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Abstract 
 
The extensive network of waters in the lower part of the Dutch delta is loaded 
with nutrients and accordingly a uniform ecological classification ‘moderate’ 
has been derived. The present study sets out to typify the diatom communities 
in this apparently homogenous environment via self-organizing maps of 
diatom species composition. Clusters of diatom communities were 
characterized through the representation of ecological guilds (high and low 
profile, motile and planktonic) and via a RDA analysis based on either 
species, genus or ecological guilds together with environmental drivers. Five 
clusters of diatom communities were identified despite the prominence of 
omnipresent species. The clusters had different profiles of ecological guilds 
and were associated with water transparency and sediment type (peat/clay) in 
addition to the well-established environmental drivers related to 
eutrophication, but with distinct roles for nitrogen and phosphate 
concentration. The clusters were interpreted as functional types of 
community, e.g. communities with a substantial share of planktonic diatom 
species were found in peat ditches with turbid water. The high consistency 
found between diatom community classification using species, genus or 
guilds may allow for a simplified water quality assessment while retaining 
valuable ecological information. The typology, based on species, genus and 
ecological guilds underpins the robust use of diatoms as water quality 
indicators in nutrient rich lentic waters and supports steps to improve 
ecological conditions.  
 
Introduction 
 
Wetlands in the Dutch delta have been reclaimed for agriculture and therefore 
an extensive system of shallow drainage ditches has been developed. Vast 
areas of degraded peat lands are currently used as heavily fertilized pastures, 
while clay soils are also used for intensive farming. The local water systems 
have become eutrophic and the strict regulation of water level in polders has 
led to intrusion of mineral-rich river water. The elevated levels of nutrients 
and other minerals have accelerated the local break-down of peat remains 
(Roelofs, 1991, Smolders et al., 2006) and peat degradation has led to an 
increased production of particles that made the local waters turbid. Over the 
last decades the communities of water plants and benthic invertebrates in peat 
land ditches have diminished in density and numbers of species (Whatley et 
al., 2013). At the present day, the regional water quality in the province of 
North-Holland ranks “moderate” (Franken et al., 2006) and the diatom flora 
is dominated by species typical for eutrophic waters (Van Dam, 2009). In a 
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previous study, we have shown that under eutrophic conditions diatom 
communities are more homogenously distributed than under less eutrophic 
(mesotrophic) conditions (Goldenberg Vilar et al., 2014). Thus we 
hypothesize that in larger regions of the wetlands in the western part of the 
Netherlands uniform communities of diatoms predominate.  
The classification of diatom communities as different biotypes (Grenier et al., 
2006, 2010; Tison et al., 2004) has been proven to be a valuable method to 
detect the effect of water quality degradation. However, the use of such 
classification method usually is done by assessing first the natural variability 
of sites by defining reference conditions. When reference conditions are not 
present (as in the eutrophic waters in North-Holland), it could be difficult to 
identify the degradation gradient because other site specific factors could be 
responsible for the observed differences. 
Alternatively, analyzing species composition in relation to the relative 
abundance of functional traits is expected to provide more insight in the role 
of the different environmental drivers. The study of diatom ecological guilds 
in relation to environmental variables has received increasing attention in the 
last decade, as it has been found to indicate variation in water quality 
conditions (Berthon et al., 2011; Lange et al., 2011; Passy, 2007; Biggs et al., 
1998; Kutka and Richards, 1996; Pringle, 1990). Increasing nutrient 
concentrations resulted in a transition from low to high profile species 
(Berthon et al., 2011; Biggs and Smith, 2002; Passy, 2007; Steinman et al., 
1992). An increase in motile species in relation to turbidity has also been 
documented because motile species are able to avoid unfavorable light 
conditions by active upward migration (Dickman et al., 2005; Saburova and 
Polikarpov, 2003). Planktonic diatoms have morphological adaptations that 
make them more resistant to sedimentation or turbid conditions; yet they have 
been identified as a component of microphytobenthos (Rimet and Bouchez, 
2012). 
The response of diatom ecological guilds or growth forms to nutrient 
enrichment has been mostly tested in running waters, while very little 
information is available for lentic waters. Moreover, the nutrient 
concentrations tested in these studies always comprise large ranges that do 
not relate to the overall high nutrient concentrations in the ditches of North-
Holland. Therefore, the aim of the present study is to test (i) If the highly 
eutrophic delta waters lead to a homogeneous diatom community in the region 
or if different biotypes are present and it can be revealed by using either 
species, genus or ecological guilds and (ii) If environmental drivers of diatom 
distribution can be identified. For this test diatom communities from 106 
locations in the Dutch delta were classified based on species composition 
using self-organizing maps (Kohonen, 2001) and linked to water quality 
parameters. The relative abundance of diatom ecological guilds was 
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calculated and variation of diatom species, genus and guilds was analyzed in 
relation to environmental drivers. A strong relationship between species, 
genus and ecological guilds can lead to a greater understanding of the factors 
affecting diatom community distribution and a simplification of the 
ecological assessment based on diatoms may be achieved. 
 
