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Chapter 5. 

Sediment water content and chlorophyll a 

concentration in European tidal flats: spatial 

scales of variability 

Edward P. Morris and Jacco C. Kromkamp 

Submitted to Marine Ecology Progress Series 

Abstract 

This study describes the dominant spatial structures of benthic microalgal biomass and water 

content of the surface sediment in a number of European North Sea intertidal flats. It is considered 

how spatial structures relate to sediment properties and topography. The contribution of the 

variance explained at different spatial scales is estimated, and suggestions for optimising sampling 

designs are given.  

Three study sites were selected. Within each site, grids up to 1 km in length were established with 

100 m grid nodes. At each grid node, 3 samples for chlorophyll a concentration and water content 

were collected, randomly, within 2.5 m from the grid node. A combination of semi-variogram and 

median polishing analysis was used to infer information about the scales of variation in these 

parameters. 

Mean biomass varied between 76 – 257 mg chl a m P

-2
P. Within each geographical area mean biomass 

was not significantly different despite differing sedimentological properties. Mean water content 

varied between 29 and 55 %. Significant differences between the individual grids were related to 

mean grain size. The types of spatial structures and their contribution to the total variance were 

similar in the sites investigated for water content, whereas the spatial distribution of MPB biomass 

was more inconsistent when compared between the different sites, indicating that more complex 

processes structure biomass distribution. The site specific nature of MPB [chl a] distribution and 

high micro-scale (≤ 2.5m) variability in [chl a] has important implications for the design of 
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sampling schemes on tidal flats. The relationship between sediment properties [grain size and 

sorting] and [chl a] followed an optimum relationship, rather than a simple linear relationship, i.e. 

maximum biomass was observed in areas with intermediate hydrodynamic forcing. 

Introduction 

Microphytobenthos (MPB) are an important component of intertidal ecosystems, regularly 

accounting for a significant fraction of estuarine primary production (Underwood & Kromkamp 

1999, Middelburg 2000). Accurate estimation of MPB primary production requires reliable 

estimates of the biomass of MPB situated on intertidal flats. However benthic microalgae often 

have patchy spatial distributions at a variety of scales (Shaffer & Onuf 1985, Saburova et al. 1995, 

Sandulli & Pinckney 1999) which can influence the interpretation of temporal and spatial ecological 

investigations and lead to over or underestimation of algal biomass and primary production (Levin 

1992). The patchy structure of MPB on intertidal flats is caused by a combination of physical and 

biological structuring processes (Van de Koppel et al. 2001), and by actively examining how the 

distribution of benthic microalgae changes in relation to spatial scale it may be possible to make 

inferences about the physical and biological processes affecting biomass distribution (Yoder et al. 

1987). 

Factors that affect the biomass distribution of MPB on tidal flats can be roughly split into two non-

exclusive groups; removal processes such as grazing and resuspension, and factors that affect the 

growth rate and/or health of the MPB such as light, temperature and nutrient availability. This 

combination of environmental properties and removal processes define the optimum conditions for 

biomass accumulation on tidal flats. As environmental parameters and removal processes are both 

influenced by seasonal cycles, the relative importance of each process in controlling the realised 

biomass on tidal flats is likely to change in time. However, the spatial distribution of MPB biomass 

at any single point in time is likely to be related to the spatial distribution of physical factors on 

tidal flats in the form of: (1) tidal currents, (2) wind-induced circulation, (3) wave action, (4) 

density-driven circulation and (5) drainage process (Le Hir et al. 2000). The spatial scale of these 

forcings ranges from µm to km. Hydrodynamic forcing interacts with the sediment to produce a 

range of bedforms of different types at a range of scales. The different types include (1) channels, 

creeks and gullies (scale and persistence varies with position on mudflat), (2) ridge-runnel systems 

(width in the order of 0.5 - 1 m and height several cm), (3) ripples and other micro-topography 

(typically 20 mm high and 0.3 m wavelength, includes biological activity), and (4) cliffs (0.1 to 1m 
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high) (Whitehouse et al. 2000). The combination of hydrodynamic forcing and bedform 

morphology influences resuspension and burial of the sediment, defines the environmental 

conditions [sediment properties, exposure time] and influences the distribution of grazers on tidal 

flats (Mannino & Montagna 1997, Armonies & Reise 2000, De Brouwer et al. 2000). Biotic 

interactions with the sediment and surface hydrodynamics, such as bioturbation or sediment 

stabilisation, affect the morphology of the sediment surface, further modifying sedimentary 

conditions (Van de Koppel et al. 2001, Wood & Widdows 2002, Katrak & Bird 2003).  

MPB have been shown to actively modify sediment properties through the exudation of 

extracellular polymeric substances (EPS) (Underwood et al. 1995, Smith & Underwood 1998, 

2000), increasing the sediment erosion threshold (De Brouwer et al. 2000, Widdows et al. 2000, 

Yallop et al. 2000) which influences intertidal morphodynamics (Stal 2003). Indeed, MPB biomass 

has been found to be significantly correlated to sediment grain size and water content at small and 

meso scales (Paterson et al. 2000) and large scales (De Jong & De Jonge 1995).  

Complex interactions between the physical, chemical and biological properties of the sediment 

air/water interface make generalisations about the scales of processes difficult. However, we 

propose that the contribution of physical forcing will be more apparent at large scales and at smaller 

scales biotic interactions will be relatively more important in the structuring of the MPB biomass.  

This study aims to describe the dominant spatial structures of water content (abs.) (% weight) and 

benthic microalgal biomass, estimated using chlorophyll concentration (chl a mP

-2
P), of the surface 

sediment in a number of European North Sea intertidal flats. Furthermore, it is considered how the 

spatial distribution of water content and chlorophyll concentration is related to sediment properties 

and topography (variations of sediment surface height in relation to low water). The contribution of 

the variance explained at different spatial scales is estimated, and recommendations for improving 

optimum sampling designs are suggested. 
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Methods 

Study sites 

Three European, North Sea, study sites were selected for study within the EU funded project 

BIOPTIS (Fig. 1). The Sylt-Rømø Basin, Germany (54° 59’N, 8° 22’E), was visited on 30P

th
P and 31P

st
P 

May 1999. It is a large study area (approx. 100 kmP

2
P) with a diverse array of biotopes. The sediment 

in the chosen grid consisted of moderately-sorted, low organic matter (organic matter 1.4 ± 0.7 %), 

medium sands (mean grain size 360 µm) with a low silt-clay content. Tidal range in the area is 2 m 

(micro tidal), exposure (the relationship between the orientation of the flat relative to the prevailing 

wind and to the maximum fetch) is high and the mean slope (mean tidal range/mean flat width) is 

low (Dyer et al. 2000). Two grids (grid SB and SA) were established, however because of a freezer 

breakdown only results from one grid are presented: Grid SB (approx.700 x 700 m), consisting of 

49 grid nodes.  

