rotated the position of each ofcated that the juvenile had crawled below the surface of the
the four core treatments across Runs (Table 1). sediment.

2.4 Pore-water profiling 2.6 Data analyses

Two distinct changes in the slope of the @icroprofiles

indicated the position of the upper and lower boundaries of

and software at a resolution of 0.1 mmx00.2 (pH), and the TS deposits. These changes resulted from differences in
O, diffusivity between the deposit and the underlying sedi-

0.5mm (Eh) normal to the sediment surface from a position : ! _ )
in the flowing seawater above the diffusive boundary Iayerment and overlying seawater. We estimated the sediment dif-
fusive O uptake across the visible sediment surface (here-

(~2mm above the sediment surface, hereafter, DBL) to a o
maximum depth of 5.5 mm. We calibrated the Unisense mi-&ftér, DOU) from the slope of the gradient in the DBL

croelectrodes once a day before commencement of a me&nd the diffusion coefficient for © ,
surement series, following the instructions of the manufac- Consistent with Roper and Hickey (1994), Cummings
turer (see www.unisense.com). et al. (1996), and Cummings and Thrush (2004), we used

the number of juveniles remaining on the sediment surface
10 min after their placement as a measure of the sediment
acceptability. To predict the probability of juveniles to re-
To record the burial behaviour of juveniié. liliana, we took ~ Main on the sediment surface after 10 min, we used a logistic
one digital underwater photograph of the surface of each sed?'0del (generalised linear model, binomial family, software
iment core per minute for the first 10min starting imme- R)- T0 retain all trials whatever the value of(n = 18-20),
diately after their placement. Thereafter, we took one pho-th€ data were weighted with respect/plarger values of
tograph every hour until completion of the experiment. We " constituted more statistically informative experiments. We

used these photographs to count juveniles on the sedimeryiewed minor variation in flow velocity across the flume as a
surface 1, 10, and 240 min after their placement and to obP"OXY for fluid mechanical environmental variability caused

serve their behaviour. The photographs of the CTS treatmerpY Variations in tidal flow velocity, turbulent intensity, etc.;

revealed counts and diameter of polychaete burrow openingdlis was done by considering results from each position as

siphons, microphyte patches, and patches of black subsupPart of a statistical ensemble. With this assumption, different
face sediment. ' ' combinations of regressors were trialled. The trial revealed

Based on the photographs, we quantified the followingthat the appropriate regressors were sediment type (intertida_l
behavioursimmediate buria- the juvenile rested on one and depleted) and the presence or absence of a TS deposit.
valve; the foot dug into the sediment anterior end first, so"Ve @ssumed that the few juveniles that left their sediment
that the apex-siphonal end of the shell was protruding fromcre in the_ course of the experiment did not interfere with
the sediment. It continued to bury deeper so that the siphondf1€ Purrowing results of the other three cores.
end was no longer protruding and completely buried within
3 min. Delayed burial- the juvenile rested on one valve for

We measured vertical microprofiles of pore-water €on-
centration (hereafter, [£]), pH, and Eh with Unisense hard-

2.5 Bivalve behaviour and surface activity

Biogeosciences, 11, 2228235 2014 www.biogeosciences.net/11/2225/2014/
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Table 2. Number and diameter (meanl SD, mm) of burrow openings, number of siphons and green and black patches showing at the
surface of a TS deposit overlying intertidal sediment (CTS) 4 h after application of the deposit.

Experimental Run

1 2 3 4 5

Burrow openings 68 75 64 37 123
Average diameter 0.660.33 0.51+0.23 0.52£0.26 0.46:£0.23 0.75:0.37
Minimum diameter 0.19 0.15 0.08 0.16 0.15
Maximum diameter 1.68 1.21 1.46 1.27 1.63
Siphons 0 32 0 12 0
Green patches 2 3 4 3 0
Black patches 4 11 8 6 1

3 Results Table 3. Average diffusive @ uptake (DOU, meatt 1 SD,n = 5)
across the visible sediment surface angp@netration depth (OPD,
meart= 1 SD) in bare intertidal (C) and depleted (D) sediments and
deposit-underlying intertidal (CTS) and depleted (DTS) sediments.
For CTS and DTS, OPD is the distances from the sediment—deposit
0 the oxic—anoxic boundary. The oxic—anoxic boundary in D and

TS was below 5 mm depth, the maximum depth measured.

