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ABSTRACT: This study critically evaluates the use of pheophorbide a as a marker pigment for macro-
faunal grazing intensity in intertidal sediments. Based upon evidence from planktonic studies
pheophorbide a has recently been used to quantify grazing in the sediments; however, no accurate
tests have been made of the application of these planktonic concepts to the benthos. Laboratory and
field examinations used the cosmopolitan species Arenicola marina, Corophium volutatorand Hydro-
bia ulvae, as well as natural field assemblages from the Eden estuary, Scotland, to examine the rela-
tionship between grazing and pigment composition. Faeces from the 3 species were examined using
high performance liquid chromatography and showed no sign of pheophorbide a but all species
showed concentrations of 'chlorophyll a-like' (chi @) grazing products. In laboratory manipulations, a
negative relationship was apparent between grazer numbers and the concentrations of pheophor-
bide a and grazing products. In the field, pheophorbide a was rarely found but grazing products were
present in consistently measurable amounts. When relevant physical and biological factors were
regressed against grazing product concentration, a significant relationship was found with an ad-
justed R2of 0.76. This multiple regression used 4 factors to predict chi a degradation concentration;
however, the relationship was dominated by a positive relationship with chi a concentration and only
1 of the other 3 factors was directly related to grazing intensity. Neither pheophorbide @ nor 'chi a-
like' grazing products were found to be useful as marker pigments of macrofaunal grazing intensity
in the intertidal system studied. This places doubt upon the use of pheophorbide a as a marker of
macrofaunal grazing intensity in intertidal sediments in past papers, and discourages the use of any
marker pigment in estuarine sediments without prior testing.
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INTRODUCTION

Published March 20

Estuarine mudflats are one of the most productive
natural ecosystems on earth, with a gross primary pro-
ductivity ofup to 10 Kcal nr2yr 1 (Kennish 1995). These
areas are under increasing demographic pressure,
with 50 % of the world's population now living within
60 km of the coast. It is therefore important to try and
obtain a baseline of productivity for estuaries against
which to judge future anthropogenic and natural
effects. Microphytobenthos can be the most important

’E-mail: r.ford@auckland.ac.nz

© Inter-Research 2002 *www.int-res.com

producers in this system (Yallop & Paterson 1994, Mac-
Intyre & Cullen 1996) supplying up to 45% of the
organic budget of an estuarine coastal system (Asmus
et al. 1998). To accurately assess productivity, losses of
productivity due to grazing must be quantified.

The concentration of pheophorbide « is one method
currently being used to gain insight into relative rates
of grazing in intertidal mudflats. Pheophorbide a has
been proven to be the degradation product of chloro-
phyll a (chi @) (an indicator of microphytobenthic bio-
mass) from grazing in the water column (Carpenter et
al. 1986, Spooner et al. 1994); however, the application
of these findings to the benthos is untested under field
conditions. Pheophorbide a has, however, already been
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used in intertidal sediments as an indicator of rates of
herbivorous grazing (Brotas & Plante-Cuny 1998, Lu-
cas & Holligan 1999). Intertidal areas are, however,
more physically dynamic than the water column, being
subjected to periods of wet and dry, differing light cli-
mates, erosive and/or depositional phases, and differ-
ing redox conditions. Chi a grazing products are also
known to degrade more rapidly to colourless residues
in oxic conditions and when the activity of aerobic
organisms are present (Hurley & Armstrong 1990, Sun
et al. 1993a,b). Previous studies using sediments have
shown that feeding state of grazers can affect the
quantity of chi a grazing products (Abele-Oeschger &
Theede 1991), and that meiofauna can produce
pheophorbide a from grazing (Buffan-Dubau et al.
1996). Some of the most commonly cited papers which
support the concept of production of pheophorbide a
from grazing are, however, unrealistic when compared
to anything but dark field conditions, as all the experi-
ments were conducted in the dark (Bianchi et al. 1988,
1991). At present it is therefore unknown how the dif-
fering biochemical and biophysical factors operating in
intertidal sediments will affect chi a and its grazing
products after grazing.

