
This is a repository copy of Alteration of organic matter during infaunal polychaete gut 
passage and links to sediment organic geochemistry. Part II: Fatty acids and aldoses.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/93855/

Version: Accepted Version

Article:

Woulds, C, Middelburg, JJ and Cowie, GL (2014) Alteration of organic matter during 
infaunal polychaete gut passage and links to sediment organic geochemistry. Part II: Fatty 
acids and aldoses. Geochimica et Cosmochimica Acta, 136. pp. 38-59. ISSN 0016-7037 

https://doi.org/10.1016/j.gca.2014.02.013

© 2014, Elsevier. Licensed under the Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International 
http://creativecommons.org/licenses/by-nc-nd/4.0/

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright 
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy 
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The 
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White 
Rose Research Online record for this item. Where records identify the publisher as the copyright holder, 
users can verify any specific terms of use on the publisher’s website. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


Alteration of organic matter during infaunal polychaete gut passage and 1 

links to sediment organic geochemistry. Part II: Fatty acids and aldoses 2 

*Clare Woulds a,b, Jack J. Middelburg c,d, Greg L. Cowie b 3 

a water@leeds, School of Geography, University of Leeds, Leeds LS2 9JT, UK, c.woulds@leeds.ac.uk 4 

b School of GeoSciences, University of Edinburgh, West Mains Road, Edinburgh EH9 3JW, UK 5 

c Faculty of Geosciences, Utrecht University, Budapestlaan 4, 3584 CD Utrecht, The Netherlands 6 

d Department of Ecosystem Studies, Royal Netherlands Institute for Sea Research, Korringaweg 7, 4401 NT 7 

Yerseke, The Netherlands 8 

* Corresponding author at: water@leeds, School of Geography, University of Leeds, Leeds LS2 9JT, UK, 9 

c.woulds@leeds.ac.uk, Tel: +44 (0)113 343 9440, E-mail c.woulds@leeds.ac.uk. 10 

Abstract 11 

The activities of sediment-dwelling fauna are known to influence the rates of and pathways through 12 

which organic matter is cycled in marine sediments, and thus to influence eventual organic carbon 13 

burial or decay. However, due to methodological constraints, the role of faunal gut passage in 14 

determining the subsequent composition and thus degradability of organic matter is relatively little 15 

studied. Previous studies of organic matter digestion by benthic fauna have been unable to detect 16 

uptake and retention of specific biochemicals in faunal tissues, and have been of durations too short 17 

to fit digestion into the context of longer-term sedimentary degradation processes. 18 

Therefore this study aimed to investigate the aldose and fatty acid compositional alterations 19 

occurring to organic matter during gut passage by the abundant and ubiquitous polychaetes Hediste 20 

diversicolor and Arenicola marina, and to link these to longer-term changes typically observed during 21 

organic matter decay.  22 

This aim was approached through microcosm experiments in which selected polychaetes were fed 23 

with 13C-labelled algal detritus, and organisms, sediments, and faecal pellets were sampled at three 24 

timepoints over ~6 weeks. Samples were analysed for their 13C-labelled aldose and fatty acid 25 

contents using GC-MS and GC-IRMS. 26 

Compound-selective net accumulation of biochemicals in polychaete tissues was observed for both 27 

aldoses and fatty acids, and the patterns of this were taxon-specific. The dominant patterns included 28 

an overall loss of glucose and polyunsaturated fatty acids; and preferential preservation or 29 

production of arabinose, microbial compounds (rhamnose, fucose and microbial fatty acids), and 30 
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animal-synthesised fatty acids. These patterns may have been driven by fatty acid essentiality, 31 

preferential metabolism of glucose, and Arenicola marina grazing on bacteria. 32 

Fatty acid suites in sediments from faunated microcosms showed greater proportions of saturated 33 

fatty acids and bacterial markers than those from afaunal controls. Aldose suite alterations were 34 

similar in faunated microcosms and afaunal controls, however the impact of faunal gut passage on 35 

sedimentary aldose compositions may be observable over longer timescales. Therefore this study 36 

provides direct evidence that polychaete gut passage influences OM composition both through 37 

taxon-specific selective assimilation and retention in polychaete tissues, and also through 38 

interactions with the microbial community. 39 

40 



 41 

1. Introduction 42 

Marine sediments are an important location for burial of organic matter (OM), with an estimated 43 

130 Mt C y-1 buried in deltaic and shelf settings (Berner, 1982; Burdige, 2007). At the same time, 44 

remineralisation of OM in marine sediments is a key mechanism for returning nutrients to the water 45 

column. Further, sedimentary OM dynamics exert a significant control over benthic ecology, with 46 

many infaunal organisms feeding on settled detritus and in situ microphytobenthos production. 47 

The preservation of OM in sediments has been shown to be enhanced by rapid sediment 48 

accumulation rates, low oxygen exposure times, and sorptive protection on fine-grained sediment 49 

surfaces, factors which all minimise the extent of microbial degradation (e.g. Canfield, 1994; Burdige, 50 

2007; Blair and Aller, 2012). The actions of macrofauna have also been shown to affect OM 51 

degradation and burial rates, through physical movement of particles during bioturbation, and by 52 

stimulating microbial activity during bioirrigation (e.g. Aller and Aller, 1998; Sun et al., 2002).  53 

The least well studied mechanism through which fauna influence sedimentary OM dynamics is direct 54 

ingestion and digestion. Of the limited number of studies of OM digestion by marine fauna, many 55 

focus on pelagic species, and are dominantly concerned with questions regarding organism nutrition 56 

(e.g. Muller-Navarra, et al., 2000; Parrish et al., 2012). In some benthic settings, macrofauna may be 57 

abundant and activW Wﾐﾗ┌ｪｴ デﾗ けヮヴﾗIWゲゲげ ふｷﾐｪWゲデ ;ﾐS WｪWゲデぶ ﾏﾗゲデ ﾗヴ ;ﾉﾉ ﾗa デｴW OM SWﾉｷ┗WヴWS デﾗ デｴW 58 

system (Herman et al., 1999). For example, at a typical density of 40-80 individuals m-2, the 59 

polychaete Arenicola marina can process the entire sediment surface to a depth of 17-40 cm every 60 

year (Kristensen, 2001). It is widely recognised that this gut passage must have an effect on the 61 

subsequent geochemistry and susceptibility to decay of sedimentary OM (e.g. Aller, 1994; 62 

Smallwood et al., 1999). However, studies that include a detailed characterisation of OM alteration 63 

following gut passage have been comparatively rare. Thus, this potentially key determinant of 64 

sedimentary OM composition and susceptibility to decay is not well understood. Developing this 65 

understanding is important for furthering our understanding of sedimentary C cycling, and may also 66 

provide insights into the source and formation of the uncharacterisable fraction of OM, which 67 

dominates that which is eventually buried. 68 

Macrofaunal gut passage may alter OM composition and degradability in several ways. Bioturbation, 69 

for example, can transport OM between redox zones (Aller, 1994; Aller and Aller, 1998). Gut passage 70 

also leads to mixing and re-packaging of sediment, leaving fresh surfaces exposed to microbial 71 

attack. Further, macrofaunal guts feature a mix of enzymes, surfactants and acids, the purpose of 72 



which is to extract nutrition from sedimentary OM (Mayer et al., 1997; Ahrens et al., 2001; Voparil 73 

and Mayer, 2004). In addition, they contain a gut flora, some of which may be egested with the 74 

sediment (Plante, 2010), and may also accelerate decay. 75 

Many of the previous studies of geochemical changes occurring during polychaete gut passage come 76 

from contaminant literature, or have an ecological perspective. Thus, some work has focused on 77 

determining the bioavailability of heavy metals and organic pollutants in contaminated sediment 78 

(e.g. Wallace and Lopez, 1997). Other work has focused on measuring characteristics of organisms 79 

such as their feeding rates and the efficiency with which they assimilate the carbon in their diets 80 

(e.g. Amouroux et al., 1989; 1997). This dominantly ecological perspective means that, with notable 81 

exceptions (e.g. Bradshaw et al., 1990a; b; 1991; Sun et al., 1999; Grossi et al., 2006), links between 82 

studies of gut passage and wider sediment organic geochemistry are rarely made. 83 

More recently, studies of digestion and gut passage have started to provide compositional detail on 84 

the alteration of OM during macrofaunal gut passage. For example, gut passage produces an 85 

increase in the concentration of the amino acid glycine in OM (Thomas and Blair, 2002; Woulds et 86 

al., 2012), although this change seems not to be specific to macrofaunal gut passage (Woulds et al., 87 

2012). Other amino acids, such as methionine and glutamic acid, are rapidly lost during gut passage 88 

(Cowie and Hedges, 1996; Woulds et al., 2012).  89 

Carbohydrates can account for 10-70% of algal biomass (Romankevich, 1984), were observed to 90 

account for 15-30% of C fixation by microphytobenthos in a labelling study (Oakes et al., 2010), and 91 

can contribute up to 85% of porewater dissolved organic carbon (Arnosti and Holmer, 1999; Burdige 92 

et al., 2000). Carbohydrates play varied, important roles in the functioning of coastal sediments, as 93 

extracellular polymeric substances (EPS) which contribute to sediment cohesion, as the first 94 

products of photosynthesis, a C store in algal cells, a C source for consumers and detritivores, and a 95 

long-term detrital C store (e.g. Boschker et al., 2008; Oakes et al., 2010). Further, estuarine and 96 

coastal sediments receive significant amounts of OM derived from macrophytes, in which 97 

carbohydrates serve important structural functions, particularly in the form of cellulose. Thus, their 98 

alteration during gut passage warrants further study. Previous studies of changes to aldose 99 

abundances during gut passage are less common than studies of amino acids and lipids. In a 100 

zooplankton feeding experiment, Cowie and Hedges (1996) found that faecal pellets showed 101 

depleted glucose and enriched mannose concentrations compared to the food source (diatoms), and 102 

concluded that this represented preferential assimilation or metabolism of cell contents, as opposed 103 

to cell-wall material. We are not aware of any studies of carbohydrate alteration during gut passage 104 

by benthic fauna, despite their importance as an energy source in the sediment.  105 



Lipids constitute ~5-40 % of algal biomass (Romankevich, 1984), and thus form a significant fraction 106 

of the flux of C and energy to benthic ecosystems. Fatty acids in particular are assimilated, 107 

transformed and synthesised by organisms at all trophic levels, resulting in some which can be used 108 

as trophic markers for reconstructing food webs (Dalsgaard et al., 2003). Further, the concentration 109 

of specific fatty acids in primary producers have been shown to determine the efficiency of energy 110 

transfer from primary producers to primary consumers (Muller-Navarra et al., 2000), and a select 111 

group of such important fatty acids are essential in the diets of heterotrophs (e.g. Parrish et al., 112 

2012). Specific lipid compounds are also used as biomarkers for OM sources, and the occurrence of a 113 

wide range of taxonomic groups and biogeochemical processes.  114 

Studies of the alteration of lipid compositions during gut passage are only slightly more abundant 115 

than those for carbohydrates. Bradshaw et al. (1989; 1990a; b; 1991) established for several benthic 116 

invertebrates that fatty acids, and particularly mono- and poly-unsaturated fatty acids were 117 

preferentially assimilated, while odd-carbon-ﾐ┌ﾏHWヴ けH;IデWヴｷ;ﾉげ a;デデ┞ ;IｷSゲ ┘WヴW IﾗﾐデヴｷH┌デWS デﾗ デｴW 118 

faeces. In addition, certain sterols were assimilated, while others were contributed to the faeces. 119 

More recently, Sun et al. (1999) studied changes in sedimentary lipid compositions with and without 120 

the presence of the bivalve Yoldia limatula. The changes they measured were not necessarily due to 121 

gut passage (they analysed bulk sediment, not just faecal pellets), but they established that the 122 

presence of Yoldia accelerated the decay  of algal lipids, and suppressed the accumulation of lipids 123 

generated during microbial degradation (Sun et al., 1999). 124 

A notable shortcoming of many previous studies is that they have been limited to examining the 125 

compositional differences between food, faecal matter, and, sometimes, faunal tissues. This 126 

provides an incomplete picture of the fate of ingested biochemicals. For those compounds which are 127 

depleted in faecal matter, it is not clear whether they have been metabolised or assimilated, or, if 128 

assimilated, how long they may be retained in faunal tissues.  129 

Isotope tracing techniques provide a way to quantify assimilation and retention of C. Initially, 14C was 130 

used to determine feeding rates and assimilation efficiencies for bulk carbon (e.g. Amouroux et al., 131 

