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A bst r a c t

M icrophytobenthos plays a vital role in estuarine 
and coastal carbon cycling and food webs. Yet, the 
role of exogenous factors, and thus the effects of 
climate change, in regulating m icrophytobenthic 
biomass is poorly understood. We aimed to unravel 
the m echanisms structuring m icrophytobenthic 
biomass both w ithin and across ecosystems. The 
spatiotemporal distribution of the biomass of 
intertidal benthic algae (dom inated by diatoms) 
was estimated w ith an unprecedented spatial ex
ten t from time-series of Normalized Differential 
Vegetation Index (NDVI) derived from a 6-year 
period of daily Aqua MODIS 250-m images of se
ven tem perate, mostly turbid, estuarine and coastal 
ecosystems. These NDVI time-series were related to 
meteorological and environm ental conditions. 
Intertidal benthic algal biomass varied seasonally in 
all ecosystems, in parallel w ith meteorology and 
w ater quality. Seasonal variation was more p ro 
nounced in m ud than  in sand. In terannual varia

tion in biomass was small, but synchronized year- 
to-year biomass fluctuations occurred in a num ber 
of disjointed ecosystems. Air tem perature ex
plained in terannual fluctuations in biomass in a 
num ber of sites, but the synchrony was m ainly 
driven by the w ind/w ave climate: high wind 
velocities reduced m icrophytobenthic biomass, ei
ther through increased resuspension or reduced 
em ersion duration. Spatial variation in biomass was 
largely explained by emersion duration and m ud 
content, both w ithin and across ecosystems. The 
results imply that effects on m icrophytobenthic 
standing stock can be anticipated w hen the position 
in the tidal frame is altered, for example due to sea 
level rise. Increased storminess will also result in a 
large-scale decrease of biomass.

K ey words: m icrophytobenthos; NDVI; remote 
sensing; inundation; spatial scales; synchrony.

I n t r o d u c t io n

Benthic algae are a vital link in carbon cycling in 
shallow waters (Gattuso and others 2006); the
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annual productivity of benthic microalgae alone is 
estim ated to contribute about 500 million tons of 
carbon globally (Cahoon 1999). The m ajor part of 
the benthic microalgae inhabit intertidal sediments 
in estuarine and coastal ecosystems (Heip and 
others 1995; Cahoon 1999). They constitute a p ri
m ary carbon source for food webs (Miller and 
others 1996; Herm an and others 1999), and influ
ence sedim ent dynamics by forming a sediment 
stabilizing biofilm (Holland and others 1974).
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Intertidal sediments in estuarine and coastal 
ecosystems experience fluctuations in tem perature, 
irradiance, desiccation, nutrients, grain-size, and 
activity and grazing by benthic fauna, resulting in 
variability in m icrophytobenthic biomass and spe
cies composition at different tem poral scales (Ad
m iraal and Peletier 1980; Underwood 1994; 
Blanchard and others 1997). Intertidal zones also 
show large spatial heterogeneity for m any of these 
factors (for example, irradiance as a function of 
emersion duration in turbid waters, and sediment 
grain-size), and so a large spatial variation in m i
crophytobenthic biomass is also expected (Pinck
ney and Zingmark 1993; M acIntyre and others 
1996; Underwood and Kromkamp 1999; Guarini 
and others 2008).

Given their global importance, estuarine and 
coastal w ater bodies are a m ajor focus of concern 
regarding the potential impacts of anthropogenic 
climate change (Harley and others 2006). Observed 
and projected climate trends include changes in (air 
and sea) tem perature, sea level, tidal range, p re
cipitation, river discharge and turbidity, and storm 
frequency and intensity (Bates and others 2008), 
all of w hich m ay potentially affect intertidal m i
crophytobenthic biomass and prim ary production.

Thus, there is a need to unravel the factors 
structuring m icrophytobenthic biomass, so that the 
effects of climate change can be better predicted. 
We hypothesize that the key to unraveling these 
factors is the extent of synchrony in m icrophyto
benthic biomass across ecosystems. Spatial syn
chrony in populations, that is, the coincident 
changes (temporal coherence) in abundance of 
geographically disjointed populations, m ay arise 
from three prim ary mechanisms: dispersal am ong 
populations, trophic interactions w ith populations 
of other species tha t are themselves spatially syn
chronous (such as benthic m acrofauna) or mobile, 
and congruent dependence of population dynamics 
on a synchronous exogenous (random) factor 
(such as tem perature) (Liebhold and others 2004). 
Thus, w hen  m icrophytobenthic biomass fluctuates 
in the same w ay in different ecosystems, it will be 
governed largely by factors tha t are effective at 
such a large geographical scale, whereas any local 
departure will point to the influence of locally 
operating factors (Beukema and Essink 1986).

Advances in rem ote sensing allow a synoptic 
estimation of intertidal m icrophytobenthic biomass 
over large spatial scales (for example, Combe and 
others 2005; Van der Wal and others 2008), bu t to 
date very few studies have taken a m ulti-tem poral 
basin-wide or inter-ecosystenr approach. In con
trast, in the m arine (Behrenfeld and others 2006)

and terrestrial (Pettorelli and others 2005) realm, 
satellite rem ote sensing is widely used to assess 
changes in the biomass of photo-autotrophs over 
vast areas. A com m on m easure for photo-auto- 
trophs is the Normalized Differential Vegetation 
Index, NDVI, com puted from reflectance in the red 
(Rr ) and near-infrared (RNœ) part of the electro
m agnetic spectrum, that is: NDVI = (RNm — Rr )/ 
(Rnir + Rr )- Photo-autotrophs absorb most of the 
incoming light, notably in the red. Thus, NDVI 
gives higher values w ith increasing biomass, cover 
or health  (Tucker 1979). In the absence of rnacro- 
phytes, NDVI is a good proxy for chlorophyll-«? 
(Chl-fl) and m icrophytobenthic biomass in in ter
tidal sediments (Kromkamp and others 2006; Van 
der Wal and others 2008). Retrieval of NDVI from 
m oderate resolution satellite sensors, such as Aqua 
MODIS (Huete and others 2002), enables m icro
phytobenthic biomass to be m onitored sim ulta
neously in m ultiple ecosystems. Such inform ation 
can also facilitate the incorporation of benthic algae 
into models of carbon and nitrogen cycling in 
coastal and estuarine areas.

