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INTRODUCTION

The deposition of fine sediments in the intertidal
zone of estuaries forms highly productive mudflats. In
most cases, single-celled phototrophic algae belonging
to the Bacillariophyceae (diatoms) dominate the micro-
phytobenthos of these sediments (Admiraal 1984, Pater-
son & Hagerthey 2001). Diatoms are often the main
primary producers in these systems, with primary pro-
duction estimates ranging between 29 and 234 gC
m–2 yr–1 (Underwood & Kromkamp 1999). Diatoms also
provide an important food resource for benthic infauna

such as Hydrobia ulvae, Corophium volutator and Nereis
diversicolor. The presence of biofilms has generic ef-
fects such as the control of nutrient fluxes over the
sediment-water interface (Sundbäck et al. 1991) and
the mediation of sediment properties (Paterson 1995).

Estuarine ecosystems are a reservoir of genetic and
species diversity, and provide a variety of ecosystem
goods and services (Dickinson & Murphy 1998). The ac-
celerating effects of human activities on functional re-
dundancy, biodiversity and the possibility that the loss
of biodiversity may impact on ecosystem function has
led to an increased interest in the stability or resistance
of communities to environmental perturbations (Begon
et al. 1990, Peterson et al. 1998, Tilman 1999). Diatoms
have a rapid doubling time and respond quickly to
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changes in environmental conditions. As a result, mi-
crophytobenthic assemblages can potentially provide a
model system that can be successfully manipulated to
illustrate the potential effects of environmental change
(McCormick & Cairns 1994, Petchey et al. 1999) or
ecosystem stress (Medley & Clements 1998). In addi-
tion, because of their species-specific ecological sen-
sitivities, the responses of these microorganisms may
also reflect long-term dynamics through drift in species
composition (Cameron 1995, Bennion et al. 1996).

Understanding the effects of system change on
organisms and assemblages is complex. The ultimate
goal is to determine, and then predict, how assem-
blages will react to stress in nature. The reductionist
approach is to examine the response of single popula-
tions (Kromkamp & Limbeek 1993, Staats et al. 2000)
or reduced diversity mixtures to specific controlling
factors under controlled conditions (van Donk &
Kilham 1990, Metaxas & Lewis 1991, Olaizola & Yama-
moto 1994, Watermann et al. 1999, Underwood &
Provot 2000). The wider interpretation of these studies
must always be treated with caution since natural
assemblages contain the possibility of so many inter-
actions and responses. Ideally, experiments should be
conducted in the field with natural populations, but
this is rarely possible. A compromise is to maintain a
diverse natural assemblage under laboratory condi-
tions: ‘a natural assemblage culture’. Microphytoben-
thos provide a convenient model, since assemblages
are species-rich and samples easily manipulated.
However, assemblages will begin to change immedi-
ately upon removal from their ambient conditions.
With respect to microphytobenthos, it is not known
how fast these changes occur under normal laboratory
conditions. Many factors (i.e. nutrients, grazing pres-
sure, tidal flooding) are altered on removal from the
field, but light availability is arguably one of the most
fundamental changes when an assemblage is moved
from the field into a laboratory system. Generally, light
levels in laboratory systems are much lower than in the
field and range between 50 and 200 µmol m–2 s–1

(Admiraal 1977, Glud et al. 1992, Hay et al. 1993,
Madsen et al. 1993, Peletier et al. 1996, Serôdio et al.
1997, Smith & Underwood 1998).

This study aims to investigate the resilience of an
estuarine microphytobenthic assemblage under irradi-
ance conditions imposed under laboratory culture and
not to examine the effect of the disturbance created by
removal of the sediment from the field into the labora-
tory. A natural microphytobenthic assemblage was ob-
served under 2 reduced light regimes. The response of
the assemblage was studied by analysing microphyto-
benthic species composition (gross assemblage change),
biomass (chlorophyll a [chl a]) and pigment composi-
tion. Photophysiological status was assessed between

the 2 light treatments. If changes in assemblage struc-
ture occur rapidly upon entry to a laboratory system,
the validity of experiments investigating the effects
of further perturbations may be questioned, since the
control measurement will no longer be related to the
natural system. Therefore, the validity of the approach
may rest on how rapidly assemblages change under
laboratory conditions.

