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General Introduction 
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Freshwater habitats harbor a highly diverse group of unicellular algae, 
occurring suspended in water (the phytoplankton) and found attached to 
surfaces (the microphytobenthos). Benthic algae associate with 
sediments, submersed waterplants and rocks. Thousands of benthic 
species belonging to the green algae (Chlorophyta) and to the diatoms 
(Bacillariophyta) have been described, while the phototrophic 
cyanobacteria are also well represented in the microphytobenthos 
(Stevenson et al., 1996; Graham and Wilcox, 2000). Algae capture much 
of the energy that supports freshwater food webs, and play an important 
role in the nutrient cycle of ecosystems. For these various reasons algae 
are considered as a vital component of aquatic ecosystems and 
consequently algae, together with water plants, fish and macro-
invertebrates have been adopted as keystones for the ecological quality 
of European water systems (Water framework Directive, 2000; Kelly and 
Whitton, 1995). The quantification of ecological quality has now been 
embedded in the European regulation, yet the insight in the factors driving 
the diversity of benthic algae and the methods of monitoring these 
organisms is still limited (Besse-Lototskaya et al., 2006, Lavoie et al., 
2005). These uncertainties have motivated the present study.  
Due to the great diversity of substrates, benthic microalgae have 
numerous and diverse micro-habitats, as opposed to phytoplankton, 
whose environment is more homogeneous (van der Grinten, 2004). 
Benthic microalgae live in a vertically structured community that may be 
found in different arrangements and are referred to as biofilms (see Box 
1). Biofilms are complex aggregations of microorganisms embedded 
within, or associated with, a matrix of extracellular polymeric substances 
(Flemming and Wingender, 2010). With this sticky matrix, benthic algae 
can stabilize substrata. For example, by overgrowing sediments, algal 
mats prevent resuspension of sediment particles by water currents 
(Francoeur and Biggs, 2006). In the other hand, suspended solids can also 
be trapped in the biofilm matrix with consequent reduction of suspended 
solids in the water column (Mulling, 2013). Within these complex 
consortia of microorganisms packed in such biofilms, diatoms have 
received special attention due to their distinctive features: 1) high 
diversity both locally and regionally accounting for much of the 
freshwater biodiversity 2) defined preferences for various environmental 
factors reflected as a measurable coupling between community 
composition and environment, and 3) a siliceous cell wall used as a basis 
for their taxonomy, backed up with archives of type species (Stevenson 
et al., 1996, Soininen, 2007). 
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Box 1. Diatom growth forms 
 
Diatom communities colonize bare substrates following a 
successional scheme from flat-celled species to species with 
erect growth form to filaments of chain-forming or tube-
living species that extend into the water. Other diatom 
species live suspended in water as part of the 
phytoplankton, but may also thrive when trapped in the 
mucus of attached algae. Furthermore, motile diatom 
species live on unstable substrates such as sediment and by 
their mucus trails stick together sediment particles and 
stabilize thereby the sediment surface. In natural 
communities of diatoms often a mixture of the different 
growth forms is represented.  

The figure 
gives some examples of diatom growth forms. 
Environmental conditions determine the dominance of 
growth forms. Adnate forms are firmly attached to the 
substrate and therefore resist current velocities and grazing 
pressure. They also inhabit clear waters where access to 
light is unimpeded. Stalked and filamentous diatoms arise 
in dense biofilms in eutrophic water, where they can get 
access to light and nutrients. When conditions become 
turbid and eutrophic, motile and planktonic forms may also 
dominate the periphyton as they have suitable strategies to 
survive in the most disturbed conditions. 
 
Schematic representation of growth forms of diatoms 
following Waterford & Driscoll (1992). 1: Adnate, 2: erect, 
3: branched, 4: chain-forming, 5: tube-forming, 6: stalked. 
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Box 2. Ecological metrics using diatoms 
 
The taxonomic composition of benthic diatom communities 
has been widely used for monitoring water quality. The 
reasons for this include their sensitivity to environmental 
factors, worldwide distribution and the ease with which 
permanent slides can be prepared and stored. The initial 
development of a quantitative approach was largely due to 
Ruth Patrick and co-workers, who used artificial substrates 
placed in the river (e.g. Patrick, 1954), and put emphasis 
on taxonomic diversity to interpret the extent of pollution. 
Subsequently, several authors have developed 
autecological indices on the basis of ecological preferences 
of diatom taxa (Zelinka and Marvan, 1961). Most of diatom 
indices since then have been designed to assess the degree 
of organic pollution or trophic state such the ‘Trophic 
Diatom Indices’ of Hofmann (1994) and Kelly & Whitton 
(1995), the saprobic index of Sladacek (1986), the 
‘Pollution Index’ of Descy (1979), and the ‘Generic Diatom 
Index’ (Coste & Aypassorho, 1991).  
The sensitivity of diatoms to environmental factors not only 
allowed their use as indication of trophic state or pollution, 
but also was used to indicate salinity, pH and oxygen levels 
in ecological studies (Van Dam, 1994) and palaeo-
ecological studies (Smol, 1988)  

 
Because of these features, analysis of diatoms is a useful tool both for 
documenting environmental change (Cremer et al., 2001, Kirilova et al., 
2008) and for indication of present day ecological conditions (Van Dam 
et al., 1994, Kelly et al., 2008) (See Box 2). 
 
Environmental drivers of freshwater diatoms 
 
The occurrence of diatom species in aquatic ecosystems is the outcome 
of complex abiotic and biotic interactions. The driving factors first 
considered were environmental regulators such as light, temperature, 
nutrients, current, substrate type, resource competition and effects of 
grazers and have been reviewed elsewhere (Tuchman and Stevenson, 
1991, Oppenheim and Ellis-Evans, 1989, Hillebrand and Sommer 2000, 
Pringle et al., 1988, Horner et al., 1990). Particularly, a large number of 
studies dealt with the effects of nutrients on the development of biofilms 
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(Stenger-Kovács et al., 2007; Biggs and Smith, 2002, Hillebrand and 
Sommer, 2000, Pringle, 1990). Using experimental research, 
relationships between benthic algae and nutrients were established. In 
addition, mesocosms and enrichment studies in the field have been used 
to quantify algal growth in relation to nutrient concentrations more 
precisely. Many aspects of nutrient-limited growth, such as coupling 
between growth and nutrient uptake, optimum nutrient ratios and 
interactions with temperature and light, have now been studied. Increased 
nutrient supply is often reflected by an increased biomass of filamentous 
algae, especially of green algae. The dominance of these algae causes 
strong ecological changes in eutrophicated aquatic habitats (Dodds, 
2002). 
Turbidity, affecting light penetration into the water column, is potentially 
another important driver for the development of attached algal 
communities. Because photosynthesis responds quantitatively to 
variations in underwater light conditions, turbidity might also account for 
much of the variation in the physiology, population growth, and 
community structure of benthic algae (Stevenson et al., 1996, Tuji 2000). 
Community development and the self-shading that accompanies vertical 
expansion appear to be important in diatoms, altering photosynthesis–
irradiance responses and ultimately determining the community 
development (Tuji 2000). Turbidity caused by wind driven sediment 
suspension is particularly important in shallow waters (Stevenson et al., 
1996). Next to a reduction in primary productivity, sediment resuspension 
also homogenizes the benthic habitat (Wood and Armitage 1997) 
influencing the spatial distribution of diatoms.  
Other drivers besides environmental factors are for example substrate 
type. Because the physical structure of the biofilms creates a microhabitat 
that is chemically distinct from the overlying water, the interaction 
between benthic algae in their substrates has been a topic of great interest 
in algal ecology. Although many of the diatom species are habitat 
generalists or incidental colonizers of many different surfaces (Whitton, 
1975), some demonstrate more specialized substratum preferences in 
non-obligate ectosymbioses while others become tightly biochemically 
coupled “partners” in mutualistic endosymbioses with host plants, fungi, 
or animals (Meeks et al., 1987). 
The opportunities presented by new analytical techniques such as 
computer-based GIS and multivariate statistics have also enabled the 
definition of broader-scale relationships between benthic algal 
communities and geological features, land use, and climate (Soininen, 
2004, Potapova & Charles, 2002). Based on these definitions, new 
concepts arose regarding the drivers for algal ecology. For example the 
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concept of meta-communities where the local and regional mechanisms 
affect diversity and interact in a continuum of time and space, helping to 
establish a relationship between regional and local diversity (Ricklefs, 
2004). Following these new concepts the environmental drivers of 
distribution of diatom species will vary with the scale of observation. This 
view is expressed as ‘filtering’ according to different mechanisms that 
differ from local, regional and continental scales. The filtering principle 
is shown in Figure 1.1. Every species from a regional pool must pass 
through a series of nested “filters” in order to join the local community 
(Zobel, 1997). Filters are scaled habitat features that influence the 
probability the taxa with its specified traits being able to join and persist 
as a member of a local community (Soininen, 2007). To pass through a 
filter, a species must possess appropriate functional traits matching the 
selective characteristics of the filter. The regional species pool will be 
determined by the “history filter” which consists of large-scale historical, 
climatic and evolutionary factors such as migrations and speciation 
(Hillebrand and Blenckner, 2002). At the same time, the dispersal ability 
of the organism will be determined by the ̈ dispersal filter¨ which depends 
of the richness of the regional species pool, dispersal distance and the 
abundance of propagules. An “environmental filter” consists of habitat 
features or environmental factors which affect species distributions and 
will vary according to the scale. For example, species adaptation to local 
a-biotic conditions, their resistance to grazing or changes in the physical 
and chemical conditions (nutrients, turbidity) could be environmental 
drivers affecting species distributions at local scales. At a regional scale 
major ions concentrations, pH or conductivity conditioned by the geology 
of the regions, are environmental filters that have the stronger association 
with diatom communities. pH is consistently found to be one of the most 
influential parameters for diatoms in areas with relatively low water 
buffering capacity (Carpenter and Waite, 2000) and is a highly important 
variable for aquatic biota, regulating many physiological processes. 
Diatom species are ultimately regulated by continental factors such 
climate or topography (Potapova and Charles 2002, Verleyen et al., 
2009). 
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Figure 1.1. A conceptual model visualizing the assembly of local communities 
through a series of nested filters (modified from Hillebrand & Blenckner 2002 
and Verdonschot 2012). 
 
The present study followed the concept of environmental and spatial 
filters to study the drivers of diatom distribution in Dutch wetlands from 
local (few meters to few kilometers) to regional scale (North Holland 
province, ca. 50 kilometer).  
 
Spatial ecology of diatoms 
 
Studies on diatom community structure has long been centered on local 
environmental drivers instead of biogeographical factors but this has 
changed since regional influences (e.g. immigration, extinction, and 
history) on local community structure were emphasized (Hubbell 2008, 
MacArthur, 1967) and increasing evidence suggested that spatial factors 
alone, also determines the distribution of benthic algae (Verleyen et al., 
2009, Soininen 2004, Soininen et al., 2004, Astorga et al., 2012).  

Regional species pool

Local community

History filter: 
speciation, migration

Dispersal filter: 
pool richness, dispersal distance

Environment filter: 
adaptation, resistance, 
competitive ability, 
grazing 
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Spatial control determines community structure by dispersal, 
immigration-extinction dynamics, or other ecological processes such as 
mass effects or priority effects. The idea that communities of diatoms and 
other microorganisms are constrained by spatial factors lead to the view 
that micro-organisms may have limited long-distance dispersal. In that 
case, diatoms would also exhibit biogeographical and macroecological 
patterns and communities would then be controlled by local but also 
regional factors (historical, biogeographical and evolutionary) (Fig 1.1). 
This view is opposed to the traditional view that is based on an argument 
that diatoms or microbes in general, are cosmopolitan exhibiting even 
global meta-population dynamics facilitated by small size, high local 
diversity and huge population densities (Finlay, 2002; Fenchel and 
Finlay, 2004). This would require that communities are mainly under 
local environmental control, i.e. their distribution and abundance is 
controlled by contemporary ecological factors acting at a local scale (i.e. 
“everything is everywhere, environment selects”).  
 