This article addresses the spatiotem poral varia
tion of intertidal benthic algae, derived from a 6- 
year daily tinre-series of Aqua MODIS 250-rn 
imagery. The study is aim ed at ( 1 ) determ ining the 
extent of synchrony in m icrophytobenthic biomass 
across ecosystems and the coupling of tem poral 
variation in m icrophytobenthos and exogenous 
factors (meteorology and w ater quality) and (2) 
determ ining the extent of spatial structuring of 
m icrophytobenthos by em ersion duration and 
sedim ent type, both w ithin and across tem perate 
estuarine and coastal ecosystems.

M eth o ds

Study Sites
Seven estuarine and coastal w ater bodies in the 
Netherlands and United Kingdom w ere selected 
(Figure 1; Table 1), all w ith extensive intertidal 
areas and all experiencing a sem i-diurnal tidal re 
gime. The Dutch sites include the Westerschelde 
(site WES) and the Ems-Dollard (EMS), two 
eutrophic, turbid, m acrotidal estuaries, and the 
Oosterschelde (OOS), an estuary that is relatively 
clear and saline due to construction of dams in the 
upper estuary and a storm surge barrier at the 
m outh, as well as the western W adden Sea (site 
WAD), a eutrophic turbid mesotidal basin bordered 
by a series of barrier islands. The three exposed and 
turbid sites in east England (Devlin and others 
2008) include the m acrotidal open coast mudflats
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Figure 1. Study sites: The W esterschelde (WES), Oo- 
sterschelde (OOS), W adden Sea (WAD), and Ems-Dol- 
lard (EMS) in the Netherlands, and the Thames (THA), 
W ash (WAS), and Humber (HUM) in  the United King
dom. Light gray areas indicate intertidal areas above 
M ean Low Water Spring (MLWS). Coordinate system is 
in UTM 31/W G S84 (m).

and sandflats of the Thames estuary (THA), the 
Wash (WAS), a m acrotidal em baym ent, and Spurn 
Bight at the m outh  of the m acrotidal Humber 
estuary (HUM). The seven sites are not nutrient- 
limited for m icrophytobenthos (Nienhuis 1992; 
Aldridge and Trimmer 2009).

The sediments are dom inated by benthic rnicro- 
algae, in particular diatoms (Admiraal and Peletier 
1980; Heip and others 1995). Benthic macroalgae 
(for example, Enteromorpha sp. and Ulva sp.) occur 
in all sites, mainly attached to suitable substrate 
such as em pty shells or shellfish beds. Nienhuis 
(1992) presented a carbon budget of prim ary p ro 
ducers and estimated that benthic macroalgae 
contribute less than  10% of the benthic algae in site 
OOS, less than  5% in site WAD and even less in 
sites WES and EMS. Macroalgal cover in the British 
sites is comparably low (for example, Aldridge and 
Trimmer 2009).

Time-Series of NDVI from MODIS 250 
Satellite Images
A total of 2,179 daily composite images (September 
2002-2008) from Aqua MODIS (EOS PM) were 
distributed by the Land Processes Distributed Active 
Archive Center (LP DAAC), located at the USGS 
Earth Resources Observation and Science (EROS) 
Center (http://ww w .lpdaac.usgs.gov). The Aqua 
MODIS Surface Reflectance Daily L2G Global 250-rn 
SIN grid product (MYD09GQ.005) contains surface 
reflectance w ith 250-rn resolution in a red band Rr 
(620-670 nrn, central w avelength 645 nrn) and a 
near-infrared band RmR (841-876 nrn, central 
w avelength 859 nm ). Equatorial crossing time is 
13:30 for Aqua, bu t the daily products contain the 
best observations over a 24-h period (in practice 
acquired betw een 9:35 and 14:05 UTC) w ith respect 
to solar zenith angle, view angle and cloud cover. 
The data are atm ospherically corrected using aerosol 
and w ater vapor inform ation derived from MODIS 
data and taking into account the directional prop
erties of the observed surface, and corrected for 
adjacency effects. Images (reprojected to UTM/ 
WGS84) w ere used in conjunction w ith  the associ
ated MOD09GA quality inform ation products. Pixels 
w ith highest quality reflectance data (for example, 
solar zenith angle <  85°) were selected using the 
500-rn resolution quality assessment (QC_500), and 
pixels w ith clouds/cirrus, cloud shadow, pixels 
adjacent to clouds, and pixels w ith  fire, snow or ice 
were flagged using the 1-krn resolution quality 
assessment (state_l 1cm). For pixels tha t w ere not 
flagged, NDVI was calculated in a Geographical 
Inform ation System (ESRI ArcGIS), provided Rr was 
greater than  0% and R^or was greater than  2%.