3.1 Sediment surface structure and colour

The brown surface of intertidal sediment showed millimetre-
scale topography (treatment C in Fig. 1). The orange surfac
of the TS overlying this sediment was smooth and free of
disturbance immediately after its deposition. In as little as

30 min, however, small openings of polychaete burrows (av- Treatment  DOU (umol m#h™) ~ OPD (mm)
erage diameter 0.5-0.8 mm), siphons, traces, and patchesof 1 C 1161+ 274 1.14+0.1
green microphytes (longest axis 15 mm) appeared (Fig. 1, CTS 649+ 78 0.8+0.2
Table 2). On the following day, 4 h after placement of the 2 C 826+ 201 1.4£0.3
juveniles, we counted 37 to 123 burrow openings per core. CTs 591+ 58 0.9+0.2
Up to four green patches (5 mm longest axis) and 32 siphons c 9354283 1.2£0.1
were present, and black, excavated sediment had buried small TS 695+ 133 0.8:0.2
(3 cn?) patches of the deposit. 1 D 1844 ~5
In contrast to intertidal sediment, the red-brown surface of DTS 717 >5
depleted sediment was homogeneous and flat (D in Fig. 1) 2 D 16+7 >5
and the orange surface of the TS deposit overlying this sed- DTS 46+ 16 >5
iment remained smooth and flat until the juveniles were D 28+15 >5
DTS 63+ 10 >5

placed (DTS in Fig. 1).

3.2 Pore-water chemistry
difference to the @ consumption
55umol@m—2h~1).

of the TS deposit(
3.2.1 Oxygenation

On average, @penetrated intertidal sediment across the vis-3.2.2 pH and Eh

ible sediment surface 1.1 to 1.4 mm (Table 3; example pro-

files in Fig. 2). For all three Runs, application of a TS de- All pore-water pH profiles (with one exception) share com-
posit (1.7-1.9 mm thick) decreased this penetration to 0.8 omon features: a steep decrease in pH to a minimum at some
0.9mm. In contrast, the pore waters of TS-treated and barelepth below the sediment surface followed by a brief in-

depleted sediments contained dissolvedt®at least 5 mm
depth, the maximum depth measured.

The average DOU of the intertidal sediment ranged from
826 to 1161 pmolm2h~1 (Table 3). Application of TS de-

crease and, in some profiles, stable pH at depth (Fig. 2). De-
positing TS over intertidal sediment decreased the subsur-
face pH minimum. We observed a similar effect in the pH

profiles of the depleted sediment, which showed less pro-

creased this range to 591-695pmoldh—1. In contrast, nounced subsurface peaks at greater depths and higher pH
deposition of TS onto the surface of depleted sedimentat depths.

had the opposite effect on DOU. For all three Runs, the Inspection of our Eh profiles revealed a transition from ox-
mean DOU of the depleted sediment, ranging from 16 toidising to reducing pore water at 2—4 mm depth of the inter-
28 umolnT2h~1, was lower than that of TS-covered de- tidal sediment (Fig. 2). The depth of this transition measured
pleted sediment (46-71pmolthh—1). We attribute this from the surface of the TS deposit increased by the thickness

www.biogeosciences.net/11/2225/2014/ Biogeosciences, 11, 22352014
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: | | Fig. 3. Macomona liliana Average number of post-settlement juve-
6 | niles (meant 1 SD,n = 5) remaining on the sediment surface after
7 . —— — 1min, 10min, and 4 h after placement expressed as a percentage
7.0 78 80 70 72 . of the total initially added (18—20 individuals). C: untreated inter-
pH tidal sediment; CTS: intertidal sediment covered with TS; and DTS:
-2 ] T organic-matter depleted sediment covered with TS.
-1 a0 - oo
a0 oo
0 - an - oo
40 aa
17 = 1 1 Table 4. Macomona liliana Behavioural response of post-
2] e * & i A settlement juveniles placed onto the surfaces of TS-treated and bare
31 o28° Fy il ata intertidal (CTS, C) and depleted (DTS, D) sediment. Data repre-
41 B L. 1t i -y sent the number of individuals that exhibited the behaviour, a dash
54 O aa B 00 & . . .
| O as ma & indicates that a behaviour was not observed.
6 —l o a - ma o
7T T T T T ) T T T 1
-300 -200 -100 © 100 200 © 50 100 150 200 Response c CTs D DTS
Eh (mV) Burial
Immediate burial 90 91 76 87
Fig. 2. Example mean pore-water,@oncentration microprofiles Delayed burial 3 6 1 6
(mean+1SD, n =5) and microprofiles of pH and oxidation— Delayed search and burial 4 1 - -
reduction potential in intact intertidal (C/CTS, left panel) and Post-burial
organic-matter depleted intertidal sediment (D/DTS, right panel). Emergence - - 15 -
Squares: untreated sediment surface; triangles: surface covered with Drift - - 4 -
a 1-2 mm-thick layer of TS. The solid lines indicate the sediment— Subsurface search - - 22 4
water interface and the dashed lines the boundary between the TS-  No movement 1 - - 5