The Eden Estuary, Scotland (56° 22’N, 2° 50’W), was visited between 24P

th
P Aug. and 3P

rd
P Sept. 1999. 

It is a small estuary with an intertidal area of 8 km P

2
P. Tidal range is 2-6 m (meso/macro tidal), 

exposure is low and the mean slope is low (Dyer et al. 2000). Sediments are spatially complex, 

consisting of regions dominated by 63-250 µm and 250-500 µm sediment particles, covered with 

macroalgae (predominantly Enteromorpha sp. and Ulva sp.) and epipelic diatoms. Two grids were 

established in the Eden: Grid EA (approx. 900 x 500 m) consisted of 59 grid nodes, running from 

the top of the shore down to the channel of the river Eden Estuary; Grid EB (approx. 800 x 500 m), 

which was further upstream, consisted of 45 grid nodes, with the channel of the river Eden running 

through a portion of the grid. Sediment at grid EA consisted of moderately sorted, medium sand 

(mean grain size 0.3 mm) and grid EB consisted of poorly sorted, fine sands (mean grain size 0.2 

mm). The percentage of organic matter in the sediment at grid EA was 3.1 ± 2.6 % and at grid EB 

was 3.3 ± 1.2 %. Each grid took approximately 2-3 daytime low tides (days) to sample. 

98 



Chapter 5. Sediment water content and chlorophyll a concentration 

 

Figure1. Map showing the positions of the sampling locations in north-west Europe. 
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The Oosterschelde and Westerschelde estuaries are situated in the south west of the Netherlands. 

They were investigated on 19P

th
P and 20 P

th
P June 2000. Grid YA (approx. 500 x 600 m) consisted of 26 

grid nodes and was established at Biezelingsche Ham (51° 26’N, 3° 55’E), a muddy tidal flat on the 

northern shores of the turbid eutrophic Westerschelde estuary. Interstitial salinity at Biezelingsche 

Ham was 20 ± 2. The sediment on grid YA consists of poorly sorted, fine sands (mean grain size 

0.14 mm) with a relatively high percentage organic matter content of 7.4 ± 2.7 %. Tidal range at 

grid YA is 4 m (meso/macro tidal). Grid YB (approx. 400 x 700 m) consisted of 27 grid nodes and 

was established in the Zandkreek (51° 26’N, 3° 57’E) a sandy/muddy tidal flat on the southern 

shore of the mesotrophic Oosterschelde. Tidal range at Zandkreek is 3 m (meso/macro tidal) and the 

interstitial salinity was 32 ± 2. Sediment at the study site consists of moderately well sorted, fine 

sand (mean grain size 0.2 mm) with an organic matter content of 1.4 ± 0.5 %. Each grid took one 

day to sample.  

Each grid at each of the sites had grid nodes spaced 100 m apart. At each grid point, 3 samples were 

randomly (using random number tables) collected 2.5m from the grid node. The position of grids at 

each site was arbitrarily chosen so as to cover a ‘representative’ area of tidal flat extending from 

approximately mean low water to mean high water. The grid design was chosen to provide a wide 

spatial coverage with which remote sensing images could be ‘ground truthed’ (Hagerthey et al. 

2003). Grid node positioning was carried out using differential geographic positioning system. 

Chlorophyll concentration and water content determination 

Samples of the sediment surface (2 – 4 mm) were collected using the contact core method described 

by Ford & Honeywill (2002). The diameter of the contact cores was 56 mm. Samples were 

transported in liquid nitrogen and stored at - 80 °C till analysis. The water content (abs.) (weight %) 

of the contact cores was determined gravimetrically after drying at 110 °C. After freeze-drying, 

photosynthetic pigments were extracted from the homogenised sediment in 5 ml of Dimethyl 

formamide (DMF) in the dark at – 4 °C. Absorption of the extract was measured after centrifugation 

(4000 rpm, 10 min) with a Cecil 3000 scanning spectrophotometer. Chlorophyll a (chl a) and 

chlorophyll b (chl b) concentrations (mg chl mP

-2
P) were calculated using the equations from Porra et 

al. (1989). It should be noted that no correction was made for chlorophyll degradation products 

(such as phaeophytin), which can be present in substantial quantities within sediments (Ford & 

Honeywill, 2002). As chlorophyll degradation products have absorption maxima that overlap with 

chlorophyll, high performance liquid chromatography (HPLC) is required to ensure chlorophyll 

100 



Chapter 5. Sediment water content and chlorophyll a concentration 

degradation products are excluded from [chl a] estimates. As such chlorophyll concentration’s 

reported in this study should be considered as chlorophyll and degradation product concentrations. 

The concentration of Chl a was considered as a proxy of the biomass of the sediment surface MPB 

community, however it should be noted that carbon to chl a ratios can vary substantially (De Jonge 

& Colijn 1994). Chlorophyll concentration was natural log transformed (ln (x)) before analysis. A 

natural log transformation was applied to the [chl a] because pattern recognition is easier with 

normally distributed data (non-transformed [chl a] were log normally distributed). Before analysis 

the percentage water content of the surface sediment was arcsin transformed, a standard 

transformation for ratio data (Sokal & Rohlf 1995).  

Grain size properties 

At each grid node a sample of sediment was obtained for granulometric analysis by inserting a 7 cm 

diameter core to a depth of 10 cm. Granulometry was carried out by the dry sieving method and 

expressed as mean grain size (phi units) and sorting (standard deviation of the grain size distribution 

in phi units). Phi units can be converted to diameter according to; phi = -log B2B(d/dB0B), where d is the 

grain diameter and dB0B is the ‘standard’ grain diameter of 1 mm, thus large and small phi values 

represent small and large grain size diameters respectively.  