MATERIALS AND METHODS

In October 1999, surface sediment from the Eden Es-
tuary was collected. The samples were classified as sand
and sandy-mud sediments, whose fine grain fraction
(>0.063 µm) was between 10 and 25% (classification af-
ter Figge et al. 1980 cited in Riethmüller et al. 1998). The
sediment was sieved through a 150 µm mesh to remove
macrofauna and most meiofauna. A 3 cm deep layer of
sieved, homogenously mixed sediment was placed into
23 sand-filled cores (surface area: 50 cm2). Three cores
were used for initial measurements, and 20 cores (10
unshaded and 10 shaded) were distributed between 2
tanks in a randomised block design. Shading was pro-
vided using a computer-generated black and white pat-
tern, printed onto acetate and placed appropriately onto
a thin Perspex lid covering both tanks. A natural tidal
regime was simulated (using filtered coastal water of 22
salinity) and the growth chamber maintained tempera-
ture at 10°C. White fluorescent lamps provided a mean
photosynthetic photon flux density (PPFD) of 164 µmol
m–2 s–1 for unshaded cores and 77 µmol m–2 s–1 for
shaded cores on a 12:12 h light:dark cycle.

Initial measurements of chl a, pigment composition,
carbohydrate fractions and assemblage composition
(species richness, diversity and low temperature scan-
ning electron microscopy [LTSEM]) were taken from 3
individual cores, 1 d after sieving the sediment. After
14 d, these same parameters were taken from the 20
cores (10 unshaded and 10 shaded) maintained under
experimental conditions. Fluorescence parameters (F0

15,
Fv/Fm and photosynthetic-irradiance [P-I] curves) were
also taken at the end of the experimental period in
order to assess differences in photophysiology be-
tween the 2 light treatments.

Low temperature scanning electron microscopy.
The sediment structure of the initial assemblage and of
the assemblage after 14 d under the experimental con-
ditions was visualised using  LTSEM (Paterson 1995).
Surface sediment was removed using strips of stiff
foil and plunged into liquid nitrogen. The sediment
remained frozen until examination (Oxford cryo-
systems with Joel 35Fc SEM). Heat etching removed
most frozen surface water, after which samples were
sputter-coated with gold and viewed while still frozen.
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Diatom cell collection. Samples of microphytoben-
thos were collected by surface scrapes and lens tissue
(Eaton & Moss 1966).

Lens tissue method: To collect the motile epipelic
fraction, 2 pieces of lens tissue (2 cm2) were placed on
the sediment surface. After 1 h, the top piece of lens
tissue was removed with forceps, placed in a labelled
Eppendorf and preserved in 1.25% gluteraldehyde,
prior to acid cleaning and permanent slide preparation
(Simonsen 1974).

Surface scrape method: A small piece of aluminium
was used to remove the surface sediment layer, which
was placed in a glass vial, and preserved in 1.25%
gluteraldehyde. This allowed the collection of the entire
microphytobenthic assemblage, including diatoms and
cyanobacteria.

Cells were counted and identified using a Zeiss Uni-
versal light microscope (total magnification: 788×).
Where possible, 300 cells per slide were counted. For
counts of the whole sediment assemblage, naviculoid
species were divided into size fractions (length of small
species ≤ 12.75 µm, length of mid-sized species = 12.75
to 21.25 µm, length of large species ≥ 21.25 µm), with
the exception of Navicula digitoradiata and N. grega-
ria. Each size group was considered as a taxon.