 
Field sampling of diatoms 
 
Due to the worldwide use of diatoms as ecological indicators, field 
sampling, diatom preparation and counting are subject to frequently 
modified standardization procedures at European level since the end of 
the nineties (King et al., 2006, Kelly et al., 1998, Kahlert et al., 2012). 
Basically, diatoms are scraped from inert hard substratum (usually 5 
stones are recommended, if stones are not available, macrophytes can be 
collected). In The Netherlands, the widely available macrophyte 
Phragmites australis, common reed, is the recommended substrate for 
sampling benthic diatoms although no recommendation regarding the 
number of reed stems to be sampled exist in The Netherlands (STOWA, 
2010). Sometimes, instead of natural reed stems, clean reed stems are 
sampled after a colonization period of 4-7 weeks (STOWA, 2010). 
In the laboratory, the diatom valves are cleaned using 30% H2O2 and HCl. 
Clean valves are mounted in a resin (Naphrax©, or Permount©). Valves 
from each sample are counted and identified using a light microscope 
(1000x magnification). Identifications are carried out using Krammer and 
Lange-Bertalot (1986, 1988, 1991a, 1991b) and other specialized books 
to species and sub-species level.  
Different number of diatom valves have been recommended to identify 
in order to obtain representative information on the diatom community 
for ecological assessments. This recommendations go from 500 
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(Weilhoefer and Pan, 2006), 400 (Lavoie et al., 2005), 300 (Besse-
Lototskaya et al., 2006, Furse et al., 2006) to 200 (Kelly, 2002). In The 
Netherlands, 200 valves are recommended for monitoring purposes 
(STOWA 2010). Also there is at the moment no good procedure to deal 
with the diversity of rare species (represented by few or only one 
specimen per sample) while the number of rare species can be large.  
Despite the great effort in all studies mentioned above to standardize 
sampling diatom protocols, still some basic information is contradictory 
(e.g. the number of valves to identify, natural reed stems versus clean reed 
stems) or missing. Especially recommendations on the number of 
samples that needs to be taken and the sampling scale needed to 
adequately characterize the relevant ecological processes are not 
described. Considering the scale dependence in processes driving diatom 
community heterogeneity, it is important to know how this variability 
affects the ecological assessments (Box 3). 
 
Environmental characteristics of Dutch wetlands 
 
Around 40% of the Netherlands is found below sea level and wetlands 
consist largely of man-made water bodies. Sediment height and 
composition in these wetlands are largely determined by settling of 
suspended matter and human activities such as dredging. Water levels are 
regulated by pumping stations and vary in response to hydraulic regimes 
whereby the water table is fixed below the surface of the soil (Wolff, 
1993). As a consequence, the hydrology of channels and ditches is 
completely artificial and it does not follow the natural fluctuations in 
water level as generated by the seasonal differences in precipitation and 
river water discharge. Several characteristics of drainage ditches make 
them unique in comparison to other aquatic ecosystems, which is mainly 
the result of their anthropogenic origin (Figure 1.2) (De Lange, 1972). 
Ditches are relatively small (approximately 2-8 m wide and up to 1 m 
deep), and have a strictly regulated, linear shape. The small size of ditches 
leads to a large bottom surface-to-water volume ratio, resulting in a large 
influence of the processes taking place at the sediment/water interface on 
the physicochemical composition of the overlying water, for example, on 
nutrient- and oxygen levels (Verdonschot, 2012). Diel fluctuations in 
dissolved oxygen concentration are often substantial (Kersting and 
Kouwenhoven, 1989) and oxygen consumption during the night generally 
exceeds daily production. 
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Box 3: Diatom sampling protocols 
 
Sampling strategy for diatom monitoring has been 
extremely simple in the past. To counteract for the spatial 
variability at small scales (within few m2) pooling of several 
samples to make a composite sample was generally used. 
Today investments in standardized monitoring protocols 
have been made and define the surface area to be scraped 
and the pooling of samples from a site. However, some 
aspects are still missing such as the sampling scale which 
had received little attention and no defined strategy exists. 
The quantification of the variability in diatom communities 
within a water body has important implications for 
ecological studies with potential repercussions for applied 
biological monitoring. Rather than being a single metric, 
spatial scale has several components and the present study 
will address the effect of some of these components on the 
estimation of diatom biodiversity. See the figure below. 
 

 
 
Extent: the coarsest spatial or temporal dimensions that 
encompass all of the sampling unit; Grain: the dimensions 
to which data are standardized before analysis, often equal 
to the area or duration of the sampling unit; Sampling unit: 
the spatial and/or temporal dimensions of the collection 
unit. (Following Scheiner, 2011). 
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This result in recurring periods of hypoxia, which is most often observed 
in the second half of the night and early morning. Moreover, Dutch 
wetlands are under direct influence of intensively used agricultural and 
urban areas. The impact of these anthropogenic activities on soil, 
groundwater, surface water and nature in the Netherlands is currently the 
highest in Europe, due to contamination, nutrient enrichment and 
alkalinization (Warmer and van Dokkum, 2002). 
 

 

 
Figure 1.2. A: Linear ditches characteristic of Dutch wetlands, usually very 
shallow, with absent or scarce submerge vegetation. B-C: The most abundant 
emergent macrophyte in Dutch wetlands (Phragmites australis) with fully 
developed algal biofilms. B-C taken from Handboek Hydrobiologie, Stowa 
(2010). 
 

A 

B C 
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In certain areas, nutrient enrichment is further enhanced by the common 
practice of letting in river water during summer, which has an important 
negative side effect of increasing chloride concentration (Higler and 
Verdonschot, 1989). A substantial part of Dutch wetlands are peatlands 
which contain a thick water-logged organic soil layer of peat (up to 5 m) 
made up of dead and decaying plant material. The effects of nutrient 
enrichment and alkalinization are even more prominent in peatlands, 
because higher alkalinization promotes the oxidation of the peat layer 
with consequent release of nutrients, a process called internal 
eutrophication (Smolders et al., 2006). This is reinforced during periods 
of strong winds, in where the sediment is stirred up by the wind and by 
the open connectivity of peatlands (van Dam, 2007). Both processes lead 
to highly eutrophic and turbid waters. 
Ecological consequences of changes in water quality and the associated 
change in aquatic vegetation are profound. Firstly, the loss of the 
underwater habitat structure provided by submerged macrophytes results 
in the impoverishment of the macro-invertebrate and fish assemblages of 
lentic aquatic systems (Declerck et al., 2005). With the disappearance of 
the submerged vegetation, a crucial component of the ditch ecosystem is 
lost leading to degraded communities of macro-invertebrates (Whatley et 
al., 2013). Secondly, an increased organic load and the associated 
increased bottom oxygen demand leads to prolonged periods of hypoxia 
and severe algal blooms. Thirdly, agriculture, dredging and construction 
have contributed strongly to the recently observed increases of suspended 
matter in Dutch wetlands (Van Dam, 2007). In the Dutch peat dominated 
wetlands eutrophication also resulted in the partial degradation and 
resuspension of peat (Smolders et al., 2006). Biodiversity of aquatic 
plants, microphytobenthos and macroinvertebrates in Dutch wetlands is, 
therefore, very low (van Dam 2007).  
Most of the lowland peat and ditch systems in The Netherlands have a 
bad or moderate water quality, thus below the expected standard and no 
reference conditions in these systems exist. Scientific knowledge about 
the relationship of environmental drivers and diatom distributions in these 
dynamic and complex systems are needed in order to optimize current 
monitoring techniques. Because of the environmental characteristics and 
shallowness of Dutch wetlands, it is expected that processes at the 
sediment water interface (like nutrient cycling, oxygen consumption or 
sediment resuspension) may be key drivers for the distribution of benthic 
diatoms and therefore a central focus in the present thesis. 
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Objectives and outline of the thesis 
 
The identification of drivers for the distribution of diatoms represents a 
real challenge in highly eutrophic and degraded systems such as Dutch 
wetlands because of their dynamism and regular fluctuations in water 
chemistry due to strict water management. Distribution patterns of 
diatoms will be analyzed following the concept of nested ecological 
filters (Fig. 1.1), progressing from local to regional scales. Since the 
ecological filters or selection mechanisms in diatom communities have 
not been clarified sufficiently to understand the distribution of species I 
concentrated on regional communities in a network of ditches and 
investigated spatial factors and environmental conditions associated with 
eutrophication and degradation of peat. Present day diatom monitoring in 
the region has not been optimized for ecological quality assessment. 
These considerations prompted me to set the following objectives: 
 

1. To determine the dominant drivers dictating the current 
distribution of diatom species in Dutch wetlands  

2. To weigh the importance of sampling design in estimating the 
spatial patterns of diatom communities. 

3. Test and optimize ecological monitoring based on diatoms. 
 
These objectives have been the focus of a series of studies as explained 
below. Figure 1.3 gives a schematic overview of the structure of the thesis 
and the accompanying chapters. The increase of suspended solids in the 
drainage ditches in the Netherlands is hypothesized to be a key driver 
affecting the diversity and physiognomy of diatom communities. Chapter 
2 combines laboratory and field experiments with a survey of field sites 
to elucidate the impact of organic particles (peat) on the development of 
benthic biofilms. The combined approach is based on a mesocosm 
experiment that controls the factor turbidity and field observations 
encompassing a turbidity gradient. The role of other possible 
environmental drivers are also discussed. The increasing evidence for a 
high degree of regional patchiness as a result of spatial processes, 
necessitated an analysis of the role for both environmental and spatial 
processes in shaping the distribution of diatoms. This analysis is carried 
out in Chapter 3. It has been long recognized, that artifacts of the 
sampling design (such the extent, grain or sampling effort) could have 
large effects on our estimation of diversity patterns. In addition, the effect 
of different sampling designs have been scarcely tested for 
microorganisms, assuming that the spatial dimension is less prominent 
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than in higher organisms. Is therefore that in Chapter 4 the effect of 
sampling design (including sampling extent, regime and sampling effort) 
is investigated in two contrasting ecosystems. In Chapter 5 a long data set 
provided from the Dutch water board Hoogheemraadschap Hollands 
Noorder Kwartier (HHNK) is used to investigate the main drivers 
responsible for diatom community typology and physiognomic structure 
at regional scales. In Chapter 6 (Concluding remarks) I will discuss the 
main findings of the thesis and extract the practical information for 
further monitoring and ecological management of regional waters. 
 
 

 
Figure 1.3. Outline of this thesis. 
 



 

 



 

 

 
  



 

 

Chapter 2 
 

Suspended organic particles  drive the 
development of attached algal communities  

in degraded peatlands 
 
 

 
 
 
  

Cyclotella krammeri 
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Abstract 
 
Mineral particles in rivers have been shown to cover adnate algal 
species, promoting motile and filamentous species. Such effects and the 
role of detrital particles have not been studied in stagnant waters. In 
degraded peat lands detrital particles are very prominent and therefore 
we studied the interaction of organic particles and attached algae. Field 
grown communities were translocated to microcosms and exposed to 
organic particles in the laboratory. Colonization of substrate was also 
studied in field enclosures that allowed settlement of particles. We 
compared algal settlement under low particle regime (enclosures) with 
settlement at high particle concentration (outside). Suspended particles 
were found to be trapped by attached algae in proportion to the 
concentration of particles. The presence of particles in the incubations 
and field enclosures modified species composition, reducing the share 
of low-profile forms. These experimental results were verified in a field 
survey with a wide range of turbidity. The share of low profile species 
was lowest in turbid ditches while motile and planktonic algae 
dominated, in agreement with the results from experiments. It is argued 
that the strong interactions of attached algae and suspended organic 
matter found in peat land ditches is a characteristic feature of detritus 
rich waters. 
 