Topography  

The height profiles of the test sites were interpolated using the TOPOGRID function implemented 

in ESRI ArcInfo GIS software (ESRI, California, USA, 2002). TOPOGRID uses the iterative finite 

difference interpolation technique. Different input data, like height points, contour lines with 

information of the height and lines of streams or ridges describing the drainage systems can be used 

in order to derive a digital elevation model (DEM) that is hydrologically correct. In this study, the 

DEM was calculated from tidal height measured at the different grid points as well as from the 

system of waterways, digitized from remote sensing images. Elevation was normalised to the mean 

low water (MLW) at each grid and presented graphically as the height above MLW (m). 

Variogram calculation 

To help identify the spatial structure of the variables sampled a statistical technique known as the 

theory of regionalised variables, sometimes called mining geostatistics (Yoder et al. 1987) was 

employed. This technique uses variogram analysis in which the semivariance (γ(h)) is plotted 

against distance. Semivariance is defined as one-half the variance between two sample values, Z 
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(xB1B) – Z (xB2B) (Burrough 1997). When the samples are separated by distance h, the γ(h) can be 

estimated by the equation: 

P
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where Z (xBi B) is the sample value (e.g. mg chl a mP

-2
P), h is the distance between samples and n is the 

number of observations for each distance class. 

The semivariance for all pairs of samples within each distance class is calculated and plotted against 

the distance between samples to produce a semivariogram. In practice the γ(h) was only calculated 

for the distance classes up to 2/3’s of the longest separation distance between samples (as suggested 

by the GS+ manual, Robertson 2000), as the numbers of pairs are reduced at the largest distance 

classes. Generally, the variogram tends to level off at a sill (C B1B + C B0B) equal to the variance of the 

variable (Fig. 2). The distance at which this occurs (the distance where the γ(h) stops increasing) is 

referred to as the range (a) of the variable. The range is the distance, over which the sampling units 

are not spatially correlated any longer and gives a measure of the spatial influence of the structuring 

process (scale of patches, if the phenomenon is patchy) (Legendre & Fortin 1989). The 

discontinuity at the origin (non-zero intercept) is called the nugget effect (CB0B). It corresponds to the 

local variation occurring at scales finer than the minimum sampling interval and includes 

methodological errors (Bellehumeur & Legendre 1998). A number of common theoretical 

variogram models are available. When the theoretical model is fitted (using least squares criterion) 

to the experimental variogram, derivation of CB1B, C B0B and a is possible. Across and along shore 

variograms were constructed in all cases, except grid YB where only the across-shore variogram 

was constructed because of the limited along-shore distance classes available. All variogram 

calculations were carried out in the geostatistical software GS + (Robertson 2000). 

Median polishing 

Large-scale trends and features (e.g. linear gradients or large patches) tend to mask small-scale 

features, therefore, we used a median polishing technique to model large-scale features. The 

remaining residuals left after removal of the median polish model represent small-scale features and 

micro-scale variation. A thorough description of the median polish technique is given by Cressie 

(1993). Median polishing is effective at modelling ‘large-scale’ variation. In the following variance 

decomposition description, large-scale variation is defined as the variance modelled by the median 

polish technique. We further compartmentalise the variance remaining in the residuals by using the 
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modelled variogram properties, so that; ‘small-scale’ variation is defined as the variance in the 

residuals that is spatially auto correlated (i.e. structured) and ‘micro-scale’ variation is defined as 

the variance remaining in the residuals corresponding to local variation occurring at scales finer 

than the smallest sampling interval (< 3 m), including methodological errors.  

 

Figure 2. Theoretical spherical model variogram, where a is the range of structured spatial 

variation, CB0B is the discontinuity at the origin (non-zero intercept) also called the nugget effect 

and CB1B represents structured spatial variation. 

Variance decomposition 

It should be noted that the variance components are relative and are defined by the decomposition 

technique, therefore, the absolute scales of features may differ between estuaries. To help with the 

explanation of the decomposition technique an example is presented (Grid EA – across-shore). 

Initially a plot of the original data was examined (Fig. 3 B) and the variogram was calculated (Fig. 3 

A). The original data was then modelled using the median polish method, showing the large-scale 

trends in more detail, and the corresponding plot (Fig. 3 D) was calculated. Subtracting the median 

polish model from the original data left the residuals (Fig. 3 F). A variogram was calculated for 

both the median polish model data set (Fig. 3 C) and the residuals data set (Fig. 3 E). The residuals 

variogram was further modelled using a theoretical spherical variogram model and the parameters 

C B1B and C B0B were derived from the model. The γ(h) of each of the experimental variograms was 

summed over all calculated distances. The % proportion of variance explained by the median polish 

model was calculated by dividing the sum of the γ(h) from the median polish variogram by the sum 

of the γ(h) from the original data variogram and multiplying by 100. The same procedure was 
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applied to calculate the proportion of variance explained by the residuals, however, this proportion 

was further compartmentalised by using the fitted properties of the theoretical variogram. The 

proportion of variance within the residuals with spatial structure was estimated by: CB1B / (C B1 B+ C B0B) 

(Bellehumeur & Legendre 1998) (small-scale feature), where CB1B is the structured spatial variation 

and C B0B is the nugget variance. The remaining variance (CB0B, nugget variance) was assumed to 

represent experimental error and local spatial variation at scales smaller than 2.5 m (micro-scale 

feature). Finally the sum of the γ(h) from the residuals and median polish model was compared to 

the sum of the γ(h) from the original data to give an estimation of ‘fit error’. It was assumed that 

this ‘fit error’ mainly originated from the median polish method and therefore the fit error % 

(always less than 10 %) was subtracted from the proportion of variance explained by the median 

polish model. A schematic diagram representing the decomposition of variance components is 

shown in figure 4. 