Materials & Methods 
 
Field sites, diatom sampling and surface water analysis 
 
The northern part of the Dutch delta of the river Rhine, located behind the 
coastal dunes in the province of North-Holland, receives mineral rich river 
water via an intensively managed hydrological system. In the former times, 
extensive peat formations dominated the landscape. This area has been 
drained and modified through centuries and nowadays most of the area lies 
below sea level because of soil subsidence and suffer from high salinity 
fluctuations. The soil shows a mosaic of marine clay and peat remains. The 
surface waters are essentially man-made peat lakes, large drainage canals and 
local drainage ditches dissecting the landscape, dominated by pastures.  
For the present study, we used data collected in the framework of a long-term 
monitoring program in North-Holland carried out by the local water authority. 
From this dataset we selected a subset of 106 sampling locations in small and 
shallow ditch sites (<10 m width, <1 m depth) (Figure 5.1). All samples were 
collected between 2008 and 2010 during spring (April to June). We omitted 
sampling locations from moderately brackish waters, to avoid an evident, 
well-known effect of salinity on the species composition of diatom 
communities, (Potapova and Charles, 2002) and locations from dune waters, 
since these sites have a strong impact of rain water instead of river water. The 
dataset included identifications of diatom communities and physical and 
chemical water quality parameters. Environmental data was collected every 
four weeks following standardized national protocols accredited by the Dutch 
Standards Institute (NEN, norm). In this study we used the average values of 
the half year summer months (i.e. April till September), assuming that these 
values reflect local conditions better than single measurements. The 
environmental variables considered in this study included: soil type, water 
transparency (Secchi depth), pH, surface water oxygen, nitrate, ammonium, 
total nitrogen, dissolved inorganic phosphate, total phosphate, iron, chloride, 
sulphate and bicarbonate. Attached diatoms were scraped from ten pooled 
reed stems (Phragmites australis), prepared using H2O2 digestion and 
mounted on microscope slides with Permount Mounting Medium (Fischer 
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Scientific, Pittsburgh). Between 200 and 300 valves were identified on 
random transects at 1000x magnification.  
Taxonomic identification was based on Krammer and Lange-Bertalot (1986, 
1988, 1991a, 1991b) and Hofmann et al. (2011) following standard protocols 
(NEN-EN 14407). 
 

 
 

Figure 5.1. Distribution of the 106 sampling sites in the province of North-Holland, 
the Netherlands. The colours denote different diatom community clusters derived 
from the Self-Organizing Map (SOM, Figure 5.2). Red: cluster 1; Yellow: cluster 2; 
Green: cluster 3; Blue: cluster 4 and Purple: cluster 5 
 

Diatoms were then assigned to growth forms into four ecological guilds 
following Passy (2007) and Rimet and Bouchez (2012) (Table 5.1). In total, 
292 species from the 106 locations were identified of which 141 species 
covered 98% of all observations. The other 151 species were mainly 
singletons and were omitted for further analysis.  
  