This paper investigates whether grazing of micro-
phytobenthos by 3 common macrofaunal species results
in the production of recognised breakdown products,
such as pheophorbide a or any other pigment markers.
The results will be discussed in terms of the possible ex-
trapolation of its findings to other intertidal systems.

MATERIALS AND METHODS

Site and experimental macrofauna. All experimen-
tal macrofauna and samples were collected from the
Eden estuary (56°22'N, 02°5T W), which is located on
the East Coast of Scotland and experiences a maxi-
mum tidal range of 4.3 m. Arenicola marina, Coroph-
ium volutator and Hydrobia ulvae were chosen for this
study because of their numerical dominance in many
estuarine mudflats and their probable importance in
microphytobenthic grazing. A. marina is a well-known
example of a direct deposit feeder that ingests sedi-
ment in a burrow at the bottom end of a headshaft 20
to 40 cm deep (Jacobsen 1967). A. marina defecates at
the top of the tailshaft onto the sediment surface (Wells
1953, 1957). C. volutator inhabits U-shaped burrows
that extend to a maximum depth of 10 cm in intertidal
muds and ejects materials and faeces from its burrow
(Meadows & Reid 1966, Grant & Daborn 1994). C. volu-
tator feeds in 3 ways: sifting detritus while moving
about on the surface of the substratum, filtering fine
particles drawn into the burrow by respiratory cur-
rents, or by scraping sediment surrounding the bur-

row, and subsequent sifting and ingestion of these par-
ticles in the burrow (Hart 1930, Meadows & Reid 1966).
H. ulvae is a facultative deposit feeder which grazes at
the sediment surface (Newell 1970). H. ulvae does not
build a burrow, and egests facces at the sediment sur-
face (Newell 1970).

Investigations of chi a transformations via grazing by
the 3 species above (and others) were undertaken in
3 ways. Firstly, faecal pellets were collected and ana-
lysed to identify chi @ grazing products. Secondly, lab-
oratory manipulations were completed in systems with
and without grazers, and sediments analysed for con-
centrations of chi a, pheophorbide a and any additional
grazing products identified by the previous faecal
analysis. Thirdly, a survey grid was sampled in the
Eden estuary, where many biological and physical
measurements were made (horizontal x and y co-
ordinates, mean organic content and mean water con-
tent of sediments, pigment concentrations in the sedi-
ment, and number and biomass of deposit and non-
deposit feeders); these factors were then placed in a
multiple regression to determine which factors were
most important in determining the concentration of chi
a grazing products in the field.

Faecal pellet collection and analysis. Faecal mater-
ial was collected from Arenicola marina, Corophium
volutator and Hydrobia ulvae. Faecal pellets from
C. volutator and H. ulvae were collected under labora-
tory conditions. Three samples of faecal pellets of
-600 individuals were collected from each species.
Samples were collected by extracting adult macro-
fauna directly from ambient sediments into a funnel of
seawater (5 pm filtered) above a 500 pm mesh, then
leaving them in the dark for over 24 h. Faeces in water
were then collected from the base of the funnel after
removal of the overlying animals, mesh, and as much
water as practicable. Nine 4. marina casts were col-
lected from the field in sandy sediments and 10 in
muddy sand sediments. Casts were first measured,
then separated from the sediment surface using a flat
blade, and immediately placed in liquid nitrogen,
frozen, and stored at -80°C in the dark to avoid pig-
ment breakdown.