1989; 1997; Charles et al., 1995). Further techniques have recently become available that allow 132 

stable isotopes, which are easier to work with, to be reliably detected both in bulk OM, and in 133 

individual biochemicals including fatty acids, amino acids, and aldoses (Sun, 2000; Boschker et al., 134 

2008; Woulds et al., 2010).  135 

Considering the methodological limitations of previous work, the aim of this study was to apply 136 

compound-specific stable isotope tracing techniques to study the uptake and losses of aldoses and 137 



fatty acids during macrofaunal gut passage, and, for the first time, to link this to the organic 138 

geochemical changes observed during OM decay. Together with a previous publication reporting 139 

amino acid data from the same experiments (Woulds et al., 2012), this study represents the most 140 

complete description of OM alteration during gut passage that is available to date.  141 

2. Methods 142 

A feeding experiment was conducted in April-May 2007 at the Royal Netherlands Institute for Sea 143 

Research (NIOZ) in Yerseke. 144 

2.1 Study sites and fauna 145 

Two species of abundant and ubiquitous polychaete were chosen for use in a feeding experiment. 146 

These were the lugworm Arenicola marina, a sedentary, head-down conveyor belt feeder (Jones and 147 

Jago, 1993; Retraubun, 1996; Riisgard and Banta, 1998), and Hediste (formerly Nereis) diversicolor, a 148 

comparatively motile surface deposit feeder that also constructs gallery-type burrow systems 149 

(Evans, 1971; Ronn et al., 1988). These two species were chosen because they are abundant and 150 

ubiquitous in European estuaries, and thus have the potential to exert dominant controls over 151 

sediment biogeochemistry. They are also representative of temperate estuarine and coastal settings 152 

as a whole and represent valuable contrasts in feeding behaviour. 153 

Surface (10 cm) sediment and fauna for the feeding experiment were collected from two intertidal 154 

sites in the Westerschelde estuary; a sandy, organic-matter-poor site at 51.487262 N, 4.058526 E 155 

was the source of Arenicola and associated sediment, and a muddy, more organic-rich site at 156 

51.55384 N, 3.873247 E provided the same for Hediste.  157 

2.2 Microcosm construction 158 

Sediment collected from each site was homogenised and then frozen and thawed twice, to kill 159 

macro- and meiofauna. Despite the introduction of dead animal OM this causes, it was considered 160 

preferable to sieving the sediment as it produced more comprehensive defaunation (also removal of 161 

meiofauna), and at the same time avoided excessive disruption to sediment structure/texture. It was 162 

then used to construct replicate microcosms for each site, each one consisting of a column of 163 

sediment overlain by filtered (0.2 m) estuarine water. Hediste microcosms were constructed in 10 164 

cm i.d. acrylic tubes, sealed at the bottom with a bung, and covered with aluminium foil to exclude 165 

light. Sediment columns were ~15 cm deep. Arenicola microcosms were constructed in tubs with 166 



980 cm2 surface area, to allow the greater surface area and sediment depth (at least 20 cm) required 167 

by the species. 168 

Six Hediste microcosms (2 per timepoint, see below), and three Arenicola microcosms (one per 169 

timepoint) were constructed. In addition, control microcosms were constructed using each type of 170 

sediment in 5.4-cm diameter acrylic tubes. They were smaller due to limitations on the quantity of 171 

13C labelled algae available. Control microcosms were fed as all other microcosms, but did not 172 

contain polychaetes. The number of microcosms used was limited by the availability of 13C-labelled 173 

algae, which is expensive and labour intensive to grow. We favoured fewer, larger microcosms in 174 

order to better recreate natural conditions and to avoid wall effects. Replicate individual 175 

polychaetes were present in each microcosm (numbers given below). These individuals are actually 176 

pseudo-replicates, however a consideration of polychaete bulk isotopic signatures (Woulds et al., 177 

2012) showed no significant difference between Hediste in replicate microcosms. Therefore most of 178 

the variability occurs between individual animals, and pseudo-replication provides useful 179 

information. 180 

Specimens of Hediste and Arenicola were collected and stored for 2-3 days in aerated, filtered 181 

seawater in a controlled temperature laboratory. The following day, individuals that still appeared 182 

healthy were weighed and measured, before being introduced into the microcosms at a density of 183 

1018 ind. m-2 for Hediste, and 71 ind. m-2 for Arenicola, which are within the natural observed 184 

density ranges for these taxa (Kristensen, 2001; Defew et al., 2002). Average wet weights were 1 g 185 

for Hediste and 6.7 g for Arenicola.  The polychaetes were allowed to acclimatise in the microcosms 186 

for 2-3 days before the experiment began; thus the animals are not considered to have been starved 187 

before feeding. 188 

2.3 Feeding experiment 189 

The feeding experiment started with addition of dead, freeze-dried, 13C-labelled (64.6 atom%) 190 

diatoms (Skeletonema costatum, grown at NIOZ, Yerseke) to each microcosm once per day for 8 191 

consecutive days. Algae were added as a slurry to the overlying water, and allowed to settle onto the 192 

sediment surface. The total amount of food added was equal to 3.5 g C m-2 for Hediste, and 3.1 g C 193 

m-2 for Arenicola. Comparatively high doses were used to ensure that detectable label was present 194 

at the end of the experiment. The slight difference in carbon dose between Hediste and Arenicola 195 

microcosms was necessitated by the limited availability of 13C-labelled algae.  196 

Microcosms were ventilated by constant bubbling of air into the overlying water. The temperature 197 

was maintained at 15こC, appropriate for the average temperature of the season, and lights were set 198 



to an automatic 12-h light and dark cycle. To prevent accumulation of respiratory metabolites or salt 199 

(from evaporation), overlying water was exchanged every ~4 days. 200 

Sub-sets of the microcosms were sacrificed and preserved as soon as possible after the last day of 201 

feeding (day 10 for Hediste and day 9 for Arenicola), and at 22 or 21 days (for Hediste and Arenicola 202 

respectively). At the 21/22 day timepoint, animals were carefully removed from the remaining, un-203 

sacrificed microcosms and transferred into freshly constructed microcosms that had not been fed 204 

with 13C-labelled algae, so that we could observe aldose and fatty acid retention in and loss from 205 

polychaete tissues. Animals remained in the unlabeled microcosms for a further ~15 days, with final 206 

sampling on days 38 and 37 for Hediste and Arenicola respectively. For Hediste the number of 207 

individual polychaetes recovered at the three successive timepoints (A and B replicates) were 15, 20 208 

and 10, and for Arenicola the numbers were 9, 10 and 4. At regular intervals between sampling 209 

timepoints, samples of fresh Arenicola faecal matter were collected using a spatula and frozen, old 210 

faecal matter having first been cleared away the previous evening. 211 

Microcosm sacrifice and sampling involved carefully extruding and sectioning sediment from Hediste 212 

microcosms. Animals were collected whole as they were discovered. All core sectioning was at 0.5 213 

cm intervals to 2 cm depth, followed by 1 cm intervals to 10 cm depth. For Arenicola microcosms, 214 

samples of faecal matter were first collected from the sediment surface using a spatula. Triplicate 215 

sub-cores were then collected and sectioned in 60-ml syringe barrels with the closed ends cut off.  216 

The remaining sediment was then carefully dug out, and animals were collected whole as they were 217 

found. 218 

Sediment samples were frozen. Animals were placed in petri dishes containing only water. They 219 

were allowed to egest their gut contents for 2-5 h, before they and their gut contents were frozen 220 

separately in pre-combusted glass vials. Gut clearance was not complete after this time (~80% 221 

complete, visual estimation). Complete gut clearance can take weeks in starvation conditions, and a 222 

longer wait was avoided in order to prevent changes in aldose and fatty acid metabolism. Further, 223 

physical extraction of gut contents before analysis would have caused loss of tissue and fluids which 224 

would have introduced a greater artefact than allowing a small amount of relatively OM poor 225 

sediment to remain in the sample. Data from gut contents are not presented here, but, as samples 226 

were too small to analyse, this gap in the data is unlikely to have impacted on quantitative aldose 227 

budgets (see below). When interpreting data from sediment samples it should be remembered that 228 

they were likely to contain fresh algal OM, as well as that which had been subject to gut passage. 229 

2.4 Analytical 230 



Sediment and faecal matter samples were freeze-dried and homogenised by gently disaggregating 231 

the dried sample by hand. Frozen animals were thawed and homogenised using a potter tube, 232 

before being freeze dried. 233 

Aldoses. Samples were analysed for 13C-labelled aldoses as their alditol acetate derivatives following 234 

the protocol of Woulds et al. (2010). Briefly, dried samples were hydrolysed in concentrated H2SO4 at 235 

room temperature for 30 mins, followed by a 9x dilution, and continuation of hydrolysis at 100こC for 236 

3 h. Myo-inositol internal standard was added, and samples were neutralised to pH 5.5-6.5 through 237 

addition of BaOH2. The solution was separated from the precipitate by centrifugation, and aldoses 238 

were reduced to alditols overnight following addition of KBH4. Samples were cleaned up by passage 239 

through cation (Dowex 50WX8 Hydrogen form 50-100 mesh) and anion (Dowex 1X8 Chloride form 240 

100-200 mesh) exchange resin, and dried. Alditols were acylated in the presence of methyl imidazole 241 

and acetic anhydride at 110こC for 10 mins. The reaction was quenched with Milli-Q, and alditol 242 

acetates were extracted with dichloromethane (DCM). Derivatised samples were analysed on an 243 

Agilent 6890 gas chromatograph (GC) with an HP 5973 mass spectrometer detector (MS) using a 60-244 

m, 0.32-mm i.d. SP2330 (Supelco) column with a 0.2 m film thickness. The oven programme started 245 

at 90こC and ramped at 20こmin-1 to 190こC, and then at 4こCmin-1 to 250こC where it was held for 11 246 

mins. The splitless injector was at 280こC, and the He carrier gas flowed at 2 ml min-1. The interface 247 

between GC and MS was held at 280こC, and the quadrupole was at 106こC. Chemical ionisation was 248 

used, with methane at 20% as the reagent gas, and a relatively low source temperature of 154こC. 249 

This yielded pseudo-molecular ions that were detected using selective ion monitoring, and used for 250 

quantification (Woulds et al., 2010). Calibration of naturally present, unlabeled aldoses was 251 

conducted using the internal standard and a single external standard included in each sample batch. 252 

Commercially available standards were not suitable for calibration of 13C-labelled aldoses, as they do 253 

not contain highly 13C-labelled quantiaｷWヴ ｷﾗﾐゲく TｴWヴWaﾗヴW けｷゲﾗデﾗヮWげI;libration curves (Woulds et al., 254 

2010) were constructed using volumetric mixes of independently characterised aldose derivatives 255 

from labelled algae and unlabeled sediment. Thus the amounts of algae-derived and natural 256 

sediment-derived aldoses in each mix was known, and this was then related to the responses of the 257 

natural and 13C-labelled quantifier ion for each compound. For further details see Woulds et al. 258 

(2010). Relative standard deviations on concentrations of 13C-labelled aldoses using this method are 259 

~10% for faunal samples, and ~25% for the less homogenous sediment samples (Woulds et al., 260 

2010). Even with this degree of variability, statistically significant trends in the data were found. 261 

Fatty acids. Lipids were extracted using a modified Bligh-Dyer extraction. Freeze-dried samples were 262 

shaken for 2 hours at room temperature in a 2:1:1 volumetric mix of methanol:chloroform:water. 263 



Layers were separated following addition of further chloroform and water, and the chloroform layer 264 

was collected quantitatively. Total lipid extracts were loaded onto activated silicic acid columns, and 265 

eluted with chloroform, followed by acetone and then methanol. The methanol fraction was 266 

collected and dried. C12:0 and C19:0 fatty acid methyl ester (FAME) internal standard were added, 267 

and they were methylated in the presence of methanolic NaOH at room temperature for 15 268 

minutes, after which the reaction was quenched with acetic acid and water. The hexane layer was 269 

removed and twice washed and dried before being taken up in hexane. Samples were analysed by 270 

