Biogeosciences, 6, 2018624 2009 "5\ . .
www.biogeosciences.net/6/2015/2009/ ‘GG’ Biogeosciences
© Author(s) 2009. This work is distributed under _
the Creative Commons Attribution 3.0 License.

The influence of hypercapnia and the infaunal brittlestar Amphiura
filiformis on sediment nutrient flux — will ocean acidification affect
nutrient exchange?

H. L. Wood®", S. Widdicombe!, and J. I. Spicer?

Iplymouth Marine Laboratory, Prospect Place, West Hoe, Plymouth, PL1 3DH, UK

2Marine Biology & Ecology Research Centre, University of Plymouth, Plymouth PL4 8AA, UK
“currently at: Department of Marine Ecology — Kristineberg, University of Gothenburg, Kristineberg 566,
450 34 Fiskebhckskil, Sweden

Received: 24 December 2008 — Published in Biogeosciences Discuss.: 25 February 2009
Revised: 11 September 2009 — Accepted: 13 September 2009 — Published: 6 October 2009

Abstract. Rising levels of atmospheric carbon dioxide and cesses could alter key biogeochemical processes in future,
the concomitant increased uptake of this by the oceans isnore acidic oceans.

resulting in hypercapnia-related reduction of ocean pH. Re-
search focussed on the direct effects of these physicochem-

ical changes on marine invertebrates has begun to improve |ntroduction

our understanding of impacts at the level of individual phys-

iologies. However, C@related impairment of organisms’ |ncreasing atmospheric levels of carbon dioxide $&®e-
contribution to ecological or ecosystem processes has barelyulting in ocean acidification, is recognised as a major threat
been addressed. The burrowing ophiurdithphiura fili-  to marine life (Raven et al., 2005, Widdicombe and Spicer
formis which has a physiology that makes it susceptible t02008). The consequences of increased seawaterl&®@ls
reduced pH, plays a key role in sediment nutrient cyclingare to increase both the acidity of seawater (reduce pH) and
by mixing and irrigating the sediment, a process known asto increase its corrosiveness to calcium carbonate structures
bioturbation. Here we investigate the role Af filiformis  (reduced carbonate saturation level). Such changes in sea-
in modifying nutrient flux rates across the sediment-waterwater chemistry are likely to be of particular concern in shal-
boundary and the impact of GOrelated acidification on |ow coastal waters as GQlissolves across the sea surface
this process. A 40 day exposure study was conducted un¢Sabine et al., 2004). In addition, recent evidence indicates
der predicted pH scenarios from the years 2100 (pH 7.7) anghat some coastal areas are already exposed to corrosive con-
2300 (pH 7.3), plus an additional treatment of pH 6.8. Thisditions (carbonate saturated state$) due to seasonal pe-
study demonstrated strong relationships betweditiformis  riods of upwelling (Feely et al., 2008). The duration and
density and cycling of some nutrients; filiformis activity ~ severity of these exposure periods are predicted to increase
increases the sediment uptake of phosphate and the release a result of worsening ocean acidification.

of nitrite and nitrate. No relationship betwegn filiformis Soft sediments are an important coastal benthic habitat
density and the flux of ammonium or silicate were observed.and host many of the biogeochemical processes that under-
Results also indicated that, within the timescale of this ex-pin ecosystem function in shallow shelf seas. In particular,
periment, effects at the individual bioturbator level appearnutrient cycling (the “recycling” of nutrients both within and
not to translate into reduced ecosystem influence. Howevehetween the benthic and pelagic systems), is strongly driven
long term survival of key bioturbating species is far from as- by the biological and chemical processes that occur within
sured and changes in both bioturbation and microbial prothe sediment; e.g. bacteria mineralise dissolved and partic-

ulate organic nutrients from the debris that sinks to the sea
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floor (Dale and Prego 2002).
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The transformation of nutrients (e.g. denitrification, nitri- cores to CQ lowered pH water conditions. In addition to a
fication and anammox) is primarily performed by bacteria set of cores run at present pH (8.0), treatments were run at
and, therefore, nutrient cycling is strongly affected by thepH 7.7 (expected by the end of this century), 7.3 (predicted
presence and activity of key microbial groups. In turn, the for 2300) and a finally at pH 6.8. Several densitie\ofil-
type and distribution of these microbes within the sedimentiformis were tested to determine the extent to which nutrient
is ultimately determined by their surrounding geochemicalflux is mediated by the presence of this bioturbator and as-
environment (e.g. Satoh et al., 2007). In addition to deter-sess the degree to which this biological mediation of nutrient
mining the microbial communities present, geochemistry cancycling may be altered under future scenarios of high CO
also affect nutrient flux directly. For example, the flux of sil-
icon is dependant upon both the substrate compound avail-
ability on the sediment surface and the oxygen distribution2 Materials and methods
within the sediment (Hartikainen et al., 1996). Therefore, bi-
ological processes that set or modify the geochemical natur@.1 Experimental Set-up
of the sediment, such as the presence and activity of large in-
faunal animals, are critically important for nutrient cycling. Ninety undisturbed muddy-sand sediment cores were col-

The impacts of burrowing macrofauna on nutrient cycling lected (January 2007) from a subtidal site10 m depth)
are numerous (Bird et al., 1999, Christensen et al., 2000)within Plymouth Sound, UK, (5®20.598 N, 408.155W).