Although we used only high-quality surface 
reflectance data, the NDVI will still contain some

Table 1. Site Characteristics

Site WES OOS W AD EMS THA W AS HUM

Longitude (°E) 3° 50' 4°00' 5°40' TOO' 1°00' 0°15' 0°05'
Latitude (°N) 51°20' 51°35' 53°20' 53°25' 51°35' 52°55' 53°35'
Intertidal area (kin2) 70 50 990 180 120 170 30
Spring tidal range (nr) 4.4 3.1 2.0 2.6 3.9 4.9 4.2
M ud (%), intertidal only 13 5 17 40 - - -

Kd  (n U 1) 3.15 0.90 2.27 4.17 - - -

Secchi depth (nr) 0.44 1.60 0.69 0.56 - - -

Salinity 23.4 31.2 27.7 21.9 - - -

DIN (mg/1) 1.562 0.379 0.383 1.366 - - -

P (mg/1) 0.092 0.035 0.029 0.071 - - -

Si (mg/1) 1.114 0.374 0.665 1.768 - - -

See ‘ ‘Materials and methods ' ' for sourees. Water quality variables are averaged over September 2002-2008.

http://www.lpdaac.usgs.gov
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noise. Underestimation of NDVI can be due to 
residual cloud cover and residual atmospheric 
contam ination; both  effects increase w ith optical 
path length (Huete and others 2002). Overestima
tion of NDVI at large solar or view angles due to 
anisotropic effects such as shadow-casting and 
m ultiple scattering, as reported for m any vegeta
tion types (Van Leeuwen and others 1999; Pettor- 
elli and others 2005) can be neglected in our study, 
as the surface of an intertidal flat can be assumed 
Lambertian.

Supratidal areas were excluded using a land/ 
w ater mask w ith  a 500-rn buffer. Seagrass (Zostera 
sp.) meadows (notably in sites EMS, WAD, and 
THA) and perennial saltmarshes (for example, 
Spartina sp.) were excluded based on vegetation 
maps and aerial photographs. Low-density stands 
of annuals (for example, Salicornia sp.) were not 
excluded, and no distinction betw een benthic 
macroalgae and benthic microalgae could be made.

NDVI values (with NDVI >  0 to exclude water) 
were binned per m onth  for each pixel and subse
quently averaged per site.

Ground-Tru thing
Ground-truthing the m onthly averaged NDVI of 250- 
rn satellite image pixels at the appropriate spatio- 
temporal scale requires an extensive in situ data set. In 
situ Chl-fl data from the period 2002-2005 (Ri
jkswaterstaat 2006) were available for ground-tru
thing at site WES only. Every 1-3 m onths, the top 
1 cm of the sediment was sampled (4 cm2 surface) at 
approximately 90 well distributed (but fixed) in ter
tidal stations (n = 2439 samples in total), and Ch\-a 
content (in pg/g) of the samples was determined 
using HPLC techniques. For each campaign, satellite- 
derived NDVI depended significantly on in situ Ch\-a 
(for example R2 = 0.47, SE = 0.0297, F 1 A 5  = 39.512, 
P <  0.0001, for May 2005). M onthly site-averaged 
NDVI also depended significantly on m onthly 
site-averaged Chl-a (NDVI = 0.00450 x Chl-a + 
0.0285, R2 = 0.52, SE = 0.0149, FL 2 2  = 24.143, P < 
0.0001 ). Moreover, m onthly site-averaged NDVI and 
Chl-fl exhibited a similar seasonal variation, w ith a 
m axim um  in June. Thus, spatial patterns and tem 
poral (interannual and seasonal) trends in Chl-a 
could be significantly represented by NDVI.

Time-Series of Meteorological and Water 
Quality Variables
Meteorological tinre-series included m onthly  aver
ages of m ean and m axim um  hourly w ind veloci
ties, m axim um  w ind gust, m ean, m inim um  and

m axim um  daily air tem perature, global radiation, 
sun duration and surface air pressure and days of 
air frost (Royal Netherlands Institute of M eteorol
ogy, h ttp ://w w w .knrni.n l) for sites WES and OOS 
(w eather station Vlissingen) and sites WAD and 
EMS (station De Kooij, Den Helder), and m onthly 
averages of m ean, m inim um  and m axim um  daily 
air tem perature, sun duration and days of air frost 
(UK M et Office, http://ww w .rnetoffice.gov) for site 
THA (Met Office district East Anglia) and sites WAS 
and HUM (Met Office district East and Northeast 
England).

M onthly averages of significant wave height Hs 
in the North Sea (Rijkswaterstaat Waterbase, 
http ://w w w .w aterbase.n l) w ere used for sites WES, 
OOS, and THA (North Sea station Euro Platform) 
and sites WAD, EMS, WAS, and HUM (North Sea 
station K13).

In situ w ater quality tinre-series (Rijkswaterstaat 
Waterbase, http ://w w w .w aterbase.n l) of the Dutch 
waters included Secchi depth, light extinction 
coefficient (Kd), nutrients [dissolved inorganic 
nitrogen (DIN), orthophosphate (P) and silicate 
(Si)], and salinity in the surface w ater at approxi
m ately four fixed m onitoring stations per site, 
averaged per m onth, per site.

Emersion Duration and Sediment Type
Emersion duration was approxim ated for each 
pixel by the num ber of unclouded images in w hich 
the pixel is exposed (that is, has an NDVI >  0) as a 
percentage of the total num ber of unclouded im a
ges. Recent elevation data (available for all sites 
except WAS) were combined w ith  inform ation on 
tidal levels to qualitatively validate the retrieval of 
emersion duration from the satellite images.