Introduction 
 
The concentration of suspended particles has increased with time in 
lowland peat lakes and wetlands, mainly due to degradation of the peat 
layers stimulated by alkalinization and nutrient enrichment. 
Alkalinization has increased due to the practice of letting in alkaline 
river water, and is responsible for an increased mineralization of the 
peaty substrates (Roelofs, 1991). In addition, in agricultural lands, large 
amounts of phosphate and nitrate may be leached from the top layer to 
the deeper soil layers increasing the decomposition of the peat, and 
resulting in large amount of fine organic material deposited in the 
bottom of the ditches (Smolders et al., 2006). These eutrophic and peaty 
waters contain now large stocks of organic debris subjected to 
suspension-deposition cycles. Although larger peat fragments can settle 
again, fine detritus remains in the water column for several weeks after 
resuspension (Otten et al., 1992). 
Water turbidity has been identified as an important factor for aquatic 
ecosystems especially for plants and algae (Wood & Armitage, 1997). 
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Suspended sediment particles reduce the penetration of light into the 
water, thereby reducing photosynthesis (Van Nieuwenhuyse & 
LaPerriere, 1986; Hill, 1996), and leading to smothering of attached 
communities (Izagirre et al., 2009). Suspended particles are known to 
be trapped and immobilized by biofilms (Jowett & Biggs, 1997) causing 
a change in the structural composition of the biofilms and a subsequent 
reduction of stable attachment surfaces resulting in reduced 
colonization and growth of algae (Wood & Armitage, 1997; Yamada & 
Nakamura, 2002). Although these effects on phototrophic biofilms have 
been demonstrated for inorganic particles (e.g. Shaffer, 1984; Graham, 
1990; Van Nieuwenhuyse & LaPerriere, 1996; Wulff et al., 1997; 
Francour et al., 2006; Izagirre et al., 2009; Jones et al., 2014), effects of 
trapping of particulate organic matter largely remained unknown. Yet 
studies confirmed that the mineral content and characteristics of 
suspended particles may differ for example in their ability to interact 
with algae (Cuker et al 1990). It is hypothesized that organic particles, 
as the ones resulting from peat degradation may be trapped by benthic 
algae, and thereby change the development of algal communities. 
Algae with different growth forms are differently influenced by effects 
of particle trapping by biofilms. Motile species can actively migrate 
from covered areas, while algae adhering flat to substrates will be 
covered. Vulnerability of filamentous forms extending into the water 
could be dependent on adhesion of particles to their thalli, a process 
enhanced by mucus sheaths (Burkholder, 1991; Avnimelech et al., 
1982). Based on these observations, Passy (2002, 2007) presented the 
concept that growth forms of attached algae can be presented as 
ecological guilds that respond differently to disturbance caused by flow 
regime, nutrient regime and particle deposition. Indeed, in stream 
habitats subjected to increasing sedimentation of fine particles the 
fraction of ‘motile diatoms’ has been observed to increase (Dickman et 
al., 2005; Izagirre et al., 2009; Jones et al., 2014). Moreover, the 
dominance of motile diatoms on the surface of unstable sand flats or 
intertidal mudflats (Consalvey et al., 2004; Licursi et al., 2006) provides 
additional confirmation of the response of algal guilds to increased 
deposition of particles. 
We hypothesize that in eutrophic peat ditches increased loads of 
suspended organic particles result in enhanced trapping of particles in 
phototrophic biofilms and alterations of algal community composition 
within these biofilms. For this purpose, we investigated the impact of 
increased concentrations of organic particles in degrading peat lands on 
the attached algal community composition and guild structure in three 
settings. First, an indoor microcosm experiment was carried out to 
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analyse the effects of suspended organic particles on the development, 
density and species composition of phototrophic biofilms. 
Subsequently the findings were verified in an in situ experiment with 
enclosures artificially reducing turbidity under field conditions. Finally, 
we compared the diatom community composition, based on growth 
forms, of attached algae on reed stems in a survey of peat ditches in 
three wetlands covering a wide range of turbidity.  
 

Material and methods 
 
Locations 
 
To determine the effects of suspended organic particles on attached 
algal communities, three experiments were performed using algal 
communities from three wetland areas that differ in their degree of 
eutrophication fulfilling criteria for mesotrophic (Naardermeer), 
eutrophic (Oostzanerveld) and hypertrophic (Wormer en Jisperveld) 
conditions (henceforth we called the areas using their trophic status). 
Each wetland (ca. 10‒20 km2 and less than 30 km apart) is dominated 
by a system of shallow, interconnected ditches in which the water tables 
are kept within strict limits and with banks bordered by reed belts 
dominated by Phragmites australis (Cav.) (Steudel). The three areas 
differ in their concentration of suspended solids reflecting strong 
differences in turbidity. A microcosm experiment was carried out using 
material (algal communities, water and suspended particles) from the 
hypertrophic area. The in situ enclosure experiment was carried out in 
the same area, while the field survey also included the eutrophic and the 
mesotrophic area. We tested the effect of peat particles using biofilms 
from the most degraded area (hypertrophic) to test if a change in peat 
particle concentration has an effect in benthic algae independently of 
the high nutrient concentrations. Yet, hypertrophic conditions are the 
predominant nutrient status in North Holland province.  
 
Microcosm experiment 
 
The effect of suspended particles on freshwater biofilm composition 
was tested using glass discs colonized by biofilms from nutrient rich 
peat lands. Biofilms were exposed to degraded peat particles collected 
from the peat land ditches. Sand blasted glass discs (1.3 cm2 surface) 
were placed vertically in polyethylene racks at 25 cm under the water 
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surface during 4 weeks in the hypertrophic area. After this colonization 
period, racks were collected and intact racks with holders were placed 
vertically in plastic flasks filled with water from the corresponding 
location and transferred to the laboratory within ca. 1 hour. In addition, 
peat sediment was scooped from the top sediment layer with a hand-
held sampling net. After centrifugation (5000 rpm., 20 min.) to separate 
the sediment particles from the pore water, the particles were freeze-
dried (Freeze Dryer Scanvac CoolSafe 55-4 Pro) at – 53 °C (Malcolm, 
1968). Prior to use, the particles were sieved (mesh size 150 μm) to 
remove larger plants fragments.  
The attached algal communities on the glass discs were exposed in four 
conical vessels to different concentrations of peat particles (0, 200, 300 
and 500 mg L-1) over a period of 4 weeks in the laboratory. These 
concentrations encompass particle concentrations observed in the field. 
To this purpose, twenty colonized discs were vertically suspended in 
the water column of each vessel filled with 1.5 L of filtered (150 μm) 
water collected from the field and refreshed twice per week. The conical 
design of the vessels (Fig A2.1) coupled to a peristaltic water pump 
(Cole Parmer Masterflex) provide a vertical water flow (from the top to 
the bottom) with a discharge of 2.7 mL s-1, sustaining a continuous 
recirculation of the suspensions but avoiding disruption of the attached 
communities. Biofilms were exposed to 10/14 hour light/dark cycle 
with a light intensity of 110 μmol photons m-2 s-1 at the biofilm surface 
and a temperature of 18 °C. In order to test the effect of particle trapping 
on freshwater biofilms separated from effects of light attenuation 
resulting from an increased turbidity, light intensity levels at the 
biofilms discs were kept similar. To this purpose, light intensities above 
the treatments were adjusted to compensate for differences in light 
attenuation in the water column.  
During the four weeks of the exposure experiment, pH (WTW pH/Oxi 
340i/set meter), conductivity (WTW LF 92 meter) and turbidity (WTW 
TURB 350 IR meter) were measured daily. Total nitrogen and total 
phosphorus were measured in the water column (according to NEN 
6646 and 6645 respectively) before and after refreshing the water. 
After 4 weeks of exposure, using an Olympus BH2 Fluorescence 
microscope (400x), 27 pictures of the biofilms were taken randomly per 
treatment in which particles show up in light green because of their 
organic content (protein, fulvic and humic fluorescence; Senesi et al., 
1991). The light green particles were extracted from the pictures by 
colour thresholding (Fig A2.2), after which the trapping of particles was 
quantified by calculating the percentage cover of the total surface disc 
area using ImageJ 1.44p software. Because the biofilms grown in the 
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glass disc were relatively thin, we estimated the percentage cover of 
algae and particles assuming a flat (2-dimensional) biofilm surface. In 
addition, the species composition of biofilms was determined by the 
identification of 600 algal cells or filaments of two replicate glass discs, 
after scraping and suspending the biofilm in 10 ml of water. 
Identification of cells to genus level was determined according to John 
et al. (2002) and Hofmann et al. (2011). Finally, the absolute number of 
cells was counted using a Bürker-Türk counting chamber at 400x 
magnification (Olympus BH2 light microscope), taking three 
measurements per glass disc. Benthic algae were classified into growth 
forms following Izagirre et al. (2009) and Rimet & Bouchez (2012). 
 
In situ enclosures 
 
To determine the effects of turbidity on biofilm development in the 
field, we placed a transparent acrylic tube of 30 cm diameter in two 
different ditches in the hypertrophic area (locations A and B), creating 
two areas where no resuspension of peat particles could occur. The 
length of the acrylic tube was adjusted to the depth of the ditch (30 and 
70 cm for location A and B respectively) with 20 cm of the tube pressed 
in the peat sediment to stabilize it against wind and other physical 
disturbances and 10 cm of the tube extending above the water level. Ten 
uncolonized reed stems (dead, clean and never placed in the water 
before) were placed inside and outside the enclosures for colonization 
of biofilms on the natural substrate. Water quality in- and outside the 
tubes was monitored after 8 weeks. Turbidity was measured in situ 
using a Hach 2100Q portable turbidity meter using NTU 
(Nephelometric Turbidity Units). Water pH and oxygen concentrations 
were measured with a portable field meter (Hach HQd Field Case). 
Chloride and sulphate concentrations were determined with photometry 
and continuous flow analysis using standardized national protocols 
accredited by the Dutch Standards Institute (NEN-EN-ISO-15682 and 
NEN-EN-ISO-22743, respectively). Total nitrogen and total 
phosphorus concentrations were determined as described for the 
microcosm experiment. 
After 8 weeks, the colonized reed stems were collected and diatom 
samples were obtained from 10 cm long sections, 5-15 cm below the 
water surface. Reed sections were cut into pieces, cleaned with HCl to 
release all attached diatoms from the stems and the algal suspensions 
were then subjected to H2O2 digestion. Diatom samples were mounted 
on microscope slides with Permount Mounting Medium (Fischer 
Scientific, Pittsburgh) and from each sample 400 to 500 diatom valves 
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were identified (using a light microscope at 1000x magnification). 
Taxonomic identification was based on Krammer & Lange Bertalot 
(1986-1991) and Hofmann et al. (2011). In addition, visual observations 
on green algae and cyanobacteria were made following John et al. 
(2002).  
Diatom species collected from the field enclosure experiment, and also 
from the field survey, were classified in ecological guilds according to 
Rimet & Bouchez (2012). The relative abundance of the four ecological 
guilds (low profile, high profile, motile and planktonic) was based on 
the cell numbers identified up to species level. 
 
Field survey 
 
Composition of attached algal communities was determined in three 
wetlands covering a range in turbidity. In the hypertrophic area (most 
degraded and turbid), eutrophic (intermediate), and mesotrophic 
(natural reserve, low turbidity), ten diatom samples were collected in 
April and May (2011). Each sample consisted of 30 pooled reed stems 
from which the algal community of the upper 10 cm was collected and 
analysed using the same approach as described for the field enclosure 
experiment above. In addition, abiotic variables were recorded each 
time a diatom sample was collected. Surface water pH, oxygen 
concentration, turbidity, total nitrogen, total phosphorus, sulphate and 
chloride were determined using the methods described for the 
microcosm and field enclosure experiments 
 
Statistical analyses 
 
When necessary to fulfil normality or equal variances assumptions, data 
were logarithmic transformed. To compare algal densities and particle 
coverage between the treatments of the microcosm experiment, One-
way analysis of variance (ANOVA), followed by a Tukey HSD post-
hoc analysis were performed. Differences in abiotic conditions were 
determined using ANOVA for the microcosm treatments, for the inside 
and outside of the field enclosure, and for the survey of the three studied 
wetlands. Changes in relative abundance of diatom guilds with turbidity 
over the three wetlands were analysed using linear regression. An 
ordination (RDA analysis) of communities according to the four 
ecological guilds of diatoms was constructed. The measured 
environmental parameters were explored as explanatory drivers of guild 
composition. Statistical analyses were performed with IBM PASW 
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Statistics 17.0 and Canoco 4.5. Statistical significance was defined as P 
≤ 0.05. 
 