As well as increasing the surface area of sediment availabldhe cores were collected by sub-sampling from a 1 m
for nutrient exchange (Fenchel, 1996), it has also been sugbox corer. Plastic cores (10 cm diameter, 20 cm long) were
gested that the burrow itself creates a favourable environmerpushed into the sediment to a depth of 15 cm. Each core was
(i.e. more than the sediment surface) for some of the bacteri¢hen gently removed from the box-core, sealed on the bottom
involved in nutrient cycling (Henriksen et al., 1983, Kris- with a plastic cap. The cores were returned to the laboratory
tensen et al., 1985). Burrow irrigation transfers both oxy-at Plymouth Marine Laboratory (PML) and maintained in a
gen and nutrients from the pelagic system into the deep sedecirculating seawater systesH36 PSU,T=12° C) until re-
iment. In addition, bioturbation, resulting from the presencequired in the experiment described below. Cores that dis-
and activity of macroinvertebrates, mixes the top layers ofplayed evidence of burrowing activity during this time were
sediment and water (Eckman et al., 1981), further increashot used. Two weeks after the collection of the sediment
ing the reaches of the sediment-water nutrient exchange, resores, 500 individuals oAmphiura filiformis(disc diame-
freshing compound availability on the sediment surface ander 3—6 mm, intact and with no signs of recent regeneration),
oxygenating the top layer of sediment. These cumulativewere collected from the same location using a 0?lvan
effects of infaunal organisms on the sediment environmentveen grab. Individuals with a disk diametes mm were

can enhance nutrient cycling directly through changing sedi-gently hand sorted from the sediment to prevent damage to
ment geochemistry and indirectly by determining the naturethe brittlestars’ delicate arms. Only individuals with 5 intact
and function of the resident flora and fauna (Mayer et al.,arms were collected. The brittlestars were held in covered
1995, Satoh et al., 2007). This habitat modification is termedholding buckets (diam.=30 cm, no more than 20 individuals
ecosystem engineering (Lawton 1994). per bucket), filled with sea watef£36,7="C=12) and were

One important bioturbator, and ecosystem engineer, is théransported back to PML within 4 h of collection. The brit-
ophiuroid brittlestaAmphiura filiformis A. filiformislives in tlestars were kept overnight in a recirculating seawater sys-
the sediment at densities ranging from 280ind.(8i0ld et  tem (S=36 PSU,T=12°C), before visibly healthy individuals
al., 1994) up to 2250 ind./A(Rosenberg et al., 1997) where were selected for use in experiments.
it suspension feeds by extending two arms into the overly- Eighty sediment cores that showed no signs of animal
ing water (Loo et al., 1996); arm undulation causes aerategbresence (e.g. burrows) were haphazardly allocated to 1 of 4
water and food to move down one arm channel into a chamdifferent CQ-acidified treatment levels (nominal pH = 8.0,
ber where the central disk of the brittlestar is situated, andr.7, 7.3, 6.8) and within each pH treatment haphazardly al-
water is then forced up and out of the second arm channelocated to 1 of 5 brittlestar density levels (0, 4, 8, 12 or 16
This process results in the creation of a burrow has a domind.core’!). The chosen density levels are within the natu-
inating effect on the surrounding sediment via bioturbationral range of densities; 4 t016 ind./core=512 to 2051 infl./m
(O'Reilly et al., 2006). Recently, Wood et al. (2008) detected Each pH treatment (8.0, 7.7, 7.3 and 6.8) consisted of four
arm muscle wastage iA. filiformis as a result of exposure replicate cores of each brittlestar density (20 cores per pH
to elevated C@. They speculated that arm movement and treatment) in addition to the cores with no brittlestars which
therefore bioturbation may be compromised as a result of thisvere to provide baseline information of the sediment nutri-
muscle wastage and raised the potential for key biologicalkent fluxes at each pH level. Sediment cores were transferred
controls on nutrient flux, such as bioirrigation and bioturba- to large holding containers within the PML seawater acidi-
tion, to be affected by ocean acidification. The current studyfication facility (hereafter referred to as “mesocosm”) where
uses a controlled laboratory experiment to expose sedimergach core was continually supplied with filtered seawater of
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the allocated pH at a rate 8 ml mihusing a peristaltic pump.  (Hansen and Koroleff, 1999). The cores were then emptied
The excess water overflowed from the core and drained ouand the liveAmphiura filiformiscounted to provide survival

of the larger holding container. These containers were drapedata.