Fluorometry. Non-invasive fluorescence measure-
ments were made using a FMS2 fluorometer (Hansa-
tech™) on cells that had been dark-adapted for 15 min
(Honeywill et al. in press). Biomass of the cores was
estimated using minimum fluorescence (F0

15) (Bar-
ranguet & Kromkamp 2000, Honeywill et al. in press).
To examine the possibility that cells within the experi-
mental assemblages were under photophysiological
stress, examination of the efficiency of excitation cap-
ture by open photosystem 2 (PSII) centres was used.
This is also known as the ‘Genty factor’ ratio (Genty et
al. 1989) and is such that:

Fv/Fm =  (Fm – F0
15)/Fm (1)

where Fm is maximal fluorescence (dark-adapted), F0
15

is minimum fluorescence (dark-adapted) and Fv is vari-
able fluorescence (dark-adapted). A ratio of 0.75 indi-
cates a healthy algal cell (C. Honeywill pers. comm.).
The Genty factor can be used to calculate the relative
linear rate of photosynthetic electron transport: 

Relative ETR  =  Fv/Fm × PFD (2)

where PFD is the photon flux density (Kromkamp et al.
1998). Using the relative ETR, 3 P-I curves from each
experimental light treatment were used to calculate
photosynthetic affinity (α), maximum photosynthetic
rate (Pmax) and the light saturation index (Ek).

Pigment analysis. From all cores, the upper 4 mm of
sediment was collected using the contact core method
(Honeywill et al. in press) and used for pigment analy-

sis. High performance liquid chromatography (HPLC),
using the method of Wiltshire et al. (1998), allowed for
the quantitative determination of pigments. Chl a was
expressed as an absolute value, calculated against
known standards (Sigma), whilst all other pigments
were expressed as a ratio to chl a.

Measurement of extracellular carbohydrates. The
phenol-sulphuric acid assay was used to quantify the
amount of extracellular carbohydrates within the sedi-
ments (Dubois et al. 1956). Three fractions were mea-
sured: (1) total carbohydrate concentration of the sedi-
ment within the range of the assay, including intra-
cellular, extracellular and particle-bound material;
(2) total colloidal carbohydrate (liquid phase), which
is a useful index of microbial EPS (Decho 1990); and
(3) the polymeric fraction of the carbohydrates in the
colloidal phase (after Underwood et al. 1995). Absor-
bance was measured on a spectrophotometer against a
reagent blank at 485 nm. Concentration was calibrated
against a glucose standard curve and results were
expressed as µg glucose equivalents per g of dry sedi-
ment (µg glucose equiv. g–1; Underwood et al. 1995).

Statistics. Kruskal-Wallis test, 1-way analysis of vari-
ance (ANOVA), t-test and the Mann-Whitney test
were used to determine if measured photophysiologi-
cal parameters where significantly different between
experimental light treatments (Zar 1999). Assemblage
analysis was carried out using reciprocal averaging
(RA) ordination. Since one aim of the experiment was
to investigate gross assemblage change, the RA ordi-
nation was down-weighted. (The effect of RA ordina-
tion without down-weighting was assessed and con-
cluded to be insignificant.) The SIMI similarity index
(Medlin 1983) was used to compare assemblages be-
tween treatments. The index has a value of 0 when
samples have no taxa in common, and of 1 when samples
have identical taxa at the same relative abundance.
This statistic gives more weight to the abundant taxa.

RESULTS

Alterations in biochemical parameters

Chl a content was consistent across the treatments
and against initial values, indicating no significant
change in biomass over 14 d, either from initial levels
or between light treatments (Kruskal-Wallis, p = 0.242).
Mean values ± SD were 89.5 ± 5.3 mg m–2, 90.5 ±
18.6 mg m–2 and 107.2 ± 32.3 mg m–2 for initial,
unshaded and shaded assemblages, respectively
(Fig. 1A). F0

15 between experimental light treatments
did not differ significantly (t-test, p = 0.72), having
mean values of 375 ± 149 and 399 ± 127 for unshaded
and shaded cores, respectively.
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Fucoxanthin/chl a ratios did not differ significantly
between light treatments and against initial values
(1-way ANOVA, p = 0.659), having mean values ± SD
of 0.64 ± 0.01, 0.66 ± 0.03 and 0.66 ± 0.05 for initial,
unshaded and shaded cores, respectively (Fig. 1B).
The relative amounts of EPS (Fig. 1C) found within the
sediments of the light treatments did not differ signifi-
cantly from the initial amounts, or from each other

(total carbohydrate, 1-way ANOVA, p = 0.831; col-
loidal fraction, 1-way ANOVA, p = 0.718; polymeric in
colloidal fraction, 1-way ANOVA, p = 0.589).

