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ABSTRACT: Spatial structure and the spatial autocorrelation of meroplankton compositional patterns 
were investigated by canonical correspondence analysls (CCA) and complementary Mantel statistics to 
contribute to the understanding of the complex biological fluxes in the coastal waters between the 
Belgian coast and the Scheldt estuary region. The use of covariables in a partial ordination method 
allows the partitioning of environmental and spatial variation in order to test meroplankton succes- 
sional patterns. The direction and intensity of wind was responsible for a northeasterly transport of 
larvae. Reverse wind conditions allowed for a southwesterly larval dispersal. The spatial pattern of the 
species comes from the spatial pattern of the environmental variables, and IS completely explained by 
them, so that no significant spatial pattern remains in the species data after controlling for the effect of 
the environmental variables. The spatial structure therefore can be regarded as an  explanatory vari- 
able in ecological studies. 
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INTRODUCTION 

The aim of this study was to quantify the spatial 
heterogeneity of the meroplankton community struc- 
ture in a coastal location situated within an estuarine 
system, and to identify the factors responsible for it. 
Studying spatial structure in ecosystems is important 
for understanding ecological stability (May 1984), and 
should be considered in ecological research programs 
(Legendre et al. 1989). The development of new sta- 
tistical methods (ter Braak 1987, 1988b, Borcard et al. 
1992) allows detailed study of the spatial structuring 
of the environment related to biological processes 
and further understanding of community-based spatial 
processes. The hydrodynamic regime of the Southern 
Bight of the North Sea is characterized by strong 

mesoscale currents produced by tides and winds, 
concomitant with residual currents generated by the 
flow through the North Sea of the 2 branches of the 
North Atlantic current (Nihoul 1975, 1980, Nihoul & 

Runfala 1981, Nihoul & Ronday 1975), and by the pres- 
ence of a residual gyre along the Belgian coastal zone 
off Zeebrugge. The Westerschelde estuary ebb-tide 
channel, running parallel to the northern Belgian coast 
reaching Oostende, and the flood-tide channel run- 
ning parallel to the Dutch coast at Vlissingen are 
responsible for the dilution of the Westerschelde estu- 
ary waters with the open sea (Nihoul e t  al. 1989). The 
Oosterschelde estuary is characterized by strong tidal 
currents and can be regarded as a well-mixed zone 
(Dronkers & Zimmerman 1982). The closure of 2 storm 
surge barriers in 1986 and 1987 (Wetsteyn et al. 1990) 
resulted in the reduction of the amount of water 
exchange with the North Sea by approximately 28% 
(Leewis & Waardenburg 1990). 
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METHODS 

Data. The sampling campaigns were conducted on 
5 and 11 June 1990 along a transect from Zeebrugge 
(Belgium) to the eastern Scheldt estuary (The Nether- 
lands), 40 nautical miles into the Southern Bight of the 
North Sea (Fig. l ) ,  in connection with the research pro- 
gram RENORA founded by the PNDR (Programme 
National sur le DCterminisme du Recrutement, France). 
The NOAA-AVHRR satellite images for the period of 
the RENORA campaign (May to June 1990) and the 
wind direction and velocity were obtained from KNMI 
(Royal Netherlands Meteorological Institute). Fluoro- 
metry, temperature, salinity and water density were 
measured at 20 S intervals by a hydrological probe. 

Fig. 1. Schematic map of the study area. The sampling tran- 
sect along the coastline is represented by a dotted line 

Table 1. Taxonomic groups and environmental variables 

Taxonomic groups Environmental variables 

Lanice conchilega Salinity (ppt) 
Pectinaria koreni Temperature ("C) 
Magelona rnira bllis Density (kg m-3) 
Polydora spp. Corrected depth (m)  
Nephtys spp. Tidal height (m) 
Ampharetidae Fluorometry (chl a pg I-') 
Bivalves 
Echinoids 
Ophiuroids 

Depth and corrected depth were measured on board 
by the Color Echo Sounder system (model Raytheon 
V800). For meroplankton, 70 and 76 samples were 
collected during the 2 cruises at 3 m depth by a volu- 
metric pump (PCM Moineau, 200 1 min-l), and sorted 
according to Frontier (1969, 1972). Environmental vari- 
ables measured and taxonomic groupings used are 
listed in Table 1. 