Statistics 

The product-moment correlation coefficient was used to establish and estimate the association 

between variables. One-way (model I) ANOVA was used to test for significant variation of the 

data. The post-hoc Tukey Unequal N HSD test was used to determine significant differences 

between group means within the one-way ANOVA setting. Statistical analyses were performed in 

Statistica 6 (StatSoft Inc., Tulsa, USA, 2001), curve fitting was carried out in Sigmaplot 8 (SPSS 

Inc., Chicago, USA 2001). 

All maps were created in Surfer 7.0 (Golden software Inc., Colorado, USA, 2000) using nearest 

neighbour gridding criteria and grid line spacing of 100 m. Where replicate values for a variable 

were collected at each grid node the mean of the replicates was used for mapping purposes. This 

gridding method and grid line spacing ensured that maps represented only the mean data value at 

each grid node (i.e. no interpolation of data was attempted). 
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Figure 3. (A-F). Variograms and synoptic maps for grid EA [chl a] (mg chl a m P

-2
P) across-

shore. Variogram of original data (A), map of original data (B), variogram of median polished 

data (C), map of median polished data (D), variogram of residual data (E) and map of 

residual data (F). 
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Figure 4. Schematic diagram showing the decomposition of variance components. 

Results 

Frequency distributions and descriptive statistics 

Chlorophyll a showed a unimodal distribution skewed to the right at each of the grids examined 

(Fig. 5). The highest [chl a] were found on grid EA, although the extremely high values were rare, 

resulting in the frequency distribution being highly skewed. On grid EA values ranged between 18.5 

to 2091 mg chl a m P

-2
P with a mean of 257 mg chl a m P

-2
P (see Table 1 for sample statistics). On grid 

EB values ranged between 62 to 537.2 mg chl a m P

-2
P with a mean of 169 mg chl a m P

-2
P, however a 

post-hoc Tukey Unequal N HSD test of the ANOVA comparison between all grids revealed that EB 

and EA did not have statistically different mean [chl a] (p > 0.05). Grid SB had a significantly 

lower mean [chl a] than grids EA and EB, but was significantly higher than both YA and YB (one 

way ANOVA, FB(4, 639) B= 64.86, p < 0.01). Grids YA and YB had the lowest [chl a] found with mean 

values of 76 and 81 mg chl a m P

-2
P respectively, and a post-hoc Tukey Unequal N HSD test of the 

ANOVA comparison between all grids revealed that these values were not significantly different (p 

> 0.05). Thus, the mean [chl a] at each geographical area was similar even considering the different 

sedimentological conditions at each grid. In every case, the variance within sampling locations (i.e. 

the variance between replicates randomly spaced within 2.5 m of the grid node) caused by micro-

scale patchiness and methodological error was lower than the variance between grid nodes (Table 

1). However, within sample variance could be quite substantial ranging from a minimum of 40 % of 

the total variance in grid YA to a maximum of 74 % in grid EA. 
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The frequency distributions for water content were different for each grid examined (Fig. 5). Grid 

EA had a bimodal distribution, with 2 distinct peaks centred around 35 % and 90 %. Grids EB, SB 

and YB had a unimodal distribution slightly skewed to the right, whilst grid YA showed a unimodal 

normal distribution. The largest range in % water content was found on grid EA (Table 2), however 

the highest mean % water content was found on grid YA. The different grids had significantly 

different mean % water contents (one way ANOVA, F B(4, 640) B= 67.70, p < 0.01). Unequal N HSD 

post hoc test of the ANOVA comparison between all grids revealed grouping which seems to fit 

with the sediment characteristics of each grid. The muddiest grid (YA) had the highest mean % 

water content. YB and SB, the 2 sandiest grids, were not significantly different to each other and the 

2 heterogeneous sites (EB and EA) formed another statistically different group (p > 0.05). Within 

sample variance was always less than the total variance of % water content for all grids (Table 2). 

The minimal proportion of within sample variance was 19 % of the total variance in grid SB and the 

maximum proportion of 56 % was found in grid YB. In general the proportion of within sample 

variance was lower for % water content than for [chl a] indicating that there is less micro-scale 

patchiness and/or experimental error in the % water content data set. 

Table 3. Sample statistics for sediment [chl a] (mg chl a mP

-2
P) computed for all the grids.  

Site 
Mean 

(mg chl a m P

-2
P) 

Within-sample 

(between-replicate) 

variance 

Between-sample 

variance 

Range 

(mg chl a m P

-2
P) 

Number 

of samples 

EA 257 61059 81681 18.5 – 2091.4 177 

EB 169 3073 5095 62.0 – 537.2 135 

SB 110 3557 6230 29.8 – 576.7 145 

YB 81 2358 3345 1.3 – 325.5 81 

YA 76 831 2060 26.2 – 242.1 77 

Table 4. Sample statistics for sediment absolute water content (% weight) computed for all 

the grids.  

Site 
Mean 

(% weight) 

Within-sample 

(between-replicate) 

variance 

Between-sample 

variance 

Range 

(% weight) 

Number 

of samples 

EA 49 152 778 10.2 - 95 177 

EB 45 65 207 25.1 - 62 135 

SB 32 23 119 13.5 – 69.9 145 

YB 29 22 39 20.9 – 59.6 81 

YA 55 11 48 38.5 – 68.4 78 
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Figure 5. Sample frequency distributions of [chl a] (mg chl a mP

-2
P) and water content (abs.) (% 

weight) for all grids .Note only [chl a] up to 700 mg chl a mP

-2
P are shown for grid EA. 
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Spatial characteristics of [chl a] and water content distributions of individual grids 

Grid Eden A (EA) 

The large-scale distribution of both water content and [chl a] was dominated by a central band of 

high values in the across-shore direction, with a slight gradient in the along-shore direction (Fig 6 

A). The width of the band was about 240 m for chlorophyll and 400 m for water content (Table 3 & 

4). This large central band structure accounted for the largest proportion of variance in water 

content, but was not the most dominant variance component for [chl a] (Fig 11 A-D). Both 

distributions correlated very strongly with each other (r = 0.73, p < 0.05) and were not significantly 

correlated to mean grain size (Fig. 6 C), although large-scale [chl a] did weakly correlate with 

sediment sorting (r = 0.31, p < 0.05, Fig. 6 D). The large-scale distribution of both water content 

and [chl a] was dominated by the presence of macroalgae beds, easily identified by the presence of 

chl b in the surface sediment (Fig. 6 E). Both [chl a] and water content were significantly correlated 

with the ratio of chl b to chl a (water; r = 0.77 and [chl a]; r = 0.71, p < 0.05). The small-scale 

distribution of water content and [chl a] was autocorrelated with a patch scale of approx. 400 m by 

100 m and 100 by 100 m, respectively (Table 3 & 4). It should be noted that a small scale range of 

100 m (the grid size), indicates a feature with a range of between 2.5 and 100 m, because of the 

design of the grids (i.e. no samples between 2.5 and 100 m). The small-scale distribution accounted 

for a substantial proportion of the variance components for both parameters in both directions (Fig. 