S e e  a t t a c h e d  -  c h a p t e r  5  

88 
 

Data analysis 
 
Patterns of species composition in diatom communities were defined using 
Kohonen self-organizing maps (SOM) (Kohonen, 1982). SOM are 
unsupervised artificial neural networks which avoid distortion issues induced 
by non-linear relations within the dataset (Bottin et al., 2013) and allow both 
the ordination and classification of biological assemblages based on the 
community compositions themselves (Kohonen, 2001). This technique had 
particular relevance in revealing patterns of biological communities in 
relation to environmental characteristics because biological variables can be 
visualized in a two dimensional map (Park et al., 2003). SOM have been 
applied in ecological studies on community structure in a variety of aquatic 
organisms (Park et al., 2001, 2003; Chon et al., 1996), to support assessments 
of water quality (Grenier et al., 2010; Aguilera et al., 2001) and to select 
representative species of diatoms in multivariate analysis (Park et al., 2006). 
The size of the SOM planes (12 rows and 9 columns) was chosen under the 
empirical rule C = 5*n0.543 where C is the number of cells and n is the number 
of rows in the input table (Bottin et al., 2013). Classification of the SOM cells 
was performed using the Bray–Curtis distance measure. An Unweighted Pair 
Group Method with the Arithmetic mean (UPGMA) cluster was selected to 
further classify the hexagonal cells into a reduced number of groups.  
The SOM algorithm was applied using the diatSOM package (Bottin et al., 
2013), a R-package (R development Core Team 2013) that automatically 
parameterized SOM specially adapted to diatom community data, i.e. datasets 
that are characterized by a high biodiversity and a high degree of overlapping 
ecological niches. To determine whether the clustering based on biodiversity 
in the SOM was related to ecological guild composition of the communities 
within clusters, we characterized the relative abundance of diatom ecological 
guilds in each cluster (Table 5.1).  
Data were log-transformed in order to reduce skewed distribution of the 
response variable, and hence reduce variance heterogeneity (Quinn and 
Keough, 2002). To test whether the SOM-clusters based on species 
composition also differ in their average distribution of ecological guilds 
within communities, we used G-test for goodness-of-fit (Sokal and Rohlf, 
1981), assuming that the distribution of ecological guilds within clusters was 
not different from the overall distribution of guilds (null-hypothesis). In 
addition, to specifically identify the environmental drivers that were 
responsible for each guild distribution, multiple linear regression (using AIC 
model selection procedure) between each ecological guild and environmental 
variables is presented in the appendix, Table A5.1. The Akaike Information 
Criterion with a correction for finite sample sizes (AICc) and Akaike weights 
(wi) were used to determine the support for each model by the observations 
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(Burnham & Anderson,2002). The wi were normalized relative likelihoods 
for each model and can be interpreted as the probability or the performance 
of each candidate model in relation to the other models in the set. Only models 
with significant (P < 0.05) parameters were considered adequate. Variance 
inflation values were examined for each predictor to check for influence of 
collinearity with results showing that none of the predictors need to be 
excluded from the models. Redundancy Analysis (RDAs) were performed a 
posteriori for species, genus and ecological guilds independently, to evaluate 
which environmental variables were the most important in structuring the 
diatom communities. The inclusion of the RDA based on genus will allow a 
comparison of the diatom typology at different levels of taxonomic resolution 
(species and genus). Finally, autoecological values based on Van Dam et al. 
(1994) were calculated to see if the saprobity values differ among to the 
different clusters. All of our analyses were carried out in R (R development 
Core Team, 2013). 
 
 
Results 
 
Clustering of diatom communities 
 
Using hierarchical cluster analysis based on species composition, we defined 
5 clusters in the units of the SOM (Bray-Curtis dissimilarity ≥ 0.39) (Figure 
5.2). The smallest clusters (number 3 and 5) were each represented by 5 
locations. The geographical distribution of the SOM clusters are presented on 
the regional map (Figure 5.1) and are generally dispersed over the region, 
with the exception of cluster 3 (light green) that is solely located in the 
Wormer en Jisperveld and the adjacent Oostzanerveld.  
Many species were not characteristic for any cluster, with 24% of the 141 
common species shared by the 5 clusters. Examples of non-structuring 
species (i.e. no pattern found regarding their occurrence or relative 
abundance) are Fragilaria famelica, Amphora lybica, and Hippodonta 
capitata. A list with the average percentage abundance of the most common 
species in each cluster is presented in Table A5.2. In addition, many species 
were found to be characteristic for 1 or more clusters, but almost no species 
were exclusively present in only 1 cluster. 
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Figure 5.2. Main graphic output of the Self-Organizing Map showing a reduced data 
matrix in a two dimensional grid. The 106 samples were classified through the 
training of SOM using the 141 common species. The SOM units (hexagons) displayed 
5 clusters (marked using colors) based on the hierarchical cluster analysis using 
UPGMA linkage method and Bray-Curtis dissimilarity ≥ 0.39. (Note that the 
hexagons in the SOM are not actual individual sampling locations. Shaded hexagons 
do not contain any samples). 
 
Examples of such species distribution patterns in relation to SOM clusters are 
given in Figure 5.3: Cluster 1 (29 locations), has a dominance of 
Planothidium delicatulum and Navicula lanceolata. Other species with 
higher abundance and occurrence in this cluster are Navicula gregaria, 
Gomphonema parvulum and Nitzschia paleacea. Cluster 2 (16 locations) was 
characterized by the presence of Cocconeis placentula and Nitzschia 
inconspicua, Cluster 3 (5 locations) by Staurosirella pinnata and 
Cyclostephanos dubius, Cluster 4 (51 locations) by Planothidium 
lanceolatum and Gomphonema clavatum. The most representative species in 
Cluster 5 (5 locations) are Fragilaria mesolepta and Ulnaria acus.  
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Table 5.1. Overview of the four diatom ecological guilds based on growth forms 
according to Passy (2007) and Rimet and Bouchez (2012), including a short 
description of species characteristics and examples of taxa for each guild.  
 