Sediment data w ere available for the Dutch sites 
(for example, Rijkswaterstaat Sedimentatlas, h ttp :// 
w w w .w addenzee.nl), comprising surface samples 
collected in the period 1990-2008 in sites WAD and 
EMS (7502 samples in total), site WES (1,418 
samples) and site OOS (1025 samples). M ud (par
ticles <  63 pm) percentages were determ ined from 
laser particle sizer analysis. M ud percentages at the 
sample points were interpolated in a GIS by an 
inverse distance pow er 2 algorithm, and a distinc
tion was m ade betw een m uddy (that is, >20% 
m ud) and sandy ( < 2 0 %  mud) sediments. For the 
British sites, a broad distinction betw een m ud and 
sand was taken from recent Landranger Ordnance 
Survey maps (scale 1:50000) and used in a quali
tative w ay only.

http://www.knrni.nl
http://www.rnetoffice.gov
http://www.waterbase.nl
http://www.waterbase.nl
http://www.waddenzee.nl
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Data Analysis
ANO VA was carried out to test w hether m onthly 
averaged NDVI depended on the categorical predic
tors Year, M onth, Site and the first-order interaction 
terms (each year starting in September to guarantee 
a complete ANO VA design). As ANO VA requires the 
residuals of the factor levels to be independent, 
model residuals of the m onthly  tinre-series were 
checked for autocorrelation at each site; no signifi
cant (temporal) autocorrelation was found.

Normal (that is, average) m onthly  values of 
NDVI, meteorological and w ater quality variables 
were calculated over the 6-year period. Tinre-series 
of m onthly anomalies of all variables w ere defined 
as the departure front these norm al m onthly  val
ues. The impact of meteorology and w ater quality 
on NDVI was tested by Pearson product m om ent 
correlations. Synchrony was dem onstrated by cor
relations of (anomalies of) NDVI betw een sites.

The impact of sedim ent type and emersion 
duration on NDVI was quantified using ANO VA 
(effects site, sedim ent type (sand/nrud), emersion 
(in 5 classes), and sedim ent x emersion, on NDVI 
averaged per pixel over the full period).

A 5% significance level was applied to all statis
tical tests.

R esu lts

Seasonal and Year-to-Year Variation 
in Microphytobenthos
NDVI tinre-series show a striking seasonal cycle 
(Figure 2). This seasonal variation is significant for 
all sites (one-way ANOVA per site). NDVI is lowest 
in December. NDVI peaks in June, bu t in sites 
WAD, OOS, and HUM m axim um  NDVI occurs in 
September and in site EMS in April. The blooms 
also differ in m agnitude in each site (Figure 2).

ANOVA confirms differences in NDVI between 
m onth (A 1 .330 = 59.51, P <  0.001), between sites 
(A,3 30  = 100.88, P <  0.001), and between m onth x 
sites (F66 ,3 3 0  = 3.17, P <  0.001); but not between 
years (A.îîo = 0.99, P = 0.424) and not between 
m onth x year (F5 5 .H0 = 1-34, P =  0.065) and 
year x sites (Fi 0 i i 0  = 0.91, P = 0.600). A post hoc 
Tukey HSD test reveals that NDVI is lowest in sites 
WAD, THA, and WES, intermediate in EMS and WAS 
and highest in sites HUM and OOS.

Synchrony in Microphytobenthos
The strongest correlations in m onthly NDVI are 
found betw een sites WAD and EMS (r = 0.79,
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Figure 2. Time-series of m onthly m ean NDVI for the 
seven sites.

n = 72, P < 0.001), bu t cross-correlations are also 
significant betw een other sites, confirming seasonal 
synchrony. The exception is NDVI in site THA, 
significantly correlating w ith  NDVI in site OOS and 
WES only.

The m onthly anomalies of NDVI also show sig
nificant cross-correlation betw een all Dutch sites, 
dem onstrating in terannual synchrony, except be
tw een WAD and OOS (Table 2). The strongest 
correlations are betw een WAD and EMS, and be
tw een OOS and WES; both sets of sites are situated 
closest to each other. There is no cross-correlation 
betw een the Dutch and British sites (except for a 
negative correlation of THA w ith  WAD and EMS) 
and there is no significant cross-correlation be
tw een the British sites (Table 2).

Correlations of the anomalies are generally 
stronger in the w inter half-year (October-M arch) 
than  in the sum m er half-year (April-Septenrber). 
For example, r = 0.74, n = 36, P <  0.001 for the 
correlation betw een NDVI anomalies in site WAD 
and EMS in w inter. Moreover, correlation betw een 
NDVI anomalies in site WAS and HUM is signifi
cant in w inter ( r =0 . 5 0 ,  « = 36, P =  0.002), 
pointing to year-to-year synchrony betw een the

2003 2004 2005 2006 2007 2008 2009 
Year
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Table 2. Year-to-Year Synchrony in NDVI: Correlations of M onthly NDVI Anomalies Between Sites

Site WES OOS WAD EMS THA W AS HUM

WES (W esterschelde) 0.47* 0.32* 0.31* - 0 .1 9 0.03 0.03
OOS (Oosterschelde) 0.47* 0.22 0.30* - 0 .0 7 0.04 0.06
WAD (W adden Sea) 0.32* 0.22 0.58* -0 .3 1 * 0.13 0.02
EMS (Ems-Dollard) 0.31* 0.30* 0.58* -0 .2 5 * - 0 .0 7 0.01
THA (Thames) -0 .1 9 -0 .0 7 -0 .3 1 * -0 .2 5 * - 0 .1 4 -0 .1 1
WAS (Wash) 0.03 0.04 0.13 - 0 .0 7 - 0 .1 4 0.12
HUM (Humber) 0.03 0.06 0.02 0.01 -0 .1 1 0.12

Significant correlations (P < 0.05) are marked (*).

two most northern  British sites. In contrast, corre
lations betw een sites WAD and THA and betw een 
sites EMS and THA are neither significant in the 
w inter half-year nor sum m er half-year. In the 
sum m er half-year, the strongest correlations of 
NDVI anomalies are found betw een sites WAD and 
EMS (r = 0.47, n = 36, P = 0.004) and betw een 
sites WES and OOS (r = 0.42, n = 36, P = 0.010).

