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Abstract 

We investigated the hyper-spectral reflectance of intertidal sediments during the summer in a 

number of European estuaries with different sediment characteristics. At each site, grids or transects 

were established. At each grid node, a single sample for grain size and organic content analysis was 

collected as well as 3 paired replicate measurements of hyper-spectral reflectance, minimum 

fluorescence after 15 min dark adaptation (FBoPB

15
P), sediment water content (abs.) (% weight) and 

surface sediment (approx. 2mm) chlorophyll a + breakdown product concentrations ([chl a + 

phaeo] mg chl a m P

-2
P). 

The spectral signatures of tidal flats dominated by benthic microalgae, mainly diatoms, could be 

easily distinguished from sites dominated by macrophytes. The normalized difference vegetation 

index (NDVI) was found to be most strongly correlated to sediment [chl a + phaeo], although 

examination of correlations within each grid revealed that NDVI and sediment [chl a + phaeo] was 

not significantly correlated within the predominantly sandy Sylt grids. F BoPB

15
P was also significantly 
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correlated to sediment [chl a + phaeo] in all but one grid (grid Sylt A). Analysis of the functional 

relationships between NDVI or FBoPB

15
P and [chl a + phaeo] for each grid suggested that the slopes of 

the functional relationships were not significantly different in the muddier grids. Significant 

intercepts were also found in all the grids (although intercept predictions were more variable for 

FBoPB

15
P), suggesting mismatching of the optical depth ‘seen’ by the reflectometers or fluorometer and 

the depth sampled for pigment analysis. Definition of the optical depth in relation to the vertical 

structure of MPB should improve estimates of the photosynthetically active biomass in surface 

sediments. In muddy sediments, which tend to be dominated by MPB which are concentrated in the 

upper layers of the sediment surface (i.e. the amount of biomass within the optical depth and 

sampling depth are similar), NDVI appears to be a robust proxy for sediment [chl a + phaeo] 

whereas FBoPB

15
P was more grid specific. 

Introduction 

The role of microphytobenthos (MPB) in intertidal habitats is diverse. They are important primary 

producers and can contribute significantly to the total primary production in estuaries (Heip et al. 

1995, Underwood & Kromkamp 1999), with a considerable fraction of the primary production 

ending up in different trophic levels within 24h (Middelburg et al. 2000). Microphytobenthos also 

play an important role in sediment stabilisation, by the excretion of extracellular polymeric 

substances (EPS) (Paterson 1989, Underwood et al. 1995, Smith & Underwood 1998), and thus play 

an important, yet not fully understood, role in coastal morphology. In order to further understand 

the role of microphytobenthos in estuarine ecosystems it is necessary to quantify their occurrence 

and primary productivity over a range of spatial scales. This turns out to be very difficult because of 

the very patchy nature of their occurrence. A further complication is caused by short term changes 

in MPB biomass occurring in the photic zone of the sediment due to vertical migration of mainly 

epipelic diatoms inhabiting the more cohesive sediments (Serôdio et al. 1997, Barranguet et al. 

1998).  

Determining microphytobenthos biomass on the scale of an entire mudflat or estuary is not practical 

with conventional sampling methods, which normally involve coring of the sediments, followed by 

analyses of the biomass (normally by pigment analyses) in the top surface layer. Analyses depth of 

cores varies between studies from 1 mm (Kromkamp et al. 1995), 2 mm (Pinckney & Zingmark 

1991), 5 mm (Blanchard & Montagna 1995) to 10 mm (Brotas et al. 1995). Detailed depth 

distributions can be obtained using the cryolander technique where a sediment core is frozen 
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without disturbing the sediment structure, and then sliced into different depth sections (Wiltshire et 

al. 1997, de Brouwer & Stal 2001, Kelly et al. 2001, Honeywill et al. 2002). This technique has 

demonstrated that MPB are not distributed homogenously in the upper sediment surface layer but 

tend to concentrate themselves in the upper layers during daytime emersion periods. The coring 

techniques are cumbersome and time consuming, and are therefore not the method of choice to 

determine the spatial distribution of microphytobenthos on larger scales. Synoptic measurements of 

microphytobenthos biomass distribution will increasing rely on optical methods, either based on 

chlorophyll fluorescence (Serôdio et al. 1997, Barranguet et al. 1998, Honeywill et al. 2002) or on 

spectral signatures of reflected light using spectrometers (Hakvoort & Doerffer 1997, Paterson 

1989, Kromkamp et al. 1998, Meleder et al. 2003a) or digital colour-infrared photography (Murphy 

et al 2004). Spectral reflectance of defined patches of the sediment can also serve as calibration 

spectra for optical remote sensing (Hakvoort & Doerffer 1997). In this paper we explore the 

possibility of using ground based hyper-spectral reflectance and chlorophyll fluorescence 

measurement as a means to obtain synoptic microphytobenthos biomass information. Furthermore, 

we investigate if the algorithms developed for prediction of sediment pigment concentrations are 

site specific or generally applicable to a range of sediment types.  

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 from 24P

th
P May to 11 P

th
P June 1999. 

It is a large study area (approx. 100 kmP

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

chosen grids consisted of moderately-sorted, low organic matter content (organic matter 1.4 ± 0.7 

%), medium sands (Mean grain size 0.36 mm) with a low silt-clay content. Tidal range in the area is 

2 m (microtidal), 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 SA, sampled on 25 – 26 May and SB sampled on 

30-31 May) were established, consisting of 12 and 21 grid nodes respectively.  

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), 
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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 consisted of 24 grid nodes, running from the top of the shore 

down to the channel of the river Eden Estuary; Grid EB, which was further upstream, consisted of 

18 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 %. 