Photophysiology

Fv/Fm ratios did differ significantly between light
treatments, having mean values ± SD of 0.60 ± 0.06
and 0.65 ± 0.03 for unshaded and shaded cores,
respectively. Both unshaded and shaded assemblages
had mean Fv/Fm ratios of less than 0.75, although this
ratio was significantly higher for the shaded experi-
mental cores (Mann-Whitney test, p = 0.014; Fig. 2B).
Maximum photosynthetic rate, photosynthetic affinity
and light saturation values were estimated from P-I
curves (Table 1). These photosynthetic parameters did
not differ significantly between unshaded and shaded
cores (maximum photosynthetic rate, t-test, p = 0.48;
photosynthetic affinity, t-test, p = 0.65; light saturation
values, t-test, p = 0.34).
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Fig. 1. (A) HPLC-determined mean chlorophyll a (chl a) con-
centrations for the initial field assemblage and the 2 experi-
mental light treatments (unshaded and shaded). (B) Fuco-
xanthin/chl a ratios of the initial field assemblage and the
2 experimental light treatments (unshaded and shaded).
(C) Relative amounts of extracellular polymeric substances
(EPS) from the initial field assemblage and the 2 experimental
light treatments (unshaded and shaded). EPS were divided
into the 3 fractions of total, colloidal and polymeric in col-
loidal. In all graphs, error bars represent ± SD; for initial 

cores, n = 3 and for experimental treatments, n = 10

Fig. 2. (A) Biomass as determined by minimum fluorescence
for unshaded and shaded cores. (B) Maximum PSII quantum
efficiency (Fv/Fm) for unshaded and shaded cores. Values
were obtained after 14 d under experimental conditions; 
error bars represent ± SD; for experimental treatments, n = 10
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Assemblage structure

Low-temperature scanning electron micrographs de-
monstrated the development of a confluent biofilm
over the surface of the test cores (Fig. 3). The assem-

blages varied slightly in composition, but were com-
prised of a mixed assemblage of mainly diatoms in-
terspersed with other microphytobenthos. The size of
diatom cells varied among treatments, with the initial
assemblage dominated by Gyrosigma fasciola and

19

Fig. 3. (A) Surface sediment of the initial diatom dominated assemblage. Scale bar = 100 µm. (B) Surface sediment of the initial
diatom assemblage—abundant species include Gyrosigma fasciola and Pleurosigma angulatum. Scale bar = 10 µm. (C) Surface
sediment of an unshaded core after 14 d. Scale bar = 100 µm. (D) Surface sediment of an unshaded core after 14 d. Scale bar =
10 µm. (E) Surface sediment of a shaded core after 14 d. Scale bar = 100 µm. (F) Surface sediment of a shaded core after 14 d.
Scale bar = 10 µm. (G) Surface sediment of a shaded core. Scale bar = 10 µm. A mixed diatom assemblage surrounds the tabular
colony of Merismopedia punctata. (H) Surface sediment of a shaded core. Scale bar = 10 µm. A mixed diatom assemblage 

surrounds a cyanobacterium
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Pleurosigma angulatum (Fig. 3A,B). There was an
apparent shift towards dominance by smaller diatom
species after 14 d under laboratory conditions, with
this effect being more pronounced for the unshaded
experimental assemblage (Fig. 3C–F). The cyanobac-
terium Merismopodia punctata was found forming
rafts on the surface of some samples (Fig. 3G), while
other cyanobacteria were also noted as part of the
assemblage (Fig. 3H). However, while this qualitative
data unequivocally demonstrated the presence of
cyanobacteria, numbers were sufficiently low to pre-
vent the cyanobacterial marker pigment, zeaxanthin,
being detected by HPLC.