Impact of Meteorology and Water Quality 
on Microphytobenthos
Obviously, tinre-series of m onthly NDVI are sig
nificantly correlated w ith  variables w ith a seasonal 
com ponent, including a positive correlation w ith 
tem perature, global radiation, sun hours and 
salinity and Secchi depth and a negative correlation 
w ith w ind velocity, significant wave height, days of 
air frost, Kd, and some nutrients. NDVI has the 
strongest correlation w ith tem perature (for exam 

ple, r = 0.79, n = 72, P < 0.001 in site WES) and 
global radiation (for example, r = 0.73, n = 72, 
P < 0.001 in site WES).

In contrast, m onthly anomalies of both NDVI and 
meteorological and w ater quality variables are 
generally no t well correlated (Tables 3, 4), sug
gesting that year-to-year variation in benthic algae 
is no t well explained by these exogenous factors. 
However, anomalies of NDVI and w ind velocity 
(and wave height) are negatively correlated in a 
num ber of sites, particularly in the upper intertidal 
zone; this effect is strongest in site EMS. Most 
Dutch sites also show a significant positive corre
lation betw een anomalies of NDVI and surface air 
pressure. Anomalies of NDVI and Secchi depth are 
positively correlated for site WAD. In site WES, 
tem perature best explains year-to-year variation in 
NDVI (but m axim um  w ind gust is also a significant 
factor). In the British sites WAS and HUM, (m ini
m um ) tem perature and days of air frost most sig

Table 3. Impact of Exogenous Factors on Year-to-Year Variation in NDVI in the Dutch Sites: Correlation of 
M onthly Anomalies of NDVI and Anomalies of M eteorology and W ater Quality

Variable WES OOS W AD EMS

A ll H igh A ll H igh A ll H igh A ll H igh

W ind velocity, m ean (nr/s) - 0 .1 0 -0 .1 8 -0 .2 0 -0 .2 3 * - 0 .1 6 -0 .2 1 -0 .2 6 * - 0 3 2 -
W ind velocity, m ax (nr/s) - 0 .1 4 -0 .2 3 -0 .2 3 -0 .2 7 * -0 .1 5 -0 .2 2 -0 .3 0 * - 0 3 4 -
W ind velocity, m ax gust (nr/s) - 0 .1 4 -0 .2 4 * -0 .2 5 * -0 .2 7 * - 0 .1 6 -0 .2 3 -0 .3 3 * —0 3 7 -
Global radiation (J/cnr2) - 0 .0 6 0.16 -0 .0 7 0.01 - 0 .2 0 -0 .0 3 0.09 0.05
Sun (hours) -0 .1 1 0.14 -0 .0 1 0.06 -0 .1 5 -0 .0 0 0.09 0.11
Temperature, m ean (°C) 0.22 0.33* 0.05 0.09 0.07 0.12 0.12 0.08
Temperature, nrin (°C) 0.24* 0.30* 0.08 0.10 0.10 0.13 0.11 0.05
Temperature, m ax (°C) 0.22 0.36* 0.07 0.12 0.05 0.13 0.16 0.13
Air frost (days) -0 .0 2 -0 .0 3 0.07 0.07 -0 .1 3 - 0 .1 4 -0 .0 5 -0 .0 8
Surface air pressure, m ean (hPa) 0.06 0.17 0.22 0.23* 0.06 0.25* 0.34* 0 .34 ;
Kd  (n U 1) -0 .0 3 -0 .0 9 -0 .0 8 - 0 .1 0 - 0 .1 6 0.03 0.02 -0 .0 2
Secchi depth (nr) 0.06 0.14 0.12 0.09 0.28* 0.26* 0.03 -0 .0 2
Significant w ave height North Sea (nr) - 0 .0 9 -0 .2 3 -0 .1 9 -0 .2 1 -0 .1 1 -0 .1 8 -0 .2 3 * —0 .35 ;

Significant correlations (P < 0.05) are marked (*). Distinction between all areas, and upper intertidal only (high: emersion duration > 50%).
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Table 4. Im p act o f E x o g e n o u s  F actors o n  Y ear-to-Y ear V aria tion  in  N DV I in  th e  B ritish  Sites: C orrela tion  of 
M o n th ly  A n o m a lie s  o f N D V I a n d  A n o m a lie s  o f M e te o r o lo g y

Variable THA W AS HUM

A ll H igh A ll H igh A ll H igh

Sun (hours) 0.09 -0 .0 3 -0 .1 2 -0 .0 6 -0 .2 3 -0 .1 5
Temperature, m ean (°C) 0.11 0.11 0.24* 0.37* 0.13 0.20
Temperature, m in (°C) 0.09 0.07 0.31* 0.41* 0.22 0.25*
Temperature, m ax (°C) 0.11 0.14 0.15 0.28* 0.03 0.12
Air frost (days) -0 .1 0 -0 .0 1 -0 .3 0 * -0 .3 1 * -0 .2 6 * -0 .2 4 *
Significant w ave height North Sea (m) 0.03 0.11 - 0 .1 4 -0 .2 5 * 0.05 -0 .0 3

Significant correlations (P < 0.05) are marked (*). Distinction between all areas, and upper intertidal only (high: emersion duration > 50%).

nificantly explain in terannual variation in benthic 
algae, although site WAS is also affected by 
anomalies in w ind/w ave climate (Table 4).