 

Figure 1. 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 20P

th
P June 2000. Grid YA consisted of 26 grid nodes 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 

percentage organic matter content of 7.4 ± 2.7 %. Tidal range at grid YA is 4 m (meso/macro tidal). 

A transect with 10 grid nodes (grid YC) was also established on the Molenplaat (22 June) situated 

directly offshore from the Biezelingsche Ham site. Grid YB consisted of 26 grid nodes 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/macrotidal) 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 at each of the sites had grid nodes spaced 100 m apart. At each grid point, 3 samples were 

randomly 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. Grid node positioning was carried out using a differential geographic 

positioning system. 

Measurements and analyses 

At each sampling location the solar reflected upwelling radiance was measured from the sediment 

(LuBsB) and a white standard panel (LuBr B) with a MMS-1 monolithic diode array miniature-

spectrometer (Carl Zeiss Jena, GmbH, Germany). The spectral reflectance R equalled Lu Br B/Lu BdB. 

White polystyrene plates were chosen as white standards because the standards became muddy 

quite easily making it necessary to replace them frequently. The white standards were compared 

with a calibrated white Spectralon reflectance panel with, 99 % reflectance (Labsphere Inc, NH, 

USA) and were found to have very similar spectral characteristics (about 5 % difference). We did 

not further correct our reflectance values to the calibrated Spectralon standard and the reported R-

values are thus relative to raw Lu-values of our white reflectance panels. 

Although the spectral range of the MMS-1 ranged from 310 to 1100 nm and is specified between 

360 and 900 nm, only wavelengths between 400 and 800 nm were used. The spectral distance of a 

pixel is approximately 3.3 nm, the wavelength accuracy 0.3 nm and the resolution 10 nm. The full 

acceptance angle of the fiberoptic tip is 22P

0
P (NA = 0.2). R-spectra were taken perpendicular to the 
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sediment and the surface area measured was approximately 30 cmP

2
P. Reflectance spectra were 

checked for obvious errors but not smoothed before analysis. We used 5 different indices (2 

wavelength algorithms) for comparison with sediment parameters: 

• near Infrared Blue index:  IR-B  = (750-435)/(750+435)   (1) 

• Blue-Green index:  BG = (590-435)/(590+435)   (2) 

• Green-Red index:  GR = (590-675)/(590+675)   (3) 

• Difference Vegetation index NDVI  = (750-675)/(750+675)   (4) 

• Log R-IR index  R-IR = log(750)/log(673)    (5) 

The first four indices are all normalized, whereas the latter index is in principle sensitive to changes 

in incident irradiance between measurements of the upward radiance of the standard and of the 

sediment. The NDVI is well known from agricultural research. As some satellite sensors with 

relatively small pixel sizes, which in principle can be used for estuarine research, contain the bands 

necessary to compute the NDVI, special attention was paid to this index. The R-IR-index has been 

developed by Hakvoort et al. (1997) for measurement of benthic algae on intertidal mudflats. 

After the R-spectrum was measured, a dark adaptation chamber for measurement of the minimum 

fluorescence (FBoB) was inserted into the sediment at exactly the same spot. The chambers consisted 

of a pvc-tube (5-cm inner diameter), fitted with an outer ring for positioning on the sediment and a 

lid containing a port to accommodate the fiber optic probe of the fluorometers. The tip of the fiber 

optic probe was theoretically positioned 4 mm above the sediment surface, but the actual distance 

was of course dependent on the ‘smoothness’ of the sediment surface. After 15 min of dark 

adaptation, FBoB was measured. Because we changed the design of the lid of the dark adaptation 

chamber, one FBoB-value per replicate sampling point was taken in Sylt, 3 FBoB-values at the Eden sites 

and 5 F BoB-values at the Dutch sites. Replicate F BoB’s taken per sampling point were averaged, and this 

average value was compared to the paired [chl a + phaeo] or spectral reflectance. FBoB was measured 

with a FMS2 (Hansatech Instruments Ltd, U.K.), equipped with a 470 nm blue measuring light, a 

MINIPAM (Heinz Walz GmbH, Germany) or a PAM2000 (Heinz Walz GmbH), which both use 

red (650 nm) measuring light. The settings of the fluorometers were not changed during the 

campaigns, and at each grid the fluorometers were intercalibrated. Regression analyses (rP

2 
P> 0.89) of 

all the samples per grid point allowed conversion of PAM obtained F BoB signals to FMS2 obtained FBoB 

–values. 
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FBoB can be affected by non-photochemical quenching (NPQ). We assumed that 15 min dark 

adaptation was enough for NPQ to relax, although the existence of long lived quenchers cannot be 

excluded (Ruban & Horton 1995). Recovery experiments showed that in general after 15 minutes 

dark adaptation the fluorescence signals did not increase anymore, suggesting complete relaxation 

of NPQ. This is not to say that under all conditions 15 minutes dark adaptation was sufficient to 

obtain a true FBoB, but because epipelic benthic diatoms can rapidly migrate vertically, the 15 min 

dark adaptation time was a compromise between the time needed for complete relaxation of NPQ 

and the need to make rapid measurements in order to avoid changes caused by vertical migration 

between the different measurements. Therefore minimum fluorescence used in this study is defined 

as minimum fluorescence after 15 minutes of dark adaptation (FBoPB

15
P).  

After measuring FBoPB

15
P, the dark adaptation chamber was gently pulled out of the sediment and the 

upper 2 mm of the sediment surface, in exactly the same position, was sampled by freezing the 

sediment surface with liquid nitrogen, using the contact core method (Honeywill et al. 2002). An 

aluminium dish fitted with a rim that extends 2mm beyond the bottom of the disk is placed on the 

surface of the sediment. Liquid nitrogen is poured into the disk freezing the upper 2-5mm of the 

sediment in less than a minute. After the sediment is frozen, the core is removed and the excess 

sediment is removed by scraping until it is flush with the rim of the contact core. The disc of frozen 

sediment (24 cm P

2
P) is then taken out of the contact core, wrapped in Al-foil and stored in liquid 

nitrogen. In practice it turned out that the sediment sample thickness was between 3-4 mm in the 

sandy sediments of the Sylt-Rømø basin, approx. 3 mm at the Eden sites and approx. 2 mm at the 

Dutch sites. The cores were stored at -80 P

o
PC and lyophilised before analyses.  