Control samples were collected adjacent to all casts
sampled using a contact-corer (Fig. 1). A contact-corer
was chosen as it allows rapid sample acquisition of the
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Fig. 1. Diagram of a contact-corer
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sediment's photic zone, where the majority of micro-
algae are present (Pinckney et al. 1994, Paterson et al.
1998, Wiltshire 2000). A contact-corer flattens and free-
zes the top 2 to 5 mm of sediment to a metal surface
56 mm in diameter. Firstly, the contact-corer is placed
firmly on the sediment surface until the metal dish is
flush with the sediments. Then, liquid nitrogen is
poured into the metal dish of the contact-corer until at
least 2 mm of sediment are frozen. The contact-corer is
then removed (including frozen sediment) and the base
of the frozen core scraped until the frozen sediment is
flush with the plastic collar. Lastly, The 2 to 5 mm slice
of sediment is removed from the contact-corer and
wrapped in labelled tin foil. All samples collected were
immediately frozen using liquid nitrogen and stored at
-80°C in the dark to avoid pigment breakdown.

High performance liquid chromatography (HPLC)
analysis was completed on faecal pellets and chi a
standards in the laboratory. The aim of this analysis
was to quantify the chi a, pheophorbide a and 'chi a-
like' pigments ('chi a-like' pigments are hereafter
referred to as grazing products). Analysis employed a
Waters 700 autosampler and RP C-18 Nucleosil column
with an attached Photo Diode Array at 25°C. Samples
were first freeze-dried in the dark. Samples (-0.1 g of
sediment) were then extracted in the dark at -80°C
using 100% acetone (-1 ml) followed by 90 min of cold
sonication before being run through the column. The
sample was run for 40 min sample-1 on a methanol-
based method shown to achieve good separation of chi
pigments, chi breakdown products (including pheo-
phorbide a) and other accessory pigments (Wiltshire
& Schroeder 1994). Three chi a standards (0.0625 to
5mg I-1) were run with each set of samples. Chi a was
identified from standards, and pheophorbide from its
absorbance spectra and elution order.

Laboratory experiments. Contact-core samples were
taken, 15 from grazed and 15 from control treatments
after 21 d in a light (12:12 h) and tidal environment at
10°C. Grazed treatments (15 replicates) had 10 Nereis
diversicolor and 100 Hydrobia ulvae added per core;
control treatments (15 replicates) had no macrofauna.
Visible grazer mortalities were replaced throughout the
21 d experiment and grazing was still evident at both
the start and end of the experiment in the form of graz-
ing trails. Tides followed ambient patterns for the Eden
estuary (8 h immersion, 4 h emmersion). All experi-
mental replicates were from individual 8 cm diameter
(10 cm deep) cores. Cores were filled to 8 cm depth
with beach sands (sieved to remove macrofauna with a
2 mm mesh) then -2 cm of homogenised diatom-rich
surface sediments (diluted with beach sands) was
placed on top of the sand. The homogenised diatom-
rich surface sediments were surface scrapes from the
Eden estuary sieved through a 125 pm mesh to elimi-

nate larger organisms. The 15 samples for each treat-
ment were analysed by HPLC and differences be-
tween treatments in the ratio of grazing products to
chi aexamined. As grazing products could be an inter-
mediate stage on the conversion from chi a to pheo-
phorbide a, the concentrations of pheophorbide a and
grazing products were examined both separately and
combined for differences between treatments. Results
are displayed either as ratios to chi a or as peak areas
from the HPLC.

Field survey. An integrated sampling programme
was completed on the intertidal sediments of the Eden
estuary in August 1999, as part of the EU funded BIOP-
TIS programme (MAS3-CT97-0158). For this analysis,
29 sites were selected that were dominated by micro-
algae from a sampling grid 600 m in the across-shore
direction and 1000 m in the downshore direction. This
grid encompassed various sediment types and the full
range of intertidal height. Measurements taken inclu-
ded mean organic content, mean water content, and
percentage of sediments less than 63 pm (by weight).
Biological samples were taken for pigment analysis by
HPLC (extracted via 90 % dimethylformamide or 100 %
acetone), the number and percentage of deposit feed-
ers, and the number and percentage of non-deposit
feeders as well as a calculated biomass value were all
derived from macrofaunal counts.