The effect of w ind/w ave climate occurs 
th roughout the year (that is, for all m onths), bu t is 
strongest in the w inter half-year. For example, 
correlation of anomalies of m ean w ind velocity and 
NDVI is only significant in the w inter half-year for 
the highest shores in site WAD (r = —0.35, n = 36, 
P = 0.038). The effect of tem perature is also sig
nificant in both w inter and summer, except for the 
effect of m inim um  tem perature in site HUM and 
days of air frost in site WAS and HUM, w hich are 
only significant in the w inter half-year.

We did not obtain higher correlation coefficients 
w hen applying a time lag of one season betw een 
anomalies of NDVI and exogenous factors. For

example, no significant correlation was found be
tw een average tem perature anomalies in w inter 
and NDVI anomalies in the subsequent spring: a 
hotter or colder w inter did not lead to a change in 
m icrophytobenthic biomass in spring. However, 
the available num ber of years is (too) limited for 
such a time-lag analysis.

Impact of Emersion Duration 
and Sediment Type 
on Microphytobenthos
Highest values for NDVI are generally found in the 
upper intertidal flats (Figures 3, 4). Extremely high 
values of NDVI in the eastern part of site OOS are 
associated w ith benthic macroalgae and mussel bed 
cultures (Figure 3). NDVI increases w ith emersion
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variation in  long-term  
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Figure 5. Relationship betw een  long-term  m ean (±SE) 
NDVI and em ersion duration for the seven sites.

duration in all sites (Figure 5), and for a given 
emersion duration class NDVI increases w ith  m ud 
content at most sites (Figure 6).

An ANOVA m odel was constructed to disentangle 
the effects of emersion duration and sedim ent type 
on NDVI. M ean NDVI depends on site (^6 ,4 0 3 6 4  = 
883, P <  0.001), and on emersion (^4 ,4 0 3 6 4  = 9315, 
P <  0.001), sedim ent type (FÍA 0 í 6 4  = 2101, P < 
0.001) and their interaction (_F4,4 0 3 5 4  = 120, P < 
0.001). The model explains 62% of the variation 
(.R2 = 0.62, F15 ,4 0 3 6 4  = 4389, P < 0.001).

NDVI is no t only higher in m ud th an  in sand, but 
the peak bloom is also m ore pronounced in m uddy 
sediments, w ith a few exceptions (such as site 
WAS) (Figure 7). Given similar sediment, NDVI 
increases w ith em ersion duration, and seasonal 
variation is in some sites m ore pronounced in the 
upper intertidal zone, bu t the effect is m inor w hen 
compared to the effect of sedim ent type (Figure 7). 
There is no clear evidence for a tem poral shift in

bloom w ith increasing em ersion duration or m ud 
content.

Ecosystems w ith short m ean emersion duration 
(such as sites THA and WAD) generally have a low 
long-term  m ean NDVI, w hereas sites that are ex
posed longer (such as HUM) have higher long-term  
m ean NDVI values (Figure 8A). The relationship 
betw een emersion duration and NDVI is significant 
in sand (Figure 8C), bu t not in m ud (Figure 8B). 
Note that a large variation in m ud content m ay be 
present w ithin the sedim ent category 'm ud '. M ud 
content in site EMS for example is m uch larger 
than  in the o ther Dutch sites (Table 1). Regression 
equations of NDVI and emersion duration are not 
significantly different for m uddy and sandy sedi
m ents (tested w ith a hom ogeneity of slopes model, 
and subsequent test for offset differences), except 
w hen  a paired test is carried out (slope higher in 
m ud th an  in sand). Corrected for em ersion dura
tion, sedim ent type and their interaction using 
ANOVA on a per pixel basis, residual NDVI is po 
sitive for sites OOS and EMS (that is, NDVI is higher 
than  can be expected based on sedim ent type and 
emersion duration) and negative for sites WES and 
THA.

D is c u s sio n

Satellite-Derived NDVI as a Proxy 
for Microphytobenthic Biomass
NDVI is used as a proxy for benthic Chl-a and in 
particular for intertidal m icrophytobenthic biomass. 
G round-truthing in the W esterschelde showed a
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significant coefficient of determ ination of about 
50% betw een NDVI and Chl-rz, both in space and in 
time. Correlations betw een in situ Chl-rz and NDVI

derived from in situ or airborne sensors reported in 
the literature are comparably low (for example, 
M urphy and others 2005; Van der Wal and others 
2008) or slightly higher (for example, Kromkamp 
and others 2006). A lthough there m ay be more 
effective spectral indices to retrieve Chl-rz (for 
example, M urphy and others 2005; Serôdio and 
others 2009), perform ance of NDVI is found to be 
consistent w ith in  and across (temperate) estuaries 
(Kromkamp and others 2006).

The m oderate correlation betw een NDVI and 
Chl-fl in the sedim ent can be partly attributed to a 
m ismatch in spatial support. In our study, each 
ground sample represents 4 cm2 only, w hereas 
each satellite pixel takes into account spatial vari
ation in benthic algal biomass w ith in  an  area of 250 
by 250 nr. Moreover, a num ber of factors m ay 
confound the satellite signal. At the subpixel scale, 
nrixels w ith surface w ater will inevitably reduce 
NDVI. Low-density Salicornia stands will increase 
the NDVI in sum m er in a limited num ber of high 
shore places. In addition, shellfish beds and mussel 
cultivation plots m ay yield an increased NDVI lo
cally; for example, mussel beds cover less than  1% 
of the intertidal area in site WAD (Beukema and 
Delcker 2007). Benthic algae consist of both nri- 
crophytobenthos and nracroalgae. However, even 
in the site w ith the highest abundance of nracro- 
algae, that is site OOS, nracroalgae contribute less 
than  10% and nricrophytobenthos m ore than  90% 
to the annual prim ary production of benthic algae 
(Nienhuis 1992). Thus, bare sedim ent and nricro- 
phytobenthic bionrass w ith varying bionrass dom i
nate all sites and NDVI is generally proportional to 
m icrophytobenthic bionrass.