11 A-D). The patchy small-scale distribution of water content was significantly correlated to the 

distribution of chl b (r = 0.28, p < 0.05) and also to sediment sorting (r = 0.34, p < 0.05). 

Grid Eden B (EB) 

The main topographic feature dominating grid EB was the river channel running through the 

northern part of the grid. The channel had steep sides, but the height profile after the steep slope 

was rather shallow. The mean grain size was generally small (fine sand) and relatively 

homogeneous (Fig. 7 C). Sediment sorting was poor, possibly indicating that much of grid EB was 

an area of low hydrodynamic energy (Leeder, 1982) (Fig. 7 D). The [chl a] on grid EB was 

generally high with a small range, suggesting a rather homogenous distribution of the MPB 

biomass. 
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Table 5. Summary of variogram shape and range for large-scale features (see methods for 

definition) and small-scale features in the along-shore and across-shore-directions for the 

variable [chl a].  

 Across-shore direction – [chl TaT] 

 Large-scale Small-scale 

Site Model Range (a) Model Range (a) 

EA Spherical 240 Spherical 100 

EB Exponential >700 Spherical 100 

SB Linear >800 Spherical 230 

YB Spherical 300 Spherical 100 

YA Linear to sill 310 Spherical 100 

 Along-shore direction – [chl a] 

 Large-scale Small-scale 

Site Model Range (a) Model Range (a) 

EA Exponential >800 Spherical 100 

EB Linear >600 Spherical 100 

SB Spherical 175 Spherical 100 

YB NA  NA  

YA Linear >800 Spherical 100 

Table 6. Summary of variogram shape and range for large-scale features and small-scale 

features in the along-shore and across-shore directions for the variable % water content.  

 Across-shore direction - % water content 

 Large-scale Small-scale 

Site Model Range (a) Model Range (a) 

EA Single Bump 400 Spherical 100 

EB Spherical 459 Spherical 280 

SB Linear to sill 437 Spherical 144 

YB Linear >600 Spherical 142 

YA Spherical 400 Spherical 100 

 Along-shore direction - % water content 

 Large-scale Small-scale 

Site Model Range (a) Model Range (a) 

EA Linear >600 Spherical 418 

EB Linear >600 Spherical 300 

SB Spherical 400 Spherical 100 

YB NA  NA  

YA Spherical 300 Spherical 100 
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Figure 6. (A-E). Synoptic maps for Grid EA of original [chl a] (mg chl a mP

-2
P) (A), water 

content (abs.) (% weight) (B), sediment mean grain size (phi) (C), sediment sorting (phi) (D) 

and ratio of chl b / chl a (E). Areas masked with cross-hatch mark the edge of the tidal flat. 

Areas masked with dots have no data available. Crosses represent grid nodes. 

The large-scale distribution of [chl a] was a combination of a gradient of increasing [chl a] from 

South to North and a linear gradient of increasing [chl a] from East to West (Table 3). The across-

shore gradient seemed to follow a pattern of higher values on the banks of the channel, whilst the 

along-shore gradient implies an increase in [chl a] as one goes further upstream (Fig. 7 A). The 

along-shore gradient accounted for a larger proportion of the variance than the across-shore 

distribution (Fig. 11 A & C). The small-scale distribution of [chl a] was a patchy autocorrelated 
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structure with a scale of ≤100m (Fig. 7 A). This structure was proportionally dominant in the 

across-shore direction (Fig. 11 A). 

Water content had large variations on grid EB, the highest water contents were found at edge of the 

channel, forming a band of approximately 450 m wide (Table 4, Fig. 7 B), further towards the south 

water content was relatively homogeneous. The banded structure was the dominant variance 

component, accounting for 45 % of the total across-shore variance (Fig. 11 B). There was also a 

slight linear gradient of increasing water content from E to W which accounted for 27 % of the total 

along-shore variance (Table 4, Fig. 11 D). The small-scale distribution of water content was a 

patchy autocorrelated structure with a scale of about 300 m in both shore directions and accounted 

for approx. 40 % of the total variance (Table 4, Fig. 11 B & D). 

 

Figure 7. (A-D). Synoptic maps for Grid EB of [chl a] (mg chl a mP

-2
P) (A), water content (abs.) 

(% weight) (B), mean sediment grain size (phi) (C) and sediment sorting (phi) (D). Others 

details as in Fig. 6. 
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Unfortunately many sediment samples were lost, however, with the limited data available, there did 

appear to be a significant correlation between mean grain size (Fig. 7 C) and the small-scale 

distribution of water (r = 0.44, p < 0.05). Sediment sorting (Fig. 7 D) was negatively correlated 

with the large-scale pattern of [chl a] (r = -0.36, p < 0.05), suggesting that high [chl a] were 

associated with stable sediments. There appeared to be a significant correlation between the large-

scale distribution of water content and [chl a] (r = 0.52, p < 0.05), however no correlation was 

observed at the small-scale. 

Grid Sylt B (SB) 

Grid Sylt B consisted of a shallow sloping sandy tidal flat. The distributions of both water content 

and [chl a] were characterised by higher values at both the high shore and low shore, with the mid 

shore consisting of relatively lower values. Along-shore variation was small for water content, 

whilst [chl a] was more patchy. The across-shore large-scale distribution of both water content and 

[chl a] is obvious from the plots (Fig. 8 A & B) and accounted for the largest proportion of variance 

(Fig. 11 A & B). As expected from viewing the plots, the relative proportion of along-shore 

variation in water content that was explained by the large-scale distribution was small (Fig. 11 D). 