deposit-underlying intertidal sediment. Open and grey symbols rep-
resent replicate profiles. C: untreated intertidal sediment; CTS: in-
tertidal sediment covered with TS; and DTS: organic-matter de-
pleted sediment covered with TS. outside of the sediment core, or remained in the pipette and
so excluded themselves from statistical analyses.

Burial of M. liliana juveniles was rapid throughout the ex-
of the deposit. The Eh profiles in the depleted sediment indi-periment irrespective of treatment (Fig. 3). On average more
cated that the sediment was oxidised to the maximum deptithan 70 (C, CTS, DTS) and 60 % (D) of the juveniles buried
measured. within the first minute. After three minutes, more than 77 (C,
CTS, DTS) and 60 % (D) had buried (immediate burial, Table
4). The bulk of the remaining individuals exhibited delayed
burial so that by the end of 10 min more than 90 (C, CTS,
In five instances, of the 20 post-settlement juveniles release®TS) and 80 % (D) had entered the sediment. We observed
in the bottom seawater, we counted only 18 or 19 individualsdelayed search and burial only in treatments C and CTS.
on the sediment surface immediately following their release. Logistic regression analyses of those juvenile counts taken
The missing juveniles either landed on the floor of the flumel0 min after the start of the experiment revealed that the

3.3 Macomona liliana
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application of a TS deposit did not decrease but signifi-iment may have contributed to this result but many other po-
cantly increased the probability of burial of juveni& lil- tential causes exist, e.g., lack of cues indicating the presence
iana (p < 0.01). Furthermore, the probability of burial into of suitable food (Nilsson et al., 2000; Stocks and Grassle,
intertidal sediment was significantly higher than that into de-2001), microorganisms (Sebesvari et al., 2006), microbial
pleted sediment irrespective of treatment (one-sigedlue  biofilms (Keough etal., 1995, Van Colen et al., 2009) or other
of 0.01025). Because juvenile counts after 4 h included in-fauna (Woodin, 1985; Woodin et al., 1993; Cummings et al.,
dividuals that had emerged from the sediment and excluded996; Olivier et al., 1996; Dahms et al., 2004).
individuals that had drifted away from the sediment (D only, Secondly, we observed the three modes of post-burial be-
Table 4), we did not attempt any logistic regression analysishaviour — subsurface crawling, emergence and drift — only in
at this time interval. D and DTS, the treatments that used depleted sediment. This
Post-burial behaviours occurred more frequently in D andsuggests that, although burial is the primary initial response,
DTS treatments. Specifically D treatments exhibited emer-behaviour promoting dispersal will become important if the
gence and drift (19 individuals). Also, in treatments C and juveniles find their substrate unsuitable. In the intertidal sedi-
DTS, respectively, one and five individuals did not move afterment, strong bottom currents can initiate sediment movement
placement over the course of the experiment. Interestinglyand transport juveniles independent of behaviour (Roegner
we observed subsurface search, which is crawling below thet al., 1995; Lundquist et al., 2004). In our experiment, how-
TS deposit, in depleted sediment (DTS and D) but not inever, we observed juveniles resting on depleted sediment (or
intertidal sediment (C, CTS) confirming that juveniles pre- emerging if they initially buried) at a seawater flow less than
ferred intertidal sediment over depleted sediment (Table 4). that required to mobilise particles. These individuals chose to
leave the experimental sediment: they positioned their shells
vertically and produced byssal threads to increase drag pro-
4 Discussion moting uptake and transport by the flume current. Interest-
ingly, most individuals that searched below the surface of the
Cummings et al. (2009) demonstrated that millimetre-thinsediment, emerged from the sediment, or drifted away did so
deposits of TS over defaunated intertidal sediment negativelypn bare depleted sediment (D, Table 4) and only few showed
affect the burial of post-settlement juveniéacomona lil-  this behaviour on TS-covered (DTS) sediment. Perhaps the
iana and suggested that the juveniles are responding to represence of a TS deposit changed the bivalves’ perception
duced solutes diffusing from the deposit-underlying sedi-of their environment. Our profiling measurements revealed
ment but not to contact with the TS deposit. We deposited TShat the thin TS deposits consumed on average about twice
over intact, bioturbated sediment and sediment from whichas much @ than their underlying depleted sediments. This
we had removed organic matter by combustion and failed taconsumption may reflect microbial activity inside the deposit
demonstrate a negative effect of TS on juvenile burial. Thisthat could have rendered the substrate acceptable for the ju-
result supports evidence from Cummings et al. (2009) that reveniles. This concept of TS-associated microorganisms me-
jection of a TS-covered sediment by the juveniles is not duediating the suitability of our DTS treatment would comply
to their contact with the deposit. It also raises the questiorwith the induction of larval settlement by microbial films on
of the roles of the resident macrofauna and sediment organibard substrates where both small organic metabolites (Fitt
matter content in the juveniles’ response to TS deposition -€t al., 1990; Taniguchi et al., 1994; Harder et al., 2002) and