Assemblage diversity

A total of 63 diatom taxa were identified from lens tis-
sue samples. In all treatments, of live and motile counts,
95% of the overall percentage composition consisted of
the epipelic fraction. Cyanobacteria were found in all
live samples, at an overall percentage abundance of
<1%. The initial assemblage was found to contain a
Gleotheca species and Merismopodia punctata, whilst
the experimental cores contained a Cylindrospermum
species and an unidentified colonial species.

After 14 d under the experimental light treatments,
species richness (Fig. 4A) and diversity (Fig. 4B) were
similar between unshaded and shaded cores for both
the motile fraction and whole sediment assemblage.
There was no significant difference in species richness
between the initial assemblage and the experimental
assemblages for the motile epipelic fraction (1-way
ANOVA, p = 0.159) and counts of the whole sediment
assemblage (1-way ANOVA, p = 0.33). Diversity of the
initial assemblage, taking into account the whole sedi-
ment assemblage, was found to be significantly higher
than the assemblages of the experimental light treat-
ments (1-way ANOVA, p = 0.007), but was not signifi-
cantly different for the motile epipelic fraction (1-way
ANOVA, p = 0.168).

The correspondence of both the motile and whole
sediment assemblage samples and species ordinations
can be evaluated by comparing Fig. 5A,B. Qualitative
LTSEM evidence suggesting that the initial diatom
assemblage was made up of larger species was sup-
ported by the reciprocal averaging analysis. The initial
motile samples were typified by the larger diatom spe-
cies of Navicula digitoradiata (25 to 80 µm long), Gyro-
sigma balticum (200 to 400 µm long), G. fasciola (60 to
150 µm long), Pleurosigma angulatum (150 to 360 µm
long) and Surirella gemma (70 to 140 µm long). They
were typically grouped to the right on reciprocal aver-
aging Axis 1. With the addition of some smaller Ach-
nanthes species and a small unidentified Navicula spe-
cies, the initial species composition of the whole sedi-
ment assemblage, produced similar findings. Species
that typified the experimental light treatment assem-
blages were grouped to the left on reciprocal averag-
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Table 1. Photosynthetic parameters of unshaded and shaded microphytobenthic communities. ETR = electron transport rate.
Values are the parameter estimates and the SD is in parentheses where n = 3 for cores from each experimental treatment

P-I parameter Units Unshaded Shaded
180 µmol m–2 s–1 65 µmol m–2 s–1

Maximum photosynthetic rate (Pmax) Relative ETR 073.1 (29.9) 089.4 (13.0)

Photosynthetic affinity (∝*) Relative ETR 00.46 (0.12) 00.54 (0.04)

Light saturation index (Ek) µmol m–2 s–1 154.9 (31.4) 165.1 (12.5)

Fig. 4. (A) Species richness of the initial assemblage and
experimental assemblages for counts of the motile epipelic
fraction and whole sediment assemblage. (B) Diversity of the
initial assemblage and experimental assemblages for counts
of the motile epipelic fraction and whole sediment assem-
blage. In both graphs, error bars represent ± SD; for initial 

cores, n = 3 and for experimental treatments, n = 4
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ing Axis 1. There was little difference in species
composition between the 2 experimental light
treatments, both being dominated by smaller-
sized naviculoid species. Similarity analysis
(Table 2) indicated that the greatest change
from the initial assemblage structure occurred
for the unshaded cores (SIMI of 0.56 and 0.82,
respectively, for the motile fraction and samples
of the whole sediment assemblage). The motile
fraction showed greater alteration with time
than the samples of the whole assemblage.