The large-scale distribution of water content and [chl a] were strongly correlated with each other (r 

= 0.69, p <0.05), and to the distribution of mean grain size ([chl a]; r = 0.51, water content; r = 

0.49, p <0.05) and sediment sorting ([chl a]; r = 0.44, water content; r = 0.53, p <0.05, Fig. 8 C & 

8 D). The small-scale distribution of both water content and [chl a] was an autocorrelated structure 

consisting of patches with a scale of about 100-200 m. Although both water content and [chl a] 

seemed to have a similar structure they were not significantly correlated at the small-scale. 

However, water content was correlated to grain size (r = 0.3, p <0.05) and sorting (r = 0.35, p < 

0.05), at the small-scale. 
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Figure 8. (A-D). Synoptic maps for Grid SB of [chl a] (mg chl a m P

-2
P) (A), water content (abs.) 

(% weight) (B), mean sediment grain size (phi) (C) and sediment sorting (phi) (D). Others 

details as in Fig. 6. 

Grid Yerseke B (YB) 

The distribution of mean grain size and sorting was relatively homogeneous on Grid YB (Fig 9 C & 

D). The topography was characterised by a shallow slope which became steeper towards the 

northern end of the grid (Fig. 9 E). A small raised area, related to the presence of oyster banks, was 

observed in the far NW corner of the grid. Examination of the topography of the tidal flat would 

suggest that the direction of the incoming tide over the grid was from a NE direction. Indeed, sand 

waves/ripples, which generally run perpendicular to the direction of the mean tidal currents, ran 

from North to South and East to West, indicating a complicated hydrodynamic regime resulting 

from the incoming tide. 
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The large-scale distribution of [chl a] was a single band of high chlorophyll with a scale of about 

300 m (Table 3) in the across-shore direction (Fig. 9 A). Although the pattern appeared to be strong, 

the large-scale feature did not account for the largest proportion of variance (Fig. 11 A). The small-

scale distribution of [chl a] consisted of an autocorrelated structure with patch scales of around 100 

m or less (Table 3). 

 

Figure 9. (A-E). Synoptic maps for Grid YB of [chl a] (mg chl a mP

-2
P) (A), water content (abs.) 

(% weight) (B), mean sediment grain size (phi) (C), sediment sorting (phi) (D) and topography 

(E). Others details as in Fig. 6. 

Water content showed a gradient extending across-shore, and a central band along-shore (Fig 9 B, 

Table 4). The small-scale distribution of water content was autocorrelated with a patch scale of 

about 140 m (Table 4). Water content and [chl a] were significantly correlated at the small-scale (r 

= 0.46, p < 0.05). Water content was negatively correlated with mean grain size at the large-scale (r 
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= -0.53, p < 0.05) and the small-scale (r = -0.54, p < 0.05), but was positively correlated with 

sediment sorting only at the large-scale (r = 0.59, p < 0.05). 

Grid Yerseke A (YA) 

The main feature of this grid was the large depression running parallel to the shore through the 

centre of the grid, forming a ‘channel’ in the centre of the grid between the upper shore and a large 

shoal running parallel to the coast line, which had a steep slope adjacent to the main channel of the 

estuary (Fig 10 E). Mean grain size and sediment sorting appeared to be related to the topography of 

the site (i.e. the channel) (Fig 10 C & D). The sediments within the main reaches of the channel 

were characterised by poorly sorted, very fine sand and coarse silt, indicating a relatively unstable 

(low hydrodynamic energy) sedimentary environment, despite the large tidal range. Within the 

mouth of the channel mean grain size was larger, indicating a stronger current regime. Either side of 

the channel were two raised areas with well sorted relatively coarser sediment, indicating more 

stable sedimentary conditions.  

The large-scale distribution of [chl a] consisted of an along-shore gradient in chlorophyll, combined 

with a 300 m wide band of high values situated on the raised outer bank (Fig. 10 A, Table 3). The 

large-scale distribution accounted for the highest proportion of variance in the across-shore 

direction (Fig. 11 A). The small-scale distribution of [chl a] consisted of a few patches with a scale 

of about 100 m (Fig. 10 A, Table 3). The large-scale distribution of [chl a] was negatively 

correlated with grain size (r = -0.47, p< 0.05). 

The large-scale distribution of water content consisted of large patches of high water content with a 

scale of about 400 m by 300 m, situated within the central channel and on the outer bank (Fig. 10 B, 

Table 4). The large-scale variance component accounted for the highest proportion of variance in 

both of the shore directions (Fig. 11 B & D). The small-scale distribution of water content consisted 

of patches with a scale of about 100 m (Table 4). The large-scale distribution of water content was 

not significantly correlated with mean grain size, but was positively correlated with sediment 

sorting (r = 0.52, p < 0.05). High water content areas coincided with areas of both low and high 

[chl a], resulting in no significant correlation between the distribution of water content and [chl a] 

at both of the decomposed scales. 
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Figure 10. (A-E). Synoptic maps for Grid YA of [chl a] (mg chl a mP

-2
P) (A), water content (abs.) 

(% weight) (B), mean sediment grain size (phi) (C), sediment sorting (phi) (D) and topography 

(E). Other details as in Fig. 6. 

Spatial variance components 

Surface sediment chlorophyll a concentration  

In the across-shore direction, no clear general pattern in the proportion of variance explained by 

each of the spatial scales (large-scale, small-scale, micro-scale) for each grid can be seen (Fig. 11 

A). The % of variance explained by each component is different in each estuary, with no component 

being dominant. When the variance components are pooled and averaged for every grid examined, 

the 3 variance components explain approximately equal proportions of variance (about 30 %) in 

[chl a]. 
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In the along-shore direction, the micro-scale including experimental error variance component 

appears to be more important in explaining the proportion of total variance for [chl a] when 

compared to the across-shore (Fig. 11 C). When comparing between the different grids no clear 

pattern emerges and when all the grids are considered together, no component appears to be 

different than the others (i.e. variability in [chl a] at the micro-scale was as large as the variability at 

the large-scale).  

 

Figure 11. (A-D). Variance components across-shore direction for [chl a] (A), and for water 

content (B), along-shore direction for [chl a] (C), and water content (D). 