Measurements were made and results calculated
as follows. Horizontal x and y co-ordinates were es-
tablished via differential GPS (global positioning sys-
tem). Organic content was calculated from loss of
weight on ignition (550°C for 6 h) of a randomly se-
lected sub-sample of a homogenised core at each site
(5 cm diameter x 10 cm deep), with large shell material
removed. Percentage sediments less than 63 pm (by
weight) were calculated from dry sieving of a ran-
domly selected sub-sample of the same homogenised
core at each site (5 cm diameter x 10 cm deep) after
treatment with sodium hexametaphosphate (Buchanan
& Kain 1971). Mean water content was calculated from
the loss of weight on freeze drying of 3 surface slices of
the sediment between 2 and 8§ mm deep. Pigments in
sediments were quantified using HPLC analysis on
contact-core samples as detailed above, only chi a,
grazing products and pheophorbide a concentrations
are discussed here. Numbers and percentages of de-
posit and non-deposit feeders were calculated from
macrofaunal counts (I mm mesh) from a 18 cm dia-
meter core to a depth of 15 cm at each site. Arenicola
marina were collected by an alternative method; cast
counts from three 0.25 m2 quadrats were averaged,
normalised to core size and used to estimate the aver-
age number of active Arenicola marina. Macrofauna
were classified into deposit feeders and non-deposit
feeders using the literature and personal observations.
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Macrofaunal biomass was calculated from counts of
taxa present (excluding rare macrofauna) in 1 core
(18 cm diameter x 15 cm deep) at each station multi-
plied by an ash free dry weight (AFDW) for each
macrofaunal taxon. Macrofaunal organisms were clas-
sified as those retained on a 1 mm mesh. Arenicola
marina were quantified as above. Rare taxa were de-
fined as those present at less than an average of
0.5 individuals core-1 and less than an influence of 10 %
of numerical abundance for any 1 site. Macrofaunal
AFDW per taxon were obtained by averaging weights
of animals from the estuary, or from the literature. 4.
marina have by far the largest individual biomass of all
animals found in this survey, and are also on average
larger at low shore than high shore (Retraubun et al.
1996); therefore, A. marina biomass was calculated on
a sliding scale dependent on the shore height. The
largest A. marina AFDW was used for the low shore
and this was linearly weighted to 10 % ofits value for 4.
marina at the high shore. Therefore the calculated
weight for the high shore 4. marina was 0.015 g, 10%
of the weight of the low shore 4. marina (0.15 g).

Statistical analyses. A 1-way ANOVA was employed
with logll(x + 1) transformations being used where
necessary to fulfil model assumptions. Where transfor-
mations did not fulfil ANOVA assumptions, a Kruskal-
Wallis non-parametric test was used. A stepwise multi-
ple regression analysis was used to assess how much
of the variation in grazing products could be correlated
to some combination of the other measured factors in
the field sampling. Data were logld(x+ 1) transformed
prior to insertion in the multiple regression model to
fulfil the models assumptions.

RESULTS
Faecal pellet analysis

Corophium volutator and Hydrobia ulvae faecal
material showed measurable quantities of chi a graz-
ing products (Fig. 2a,b). These grazing products were
characterised by the Photo Diode Array on the HPLC
as having a spectral signature of 2 major absorbance
maxima, 1 at 425 to 436 nm, and 1 at 660 to 670 nm.
These grazing products were found only in small
quantities (a maximum of 60 % of the peak area of chi
in any one sample). Chi a standards showed absor-
bance maxima at 430.8 and 665.4 nm, and a retention
time of 24.18 min on this column. No chi a was found in
the faecal samples of either species.

Arenicola marina faecal casts showed the presence
of chi a in addition to the presence of the grazing prod-
ucts seen in the faeces of the other 2 species (Fig. 2c).
Comparison of 9 4. marina casts with adjacent sedi-

ment in the field showed no significant difference in
quantity of chi a (p=0.384, df = 16) or grazing products
(p = 0.242, df = 16) in sand (Fig. 3). A similar survey of
10 A. marina casts and adjacent sediment in sandy
mud also showed no significant difference in quantity
of chi a (p = 0.185, df = 18) or grazing products (p =
0.57, df = 18). In both comparisons between casts and
controls (sand and muddy sand) grazing products of
chi a were usually less in faecal samples than in adja-
cent control samples (Fig. 3).