with black cloth to reduce direct light penetration from the

fluorescent lighting directly above the containers that were2.4  Statistical analysis

on for 10 h a day. The remainder of the time the mesocosm )
was in darkness. Nutrient fluxes were calculated using Eq. (1) from

Alteration of water pH was achieved by sparging£fito Austen (2006) and Widdicombe and Needham (2007).

header tanks (vol.=5001) using a negative feedback system (Ci—Cy)x0Q

whereby a pH probe (Walchem S650CD) in the header tanlfx - A @
continually feeds the pH to a computer control which turns . . 51 .

on a fine bubbling of C®(control, achieved via a solenoid whereFy is the ﬂL.JX of Nutnentx(gmol m h™), Ci s the
attached to the COregulator) when the pH rises above a mean concentration of Nutr|emt|n the.mflow water (M),
given set point. Once the desired pH is reached the €0- Cois the.mean concentration of Nutrienin the core water
ply is stopped. By continual mixing and virtue of the large (uM), _Q is the rate of water ﬂOW_ t_hrough the core h
volume of the header tank this system can maintain water tdandA is the core area (fa. A positive Fx value indicates

a set pH level with an accuracy of 0.002 pH units. Further de—the nutrient is being taken up by the sediment, and a negative

tails of the PML acidification facility are presented in Widdi- value indicates nutrient being released from the sedimentinto
combe and Needham (2007). The exposure experiment wad'€ Water

run for a period of 40 days during which time the brittlestars Nutrient fI_ux data were noF normally distributed so were
were not fed; while primarily a suspension feedar, fili- analysed using the permutational MANOVA procedures in-

formisare known to switch to deposit feeding when there istroduced by McArdle and Anderson (2001) and Ander-

little food available in the water column (Buchanan, 1964). SN (2001). These procedures make more restrictive assump-
tions than a fully non-parametric approach, but crucially the

multivariate PERMANOVA method operates on a similar-
ity matrix and avoids unrealistic normality (or other distribu-

The water in each header tank, plus the water flowing outiional) assumptions. It does this by exploiting permutation to
of the silicon supply tubes, was analysed three times a Weegenerate null hypothesis distributions for its psegdo—F statis-
for total carbon dioxide contert©Oy), pHuist, salinity and tics; the latter constructed by exact analogy with the stan-
temperature:CO, was measured from 104 subsamples of dard F statistics for corresponding univariate ANOVA de-
seawater using an automated carbon dioxide analyser (CIBAIINS- Here, we have used the PERMANOVA+ routines (beta
Corning 965 UK). phiist was measured using a pH elec- Version, Anderson et al., 2008), which are an “add-in” to the
trode (Mettler Toledo LE413) calibrated with NIST standard- PRIMER 6 software.

ised buffers. Salinity was measured with a conductivity sali-

nometer (WTW LF;97). Temperature was measured using @ Results

probe combined with the pH meter as detailed above (accu-

rate to 0.12C). 3.1 Experimental conditions andAmphiura survival

2.2 Physico-chemical status of acidified waters

2.3 Sampling The analysis of nutrient fluxes for cores containing A0
filiformis indicated that the sediment used in the current
At the end of the exposure period, a 50 ml sample of the wa-study was a sink for nitrate (104.9423.04), and a source
ter overlying the sediment was taken from each core. Theof nitrite (—0.14+0.77), ammonium £35.0111.48), sil-
water sample was filtered through a GFF filter and stored inicate (—70.58t41.11) and a slight source of phosphate
an acid washed Nalgene bottle. In addition a 50 ml sam{—1.41+0.97). Values given are meangrolm-2h-1)
ple of the water from each inflow tube was collected in the +95% confidence intervals.
same way. All water samples were immediately frozen and The water parameters within the cores and header tanks
stored frozenT=—20°C) to await analysis. This sampling were monitored throughout the experiment to ensure stabil-
was repeated on 3 consecutive days. Samples were analysety; of the acid base-status of the water (Table 1). In all treat-
after thawing, using a nutrient autoanalyser (Branne andments pH, alkalinity, salinity and temperature remained con-
Luebbe, AAIIl) for ammonium, nitrate, nitrite, silicate and stant throughout the experiment. The sediment in all cores
phosphate concentrations using standard methods (Brewexppeared healthy based on the oxygenated colour of the sur-
and Riley, 1965; Grasshoff, 1976; Mantoura and Woodward face and the lack of animals appearing on the surface, which
1983; Kirkwood, 1989; Zhang and Chi, 2002). Silicate wasis often an indication of anoxia or otherwise contaminated
measured using standard colorimetric methods following pHsediment. Three cores (one each from pH=7.7, 7.3 and 6.8
buffering to convert all silicate ions and silicic acid to silicate treatments) were removed from the experiment after the base
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Table 1. Summary of water conditions throughout experiment. Values are me@®b% confidence intervals.