Surface sediment water content 

In contrast, a clear pattern in the proportion of variance explained by each of the spatial scales for 

each grid can be observed in water content in the across-shore direction (Fig. 11 B). In all grids, 

except grid YB, where the current regime appears to be particularly complicated, the large-scale 
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variance component is dominant, accounting for 35 to 55 % of the total variance. The small-scale 

component is generally the second most dominant component, accounting for 19 to 42 % of the 

total variance. The Micro-scale component is the smallest component in all grids (accounting for 7 

to 30 % of the total variance) except grid SB. In the along-shore direction, the highest proportion of 

the total variance explained by each of the variance components for water content appears to be the 

small-scale component, only in grid YA with the along-shore channel, is the large-scale component 

dominant (Fig. 11 D). 

Discussion 

We have examined synoptic data sets of surface sediment, [chl a] and water content of tidal flats 

from 3 different geographical areas using structure decomposition techniques, with the aim of 

characterising the dominant spatial structures and identifying the dominant scales at which these 

structures occur. When considering [chl a], it is apparent that at all the scales investigated spatial 

structures are present and all scales appear to have equal importance. Interestingly the spatial 

distribution of water content (at the scales we have investigated) seems to have relatively similar 

characteristics in a number of different estuaries. The main features are generally gradients 

combined with a patchy structure, consisting of patches with a scale of around 300 to 500 m and 

smaller patches with a scale of ≤ 100 m. The spatial distribution of [chl a], again, includes gradients 

and patches, with the most important scales of variation being around 200 to 300 m, ≤ 100 m and ≤ 

2.5 m. Variability in water content was more related to large-scale topographic features than the 

variability in [chl a]. Grid Eden A was a special case were the distribution of water and [chl a] was 

dominated by the presence of macroalgae beds. The distribution of sediment properties [grain size 

and sorting] tends to be a good explanatory variable for the spatial distribution of water content and 

[chl a]. Water content plotted as a function of mean grain size and sediment sorting was best 

described by a planar model (Table 5, Fig. 12, data from grid EA not included because of 

macroalgae beds), however the relationship between sediment properties and water content was not 

always clear (i.e. Grid YA). In part, this may be caused by methodological difficulties, such as 

sediment dewatering (Perkins et al. 2003) and uncertainties of sampling where there is overlying 

water situated on the sediment surface. This result also highlights the difficulty of summarising 

grain size distributions with sample characteristics: poorly sorted sediments may have a mid range 

mean (or median) grain size, but may have very high mud content. Water content has previously 

been show to be ‘conservatively’ related to the mud content of sediments (Flemming & 

Delafontaine 2000). 
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Table 7. Summary of the modelled relationships between mean sediment grain size, sediment 

sorting and water content (abs.) (% weight), and mean sediment grain size, sediment sorting 

and [chl a] (mg chl a mP

-2
P), for all grids (grid EA excluded). 

Variable Model Adj r P

2
P

 p value

Water content 7.78 + 6.13 [grain size] + 22.46 [sorting] + 0.18 [grain size] P

2
P - 5.80 [sorting] P

2
P

 0.51 <0.01 

[chl a] 4.94 exp (- 0.5 ((([grain size] - 2.09) / 2.11) P

2
P + (([sorting] - 1.33) / 1.64) P

2
P )) 0.27 <0.01 

 

This study covered a wide range of sediment mean grain sizes, which we have assumed to represent 

a range of hydrodynamic energy regimes (Leeder 1982). In the sandiest grid (SB), a simple positive 

relationship was observed between mean grain size and [chl a], whereas at the muddiest grid (YA) 

the inverse relationship was apparent. We have also shown that sediment sorting can be an 

important factor (Grid YA, YB). Areas with well sorted, coarse sediments generally indicate areas 

with high hydrodynamic energy, which is likely to lead to increased resuspension of MPB and 

therefore a lower realised biomass of MPB. In the opposite situation, an area with poorly sorted, 

fine grained sediments indicates an area of low hydrodynamic energy where deposition may be 

occurring, here the sediment will be very easily resuspended and/or is constantly being covered 

with new particles, again leading to a high loss rate, through burial or resuspension of the MPB 

community (Cahoon et al. 1999). Therefore, it is likely that the highest [chl a] would be found in 

areas where there is intermediate levels of hydrodynamic forcing. Chlorophyll a concentration (grid 

EA excluded) plotted as a function of grain size and sorting was best described by a Gaussian 

model (Table 5, Fig. 13), indicating a weak optimum type relationship. One factor that may have 

contributed towards the weakness of this relationship is the inaccuracy in determining [chl a] 

spectrophotometrically (rather than using HPLC): substantial errors in the estimation of [chl a] are 

possible when chlorophyll break down products are present within the sediments. Although, even 

when corrections for chlorophyll degradation products are made, grain size-chl a relationships are 

often weak (e.g. Cahoon et al. 1999). Ysebert & Herman (2002) and De Jong & De Jonge (1995) 

both found a significant positive correlation between sediment chl a content and mud content in the 

predominantly fine grained Westerschelde Estuary. Paterson et al. (2000) found no significant 

correlation between sediment properties and chl a content (g chl a g (sed) P

-1
P) in the Humber Estuary, 

UK. Cahoon et al. (1999) observed significant negative correlations between [chl a] and increasing 

% of fine or very fine sediments in a number of coastal and estuarine areas.  
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Figure 12. Relationship between mean sediment grain size, sediment sorting and water 

content (abs.) (% weight) for all grids (grid EA excluded). 