Diatom 
ecological 
guild 

Description of species characteristics Examples of taxa 

Planktonic Solitary or colonial centrics. Aulacoseira, Cyclotella, 
Cyclostephanos, Skeletonema, 
Stephanodiscus and 
Thalassiosira 

Motile Species with a clear gliding motion. Navicula, Nitzschia, 
Sellaphora and Surirella 

Low profile Species of short stature, including 
prostrate (adhering to the substrate with 
the entire valve surface), adnate 
(apically attached but parallel to the 
substrate), erect (apically attached but 
perpendicular to the substrate), and 
slow moving species. 

Achnanthes, Achnanthidium, 
Amphora, Cocconeis, some 
species of Cymbella, 
Halamphora and 
Planothidium 

High profile Species of tall stature, including erect, 
filamentous, branched, chain-forming, 
tube-forming, stalked, and colonial 
centrics. 

Diatoma, Eunotia, Fragilaria, 
Gomphonema, Melosira, 
Pseudostaurosira, Staurosira, 
Ulnaria and some of species 
of Cymbella 

 
Diatom guilds 
 
Overall, most diatoms belonged to the motile guild (43.5%), followed by the 
low profile (25.2%), high profile (19.5%) and planktonic guild (11.8%) 
(Figure 5.4). The SOM-clusters based on taxonomic composition of the 
diatom community differed in the relative distribution of ecological guilds 
(Figure 5.4, all locations). Cluster 4 included almost half the locations and 
reflects most closely the overall guild distribution (G3 = 2.04, P > 0.05). 
Although cluster 1 was characterized by a relatively large proportion of motile 
species (47.7% motile; 15.4% planktonic) this cluster was not significant 
different from the overall pattern (G3 = 5.29, P > 0.05). The clusters 2 and 4 
were closely related based on SOM, however, cluster 2 had a different 
distribution of ecological guilds (G3 = 12.73, P = 0.005) mainly effected by a 
large contribution of low profile species (41.3%). Largest deviation from the 
general guild distribution was observed for the small clusters 3 (G3 = 19.70, 
P < 0.005) and 5 (G3 = 41.26, P < 0.005). 
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Figure 5.3. Examples of individual species distributions based on the SOM for 
structuring species representative of cluster 1 to 5 (from top to bottom respectively). 
Brighter colors reflect higher abundance of the species (relative values). 
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Figure 5.4. Average relative abundance (+SE) of ecological guilds for all locations 
present in each SOM-cluster. Each cluster has a characteristic composition of the 
diatom ecological guild distribution, consisting of planktonic, motile, low profile and 
high profile guilds. Cluster 4 included almost half the locations and reflects the 
overall guild distribution. However, closely related clusters based on SOM (e.g. 
clusters 2 and 4) still have a different distribution of ecological guilds (see text).  
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Cluster 3 was characterized by the relatively largest fraction of planktonic 
growth forms (25.8%), while in cluster 5 the proportion of high profile species 
(41.3%) was two times higher compared to the other clusters. 
The best multiple regression model included chloride, ammonia, pH, total 
phosphorus and total nitrogen for the planktonic guild (P < 0.001, wi = 0.32); 
transparency and total phosphorus for the motile guild (P < 0.0001, wi = 0.3) 
and total nitrogen for the low profile guild (P < 0.0001, wi = 0.3), Table A5.1. 
Statistically significant models were not found for the high profile guild. 
 