Results 
 
Microcosm experiment 
 
Increasing concentrations of suspended peat particles in the different 
treatments indeed resulted in a significant increase in turbidity, with 
average (± SD) values of 14 ± 4, 68 ± 9, 119 ± 18 and 197 ± 16 NTU 
measured in the 0, 200, 300 and 500 mg peat L-1 treatments, 
respectively, during the four weeks period (ANOVA, F3,40 = 392.2, P < 
0.001). With increasing peat particle concentrations, also total nitrogen 
and total phosphorus concentrations increased. Total nitrogen and total 
phosphorus were significantly lower in the treatment without particles 
compared to the treatment with the highest particle concentration (total 
N: 3.3 ± 0.5 and 10.9 ± 2.2 mg N L-1, ANOVA F3,12 = 10.10, P = 0.001; 
total P: 0.25 ± 0.21 and 0.77 ± 0.28 mg P L-1, ANOVA F3,12 = 19.53, P 
< 0.001, respectively). 
The amount of particles trapped by the biofilm, expressed as percentage 
cover of the surface area was significantly different between the 
treatments (ANOVA, F = 5.148, P = 0.002) with intermediate values at 
particle concentrations of 200 to 300 mg L-1 and the highest particle 
trapping values at 500 mg L-1 (Fig. 2.1).  

 
Figure 2.1. Amount of particles trapped in phototrophic biofilms (expressed 
as % coverage of the total surface area) exposed to increasing suspended 
particle concentrations. The letters denote statistically homogeneous groups 
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(One-way ANOVA F = 5.148, P = 0.002; Tukey HSD 5% error probability). 
Error bars indicate 95% confidence intervals (n = 27). 
 
The algal density at the end of the incubation period (number of algal 
cells μL-1) decreased with increasing peat particle concentrations 
(ANOVA, F3,7 = 14.08, P = 0.014; Fig. 2.2a). Elevated concentrations 
of peat particles influenced species richness of the biofilms. At the 
highest particle concentration (500 mg L-1), we observed 8 taxa less 
compared to the treatment without particle addition (from 31 species in 
the control treatment to 23 species in the treatment with the highest 
particle concentration) and filamentous green algae (orders 
Ulotrichales, and Klebsormidiales) completely disappeared (maximum 
abundance of these species in the treatments with lower concentration 
of particles were 4 and 6 filaments). The branched filaments of green 
algae (genera Chaetophora and Cladophora) already disappeared at the 
lowest concentration of added particle exposure (200 mg L-1). Densities 
of other algal groups, like unicellular green algae (Chlorococcum and 
Keratococcus) and unicellular diatoms (Nitzschia), were not negatively 
affected by increasing particle concentrations. In contrast to colonial 
Chlorophytes, the relative importance of colonial Cyanobacteria 
(Microcystis or Merismopedia) strongly declined with increasing 
particle concentrations (Fig. 2.2b,c). Overall, unicellular diatoms were 
the main morphological group under all treatments, and even accounted 
for around half of the attached algal community at the highest particle 
concentration (Fig. 2.2d). 
 
In situ enclosures 
 
The water turbidity inside the tube was strongly reduced when 
compared to outside the tubes (on average 5 and 39 NTU respectively). 
Also total P and total N concentrations were lower inside the tubes than 
outside (0.31 and 0.24 mg P L-1 and 4.3 and 3.2 mg N L-1, respectively). 
No differences in chloride and sulphate concentrations were observed 
between in- and outside the tubes. Clear differences in appearance 
between reed stems colonized after 8 weeks inside and outside of the 
tubes were observed (Fig. 2.3). 
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Figure 2.2. Algal density (a) and community composition (b-d) of the biofilms 
after four weeks of exposure to particles in a microcosm. Total cell numbers 
were divided into morphological groups derived from 600 identified algal cells 
or filaments per treatment. The algal community consisted of three Phyla: 
Chlorophytes (b), Cyanobacteria (c) and diatoms (d) and three different 
morphological groups: unicellular (checker), colonial (solid) and filamentous 
(vertical). Only Chlorophytes contained all morphological groups. 
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The ‘outside’ communities (Fig. 2.3a) were dominated by mats of green 
algae and diatoms with tufts extending in the water and with an 
accumulation of dark particles, most likely peat fragments or other 
detritus. The ‘inside’ communities (Fig. 2.3b) were characterized by a 
conspicuous expansion of green colonial algae and much lower 
quantities of visible brown material, diatoms and peat. The attached 
green algae species Chaetophora pisiformis (Roth) C.Agardh, 
Characium sp. and Coleochaete orbicularis Pringsheim were observed 
on reed stems inside the tubes, whereas only very low numbers of C. 
orbicularis were seen outside the tubes. 
 

 
 
Figure 2.3. Examples of the different appearance of reed stems colonized after 
8 weeks outside (a) and inside (b) of the field enclosures (tubes). The outside 
communities are dominated by mats of green and brown algae, peat fragments 
and detritus. The inside communities were characterized by green colonial 
algae and lower quantities of visible brown material, diatoms and peat, 
showing benthic green algae species such Coleochaete orbicularis and 
Chaetophora pisiformis. 
 
In addition, large differences were observed in the species composition 
and relative abundance of the diatom species growing on the reed stems 
in- and outside the enclosures (Fig. 2.4). This difference in species 
composition was also strongly reflected in the distribution of the 
ecological guilds. Communities in the clear water inside the enclosures 
were dominated by motile taxa with a large fraction of high profile taxa, 
while in the turbid water outside the enclosures planktonic and motile 
taxa comprised the dominant ecological guilds (Fig. 2.5). 

a) b)
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Figure 2.4. Diatom community composition after colonisation of reed stems 
placed inside and outside field enclosures for 8 weeks at two locations in the 
hypertrophic area (A and B). The reduced turbidity inside the enclosures (5 
NTU) versus outside (39 NTU) strongly influenced community composition at 
genus level. Although the species composition was different between the 
locations, for most genera similar patterns were observed. (Only genera with 
more than two counted individuals were included, i.e. 15 out of 27 genera 
observed). 
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Figure 2.5. Distribution of diatom ecological guilds present on reed stems 
colonized inside and outside field enclosures at both locations (A and B). 
Communities in the low turbidity waters inside enclosures (5 NTU) are 
dominated by motile taxa (> 60% of all individuals identified inside), followed 
by high profile taxa. In the turbid waters outside the enclosures (39 NTU), 
planktonic and motile species share 80% of the identified species in the 
biofilms. 
 
Field survey 
 
The three studied areas represent a wide range of turbidity (0.93‒63.2 
NTU), total P (0.02‒0.59 mg P L-1) and total N (0.07‒5.60 mg N L-1), 
while the eutrophic area had higher chloride (average 417 mg L-1) and 
sulphate (104 mg L-1) concentrations compared to the other two areas 
(on average 102 mg L-1 and 59 mg L-1, respectively). The representation 
of morphological guilds of diatoms sampled from the different areas 
was first evaluated in relation to turbidity only. The fraction of high 
profile diatoms was positively related to water turbidity, while the 
fraction of motile diatoms showed no relationship with turbidity. The 
percentage of low profile and planktonic diatoms showed a strong and 
significant relationship, negative and positive respectively, with water 
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turbidity (NTU values) in the three wetlands (Fig. 2.6). The diatom 
guild composition in the three wetlands was clearly different, as shown 
by the separation of the locations in an ordination diagram of the diatom 
guilds together with the environmental factors (Fig. 2.7). Diatom guild 
composition in the mesotrophic area was separated from the other sites 
in close correspondence with the higher chloride and sulphate 
concentration. Diatom guild composition was also strongly ordinated 
according to the turbidity, total N and total P concentrations, pH and 
oxygen concentrations. These latter variables together represented a 
strong eutrophication gradient.  
 
 
Discussion 
 
In this study we showed that suspended particles accumulating in the 
degraded peat lands interfered strongly with the development of 
attached algal communities. Using controlled laboratory experiments 
and observations in field enclosures manipulating water turbidity, we 
demonstrated that organic particles were trapped by the biofilms 
resulting in direct effects on the composition of phototrophic biofilms. 
A key factor in the interaction between detritus particles and biofilm 
communities is the formation of algae-particle aggregates (Jackson, 
1990). Detrital particles contain organisms such bacteria, rest of dead 
cells and can provide nutrients to the benthic algae as well. These 
characteristics of detrital particles make them more likely to form 
aggregates with algae and increase trapping efficiency (Biddanda, 
1985). In addition, the probability of encounters between particles and 
algae in the biofilm matrix is firstly determined by particle 
concentration and the spatial structure of the biofilm (Jackson, 1990; 
Guenter & Bozelli, 2004). Moreover, algae can provide a sticky surface 
by secreting polysaccharides or mucilage in which particles can be 
trapped (Graham, 1990; Kiørboe et al., 1990). In general, larger celled 
species, characteristic of later successional stages, and colonial forms 
with extensive outer mucus sheaths that do not fragment easily, such as 
in filamentous, branched green algae and desmids, get rapidly covered 
with particles (Avnimelech et al., 1982; Burkholder, 1991). These 
species and forms are the first ones affected by particle trapping, even 
at the lowest concentration of particles as observed in the present study. 
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Figure 2.6. Relative abundance of diatom ecological guilds correlated to 
water turbidity in three wetland areas mesotrophic (squares), eutrophic 
(triangles), and hypertrophic (diamonds). The relationship between the high 
profile guild (a), planktonic guild (b) and low profile guild (c) with turbidity 
were fitted with linear regressions (F1,26 = 8.3, P = 0.008, R2 = 0.24, F1,26 = 
62.0, P <0.001, R2 = 0.70, F1,26 = 78.1, P < 0.001, R2 = 0.75, respectively), no 
significant correlation was observed for the motile guild (F1,26 = 0.1, P = 0.55; 
not shown). Two observations with an outlying NTU value of 64 were omitted. 
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Figure 2.7. RDA showing the relationship between diatom ecological guilds 
and environmental variables. The diatom community composition according 
to ecological guilds was different for attached algal communities in the three 
wetland areas: mesotrophic (squares), eutrophic (triangles), and hypertrophic 
(diamonds). The cumulative percentage of variance of the guilds – 
environment relation in the RDA analysis (permutation pseudo-F = 19.1, P = 
0.002) was 78.0% for axis 1 and 85.3% for axis 2. The eigenvalues for the axes 
were 0.7798 and 0.0735, respectively. 
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Unicellular species (whether true planktonic or species with a mixed 
benthic-planktonic life cycle) do not experience these negative effects 
by particle trapping to the same extent as larger algal colonies and 
filaments and therefore have an advantage in turbid environments (Gray 
& Ward, 1978). Other ecological aspects such as gliding motility of 
diatoms and cyanobacteria (Hoiczyk, 2000) or the fact that some 
diatoms are able of survive under low irradiance and darkness 
(Admiraal, 1984) increase the efficiency of these groups of algae to 
inhabit substrates which are rich in deposits formed by suspended 
particles. 
In the present study, four morphological guilds of benthic diatoms were 
effective to classify communities from the three peat land areas 
differing in their degree of eutrophication and subsequent water 
turbidity. Planktonic diatoms (true plankton trapped in the biofilms or 
species with mixed benthic-planktonic life cycle) made up a large 
fraction of the diatom community in the most hypertrophic wetland, 
with the genera Cyclotella, Cyclostephanos, Stephanodiscus and the 
species Staurosirella berolinensis (Lemmermann) Bukhtiyarova 
capable of occupying both benthic and planktonic habitats. The 
prominence is evidently caused by the dense phytoplankton in this area, 
indicated by the high chlorophyll-a concentration exceeding 100 μgL-1. 
Since planktonic algae are themselves causing part of the particles in 
turbid water, trapping of both degraded peat particles and 
phytoplankton cells may co-occur, especially during the spring bloom 
(around April) when planktonic diatoms abound. At the other end of the 
spectrum, in the clear waters of the mesotrophic area the attached 
diatom communities are characterized by a 65 to 95% predominance of 
adnate species, a percentage characteristic for low nutrient water 
(Passy, 2007).  
Despite the rapid generation times, algal communities in natural 
systems can carry a significant legacy of past disturbance with the 
persistent algae withstanding the disturbance contributing to recovery 
and influencing the new community composition (Peterson, 1996). 
Inside our enclosures with artificially low turbidity and probably low 
numbers of phytoplankton we did not observe an establishment of low 
profile, adnate diatom species such as observed in the clear water 
ditches. Besides creating an area with low turbidity, the enclosures also 
minimized water movement and which could affect the species and 
formation of biofilm structures. Instead of adnate diatoms, benthic 
branched green algae (e.g. Chaetophora sp., Coleochaete sp.) expanded 
on the reed stems introduced in the enclosures. Although not a part of 
the ecological guilds of the diatoms, green algal colonies form a 
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morphological analogue of the low profile diatoms and may compete 
effectively under the transient conditions of high nutrient levels, low 
degree of colonization and low concentrations of suspended particles. 
Such branched colonial forms like species of the genus Chaetophora or 
Coleochaete grow under high light conditions (Andersen & Walker, 
1920; Jorgensen, 1994). On the other hand, the dominant green algae of 
the genus Ankistrodesmus or Monoraphidium present outside the 
enclosures reacted to sedimentation by colony fragmentation 
(Burkholder, 1991). Based on these observations we conclude that 
ecological guilds of attached algal species are sensitive indicators of 
turbidity and nutrient conditions in peatland waters. Jones et al. (2014) 
proposed to couple diatom indices to sediment stress models as a 
weight-of-evidence methodology for sediment management for 
freshwater ecological status in running waters. Likewise, the combined 
analysis of diatom indicator species together with data on suspended 
particles as done in this study could help in defining targets to improve 
the ecological status of degrading peatlands. 
The field survey showed a strong influence of environmental variables 
(total N, total P, and oxygen) in addition to turbidity on attached algae 
and that these two drivers (particles and nutrient concentration) are 
tightly linked. The transport of nutrients to the benthic environment 
caused by the trapping of particles can further enhance the shift in the 
diatom communities towards species characteristic of nutrient-rich 
conditions (Jones et al., 2014). However, evidence from the microcosm 
and field enclosures revealed that changing solely particle 
concentrations, profound effects on algal diversity and composition 
occur. Thus, both drivers (particles and nutrient concentrations in the 
water column) have a distinct but a synergistic effect in aquatic systems. 
The enhanced nutrient concentrations in turbid systems resulted from 
high particle concentration but also from the practice of letting in river 
mineral water in Dutch wetlands. 
Human-induced eutrophication in peatland areas in The Netherlands is 
a serious environmental problem with negative effects on aquatic biota. 
The low-lying peat lands may be particularly sensitive to eutrophication 
since the peat deposits are subject to high rates of microbial degradation 
(Smolders et al., 2006) and as a result large volumes of fine organic 
particles fill up the ditches. In the hypertrophic area this accumulation 
of unstable deposits urged for intensive dredging schemes (Van der 
Does et al., 1992). It may be argued that the enrichment with nitrogen 
and phosphorus compounds from local agriculture drives the factor 
turbidity via the rate of peat degradation rather more so than via direct 
effects on phytoplankton development. The present study demonstrates 
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that biofilms may trap the suspended organic particles resulting in a 
distinct effect on periphyton communities. Jointly with the negative 
effects of light attenuation and nutrient enrichment, particle load on 
surface waters is likely to form an important driver for the observed 
changes of benthic algal communities. Floccules of detritus may arise 
from different main sources such as aquatic plants, phytoplankton and, 
especially in peat lands, from degradation of organic soils. All the 
organic material is subject to microbial colonisation and coagulation 
processes in water. Therefore it is likely that the interaction between 
suspended organic particles and attached algal communities shown in 
the present study is a common feature of shallow aquatic systems. 
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Appendix 2  
 