 

Figure 13. Relationship between mean sediment grain size, sediment sorting and [chl a] (mg 

chl a mP

-2
P) for all grids (grid EA excluded). 
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Large-scale features identified for [chl a] consistently occurred at a slightly smaller scale than found 

for water content. Assuming the direction of the incoming tide is mainly from the across shore 

direction, hydrodynamic influences are likely to be more influential in the across-shore direction 

than in the along-shore direction. In the across-shore direction, the large-scale variance component 

was dominant for water content (except YB where the tide was coming in from varying angles), 

suggesting that large scale hydrodynamic processes dominate the spatial distribution in this 

direction. In contrast, the proportion of the micro-scale variance component was high [20 - 50 %] 

and equally as important as the other components in the across-shore direction for [chl a]. This 

component represents variation occurring at scales finer than the smallest sampling interval (2.5 m) 

and includes the variance due to the survey method itself (contact core collection, chlorophyll a 

determination, etc.). We have tried to assess the amount of error inherent in the survey method. The 

depth of a contact core can be variable (2 – 4 mm) and is affected by factors such as sediment type, 

water content, experience of user and mud surface temperature. Under the assumption that the 

majority of MPB biomass is in the upper 2 mm of muddy sediments (De Brouwer & Stal 2001), 

which is not always true in sandier sediments (MacIntyre & Cullen 1995), our observations indicate 

that small differences in [chl a] occur when increasing depths of sediment are sampled. We estimate 

the error introduced in the analyses of [chl a] in sediment samples to be 2 – 12 %, mean is 5.3 % 

[CV, estimated from an intercalibration exercise]. Therefore variance caused by the survey method 

is estimated to be maximally 15 %, indicating that a substantial proportion of the variance observed 

at the micro-scale (defined here as < 2.5 m) is associated with fine scale patchiness in [chl a]. 

Possible mechanisms which cause micro-scale heterogeneity in [chl a] include differences in 

topography (ripples, crest trough, channels), grazing and uneven distribution of nutrients. Variation 

in microphytobenthos biomass at fine scales is a regular phenomena on intertidal flats (Shaffer & 

Onuf 1985, Pinckney & Zingmark 1991, MacIntyre et al. 1996, Guarini et al. 1998). Indeed, 

Seuront & Spilmont (2002) have demonstrated that the 2D patch structure of microphytobenthic 

biomass exhibits multifractal properties at a scale of 6.7 cm to 1m. Light & Beardall (1998) found 

important scales of spatial variation in benthic microalgal biomass occurred at distances in the order 

of >10 km, 50 m and <2 m, whereas, scales in the order of 1 km and 10 m were comparatively 

unimportant. 

Mean [chl a] at each geographical area was similar considering the different sedimentological 

conditions at each grid. The particularly high mean [chl a] at EA was caused by the dominance of 

macroalgae at the sediment surface across the central region of the grid. The biomass estimates 
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from the range of sites examined in this study compare well with the value of 128 ± 101 mg chl a 

m P

-2
P (mean ± SD, n = 16) calculated by Cahoon (1999) using available literature for temperate 

regions (0-5 m depth). 

Recommendations for sampling [chl a] and water content on European tidal flats are dependent on 

the aims of the study. When a mean value is desired, a sampling interval larger than the range of 

autocorrelation is required (all structures become ‘random-noise’). If the aim of the study is to 

investigate the spatial distribution and identify structures then a sampling interval smaller than the 

range of autocorrelation is required (allowing mapping of structures). If the study is correlative, 

such as ‘ground-truthing’ remote sensing, it is of vital importance to pair samples and ensure the 

sampling area for optical and sediment pigment measurements are the same size. 

However, as we have shown, spatial structures on tidal flats do not simply have one scale of 

autocorrelation, the orientation of sampling regimes is important and the amount of variation 

explained by each scale is different depending on which site is visited. This makes a priori 

predictions about the range of autocorrelation features difficult. An alternative approach is to 

consider the mechanisms that are thought to affect the spatial variation or the variable of interest 

and concentrate on the scale that the mechanism is likely to be most important at. This study has 

identified large topographic features and sediment properties as being related to the major 

structuring factors on intertidal flats (we do not state that these are the cause of the variability but 

are proxies for the many factors which control the realised biomass), concentrating sampling effort 

in areas with strong gradients in height and sediment properties will improve the efficiency of 

mapping variations in [chl a] and water content on tidal flats. Still, it is likely that many structuring 

processes occur over a number of scales in unison. Indeed, many natural habitats and patch 

structures have been shown to be statistically self similar across 2-3 orders of magnitude of scale 

(fractal like properties) (Burrough 1981, Mandelbrot 1983, Snover & Commito 1998, Ritchie & 

Olff 1999, Schmid 2000). If this is the case, identification of where the statistical self-similarity 

breaks down (scale breaks) may be of great use for indicating mechanisms behind spatial structures 

(Schmid 2000). However, large synoptic datasets covering many scales of observation are required 

for this task, usually unfeasible on tidal flats, although remote sensing may be able to meet this data 

intensive challenge (Paterson et al. 1998, Guichard & Bourget 2000, Hagerthey et al. 2003). We 

recommend, as others before us (Bellehumeur & Legendre 1998), that pilot studies which 

specifically examine the topography, sediment properties and spatial structure of the variable of 

interest should be carried out on intertidal flats before intensive sampling effort is conducted. 
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Conclusions 

In summer mean biomass varied by only a factor of 2 - 3 when compared between 4 European 

estuaries with different sediment properties and hydrodynamic conditions. Within each 

geographical area mean biomass was not significantly different, even when the different grids had 

different sedimentological properties. Mean water content varied by a factor of 2 between estuaries 

and was significantly different between the individual grids. Mean water content was related to the 

mean grain size of each grid. The types of spatial structures and their contribution to the total 

variance were similar in the sites investigated for water content. Whereas, the spatial distribution of 

MPB biomass was more inconsistent when compared between the different sites, indicating that 

more complex processes structure MPB biomass distribution. Topographic features and sediment 

properties (proxies for many other environmental factors) are very useful in explaining the spatial 

distribution of both water content and [chl a], although, high micro-scale variability in [chl a], does 

suggest biotic interactions maybe of great importance also. The relationship between sediment 

properties [grain size and sorting] and [chl a] followed an optimum relationship, rather than a 

simple linear relationship, i.e. maximum biomass was observed in areas with intermediate 

hydrodynamic forcing. In general, an increased number of samples for [chl a] at scales ≤ 2.5 m will 

increase the accuracy of biomass estimates, whereas, a high sample number at the micro-scale is 

less important when estimating the water content of sediments. Finally, because of the site specific 

nature of [chl a] distributions on tidal flats, pilot studies which address the topography, sediment 

properties and spatial characteristics of [chl a] will aid in the efficient allocation of sampling effort 

when mapping MPB biomass within a given area. 
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