Community composition and environmental factors 
 
The relative importance of the measured environmental variables on the 
diatom community composition was analyzed using RDA (Figure 5.5). For 
the whole data set, the eigenvalues of the first two RDA axes were both 
significant (P < 0.005; Monte Carlo permutation test, 999 random 
permutations). The first two axis explained 11.24% in the RDA based on 
species (Figure 5.5a) which represent 45 % of all explained variation; 12.00 
% in the RDA based on genus (Figure 5.5b) which represent 47% of the total 
explained variation and 20.83 % in the RDA based on guilds (Figure 5.5c) 
which represent 96% of the total explained variation. The diatom species – 
environment correlations for the RDA axis 1 (0.83) and 2 (0.80) were high, 
indicating a relatively strong relation between diatoms species and the 
measured environmental variables. Similar percentages of variance explained 
have been found in diatom community analyses using extensive databases 
(Soininen et al. 2004; Potapova and Charles, 2002). The variance of typical 
community data incorporates on the order of 10-50% noise (Gauch, 1982). 
For noisy data, Gauch (1982) showed that most structure is recovered 
selectively in early ordination axes, whereas most noise is recovered in later 
ordination axes. Therefore, the early ordination axes are already ecologically 
meaningful even if the percentage of variance accounted for is small (Gauch, 
1982) as occurred in our dataset. 
Based on the three RDAs, the first axis was associated with total nitrogen, 
ammonia, iron, peat soils and transparency. The second axis (in all 
ordinations) was mostly influenced by dissolved inorganic phosphorus, pH 
and oxygen. We calculated for each of the measured environmental variable 
medians and 10th and 90th percentiles per diatom SOM-cluster (Table 5.2). 
The variability of environmental variables within clusters was large and was 
consistent with the low % of variability explained in the RDAs (Figure 5.5). 
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Figure 5.5. Redundancy Analyses 
(RDA) showing classification of 
diatom communities and 
environmental parameters based on 
a) species composition, b) genus and 
c) ecological guild composition, with 
the associated relationship with the 
measured environmental variables 
(arrows). Cumulative percentage of 
explained variance for axis 1 and 2 is 
6.07 and 11.24 (species, a); 6.6 and 
12.00 (genus, b) and 15.17 and 20.83 
(ecological guilds, c) respectively. 
The coloured symbols represent the 5 
diatom clusters derived from the self-
organizing map. Log-transformed 
variables are indicated by asterisks. 
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Table 5.2. Medians (bold) and 10th and 90th percentiles (brackets) of the 
environmental variables and saprobity values (based on Van Dam et al., 1994) in the 
five clusters derived from the SOM. (tP = total phosphorus; DIP = dissolved 
inorganic phosphorus; tN = total nitrogen 
 

 
Cluster 1 
n=29 

Cluster 2 
n=16 

Cluster 3 
n=5 

Cluster 4 
n=51 

Cluster 5 
n=5 

Transparency 
(cm) 

37 
(25.85-
58.28) 

49 
(28.93-
118.8) 

25 
(17.86-
43.14) 

44 
(30.71-
71.87) 

59 
(40.8-
67.57) 

pH 
 

7.8 
(7.7-8.2) 

8.0 
(7.8-8.3) 

8.7 
(7.9-8.9) 

7.9 
(7.8-8.2) 

8.0 
(7.7-8.3) 

HCO3  
(mg L-1) 

273 
(187-431) 

238 
(184-256) 

143 
(131-154) 

315 
(207-387) 

335 
(238-383) 

NO3 

(mg L-1) 
0.09 
(0.05-0.39) 

0.06 
(0.05-0.09) 

0.05 
(0.05-0.12) 

0.07 
(0.05-0.29) 

0.05 
(0.05-0.26) 

NH4  
(mg L-1) 

0.29 
(0.11-0.67) 

0.09  
(0.05-0.26) 

0.04 
(0.03-0.11) 

0.14 
(0.07-0.29) 

0.17 
(0.09-0.56) 

Fe  
(mg L-1) 

0.68 
(0.31-1.71) 

0.29 
(0.07-0.62) 

0.41 
(0.28-0.62) 

0.35 
(0.2-0.79) 

0.35 
(0.17-2.13) 

tP  
(mg L-1) 

0.96 
(0.53-1.78) 

0.43 
(0.31-0.79) 

0.37 
(0.23-0.46) 

0.65 
(0.3-1.44) 

0.86 
(0.1-1.16) 

DIP  
(mg L-1) 

0.54 
(1.13-1.3) 

0.32 
(0.11-0.6) 

0.03 
(0.03-0.07) 

0.44 
(0.14-0.97) 

0.73 
(0.25-0.93) 

tN  
(mg L-1) 

4.1 
(2.3-5.5) 

2.1 
(1.6-4.0) 

3.8 
(3.0-5.5) 

2.2 
(1.7-3.0) 

2.4 
(1.7-3.0) 

O2  
(%)  

56 
(41-84) 

73 
(44-85) 

102 
(82-114) 

60 
(44-77) 

59 
(44-72) 

Cl  
(mg L-1) 

227 
(147-362) 

192 
(120-280) 

137 
(131-140) 

166  
(103-250) 

127 
(122-214) 

SO4 
(mg L-1) 

97  
(75-148) 

89 
(62-103) 

61 
(57-69) 

99 
(63-133) 

53 
(28-88) 

Saprobity 
Index 

3.1 
(2.6-3.5) 

2.3 
(2.2-2.9) 

2.5 
(2.4-2.6) 

2.7 
(2.3-3.1) 