an interesting challenge for future experiments. macromolecular extracellular polymers provide cues (Maki
etal., 1990; Szewzyk etal., 1991; Lau et al., 2003; Lam et al.,
4.1 Behavioural response 2005). Such microbial communities have been intensively in-

vestigated and have shown to elicit a specific larval response
For a juvenile bivalve, a primary prey for a large spectrum of with respect to their origin and/or growth phase (Wieczorek
bottom feeders including shore birds, demersal fish, shrimpand Todd, 1997; Qian et al., 2003; Lau et al., 2005).
crabs, polychaetes, nemertines and other predators, burial is If in fact the presence of microorganisms in the TS de-
an important component of survival and therefore is likely to posit rendered the DTS treatment suitable for juveniles, then
dominate the initial response irrespective of sediment qualperhaps the microbial community of diatoms, cyanobacteria,
ity or the presence or absence of a TS deposit. The qualitfungi, and protozoa in the intact intertidal sediment (C) also
of the sediment did, however, affect this behaviour. Firstly, provided cues to the juveniles. If so, then an understanding
we showed that our juvenile recruits favoured intact inter- of the succession following disturbance of this community
tidal sediment over sediment from which we had removedby TS deposits will become important. In our experiment,
living and dead organic matter. This observation aligns withquantification of this community was only possible against
prior studies, which demonstrated rejection of “burnt” and the bright background of the TS deposit overlying the inter-
defaunated sand by juveniM. liliana (e.g., Cummings et tidal sediment (CTS). Images of this surface revealed that
al., 1993; Lundquist et al., 2004). The small difference in thesome phototrophic microbiota migrated to the surface within
particle size distribution between depleted and intertidal sed30 min of TS deposition indicating that this succession is
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rapid and probably faster than reworking of the deposit byfluctuations due to sporadic bouts of bioturbation where ani-
the resident fauna. mals moved anoxic sediment while relocating their burrows.

A decrease in both the oxygenation and the pH of the
deposit-underlying sediment were also reported by Cum-
mings et al. (2009); however, the biogeochemical proper-
ties of their intertidal sediment fundamentally differed from
We showed how TS deposits affect the pore-water distribu-that of the intertidal sediment used in our study. Their sedi-
tion of O, and hydrogen ions, two integrative variables of ment was frozen, thawed, and washed to remove macrofauna
sedimentary reactions readily accessible at the micrometréand organic particulates). This treatment introduced two ef-
scale. An increase in the diffusive distance between solutdects: firstly, it decreased the size of the area for the exchange
source and sink either side of the visible sediment—water in-of solutes between sediment and overlying seawater to the
terface provides one explanation for the observed changes isize of the visible sediment surface because burrow-dwelling
the distribution of these solutes. Fop @liffusing from sea- macrofauna were excluded. Such decrease made subsurface
water across the DBL into the intertidal sediment, the addi-accumulation and diffusion of reduced solutes across the
tion of the TS deposit caused significantly lower penetrationvisible sediment surface more likely. Secondly, it will have
into the underlying sediment (Table 3, Fig. 2). For hydrogenmixed throughout the sediment reduced solids that, in the up-
ions, diffusing from the sediment into seawater, the TS addipermost oxygenated layer, may have slowly oxidised leading
tion increased their concentration in the sediment, that is, ito transient redox conditions (see, e.g., Vopel et al., 2009) and
lowered the sediment pH. depression of the pore-water pH. We excluded both effects in