DISCUSSION

Light climate

When an algal assemblage is placed in a
given light regime, species will acclimate within
the limits of their genetic potential and environ-
mental constraints. Inter- and intraspecific com-
petition for light may influence the assemblage
structure, and vertical partitioning of the light
gradient through the sediment could serve as a
mechanism of coexistence (Grover 1997). No
significant differences were found after 14 d,
between the 2 experimental treatments whose
irradiance levels were comparable with labora-
tory-based experiments cited in the literature
(Admiraal 1977, Glud et al. 1992, Hay et al.
1993, Madsen et al. 1993, Peletier et al. 1996,
Serôdio et al. 1997, Smith & Underwood 1998) at
either a photophysiological level (photosyn-
thetic parameters) or due to assemblage change
(species-count data).
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Fig. 5. Characterisation of algal assemblages of the motile epipelon (A) and the whole sediment assemblage (B). For initial cores,
n = 3, and for experimental treatments, n = 5. (A,B) Reciprocal averaging and selected species scores for algal assemblages of un-
shaded cores, shaded cores and initial samples. Species designations include: achdel = Achnanthes delicatula, acheng = A. en-
gelbrechtii, achhay = A. haynaldii, achlan = A. lanceolata, actsen = Actinoptychus senarius, achspe = Achnanthes sp., achsub = A.
submarina, ampspe = Amphora sp., ampsp1 = Amphora sp. 1, babynav = unidentified small Naviculoid, blgrco = blue-green
colony, calsil = Caloneis silicula, cocpla = Cocconeis placentula, cocscu = C. scutellum, cocpel = C. peltoides, cocunk = unknown
Cocconeis sp., cycspe = Cyclotella sp., cylnit = unknown Cylindrotheca spp., Cylspe = Cylindrotheca sp., cylsper = Cylindrosper-
mum sp., diaspe = Diatoma sp., diavul = D. vulgare, falspe = Fallacia sp., falsp1 = Fallacia sp. 1, gleoth = Gleotheca sp., gyrbal =
Gyrosigma balticum, gyrfas = G. fasciola, gyrwan = G. wansbeckii, hanspe = Hantzschia sp., larnav = large Navicula sp., merpun
= Merismopedia punctata, midnav = mid-sized Navicula sp., navdia = unknown N. spp., navdig = N. digitoradiata, navfla = N. fla-
natica, navgre = Navicula gregaria, navgrea = N. gregaria a, navgreb = N. gregaria b, navpal = N. palpebralis, navpin = unknown
Naviculoid or Pinnularia sp., navphoto = unknown large Naviculoid, navsp0 = unknown Navicula spp. 0, navsp1 = unknown
N. spp. 1, navsp10 = unknown N. spp. 10, navsp46 = unknown N. spp. 46, navsp5 = unknown N. spp. 5, navsp53 = unknown N.
spp. 53, navsp6 = unknown N. spp. 6, navsp9 = unknown N. spp. 9, navspa = unknown N. spp. A, navspb = unknown Navicula sp.
B, navspc = unknown Navicula sp. C, navsta = N. stankovicii, navvul = N. vulpina, nitbil = Nitzschia bilobata, nitdis = N. dissipata,
nitepi = N. epithemioides, nitlin = N. linearis, nitrec = N. recta, nitfain = unknown N. spp., nitspe = N. spp., nitspunk = unknown
Nitzschia spp., opespe = unknown Opephora spp., opesch = O. schwartzii, planeo = Plagiotropis neovitrea, plaspe = unknown
Plagiotropis spp., pleang = Pleurosigma angulatum, psapan = Psammodictyon pandiformis, rhocur = Rhoicosphenia curvata,
smanav = small-sized Navicula spp., stagre = Stauroneis gregorii, surgem = Surirella gemma, surspa = unknown Surirella spp., 

tryapi = Tryblionella apiculata, unkno1-6 = unknown spp. 1–6, unknown = unknown spp.
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Diatom communities in an environment charac-
terised by low ambient irradiances usually have in-
creased photosynthetic efficiency (increased α), lower
photosynthetic rates at saturating irradiances (lower
Pmax) and a decreased saturation parameter (lower Ek)
(Hill 1996). Monoculture studies of epipelic diatoms
illustrate that differences in photosynthetic parameters
(α, Pmax and Ek) between species do occur (Admiraal
1984), and thus changes in the taxonomic structure of a
diatom assemblage could potentially alter fluorescence
parameters. Photosynthetic responses were not signifi-
cantly different between the 2 experimental light
treatments (Table 1), which gave the first indication
that experimental assemblages were similar in their
composition. However, care should still be exercised
since more extreme differences between laboratory
light treatments may still produce changes in photo-
physiology. Changes between ambient light levels and
laboratory cultures are likely to be more extreme in
summer than in winter.