Figure A2.1 Racks with colonized glass discs were suspended in conical 
plastic vessels. A water tube pump was connected to the vessel for the 
recirculation of suspended particles in counter-clock wise direction. 
 

 

Figure A2.2 Fluorescent images of biofilms (red) with incorporated particles 
(bright green) on glass discs (dark green background) after an incubation 
period of 4 weeks with 500 mg/ peat 
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Eutrophication decreases distance decay of 
similarity in diatom communities  
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Abstract 
 
The distance-decay relationship has been claimed to be a predictor for 
biological diversity because it unites several ecological phenomena 
such as dispersal ability and environmental structure. The effect of 
long-term disturbances on distance decay, however, has been widely 
overlooked, especially for microorganisms. We examine the effect of 
eutrophication on the distance-decay relationship in communities of 
attached diatoms in three peatland areas: mesotrophic, eutrophic and 
hypertrophic. The study follows a spatially explicit sampling scheme, 
collecting evenly spaced samples along 6-km sampling tracks. The 
three areas shared 24% of the total number of species, but the different 
nutrient levels in the three areas are reflected by the prominence of low 
profile and planktonic diatom species. Our study demonstrates that 
eutrophication can affect distance-decay relationships by decreasing 
turnover rates in microorganisms. Diatom communities are shown to be 
constrained by both environmental and spatial features, whose relative 
importance depends on the degree of eutrophication. Under eutrophic 
conditions, species are filtered from the regional species pool and 
community structure responds strongly to environmental factors (water 
chemistry variables and depth) while in mesotrophic environments, 
purely spatial processes play a prominent role in structuring diatom 
communities. These findings reveal that homogenization of 
communities triggered by environmental disturbance is an ecological 
phenomenon of importance in the microbial world. 
 
 
Introduction 
 
Community similarity often decreases as the distance between sites 
increases, a pattern described frequently in the scientific literature 
(Nekola & White, 1999; Soininen, McDonald & Hillebrand, 2007). 
Characteristics of the environment, as well as characteristics of 
organisms, are responsible for this distance-decay relationship in 
community similarity (henceforth referred to as ‘distance decay’).  
Spatial variation in environmental conditions results in higher rates of 
species turnover via mechanisms that sort species with different traits 
along environmental gradients (Tilman, 1982). In addition, 
characteristics of the spatial template (habitat size, isolation and the 
nature of the matrix) affect dispersal efficiency and influence levels of 
species overlap among sites and thereby affect rates of distance decay 
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(Nekola & White, 1999). Even in completely homogeneous 
environments community similarity decays with distance because 
similarity is affected by ecological drift, random dispersal and random 
speciation (Hubbell, 2008).  
Characteristics of organism that affect distance decay include, amongst 
others, niche breadth (wider average niche breadth results in a lower 
rate of distance decay), dispersal ability (more vagile taxa show lower 
rates of distance decay) (Nekola & White, 1999) and body size 
(Azovsky, 2002; Horner-Devine et al., 2004). The latter argument has 
been countered with the recent proposal that species turnover is 
comparable between unicellular organisms and macroorganisms 
(Soininen, 2012). Furthermore, distance decay is very sensitive to 
sampling effort and sampling scale (Soininen, 2012). For example, 
increase in sampling grain (the dimension of the sampling unit to which 
data are standardized before analysis) could yield higher estimates of 
species turnover (Drakare, Lennon & Hillebrand, 2006) while 
increasing sampling extent (the total area or total length of sampled 
track) tend to produce lower turnover rates (Steinbauer et al., 2012). 
Although scientists are aware of the sensitivity of distance decay to this 
wide array of circumstances, information on the effect of long-term 
disturbances (e.g. land use, eutrophication) on distance decay is limited 
to a few groups of macroorganisms (Vellend et al., 2007; Karp et al., 
2012). Observed spatial patterns of microbial biodiversity have been 
related to environmental heterogeneity or dispersal-related processes 
(Green et al., 2004) but environmental or anthropogenic disturbances 
have scarcely been considered (Passy & Blanchet, 2007). Increasing 
evidence suggests that environmental disturbances (considered as short 
or long-term events that kill or stress a significant proportion of 
individuals) greatly affect the compositional heterogeneity of biological 
communities by reducing the importance of stochastic processes 
(Chase, 2007, 2010), decreasing the regional species pool (Chase, 2007; 
Lougheed et al., 2008), and reducing habitat heterogeneity (Balata, 
Piazzi & Benedetti-Cecchi, 2007; Passy & Blanchet, 2007; Donohue et 
al., 2009). If environmental disturbances affect community 
heterogeneity of microorganisms, estimation of turnover rates solely 
based on dispersal ability and environmental structure may lead to 
misleading interpretations of the processes driving spatial heterogeneity 
of ecological communities. For example, when the focus is on 
determining whether microorganisms have similar biogeographical 
patterns to macroorganisms, turnover rates could be influenced by the 
degrees of environmental disturbance in the areas being compared.  
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Diatoms are frequently used as indicators of (nutrient) pollution and 
ecological integrity because they respond strongly to environmental 
change (Van Dam, Mertens & Sinkeldam, 1994). However, increasing 
evidence suggests that spatial factors (i.e. dispersal processes) also 
determine community assembly (Hájek et al., 2011; Astorga et al., 
2012; Wetzel et al., 2012). Thus, the present study tests whether 
eutrophication decreases diatom turnover and which ecological 
processes (niche or dispersal mediated) constrain diatom community 
heterogeneity in relation to the degree of eutrophication. By examining 
diatom ecological guild abundance along a eutrophication gradient we 
also test the idea that only species with a distinct set of traits are able to 
occupy highly eutrophic environments. Unlike most previous analyses 
of distance decay in microorganisms that encompass large areas (e.g. 
Azovsky, 2002; Green et al., 2004; Wetzel et al., 2012), we designed a 
spatially explicit sampling scheme and collected evenly spaced samples 
along 6-km sampling tracks.  
 
Methods 
 
Study sites and sampling design  
 
We collected samples in three wetland areas (each 10-20 km2) less than 
30 km apart and all comprised of a system of shallow, interconnected 
ditches that have remained intact despite centuries of peatland 
exploitation in The Netherlands. Water tables in the three areas are kept 
within strict limits and the banks are bordered by reed belts dominated 
by Phragmites australis. The areas differ in their exposure to brackish 
seepage, a consequence of past marine deposits. These low-lying 
wetlands vary from intense farming pasture to a restored nature reserve 
with autonomous marsh development. The three areas differ in their 
degree of eutrophication and on the basis of their current water 
chemistry they fulfil criteria for either mesotrophic (Naardermeer), 
eutrophic (Oostzanerveld) or hypertrophic conditions (Wormer and 
Jisperveld) (Dodds, 2002). 
Diatom communities were sampled in April and May 2010 from stems 
of P. australis. This widely distributed emergent macrophyte is the 
recommended substrate for sampling periphyton in The Netherlands 
(STOWA, 2010). Moreover, by consistently sampling the same 
substrate in the three areas we avoided differences caused by substrate 
heterogeneity.  
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In each study area, one reed stem was collected every 20 m and 30 reed 
stems were pooled to make one sample covering a 600 m transect. Each 
reed stem was cut 5 cm below the water surface and a 10 cm section of 
the reed stem was used for diatom identification. In this way 10 diatom 
samples were obtained covering a total transect length of 6 km in each 
area (Fig. 3.1). 
Abiotic variables were recorded in the middle of each 600 m transect 
and at the same time a pooled diatom sample was collected. Abiotic 
measurements conducted in the field included width and depth of the 
ditch, surface water pH, oxygen and turbidity. In addition, water 
chemistry variables were determined following standard protocols 
(Table A3.1) for water quality monitoring: chloride, iron, silicate, 
sulphate, total nitrogen, total phosphorus, dissolved sulphide and total 
sulphide; Table 3.1. 
The reed stem sections were first cleaned with HCl (35%) to remove 
diatom frustules and carbonates, a method that assures all frustules from 
the 10 cm stem are detached. Then diatom samples were prepared using 
H2O2 digestion and the cleaned diatoms were mounted on microscope 
slides with Permount Mounting Medium (Fischer Scientific, 
Pittsburgh). From each sample, 500 valves were identified at 1000x 
magnification. Taxonomic identification was based on Krammer et al. 
(1986 - 1991) and Hofmann, Werum & Lange-Bertalot (2011).  
 