GC-IRMS using a 30-m, 0.25-mm i.d., 25m film thickness BPX70 column. The injector and IRMS 271 

interface were held at 240°C and 260°C respectively. The initial oven temperature of 80°C was held 272 

for 2 min, ramped to 120°C at 20°C per min, and then to 240°C at 3°C per min. On leaving the GC 273 

column, compounds were combusted in a Thermo type II interface, and the isotopic composition of 274 

the resultant CO2 was determined on a Thermo Delta plus IRMS (Middelburg et al., 2000). Fatty acids 275 

were identified based on retention times in comparison with a known standard mixture, and some 276 

peak identities were checked using mass spectra from separate GC-MS analysis. Analysis of replicate 277 

animals (i.e. from the same microcosm) gave a mean RSD of 33% for fatty acid concentrations, and 278 

some of this variability will have been inherent in the samples. The mean RSD for isotope ratios was 279 

10%. 280 

2.5 Data treatment 281 

13C-labelled aldose concentrations are reported in several ways. Firstly, labelled aldose compositions 282 

are reported as weight percentages of the total amount of labelled aldoses in a given sample, 283 

calculated as shown in equation 1: 284 

 285 

Equation 1 286 

Where [glu] is the concentration of a chosen labelled aldose (in this case exemplified by glucose), 287 

aﾐS пぷ;ﾉへ ｷゲ デｴW ゲ┌ﾏ ﾗa デｴW IﾗﾐIWﾐデヴ;デｷﾗﾐゲ ﾗa ;ﾉﾉ ﾉ;HWﾉﾉWS ;ﾉSﾗゲWゲ ｷﾐ デｴW ゲ;ﾏW ゲ;ﾏヮﾉWく 288 

In addition, quantitative budgets were constructed for each aldose, and these are reported in terms 289 

of the percentage of each aldose added in the algae that was recovered (in sediments plus faunal 290 

tissues) at the 9/10-d and 21/22-d timepoints (Equ. 2).  291 

 292 



Equation 2. 293 

Where [al] is the concentration of a chosen labelled aldose in either polychaete (worm), sediment 294 

(sed), or algae (algae), and wt is the dry weight of each present in or added to the microcosms 295 

(surface 2 cm in the case of sediment). 296 

Quantitative budgets could not be constructed for the 37/38-d timepoint, as by then animals had 297 

been removed to fresh, unlabelled sediment, and a large proportion of the added aldoses would 298 

have been lost in the discarded sediment. 299 

Fatty acid concentrations and isotopic signatures were used to calculate the amount of 13C found in 300 

W;Iｴ Iﾗﾏヮﾗ┌ﾐSく D;デ; aﾗヴ デｴｷゲ けﾉ;HWﾉﾉWS a;デデ┞ ;IｷS ゲ┌ｷデWげ ｷゲ ヮヴWゲWﾐデWS H┞ IﾗﾐゲｷSWヴｷﾐｪ デｴW ヮヴﾗヮﾗヴデｷﾗﾐ ﾗa 301 

the total 13C found in fatty acids represented by each individual compound (Equ. 3). 302 

 303 

Equation 3. 304 

Where [fai] is the concentration of a given fatty acid, and [fa] is the concentrations of all fatty acids 305 

(which are summed). 13Cfai is the atom % abundance of 13C in the fatty acid in question, and 13Cfa 306 

and 13Calgae are those for the other fatty acids and the bulk algae, respectively. 307 

Iﾐ デｴW I;ゲW ﾗa ヮﾗﾉ┞Iｴ;WデW デｷゲゲ┌W S;デ; デｴｷゲ I;ﾐ HW IﾗﾐゲｷSWヴWS ;ゲ デｴW  けヮヴﾗヮﾗヴデｷﾗﾐ ﾗa デﾗデ;ﾉ ┌ヮデ;ﾆWげが ;ﾐS 308 

is equivalent to the weight percentage presentation of the aldose data. The majority of this 309 

けヮヴﾗヮﾗヴデｷﾗﾐ ﾗa デﾗデ;ﾉ ┌ヮデ;ﾆWげ data is for labelled fatty acid suites only, but in some cases, for 310 

comparison, a similar treatment has been applied to unlabeled fatty acid data from natural sediment 311 

or fauna samples. 312 

In addition, the specific labelling of individual fatty acids is considered through the calculation of  313 

values, which show the change in isotopic composition of each fatty acid that occurred during the 314 

experiment (Equ. 4). 315 

 316 

Equation 4. 317 



Where d13Cfa exp is the 13C signature of the fatty acid in question in the tissue of an experimental 318 

polychaete, and d13Cfa nat is that in the tissue of a polychaete which has not been fed labelled 319 

algae. 320 

In most cases the compositional data presented in figures are means from the replicate individual 321 

animals collected at each time point. Sediment and faecal matter data are also means of all samples 322 

from each time point. In the case of sediment data this means that samples from different sediment 323 

depths have been averaged. However, all sediment samples analysed were from the surface 2-cm of 324 

the sediment, and the lack of downcore trends was established before the averaging took place. 325 

Statistical analysis of results was conducted using Minitab 16. The Anderson-Darling test for 326 

normality followed by Mann-Whitney and t-tests were used to test for differences between groups 327 

of samples. Principal component analyses were also conducted on aldose weight percentages and on 328 

PLFA けヮヴﾗヮﾗヴデｷﾗﾐ ﾗa デﾗデ;ﾉ PFAげ S;デ;が ｷﾐ ﾗヴSWヴ デﾗ Wﾉ┌IｷS;デW Iﾗﾏヮﾗゲｷデｷﾗﾐ;ﾉ 329 

differences.  330 

3. Results 331 

3.1 Aldoses 332 

Labelled aldose weight percentage compositions differed markedly among labelled algae, 333 

polychaete tissues, and microcosm sediments (both with and without fauna, Fig. 1). Polychaete 334 

tissues tended to be depleted in glucose and arabinose, and enriched in all other aldoses compared 335 

to the source algae, and this pattern was more marked for Hediste than for Arenicola.  Sediment and 336 

faecal matter were also depleted in glucose, as well as galactose compared to the source algae (Fig. 337 

1b). However, they tended to show enrichments in arabinose, and also to some extent in rhamnose 338 

and mannose. Further, sediments from Hediste microcosms show a trend in composition over time, 339 

with progressive reductions in the weight percentages of ribose, mannose, galactose and glucose, 340 

and an increase in that of arabinose (Fig. 1b). In absolute terms, comparatively high concentrations 341 

of 13C labelled arabinose and mannose were seen in Hediste tissues, and of glucose in Arenicola 342 

tissues (Fig. 1c, d). 343 

Compositional differences are further revealed by principal component analysis (PCA) results. A PCA 344 

that included data from all sample types showed polychaete tissues and the algal diet to have 345 

generally more positive PC1 scores than faecal material and sediment samples, driven by lower 346 

arabinose, and higher galactose, fucose and glucose weight percentages in polychaete tissues (Fig. 347 



2). Further, Hediste and Arenicola tissues were separated on the PC2 axis, with the former showing 348 

higher rhamnose, xylose and mannose, and the latter higher glucose and ribose weight percentages 349 

(Fig. 2). 350 

In addition to being different from the suite of aldoses present in the source algae, the suite of 351 

labelled aldoses measured in polychaete tissues differs from the natural composition of those 352 

tissues (Fig. 3). Labelled glucose was present in the tissues in a lower weight percentage than that in 353 

which it was naturally present, and this was statistically significant for both Hediste and Arenicola 354 

(Mann-Whitney U, P <0.001, and t-test, P<0.001, respectively). Most other labelled aldoses were 355 

present in polychaete tissues in higher weight percentages than their natural counterparts, 356 

particularly rhamnose, ribose, arabinose and mannose. All differences were significant (Mann-357 

Whitney and t tests, P<0.001), except for fucose, arabinose, and galactose in Arenicola (Fig. 3). 358 

Quantitative budgets show relatively high recoveries (ranging from 26-111%) for all aldoses (Fig. 4), 359 

with glucose, galactose, and to some extent ribose showing generally lower recoveries (ranging from 360 

3-39%) than the other compounds. Occasionally a recovery in excess of 100% was calculated, and 361 

this is most likely a result of multiplication of analytical errors during calculation. In the case of 362 

Hediste, recoveries tended to decrease between the 10-d and 22-d timepoints, as might be 363 

expected. However these patterns are unlikely to be statistically significant (n is too small for 364 

statistical testing). Further, Arenicola microcosms frequently showed the opposite trend, with higher 365 

recoveries after 21d than after 9d. Therefore it is most likely that recoveries did not change 366 

significantly over time. Similarly, recoveries in microcosms with fauna were similar to those in the 367 

afaunal controls (Fig. 4). 368 

3.2 Fatty Acids 369 

A broad look at the composition of unlabeled polychaetes compared to the composition of labelled 370 

fatty acids in their tissue shows that they contained approximately the same proportions of 371 

saturated fatty acids, and this was similar to the proportion of saturated fatty acids in algae (Fig. 5). 372 

In contrast, monounsaturated fatty acids (MUFAs) were present in polychaete tissues (both labelled 373 

and natural suites) in greater proportions than those in which they were present in algae. Further, 374 

polyunsaturated fatty acids (PUFAs) represented a considerably lower proportion of the total fatty 375 

acids (for both labelled and natural suites) in polychaete tissues than in algae (Fig. 5). Thus, on a 376 

broad scale, polychaetes showed a suite of 13C-labelled fatty acids that was similar to their own 377 

natural composition.  378 



The suites of labelled fatty acids quantified in polychaete tissue and sediment samples from 379 

different timepoints are shown in figure 6. The large number of fatty acids quantified in each sample 380 

meant that PCA was an appropriate way to look for patterns in labelled fatty acid compositions. A 381 

PCA of the proportion of total uptake data for all samples showed compositional differences 382 

between polychaete and sediment samples, with polychaete samples showing more positive PC1 383 

scores (Fig. 7). An examination of factor coefficients alongside figure 6 showed that sediment 384 

samples tended to be comparatively rich in the bacterial fatty acids i-C15:0 and ai-C15:0 (Bellinger et 385 

al., 2009). Hediste sediments were also relatively enriched in the algal marker C16:1w7 (Graeve et 386 

al., 2005) and the algal or bacterial compound C18:1w7 (Bellinger et al., 2009); and Arenicola 387 

sediments in the diatom marker C16:2w4 (Bellinger et al., 2009), compared to polychaete tissues. 388 

Conversely, polychaete tissues were comparatively enriched in C14:0, the algal C22:6w3 (Graeve et 389 

al., 2005), and the animal-synthesised C20:1w9 (Graeve et al., 2005; Mayor et al., 2011). Hediste 390 

tissues were further enriched in the algal marked C20:5w3 (Graeve et al., 2005; Mayor et al., 2011) 391 

and the animal-synthesised C22:1w11 (Graeve et al., 2005; Mayor et al., 2011). The fact that Hediste 392 

tissue showed a greater number and degree of compositional differences from sediments is 393 

consistent with the fact that they showed the most positive PC1 scores. 394 

Further, Arenicola tissues showed more positive PC2 scores than Hediste tissues and all sediments 395 

(Fig. 7). A similar examination of PCA factor coefficients and figure 6 shows that Arenicola tissues 396 

were comparatively enriched in the algal C16:1w7, the algal or bacterial C18:1w7, and C14:0 than 397 

Hediste tissues. 398 

It is also apparent that certain fatty acids showed their maximal proportions of the 13C PLFA suite at 399 

the first experimental timepoint, and thereafter decreased with time (Fig. 6). These compounds also 400 

tended to constitute a greater proportion of the total 13C-labelled PLFA suite than the natural version 401 

did in unlabeled tissues. The most significant of this type of compound were C14:0, and the algal 402 

marker C16:1w7c, though some C18 PLFAs in Arenicola, and some C15, 17 and 18 PLFAs in Hediste, 403 

showed a similar trend. Conversely, other fatty acids showed the opposite trend, with their share of 404 

the 13C-labelled PLFA suite increasing over time, and their maximal proportion of the PLFA suite 405 

occurring in natural polychaete tissues. Compounds that showed this pattern in both polychaete 406 

species included the animal or bacterial marker C18:1w9c, and also C22:4w6, C22:5w3, C20:2, C18:0, 407 