The consumption of ®in the TS-deposit-underlying sed- our experiment; the natural stratification of our intertidal sed-
iment (CTS) caused an pPgradient in the DBL above the iment was intact and the sediment was inhabited by numer-
deposit that was less steep than that in the DBL of the un-ous polychaetes maintaining a seawater flow through their
treated intertidal sediment (C). Assuming that these gradiburrows. Depending on the spacing of burrows and the diffu-
ents were stable over time, we used them to estimate the sedive properties of their walls, the resulting solute exchange,
iments’ DOU and found that the deposition of TS must havewhich is less affected by the deposition of TS than the visible
decreased the DOU, that is, the diffusive uptake ph€ross  sediment surface, can effectively control diagenetic reactions
the visible sediment surface. For organically enriched sedi-and pore-water solute concentrations in the upper sediment
ments, one would expect the ©@onsumption of the sediment layer (Aller and Aller, 1998). In addition to this subsurface
to remain largely unchanged because a decrease in the coaxchangeM. liliana recruits moving horizontally at the sur-
tribution to the overall @ demand of aerobic organic mat- face of the TS-underling sediment rework the TS deposit —
ter degradation pathways (lowep @enetration) may be ac- an effect also observed by Cummings et al. (2009). Eventu-
counted for by an increase in such contribution of anaero-ally this activity and the activity of the resident macrofaunal
bic degradation pathways through oxidation of reduced sub€ommunity will work the fine particles of the TS deposit into
stances. This enhanced oxidation can also contribute to ththe upper sediment layer and so gradually diminish its effect
observed decrease in the subsurface pH. on the sediment—-seawater solute exchange.

Did the [O;] gradient in the DBL of the TS deposit (CTS) Consistent with Cummings et al. (2009), addition of a TS
represent steady state or transient redox conditions? Trardeposit lowered the pH of the sediment pore water. Such
sient redox conditions must have existed during and shortlyincrease in the concentration of hydrogen ions may affect
after application of the TS deposit because settling particlesecruitment because it can lower the saturation of the sed-
disturbed the DBL and polychaetes briefly stopped pumpingment with respect to calcite and/or aragonite and so cause
seawater through their burrows. (The numerous holes in thelissolution mortality of shell-bearing, newly settled inverte-
deposit that appeared shortly after the addition of the TS debrates (Green et al., 1998, 2004, 2009). We identified three
posit suggest that polychaetes quickly cleared their burroweffects that may lower the pore-water pH after deposition of
openings to re-establish seawater flow through their burrow.freshly suspended TS particles — one immediate effect of the
More than 18 h after application of the TS, however, the dis-newly formed deposit and two effects resulting from interac-
tribution of O, was likely steady, which was confirmed by tion of the deposit with the underlying sediment. With their
time series @ measurements in sediment from our sampling time-series measurements, Cummings et al. (2009) already
site (unpublished data). These measurements, which werdemonstrated the immediate effect on pore-water pH: the
conducted with planar optodes under similar conditions ofsettling TS particles form a deposit of low pH (see Fig. 1c
unidirectional flume flow, demonstrated that disturbance ofin Cummings et al., 2009) that, by diffusion of hydrogen
the DBL by settling TS particles briefly increased theg@n-  ions, lowers the pH of the underlying intertidal sediment.
etration (minutes) into this sediment followed by a gradual Over time (minutes to hours), the diffusive release of hydro-
upwards shift of the [@] gradient. This shift was completed gen ions from this deposit removed the concentration gradi-
within 2—3 h and the resulting Qdistribution did not change ent until the pH of this deposit reached that of the overly-
in the following hours with the exception of brief and local ing seawater. Our measurements 18 h after the deposition of

4.2 Effects on pore-water solutes
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