 
Figure 3.1. Study sites showing the 6 km sampling tracks in each of the three 
areas. (A) Wormer and Jisperveld (hypertrophic area), (B) Oostzanerveld 
(eutrophic area) and (C) Naardermeer (mesotrophic area). 
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Samples sizes of 500 cells or lower have been used previously to study 
the distribution of diatom communities along environmental and spatial 
gradients (Pan et al., 2000; Soininen, 2004; Della Bella et al., 2007; 
Astorga et al., 2012; Wetzel et al., 2012). In addition, questions about 
how diversity changes across disturbance gradients usually require only 
relative diversities among sites under the different treatment regimens 
(Hughes et al., 2001) and therefore 500 cells is deemed sufficient to 
investigate diatoms in reed microhabitats of peatland ditches.  
 
Statistical analyses 
 
Within each area the number of singletons, α-diversity (average species 
richness), ɣ-diversity (total species richness) and β-diversity (variation 
in the identity of species among sites) were quantified according to Crist 
& Veech (2006) and characterized by the slope of the distance-decay 
relationship using two different similarity indices. Additive diversity 
partitioning expresses α, β and ɣ- diversity in the same measurement 
units, thus allowing direct comparison (Crist & Veech, 2006). We 
calculated similarity in community composition between all site pairs 
within areas using the Jaccard index of similarity using presence-
absence data, which includes a strong role for rare species, an important 
component of diatom assemblages. However, it should be noted that 
very different results can be obtained by using different metrics that 
emphasize different aspects of community data (Anderson et al., 2011). 
For example, Pither & Aarssen (2005) argued that highly significant 
correlations between compositional and environmental matrices reflect 
a strong signal generated by specialized species (a minority group) and 
noise generated by the generalist species (the majority group). 
Moreover, additive diversity partitioning, like presence-absence 
similarity indices, often produces a β-diversity that depends on α-
diversity (Jost, 2007). Therefore, we provide results obtained using a 
Bray Curtis metric (a metric independent of α- diversity where common 
and numerically dominant species play a stronger role than in the 
Jaccard index) as supplementary information (Table A3.2). For the 
analyses carried out with Bray Curtis similarity, species data were 
square root transformed. As our study is based on a spatially explicit 
design, and assuming predominant transport of diatom cells via water, 
geographical distance was represented by the shortest possible path 
separating each sample along the waterway rather than geodesic 
distance. Distance decay can be expressed as a rate equivalent to the 
slope of the linear regression between community similarity and either 
environmental distance (reflecting niche mediated processes) or 
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geographical distance (reflecting dispersal mediated processes) 
(Horner-Devine et al., 2004; Martiny et al., 2006; Astorga et al., 2012; 
Tuomisto, Ruokolainen & Ruokolainen, 2012). The latter also provides 
a measurement of spatial autocorrelation (Shurin, Cottenie & 
Hillebrand, 2009). In general, a steep distance-decay slope indicates a 
high β-diversity (Soininen, 2012). Univariate regression models were 
fitted to the distance-decay relationships and significant differences 
between regression slopes were tested using a two sample t-test. Prior 
to fitting the regression models, environmental variables were log 
transformed to achieve normality and collinear variables (r > 0.7; Table 
3.1) were removed. 
 
Table 3.1. Means (and standard deviation) of abiotic variables in the three 
areas. NTU: Nephelometric Turbidity Units. Variables with superscripts a, b, 
c indicate the variables that were retained for BIO-ENV analysis in (a) 
mesotrophic, (b) eutrophic and (c) hypertrophic areas. The other variables 
were eliminated because of collinearity (r > 0.7). 
 

Variables Units Mesotrophic Eutrophic Hypertrophic 
Ditch deptha,b,c cm 101.2 (48.3) 48.5 (18.0) 56.5 (27.0) 
Ditch widthb,c m 168.73 (213.41) 23.36 (8.64) 74.33 (103.63) 
Chlorideb mg L-1 94.8 (16.1) 417 (83.1) 110 (0) 
Irona,b μg L-1 120 (61) 157 (60) 379 (218) 
Oxygena,c mg L-1 7.8 (1.08) 8.49 (1.51) 11.54 (0.72) 
pHa,c - 8.29 (0.46) 8.47 (0.16) 8.88 (0.50) 
Silicatea,b,c mg L-1 0.43 (0.28) 0.29 (0.17) 0.93 (0.68) 
Sulphatea,b,c mg L-1 51.7 (29.1) 104.0 (5.2) 65.3 (1.8) 
Total nitrogena mg L-1 1.32 (0.27) 2.55 (0.42) 4.19 (0.74) 
Total 
phosphorusa,b,c mg L-1 0.04 (0.03) 0.20 (0.06) 0.36 (0.09) 
Dissolved 
sulphideb,c mg L-1 0.28 (0.13) 0.37 (0.15) 0.26 (0.05) 
Total sulphidea mg L-1 0.77 (0.15) 1.51 (0.59) 1.86 (0.77) 
Turbiditya,b,c NTU 5.37 (4.40) 19.57 (15.53) 35.36 (10.48) 
      

In the event that the relationship between environmental and 
geographical distance was statistically significant (which turned out to 
be the case in the mesotrophic area, Fig. A3.1), partial Mantel tests 
(Legendre & Legendre, 1998) were run to assess the influence of 
environmental distance on community similarity while controlling for 
the effect of geographical distance and vice versa.  
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After applying the partial Mantel test, we used the BIO-ENV algorithm 
(Clarke & Ainsworth, 1993; Astorga et al., 2012) as implemented in R 
(Oksanen, 2008) to identify the subset of environmental variables most 
influential in each of the three studied areas. BIO-ENV calculates a 
euclidean distance matrix for every possible combination of 
standardized environmental variables, as well as a matrix for 
community dissimilarity. Subsequently, BIO-ENV determines the 
Pearson correlation between each environmental distance matrix and 
the community dissimilarity matrix. The highest correlation identifies 
the combination of environmental variables that are most strongly 
related to community composition.  
β-diversity (the average Jaccard dissimilarity between all pairs of 
samples within one area) was related to the degree of eutrophication. 
Besides nutrients, other environmental variables were linked to the 
eutrophication process (e.g. turbidity and surface oxygen). From a 
principal component analysis (PCA axis 1) the component that 
explained most of the variation in environmental variables across the 
three areas was derived to represent the eutrophication gradient.  
Finally, we evaluated the hypothesis that high levels of eutrophication 
function as an ecological filter. On this view, only species with a 
distinct set of traits should be able to occupy highly eutrophic 
environments. We classified diatoms into four ecological guilds 
following Rimet & Bouchez (2012): low profile, high profile, motile 
and planktonic. The relationships between ecological guilds and the 
eutrophication gradient (PCA axis 1) were fitted with second-order 
polynomial equations. All of our analyses were carried out in R (R 
development Core Team, 2012). 
 
 
Results 
 
Diatom α-diversity (average species richness) was similar in the three 
areas, while ɣ-diversity and β-diversity declined from the mesotrophic 
to the hypertrophic area (Fig. 3.2). Twenty-four percent of all sampled 
species were shared between the three areas and the total incidence of 
rare species, expressed as the number of singletons, was 40, 20 and 16 
in the mesotrophic, eutrophic and hypertrophic areas, respectively.  
Community similarity was negatively related to environmental distance 
in all three areas (Fig. 3.3a) and negatively related to geographical 
distance in the mesotrophic and eutrophic areas (Fig. 3.3b).  



S e e  a t t a c h e d  -  c h a p t e r  3  

53 
 

The highest rate of both environmental and spatial turnover (measured 
as the slope of the regressions) was observed in the mesotrophic area. 
Furthermore, community similarity within the mesotrophic area was 
more closely related to geographical distance when environmental 
distance was controlled for, but not vice versa (Table 3.2).  
 

 
Figure 3.2. Diatom diversity expressed as α (average number of species, mean 
±SD), ɣ (total number of species) and β-diversity (β = ɣ - α) in the mesotrophic, 
eutrophic and hypertrophic areas. 
 

The relationship between community similarity and geographical 
distance, while controlling for environmental distance, was also 
significant in the eutrophic area but not in the hypertrophic area (Table 
3.2). Regression slopes denoting environmental turnover showed 
significant differences between mesotrophic and eutrophic areas (P = 
0.007) and mesotrophic and hypertrophic areas (P = 0.001). Regression 
slopes denoting spatial turnover showed significant differences 
between mesotrophic and eutrophic areas (P = 0.016), mesotrophic and 
hypertrophic (P < 0.001), and eutrophic and hypertrophic (P = 0.008).  
The BIO-ENV analysis selected different sets of environmental 
variables for each area. The environmental variables selected (from 
nine variables in the eutrophic and hypertrophic areas and from ten 
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variables in the mesotrophic area) were ditch depth, total phosphorus, 
sulphates and iron in the mesotrophic area, chloride in the eutrophic 
area, and ditch depth, total phosphorus and turbidity in the hypertrophic 
area. 

 
 Figure 3.3. Relationship between (a) community similarity (Jaccard) and 
environmental distance (Euclidean). Slopes of the distance-decay relationship 
are -0.019, -0.017 and -0.027 for the hypertrophic, eutrophic and mesotrophic 
area respectively. Correlation coefficients (r) and P-values are r = -0.42;  
P = 0.05; r = -0.40; P < 0.01; r = -0.52; P < 0.001 for the hypertrophic, 
eutrophic and mesotrophic areas respectively. (b) Community similarity and 
geographical distance (km). Slopes of the distance-decay relationship are  
-0.035 and -0.067 for the eutrophic and mesotrophic areas respectively. 
Correlation coefficients and P-values are r = -0.43; P < 0.01; r = -0.79,  
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P < 0.001 for the eutrophic and mesotrophic area respectively. No significant 
relationship is found between spatial turnover and community similarity in the 
hypertrophic area. 
 
Table 3.2. Partial Mantel correlations (r) and P-values between community 
similarity and environmental distance while controlling for geographical 
distance, and vice versa, for diatom communities in each of the three areas 
(Hypertrophic, Eutrophic, Mesotrophic).  

 Env.  distance Geo.  distance 
 (Contr Geo.distance) (Contr  Env. distance) 

 r P r P 

Hypertrophic -0.43 0.05 0.05 n.s. 

Eutrophic -0.34 0.023 -0.38 0.016 

Mesotrophic -0.18 n.s -0.71 <0.001 

     

When analyses were repeated using Bray Curtis community similarity 
(a metric based on abundance data, Table A3.2), the same trend was 
found; the mesotrophic area had the highest rates of environmental and 
spatial turnover and spatial distance explained most of the variation in 
the mesotrophic area when analyzed using either Mantel or Partial 
Mantel tests. However, neither environmental distance nor spatial 
distance explained variation in diatom community composition in the 
hypertrophic area using Bray Curtis similarity. 
When comparing environmental conditions between the three areas, the 
first axis of the PCA explained 56.8% of the environmental variation 
and this was used to represent the eutrophication gradient (Table A3.3). 
Plotting the average distance between each sample with all possible 
other samples within areas showed that community similarity was 
strongly positively related with the PCA-eutrophication gradient  
(r = 0.85, P < 0.001; Fig. 3.4). 
Diatom ecological guilds were also strongly related to the 
eutrophication gradient (Fig. 3.5). Second-order polynomial equations 
explained between 14 and 80% of the variance in the four guilds and 
revealed a negative correlation with eutrophication for the low profile 
guild (adjusted r2 = 0.795; P < 0.001), a positive correlation for the 
planktonic guild (adjusted r2 = 0.703; P < 0.001) and peak abundance 
of the high profile and motile guilds at intermediate levels of 
eutrophication (r2 = 0.20; P = 0.018 and r2 = 0.14; P = 0.047 for the 
high profile and motile guilds, respectively). 
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Figure 3.4. Relationship between within-community similarity in diatom 
communities (Jaccard index) and eutrophication (PCA axis 1; Table A3.3) in 
the mesotrophic, eutrophic and hypertrophic areas. Pearson correlation  
r = 0.85; P < 0.001. Error bars indicate 95% confidence intervals.  
 