Ten chi a standards of varying concentrations (0.06
to 498 mg L1) were run at different times using the
same protocol. Chi a grazing products were on aver-
age present at 2.5% of chi a concentrations (over the
entire range), with little variance around this mean
(0 = 0.2% of chi a concentrations). This concentration
of grazing product was therefore assumed to be an
artefact of HPLC processing or chi a storage in acetone,
and was subtracted from the concentration of grazing
product prior to analysis of data.

No pheophorbide a was detected in the faecal pellets
of any of the 3 species.

Laboratory manipulation

The laboratory experiment showed a strong (but
non-significant) trend towards lower levels of chi a
grazing products, pheophorbide a, and the sum of both
of these in grazer treatments compared to ungrazed
treatments (Fig. 4, Kruskal Wallis p = 0.10, 0.12, 0.44
respectively). Many zero values for pheophorbide a
and grazing product concentrations were recorded in
both control and grazer treatments, which attributed to
the high variability within treatments. Chi a values
were similar for grazer and control treatments (aver-
age = 151 and 149 mg m-2) with a high standard devi-
ation (pooled = 136 mg m-2); therefore, changes in chia
were unlikely to be causing this trend of difference in
ratios between treatments. The laboratory experiment
also showed a significant positive relationship (p <0.01
for all) between the peak areas of chi a and the graz-
ing products, pheophorbide a, and grazing products +
pheophorbide a (Fig. 5). This means that as chi a
increased grazing products, pheophorbide a, and graz-
ing products + pheophorbide a all increased as well.
These relationships were very loose, however, with the
best 12 of 0.31 recorded for the relationship between
pheophorbide a and chi a.

Field survey

The results from the field survey are summarised in
Table 1, and show a large range within both the phys-
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Fig. 2. HPLC absorbance chromatograms at 430 nm and absorbance spectral signatures (boxed) from faecal samples collected in

the laboratory from Corophium volutator and Hydrobia ulvae (a,b) and Arenicola marina in the field (c). Chlorophyll a is shown

in part (c) as identified from standards. Only areas of chromatograms are shown where peaks are present (note changes
in x-axis between a, b and ¢). RT =retention time in minutes
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Fig. 3. Chi a concentration (stipled and clear area in boxes)
and degradation product concentration (stipled area in rela-
tive size to chi a concentration) (shown as relative peak area)
in Arenicola casts versus adjacent sediment in the field (n =9,
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Fig. 4. Ratios of pheophorbide a and grazing products in con-
trol and grazer manipulations in laboratory experiment (n =
15, bars = SE)
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Fig. 5. Regression of chi a content versus grazing products

peak area (normalised to weight of sediment) in laboratory
experiment

ical and biological factors. Organic content varied from
1.3 to 34.0%, with no apparent pattern in response to x
or y dimensions. The percentage of cohesive sediments
(<63 pm) varied from 0.1 to 21.0%, again showing no
obvious pattern with spatial dimensions. Water content
varied from 11.6 to 90.9%, where sites had standing
water. Chi a concentrations varied from 22.4 to 305.9 mg
m-2;a similar range of values were recorded from both
Northern Europe and the Mediterranean estuarine
areas (Colijn & DeJonge 1984, Barranguet 1997). The
ratio of breakdown products to chi a differed over 2
orders of magnitude from a value of 0.002 to 0.267.
Many more deposit feeders compared to other feeding
types were present on the Eden tidal flat (maxima of
765 and 174 individuals core-1 recorded, respectively).
At individual sites percentage composition, however,
differed from 0 to 96% for deposit feeders and 0 to
100% for non-deposit feeders. The calculated biomass
differed from 0 to 1.56 g of AFDW of carbon per core.