The photosynthetic pigments were extracted in dimethyl formamide (DMF) in the dark at – 4 P

o
PC 

and the absorption of the extract was measured after centrifugation (4000 rpm, 10 min) with a Cecil 

3000 scanning spectrophotometer. Chlorophyll a (mg m P

-2
P) was calculated using the equations of 

Porra et al. (1989). Because the extracts also contained phaeopigments we refer to these sediment 

pigment concentrations as chl a + phaeo.  

The water content (abs.) (weight %) of the contact cores was determined gravimetrically after 

drying at 110 °C The organic content and sediment grain size was determined by sieving and 

weighing of dried samples (550 P

o
P C, 6 h) obtained using 7 cm diameter cores sampled to a depth of 

10 cm. The dried sediment was homogenised and treated with sodium hexametaphosphate, re-dried 

and sieved over a series of stacked sieves. At each grid node only one such core was taken. Wet 
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cores were also collected and samples examined briefly by light microscopy to see if the sediments 

were dominated by diatoms, green algae, euglenoids or cyanobacteria. 

Statistical analyses 

All statistical analyses were carried out in Statistica 6.1 (StatSoft, Inc. Tulsa, USA). Principle 

component analysis (PCA) was performed on the full BIOPTIS dataset, after removal of incomplete 

data and a few obvious outliers. The data were ln(x) transformed before PCA analysis. The 

measured variables were used for canonical analysis, and FBoPB

15
P and the reflectance indices were used 

as supplementary variables, and thus did not affect the analyses. Site names were grouping 

variables. Correlations between non-transformed [chl a + phaeo], reflectance indices, FBoPB

15
P and 

environmental parameters were also investigated using Pearson’s correlation coefficient. The 

distribution of each of the variables was examined graphically. All biomass variables were observed 

to be log-normally distributed. We chose to use a weighted loss function to improve the fitting 

procedure of the functional relationships rather than transforming the data. Log transformed 

functional relationships are prone to problems when a significant intercept in the functional 

relationship can be expected, which is likely to be the case with [chl a +phaeo]. We used model 1 

regression as this form is recommended for deriving predictive relationships between variables 

(Sokal & Rohlf 1995). Therefore, functional relationships between NDVI or FBoPB

15
P and [chl a +phaeo] 

were derived using model 1 regression with a weighted loss function [(observed-predicted) x (1/ 

(NDVI or FBoPB

15
P)P

2
P)]. To test if slopes and intercepts obtained from regression analyses were 

significantly different, the “shortest minimum distance” (SMD) was calculated as:  

SMD = √(0.5*υ)*s.e.         (6) 

where υ = a statistical value obtained from the studentized augmented range distribution and 

depends upon the degrees of freedom of all values used in calculating the different slopes and s.e. is 

the standard error of the regression coefficient. The 95 % confidence interval was then computed as 

slope ± SMD. Regression coefficients were considered not significantly different if the 95 % 

confidence intervals did overlap (Sokal & Rohlf 1995). 
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Results 

Spectral shapes 

Reflectance spectra could be distinguished in to 3 - 4 classes of typical spectral shapes (Fig. 2). 

Sediment not containing obvious signs of microphytobenthos showed hardly any spectral features, 

although in all spectra investigated by us there was always a small decrease in reflectance visible at 

675 nm, indicating some absorption by chlorophyll or phaeopigments. Diatom dominated sediments 

showed a decrease in reflectance below 710 nm compared to the bare sediment R-spectra. The 

reflectance decrease at 675 nm was also more pronounced, and a broad peak was visible between 

570 and 610 nm, causing a steeper rise in reflectance between 450 and 600 nm compared to that of 

sediments with a low MPB content. Reflectance above 700 nm was hardly affected. Macrophyte 

dominated sediments had very different spectral shapes. Reflectance in the blue to orange region 

was low, and a broad peak was visible near the absorption minimum at approximately 550 nm. 

Above 675 nm, reflectance increased sharply and reached higher values than in sediments with 

MPB. The spectral signature of the green macro alga Ulva or Enteromorpha (see Fig. 2) was very 

similar to that of the seagrass Zostera noltii. The peak near 550 nm was less pronounced in the 

spectral shape of the red macroalgae Porphyra sp. (Fig 2) or the brown macroalga Fucus sp (not 

shown) dominated sediments; basically these algae absorb all visible (and photosynthetically active) 

radiation, and what is left is probably just light reflected directly at the surface. Diatoms nearly 

always dominated the microphytobenthos in our surveys, although Eden grid A contained, at the 

time of sampling, a broad band of Enteromorpha sp. Zostera sp. was observed in the high shore 

station in the Eden estuary, at the Zandkreek intertidal flat in the Oosterschelde estuary and at some 

high shore points of the Eden grid B . We did not encounter sediments dominated by cyanobacteria 

at the surface, so we cannot show a reflectance spectrum from sediments dominated by 

cyanobacteria. 

The physiological state of the macrophytes also influenced the spectral signature. R-spectra of a 

light green, a medium green and a dark green Enteromorpha sp. were examined (Fig. 3). 

Surprisingly, in the visible range hardly any difference in spectral shape is noticeable, but in the 

near infrared the reflectance of the light green thallus was much higher than the dark green thallus. 