Note that part of the correlations between each of the variable pairs may 
be due to spatial autocorrelation in the data rather than a genuine 
relation between the variables. Due to the limited size of the data set, 
we could unfortunately not incorporate the effect of spatial nesting in 
the correlation analyses, although we expect this effect to be small.  
 
Discussion 
 
Our study suggests eutrophication can affect distance-decay 
relationships by decreasing turnover rates in microorganisms. The 
greatly reduced regional species pool (ɣ-diversity) in the hypertrophic 
area could negatively affect the rate of turnover (β-diversity) because 
when a regional species pool is small, the history of species invasions 
will have a lower probability of affecting final community composition, 
resulting in decreased among-site variability (Chase, 2003; Ricklefs, 
2004; Urban & De Meester, 2009).  
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The large difference in regional species pools is associated with rare 
species that account for 31% of the diatom community in the 
mesotrophic area but only 17% in the hypertrophic area.  
The differences in diatom turnover between areas could be due to 
different ecological mechanisms that vary according to degree of 
eutrophication. Diatom communities in the hypertrophic area were not 
spatially structured but may be controlled by certain environmental 
factors, particularly those related to eutrophication and depth. In this 
context, under environmental disturbances it has been found that niche 
selection exerts a stronger influence in structuring ecological 
communities by filtering out species from the regional species pool that 
cannot tolerate harsh environmental conditions (Chase, 2007). High 
levels of eutrophication in our study may have selected for a non-
random and tolerant subset of the overall species pool, consisting 
mostly of planktonic and motile diatom species; in other words, 
eutrophication may have functioned as an ecological filter.  
The motile guild increased at high levels of eutrophication probably 
because these species are superior competitors for space in nutrient-rich 
environments (Passy, 2007; Rimet & Bouchez, 2012) and species of the 
planktonic guild have morphological adaptations that enable them to 
live in both benthic and planktonic habitats (Rimet & Bouchez, 2012). 
At low levels of eutrophication (mesotrophic area), the diatom 
community was dominated by the low profile guild, the group most 
sensitive to nutrient enrichment; their access to light and nutrients from 
the water column is unimpeded in clearer water (Passy, 2007). Under a 
low level of eutrophication, where scrapers are abundant, the high 
profile diatoms are subjected to higher grazing pressure, and their 
optimum conditions tend to be in intermediate to high nutrient levels 
(Passy, 2007; Berthon, Bouchez & Rimet, 2011). 
As the degree of eutrophication decreases, environmental factors 
became less important in explaining changes in diatom turnover while 
spatial factors imposed a more prominent signature on community 
composition, a pattern found with both Jaccard (incidence-based) and 
Bray Curtis (abundance-based) similarity. The geographical patchiness 
displayed in the mesotrophic and eutrophic areas may be more 
influenced by the combined effects of different ecological processes 
such as colonization history, population dynamics and interspecific 
interactions (Borcard & Legendre, 1994). Furthermore, rather than 
being a random process, spatial heterogeneity has been described as a 
functional property of ecosystems (Legendre, 1993). The importance of 
spatial processes has more recently been stressed by the neutral 
metacommunity model of Hubbell (2008) and scientific studies have 
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increasingly identified the ´pure´ spatial component (i.e. the spatial 
variation in species identities or abundances after taking environmental 
variation into account) as a representation of limited dispersal 
associated with neutral community dynamics (Bell, 2001; Cottenie, 
2005; Tuomisto et al., 2012). Diatom communities are unlikely to be 
dispersal-limited within the short distances analyzed (6000 m), and it is 
possible that the patterns observed are due to mass effects (Leibold et 
al., 2004) in which dispersal from nearby sites results in strong spatial 
autocorrelation at fine scales (Hájek et al., 2011). This ecological 
process has been mentioned as a possible reason for spatial 
autocorrelation in diatom communities (Astorga et al., 2012).  
The importance of spatial processes such as colonization history or 
mass effects mentioned above are less likely to occur when the regional 
species pool is small and the level of disturbance is high (Chase, 2003) 
such as observed in the hypertrophic area. 
In addition, elevated levels of suspended particles and particle 
resuspension in hypertrophic peatlands (Smolders et al., 2006) may 
prevent attachment of algal cells to the substrate (Wood & Armitage, 
1997) and produce homogenization of the benthic habitat. Habitat 
homogenization it is a well-known factor decreasing spatial 
heterogeneity (Passy & Blanchet, 2007). Finally, selective grazing can 
create a pronounced spatial heterogeneity by the creation of a diverse 
mosaic of microhabitats (Sommer, 2000). This process is more likely to 
occur in less disturbed conditions where grazers are abundant (Berthon, 
Bouchez & Rimet, 2011). The lack of population dynamics and 
interspecific interactions might be the reason for the low spatial 
turnover found in the hypertrophic area.  
It seems likely that the ecological degradation and homogenization 
resulting in hypereutrophic conditions could also occur in our 
mesotrophic area if there was further nutrient enrichment there. Three 
observations support this general assumption. First, the three studied 
areas are relatively close to each other (less than 30 km apart), all lying 
in peat soils with similar hydromorphological characteristics. Second, 
the three areas share 24% of their species. Third, the effect of nutrient 
enrichment is already associated with a decline of low profile species 
and an increase in planktonic ones even in the short gradient present in 
the mesotrophic area. These facts imply that the differences in spatial 
turnover and ecological guilds found in our studied areas are probably 
due to the different degrees of eutrophication rather than other 
differences in the areas surveyed (such as differences in chloride 
concentration or specific habitat characteristics of each area). However, 
it is important to note that our conclusions relating to the explanatory 
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power of the eutrophication gradient are still hypothetical and need 
confirmation in further studies. Our observed effect of eutrophication 
on β-diversity, although previously undocumented in spatially explicit 
studies of microorganisms, is comparable to findings related to other 
environmental disturbances, such as the consequences of geomorphic 
degradation for diatom communities (Passy & Blanchet, 2007), of 
sediment disturbance for algae and invertebrates (Balata et al., 2007) 
and of drought for several aquatic organisms (Chase, 2007). 
Overall, our study indicates that eutrophication affects distance decay 
of similarity in microorganism communities by decreasing turnover 
rates and increasing homogenization of the community in the three 
studied peatlands. Diatom communities are structured by both 
environmental and spatial factors, but their relative importance depends 
on the degree of eutrophication: spatial control dominates in 
mesotrophic environments, while environmental control is mostly 
responsible for structuring diatom communities in highly eutrophic 
environments. Despite the important role that environmental 
disturbances play in structuring ecological communities, the effect of 
environmental disturbances is often overlooked in the most influential 
reviews of distance decay or species-area relationships (Nekola & 
White, 1999; Drakare et al., 2006; Green & Bohannan, 2006; Soininen, 
McDonald & Hillebrand, 2007). Given the sensitivity of 
microorganisms to environmental disturbances, however, we believe it 
is very unlikely that rates of distance decay can be characterized solely 
by organism characteristics, such as organismal size or kingdom 
(Azovsky, 2002; Horner-Devine et al., 2004). Incorporating the role of 
environmental disturbances will improve our understanding of the 
factors governing β-diversity and the spatial patterns of 
microorganisms. 
  



S e e  a t t a c h e d  -  c h a p t e r  3  

61 
 

Acknowledgements 
 
This study was financed by the Stichting Waterproef and the Dutch 
water authority Hoogheemraadschap Hollands Noorderkwartier 
(HHNK). We thank Ron van Leuken, Emile Nat (Stichting 
Waterproef), Gert van Ee (HHNK), Joost Duivenvoorden, Ellard 
Hunting and Merrin Whatley (University of Amsterdam) for scientific 
discussions and comments on this manuscript, Annie Kreike (Stichting 
Waterproef) for taxonomic expertise and Soraya Alvarez (University of 
Amsterdam) for the great help provided during practical work. We also 
thank Prof. Colin Townsend and two anonymous reviewers for the 
comments and suggestions on the manuscript. We are indebted to the 
managers of natural reserves, Annemieke Ouwehand (Naardermeer), 
Ed Zijp and André Timmer (Wormer en Jisperveld) for providing boats, 
permits and all the help we needed to carry out our fieldwork. 
  



S e e  a t t a c h e d  -  c h a p t e r  3  

62 
 

Appendix 3 
 
Table A3.1. Chemical analyses of surface water samples carried out at 
Waterproef laboratories, the respective analytical methods and standard 
protocols. 
 

Parameter Analytical method Protocol reference 
Chloride Photometry (CFA)* NEN-EN-ISO 15682 
Iron ICP-OES † NEN-EN-ISO 11885 
Silicate Photometry NEN-6471 
Sulphate Photometry (CFA) NEN-EN-ISO 22743  
Total nitrogen Photometry (CFA) NEN-6646 & NEN-6645 
Total phosphorus Photometry (CFA) NEN-EN-ISO 15681-2 
Dissolved sulfide Photometry NEN-6608 
Total sulfide Photometry NEN-6608 

* Continuous Flow Analysis (CFA) 
† Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) 
 
 

Table A3.2. Mantel tests (a, b) and Partial Mantel test (c, d) of community 
similarity based on abundance data (Bray Curtis) and environmental distance 
(Euclidean) or geographical distance. The highest rate of environmental and 
spatial turnover were observed in the Mesotrophic area (Slopes ≈ -0.1). Mantel 
tests and Partial Mantel tests show that geographical distance was more 
closely related to community similarity at the Mesotrophic and Eutrophic 
areas (b, d). Correlations parameters with corresponding P-values in 
parenthesis are shown. 
 

  Mesotrophic   Eutrophic     Hypertrophic   

 Slope r (P) Slope r (P) Slope r (P) 
(a) Env. 
distance -0.03 -0.41(0.016) -0.014 -0.39 (0.05) -0.008 -0.24 (n.s) 

(b) Geo. 
distance -0.1 -0.82 

(<0.001) -0.043 -0.61 
(<0.001) -0.012 -0.36 

(0.025) 
(c) Env. 
Distance 
(Geo.) 

- n.s. - -0.32 (n.s) - -0.20 (n.s) 

(d) Geo. 
Distance 
(Env.) 

- -0.77 
(<0.001) - -0.58 

(0.001 - n.s. 
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Figure A3.1. Relationship between environmental distance and geographical 
distance in the three areas (Hypertrophic, mesotrophic and eutrophic). Only 
in the mesotrophic area a significant correlation was observed (Pearson 
correlation r = 0.54; P < 0.001), while no significant correlations were 
observed in both eutrophic and hypertrophic areas. 
 
Table A3.3. Results of the PCA showing the eigenvalues and percentage of 
explained variation in environmental variables and variable loadings for the 
first two axes.  
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Abstract 
 
 
Species-area relationships (SARs) for communities of microorganisms have 
been intensively debated in the last decade, but the role of sampling design in 
microbial studies has been largely neglected so far. On the basis of a large 
field trial, we assess how sampling design (including sampling effort, 
sampling regime and sampling extent) affects the quantification of the spatial 
species turnover rates of freshwater diatom communities. We conducted our 
research in two wetland areas that differ in their degree of eutrophication 
(mesotrophic and hypertrophic) in North Holland province.We surveyed 
benthic diatom communities in the two areas following an independent and 
spatially explicit sampling design at two scales (500 and 6000 meters). A 
randomization procedure was designed to combine species lists from the 
different samples to evaluate the effect of both nested and independent 
sampling regimes as well as the number of valves identified - keeping either 
the spatial configuration of the samples intact or randomizing the spatial 
configuration. In this way different Species-area relationships (SARs) were 
calculated and the impact of sampling effort, sampling regime and sampling 
extent on SAR slopes (a measure of spatial turnover) was quantified. 
The estimated total number of species and rare species were strongly related 
to sampling regime, extent and effort. Most notably, independent sampling 
regimes resulted in higher estimates of species turnover rates than nested 
sampling regimes; while the effect of sampling extent did depend on the 
degree of local environmental disturbance. Given the strong influence of 
sampling grain and extent on the shape of the SARs, we conclude that 
previously reported differences in species turnover rates of microorganisms 
could very well be due to differences in the sampling design, rather than 
genuine ecological differences.  
 