Multiple regression analysis of the factors from the
field survey versus chi a grazing products showed a
significant relationship (p <0.01) with an adjusted r2of
0.76 (Eq. 1)

logl0(grazing products) = 1.1065 + 0.8641[logl0(chl a
peak area)] - 0.052[logl0(biomass)] - 0.034[logl0
(%<63 pm)] - 0.029[logl0(distance alongshore)]

The regression equation consisted of a constant,
1 positive dependent variable and 3 negative depen-
dent variables (Eq. 1).

DISCUSSION

This study realistically addressed chi a breakdown
through macrofaunal grazing in estuarine intertidal
sediments in the field for the first time. Macrofaunal
grazing has been seen to have different affects on chi a
depending upon the species studied. In the laboratory,
Hydrobia
formed ingested chi a through their grazing activities.
Chi a was degraded to form 'chi a-like' compounds
(Fig. 2a,b). In contrast, Arenicola marina did not trans-
form chi a or affect chi a concentrations at the sites
sampled in the field (Fig. 2¢). These findings contrast
with previous findings in phytoplankton and sediment
samples, where pheophorbide a was found to be the
product of grazing on chi a (Abele-Oeschger & Theede
1991, Head & Harris 1992, Buffan-Dubau et al. 1996).

The chi a concentrations in the various experiments
in this study ranged from 3 to 640 mg m-2 as the sedi-
ment changed from almost pure
marina cast samples) to <125 pm sediment diluted
sand (laboratory experiment). These concentrations

ulvae and Corophium volutator trans-

sand (Arenicola
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Table 1. Physical and biological variables from the field survey. *Average from 3 replicates

X y Organic Sediment Water Chi a Degradation Deposit Other Deposit Other Biomass
content <63 pm content products  feeders feeders feeders feeders (calculated as g
(across- (down (%) (%) (%) (mgnr2) (ratio to (no. (no. (%) (%) of AFDW)
shore, shore, chi a) core-1) core-1)
m) m)
0 0 4.9 10.1 30.5 200 0.06 0 0 0 0 0.00
0 100 35 5.4 29.9 143 0.19 136 58 70 30 0.65
0 200 26.9 13.3 84.7 141 0.10 0 0 0 0 0.00
0 900 4.1 7.1 31.9 186 0.00 71 10 88 12 0.13
100 0 2.8 7.8 90.8 112 0.06 0 0 0 0 0.00
100 100 339 4.5 273 117 0.10 294 53 85 15 0.96
100 900 2.7 8.1 273 195 0.04 0 0 0 0 0.10
200 0 2.8 4.7 90.9 200 0.00 213 42 84 16 0.36
200 100 24 7.0 27.2 151 0.01 222 31 88 12 0.40
200 200 29.3 9.5 31.8 127 0.02 102 43 70 30 0.37
200 700 25.2 4.7 81.9 68 0.17 17 0 0 26 0.49
200 900 2.3 0.1 36.9 93 0.13 4 19 17 83 0.17
300 0 2.6 6.4 51.0 306 0.06 24 41 37 63 0.06
300 100 3.7 9.3 29.5 135 0.02 765 34 96 4 1.31
300 200 249 5.7 47.0 ill 0.13 421 134 76 24 1.17
300 600 3.7 1.4 325 95 0.17 43 66 39 61 1.56
300 700 2.1 2.5 26.2 92 0.13 0 0 0 0 0.04
300 800 1.5 1.0 35.8 75 0.27 12 10 55 45 0.19
300 900 3.9 1.1 24.8 75 0.16 1 30 4 96 0.39
400 100 6.7 8.9 25.8 187 0.06 527 47 92 8 0.95
400 200 8.0 5.6 25.5 173 0.15 35 31 53 47 0.31
400 600 4.0 21.0 25.7 138 0.06 17 48 26 74 1.06
400 800 1.3 14.2 26.0 61 0.12 3 1 76 24 0.05
400 900 32 0.4 32.1 79 0.15 5 14 27 73 0.12
500 100 32 4.5 26.0 169 0.05 728 48 94 6 1.27
500 200 7.7 13.4 26.3 126 0.10 522 30 95 5 0.88
500 700 1.5 5.3 11.6 165 0.10 73 174 30 70 0.56
500 800 2.5 0.9 23.7 22 0.08 1 6 14 86 0.00
500 900 2.9 0.4 26.3 72 0.13 0 8 0 100 0.03