This is due to internal structure differences in the thallus causing a higher reflectance above 700 

nm. 
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Relationship between sediment parameters 

The reflectance signal carries spectral signatures not only from benthic algae but, most likely, also 

from sediment parameters like water content, grain size or organic content. The two latter variables 

were analysed from large cores only, of which only one was taken at every grid node, whereas we 

took 3 spectral measurements (with concomitant analyses of pigments and water content of the 

contact core sample) at every grid node. In order to compare these data sets mean values of each 

variable per grid node were used.  

 

Figure 2. Reflectance spectra showing characteristic spectra for sediment covered with 

different types of organisms. 
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Figure 3. R-spectra of light, intermediate or dark green Enteromorpha mats. Notice that the 

difference in the visible spectrum is not detected by the spectroradiometer, but that large 

differences are visible in the near infrared, where the light green coloured thallus showed the 

strongest reflectance. 

PCA analysis of the data pooled for all the grids revealed that 3 PCA factors significantly explained 

78 % of the variation in the sedimentary parameters (Table 1.). Factor 1 was highly negatively 

correlated to the sediment mud (0.063 mm and <0.063 mm), organic and water content, as well as 

[chl a + phaeo] (Table 2.). Factor 2 was highly negatively correlated to the larger grain size 

fractions (≥ 0.25 mm). Factor 3 was negatively correlated to <0.063, 0.25 and 0.5 mm grain size 

fractions as well as water and organic content, but positively correlated with 0.063, 1 and 2 mm 

grain size fractions. When the sediment variables and optical measures were projected onto PCA 

factor 1 and 2, it was observed that variables associated with muddier sediments were closely 

correlated with factor 1, whilst variables associated with coarser sediments were correlated with 

factor 2 (Fig. 4). 
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Table 1. Eigen values and % of variance explained for each PCA factor. PCA analysis of all 

sediment parameters pooled for all grids. Data were ln (x) transformed before analysis. 

Factor Eigen value % Total variance Cumulative % 

1 3.7 41 41 

2 2.1 24 65 

3 1.1 13 78 

4 0.81 9.0 87 

5 0.38 4.2 91 

6 0.30 3.3 94 

7 0.24 2.7 96.8 

8 0.17 1.9 98.7 

9 0.12 1.3 100 

 

Inspection of the sampling sites projected onto PCA factor 1 & 2 showed that the Sylt samples 

formed a separate cluster (Fig. 5) positively correlated with factor 1 & negatively correlated to 

factor 2. Yerseke samples were generally positively correlated with PCA-factor 1 and 2 and within 

the Yerseke samples, no distinction could be made between grids YA, YB and YC. Samples from 

the Eden Estuary were negatively correlated to factor 1. Differences between the 2 Eden Estuary 

grids seemed to be mainly related to factor 2, with a number of samples from grid EA which 

contained high mud content, [chl a + phaeo] and grain size fractions larger than 1mm which seemed 

negatively correlated to axis 2.  

The concentration of chl a + phaeo was negatively correlated to factor 1 (r = -0.63) and factor 2 (r 

= -0.25) indicating that generally higher [chl a + phaeo]’s were found in muddy sediments, but 

larger grain size fractions were also correlated to high [chl a + phaeo]’s. Significant correlations 

were observed between non-transformed [chl a + phaeo] values and all sediment parameters except 

the <0.063 mm grain size fraction (Table 3.). Water content, mud content (0.063 mm) and 2 mm 

grain size fraction were the sedimentary variables most strongly correlated with [chl a +phaeo].  

All of the optical measures investigated were correlated to factor 1 (Table 2.). R-index, NDVI, IR-

B-index and BG-index were also correlated to factor 2, whereas FBoB P

15
P and GR-index were hardly 

correlated to factor 2. Significant correlations between the non-transformed optical measures and 

[chl a + phaeo] were observed for all indices (Table 3). The strongest correlations were with NDVI 
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(Pearson’s r = 0.85) and the inverse of NDVI, R-index (Pearson’s r = -0.74) and FBoPB

15
P (Pearson’s r = 

0.85).  

Table 2. PCA factor variable correlations (r). Reflectance indices and FBoB were supplementary 

to the PCA analysis (i.e. not considered in the analysis). Other details as in Table 1. 

Variable Factor 1 Factor 2 Factor 3 

Organic content -0.81 0.2 -0.30 

Water content -0.81 -0.03 -0.36 

[chl a + phaeo] -0.63 -0.25 0.01 

2 mm -0.42 -0.65 0.48 

1 mm -0.40 -0.77 0.34 

0.5 mm 0.51 -0.74 -0.33 

0.25 mm 0.44 -0.67 -0.49 

0.063 mm -0.85 0.01 0.15 

Grain size fraction 

<0.063 mm -0.69 -0.13 -0.46 

    

Supplementary variables    
 

FBO PB

15
P -0.55 0.11 0.17 

R-INDEX 0.47 0.48 0.1 

NDVI -0.56 -0.52 -0.16 

GR-INDEX -0.37 0.04 0.34 

BG-INDEX 0.44 -0.22 -0.35 

Reflectance indices 

 

IR-B-INDEX -0.32 -0.51 -0.4 

Quantifying benthic algal biomass: spectral reflectance vs. chlorophyll concentration  

Looking at the normalised R-spectra shown in Fig. 2 it can be concluded that an increase in algal 

biomass causes a decrease in reflectance around 675 nm, mainly due to absorption by chlorophyll a, 

although chl b, if present, will also contribute to the increased absorbance. The normalised 

difference vegetation index (NDVI) is particularly sensitive to changes in the shape of the R-

spectrum associated with increases in [chl a]. The near infrared (750nm) reflectance of the sediment 

was not influenced by the presence of diatoms, but complex cellular structures present in the 

macroalgae caused in increase in light scattering in the NIR, and thus in an increase in L Bu-750nmB. 