C19:1, C20:1, and a C17 compound that was either C17:1w7c or cy C17:0 (Fig. 6). Other relatively 408 

minor compounds also showed this trend for Arenicola. 409 

A targeted PCA of only sediment revealed that differences existed in sedimentary labelled fatty acid 410 

suites in faunated microcosm sediments over time, and between faunated microcosm sediments 411 



and afaunal controls (Fig. 8). Faunated sediments from the 9- and 10-d timepoints, together with 412 

afaunal control sediments, showed more negative PC1 scores, and PC1 scores tended to become 413 

more positive with experiment duration for faunated microcosm sediments (Fig. 8). Cross 414 

referencing factor coefficients with figure 6 showed that more negative PC1 scores were associated 415 

with C14:0, algal C16:1w7c, and algal or bacterial C18:1w7c. More positive PC1 scores were 416 

principally driven by higher relative abundances of the bacterial PLFAs i15:0 and ai15:0. 417 

In addition to looking at which PLFAs contained the greatest abundance of 13C, it is also instructive to 418 

consider which compounds showed the greatest change in 13C from their natural signature, as this 419 

indicates which compounds were turned over most rapidly in polychaete tissues, even though they 420 

may have had comparatively low concentrations (Fig. 9). The compounds with the highest delta-421 

delta values (2000-ヶヰヰヰ Цぶ ┘WヴW Cヱヴぎヰが CヱΒぎヲが デｴW ;ﾉｪ;ﾉ ﾏ;ヴﾆWヴ C16:1w7c, and the bacterial 422 

markers i-C17:0 and i-CヱΒぎヰく Cﾗﾏヮﾗ┌ﾐSゲ ┘ｷデｴ ┗;ﾉ┌Wゲ HWデ┘WWﾐ ヱヰヰ ;ﾐS ヲヰヰヰ Ц ｷﾐIﾉ┌SWS デｴW 423 

bacterial marker i-C15:0, and C18:2w6t and C22:6w3, which are markers for cyanobacteria and 424 

diatoms respectively. Fatty acids thought to only be synthesised by animals, such as C18:1w9c, 425 

C22:1w11c and C20:1w9c, showed comparatively low delta-SWﾉデ; ┗;ﾉ┌Wゲ ﾗa ┌ヮ デﾗ ヱΑΑヱЦ ふFｷｪく Γ).It is 426 

worth noting, however, that as an indicator of compound incorporation and synthesis, delta-delta 427 

has its limitations, as it cannot be calculated for compounds that did not occur in the unlabeled 428 

polychaete samples. 429 

4. Discussion 430 

4.1 Bulk C Uptake and Remineralisation 431 

Bulk carbon isotopic signatures of sediments and polychaete tissues from these experiments showed 432 

that polychaetes assimilated C from the added algae and became highly labelled during the 8 day 433 

feeding period, and that the assimilated C remained in their tissues for several weeks after they 434 

were removed from the food supply (Woulds et al., 2012). Consistent with their feeding behaviours, 435 

surface-deposit feeding Hediste individuals assimilated label more rapidly than the sub-surface 436 

feeding Arenicola. It is recognised however that a potentially large proportion of the algal diet and 437 

the biochemicals it contained will have been metabolised during the experiment. This is suggested 438 

by the fact that surface sediment 13C values returned to near-background levels 15-20 days into the 439 

experiment (Woulds et al., 2012). Further, fatty acids and aldoses were most likely metabolised 440 

more rapidly than bulk C, as although polychaete tissue 13C values remained relatively constant 441 

after the end of the feeding period (Woulds et al., 2012), absolute concentrations of labelled aldoses 442 

and fatty acids decreased over time (Fig. 1c and d, absolute data not shown for fatty acids). This is 443 



consistent with previous similar experiments, where as much as 30-85% of added or freshly 444 

produced OM has been observed to decay over 20 days (Andersen and Kristensen, 1992; Oakes et 445 

al., 2010). Thus it is noted that the following discussion of the behaviour of different compounds 446 

during gut passage relates in part to the fractions of aldoses and fatty acids that were not 447 

metabolised. 448 

4.2 Individual Biochemicals 449 

Variations in the suites of 13C-labelled biochemicals were observed between the algae, polychaete 450 

tissues and sediments, and between the two polychaete species and different timepoints. A range of 451 

processes could have been responsible for these changes, including selective assimilation in the 452 

polychaete gut, synthesis in polychaete tissues, microbial production in the sediment or polychaete 453 

gut, and preference for, or protection from, metabolism. The fact that sediment samples are likely to 454 

have contained fresh labelled algae should also be considered during data interpretation. 455 

4.2.1 Aldoses 456 

4.2.1.1. Preferential loss: Glucose  457 

In weight percentage terms, all sample types were depleted in glucose relative to the source algae 458 

(Fig. 1), and quantitative aldose budgets showed lowest percentage recoveries for glucose (Fig. 4). 459 

This suggests that, compared to other aldoses, glucose was preferentially lost through metabolism, 460 

and this is consistent with one of the key functions of carbohydrates, and of the glucose polymer 461 

glucan in particular, as an energy store and source in diatom cells (Goes et al., 1996; Smith ad 462 

Underwood, 1998). The rapid loss of glucose is also consistent with previous feeding and decay 463 

experiments, in which it has been observed to be most rapidly lost (e.g. Oakes et al., 2010; see 464 

below). For example, in situ labelling experiments of intertidal sediments and biofilms have shown 465 

glucose to be the most rapidly produced, and then most rapidly lost, amongst the aldoses (Bellinger 466 

et al., 2009; Oakes et al., 2010). In addition, polychaete tissues showed lower weight percentages of 467 

glucose in their labelled aldose suites than in their naturally present unlabeled aldose suites (Fig. 3). 468 

Tｴｷゲ a┌ヴデｴWヴ ゲ┌ｪｪWゲデゲ デｴ;デ aヴWゲｴﾉ┞ ;ゲゲｷﾏｷﾉ;デWS ｪﾉ┌IﾗゲW ┘;ゲ ┌ゲWS デﾗ ゲ┌ヮヮﾉ┞ デｴW ;ﾐｷﾏ;ﾉゲげ WﾐWヴｪ┞ 469 

requirements in preference to any pre-existing stores, and instead of being incorporated into 470 

biomass. Whether this preferential metabolism of glucose occurred in polychaete cells, or in the gut 471 

through gut bacteria is not clear.  An in situ labelling experiment by Boschker et al. (2008) observed 472 

particularly rapid production of labelled glucose in an intertidal sediment, further suggesting that 473 

glucose tends to be rapidly turned over. 474 



4.2.1.2. Net accumulation 475 

Many aldoses showed preferential accumulation in polychaete tissues, having greater weight 476 

percentages there compared to in the source algae (all except glucose and arabinose, Fig. 1), and 477 

greater weight percentages in labelled suites than in natural polychaete tissues (all aldoses except 478 

glucose, although differences were not significant for fucose and arabinose in Arenicola, Fig. 3).  479 

The relative enrichment of polychaete tissues in most/all labelled aldoses except for glucose may be 480 

the result of more rapid metabolism of freshly assimilated glucose than of any other sugar.  The 481 

marked decrease in weight percentage of the relatively dominant glucose caused by its rapid 482 

metabolism may have caused an increase in weight percentage of all other aldoses in polychaete 483 

tissues and sediment compared to the source algae, without any active selection in their favour 484 

during gut passage, or protection from degradation. As rapid glucose metabolism is the clearest 485 

pattern to emerge from previous feeding and metabolism studies this seems a likely explanation 486 

(Cowie and Hedges, 1996; Bellinger et al., 2009; Oakes et al., 2010).  487 

Further, the preferential uptake and/or retention of aldoses showing net accumulation does not 488 

appear to be driven by a scarcity in the sediment. This is shown by a sediment deficiency index 489 

(Table 1), calculated using equation 5 after a similar calculation made for amino acid deficiency by 490 

Dauwe and Middelburg (1998).  491 

Sed. Deficiency index = (Swt% - Pwt%)/Pwt% X 100  492 

Equation 5. 493 

Where Swt% and Pwt% are the weight percentages of naturally present (not labelled) aldoses in the 494 

sediment and polychaete tissues respectively. Negative deficiency index values indicate a compound 495 

that is present in the sediment in a lower weight percentage than in polychaete tissues, and which is 496 

thus in limited supply. While we concede that the composition of polychaete tissues and sediments 497 

;ヴW ﾐﾗデ ﾐWIWゲゲ;ヴｷﾉ┞ ヴｷｪﾗヴﾗ┌ゲ ﾏW;ゲ┌ヴWゲ ﾗa ;ﾐ ﾗヴｪ;ﾐｷゲﾏげゲ SｷWデヴy requirements, nor of the 498 

Hｷﾗ;┗;ｷﾉ;Hｷﾉｷデ┞ ﾗa OM ふDWﾉﾉげAﾐﾐﾗ Wデ ;ﾉくが ヲヰヰヰぶが デｴｷゲ ｷﾐSW┝ ｴ;ゲ IﾗﾐデヴｷH┌デWS ヮヴW┗ｷﾗ┌ゲﾉ┞ デﾗ W┝ヮﾉ;ｷﾐｷﾐｪ 499 

selective uptake and retention of amino acids (Dauwe and Middelburg, 1998; Woulds et al., 2012). 500 

All aldoses, except for glucose, and, in the case of Arenicola, arabinose and xylose, showed positive 501 

deficiency values (Table 1). Thus, comparative scarcity in the sediment may only be linked to 502 

accumulation in tissues in the case of two compounds, so limited availablity is not a clear 503 

explanation for patterns of selective aldose accumulation in polychaete tissues. 504 

4.2.1.3. Arabinose 505 



Arabinose showed the most marked net accumulation pattern. It exhibited a depletion in polychaete 506 

tissues compared to the labelled algae, and an enrichment in the sediments (Figs. 1 and 2), 507 

suggesting either that it was selected against during gut passage, or that the polymers in which it 508 

occurs in algal cells are particularly resistant to polychaete digestion and/or microbial degradation. 509 

Arabinose is not often discussed in detail during carbohydrate digestion and degradation studies, 510 

perhaps because it is not resolved by all analytical techniques (Boschker et al., 2008; Oakes et al., 511 

2010), does not always or consistently show either selective preservation or degradation, and is not 512 

dominantly associated with just one type of carbohydrate in the algal cell (structural or cell contents, 513 

see below). However, the apparent selection against arabinose assimilation during polychaete gut 514 

passage, and its accumulation in the sediment is consistent with the observation that arabinose had 515 

the highest export ratio of all aldoses sinking below the photic zone in Sagami Bay (Hamanaka et al., 516 

2002), that it was unreactive compared to other aldoses during sinking through the water column of 517 

Dabob Bay (Hedges et al., 1988), and that it is preferentially preserved during fungal decay of buried 518 

wood (Hedges, 1990). However, full explanations for this have not been provided, with Hedges et al. 519 

(1988) conceding that the reason was unknown. Arnosti and Repeta (1994) noted that a disaccharide 520 

composed of glucose and arabinose showed a slower microbial degradation rate even when 521 

compared to long-chain glucose polysaccharides. They suggest that the combination of a pentose 522 

and a hexose made microbial attack difficult, and that degradation did not proceed until an 523 

appropriate microbial community had time to multiply. Thus, selective preservation is likely to be 524 

the explanation for arabinose accumulation in sediments. 525 

4.2.1.4. Comparison with previous digestion studies  526 

We are not aware of any published studies of the alteration of aldose suites following polychaete gut 527 

passage, nor of studies of carbohydrate alteration by marine benthic organisms. Therefore, the 528 

patterns observed here are compared more broadly with alteration during invertebrate gut passage 529 

in soils and marine pelagic settings.  530 

The patterns of aldose selective loss or retention discussed above are consistent with those found by 531 

Cowie and Hedges (1996) for copepods grazing on diatoms. They also observed a depletion of 532 

glucose in faecal pellets, and enrichment with mannose, giving digestion efficiencies for those two 533 

aldoses of 87% and 19%, respectively. They point out that aldoses that were enriched in faecal 534 

pellets were usually the same as those that dominated cell wall compositions (xylose, mannose, 535 

galactose). Thus they conclude that cell contents were more easily digested than cell wall 536 

components. Their digestion efficiencies thus show the same pattern as the mean recoveries of 6% 537 



and 55% for glucose and mannose, respectively (note that digestion efficiency is the % lost during 538 

gut passage, whereas recoveries measured here are % retained in the whole microcosm). 539 