correspond well to a range of estuaries; the Eden estu-
ary has a measured range from 5to 160 mg nr2ofchia
(Honeywill 2001) whilst estuaries in the Netherlands
range from these values up to 800 mg nr2 of chi a
(Paterson et al. 1994, Cariou-Le Gall & Blanchard
1995). These results differed from those of Bianchi et
al. (1988, 1991), where experiments were conducted in
the dark, as all our experiments were conducted using
a realistic day:night cycle, which allowed chia to
photo-oxidise. These results also differed from those
found for planktonic studies (Carpenter et al. 1986,
Head & Harris 1992, Spooner et al. 1994) as both light
and oxygen may not be as readily available in the
water column to stimulate photo-oxidation as they are
in intertidal surface sediments.

Reworking of sediments by certain macrofauna taxa
may increase the breakdown of grazing products and
pheophorbide a, creating an inverse relationship be-
tween grazing and the quantity of these substances.
This is suggested by the fact that more grazing prod-
ucts were observed than in controls both in the Areni-

cola marina casts in the field (Fig. 3) and in the labora-
tory experiments with grazers (Fig. 4). This assertion is
supported in the literature as chi a grazing products
are known to degrade more rapidly to colourless
residues when the activity of aerobic organisms is pre-
sent (Hurley & Armstrong 1990, Sun et al. 1993a,b). It
is, however, unknown how important aerobic break-
down through sediment reworking may be in the field,
where it is balanced against the production of grazing
products by some species as well as the physically
dynamic nature of the habitat.

From the results of the present study the concentra-
tions of grazing products cannot be viewed as suitable
markers for grazing pressure in this part of the Eden
estuary. The adjusted r2 from the multiple regression
showed that 76% of the spatial variation in chi a graz-
ing factors is significantly correlated with 4 factors.
The multiple regression equation is dominated, how-
ever, by the influence of chi a (an estimator of the
biomass of the intertidal microphytobenthos), which
contributes 97 % of the r2 (0.74 of the 0.76). One expia-
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nation for this pattern is that chi @ grazing products iso-
lated from faeces may also be the result of cell senes-
cence. So although grazing is producing chi a grazing
products, the signal from the degradation of cells via
senescence is dominating the pattern of concentrations
in the Eden estuary. In our field experiment, grazing
products increased when intertidal microphytobenthos
increased, with macrofaunal grazers having only a
minimal affect on this relationship.

Of the 3 significant factors (excluding chi a) in the
multiple regression, only one of these (macrofaunal bio-
mass) is related to likely macrofaunal grazing intensity.
When considered separately from the other 3 physical
factors biomass contributed an adjusted r2ofjust 0.2 to
the multiple regression. However, the direction of this
trend is logical and agrees with our findings in the lab-
oratory. As biomass increases the grazing products
decrease, probably through reworking ofthe sediments
causing further degradation of these substances into
compounds undetectable using HPLC (Hurley & Arm-
strong 1990, Sun et al. 1993a,b). This agrees with the
trend of decreased breakdown products with increased
grazers for our laboratory manipulation (Fig. 4). Dis-
tance alongshore and percentage of sediments less
than 63 pm both also have influences in directions that
agree with present literature (Hurley & Armstrong
1990, Sun et al. 1993a,b). Chi a grazing products de-
creased as distance alongshore increased, this is in the
direction of the estuary mouth, where we would expect
more physically turbulent conditions, and hence more
exposure of grazing products to oxic conditions and
more breakdown. The decrease seen in grazing prod-
ucts with an increase in muds was probably a reflection
of the degradation caused by meiofaunal reworking.
Meiofauna are usually more abundant in muddy com-
pared to sandy sediments (Coull & Bell 1979, Coull
1988); therefore, reworking by meiofauna could be ex-
pected to increase in muddy sediments and this action
could decrease the concentration of grazing products.