Because of the strong sensitivity to chl absorbance, the NDVI had the strongest correlation with [chl 

a + phaeo] when examined for all grids, therefore, the NDVI was used to investigate the 

relationship between the R-spectrum and the chlorophyll concentration (mg m P

-2
P) of the sediment 

within each grid using the full paired data set (i.e. 3 paired replicates per grid node). 

Significant correlations were observed between NDVI and [chl a + phaeo] within all grids except 

those from Sylt (Table 4, Fig. 6). The strongest correlation (Pearson’s r = 0.84) was observed in 

grid EA and the weakest significant correlation (Pearson’s r = 0.71) in grid EB.  
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Figure 4. Projection of the variables (black) and supplementary variables (grey) onto PCA 

Factor 1 and 2 from all estuaries investigated. Data were ln (x) transformed before PCA-

analysis. 

Linear regression (with a weighted loss function) was used to derive the functional relationships 

between NDVI and [chl a + phaeo] for all grids excluding Sylt. Confidence intervals (CI) were 

calculated for slope (a) and intercept (b) estimates using the minimum significant difference. Slope 

coefficients were not significantly different in all grids examined (Table 5). Estimated b coefficients 

were only significantly different between grids EB and YA (Table 5). Therefore, only the intercepts 

in two of the grids were significantly different, suggesting that a regression of the pooled data set 

was reasonable. When the grids were pooled the functional relationship calculated was highly 
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significant (Table 6, Fig. 7) and accounted for 67% of the variation in [chl a + phaeo]. Pooling grids 

SA and SB did not improve the correlation between NDVI and [chl a +phaeo]. 

 

 

Figure 5. Projection of sampling sites in relation to PCA factor 1 and 2. Notice that the Sylt 

samples form a distinct cluster. 
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Table 3. Pearson’s correlations between all sediment parameters and reflectance indices. Non transformed mean values per grid 

point (n = 3) for [chl a + phaeo], water content and reflectance indices were used in the analysis. Correlations marked with italics are 

significant at p < 0.05, n = 110. 

 2 mm 1 mm 0.5 mm 0.25 mm 0.063 mm <0.063 mm
Organic 

content 

R-

INDEX
NDVI

GR-

INDEX

BG-

INDEX

IR-B-

INDEX
F Bo PB

15
P

 

Water 

content 

1 mm 0.73              

0.5 mm -0.02 0.08             

0.25 mm -0.08 -0.02 0.70            

0.063 mm 0.14 0.22 -0.42 -0.40           

<0.063 mm 0.09 0.07 -0.20 -0.24 0.22          

Organic 

content 
0.24 0.09 -0.35 -0.35 0.31 0.65         

R-INDEX -0.38 -0.37 -0.04 -0.13 -0.34 -0.09 -0.17        

NDVI 0.43 0.40 -0.07 -0.08 0.46 0.14 0.27 -0.90       

GR-INDEX 0.38 0.27 -0.33 -0.36 0.12 0.03 0.19 -0.49 0.63      

BG-INDEX -0.09 -0.10 0.60 0.62 -0.51 -0.01 -0.17 0.02 -0.15 -0.04     

IR-B-INDEX 0.29 0.26 0.16 0.33 0.21 0.17 0.19 -0.90 0.76 0.35 0.33    

F Bo PB

15
P

 0.40 0.26 -0.21 -0.25 0.34 0.09 0.30 -0.67 0.81 0.72 -0.19 0.52   

Water 

content 
0.21 0.14 -0.31 -0.27 0.44 0.40 0.59 -0.62 0.78 0.54 -0.21 0.55 0.74  

[chl a + phaeo] 0.42 0.29 -0.24 -0.19 0.50 0.07 0.31 -0.74 0.85 0.59 -0.25 0.60 0.85 0.75 
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Quantifying benthic algal biomass: F BoPB

15
P vs. chlorophyll concentration  

Minimum fluorescence also has the potential of being used as a proxy for sediment chlorophyll 

concentration, therefore, we investigated the relationship between FBoPB

15
P and [chl a + phaeo] within 

each of the grids. Significant positive correlations were observed within all grids except grid SA 

(Table 7, Fig.8). The strongest correlation (Pearson’s r = 0.73) was observed in grid YA and the 

weakest significant correlation (Pearson’s r = 0.27) in grid SB. Functional relationships between 

FBoPB

15
P and [chl a + phaeo] were examined using linear regression (with weighted loss function) and, 

as described above, in order to derive if regression coefficients were significantly different, 

confidence intervals (CI) were calculated for slope (a) and intercept (b) estimates using the 

minimum significant difference. Slope estimates for each grid were not significantly different 

(Table 8), whilst intercept estimates were more variable between grids. When the grids were pooled 

the functional relationship calculated was highly significant (Table 9), but accounted for only 42% 

of the variation in [chl a + phaeo]. 

Table 4. Pearson’s correlation between NDVI and [chl a +phaeo] within each grid. Non-

transformed replicate values (i.e. 3 replicates per grid point) were used for the analysis. 

Grid n r p-level

YB 76 0.76 <0.001

YA 77 0.81 <0.001

YC 29 0.72 <0.001

EB 54 0.71 <0.001

EA 71 0.84 <0.001

SA 36 0.01 n.s. 

SB 61 0.24 n.s. 