pH treatment measured pH TA (mEg/L) Sal(psu) T (°C) <QCalcite € Aragonite

8 7.98+0.003 1726105 36.04:0.03 11.930.07 1.81#0.11 1.16:0.07
7.7 7.69:0.01 248659 36 12.040.09 1.450.03 0.930.02
7.3 7.39£0.01 221476 36 11.920.07 0.53:0.02 0.34:0.01
6.8 6.76:0.04 24793 36.06£0.04 12.091.16 0.140.02 0.13#0.01
caps failed during the experiment causing the water to drain 4
out of the core resulting in air exposure and #hmphiura -
filiformis present to die. In the remaining corgsfiliformis n;—- 2 x 5 %
survival was always 100% with feeding arms visible above & | § :
the surface. £ :
. - . . . 5 2
3.2 Impact of Amphiura filiformison nutrient cycling E T % s § =
= o
Nitrate, nitrite and ammonium Amphiura filiformispres- 5 2
ence and density did not alter ammonium flux under normo- " ‘ . o .
capnic conditions (Fig. 1), while the flux of nitrite out of the 0 4 8 12 16 2 _S i?
sediment was significantly increased (Table 2Aafliformis A filiformis density ot
density increased. The flux of nitrate from the sediment into *®- - —c 638
the water column increased with densityfoffiliformisindi- 5
viduals present (Fig. 2). = T _§
Silicate and phosphate — the sediment uptake of phosphat: i g = Jg e e
significantly increased with increasigmphiura filiformis s ¥ g TR :g' -4
density (Table 2), while the sediment release of silicate re- § o 5 - A
mained stable and unchanged by the density.diliformis 3 | S N "
(Table 2, Fig. 3). E™ 5
g <]
3.3 Effect of pH on nutrient flux E & 2 -
]
A significant direct effect of pH on flux rate was only seen = . o 15 e
for nitrate (Fig. 2, Table 2) where a decreasing pH caused a A filiformis density

reduction in the uptake of nitrate to such an extent that the
sediment changed from being a sink to become a source dfig. 1. Relationship betweeAmphiura filiformisdensity anda)
nitrate between pH 7.3 and pH 6.8. None of the other nu-hitrite (line indicates best linear fit for the entire dataset) énd
trients measured (ammonia, nitrite, silicate and phosphategmmoniumflux rate (be'_s_tlinee_tr fitlines f_itted for eac_h pH). Density
responded directly to changes in pH (Table 2). denoted by_numberﬁ. fﬂlgormlspresent in a 10 cm diameter core,
and fluxes iumolm=—<h=-.
3.4 Impact of pH on the Amphiura — nutrient flux rela-
tionships

Despite no direct effect of pH ak. filiformis density (un-
There was a significant interaction between pH @d-  der normocapnic conditions) on ammonium flux rate, a sig-
phiura filiformis density exhibited for nitrate flux (Table 2). nificant interaction effect was identified between these two
At pH 8.0 A. filiformis density had no effect on the flux. main factors (Table 2); whilst no relationship betweferfil-
However, at reduced pH where sediment uptake of nitratéformis density and ammonium flux was seen in control or
was suppressed, the presencefofiliformis increased the  pH 7.7 treatments, increasiry filiformis density caused in-

positive flux, to some extent mitigating the suppression bycrease ammonium release from the sediment at pH 7.3 and
lowered pH. At pH=6.8 the sediment switched to become ag.8,

source of nitrate to the water column; however, this nutri-

) _ R - ) Phosphate flux (Fig. 3a) showed no responsérnphiura
ent loss was reduced with an increas@iirfiliformis density

: filiformis density at control pH, whereas at pH 7.7 the sed-
(Fig. 2). iment uptake increased with increasdfiliformis density,
this relationship remained but was far weaker at pH 7.3, and

Biogeosciences, 6, 2018624 2009 www.biogeosciences.net/6/2015/2009/



H. L. Wood et al.: The effects of hypercapnia and a brittlestar on nutrient fluxes 2019

Table 2. Effect of pH andAmphiura filiformisdensity on sediment nutrient flux determined using PERMANOVA analyses of two crossed,
fixed factors, pH: treatment pH levels (control, 7.7, 7.3, 6.8), Befiliformis density (0, 4, 8, 12, 16 individuals per core). SS shown in

table are Type I, however because the experimental design was fully balanced SS also represents Type Ill. Perm: the number of permutation:
carried out. P (perm): the permutational P value. Significant P values (to 95% significance level) are shown in bold.