Digestion of soil organic matter by the pill millipede produced a less marked alteration of the aldose 540 

suite in faecal pellets, leading the authors to state that the monosaccharide suite was unchanged 541 

(Rawlins et al., 2006). However, there was a slight decrease in the xylose to mannose ratio (from 3.9 542 

to 1.4 following gut passage), which was attributed to preferential assimilation of plant as opposed 543 

to bacterial aldoses (Rawlins et al., 2006). No consistent change in this ratio was observed in this 544 

study. The lack of the rapid loss of glucose observed in this study may be explained by the fact that 545 

Rawlins et al. (2006) collected oak leaf litter from the forest floor to use as their food source. Thus it 546 

would have already undergone initial degradation, which could have involved rapid glucose 547 

metabolism (possibly even before the leaves fell from the trees). 548 

4.2.1.5 Links with sedimentary decay patterns  549 

Some aspects of the aldose loss patterns observed here are consistent with those observed during 550 

decay of marine organic matter. The most consistently observed patterns of selective aldose loss are 551 

mainly associated with early decay of fresh organic matter, rather than with late-stage decay of 552 

sedimentary organic matter (e.g. Cowie et al., 1995; Hernes et al., 1996; Veuger et al., 2012). 553 

The cell contents of marine algae tend to be dominated by glucose, with arabinose, xylose, 554 

galactose, and fucose sometimes being similarly important (Biersmith and Benner, 1998). Cell walls 555 

also tend to be dominated by glucose, with mannose and galactose playing important roles 556 

(Biersmith and Benner, 1998, Cowie and Hedges, 1996). Aldoses in the interiors of cells are thought 557 

to be more accessible to microbial attack.For example, this was the explanation given for greater 558 

loses of ribose than of arabinose during export of POC from the euphotic zone of Sagami Bay 559 

(Hamanaka et al., 2002). Similarly, across the sediment-water interface in Saanich Inlet preferential 560 

loss of glucose, ribose and arabinose compared to mannose, galactose, fucose and rhamnose has 561 

been observed (Hamilton and Hedges, 1988; Cowie et al., 1992). Also, Ittekkot et al. (1984a) 562 

attribute the relative lack of glucose in sinking particles in the Sargasso Sea to preferential loss of cell 563 

contents. Ittekkot and Degens (1982) observed two stages of aldose decay in a North Sea plankton 564 

bloom. The first stage was characterised by loss of cell contents represented by glucose, and the 565 

second by loss of structural sugars represented by galactose. In perhaps one of the most extensive 566 

studies of aldose decay patterns, a survey of settling particles and sediments at several sites in the 567 

equatorial Pacific led Hernes et al. (1996) to suggest three fractions of aldoses, comprising rapidly 568 

degraded cell contents dominated by glucose and ribose, relatively refractory structural components 569 



including rhamnose, xylose, fucose and mannose, and an intermediate fraction containing galactose 570 

and arabinose. This is further consistent with aldose decay rates observed during an in situ labelling 571 

study in intertidal sediments, in which freshly produced glucose was observed to degrade most 572 

rapidly, and mannose least rapidly (Oakes et al., 2010). It should be noted that, while relative 573 

patterns of aldose loss during decay tend to be being broadly similar amongst different studies, 574 

there is not always exact agreement. Thus, the low recoveries of glucose, galactose and ribose, and 575 

comparatively high recoveries of rhamnose, fucose, arabinose and mannose observed here (Fig. 4) 576 

are consistent with previous studies, and with the preferential loss/metabolism of aldoses from the 577 

cell contents. This consistency with both feeding and decay studies suggest that aldose suite 578 

alterations are similar during gut passage and microbial decay. 579 

In contrast, however, Skoog and Benner (1997) observed an accumulation of glucose with depth in 580 

the water column in the equatorial Pacific, and attributed it to geopolymerisation. Further, 581 

preferential decay of carbohydrates relative to bulk OM is not always observed (e.g. Vichkovitten 582 

and Holmer, 2005, Cowie and Hedges, 1984, Cowie et al., 1995, Hedges et al., 1999), and in other 583 

cases preferential preservation of carbohydrates relative to bulk OM has been suggested (Hernes et 584 

al., 1996, Danovaro et al., 2001). Observations of aldose suite alterations tend to be associated with 585 

the earlier stages of decay (Hamilton and Hedges, 1988, Ittekkot et al., 1984 b, Hernes et al., 1996, 586 

Unger et al., 2005, Wakeham et al., 1997); thus it seems likely that different fractions of 587 

carbohydrates, with different labilities, exist. However, some studies have shown similar loss rates 588 

amongst the different aldoses even in relatively fresh OM, and have concluded that selective 589 

degradation only occurs during decay of polysaccharides with a carbon or energy storage role, and 590 

not for those with a structural role (Hedges et al., 1988; Veuger et al., 2012). Organic matter sourced 591 

directly from primary producers is likely to have a relatively high storage polymer content, while 592 

bacterial secondary production results in a greater dominance of structural polymers (Veuger et al., 593 

2012), and will account for a greater proportion of total OM in previously degraded sediments. Thus 594 

we suggest that degradation of algal OM is likely to exhibit compound selectivity amongst the 595 

aldoses, while degradation of bacterial OM may not (Veuger et al., 2012). 596 

4.2.2. Fatty Acids 597 

As with the aldoses, PCA results clearly showed that polychaete ingestion and gut passage produced 598 

different suites of labelled fatty acids in polychaete tissues and microcosm sediments. Sediments, 599 

where bacterial degradation occurs, were relatively enriched in bacterial and some algal fatty acids, 600 

which mostly fell into the saturated and MUFA groups (Figs. 6 and 7). In contrast, polychaete tissues 601 

were relatively enriched in fatty acids that included algal markers, and these were mostly MUFAs 602 



and PUFAs (Figs. 6 and 7). Fatty acids thought to be synthesised by animals (Graeve et al., 2005) 603 

occurred only in polychaete tissues. In the following discussion fatty acids will be grouped and 604 

discussed in relation to this range of processes.  605 

4.2.2.1. PUFAs 606 

Of the various broad groups of fatty acids, PUFAs showed the clearest patterns. Several of the 607 

compounds that showed enrichment in polychaete tissues and thus separated them from sediment 608 

samples during PCA were PUFAs, and several individual PUFAs were observed to accumulate in 609 

polychaete tissues over time (Fig. 6). This is consistent with previous observations that both 610 

copepods and Hediste have high assimilation efficiencies for PUFAs (>90% PUFA assimilation 611 

efficiency by Nereis, Bradshaw et al., 1990b; fatty acid assimilation efficiency 25-97% for Calanus 612 

spp., Mayor et al., 2011). However, overall, PUFAs constituted a smaller proportion of the total 613 

labelled fatty acid suite in both polychaete tissues and (to an even greater extent) microcosm 614 

sediments than they did in the source algae. This cannot be explained by either preferential 615 

assimilation or egestion of PUFAs, but instead indicates a disproportionate loss of PUFAs from the 616 

microcosms through metabolism. PUFAs have been observed previously to be preferentially lost 617 

from sediments as a result of microbial activity (Bradshaw et al., 1990b). It has been suggested that 618 

foraminiferal metabolism can also produce this effect (Nomaki et al., 2009), and that efficient 619 

assimilation during polychaete and copepod digestion strips PUFAs from sediments, with 620 

implications for their availability to other organisms (Graeve et al., 2005; Mayor et al., 2011). In this 621 

study there was evidence for both accumulation of some PUFAs in polychaete tissues, and overall 622 

metabolic loss of PUFAs; thus it seems likely that polychaete metabolism also contributes to rapid 623 

loss of PUFAs. Nomaki et al. (2009) went on to note that uptake and retention of PUFAs by 624 

foraminiferans will increase the turnover time of PUFAs in the sediment environment, and this 625 

suggestion can also be extended to polychaetes.  626 

4.2.2.2. Selective uptake and essentiality  627 

Some algal marker fatty acids were enriched in polychaete tissues while others were not, suggesting 628 

preferential uptake and/or retention of certain fatty acids, and preferential egestion or metabolism 629 

of others. On a broad scale, the labelled fatty acid suites found in polychaete tissues were similar to 630 

those found in their natural tissues (Fig. 5). This suggests that uptake and retention were driven by 631 

polychaete requirements as denoted by tissue composition, rather than by availability in the algae. 632 

This is further suggested by the enrichment of polychaete tissues with C22:6w3 and C20:5w3 633 

(docosapentaenoic acid and eicosapentaenoic acid, respectively) which are essential fatty acids, and 634 



must be acquired by animals from the diet (Parrish et al., 2012). Further, C22:4w6, which is also 635 

essential, was observed to increase its proportion of the labelled fatty acid suite in polychaete tissue 636 

over time (Fig. 6). These findings are consistent with previous feeding studies, which have shown 637 

preferential retention of these fatty acids in copepods (Parrish et al., 2012), and have also linked 638 

strong growth and egg production in zooplankton to higher concentrations of C20:5w3 in their food 639 

(Muller-Navarra et al., 2000). 640 

4.2.2.3. Temporal trends 641 

Several fatty acids, including C14:0 and the algal marker C16:1w7c, were initially assimilated by 642 

polychaetes in greater proportions than those in which they were present in polychaete tissues, and 643 

those proportions declined over time. Thus, these fatty acids seemed to be relatively rapidly 644 

assimilated or produced from the diet, before being either metabolised or used in the synthesis of 645 

other biochemicals. Rapid assimilation of algal fatty acids is consistent with observations during 646 

copepod feeding experiments (Graeve et al., 2005). However, the rapid assimilation of C14:0 marks a 647 

difference between copepods and the polychaetes in this study. 648 

Other fatty acids showed the opposite pattern, with their proportion of the labelled fatty acid suite 649 

increasing steadily through time towards the proportion they represented in the natural polychaete 650 

fatty acid suite. Compounds that showed this pattern in both polychaete species included the animal 651 

or bacterial marker C18:1w9c, which could have been due to cumulative synthesis by the animals. 652 

However, the delta-delta values for fatty acids thought to be synthesised by the polychaetes were 653 

not large, indicating relatively slow biosynthesis compared to uptake of dietary fatty acids, and this is 654 

consistent with patterns in previous studies (Graeve et al., 2005). 655 

4.2.3. Synthesis 656 

4.2.3.1. Comparison of biochemical classes during gut passage and decay 657 

Studies of organic matter alteration during both faunal gut passage and degradation in the sediment 658 

typically have concluded that particular groups are assimilated more efficiently and metabolised 659 

more rapidly than others.  660 

During decay of sedimentary organic matter, lipids typically are turned over most rapidly, followed 661 

by amino acids, then carbohydrates, and all are lost more rapidly than bulk organic carbon (e.g. 662 

Cowie and Hedges, 1984; Hamilton and Hedges, 1988; Dell-Anno et al., 2000; Amaro et al., 2010 663 

Veuger et al., 2012). During decay of microbial biomass in sediments from the Westerschelde 664 



estuary, the same general order of reactivity (phospholipid fatty acids > total fatty acids > 665 

hydrolysable amino acids > monosaccharides) was found (Veuger et al., 2012).  666 

A similar pattern was also shown in holothurian feeding experiments, in which amino acids showed 667 

the greatest assimilation efficiency (67%) followed by lipids (50%), and then carbohydrates (23%, 668 

Amaro et al., 2010). Linking this to the locations of different enzymes in the holothurian gut, they 669 

concluded that the organisms preferentially digested and assimilated N-rich compounds (preferring 670 

them even over lipids). Similarly, Dell-Anno et al. (2000) found that enzymatically hydrolysable 671 

carbohydrates were more conservative with depth in deep Atlantic sediments than enzymatically 672 

hydrolysable amino acids, concluding that their lower N content led them to be in lower demand as 673 

a food source. Hediste has also been shown to have a very high assimilation efficiency (~90%) for 674 

fatty acids (Bradshaw et al., 1990b).  675 

Unfortunately the experimental design used here did not allow the calculation of assimilation 676 

efficiencies, but the percentages recovered in quantitative budgets for amino acids (Woulds et al., 677 

2012) and aldoses showed a similar pattern to previous work (they could not be produced for fatty 678 

acids due to a lack of high-quality data on the fatty acid composition of the algae). Amino acid 679 

recoveries (considering all compounds and microcosms) showed a mean of 11%, while the value for 680 

aldoses was 33%, and there was a significant difference between aldose and amino acid recoveries 681 