The satellite sensor can only detect Chl-rz at the 
(near-(surface of the sediment, and therefore
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underestim ates the total standing stock of m icro
phytobenthos as sampled using cores. Light is more 
effectively absorbed in m uddy sediments than  in 
sand (Kühl and Jorgensen 1994), w hereas sedi
m ent mixing is orders of m agnitude higher in sand 
(Middelburg and others 2000), Chl-rz concentration 
generally has a steep vertical gradient in m ud and is 
relatively constant w ith depth in sand. A special 
feature of epipelic diatoms is their ability to migrate 
w ithin the (mostly muddy) sedim ent w ith  the tidal 
cycle (time after emersion) and daylight (solar ze
n ith  angle) (Pinckney and Zingmark 1991; Jesus 
and others 2009). Vertical migration of epipelic 
diatoms to the surface of the sedim ent causes an 
increase in NDVI until about 1 h  after exposure, 
followed by a stabilization of NDVI during daytime 
emersion (Palmer and Round 1967; Paterson and 
others 1998). The satellite will capture this m ore or 
less stable state in NDVI w ith regard to daylight, but 
not necessarily w ith regard to em ersion time. Note 
that tidal phasing is site-dependent (Serôdio and 
Catarino 1999). For example, low w ater springs 
occur consistently at daw n and dusk in the Thames 
and Erns estuaries.

Seasonal Variation in Microphytobenthos
We found a significant seasonal pattern  in the 
dynamics of benthic algae in all ecosystems studied. 
Others have observed that m icrophytobenthic 
biomass can vary seasonally as a function of tem 
perature, irradiance, nu trien t concentrations, and 
resuspension, resulting in an  increase in spring 
and/or autum n, and a decrease in sum m er gener
ally attributed to an  increase in grazing by benthic 
fauna (Admiraal and Peletier 1980; Colijn and Di- 
jlcema 1981; Underwood 1994; M acIntyre and 
others 1996; Blanchard and others 1997), although 
in some (temperate) ecosystems no seasonal vari
ation is found (for example, Brotas and others 
1995; Thornton and others 2002; M éléder and 
others 2007). Santos and others (1997) attributed 
the contradictive findings in seasonality to the fact 
that m any in situ studies are based on sampling

schedules of once or twice a m onth, despite a large 
daily and weelcly/fortnightly variation in m icro
phytobenthos. Our method, binning daily NDVI 
values per m onth, allowed an unequivocal study of 
seasonal variations.

In the open coast intertidal flats of the Thames 
(seasonal), variations in NDVI w ere small, sug
gesting that local factors could be m ore im portant 
in regulating m icrophytobenthic biomass. Lack of 
seasonality in m icrophytobenthic biomass in the 
nearby Colne estuary was attributed to severe 
grazing pressure throughout the year (Thornton 
and others 2002).

Spatial differences in the onset of the m icro
phytobenthic bloom  have been attributed to dif
ferences in emersion duration, and hence, in turbid 
waters, irradiance (Admiraal and others 1984), but 
this effect was not found at the ecosystem scale in 
our study. Spatial differences in the m agnitude and 
timing of seasonality have also been attributed to 
species composition of the diatom assemblages 
(Admiraal and others 1984; Underwood 1994; Sa- 
han  and others 2007). Sandy sediments, generally 
found in m ore exposed areas, contain proportion
ally m ore epipsammic algae (attached to the sub
strate), w hereas m uddy sediments, generally 
dom inating areas sheltered from current and wave 
action, contain m ore (mobile) epipelic algae 
(Round 1971; Paterson and Hagerthey 2001), al
though such assemblage differences also occur in 
similar sediments (Underwood 1994). Epipelic 
assemblages show higher seasonal variability in 
diatom diversity and biomass than  epipsammic 
assemblages (Underwood 1994; Hamels and others 
1998; Sahan and others 2007). Our study con
firmed that seasonal variation for a given site was 
largest in mud, and seasonal variation was limited 
in exposed sites such as those in the Thames and 
the Wash. Note that NDVI m ay be sensitive to the 
background properties of the sedim ent surface 
(Huete and others 1985; Combe and others 2005, 
bu t see M urphy and others 2005), such as m ud 
content, w hich m ay itself show seasonal variation, 
w ith highest values typically found in early au-
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turnn (Van der Wal and Herm an 2007; Van der Wal 
and others 2008). This effect was not obvious from 
our results. M ud content can also vary over the 
years, limiting the applicability of a single sediment 
survey as used in our study, although broad p a t
terns in sedim ent characteristics persist for years 
(Van der Wal and H erm an 2007).