Nitrate

Source d.f. SS MS Pseudo-F P(perm) perms
pH 3 908580 302860 57.987 0.001 999

De 4 68824 17206  3.2944 0.011 998
pHxDe 12 154680 12890  2.4681 0.008 997
Res 151 788650 5222.9

Total 170 1880800

Nitrite

Source d.f. SS MS Pseudo-F P(perm) perms
pH 3 81.014 27.005 0.30205 0.834 998
De 4 5335.8 1333.9 14.92 0.001 995
pHxDe 12 400.29 33.357 0.37311 0.966 999
Res 151 13500 89.404

Total 170 19461

Ammonium

Source d.f. SS MS Pseudo-F P(perm) perms
pH 3 25547 8515.6  1.455 0.217 999
De 4 26744 6685.9 1.1424 0.351 999
pHxDe 12 140870 11740  2.0058 0.022 999
Res 151 883750 5852.7

Total 170 1076800

Silicate

Source  d.f. SS MS Pseudo-F P(perm) perms
pH 3 503330 167780 2.2124 0.069 999
De 4 500620 125160 1.6504 0.143 999
pHxDe 12 1552900 129410 1.7065 0.046 999
Res 151 11451000 75835

Total 170 13785000

Phosphate

Source d.f. SS MS Pseudo-F P(perm) perms
pH 3 843.61 281.2 1.6292 0.182 999
De 4 5786.9 1446.7 8.3821 0.001 999
pHxDe 12 5154.6 42955 2.4887 0.009 998
Res 151 26062 172.6

Total 170 38131

the trend reversed at pH 6.8 where phosphate release frosh Discussion
the sediment was enhanced at increasefiliformis density.

Silicate flux out of the sediment exhibited no discernable This study has shown th#@tmphiura filiformiscan be con-
effect of A. filiformis density in the control, pH 7.7 or pH sidered as an ecosystem engineer in modifying sediment cy-
7.3 treatments (Fig. 3b). In the pH 6.8 treatment there iscling of nitrite and phosphate under normocapnic seawater
a density effect, where flux of silicate out of the sedimentconditions. The study has also demonstrated that changing
increased withA. filiformis density. seawater pH can have a significant effect on this organism’s

ecosystem engineering activities by altering the relationships
betweenA. filiformis density and sediment fluxes of nitrate,
ammonium, phosphate and silicate.
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Fig. 2. Relationship betweeAmphiura filiformisdensity and nitrate
flux, (best linear fit lines fitted for each pH). Density denoted by
number ofA. filiformispresent in a 10 cm diameter core, and nitrate
flux in wmolm=2h=1,

4.1 Impact of Amphiura filiformis on nutrient cycling

Nitrate, nitrite and ammonium — in normocapnic conditions
(control pH) there was no significant effect Amphiura fil-
iformis density on nitrate flux. This could imply, therefore,
that neither nitrification nor denitrification were affected, or, d
more likely nitrate production was enhanced through burrow ~ **
creation but this response was masked by a concomitant in-
crease in nitrate sediment uptake; because the flux results

obtained by the methods utilised in this study represent onlyrig. 3. Relationship betweeAmphiura filiformisdensity and(a)
net changes, an increase in both processes will therefore nphosphate angb) silicate flux rate (best linear fit lines fitted for
be reflected in the results. The greater surface area provideeach pH). Density denoted by number/uffiliformis present in a
by increased animal density also elucidates the significant in10 cm diameter core, and fluxesjmol m~2h~1,