Numerical analysis. The 3 matrix data sets were 
tested with a canonical correspondence analysis (CCA). 
The CCAs were performed following ter Braak (1988a). 
and the method proposed by Borcard et al. (1992). The 
p-values for each analysis were determined by a 
Monte Carlo permutation test. The spatial distance 
matrix was produced by a cubic trend surface regres- 
sion based on the geographic coordinates of the 
sampling stations along the path of the boat (Borcard 
et al. 1992). The Mantel and partial Mantel tests were 
performed following the methods proposed by Mantel 
(1967), Smouse et al. (1986), Legendre & Troussellier 
(1988) and Legendre & Fortin (1989). The CANOCO 
program (ter Braak 1988b), and the R Package for 
Multivariate Data Analysis (Legendre & Vaudor 1991) 
were also used in this study. 

RESULTS 

Abiotic and biotic spatial variation 

The composite NOAA-AVHRR images from the end 
of May to mid June 1990 clearly show the major spatial 
differences in sea surface temperatures (Fig. 2A) and 
suspended matter distribution (Fig. 2B). Temperature 
values range from 15°C close to the coast to 13°C in the 
waters surrounding the Schelde estuarine system. The 
suspended matter distribution showed that the major 
inputs of nutrient-rich waters came from the Wester- 
schelde. The first cruise on 5 June was carried out after 
a week of strong southwest wlnds with gusts up to 
30 m S-'; during sampling the southwest wind velocity 
decreased to 7 m S-'. The second cruise on 11 June was 
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Fig. 2. NOOAA-AVHRR satellite composite lrnages (KNMI 1990), showing (A) the sea surface temperature distribution and (B) 
the total suspended matter distribution for 28 May to 17 June 



54 Mar Ecol Prog Ser 128: 51-59,1995 

subjected to a northeast wind with an esti- 
mated wind velocity of 5.5 m S-'. The tempera- 
ture distribution for 5 June (Fig. 3A) showed 
the highest value of 16.3"C at Stn 20 
at the mouth of the Westerschelde, decreased 
towards the Oosterschelde, and reached the 
lowest value of 15.91°C at Stn 64. During the 
second cruise the temperature distribution 
(Fig. 3B) clearly showed the input of warmer 
water coming from the Westerschelde, with 
the highest value of 16.29"C at Stn 21. The 
salinity distribution for 5 June (Fig. 4A) 
showed that the highest salinity value of 
32.73 ppt was found at Stn 15 on the northern 
Belgian coast, and decreased towards the 
Westerschelde (Stn 20) and along the Dutch 
coast (Stns 30 to 40); the lowest salinity value 
of 32.47 ppt was found in proximity to the 
Oosterschelde at Stn 55. For 11 June the salin- 
ity distribution (Fig. 4B) clearly showed the 
presence of the Westerschelde with the lowest 
value of 30.10 ppt at Stn 21. The highest salin- 
ity was found at Stn 41 along the Dutch coast, 
with a value of 32.95 ppt. The total suspended 
matter distribution, as a measure of chloro- 
phyll a (chl a) ,  showed on 5 June (Fig. 5A) the 
highest value of 20 chl a pg I-' at Stns 22 and 
28 at the mouth of the Westerschelde. 

The fluorometry distribution decreased as 
we moved along the Dutch coast, reaching the 
lowest value of 7.0 chl a 1-19 1-' at Stn 54. During 
the second cruise, the fluorometry distribution 
(Fig. 4B) showed the input of nutrient-rich 
waters (22.05 chl a pg l-l) coming from the 
Westerschelde along the flood-tide channel 
running parallel to the Dutch coast from Stns 21 
to 30. At the Oosterschelde (Stn ?0), the fluoro- 
metry value was 17.2 chl a pg 1-l. The distribu- 
tion of the 3 environmental variables described 
here was subjected to a southwest wind dur- 
ing the first cruise, which enhanced mixing. 
During the second cruise, a light northeast 
wind condition caused less mixing to occur. 

As an example of the spatial distribution of 
the taxonomic group, we present the distribu- 
tion of the ophiuroid brittle star larvae along 
with temperature, salinity, and fluorometry 
distribution. The ophiuroid density distribution 
with temperature (Fig. 6A) showed the highest 
density value of 120 ind. m-3 at  Stn 60 for the 
first cruise, concomitant with a temperature 
value of 16°C. On 11 June (Fig. 6B),  the ophi- 
uroid density distribution showed 2 distinct 
input points between Stns 26 and 31 (500 ind. 
m-3) at the mouth of the western Scheldt, and 
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Fig. 3. (A) Temperature distribution for the first cruise, influenced by 
the southwest wind; (B) temperature distribution for the second cruise, 