2.7 
(2.5-2.9) 
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Discussion 
 
The eutrophic wetland ditches in North-Holland represent a more or less 
uniform aquatic habitat as indicated by the high representation of some 
common diatom species at many locations and by the uniform saprobity index 
(ranging from 2.5 – 3.1, indicating β-mesosaprobic conditions) based on 
diatom autoecological values (Van Dam et al., 1994). However, many other 
diatom species form a mosaic of various communities in the region, 
responding to the environmental differences. The combined information from 
SOM, ecological guilds and RDA analysis enabled us to identify drivers for 
diatom community composition.  
Even in this overall eutrophic area, nutrients might be one of the most 
prominent drivers structuring diatom communities, with a diverging role for 
nitrogen and phosphate concentrations. It is also observed, that water 
transparency (represented by environmental variables in RDA axis 1) could 
explain a substantial part of the variance associated with diatom species, 
genus and guild. Water transparency is potentially determining the light 
climate for attached algae, but since the samples were taken superficially 
(from the first 10 cm under water part of reed stems) we argue that the 
concentration of particles in turbid water and the consequent fouling of 
biofilms is a key factor. Both clay and peat sediment can potentially release 
large amounts of particles. In peat habitats, release of particles is mainly 
related to the degradation of the peat substrate (Roelofs, 1991; Smolders et 
al., 2006), while in clay habitats suspension of very fine inorganic particles 
can be induced by waves. Both types of particles are known to interfere with 
biofilm development (Dickman et al., 2005; Goldenberg Vilar et al. Under 
revision; Kutka and Richards, 1996). However, peat soils are also associated 
with higher nutrient enrichment than clay soils and probably both factors 
(fouling with organic particles and nutrient enrichment) are responsible for a 
differential effect of peat and clay on diatom community composition.  
Suspended algal cells can attach to biofilms and this process became manifest 
as a substantial share of planktonic diatom species found in the biofilms 
growing on reed stems. On average around 10% of the diatoms forming the 
attached diatom community is considered planktonic, but in some samples 
this was even more than 50%. Although the occurrence of freshwater 
planktonic diatoms has been related to turbidity (Rimet and Bouchez, 2012), 
scarce research has been conducted to identify the main factors affecting the 
prominence of this guild in stagnant freshwater systems. Species of the genus 
Cyclotella (highly abundant in our samples) have been reported in eutrophic 
and severe light limited running waters (Muylaert and Sabbe, 1999). These 
species are also known to have strong heterotrophic capabilities (Lylis and 
Trainor, 1973) which present an advantage under high turbidity and limited 
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access to light. These observations urges for dedicated studies on the 
dynamics of diatom species that have a mixed benthic and planktonic life 
cycle. Cyclotella meneghiniana and C. bodanica are examples of species with 
such a mixed life cycle (Daniels, 2012; Hustedt, 1959). In the areas with 
turbid waters from this study (represented by clusters 1 and 3), indeed higher 
numbers of planktonic species were found. In contrast, in more clear waters 
(as represented by clusters 2 and 4) we observed a higher representation of 
adnate (low profile) diatom species. These observations corroborate previous 
studies in which higher proportions of low profile species were found in areas 
with lower nutrient availability and water turbidity (Berthon et al., 2011; 
Passy, 2007). 
The motile species were most abundant in the studied region. It is not evident 
that reed stems are a natural substrate for so many motile species, but the 
intricate spatial structure of biofilms in eutrophic waters, also trapping 
particles and planktonic diatoms may have triggered expansion of motile 
species. Motile diatoms have been found to be a good indicator of sediment 
concentration in streams (Dickman et al., 2005) as they have the ability to 
migrate following disturbance (Kutka and Richards, 1996). Our study 
confirms earlier reports on ecological guilds of diatoms, thereby showing 
their capacity to indicate local conditions and local disturbance not only in 
streams (Passy, 2007; Pringle, 1990; Rimet and Bouchez, 2012) but also in 
stagnant waters. The underlying ecological process in all waters is the 
competition for space and light in vertically structured biofilms (Tuji, 2000).  
A strong relationship was found between the patterns observed using species, 
genus or ecological guilds. From a practical point of view, identifying diatom 
communities to genus level is clearly less demanding and therefore saves time 
and costs. Genus level identification means also a reduction of ca. 36 % of 
the data set and even when this implies a simplification, more information is 
retained compared to using only guilds (because diatom guilds contain several 
diatom genera). On the other hand, ecological guilds may also provide 
valuable ecological clues to local ecological processes (Steinman et al., 
1992). 
Although the diatom clusters defined in this study are compatible with a 
classification of genus and ecological guild, the variation in taxonomic and 
functional composition of the diatom community was only partly explained 
(using RDA) by the many measured environmental variables. This could be 
due to noise in the dataset but also due to other variables not measured in this 
study, such as biotic interactions that could have profound effects on attached 
diatom communities. For example Tuchman and Stevenson (1991), 
demonstrated that especially high profile diatoms are very sensitive to the 
presence of invertebrate grazers. In a few locations (represented by cluster 5) 
we found high relative abundances of such high profile diatom species that 
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were not correlated to physical or chemical drivers, indicating that biotic 
interactions could be an additional driver structuring the attached diatom 
communities. Obviously biotic interactions are not exclusively for the high 
profile guild. In the other hand, the species of the low profile guild, firmly 
attached to substrates are good competitors in these environments as they are 
able to resist high grazing pressure. As it has been explained by Passy (2007) 
the nature of the high profile guild is complex (as many representatives are 
colonial forms and, depending on the local conditions, they may comprise 
multiple cells thus possessing the long stalks or just a few cells) and this fact 
can explain why the relationship between the measured environmental 
variables and the abundance of the high profile guild is weak. Other factors 
that could partially explain the patterns observed are spatial processes such 
dispersal. Even so dispersal processes usually fail to explain diatom 
distribution at scales under 2000 km (Verleyen et al., 2009), the narrow 
distribution of cluster 3 may indicate the ability of some species to expand 
due to selective and artificial connectivity of the ditch network, such as holds 
for species Staurosirella berolinensis (Kaštovský et al., 2010) only present in 
cluster 3 and its vicinity. Yet the environmental factors do not provide an 
explanation of the narrow distribution of this cluster. 
 