Acclimation to lower photon fluxes is commonly
reflected by increased levels of chlorophyll proteins
(Falkowski & Raven 1997). For example, MacIntyre et
al. (1996) found high fucoxanthin/chl a ratios to be
indicative of low light acclimation in phytoplankton.
Additionally, accessory pigments such as chl c and
fucoxanthin have been shown to be especially impor-
tant in ensuring maximum photosynthetic capacity
(Gallagher et al. 1984). Hust et al. (1999) found that in
shading experiments using diatom-dominated sedi-
ment from the Wadden Sea, shaded sediment areas
generally contained higher amounts of light harvesting
subunits. No significant differences in fucoxanthin/
chl a ratios between experimental treatments and the
initial assemblage were observed in this experiment,
possibly because irradiance levels in the field during
October were quite low so that assemblages are al-
ready adapted to reduced light intensity before trans-
plantation into the laboratory culture conditions.

Most cyanobacteria are shade-adapted organisms
(Stal 1995) and studies have shown filamentous cyano-
bacteria to be positioned under the diatom layer (Un-
derwood & Kromkamp 1999 and references therein).
With the reduced light climate imposed in this experi-
ment, there was a risk that the cyanobacteria might
have out-competed the diatoms and consequently
dominated the assemblage. However, the experimen-
tal assemblage structure remained diatom-dominated
even after 14 d under experimentally reduced light
intensities, and only a small proportion of cyanobacte-
ria were identified using both light microscopy and
LTSEM. Populations of cyanobacteria may have been
limited by other factors such as sediment size and
temperature (Stal 1995, Watermann et al. 1999).

Physiological stress

The Fv/Fm ratio reflects the probability of PSII reac-
tion centres using the available excitation energy for
photochemistry. Environmental stresses that affect PSII
efficiency, lead to a characteristic decrease in Fv/Fm,
with a ratio of 0.75 indicating a healthy algal cell (C.
Honeywill pers. comm.). The Fv/Fm ratio of assem-
blages from both experimental light treatments indi-
cated signs of stress, which could be attributable to the
reduced light intensities of the experimental system, or
perhaps some other limiting factor such as nutrient
availability. Flameling (1998) and Kromkamp & Peene
(1999) have shown low Fv/Fm values to be indicative of
nutrient limitation.

Diversity

The highest assemblage diversity (H ’) was found in
surface scrapes from the initial assemblage, and these
were significantly more diverse than those from exper-
imental assemblages, although separating the Navi-
cula species into 3 size fractions (length of small spe-
cies ≤ 12.75 µm, length of mid-sized species = 12.75 to
21.25 µm, length of large species ≥ 21.25 µm) could
have influenced these values. Also, a degree of error is
associated with counts of the motile epipelic fraction,
since the species assemblage data presented here
included empty frustules. However, this error was
probably small.

Reciprocal averaging (Fig. 5A,B) and LTSEM images
(Fig. 3A–H) highlighted the change in the diatom
assemblage from the initial assemblage after exposure
to the experimental treatments. Diversity was margin-
ally reduced at the expense of larger species. Cell size
is known to influence many properties of algal cells,
including competitive ability (Grover 1989 and refer-
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Table 2. Comparison of diatom assemblages from the motile
epipelic fraction and whole sediment assemblage. Similarity in-
dices range from 0, when samples have no taxa in common, to 1,
when samples have the same taxa and relative abundance