influenced by a light northeast wind 
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between Stns 64 and 76 (590 ind. m-3), at 
the eastern Scheldt. For the first transect the 
highest density of ophiuroid was associated 
with a salinity value of 32.51 ppt (Fig. ?A) at 
Stn 60; for the second crulse (Fig. ?B), the 
highest density was found at Stn 69 at a 
salinity value of 32.92 ppt. 'When considering 
the ophiuroid distribution in respect to fluoro- 
metry, we found that for 5 June (Fig. 8A),  the 
highest density values of ophiuroid were asso- 
ciated with a fluorometry of 18 chl a pg 1-' 
(Stn 22), at the western Scheldt, and at Stn 60 
along the Dutch coast with a lower fluoro- 
metry value of 7.9 chl a pg 1-l. For 11 June 
(Fig. 8B), the highest densities were found at  
Stn 28 along the flood-tide channel of the 
western Scheldt in proximity to Vlissingen, at 
a fluorometry value of 19.9 chl a pg I-', and at 
Stn 69 a t  the eastern Scheldt at a lower fluoro- 
metry value of 7.9 chl a pg I-'. The spatial dis- 
tribution of the ophiuroid larvae suggested the 
existence of 2 distinct lnput points, at the 2 
branches of the Scheldt estuary. During the 
first cruise the effect of the southwest wind 
enhanced northward transport of ophiuroid 
larvae and their dispersal over a larger area. 
During the second cruise, the lower wind 
velocity and the reversed direction limited the 
larval dispersion to more confined locations. 

Canonical correspondence analyses 

The CCAs for each cruise are presented in 
Table 2. The percentage of the total variation 
of the species matrix was divided into 4 frac- 
tions. For the first cruise on 5 June (Fig. 9A), 
the whole variation of the species matrix was 
66.3%, and was explained by Fractions 
(a) 9.5 %, the nonspatial environmental varia- 
tion: (b) 43.1%, the spatially structured envi- 
ronmental variation, (c) 13.7 %, the spatial 
species variation not shared by the environ- 
mental variables; and (d) 33.7 %, the expres- 
sion of the unexplained variation. For the 
second cruise on 21 June the results are 
reported in Fig. 9B. The Monte Carlo permu- 
tation test on the trace statistics for both sets 
of analyses was significant a t  a Bonferroni- 
corrected a' probability level of 0.05/4 = 

0.0125. The effect of the southwest wind dur- 
ing the first cruise enhanced more mixing with 
the nutrient-rich waters coming from the 
Westerschelde. Fraction (c), representing the 
purely spatial variation, showed the im- 
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Fig. 5. (A) Fluorometry distribution for the first cruise, showing more 
mixing occurring due to the effects of the southwest wind; (B) fluoro- 
metry distribution for the second crulse, with light northeast wind 
conditions and the presence of nutrient-rich waters coming from the 
Westerschelde (Stns 22 to 33). Input from the Oosterschelde (Stns 61 

to 76) is clearly detectable 
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5 June 1990: R , , 2  = 0.398 (p < 0.001) 
R1,3= 0.158 (P < 0.001) 
R2.3 = 0.412 (p < 0.001) 

11 June 1990: = 0.425 (p < 0.001) 
= 0.181 (P < 0.001) 

R2,3 = 0.449 (P < 0.001) 

For both sets of calculations the null hypoth- 
esis (Ho) that the multivanate data are not 
autocorrelated as a gradient was rejected at 
the 1 % significance level according to the test 
of significance in Mantel statistics (Mantel 
1967). The partial Mantel tests for the 2 cam- 
paigns gave the following correlations: 

5 June 1990: 0.370 (p c 0.001)' 
= -0.007 (p = 0.65692) ns 

R2,3  = 0.385 (p < 0.001)' 

l 1  June 1990: = 0.391 (p < 0.001)' 
= -0.012 (p = 0.87456) ns 
= 0.417 (p  < 0.001)' 

Fig. 7 Distribution of ophiuroid larvae with salinity for (A) the first 
cruise, (B) the second cruise The partial Mantel tests for the 2 transects 

show that the computed partial correlation 
portance of space as an explanatory variable. The between the geography (space) matrix and the species 
unexplained variation, Fraction (d),  would have been (meroplankton) matrix was non-significant (ns). 
larger if the spatial structure was not included in the The correlations between the geography (space) 
model. The use of more environmental variables is not matrix and the environment ( R , , 2 ) ;  and between the 
necessarily a solution for explaining this fraction of environment and the species (meroplankton, R2,3) 
the variability. The unexplained variation can partly were highly significant ( ' )  at a Bonferroni-corrected a' 
represent the large amount of stochastic variation, and probability level of 0.05/4 = 0.0125. This result shows 
partially unmeasured factors and biotic processes, that the structure in the meroplankton distribution 
such as  behavioural responses, whose spatial 
structures are still difficult to model (H. J. B. 
Birks pers. comm.). For the second cruise 
Fraction (b) was higher, confirming that the 
structure in the meroplankton distribution 
comes from the structuring of environmental 
variables. To be able to quantify the different 
fractions that explain the species variation 
and allow a better understanding of the vari- 
ation between the spatial and environmental 
component and also to derive a general 
framework for the causal modelling of the 
various fractions partitioned it was necessary 
to perform the complimentary Mantel statis- 
tics (Borcard & Legendre 1994). 