Conclusions 
 
The comprehensive approach used in the present study with a typology based 
on community SOM maps, ecological guilds and ordination, allowed to detect 
biological responses of diatom communities in an area with uniform, overall 
nutrient rich waters. The range of eutrophic lowland ditches analyzed here 
showed a dominance of widespread species, but still clusters of diatom 
communities seem to reveal environmental differences that were linked to the 
contribution of diatom species with distinct functional traits. The 
classification of diatom communities based on species and ecological guilds 
are also consistent with a classification of communities based on genus. The 
use of genus and/or ecological guilds may therefore allow for a simplified and 
robust classification of diatom communities in highly eutrophic waters, and 
at the same time provide evidence on environmental drivers.  
 A combination of factors related to transparency, diverging effects of 
nitrogen compounds and phosphates, and soil type (clay or peat) were 
identified as the most prominent factors driving diatom distribution. The 
information obtained from the diatom typology used in this study and 
consequent representation as ecological maps are useful tools to direct water 
managers. This visualization of the diatom communities present in North 
Holland provides information on areas that have better water quality and 
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ecological conditions and therefore support the selection of priority areas for 
conservation. Furthermore, ecological maps will display the most degraded 
areas as well which urges for land management measures. The information 
provided by these ecological maps also can help to design more efficient 
sampling programs, for example by increasing the number of replicates in 
areas with underrepresented diatom communities and environmental 
conditions.  
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Appendix 5 
 
Table A5.1. Multiple linear regression model results with the four guilds as a 
response variable (planktonic, motile, low profile and high profile). Log likehood (K), 
Akaike information criterion with a correction for finite sample sizes (AIC), Akaike 
weights (wi), multiple R2 and p-values (p) are shown for each model. The models are 
significant at 95% level. Chloride (Cl), Ammonia (NH4) total nitrogen (tN) total 
phosphorus (tP), transparency (transp). Statistically significant models were not 
found for the high profile guild. 

 

Response Model Log lik AICc Wi R2 p 

Planktonic 
y= X0 - Clx1 + NH4x2 + pHx3 - 
tPx4 + tNx5 -390.34 795.8 0.32 0.20 <0.001 

Motile y= X0 - transpx1 - tPx2 -423.11 854.6 0.3 0.21 <0.0001 

Low Profile y= X0 - tNx1  -442.87 892 0.3 0.14 <0.0001 
High 
profile                   ----     ----   ---- 

  ---
- 

   ---
- n.s. 
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Table A5.2. Average percentage abundance of the 65 most abundant diatom species 
in each cluster (1-5). EG= Ecological guild; H= High profile; L= Low profile; M= 
Motile; P= Planktonic 

Species EG 1 2 3 4 5 

Ctenophora pulchella H 2.61 0.21 0.20 0.47 0.66 

Encyonema silesiacum H 0.08 0.11 0.00 0.86 1.11 

Fragilaria bidens H 0.07 0.00 0.00 0.30 2.56 

Fragilaria mesolepta H 0.13 0.00 0.00 0.72 9.33 

Fragilaria vaucheriae H 1.23 0.08 0.00 0.50 3.95 

Gomphonema H 0.11 1.00 0.20 0.31 0.10 

Gomphonema clavatum H 0.24 0.36 0.00 0.51 0.49 

Gomphonema olivaceum H 2.08 6.27 1.10 5.28 3.04 

Gomphonema parvulum H 6.73 3.38 3.70 3.56 5.45 

Melosira varians H 2.40 0.00 0.00 2.81 4.18 
Pseudostaurosiropsis 
geocollegarum H 0.04 0.74 1.85 0.04 1.99 