crease in sediment nitrite release with increasing animal den-

sity; previous studies have shown burrows contain equal, angroperties as in this study. The impactfvirenson nitrite
at certain depths greater, numbers of nitrite oxidising bacte-and nitrate flux were the same as found hereAmphiura
ria than the sediment surface (e.g. Satoh et al., 2007) thufiliformis strengthening the concept of that ecological func-
the greater the number @i filiformisand therefore burrows tion i.e. burrow building was more important than the iden-
present in a core, the more nitrification and denitrification tity of the burrower. The difference in nitrate flux cannot be
will occur. While neither animal density nor pH significantly attributed to species identity as the distinctive patterns were
altered ammonium release from the sediment, the interactiostill present with no animals present. The difference may be
between these factors was significant. However, the extra stajue to seasonal differences in the nitrifying bacterial com-
tistical power generated when comparing across both factorsunities which were likely comprised of different species
(12 d.f. compare with 3 d.f. for pH and 4 d.f. for density) due to seasonal succession; the sediment used in the current
is sufficient to demonstrate that the biological control of am-study was collected in early January whereas Widdicombe
monium flux was dependant on seawater pH. and Needham (2007) collected their sediment in June. An-
The changes to nitrate flux in this present study are the opether possibility is differing microphytobenthos (MPB) com-
posite of those found by Huesmann et al. (2002) who foundmunities that responded differently to changing pH as ben-
no evidence of nitrification inhibition at lowered pH. How- thic microalgae are known to significantly reduce coupled
ever their data were derived from the response of nitrificationnitrification-denitrification (Risgaard-Petersen, 2003). Com-
in open water and does not take into account the many conmunity changes in bacteria and MPB are two potential ex-
tributory factors of nutrient supply and use which occur at planations for the difference in the results from this current
the exchange between the sediment and overlying water. Atudy and previous works, however these parameters were
benthic nutrient flux investigation by Widdicombe and Need- not investigated here and much more work is required to
ham (2007) found nitrate uptake was significantly reducedverify the influence of these factors on changes to sediment-
by pH despite the same basic sediment nutrient sink/sourcevater nutrient fluxes with pH.

&y
&
=1

O gm

Silicate flux (umol m™ h™")