There are possible confounding factors in this study
that may have affected the detection of any possible
relationships with chi a grazing products that should
be considered. One possible confounding factor for this
relationship is the differential destruction of chia
found in the plankton, but not yet investigated in the
benthos. Differential destruction of chi ¢ has been
found either within the same species depending upon
gut fullness (Vernet & Lorenzen 1987) or between spe-
cies (Gieskes et al. 1991, Head & Harris 1992). Another
possible source of error is in the calculation of biomass.
When the average biomass value from all sites is spa-
tially scaled up this gives a value of 59.8 g nr2. This
value allows a broad comparison with the biomass val-
ues of Warwick & Price (1975), which are 13.30 g nr2
averaged over a year. Biomass values are higher here,

which would be expected when comparing summer
values to annual averages, but within the same order
of magnitude, which allows some confidence in the
calculated biomass values. Meiofaunal grazing has
been shown to affect chi @ degradation (Buffan-Dubau
et al. 1996); however, due to difficulties in collecting
sufficient quantities of meiofaunal faeces for HPLC
analysis their influence is not investigated here.
Another argument that could be raised is cross-corre-
lation between many of the inputted factors from the
field survey. Cross-correlation is common between
such factors as macrofaunal density and chi a; concen-
trations, in that more animals are often found where
there is more food in the sediments for deposit feeders.
The argument could therefore be raised that the signal
from the animals was being masked by the pattern of
chi a; however, in this case no significant regression
between chi a and any macrofaunal factors was ob-
served. The production of 'chi a-like' pigments cannot
be attributed to methodological problems either, as
calibrations showed these pigments to be produced in
consistently low quantities (-2.5%) as a result of the
methodology, well below the concentration of some of
the samples (26.7%). Therefore these pigment signa-
tures must be the products of macrofaunal grazing and
it must be concluded that the link between macrofau-
nal factors and grazing products was too weak to be of
practical use in terms of its use as a marker of macro-
faunal grazing. The depth of our sampling (top 2 to
5 mm) means this conclusion is especially valid for
remote sensing detection of pheophorbides as these
platforms only sample the very surface sediments.
Pheophorbide @ concentrations in this study were
much lower than in many others (Cariou-Le Gall &
Blanchard 1995, Buffan-Dubau et al. 1996, Brotas &
Plante-Cluny 1998); this is probably because in con-
trast to these previous studies we sampled only the top
2 to 5 mm of sediment. This is the area where most of
the microphytobenthos are present but also is most
likely to undergo both photo-oxidation of chi @ and
reworking of sediment by the macrofauna. This theory
is supported by the pheophorbide concentrations from
the study of Barranguet et al. (1997), in which 1 mm
deep surface slices were studied and pheophorbides
were only occasionally found at low concentrations.
Pheophorbide a was not found in the faeces of any of
the 3 macrofaunal organisms studied, or in any of the
field samples. This brings into question the use of this
pigment to infer grazing rates in intertidal sediments
dominated by microphytobenthos elsewhere (Brotas &
Plante-Cuny 1998, Lucas & Holligan 1999). Given our
result, the conclusions drawn from these papers about
grazing rates from pheophorbide a concentrations must
be questionable. Chi a breakdown pigments may be
useful markers of grazing elsewhere, but if high rates
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of biological reworking or deep oxygen diffusion are
present this seems unlikely. Therefore, any use of
pheophorbide a as a marker pigment for grazing in
surface intertidal sediments in the future should be
tested prior to use.
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