Motile epipelic Whole sediment
fraction assemblage

Initial assemblage vs 0.56 0.82
Unshaded assemblage

Initial assemblage vs 0.71 0.83 
Shaded assemblage

Unshaded assemblage vs 0.90 0.99
Shaded assemblage
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ences therein), and smaller taxa may become more
dominant for the following reasons. In studies of
marine and freshwater phytoplankton, the majority of
species have shown some increase in cell volume with
increasing irradiance (Thompson et al. 1991 and refer-
ences therein). Larger algae often have higher light
requirements due to intra- and intercellular self-
shading, and higher minimum nutrient requirements.
Larger cells are also more resistant to grazing (Leibold
1999) and so the removal of grazers from the assem-
blages may have favoured smaller cells. If the reduc-
tion in maximum PSII quantum efficiency (Fig. 2B)
indicates nutrient limitation, then cells of a smaller size
may have been favoured given that their surface
area/volume ratio improves their ability to sequester
nutrient resources from the surrounding environment
(Thompson et al. 1991). Dunaliella tertiolecta adapted
to lower light irradiances was shown to divert biosyn-
thesis away from lipids and carbohydrates, and into
light-harvesting chlorophyll-protein complexes (Berner
et al. 1989). Small size may be an advantage in low-
light environments since the amount of energy avail-
able for division may be reduced.

A gradient from right to left along reciprocal averag-
ing Axis 1, of both the motile and whole sediment frac-
tions, indicates that light intensity could be a factor
regulating diatom assemblage composition, since both
experimental light intensities were much lower than
average October field conditions. However, it could
also describe the result of moving a natural micro-
phytobenthic assemblage into a laboratory environment
where perhaps other factors, such as nutrient avail-
ability, could be limiting.

General conclusions

It is a considerable problem to understand the nat-
ural factors that drive ecosystem structure and function
in nature (May 1999). Mixtures of assemblages rang-
ing in complexity from 2 species systems, such as the
classic experiments of Gause (1934) to increasingly
complex mixtures (Huisman & Weissing 1999, Emmer-
son et al. 2001) have been used previously. However, a
reductionist approach has profound limitations for the
understanding of natural interactions in complex sys-
tems. The ultimate aim would be to conduct experi-
ments in nature, although this is often impractical.
Therefore, the use of manipulated natural assemblages
maintained in the laboratory provide a useful model
system to study ecological theory such as (1) the inter-
mediate disturbance hypotheses (IDH, Connell 1978);
(2) the grazer reversal hypothesis (Proulx & Mazumder
1998); and (3) aspects of ecosystem function (Emmer-
son et al. 2001). Indeed, this approach is already being

used by a number of authors (Serôdio et al. 1997,
Yallop et al. 2000).

In the absence of perturbations, it was not known how
rapidly a microphytobenthic assemblage would change
under laboratory conditions. In theoretical terms, with
a conservative doubling time of 24 h, change in assem-
blage structure could be rapid. We demonstrate a clear
drift toward smaller cells, but without any substantive
change in richness or total diversity between systems.
In this paper, we do not address causal mechanisms
but suggest this information is important given that
systems examined in a state of change may lead to
idiosyncratic responses and dubious conclusions.

Whilst the stability of natural microphytobenthic
communities has been observed for shallow water
coastal sandy sediments (Sundbäck et al. 1990, Nilsson
et al. 1991, Sundbäck & Snoeijs 1991), it has yet to be
discussed for muddy intertidal estuarine sediments.
Results from this study suggest that major changes
occur relatively slowly under the specific experimental
conditions outlined. Despite perturbations such as
sediment sieving, reduced light and a fixed tempera-
ture regime, the system was relatively slow to respond.
However, in a variable and unpredictable environment,
such as an estuary, only a community that is dynami-
cally robust would be expected to persist. Intertidal
sediments are exposed to strong vertical gradients and
regularly influenced by tidal inundation, and are thus
far more variable and dynamic than phytoplankton
systems. Indeed, intertidal estuarine sediments are re-
cognised as stressful, depauperate systems, due partly
to sudden changes in conditions (i.e. temperature vari-
ation, salinity, erosion, deposition). The organisms that
can cope with the natural environmental stress can
reach a high biomass, but they must be adapted to
cope with these variable and changing conditions in a
poorly buffered system. Thus microphytobenthic assem-
blages appear to possess, in contrast to phytoplankton
communities, a certain degree of inertia when brought
from natural field conditions into the laboratory. These
assemblages provide a useful experimental model pro-
vided the experimenters are aware that slow changes
in species composition are occurring. However, the
final test of theory should always be made in the field.
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