il 5 10 15 20
A filiformis density
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Silicate and phosphate- Increasing levels ob@€@n inten- 4.2 Effect of pH on nutrient flux
sify and/or alter the relationship betweanfiliformisdensity
and the sediment flux of phosphate and silicate. The significant effect of pH on nitrate flux was clearly visible
Phosphate flux significantly changed with densityAofi- as a reduction in sediment uptake demonstrated by the differ-
phiura filiformis switching the sediment from a source to a ing flux values when brittlestars were absent across pH treat-
sink. The transport of phosphate from water to sedimentments. The net sediment uptake or release of nitrate is me-
can be influenced by sorption. Our results suggest that theliated by the balance between a host of bacterially mediated
density dependant increase in phosphate uptake results frotsiogeochemical processes; coupled nitrification — denitrifica-
sediment oxygenation as a result of increased bioirrigatiortion, dissimilatory nitrate reduction to ammonium and anam-
and therefore increased oxic adsorption of phosphate iongnox. Consequently, the changes in nitrate flux observed in
the oxidised burrow walls of many burrows form insoluble the current study could results from pH induced impacts on
iron-manganese compound upon which sorption readily ocany one, or indeed all, of these processes. Currently, data
curs (Aller, 1980). Indeed, fd¥ereis virensincreased worm  which describe the response of these key processes to seawa-
density resulted in increased sediment P uptake (Clavero der acidification are limited. Huesmann et al. (2002) reported
al., 1994). ltis also probable that microphytobenthos (MPB)decreased nitrification at lowered pH with a 50% reduction
utilises some phosphate; with more surface area and, witlat pH 7 and 90% at pH 6.5; however, while denitrification
the presence of more burrows, the activity of MPB will also bacteria are known to be influenced by pH (e.g. Knowles,
increase with animal density (Tang and Kristensen, 2007)1982; Lin and Shieh, 2006) there are few data on pH ranges
Thus, sediment P uptake was influenced by burrow, and irof marine sediment denitrifiers- most knowledge of in situ
this caséA. filiformis, presence (but not pH), as long as theseoptima are derived from terrestrial soil systems (e.g. Bothe
brittlestars are able to maintain their burrows. Regardlest al., 2000). Based on previous results from Widdicombe
of potential changes to irrigation rate, these phosphate datand Needham (2007) and Widdicombe et al. (2009), sedi-
provide indirect evidence that filiformisirrigation function ~ ment uptake of nitrate would be expected to increase. In ad-
is not completely halted by lowered pH, for if this were the dition to fuelling bacterial pathways, nitrate in sediments can
case a pH change to phosphate sorption should have beeriso be utilised by the microphytobenthos (MPB), thus alter-
observed. ing N levels within the sediment (Lorenzen et al., 1998). So
In the current study, silicate exhibited a consistent releaseny apparent change in nitrate uptake by the sediment in re-
from the sediment; a balance between oxic precipitation andponse to elevated levels of @©@ould have resulted from a
silicaceous waste production by infauna. This is consistentombination of bacterial and microalgal processes. The cur-
with other publications indicating a steady release of silicaterent study has shown that changes in seawater pH can have a
from the sediment. (e.g. van der Loeff et al., 1984; Tengbergsignificant effect on the net flux of nitrate across the sediment
et al., 2004). Silicate flux initially appeared independent of water interface. It is now imperative that further investiga-
both pH andAmphiura filiformisdensity treatments, suggest- tions identify the individual biogeochemical responses that
ing A. filiformis, and its associated bioturbation and burrow underlay these net effects.
creation played little role in silicate cycling. If the impact  Net nitrite production in the sediment was not affected by
of A. filiformis on phosphate flux was due to oxygenation of lowered pH here. In addition, net ammonium flux did not
the sediment and thus enhanced deposition then a change #lange as a result of pH, indicating the bacterial processes
silicate flux in response to changing animal density wouldwhich breakdown organic material and produce ammonium
have been expected. HowevAx,filiformisis likely to spend  were not influenced by Cg&related acidification hypercap-
a proportion of its time deposit feeding on silicate rich sedi- nia. Neither phosphate nor silicate fluxes were altered by
ment and therefore excreting silicate rich waste. This type ofCO,-induced acidification alone. However it is likely that the
biological impact on silicate efflux has previously been sug-effect of pH is hidden by the significant interaction between
gested for other deposit feeders in ocean acidification studpH andA. filiformis density (Table 2) which is discussed fur-
ies; Nereis virens(Widdicombe and Needham, 2007) and ther in the following section.
Echinocardium cordaturfWiddicombe et al., 2009). There-
fore, the net flux of silicate will be a balance between the oxic4.3 Impact of pH on the Amphiura-nutrient flux rela-
precipitation of silicate (uptake) and the excretion of silicate tionships
rich waste (release), both of which could increase witfil-
iformis density. It is possible therefore that filiformis had Nitrate flux exhibited a significant interaction between pH
a significant effect on both uptake and release processes band Amphiura filiformisdensity. In this case the presence
the overall net effect resulted in no significant change. of A. filiformis mitigated the suppression of nitrate uptake at
lowered pH to some extent (Fig. 2); at pH 7.7, returning the
sediment nitrate consumption to control levels in the highest
density cores. Increasel filiformis density increased the
positive flux of nitrate at pH 7.7 and pH 7.3. In the lowest
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pH treatment (pH 6.8) the flux became negative i.e. a sourceéhe density dependant increase in sediment phosphate uptake
of nitrate to the water column. However, this release of nu-seen slightly at control and more so at pH 7.7. The stronger
trients from the sediment was reduced with increasginfji- response at pH 7.7 is probably a reflection of the previously
formisdensity. The significant positive influence on flux into documented (Wood et al., 2008) increased oxygen demand
the sediment (or in the case of the pH 6.8 treatment a reducef A. filiformis at lowered pH which is expected to result in
tion in the loss of nitrate from the sediment) could be a resultan increased rate of burrow irrigation and therefore supply
of the burrow environment created by tAefiliformis pres-  of phosphate to the burrows where sorption occurs. The de-
ence; burrow irrigation and sediment bioturbation generallycreasing strength of this density response at pH 7.3 could re-
increases the exchange of dissolved material, in this case nflect an inhibition of MPB production and therefore reduced
trate, between sediment porewater and the overlying watedemand for phosphate. By pH, 6.8 where sediment release of
(Banta et al., 1999) and diffusive gradients cause absorptiophosphate increases wig filiformis density, MPB uptake
into the sediment where denitrification then occurs. As suchpof phosphate appears greatly diminished and given the docu-
the greater the density, the more irrigation and bioturbationmented muscle wastage withdn filiformisat low pH (Wood
and therefore sediment nitrate uptake. When the slope of thet al., 2008) it is probable that burrow irrigation, while con-
density vs. flux plots are examined it is seen that the influ-tinuing, had slowed in rate.
ence of théA. filiformisdensity is greater in the pH 7.7 treat-  The flux of silicate out of the sediment showed little im-
ment than pH 7.3 and pH 6.8; this may be due to an optimapact of Amphiurapresence at control pH, 7.7 or 7.3, how-
scenario whereby increased oxygen consumption at loweredver at pH 6.8 the flux of this nutrient out of the sediment
pH reduces sediment oxidisation, yet muscle wastage is minincreased. Given that silicate release from the sediment is
imal thus irrigation continues to supply nitrate to the sedi- a balance between oxic precipitation and silicaceous waste
ment. Both increased oxygen consumption and arm muscl¢hese data suggest that until pH 6.8, any increase in precipi-
wastage are physiological responses recordeéd filiformis tation into the sediment as a result of the burrow surface area
as a result of exposure to G@elated acidification (Wood et and irrigation due tdA. filiformis is tempered by increased
al., 2008). However, the effect of muscle wastage on irri- silicaceous waste produced by the presence of the game
gation capability and rate requires further investigation. Thefiliformis. This compensation in response breaks down at 6.8
significant interaction between both pH and density was atwhereby an increase in silicate release from the sediment is
tributable to the differing influence of density which had no seen with increased. filiformis density. As with phosphate,
effect on the flux at control pH, but a significant effect at low- this suggests the rate of burrow irrigation has decreased as a
ered pH as described above. This same pattern is also se@esult of arm muscle wastage so that while the brittlestars are
in the significant interaction between pH and density for am-still producing silicaceous waste they are not facilitating oxic
monium flux; where increasing. filiformisdensity increases  precipitation.
ammonium release from the sediment in the lowest two pH
treatments but not at control pH or pH 7.7. Overall the inter-
action of pH and density effects on nitrate and ammonium5 Conclusions
fluxes indicate that the biological control (through bioirri-
gation) of the nitrogen cycle nutrients across the sedimentThe results presented here confirm thatphiura filiformis
water boundary may become even more important in a higkare important bioturbators that affect nitrate flibhe role
COp, future. of A. filiformisin nutrient cycling is not necessarily unique;
Phosphate and silicate, both of which rely on similar rather a function of their bioturbation and burrow irriga-
sediment-water exchange mechanisms, displayed a signifiion activities. It is probable that high densities (often
cantinteraction between pH and density whereby density had-100ind. nf but up to 3000ind. m have been recorded,
no visible effect on fluxes at control pH. At pH 7.7 phosphate Rosenberg, 1995) and in particular constant burrow irriga-
flux increased with increasedmphiura filiformisdensity  tion, results in their dominance as a bioturbator and ecosys-
whilst silicate flux, showed little effect of density at this level tem engineer in soft sediments.
of pH. As pH decreased further no density effect is observed Physiological changes tAmphiura filiformisas a result
at pH 7.3 for either silicate or phosphate. By pH 6.8 both of ocean acidification can impact on nitrate fluxes indirectly
nutrients show a density effect, with increasedfiliformis by changing the bioirrigatory activity oA. filiformis either
density increasing the flux of both silicate and phosphate outlirectly through an increased demand for oxygen or food,
of the sediment. The biological explanation for this responseor indirectly by muscle wastage that reduces the capacity to
to both pH andA. filiformis density of phosphate flux could bioirrigate. In the case of nitrate at the intermediate altered
be attributed to changes . filiformis bioirrigatory func-  pH of 7.7 the presence &. filiformis even mitigates the ef-
tion; as previously stated the increased sediment surface ardact of pH creating a situation whereby the biological con-
in the higher density treatments, as a consequence of burrowol of nutrient flux is enhanced. It is still not clear whether
presence, results in both a larger surface area for sorption airm movement is impaired i. filiformisas a result of C&
phosphate into the sediment. Both factors therefore explaimelated, muscle wastage; however the changes to both sili-
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cate and phosphate flux at pH 6.8, where the greatest musckothe, H, Jost, G, Schloter, M, Ward, B. B., and Witzel, K. P.:
wastage is seen, support this. If muscle atrophy is ongoing, it Molecular analysis of ammonia oxidation and denitrification in
would only be a matter of time before the brittlestar loses its natural environments, FEMS Microbiol. Rev., 24(5), 673-690,
feeding/irrigating ability and dies; in which case the question 2000