Discussion 

In this paper we explore the possibility of determining sediment chlorophyll concentrations using 

hyper-spectral reflectance. From the spectra shown in Fig. 2 it is obvious that apart from 

quantitative information on pigment concentration, qualitative information relating to the types of 

organism present can also be obtained. According to Hakvoort et al. (1997), when the spectrum 

between 500 and 675 is nearly flat, Fucus sp. are present. This was confirmed by us, although the 

same spectral shape was observed with the red algae Porphyra, indicating that when a thick thallus 
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is present nearly all light is absorbed, apart from a small fraction that is directly reflected at the 

thallus surface. A clear but broad peak in the R-spectrum at 540-560 nm, which slowly tails off in 

the orange part of the R-spectrum, indicates the presence of green macrophytes (Ulva sp, 

Enteromorpha sp., Zostera sp.). 

 

Figure 6. Relationship between NDVI and [chl a + phaeo] (mg mP

-2
P) (calculation based on 

absorption at 664 in a spectrophotometer) for each grid. Correlation coefficients given in table 

4. 

Diatom dominated sediment R-spectra, although qualitatively very similar to the one shown by 

Hakvoort et al. had a wider and broader peak (or plateau) between 560 and 650 nm, with a little dip 
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near 630 nm. It is thus not straight-forward to discriminate between benthic microalgae and benthic 

macroalgae based on the reflectance at 675 and 750 only. The whole spectrum was needed to 

discriminate between diatom or green macrophyte dominated sediments. However, if spectral 

information is obtained from 560, 675 and 750 nm, a discrimination ratio can be developed which 

allows estimation of the presence of macrophytes or not: 

 
675560

675750

/RR

/RR
ratiotiondiscrimina =        (8) 

When this ratio > 2, it appears from our data that the reflected radiance is obtained from 

macrophytes. 

Table 5. Regression analyses (with weighted loss function) between NVDI and chl a + 

phaeopigments concentration) (mg mP

-2
P). The regression equation used was [chl] =a x NDVI 

+b, loss function; (observed-predicted)P

2
P x 1 / NDVIP

2
P. The column significance indicates if the 

regression coefficients (a, b) are significantly different within each grid. Coefficients which 

contain the same character are not significantly different from each other (p < 0.05). 

Grid a s.e.-a p-level signif. a b s.e.-b p-level signif. b rP

2
P 

EA 555 92 <0.0001 a 55
 

16 <0.01 a,b 0.68 

EB 442 83 <0.0001 a 91 12 <0.0001 b 0.50 

YA 437 51 <0.0001 a 21 4.3 <0.0001 a 0.66 

YB 685 116 <0.0001 a 59 7.2 <0.0001 a,b 0.53 

YC 495 107 <0.001 a 30 8.9 <0.001 a,b 0.51 

 

Table 6. Regression analyses (with weighted loss function) between NVDI and chl a + 

phaeopigments concentration) (mg mP

-2
P) for all grids except SA and SB. Other details as in 

table 5. 

Grid group a s.e.-a p-level b s.e.-b p-level n rP

2
P

 

EA, EB, YA, YB & YC 532 46 <0.0001 48 4.0 <0.0001 307 0.67 
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Figure 7. Relationship between NDVI and [chl a + phaeo] (mg mP

-2
P) (calculation based on 

absorption at 664 in a spectrophotometer) for all grids except SA and SB. The regression 

equation used was [chl] =a x NDVI + b and the loss function was (observed-predicted)P

2
P x 1 / 

NDVIP

2
P. Regression coefficients given in table 6. 

Relationship between sediment parameters 

PCA analysis revealed that 65 % of the variation in sedimentary parameters could be explained by 2 

factors. Factor 1, which accounted for 41% of the variation, was related to variables associated with 

muddier sediments, such as high mud (0.063 mm) water and content, all sedimentary parameters 

which are highly correlated to each other. Factor 2, which accounted for 24 % of the variation, was 

related to sandier sediments with larger grain sizes. Chlorophyll concentrations were strongly 

correlated to factor 1, indicating that MPB seem to have a clear preference for more cohesive 

sediments, which are to be found in those parts of an estuary where hydrodynamic energy is 

generally smaller. Factor 2 was negatively correlated to [chl a + phaeo], indicating that lower 

biomass was found in sandier sites. In contradiction to this was the positive correlation between [chl 

a + phaeo] and the 1 and 2 mm grain size fractions. This correlation appears to be the result of a 

number of sites in grid Eden A where high 0.063, 1 and 2 mm grain size fractions, water content 

and [chl a + phaeo] were observed (Fig.5), indicating poor sorting of the sediments. We 

encountered a large range of habitats at grid EA, with clear differences in sediment types and large 

areas covered by dense mats of macroalgae, which were generally, but not always, resulting in 
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‘outlier’ sites. Macroalgae (mainly Enteromorpha sp., Ulva sp. and some Porphyra sp.) hampered 

the analyses because they were difficult to core.  

Table 7. Pearson’s correlation between FBoBBPB

15
P and [chl a + phaeo] within each grid. Non-

transformed replicate values (i.e. 3 replicates per grid point) were used for the analysis 

Grid n r p-level

YB 76 0.54 <0.001

YA 77 0.73 <0.001

YC 29 0.52 <0.01 

EB 54 0.60 <0.001

EA 71 0.70 <0.001

SA 36 0.17 n.s. 

SB 59 0.27 <0.05 

The biggest difference between the Sylt grids and the Eden and Yerseke grids was the grain size. In 

Sylt nearly 80% of the grain sizes were between 0.25 and 1 mm, whereas in the Eden 73% of the 

grain sizes were between 0.063 and 0.25 mm, apart from those stations with poorly sorted 

sediments. Grain sizes at the Yerseke sites were even smaller: 45% were smaller than 0.063 mm, 

and an equal percentage fell into the size class just above it.  