(Mann-Whitney, P <0.001). Thus, in these experiments amino acids appear to have been 682 

preferentially metabolised compared to aldoses. This preferential use of amino acids is consistent 683 

with the holothurian feeding experiment described above, where amino acids were preferentially 684 

assimilated (a precursor to metabolism by the holothurians), most likely due to their high N contents 685 

(Amaro et al., 2010). It has further been suggested that carbohydrates may instead play a greater 686 

role in supporting sub-surface feeders (Dell Anno et al., 2000; Amaro et al., 2010).  687 

4.2.3.2. Interactions between gut passage and microbial decay 688 

Certain features of the labelled biochemical suites observed in the experimental microcosms were 689 

indicative of microbial decay rather than polychaete gut passage. 690 

In the case of aldoses, rhamnose, fucose and galactose in marine sediments have been attributed to 691 

microbial biomass and/or to preferential preservation during decay (Hamilton and Hedges, 1988; 692 

Hedges et al., 1994; Opsahl and Benner, 1999). Slow degradation and/or production of rhamnose 693 

and fucose has also been observed in extracellular polymeric substances, a biofilm, and in intertidal 694 

studies (Giroldo et al., 2003; Bellinger et al., 2009; Oakes et al., 2010). Ribose is also found to be 695 

typically enriched in microbial biomass (Cowie and Hedges, 1984; Hedges et al., 1994). In line with 696 



this, relatively high recoveries of labelled rhamnose and fucose were observed in this study (Fig. 4), 697 

which may be partially accounted for by growth of microbial biomass following feeding on labelled 698 

algae. However, selective preservation of rhamnose and fucose, or preferential loss of other aldoses, 699 

remain possible explanations. Rhamnose and fucose recovery in afaunal control microcosms was 700 

intermediate between the 10-d and 22-d timepoints for faunated Hediste microcosms (Fig. 4); 701 

therefore it was not possible to determine whether the presence of fauna had influenced their 702 

accumulation. In contrast, amongst Arenicola microcosms, recovery of rhamnose and fucose was 703 

generally greater in the absence of fauna (Fig. 4); thus, polychaete activity may have suppressed the 704 

accumulation of bacterial aldoses, either through grazing or through their direct consumption. 705 

The fatty acids C15:0, i-C15:0, ai-C15:0, and equivalent C17 PLFAs, along with C18:1w7c and C18:w9 706 

are usually attributed to bacterial production (e.g. Bellinger et al., 2009). Further, C18:1w9 and 707 

C18:1w11, and branched C15 and C17 fatty acids are thought to be contributed to the sediment, as a 708 

result of gut bacterial activity (Bradshaw et al., 1990; Grossi et al., 2006). While the activities of 709 

burrowing macrofauna are often thought to stimulate sediment microbial activity (e.g. Aller and 710 

Aller, 1998), their relationship with microbial lipids is not necessarily straightforward. It has been 711 

suggested that Arenicola strips bacterial fatty acids out of the sediment that it ingests, and Sun et al. 712 

(1999) observed that net microbial lipid accumulation was suppressed in the presence of Yoldia 713 

limatula.  714 

In this study, the bacterial markers i- and ai-C15:0 only constituted a substantive part of the labelled 715 

fatty acid suite in sediment samples (not in faunal tissues, Fig. 6). Further, along with C18:1w7c, the 716 

most abundant bacterial marker, their contributions to the labelled fatty acid suite increased over 717 

time (Fig. 6), which suggests that they were produced during the experiments through degradation 718 

of algae by sediment bacteria. This is in line with observations made during previous algal 719 

degradation experiments in the presence of macrofauna (Sun et al., 1999), but differences in net 720 

microbial lipid production rates between faunated microcosms and afaunal controls could not be 721 

discerned. In Hediste microcosms, C18:1w7c and the branched C15 FAs were more important in the 722 

sediment than in the polychaete tissues. However, in Arenicola microcosms C18:1w7c was equally 723 

important in both polychaete tissues and sediments (Fig. 6). We suggest that this fatty acid was 724 

produced in the sediment through bacterial degradation of algae, and that Arenicola then 725 

assimilated the labelled bacterial FA, in line with suggestions that Arenicola strips bacterial FAs from 726 

the sediment (Boon and Haverkamp, 1979; Bradshaw et al., 1990). This could be further investigated 727 

by analysing faecal matter for labelled fatty acids, however this has not been possible due to the 728 

small sample sizes available. 729 



4.2.3.3. Linking faunal gut passage to long-term decay 730 

The impact of polychaete gut passage on OM composition and cycling pathways should be 731 

distinguishable from changes occurring due to microbial degradation through differences between 732 

the labelled biochemical compositions of sediments in faunated microcosms and afuanal controls. 733 

In the case of aldoses, however, there was a general lack of systematic difference in aldose suites 734 

between faunated microcosm sediments and those in afaunal controls (Figs. 1, 5); thus it has not 735 

been possible to distinguish between polychaete gut passage and microbial metabolism in terms of 736 

their impact on the composition of sedimentary OM. This is consistent with a previous study of 737 

digestion by Arenicola in which polychaete gut passage resulted in similar OM compositional 738 

alteration as for aerobic degradation without polychaetes present (anaerobic degradation produced 739 

a different pattern of change, Boon and Haverkamp, 1979). The compound selectivity of polychaete 740 

aldose accumulation makes it slightly surprising that they do not impose a characteristic aldose 741 

composition on the sediment; however, bacterial degradation of carbohydrates can also be 742 

compound selective (Arnosti and Repeta, 1994). However, the relatively low nutritional value, low 743 

lability, and the less marked suite alterations amongst the labelled aldoses compared to fatty acids 744 

and amino acids (Amaro et al., 2010, see above), perhaps suggests that they are the biochemical 745 

class least likely to display a clear impact of polychaete gut passage on sediment composition. 746 

One possible reason for the difficulty in distinguishing polychaete-induced and microbial changes to 747 

aldose composition is that natural microbial communities were present in the microcosm sediments. 748 

Microbial activity can account for large proportions of total sediment community respiration (e.g. 749 

Moodley et al., 2005), thus this activity may have been sufficient to mask polychaete-specific effects. 750 

Alternately, in the case of amino acids, it was concluded that microbial and polychaete induced 751 

changes to suites were very similar, and difficult to de-convolve for that reason (Woulds et al., 2012), 752 

and this could also be the case for aldoses. Further, polychaete guts contain enteric bacteria, 753 

therefore an unknown portion of the compositional changes which occurred during gut passage may 754 

have been due to the actions of gut bacteria. Enteric bacteria are presumably integral to polychaete 755 

functioning, therefore it can be argued that their activity should simply be considered as one of the 756 

mechanisms through which polychaete gut passage effects compositional change on OM.  757 

Differences between faunated and afaunal microcosms may be revealed by extracting and 758 

quantifying only the enzymatically hydrolysable (bioavailable) fraction of the carbohydrates, which 759 

have been shown to represent only 13% of total carbohydrates in Porcupine Abyssal Plain surface 760 



sediments (Dell Anno et al., 2000). Further, in the case of amino acids it was suggested that longer 761 

experiments may have eventually produced a measurable difference (Woulds et al., 2012). 762 

In the case of fatty acids, greater proportions of saturated fatty acids would be expected in faunated 763 

microcosm sediments than those from afaunal controls, as Hediste is particularly efficient at 764 

assimilating PUFAs, and thus removes them from the sediment (Bradshaw et al., 1990b). In fact 765 

Hediste control sediments did show slightly lower proportions of saturated fatty acids and slightly 766 

higher proportions of PUFAs compared to faunated microcosms, but the difference was within the 767 

error of the measurements (Fig. 5). In addition, a PCA of labelled fatty acid suites in just sediment 768 

samples showed a difference in PC1 scores between afaunal control sediments and faunated 769 

sediments from the 21/22-d and 37/38-d timepoints (Fig. 8). PC1 scores for control sediments and 770 

those from the earliest timepoint (9/10-d) in faunated microcosms were driven by greater 771 

proportions of two algal markers, while those for faunated microcosm sediments from later 772 

timepoints were driven by greater proportions of bacterial markers (Fig. 8). Thus, in line with 773 

previous studies, the presence of fauna accelerated the loss of algal fatty acids (Sun et al., 1999), and 774 

facilitated the accumulation of bacterial products. Therefore, the mechanisms through which fauna 775 

influence fatty acid degradation must include increasing microbial activity, through hosting enteric 776 

bacteria, and stimulation of free-living bacterial activity. This is consistent with the findings of Grossi 777 

et al. (2006), who noted that gut passage imparted a bacterial fatty acid signature on egested OM, 778 

which they ascribed to enteric microbial activity. This has potential implications for the use of 779 

bacterial fatty acids as trophic markers, as some of those used to indicate a bacterial food source or 780 

bacterial degradation in the sediment (Dalsgaard et al., 2003) may in fact be partly derived from 781 

invertebrate gut passage. 782 

4.2.3.4. Taxon-specific effects 783 

In the cases of both aldoses and fatty acids, compositional differences were observed between the 784 

labelled suites present in Hediste and Arenicola tissues (Figs. 1, 6 and 7). This suggests not only that 785 

one or several of the processes to which ingested OM is subjected are compound-specific but also 786 

that the patterns of dependence are taxon-specific. This lends support to our hypothesis that 787 

distinctive OM alteration through a combination of compound-selective assimilation, retention, 788 

metabolism and egestion during polychaete gut passage must play a role in determining the organic 789 

composition of marine sediments. Moreover, the pattern of that influence will be determined to 790 

some extent by the macrofaunal species present. 791 



5. Summary and Conclusions 792 

Together with Woulds et al. (2012), this study provides the most comprehensive characterisation yet 793 

of OM alteration during gut passage by intertidal polychaetes, in addition to making links between 794 

gut passage and longer-term sedimentary decay. The main findings of this study were: 795 

 The net accumulation of biochemicals in polychaete tissues was observed to be compound 796 

specific for both aldoses and fatty acids.  797 

 Compound selectivity during uptake into polychaete tissues was observed to be taxon 798 

specific. 799 

 The dominant patterns of OM alteration included an overall loss of glucose and PUFAs, with 800 

indications that polychaetes were at least partly responsible, through glucose metabolism 801 

and PUFA assimilation.  802 

 Aldose suite alterations were linked to the location of different sugars in algal cells, with 803 

preferential assimilation and metabolism of cell contents as opposed to cell wall 804 

components. 805 

 Arabinose showed marked selective preservation, which could be attributable to polymers 806 

containing arabinose being less susceptible to enzymatic attack, and selection against during 807 

gut passage. 808 

 Essential fatty acids were preferentially accumulated in polychaete tissues. 809 

  As a class, aldoses were less prone to loss from microcosms through total metabolism than 810 

amino acids (Woulds et al., 2012), and this could be linked to their lower nutritional value. 811 

 Aldose and fatty acid suites both showed evidence of microbial OM degradation in 812 

microcosm sediments. Evidence suggested that Arenicola grazed on bacteria and suppressed 813 

accumulation of bacterial fatty acids. 814 

 Fatty acid suites in sediments from faunated microcosms showed greater proportions of 815 

saturated fatty acids and bacterial markers than those from afaunal controls. Aldose suite 816 

alterations were similar in faunated microcosms and afaunal controls, however the impact 817 

of faunal gut passage on sedimentary aldose compositions may be observable over longer 818 

timescales. 819 

 Therefore this study provides direct evidence that polychaete gut passage influences OM 820 

composition both through taxon specific selective assimilation and retention in polychaete 821 

tissues, and also through interactions with the microbial community. 822 



6. Acknowledgements 823 

The authors would like to thank Pieter van Rijswijk and Bert Sinke for their assistance with 824 

microcosm experiments, and Steve Mowbray and Marco Houtakamer for assistance with analytical 825 

work. This work was funded through a Natural Environment Research Council postdoctoral 826 

fellowship awarded to Clare Woulds, and received support from the Darwin Centre for 827 