is can another macrofaunal burrower fill the same nutrient Cy_Brt_awer, P. G. and Riley, J. P.: The automatic determination of nitrate
in sea water, Deep-Sea Res., 12(4), 765-772, 1965.

cling niche? Most common bioturbators irrigate sporadically ) . .
her than continuously liké. filiformisand what difference  Suchanan. J. B.: A comparative study of some features of the biol-
ra_t . . Y IIKE L ogy of Amphiura filiformisand Amphiura chiajei(Ophiuroidea)
this has W'_" require further '_nVESt'gat'on'_ . ) considered in relation to their distribution, J. Mar. Biol., Assoc
Net nutrient exchange with the overlying water is an im- UK, 44, 565-576, 1964.
portant sediment function. Through characterising the im-chyristensen, B., Vedel, A., and Kristensen, E.: Carbon and nitrogen
pact ofAmphiura filiformison this net nutrient exchange, and  fluxes in sediment inhabited by suspension-feedgréis di-
documenting how ocean acidification changes this relation- versicolo) and non-suspension-feedinly-yireng polychaetes,
ship, this study has also highlighted the extent to which el- Mar. Ecol. Prog. Ser., 192, 203-217, 2000.
evated levels of C@can affect the important relationships Clavero, V., Niell, F. X., and Fernandez, J. A.: A laboratory study
which exist between the key components driving ecosystem t0 quantify the influence oNereis diversicoloiO. F. Muller, in
function. It is also necessary to appreciate the manner by the exchange of phosphate between sediment and water, J. Exp.

. - . Mar. Biol. and Ecol., 176(2), 257-267, 1994.
\t/ivrfrlllgh these relationships vary naturally through space anq:)ale, A. W. and Prego, R.: Physico-biogeochemical controls on
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