Table 8. Regression analyses (with weighted loss function) between FBoBBPB

15
P and chl a + 

phaeopigments concentration) (mg mP

-2
P). The regression equation used was [chl] =a x (FBoBBPB

15
P) + 

b, loss function; (observed-predicted)P

2
P x 1 / (FBoBBPB

15
P)P

2
P. The column significance indicates if the 

regression coefficients (a, b) are significantly different within each grid. Coefficients which 

contain the same character are not significantly different from each other (p < 0.05). 

Grid a s.e.-a p-level signif. 

a 

b s.e.-b p-level signif. 

b 

rP

2
P

 

SB 0.28 0.14 <0.05 a 79 7.4 <0.0001 a,b 0.07 

EA 0.33 0.06 <0.0001 a 123
 

10 <0.0001 b,c 0.49 

EB 0.17 0.07 <0.05 a 139 4.9 <0.0001 c 0.19 

YA 0.23 0.04 <0.0001 a 49 2.0 <0.0001 a 0.53 

YB 0.22 0.06 <0.001 a 94 5.1 <0.0001 b 0.28 

YC 0.26 0.07 <0.001 a 44 7.7 <0.0001 a 0.27 
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Relationship between F BoPB

15
P and [chl a + phaeo] 

Significant positive correlations were observed between FBoPB

15
P and [chl a + phaeo] in all grids except 

grid SA. The slopes of the estimated functional relationships were not significantly different in all 

grids whilst the intercepts were more grid specific. Functional relationships calculated within each 

grid accounted for a maximum of 53 % of the variation in [chl a + phaeo] (Table 8). There are 

several factors which could influence the relationship between F BoPB

15
P and [chl a + phaeo]. The 

fluorometer detects the signal of a surface area of about 120 mm P

2
P at a tip height of 4mm, whereas 

the surface area of the contact core is 2400 mmP

2
P. Thus, although we measured fluorescence on the 

same sample as reflectance or chl a, the fluorometer measured only 5% of the surface area in the 

contact core in Sylt (1 replicate), 15% in the Eden (3 replicates) or 25% at the Yerseke sites (5 

replicates). Variability at the small scale, either in biomass or in varying probe height (the sediment 

surface is rarely flat), will thus contribute to the noise in the relationship.  

Table 9. Regression analyses (with weighted loss function) between FBoBBPB

15
P and chl a + 

phaeopigments concentration) (mg mP

-2
P) for all grids except SA. Other details as in table 7. 

Grid group a s.e.-a p-level b s.e.-b p-level n rP

2
P

 

EA, EB, SB, YA, YB & YC 0.28 0.04 <0.0001 89 3.3 <0.0001 307 0.42 

 

Another factor influencing the relationship between FBoPB

15
P and [chl a + phaeo] is that in the 15 min 

dark adaptation vertical migration could have taken place, or that non-photochemical quenching 

processes were not completely relaxed. Photoinhibition can be distinguished in two components: 

dynamic and chronic photoinhibition. The first process is related to down regulation of 

photosynthesis and serves to protect the photosystems. It is brought about by rapidly induced non-

photochemical quenching (NPQ) caused by xanthophyll cycle process (Demmig-Adams & Adams, 

1992, Horton et al. 1994, Horton et al. 2000). We did test for this, and 15 minutes was generally 

enough to relax NPQ. Nevertheless, chronic photoinhibition (structural damage to photosystem II) 

can affect FBoPB

15
P on a longer time scale (Ruban and Horton, 1995) and we have observed this on a 

limited number of occasions. The presence of phaeo-pigments and other fluorescent sediment 

constituents is also likely to influence the relationship. These breakdown pigments of chl a are 

caused by grazing and dying of cells and have a different fluorescence efficiency than “living” chl 

a. Two different fluorometers were used to measure FBoPB

15
P. The PAM uses a red (650 nm) LED for 

the measuring light whereas the Hansatech FMS2 uses a blue (470 nm) LED for the measuring 
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light. Although we inter-calibrated the machines for each grid, both fluorometers differ in their 

sensitivity towards different algal groups. Algae with a high photosystem II absorption cross section 

in the red (e.g. red algae, cyanobacteria) will give a strong signal when measured with our PAMs. 

On the other hand, organisms with a good optical cross section for PSII in the blue (like diatoms) 

will give a give a strong signal with the Hansatech FMS 2 we used. Although cyanobacteria also 

absorb the blue measuring light from the Hansatech FMS2, this chl a is mainly associated with PSI, 

which hardly fluoresces at normal temperatures. Thus, if different MPB taxa occur, this can add 

additional scatter to the relationship between F BoPB

15
P and [chl a + phaeo]. 

Relationship between NDVI and [chl a + phaeo] 

Of all the different optical indices used to summarise pigment information contained within R-

spectra, we found the normalised difference vegetation index was the most strongly correlated to 

[chl a + phaeo] (Table 3). Combinations of the different indices into more complex algorithms 

(such as; NDVI + GR-INDEX), did not improve correlations so we did not pursue this further. We 

demonstrated that there was a significant positive correlation between NDVI and [chl a + phaeo] in 

all of the grids except the Sylt grids, and the strength of the relationship was high in all of the 

muddier grids (Pearson’s r > 0.7). Mean chlorophyll concentrations were low in Sylt grid A, and the 

sediments were generally very sandy in both the Sylt grids. The relationship between NDVI and 

[chl a + phaeo] in grid and EA (Fig. 6) appeared to be slightly non-linear, suggesting that NDVI no 

longer increased linearly at higher [chl a + phaeo]. Meleder et al. (2003a) also found a non-linear 

relationship between NDVI and [chl a] of MPB concentrated on filter paper. In their study, NDVI 

saturating at a value of about 0.4 which seems to be similar to our results in the macroalgae 

dominated grid EA (Fig. 6). At very high [chl a + phaeo] a minimum value of 1% reflectance in the 

R-spectrum seems to be reached, causing some non-linearity between NDVI and [chl a + phaeo]. 