Mantel and partial Mantel tests 

The Mantel test among the 3 matrices con- 
sidered (1) geographic distance, (2)  environ- 
mental variables, and (3) species for the 2 
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sampling dates, with the following correla- F,g, 8 Distribution of ophiuroid larvae with fluorometry for ( A )  the first 
tions: cruise, (B) the second cruise 
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Table 2. Results of the canonical correspondence analyses (CCA) are reported as 
the amount of canonical inertia explained by the SE (species-environment ma- 
trices), SS (spec~es-space matnces). SE/S (species-environment matnces con- 
strained by the space matrix), and SS/E (species-space matrices constrained by 
the environment matrix). Total inertia indicates the sum of all unconstrained 
eigenvalues. The overall amount of explained variation as a percentage of the 
total variation of the species-matrix for the 5 June 1990 was 66.3%, obtained by 
summing Steps (1) & (4), or Steps (2) & (3), and partitioned as: (a) nonspatial 
environmental variation (Step 3) 9 5%); (b)  spatially structured env~ronmental 
variation (Steps 1 to 3, or Steps 2 to 4): 43.1 'X , ;  (c) spatial species vanat~on not 
shared by environmental variables (Step 4): 13.7 %; (d) unexplained variation and 
stochastic fluctuations: l00 - 66.3 = 33.7 "h. For l 1  June 1990 the total explained 
variation was 69.5 % and partitioned as: (a) 10.5 %, (b) 50.3 %, (c) 8.7 %, (d) 30.5 % 

Date SE SS SE/S SS/E Total lnertia 

5 June 1990 0.149 0.161 0.027 0.039 0.283 
11 June 1990 0.621 0.602 0.105 0.089 1.02 

Percentage of variation 
CC A CC A 

5 June 1990 11 June 1990 

Step (1): 0.149 X 100/0.283 = 52.6% Step (1): 0.621 X 100/1.02 = 60.8% 
Step (2): 0.161 X 100/0.283 = 56.8% Step (2): 0.602 X 100/1.02 = 59% 
Step (3): 0.027 X 100/0.283 = 9.5% Step (3): 0.105 X 100/1.02 = 10.5% 
Step (4): 0.039 X 100/0.283 = 13.7 % Step (4): 0.089 x 100/1.02 = 8.7 % 

Total explained variation - 66.3 % Total explained variation - 69.5 %) 

comes from the structuring of the environmental vari- 
ables. The Mantel statistic describing the influence of 
the environment on the meroplankton community 
structure for 5 June is reduced from 0.412 to 0.385 
when controlling for the effect of space. The specific 
influence of the environment is therefore 0.385, while 
the difference of 0.163 (0.398 X 0.412 = 0.163) can be 
regarded as the influence of the spatial structure 
imbedded in the environment on the species distribu- 
tion. For 11 June, the Mantel statistic describing the 
influence of the environment on meroplankton was 
reduced from 0.449 to 0.417 when controlling for the 
effect of space. The influence of the environment of 
0.417, and the difference of 0.190 (0.425 X 0.449 = 
0.190), correspond to the influence on the species dis- 
tribution exerted by the spatial structure present in the 
environment. 

DISCUSSION AND CONCLUSION 

As stated by Gould (1970), 'all our efforts to under- 
stand spatial pattern, structure, and process have indi- 
cated that it is precisely the lack of independence, the 
interdependence of spatial phenomena that allows us 
to substitute pattern, and therefore predictability and 
order, for the chaos and apparent lack of inter- 
dependence of things in time and space'. The results 
obtained in this study show the importance of consid- 

ering the spatial component to describe 
the distribution of pelagic organisms. 
The innovative method of Borcard e t  
al. (1992) quantified the percentage of 
the variation in the species matrix 
accounted for by the different fractions 
considered. 