Biogeosciences. Microcosm experiments were conducted at the Royal Netherlands Institute for Sea 828 

research (Yerseke). 829 

7. References 830 

Ahrens, M.J., Hertz, J., Lamoureux, E.M., Lopez, G.R., McElroy, A.E., 831 

Brownawell, B.J., 2001. The role of digestive surfactants in determining 832 

bioavailability of sediment-bound hydrophobic organic contaminants to 2 deposit-833 

feeding polychaetes. Marine Ecology Progress Series 212, 145-157. 834 

Aller, R.C., 1994. Bioturbation and remineralisation of sedimentary organic 835 

matter: Effects of redox oscillation. Chemical Geology 114, 331-345. 836 

Aller, R.C., Aller, J.Y., 1998. The effect of biogenic irrigation intenstiy and solute 837 

exchange on diagenetic reaction rates in marine sediments. Journal of Marine 838 

Research 56, 905-936. 839 

Amaro, T., Bianchelli, S., Billett, D.S.M., Cunha, M.R., Pusceddu, A., Danovaro, 840 

R., 2010. The trophic biology of the holothurian Molpadia musculus: implications 841 

for organic matter cycling and ecosystem functioning in a deep submarine 842 

canyon. Biogeosciences 7, 2419-2432. 843 

Amouroux, J.M., Cuzon, G., Gremare, A., 1997. Association of pulse chase 844 

design, compartmental analysis and analog modeling to assess absorption and 845 

assimilation efficiencies in Penaeus stylirostris fed an artificial diet. Aquaculture 846 

149, 71-86. 847 

Amouroux, J.M., Gremare, A., Amouroux, J., 1989. Modeling of consumption and 848 

assimilation in abra-alba (mollusca, bivalvia). Marine Ecology-Progress Series 849 

51, 87-97. 850 

Andersen, F.O., Kristensen, E., 1992. The importance of benthic macrofauna in 851 

decomposition of microalgae in a coastal marine sediment. Limnology and 852 

Oceanography 37, 1392-1403. 853 

Arnosti, C., Holmer, M., 1999. Carbohydrate dynamics and contributions to the 854 

carbon budget of an organic-rich coastal sediment. Geochimica Et Cosmochimica 855 

Acta 63, 393-403. 856 

Arnosti, C., Repeta, D.J., 1994. Oligosaccharide degradation by anaerobic 857 

marine-bacteria - characterization of an experimental system to study polymer 858 

degradation in sediments. Limnology and Oceanography 39, 1865-1877. 859 



Bellinger, B.J., Underwood, G.J.C., Ziegler, S.E., Gretz, M.R., 2009. Significance 860 

of diatom-derived polymers in carbon flow dynamics within estuarine biofilms 861 

determined through isotopic enrichment. Aquatic Microbial Ecology 55, 169-187. 862 

Berner, R.A., 1982. Burial of organic-carbon and pyrite sulfur in the modern 863 

ocean - its geochemical and environmental significance. American Journal of 864 

Science 282, 451-473. 865 

Biersmith, A., Benner, R., 1998. Carbohydrates in phytoplankton and freshly 866 

produced dissolved organic matter. Marine Chemistry 63, 131-144. 867 

Blair, N.E., Aller, R.C., 2012. The Fate of Terrestrial Organic Carbon in the 868 

Marine Environment, in: Carlson, C.A., Giovannoni, S.J. (Eds.), Annual Review of 869 

Marine Science, Vol 4, pp. 401-423. 870 

Boon, J.J., Haverkamp, J., 1979. Pyrolysis mass-spectrometry of a benthic 871 

marine ecosystem - the influence of arenicola marina on the organic-matter cycle. 872 

Netherlands Journal of Sea Research 13, 457-478. 873 

Boschker, H.T.S., Moerdijk-Poortvliet, T.C.W., van Breugel, P., Houtekamer, M., 874 

Middelburg, J.J., 2008. A versatile method for stable carbon isotope analysis of 875 

carbohydrates by high-performance liquid chromatography/isotope ratio mass 876 

spectrometry. Rapid Communications in Mass Spectrometry 22, 3902-3908. 877 

Bradshaw, S.A., O'Hara, S.C.M., Corner, E.D.S., Eglinton, G., 1989. Assimilation 878 

of dietry sterols and faecal contribution of lipids by the marine invertebrates 879 

Neomysis integer, Scrobicularia plana and Nereis diversicolor. Journal of the 880 

Marine Biological Association of the United Kingdom 69, 891-911. 881 

Bradshaw, S.A., O'Hara, S.C.M., Corner, E.D.S., Eglinton, G., 1990a. Changes in 882 

lipids during simulated herbivorous feeding by the marine crustacean Neomysis 883 

integer. Journal of the Marine Biological Association of the United Kingdom 70, 884 

225-243. 885 

Bradshaw, S.A., O'Hara, S.C.M., Corner, E.D.S., Eglinton, G., 1990b. Dietry lipid 886 

changes during herbivory and corophagy by the marine invertebrate Nereis 887 

diversicolor. Journal of the Marine Biological Association of the United Kingdom 888 

70, 771-787. 889 

Bradshaw, S.A., O'Hara, S.C.M., Corner, E.D.S., Eglinton, G., 1991. Effects on 890 

dietry lipids of the marine bivalve Scrobicularia plana feeding in different modes. 891 

Journal of the Marine Biological Association of the United Kingdom 71, 635-653. 892 

Burdige, D.J., 2007. Preservation of organic matter in marine sediments: 893 

Controls, mechanisms, and an imbalance in sediment organic carbon budgets? 894 

Chemical Reviews 107, 467-485. 895 

Burdige, D.J., Skoog, A., Gardner, K., 2000. Dissolved and particulate 896 

carbohydrates in contrasting marine sediments. Geochemica et Cosmochemica 897 

Acta 64, 1029-1041. 898 



Canfield, D.E., 1994. Factors influencing organic carbon preservation in marine 899 

sediments. Chemical Geology 114, 315-329. 900 

Charles, F., Gremare, A., Amouroux, J.M., 1995. Utilization of c-14 formaldehyde 901 

to infer ingestion rates and absorption efficiencies by benthic deposit-feeders. 902 

Marine Ecology-Progress Series 127, 121-129. 903 

Cowie, G.L., Hedges, J.I., 1984. Carbohydrate sources in a coastal marine 904 

environment. Geochemica et Cosmochemica Acta 48, 2075-2087. 905 

Cowie, G.L., Hedges, J.I., 1992. Improved amino acid quantification in 906 

environmental samples: charge-matched recovery standards and reduced 907 

analysis time. Marine Chemistry 37, 223-238. 908 

Cowie, G.L., Hedges, J.I., Calvert, S.E., 1992. Sources and relative reactivities of 909 

amino acids, neutral sugars and lignin in an intermittently anoxic marine 910 

environment. Geochemica et Cosmochemica Acta 56, 1963-1798. 911 

Cowie, G.L., Hedges, J.I., 1996. Digestion and alteration of the biochemical 912 

constituents of a diatom (Thalassiosira Weissflogii) ingested by a herbivorous 913 

zooplankton (Calanus pacificus). Limnology and Oceanography 41, 581-594. 914 

Cowie, G.L., Hedges, J.I., Prahl, F.G., De Lange, G.J., 1995. Elemental and 915 

major biochemical changes across an oxidation front in a relict turbidite: An 916 

oxygen effect. Geochemica et Cosmochemica Acta 59, 33-46. 917 

Dalsgaard, J., St John, M., Kattner, G., Muller-Navarra, D., Hagen, W., 2003. 918 

Fatty acid trophic markers in the pelagic marine environment. Advances in 919 

Marine Biology, Vol 46 46, 225-340. 920 

Danovaro, R., Dell'Anno, A., Fabiano, M., 2001. Bioavailability of organic matter 921 

in the sediments of the Porcupine Abyssal Plain, northeastern Atlantic. Marine 922 

Ecology Progress Series 220. 923 

Dauwe, B., Middelburg, J.J., 1998. Amino acids and hexosamines as indicators 924 

od organic matter degradation state in North Sea sediments. Limnology and 925 

Oceanography 43, 782-798. 926 

Defew, E.C., Tolhurst, T.J., Paterson, D.M., 2002. Site-specific features influence 927 

sediment stability of intertidal flats. Hydrology and Earth System Sciences 6, 971-928 

981. 929 

Dell'Anno, A., Fabiano, M., Mei, M.L., Danovaro, R., 2000. Enzymatically 930 

hydrolysed protein and carbohydrate pools in deep-sea sediments: estimates of 931 

the potentially bioavailable fraction and methodological considerations. Marine 932 

Ecology-Progress Series 196, 15-23. 933 

Evans, S.M., 1971. Behavior in polychaetes. Quarterly Review of Biology 46, 934 

379-405. 935 

Giroldo, D., Vieira, A.A.H., Paulsen, B.S., 2003. Relative increase of deoxy 936 

sugars during microbial degradation of an extracellular polysaccharide released 937 



by a tropical freshwater Thalassiosira sp (Bacillariophyceae). Journal of 938 

Phycology 39, 1109-1115. 939 

Goes, J.I., Handa, N., Taguchi, S., Hama, T., Saito, H., 1996. Metabolism of 940 

neutral monosaccharide constituents of storage and structural carbohydrates in 941 

natural assemblages of marine phytoplankton exposed to ultraviolet radiation. 942 

Limnology and Oceanography 41, 1478-1489. 943 

Graeve, M., Albers, C., Kattner, G., 2005. Assimilation and biosynthesis of lipids 944 

in Arctic Calanus species based on feeding experiments with a C-13 labelled 945 

diatom. Journal of Experimental Marine Biology and Ecology 317, 109-125. 946 

Grossi, V., Cuny, P., Caradec, S., Nerini, D., Pancost, R., Gilbert, F., 2006. 947 

Impact of feeding by Arenicola marina (L.) and ageing of faecal material on fatty 948 

acid distribution and bacterial community structure in marine sediments: An 949 

experimental approach. Journal of Experimental Marine Biology and Ecology 950 

336, 54-64. 951 

Hamanaka, J., Tanoue, E., Hama, T., Handa, N., 2002. Production and export of 952 

particulate fatty acids, carbohydrates and combined amino acids in the euphotic 953 

zone. Marine Chemistry 77, 55-69. 954 

Hamilton, S.E., Hedges, J.I., 1988. The comparative geochemistries of lignins 955 

and carbohydrates in an anoxic fjord. Geochemica et Cosmochemica Acta 52, 956 

129-142. 957 

Hedges, J.I., 1990. The chemistry of archaeological wood. Advances in 958 

Chemistry Series 225, 111-140. 959 

Hedges, J.I., Clark, W.A., Cowie, G.L., 1988. Fluxes and reactivities of organic 960 

matter in a coastal marine bay. Limnology and Oceanography 35, 1137-1152. 961 

Hedges, J.I., Cowie, G.L., Richey, J.E., Quay, P.D., Benner, R., Strom, M., 962 

Forsberg, B.R., 1994. Origins and processing of organic matter in the Amazon 963 

River as indicated by carbohydrates and amino acids. Limnology and 964 

Oceanography 39, 743-761. 965 

Hedges, J.I., Sheng Hu, F., Devol, A.H., Hartnett, H.E., Tsmakis, E., 1999. 966 

Sedimentary organic matter preservation: A test for selective degradation under 967 

anoxic conditions. American Journal of Science 299, 529-555. 968 

Herman, P.M.J., Middelburg, J.J., Van de Koppel, J., Heip, C.H.R., 1999. Ecology 969 

of estuarine macrobenthos, in: Nedwell, D.B., Raffaelli, D.G. (Eds.), Advances in 970 

Ecological Research, Vol 29: Estuaries, pp. 195-240. 971 

Hernes, P.J., Hedges, J.I., Peterson, M.L., Wakeham, S.G., Lee, C., 1996. 972 

Neutral carbohydrate geochemistry of particulate material in the central equatorial 973 

Pacific. Deep Sea Research Part II 43, 1181-1204. 974 

Hernes, P.J., Hedges, J.I., Peterson, M.L., Wakeham, S.G., Lee, C., 1996. 975 

Neutral carbohydrate geochemistry of particulate material in the central equatorial 976 