We very seldom encountered such low R values at 675nm (only with high macroalgae density).  

One of the problems associated with the analysis between spectral reflectance or fluorescence and 

the sediment chl-concentration is that the optical information is obtained from a depth layer much 

smaller than the depth of the contact core. In the Sylt grids it seems likely that the reflectometer did 

not ‘see’ all of the pigments sampled using the contact core method. The relationship between 

NDVI and surface sediment chl-pigments is very much influenced by the vertical distribution of the 

microphytobenthos in the sediments. Although we tried to contact core samples with a constant 

thickness, in practice the core thickness varied between 2-4 mm and was generally thicker in the 

sandy sediments (Sylt). But even if we always sampled a constant thickness and even if the 
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sediment sample had a perfect flat surface, the reflectance signal is influenced by the amount of 

algae present in the optical depth measured by the radiance sensor.  

 

Figure 8. Relationship between minimum fluorescence (FBoPB

15
P) and chlorophyll + phaeopigment 

concentration (calculation based on absorption at 664 in a spectrophotometer) (mg mP

-2
P) for 

each grid. Correlation coefficients given in table 7. 

Microphytobenthos, especially epipelic algae of the more cohesive sediments, are often found near 

the surface (Paterson et al. 1994), but the total amount can be influenced significantly by vertical 

migration. Thus, although the biomass present in the contact core may be constant, the amount seen 

by the sensor might change. This conclusion is supported by work of Paterson et al. (1998) who 
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demonstrated a better relationship between spectral reflectance and Chl a in the surface 0.2 mm 

than with Chl a in 5 mm surface scrapes. Honeywill et al. 2002) also demonstrated a better 

relationship between FBoPB

15
P and [chl a] with the surface 0.2 mm when compared to samples including 

larger sampling depths.  

Table 10. Pearson’s correlation between NDVI and FBoBBPB

15
P within each grid. Non-transformed 

replicate values (i.e. 3 replicates per grid point) were used for the analysis. 

Grid n r p-level

YB 79 0.74 <0.001

YA 78 0.88 <0.001

YC 29 0.74 <0.001

EB 57 0.83 <0.001

EA 81 0.83 <0.001

SA 36 0.72 <0.001

SB 61 0.92 <0.001

 

The fact that in all grids examined we observed an improved correlation between NDVI and FBoPB

15
P 

(Table 10, Fig. 9) than between NDVI and [chl a + phaeo], or between FBoPB

15
P and [chl + phaeo], also 

indicates that the vertical distribution of the algae influences the relationship between reflectance 

and sediment pigment concentrations. Both techniques measure a signal originating from the same 

depth stratum. The optical depth measured by the sensors is also likely to correspond quite closely 

to the amount of algae present within the photic zone (Serôdio, 2003). Thus, using an algorithm to 

estimate [chl a] from NDVI valid for shallow sediments depths will be the right approach in 

primary productivity studies. However, if one is more interested in the amount of chl present for 

foodweb studies, one is probably more interested in the total amount present, and it is then better to 

use an algorithm established for [chl a] sampled at deeper depths, despite the fact that these 

algorithms contain more uncertainty. In this respect it is good to mention that for the majority of the 

stations we observed that most of the benthic diatoms were in the upper 2-3 mm, as the underside of 

the contact core often showed no clear signs of diatom presence, with the exception of the sandy 

sites.  
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Robustness and usefulness of optical methods for chl a determination 

From the PCA analyses we can conclude that whereas the muddy grids overlapped, the Sylt samples 

formed a separate cluster, distinguished by the high content of 0.25 and 0.5 mm grain size fractions 

within the grids. The slopes of the functional relationships derived for the muddy grids (EA, EB, 

YA, YB and YC) were not significantly different, and intercepts were only different between 2 

grids. The standard error for the functional relationship calculated for all samples from the muddy 

grids (Table 6, Fig. 7) was smaller than in any of the individual grids and the rP

2
P value was high, 

indicating that the combined dataset does not behave poorer than the individual relationships within 

grids, which may indicate that this algorithm might be quite robust. Therefore, we expect this 

algorithm to be applicable for determination of sediment chl a + phaeo concentrations for many 

mid-latitude estuaries, where sediment types are dominated by fine grained size fractions and the 

majority of MPB biomass is in the upper 2-4 mm of sediment. Further work is required in 

heterogeneous sediment types, particularly larger grain size fractions and macroalgae dominated 

areas, in order to derive useful functional relationships. Fluorescence based estimates of surface 

sediment pigment concentration appeared to have similar slope coefficients but were site specific 

indicating that this technique has potential for quantifying relative differences in pigment 

concentration within one site, but is not robust enough at present to apply to other sites with out 

specific calibrations. 

Overall it appears that reflectance has a strong potential for synoptic mapping of sediment pigment 

concentrations in many intertidal areas. In analogy to open ocean remote sensing, estimating 

pigment concentration’s using spectral reflectance is dependant on the assumption that there is a 

relatively constant relationship between the optical depth of the sensor and the amount of pigment 

in the photic layer. When this assumption is not valid, such as areas in the open ocean with deep 

chlorophyll maxima, remote sensing of pigment concentrations breaks down. This appears to be the 

case in sandier sediments and areas where macroalgae cover the sediment surface. In these specific 

situations errors associated with estimates of sediment pigment concentrations may be very high; 

however the benefits of simultaneous synoptic measurements over large areas may still offset the 

poor prediction abilities of R-spectra derived indices in these environments. 
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Figure 9. Relationship between NDVI and minimum fluorescence (FBoPB

15
P) for all grids 

examined. Pearson’s correlation coefficients are shown in table 10. 
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