During the first cruise on 5 June, 
Fraction (c), representing the percent- 
age of the variation in the species 
matrix due to the 'purely spatial' struc- 
ture, was slightly higher than in the sec- 
ond cruise. This result suggested that in 
the coastal locations considered, the 
effect of strong southwest winds 
induces changes in the surface water 
distribution, and therefore, spatial 
structure plays an important role as a 
functional factor in the ecosystem. Dur- 
ing the 11 June cruise the wind condi- 
tions were reversed, with a northeast 
wind and a very weak velocity. Under 
these circumstances the environmental 
structure was more evident, showing 
the presence of the 2 branches of the 

d: Undetermined F a: Env~ronment 

Percent of Variation 
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80 

I c. Space I 
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Fig. 9. (A) Variation partitioning of the meroplankton cornmu- 
nity data matrix for the first cruise. The whole variation of the 
species matrix is partitioned into 4 fractions: (a) nonspatial 
environmental. (b) spatially structured environmental varia- 
tion, (c) spatial species variation not shared by the environ- 
mental variable, (d) undetermined variation and stochastic 
fluctuations. (B)  Variation partltloning of the meroplankton 

community data matrix for the second crulse 

5 June 1990 A 
d 33.7% 
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Schelde clearly defined by the spatial distribution of 
abiotic variables. Fraction (b) ,  representing the per- 
centage of variation in the species matrix due to envi- 
ronment and space, was higher than in the first cruise, 
suggesting that with less wind forcing the surface 
water and less mixing, the spatial changes in the envi- 
ronmental variables more clearly explained the varia- 
tion observed at the species level. The use of more 
environmental variables in the CCA allowed for the 
performance of a multiple linear least-squares regres- 
sion with the weighted averages of the species as 
dependent variables and the environmental variables 
as independent variables (Palmer 1993). The use of 
covariables as suggested by ter Braak (1988a) as par- 
tial ordination allowed the partialling of the environ- 
mental and spatial variations, and the linkage of these 
factors to the species data (Legendre 1990). 

The results obtained from the Mantel tests clarified, 
as suggested by Legendre & Troussellier (1988), the 
relations between the factors influencing the environ- 
mental variables and the influence of the environment 
on species distribution. The spatial fraction of the vari- 
ation can be used as an explanatory variable when the 
environmental factors considered are not sufficient 
to explain the remaining spatial variation. The use of 
spatial terms in the data analysis allowed us to explain 
the spatial variation of the species composition and to 
segregate the deterministic components of the unex- 
plained variation, Fraction (d), to a local area within 
the sampling locations (Borcard et al. 1992). CCA and 
the complementary Mantel statistics can be used as 
exploratory techniques to investigate homogeneous 
ecological communities. The partial Mantel tests 
appeared to be quite powerful in bringing out depen- 
dence patterns between linked biological communities 
and their environments. 

The spatial structure in the species data considered 
in this work came from a spatial structuring of the envi- 
ronmental variables with reference to the environmen- 
tal control model (ECM) (Whittaker 1956, Borcard & 

Legendre 1994). The partial ordination technique 
allowed selection of the environmental and spatial 
factors that can explain variations in species composi- 
tion. The use of covanables in CCA and tests for statis- 
tical significance such as the Monte Carlo permutation 
test further extended the validity of using this method 
in direct gradient analysis (ter Braak & Prentice 1.988, 
Birks & Austin 1992). 

It is important to include spatial structure in eco- 
logical studies because it highlights the importance of 
the spatial variation, Fraction (c), in the species compo- 
sition and can therefore be considered as a predictive 
variable. Legendre & Troussellier (1993) showed that 
spatial structuring played an important role in a water 
circulation model to predict the spatial variations of the 

abundance of phytoplankton and heterotrophic bacte- 
ria in a brackish lagoon and to reduce the amount of 
unexplained variation. As stated by Mackas (1984), 
'closely spaced or continuous samples are needed to 
resolve the detailed pattern of spatial variability; sig- 
nificant fractions of the total variance would be unre- 
solved by conventional point sampling and would con- 
tribute to an inflated estimate of the residual statistical 
noise'. The coastal system studied in respect to the 
meroplankton community can be regarded as a com- 
plex biological flux system governed by wind condi- 
tions that can alter the transport and dispersion of 
larvae in a southwest-northeast gradient (Luczack et 
al. 1993). The meroplankton distribution pattern may 
correspond partly to the structuring of measured envi- 
ronmental variables, which in turn are themselves 
spatially structured, or to the fact that the stretch of 
coastline studied is itself a structuring factor. Turning 
the discussion to the ecologist, we may conclude from 
this work that partitioning the variation of the mero- 
plankton community structure gives support to pre- 
conceived models of larval dispersion. Most irnpor- 
tantly it suggests the need to go back to sampling with 
better models in mind. The method described can be a 
useful approach to the interpretation of the dynamics 
of marine ecosystems. 
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