Pacific. Deep Sea Research Part II 43, 1181-1204. 977 



Ittekkot, V., Degens, E.T., 1982. Monosaccharide composition of acid 978 

hydrolyzable carbohydrates in particulate matter during a plankton bloom. 979 

Limnology and Oceanography 27, 770-776. 980 

Ittekkot, V., Degens, E.T., Honjo, S., 1984b. Seasonality in the fluxes of sugars, 981 

amino acids, and amino sugars to the deep ocean: Panama Basin. Deep Sea 982 

Research 31, 1071-1083. 983 

Ittekkot, V., Deuser, W.G., Degens, E.T., 1984a. Seasonality in the fluxes of 984 

sugars, amino acids, and amino sugars to the deep ocean: Sargasso Sea. Deep 985 

Sea Research 31, 1057-1069. 986 

Jones, S.E., Jago, C.F., 1993. Insitu assessment of modification of sediment 987 

properties by burrowing invertebrates. Marine Biology 115, 133-142. 988 

Kristensen, E., 2001. Impact of polychaetes (Nereis spp. and Arenicola marina) 989 

on carbon biogeochemistry in coastal marine sedimentsdagger. Geochem Trans 990 

2, 92. 991 

Mayer, L.M., Schick, L.L., Self, R.F.L., Jumars, P.A., Findlay, R.H., Chen, Z., 992 

Sampson, S., 1997. Digestive environments of benthic macroinvertebrate guts: 993 

Enzymes, surfactants and dissolved organic matter. Journal of Marine Research 994 

55, 785-812. 995 

Mayor, D.J., Cook, K., Thornton, B., Walsham, P., Witte, U.F.M., Zuur, A.F., 996 

Anderson, T.R., 2011. Absorption efficiencies and basal turnover of C, N and 997 

fatty acids in a marine Calanoid copepod. Functional Ecology 25, 509-518. 998 

Middelburg, J.J., Barranguet, C., Boschker, H.T.S., Herman, P.M., Moens, T., 999 

Heip, C.H.R., 2000. The fate of intertidalmicrophytobenthos carbon: An in situ 1000 
13C-labeling study. Limnology and Oceanography 45, 1224-1234. 1001 

Moodley, L., Middelburg, J.J., Soetaert, K., Boschker, H.T.S., Herman, P.M., 1002 

Heip, C.H.R., 2005. Similar rapid response to phytodetritus deposition on shallow 1003 

and deep-sea sediments. Journal of Marine Research 63, 457-469. 1004 

Muller-Navarra, D.C., Brett, M.T., Liston, A.M., Goldman, C.R., 2000. A highly 1005 

unsaturated fatty acid predicts carbon transfer between primary producers and 1006 

consumers. Nature 403, 74-77. 1007 

Nomaki, H., Ohkouchi, N., Heinz, P., Suga, H., Chikaraishi, Y., Ogawa, N.O., 1008 

Matsumoto, K., Kitazato, H., 2009. Degradation of algal lipids by deep-sea 1009 

benthic foraminifera: An in situ tracer experiment. Deep-Sea Research Part I-1010 

Oceanographic Research Papers 56, 1488-1503. 1011 

Oakes, J.M., Eyre, B.D., Middelburg, J.J., Boschker, H.T.S., 2010. Composition, 1012 

production, and loss of carbohydrates in subtropical shallow subtidal sandy 1013 

sediments: Rapid processing and long-term retention revealed by C-13-labeling. 1014 

Limnology and Oceanography 55, 2126-2138. 1015 

Opsahl, S., Benner, R., 1999. Characterization of carbohydrates during early 1016 

diagenesis of five vasculsr plant tissues. Organic Geochemistry 30, 83-94. 1017 



Parrish, C.C., French, V.M., Whiticar, M.J., 2012. Lipid class and fatty acid 1018 

composition of copepods (Calanus finmarchicus, C-glacialis, Pseudocalanus sp., 1019 

Tisbe furcata and Nitokra lacustris) fed various combinations of autotrophic and 1020 

heterotrophic protists. Journal of Plankton Research 34, 356-375. 1021 

Plante, C.J., 2010. Landscape and smaller-scale effects of lugworm (Arenicola 1022 

marina) deposit feeding on benthic bacterial assemblages. Journal of Marine 1023 

Research 68, 743-765. 1024 

Rawlins, A.J., Bull, I.D., Poirier, N., Ineson, P., Evershed, R.P., 2006. The 1025 

biochemical transformation of oak (Quercus robur) leaf litter consumed by the pill 1026 

millipede (Glomeris marginata). Soil Biology & Biochemistry 38, 1063-1076. 1027 

Retraubun, A.S.W., Dawson, M., Evans, S.M., 1996. The role of the burrow 1028 

funnel in feeding processes in the lugworm Arenicola marina (L). Journal of 1029 

Experimental Marine Biology and Ecology 202, 107-118. 1030 

Riisgard, H.U., Banta, G.T., 1998. Irrigation and deposit feeding by the lugworm 1031 

Arenicola marina, characteristics and secondary effects on the environment. A 1032 

review of current knowledge. Vie Milieu 48, 243-257. 1033 

Romankevich, E.A., 1984. Geochemistry of organic matter in the ocean. 1034 

Springer-Verlag, Berlin. 1035 

Ronn, C., Bonsdorff, E., Nelson, W.G., 1988. Predation as a mechanism of 1036 

interference within infauna in shallow brackish water soft bottoms - experiments 1037 

with an infauna predator, nereis-diversicolor muller,o.f. Journal of Experimental 1038 

Marine Biology and Ecology 116, 143-157. 1039 

Skoog, A., Benner, R., 1997. Aldoses in various size fractions of marine organic 1040 

matter: Implications for carbon cycling. Limnology and Oceanography 42, 1803-1041 

1813. 1042 

Smallwood, B.J., Wolff, G.A., Bett, B.J., Smith, C.R., Hoover, D., Gage, J.D., 1043 

Patience, A., 1999. Megafauna can control the quality of organic matter in marine 1044 

sediments. Naturwissenschaften 86, 320-324. 1045 

Smith, D.J., Underwood, G.J.C., 1998. Exopolymer production by intertidal 1046 

epipelic diatoms. Limnology and Oceanography 43, 1578-1591. 1047 

Sun, M.Y., 2000. Mass spectrometric characterisation of 13C-labelled lipid tracers 1048 

and their decomposition products in microcosm sediments. Organic 1049 

Geochemistry 31, 199-209. 1050 

Sun, M.Y., Aller, R.C., Lee, C., Wakeham, S.G., 1999. Enhanced degradation of 1051 

algal lipids by benthic macrofaunal activity: Effect of Yolida Limatula. Journal of 1052 

Marine Research 57, 775-804. 1053 

Sun, M.Y., Cai, W.J., Joye, S.B., Ding, H., Dai, J., Hollinbaugh, J.T., 2002. 1054 

Degradation of algal lipids in microcosm sediments with different mixing regimes. 1055 

Organic Geochemistry 33, 445-459. 1056 



Thomas, C.J., Blair, N.E., 2002. Transport and digestive alteration of uniformly 1057 
13C-labelled diatoms in mudflat sediments. Journal of Marine Research 60, 517-1058 

535. 1059 

Unger, D., Ittekkot, V., Schafer, P., Tiemann, J., 2005. Biochemistry of particulate 1060 

organic matter from the Bay of Bengal as discernable from hydrolysable neutral 1061 

carbohydrates and amino acids. Marine Chemistry 96, 155-184. 1062 

Veuger, B., van Oevelen, D., Middelburg, J.J., 2012. Fate of microbial nitrogen, 1063 

carbon, hydrolysable amino acids, monosaccharides, and fatty acids in sediment. 1064 

Geochimica Et Cosmochimica Acta 83, 217-233. 1065 

Vichkovitten, T., Holmer, M., 2005. Dissolved and particulate organic matter in 1066 

contrasting Zostera marina (eelgrass) sediments. Journal of Experimantal marine 1067 

Biology and Ecology 316, 183-201. 1068 

Voparil, I.M., Mayer, L.M., 2004. Commercially available chemicals that mimic a 1069 

deposit feeder's (Arenicola marina) digestive solubilization of lipids. 1070 

Environmental Science and Technology 38, 4334-4339. 1071 

Wakeham, S.G., Lee, C., Hedges, J.I., Hernes, P.J., Peterson, M.L., 1997. 1072 

Molecular indicators of diagenetic status in marine organic matter. Geochemica 1073 

et Cosmochemica Acta 61, 5363-5369. 1074 

Wallace, W.G., Lopez, G.R., 1997. Bioavailability of biologically sequestered 1075 

cadmium and the implications of metal detoxification. Marine Ecology-Progress 1076 

Series 147, 149-157. 1077 

Woulds, C., Cowie, G., Middelburg, J.J., 2010. A method for the quantitative 1078 

detection of C-13 labelled amino acids and aldoses in marine sediments and 1079 

fauna. Organic Geochemistry 41, 13-21. 1080 

Woulds, C., Middelburg, J.J., Cowie, G.L., 2012. Alteration of organic matter 1081 

during infaunal polychaete gut passage and links to sediment organic 1082 

geochemistry. Part I: Amino acids. Geochimica Et Cosmochimica Acta 77, 396-1083 

414. 1084 

 1085 

 1086 

1087 



Table 1. Sediment deficiency index for aldoses, based on mean natural aldose composition data 1088 

derived from all sediment and polychaete tissue analyses. Negative deficiency indeces indicate a 1089 

compound which is present in the sediment in a lower weight percentage than that in which it is 1090 

present in polychaete tissues. 1091 

Aldose Deficiency Index Hediste Deficiency Index Arenicola 

Rhamnose 1106 14 

Fucose 183 36 

Ribose 28 13 

Arabinose 2997 -14 

Xylose 487 -11 

Mannose 156 12 

Galactose 367 6 

Glucose -73 -6 

 1092 

1093 



Figure 1. Average labelled aldose compositions of A: polychaete tissues (and diet algae), and B: 1094 

controls, sediment and faecal pellet samples (and diet algae), C:  in absolute terms in Hediste tissues, 1095 

and D in absolute terms in Arenicola tissues. 1096 

Figure 2. Results of a PCA of labelled aldose weight percentages for all samples. A) Sample scores B) 1097 

Factor coefficients. 1098 

Figure 3. Mean labelled and natural aldose compositions of polychaete tissues for A) Hediste, and B) 1099 

Arenicola. Means include samples from all timepoints. Error bars are ± 1 standard deviation. The * 1100 

symbol indicates a significant difference in weight percentage between labelled and natural suites. 1101 

Figure 4. Quantitative aldose budgets for A) Hediste, and B) Arenicola microcosms. Error bars are 1102 

plotted for Hediste 10-d and 22-d, as duplicate microcosms were run. Error bars are ± 1 standard 1103 

SW┗ｷ;デｷﾗﾐく けCﾗﾐデくげ ｷﾐSｷI;デWゲ ゲWSｷﾏWﾐデ aヴﾗﾏ ;ﾐ ;a┌;ﾐ;ﾉ Iﾗﾐデヴﾗﾉ ﾏｷIヴﾗIﾗゲﾏく けAげ Iﾗﾐデヴﾗﾉゲ ┘WヴW ゲ;IヴｷaｷIWS 1104 

ﾗﾐ S;┞ゲ Γ ;ﾐS ヱヰが ;ﾐS けBげ Iﾗﾐデヴﾗﾉゲ ﾗﾐ days 37 and 38 for Arenicola and Hediste respectively. 1105 

Figure 5. The 13C-labelled fatty acid suites in experimental samples, and natural fatty acid suites in 1106 

natural polychaete tissues and algae in A) Hediste tissues, B) Arenicola tissues, C) Hediste sediments, 1107 

and D) Arenicola sediments. Values are means of replicates, and error bars are ± 1 standard 1108 

deviation.  1109 

Figure 6. 13C-labelled and natural fatty acid suites for A) Hediste and B) Arenicola microcosms. 1110 

Abundances are plotted as proportion of total 13C-labelled fatty acid in each sample type (except for 1111 

natural suites). Values are means of replicate individuals (n=2-4), and error bars are ± 1 standard 1112 

deviation. 1113 

Figure 7. PCA results for fatty acid suite data for all samples. Sample scores are given in A, and factor 1114 

coefficients of particularly abundant and influential fatty acids are given in panel B (for clarity, other 1115 

compounds included in the PCA are not plotted). 1116 

Figure 8. PCA results for fatty acid suite data for sediment samples only. Sample scores are given in 1117 

panel A, and factor coefficients of particularly abundant and influential fatty acids are given in panel 1118 

B (for clarity, other compounds included in  the PCA are not plotted). 1119 

Figure 9. The 13C enrichment of selected fatty acids compared to their signatures in natural samples 1120 

( = 13C in labelled sample-13C in natural sample). Values are means of replicates, and error bars 1121 

are ± 1 standard deviation. The plot is shown in two sections for clarity. 1122 
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