Staurosira punctiformis H 0.52 0.08 0.25 0.14 0.00 

Staurosirella pinnata H 0.38 0.54 9.71 0.06 0.00 

Tabularia H 2.46 0.40 0.00 0.89 1.16 

Ulnaria ulna H 0.27 0.04 0.00 0.37 1.51 

Achnanthidium minutissimum L 1.64 3.67 9.26 0.59 5.33 

Amphora copulate L 0.13 0.21 0.00 1.36 0.83 

Amphora pediculus L 0.55 6.60 0.55 8.14 1.10 

Cocconeis placentula L 3.42 13.51 2.28 2.42 3.93 

Planothidium delicatulum L 0.82 0.20 0.00 0.01 0.00 

Planothidium frequentissimum L 4.40 1.16 0.00 5.29 1.37 

Planothidium lanceolatum L 0.67 0.00 0.00 0.88 0.66 

Rhoicosphenia abbreviata L 3.07 15.17 0.37 6.80 1.18 

Craticula molestiformis M 0.25 0.09 0.08 0.41 0.18 

Cymatosira belgica M 1.79 0.43 0.45 0.72 0.00 

Eolimna minima M 2.22 2.79 1.57 3.10 0.75 

Eolimna subminuscula M 0.45 0.15 0.00 0.58 0.00 

Hippodonta hungarica M 0.77 0.00 0.00 0.14 0.00 

Mayamaea atomus var. permitis M 3.38 1.26 0.17 3.35 0.47 

Navicula M 1.01 0.15 0.54 0.10 0.09 

Navicula antonii M 0.52 0.78 0.00 2.15 2.56 
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Species EG 1 2 3 4 5 
Navicula cryptotenella M 1.65 1.39 2.08 3.14 1.78 

Navicula gregaria M 11.50 1.48 0.16 5.94 0.35 

Navicula lanceolata [1] M 1.88 0.17 0.00 0.62 0.00 

Navicula radiosa [1] M 0.03 0.25 0.00 0.48 1.37 

Navicula slesvicensis M 0.24 0.18 0.00 0.28 0.00 

Navicula tripunctata M 0.62 1.49 1.02 3.20 0.44 

Navicula veneta M 3.64 0.56 0.00 1.54 0.18 

Nitzschia amphibia M 1.33 0.18 0.00 2.07 1.79 

Nitzschia archibaldii M 0.07 0.95 0.27 0.85 1.82 

Nitzschia dissipata M 0.46 1.87 0.61 3.66 0.57 

Nitzschia fonticola M 0.06 0.48 6.29 1.30 0.28 

Nitzschia frustulum M 1.78 0.97 0.00 2.40 0.36 

Nitzschia gracilis M 0.38 0.59 1.85 0.16 0.00 

Nitzschia inconspicua M 0.34 1.41 0.39 0.43 0.00 

Nitzschia palea M 3.00 1.31 2.90 1.10 0.85 

Nitzschia paleacea M 4.62 10.31 17.80 3.73 5.04 

Nitzschia sociabilis M 0.20 0.05 0.00 0.77 0.00 

Sellaphora M 0.66 0.00 0.25 0.14 0.00 

Surirella brebissonii var. kuetzingii M 0.66 0.06 0.00 0.63 0.00 

Coscinodiscophyceae P 4.93 0.64 0.47 0.50 0.00 

Coscinodiscus P 0.05 0.32 0.00 0.44 0.53 

Cyclostephanos dubius P 0.11 0.21 1.72 0.16 0.09 

Cyclotella atomus P 0.51 0.25 1.69 0.09 0.00 

Cyclotella meneghiniana P 2.35 0.69 2.89 0.37 0.44 

Diatoma P 0.83 0.02 0.18 0.42 6.66 

Diatoma tenuis P 1.12 0.95 0.61 1.18 5.13 

Nitzschia acicularis P 0.24 0.53 0.48 0.15 0.00 

Staurosirella berolinensis P 0.51 0.24 8.39 0.01 0.00 

Stephanodiscus P 0.79 0.89 0.23 0.94 0.00 

Stephanodiscus hantzschii P 0.68 1.50 1.60 1.23 0.36 

Stephanodiscus parvus P 0.47 1.07 2.47 0.40 1.15 

Stephanodiscus tenuis P 1.95 1.97 1.05 1.15 1.86 

Ulnaria acus P 0.04 0.49 0.18 0.11 3.02 

Delphineis minutissima unknown 0.46 0.08 0.00 0.37 0.00 