Year-to-Year Variation 
in Microphytobenthos
Interannual changes in benthic algal biomass were 
small relative to their seasonal dynamics. Part of the 
year-to-year variation operated on a large spatial 
scale, in parallel in different ecosystems in the 
Netherlands, demonstrating regional synchrony. This 
synchrony was mainly driven by the w ind/wave 
climate: winds/waves had a negative effect on ben
thic algal biomass, which was most pronounced in 
the upper intertidal zone. The influence of wind/ 
wave climate on benthic algae biomass can thus be 
substantial even in tide-dominated estuaries such as 
the Oosterschelde and Westerschelde. Two m echa
nisms m ay be responsible for the negative correlation 
of w ind velocity and NDVI. First, increased inunda
tion due to wave set-up would limit the effective 
photoperiod (length of time available for photosyn
thesis). Second, increased wind velocities m ay induce 
resuspension. Resuspension of benthic algae by tu r
bulence and shear stress generated by waves and 
currents and subsequent transport by currents can be 
substantial in wave-dom inated estuaries and lagoons 
(Demers and others 1987; De Jonge and Van Beu- 
sekorn 1995), but also in very shallow waters in tide- 
dominated estuaries (Baillie and Welsh 1980; Lucas 
2003). Field observations show that this can drasti
cally reduce microphytobenthic biomass, generally 
followed by a recovery period of one or more weeks 
(ColijnandDijkema 1981; Admiraal and others 1984; 
Underwood 1994; Blanchard and others 1997; De 
Brouwer and others 2000).

Apart from w ind/w ave climate, tem perature 
anomalies in the 6-year period studied were a sig
nificant driver for anomalies in NDVI. Low tem per
atures (and days of air frost) accounted for regional 
synchrony in algal biomass in the w inter half-year in 
the two most northern  (coldest) British sites. This is 
in accordance w ith  most previous studies tha t show a 
positive effect of tem perature on algal growth up to a 
m axim um  tem perature (Blanchard and others
1997), although other studies dem onstrate little ef
fect of tem perature (Adm iraalandPeletier 1980) o ra 
m ore complex regulation by tem perature, for 
example by influencing grazing pressure (Thompson 
and others 2004).

In the Thames, anomalies in m eteorology and 
NDVI w ere no t correlated, in accordance w ith the 
limited seasonality in benthic algal biomass found.

Spatial Variation in Microphytobenthos
M icrophytobenthic biomass varies across spatial 
scales. At very small spatial scales (centimeters), 
patchiness of m icrophytobenthos is generally 
attributed to interspecies interactions, notably 
grazing (Saburova and others 1995; M urphy and 
others 2008). Variability on interm ediate scales 
(centimeters to tens of meters) has been associ
ated w ith  the interplay of sediment, microtopog- 
raphy, and diatoms (Plante and others 1986; 
Saburova and others 1995; Blanchard and others 
2000). The limited num ber of in situ studies car
ried out at the w hole ecosystem scale dem on
strated the presence of patterns in m icrophyto
benthic biomass at these large spatial scales (tens 
of meters to kilometers) (Guarini and others
1998). In a study in the Tagus estuary in Portugal, 
Brotas and others (1995) showed that approxi
m ately 62% of the variability of m icrophytoben
thic biomass at this scale could be explained by 
sedim ent type and elevation.

Our study highlighted the large scale patterns in 
m icrophytobenthic biomass and showed that the 
position in the tidal frame (emersion duration) and 
sedim ent type largely explained their spatial vari
ability w ithin ecosystems. Our study also dem on
strated, for the first time, that these factors explain 
spatial variability across ecosystems (thus, at a scale 
of about 100-1000 km). A similar am ount of vari
ance was explained w ith in  and across the ecosys
tems, and explained variance was comparable to 
that reported by Brotas and others (1995) for the 
Tagus estuary. At still larger spatial scales, latitude 
effects (for example, tem perature gradients and day 
length) m ay become m ore im portant.

The increase in NDVI w ith increasing emersion 
duration m ay be associated w ith lower w ater con
tents for sediments on the higher shores, facilitat
ing algal growth (Underwood and Paterson 1993). 
However, it also suggests that light is a limiting 
factor for benthic algal growth in all sites. Less light 
a ttenuation  in the Oosterschelde could explain the 
larger NDVI values w hen corrected for emersion 
duration and sedim ent type, across the entire tidal 
frame (combined w ith  the higher proportion of 
benthic nracroalgae). Note that in such clear w a
ters, positive NDVI values m ay occur even if there 
is overlying water, making the estimates of benthic 
algae biomass and the emersion maps unreliable 
here.
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Our study also confirmed the results of in situ 
studies, reporting lower biomasses of m icrophyto
benthos in sand than  in m ud (MacIntyre and o th 
ers 1996). This can be partly explained by a 
difference in m icrophytobenthic species composi
tion and their life traits. In addition, sands tend to 
be lower in nutrients and resuspension losses and 
grazing pressure m ay be higher (Underwood and 
Paterson 1993; De Jong and De Jonge 1995; 
Underwood and Kromkamp 1999; Herm an and 
others 2001), all contributing to a lower m icro
phytobenthic standing stock.

C o n c l u sio n s

The satellite-derived tinre-series of NDVI have 
provided inform ation on the spatiotem poral distri
bution of benthic algae w ith an  unrivalled spatial 
extent. The results dem onstrate an  in terannual 
regional synchrony (superimposed on a seasonal 
cycle) in intertidal m icrophytobenthic biomass 
across a num ber of ecosystems, mainly driven by 
the w ind/w ave climate and to some extent by 
tem perature, and reveal that the long-term  aver
aged biomass of benthic algae can be well explained 
by emersion percentage and sedim ent type, both 
w ithin and across ecosystems. The results imply 
that effects on m icrophytobenthic biomass and 
prim ary production can be anticipated w hen the 
position of the mudflats and sandflats in the tidal 
frame is altered, for example due to sea level rise. In 
addition, increased storminess will result in a large- 
scale decrease of benthic algae biomass, either 
through resuspension or through a reduction of the 
effective emersion duration.
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