 
Introduction 
 
Ecological communities are considered heterogeneously structured systems 
displaying a mosaic of patches at multiple levels (Cao et al., 2002) where 
local and regional mechanisms influence diversity and interact on a 
continuum of time and space (Ricklefs, 2004). Climatological and historical 
factors can, for example, act as large-scale filters on community assemblages, 
whereas habitat structure and dispersal usually filter species from the 
community at a local scale (Barton et al. 2013). Consequently, estimated 
diversity characteristics of ecological communities, like species-area 
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relationships (SARs), change with the scale of observation but also by the 
methods of sampling. It has been found that species turnover (i.e. variation in 
community composition among sites) is largely influenced by sampling 
effort, grain, extent, and regime (nested or non-nested) (Rahbek, 2005; Turner 
& Tjørve, 2005; Drakare et al., 2006).  
Low sampling effort per site results in undersampling of the local 
communities and increases compositional dissimilarities between sites, thus 
producing biased species turnover rates (Tuomisto et al., 2012). 
Theoretically, increasing sampling grain (i.e. the dimension of the sampling 
unit to which data are standardized before analysis) with fixed extent should 
yield lower β-diversity (Barton et al., 2012). Empirical studies however, 
showed that increasing the sampling grain can yield higher estimates of SAR 
slopes in nested regimes (Drakare et al., 2006). Finally, sampling regime also 
strongly influences estimation of diversity patterns. Larger areas are often less 
intensively surveyed than smaller areas in empirical studies. For example, 
when nested sampling regimes are applied to microorganisms, the sampling 
effort is kept constant while diversity is estimated over larger nested quadrats 
(Green et al., 2004; Horner-Devine et al., 2004). This results in a less 
representative sampling and an increasing bias with sampling extent due to 
incomplete sampling (Turner & Tjørve, 2005).  
In addition to the aforementioned factors, the number of individuals that is 
identified relative to the community size under consideration is an important 
influential sampling property. This is especially relevant for microorganisms 
where often a very small sample is analyzed from a very large community, 
because the estimation of microbial species richness is restricted by the 
detection limit of specific techniques (such as genetic markers) or the amount 
of individuals that can be quantified by microscopic identification (Martiny 
et al., 2006). This results in a larger disparity between sample size and 
community size for microorganisms compared to other taxonomic groups like 
plants and animals (Woodcock et al., 2006). Therefore it is of vital importance 
to discern if differences in estimated characteristics of communities of 
microorganisms result from scale-specific processes or from sampling 
artifacts. Most studies on the effect of sampling design in community ecology 
have focused on larger organisms such as plants (e.g. Palmer & White, 1994), 
other macroorganisms (e.g. Hewitt et al., 1998; Willot, 2001) and simulated 
data (e.g. Steinbauer et al., 2012) while studies focusing on microbial 
communities are scarce (see e.g. the references in Whittaker & Matthews, 
2014).  
Diatoms are widely used as environmental indicators for routine biological 
monitoring of water quality as well as for palaeolimnological research (Kelly 
et al., 1998; Besse-Lototskaya et al., 2006; King et al., 2006; Weilhoefer & 
Pan, 2006). However, none of the standardization procedures for sampling 
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diatom communities consider spatial heterogeneity, and as a result, biases due 
to differences in sample grain and extent could be introduced into community 
comparisons (Cao et al., 2002). Because we previously observed that 
eutrophication affects the spatial heterogeneity of diatom communities 
(Goldenberg Vilar et al., 2014), we performed our analyses in two different 
wetlands that have similar origin and morphology, but differ in the degree of 
eutrophication. 
We hypothesize that nested sampling regimes will underestimate microbial 
species richness in comparison with independent regimes, where sampling at 
larger areas also increases the total sampling effort. In the present paper, we 
therefore test how sampling design (including sampling effort, sampling 
regime and sampling extent) affects the quantification of the spatial turnover 
of freshwater diatom communities. We analyze the effects of sampling effort 
(expressed as the number of diatom valves identified) in relation to 
occurrence of rare species. In addition, we determine species-area 
relationships (SARs) of diatom species following two sampling regimes: 
Independent (fixed grain, no overlapping areas) and nested (increasing grain, 
overlapping areas where each larger sample contains all smaller ones in a 
spatially explicit way). Both sampling regimes are tested at two different 
sampling extents: 500 m and 6000 m.  
 
Materials and methods 
 
Study sites 
 
We collected samples in two wetland areas: Wormer and Jisperveld (2400 ha) 
and Naardermeer (1100 ha) both in the province of North Holland, less than 
30 km apart, and dominated by a system of shallow, interconnected ditches, 
which remained after centuries of peatland exploitation in The Netherlands 
(Fig. 4.1). Water tables in the two areas are kept within strict limits and the 
banks are bordered by reed belts dominated by Phragmites australis. The areas 
differ in their degree of eutrophication and on the basis of their current water 
chemistry are classified as mesotrophic (Naardermeer) and hypertrophic 
(Wormer and Jisperveld). The localities and corresponding environmental 
variables are described in Goldenberg Vilar et al. (2014). 
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Figure 4.1. Study area and sampling scheme. A. Wormer and Jisperveld 
(hypertrophic area); B. Naardermeer (mesotrophic area). Diatom samples were 
taken from reed stems (Phragmites australis), each one spaced 20 m from the next. 
At 6000 m extent 10 samples were collected each one covering transects of 600 m (30 
pooled reed stems). The same sampling design was applied at 500 m by pooling 5 
reed stems covering transects of 100 m (Not drawn in the scheme).Using a 
randomization procedure, the field collected samples were used to create species 
rarefaction curves based on independent and nested sampling regimes. 
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Sampling design 
 
Diatom samples were taken from individual reed stems (Phragmites 
australis), each reed stem spaced 20 m from the next at two different extents, 
500 m and 6000 m. At 500 m extent five samples were collected, each one 
consisting of five pooled reed stems covering a transect of 100 m. At 6000 m 
extent ten samples were collected each one consisting of 30 pooled reed stems 
covering a transect of 600 m. The same sampling design was used in the 
mesotrophic and hypertrophic area. Our sampling design corresponds to a 
non-contiguous spatially explicit design (IIIA species-area curve) following 
Scheiner (2003) and is independent because the samples did not overlap 
(Drakare et al., 2006). 
Diatom samples were prepared using H2O2 digestion and the cleaned diatoms 
were mounted on microscope slides with Permount Mounting Medium 
(Fischer Scientific, Pittsburgh). From each sample, 400 and 500 valves (at 
500 m and 6000 m extent respectively) were identified at 1000x 
magnification. Taxonomic identification was based on Krammer & Lange 
Bertalot (1986-1991) and Hofmann et al. (2011). 
 
Randomization 
 
Our independent and spatially explicit sampling design allowed us to combine 
species lists from the different samples in such a way that we could 
reconstruct both nested and independent sampling regimes with varying 
number of valves identified and keeping either the spatial configuration of the 
samples intact or randomize the spatial configuration. In this way different 
SARs could be calculated and the impact of sampling design (including 
sampling effort, sampling regime and sampling extent) could be quantified.  
To this purpose, a randomization procedure was designed to generate random 
subsets of N samples (N ranging from one to five and one to ten samples for 
the 500 m and 6000 m extent respectively) to create two different types of 
SARs: a) by ignoring the spatial configuration of the samples, equivalent to 
sample rarefaction without replacement (Colwell et al., 2004), but here based 
on our independent sampling design; b) by maintaining the spatial 
configuration of the samples through a nested procedure,  i.e. larger samples 
in a rarefaction curve contain all smaller samples for that same curve. We 
labelled the SAR of category a) the independent sampling regime, in our study 
it used a fixed grain of 30 reed stems with non-overlapping areas. The SAR 
of category b) was labelled the nested regime, in our study it used an 
increasing grain from 30 to 300 reed stems with overlapping areas). This 
randomization procedure was applied at 500 m and 6000 m sampling extent 



S e e  a t t a c h e d  -  c h a p t e r  4  

71 
 

in the two areas. In addition to studying SARs, we also considered the effect 
of sample size on the number of singletons (species presented by single 
individuals) as a measure of rarity. From each community, we simulated the 
collection of samples of 100, 200, 300, 400 and 500 individuals and counted 
the number of singletons. In all cases the bootstrap size was set to 100. The 
randomization procedure was implemented in R (R development Core Team 
2013). 
 
Statistical analysis 
 
We used additive partitions to decompose total diversity (γ-diversity) into the 
components of mean diversity within samples (α-diversity) and diversity 
among samples (β-diversity) following (Crist and Veech, 2006). This analysis 
provided information about the contribution of each component (α- and β-
diversity) to the total diversity in mesotrophic and hypertrophic areas and also 
according to the sampling extent (500 m or 6000 m). We also derived 
expected values of α- and β-diversity that would be obtained if individuals or 
samples were randomly distributed using the program PARTITION 3.0 
(Veech and Crist, 2009). This expected distribution is henceforth denoted as 
null-model. The differences the observed diversity estimates and those from 
the null-model were tested by a randomization test. 
In our study both, the Arrhenius power model (S = c AZ) and the exponential 
model (S = c expZ ) were used to represent the SARs. The power model has 
the following form S = c AZ where A is area, S is total number of species 
found, the exponent z indicates the turnover rate of species with increasing 
area (β-diversity) and c is the intercept or estimated number of species per 
“unit” area (α-diversity) (Azovsky, 2002). Although the term A originally 
denoted area, the power model has been also used to estimate species richness 
as a function of number of samples (Passy & Blanchet, 2007) or volume (Bell 
et al., 2005; Van der Gast et al., 2005); generally the predictor variable is 
assumed to be a relevant measure of sampling effort (Scheiner, 2000). In our 
study, the SAR represented the number of species as a function of sampling 
track length (as samples were taken evenly spaced along the ditches). We 
have fitted both the power and exponential models (and report the results for 
both models) because both have been applied frequently as models for 
microorganisms, hence our results can then be directly compared to those 
found in other studies on diatoms and other microorganisms. We did fit both 
the power and exponential model to our data, using the mmSAR R-package 
(Guilhaumon et al. 2008, 2010).  
A posteriori (after fitting the power and exponential models), we evaluated 
the overall fit and the presence of structural deviations. The most suitable 
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model form (the power model or exponential model) would be used for 
further assessment – and in case of equivalent adequacy the power model was 
to be used. Provided a model was found to be adequate, we tested for 
significant differences between the exponents (z) of models for nested and 
independent sampling regimes as well as extents of 500 and 6000 m using 
Analysis of Covariance. Statistical significance was defined as p ≤ 0.05. The 
fitting of SAR models as well as the Analysis of Covariance were carried out 
in R version 3.0.1. (R development Core Team 2013). 
 
 
Results 
 
The additive partitions showed for all the cases we considered (mesotrophic 
and hypertrophic areas at 500 and 6000 m extent following the independent 
regime) that α-diversity is significantly smaller and that β-diversity was 
significantly larger (p ≤ 0.01) than the expected values under the null-model 
(Fig. 4.2).  
 

 
 
Figure 4.2. Additive partitions of diversity showing the observed (in black) and 
expected (in grey) values at 500 m (panels a and c) and 6000 m extent (panels b and 
d) in the mesotrophic and hypertrophic areas. Using an independent sampling design 
and 500 valves. All observed values differ significantly from the expected values 
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(p<0.01). The largest deviation from the null-model it is shown in the mesotrophic 
area at 6000 m extent. 
 
The largest deviation between the observed distribution and the null-model 
did occur in the mesotrophic area at 6000 m extent (observed β-diversity is 
22% larger than under the null-model; and consequently, α-diversity was 22% 
smaller) (Fig. 4.2b). It is also noticeable that at 500 m extent, both 
mesotrophic and hypertrophic areas showed similar deviations in α- and β-
diversity from the null-model (Fig. 4.2a and Fig. 4.2c). 
Table 4.1 showed the additive partitions of the independent regime in 
comparison with the nested regimes. In nested regimes, all of the species 
present in small areas also occur in larger areas, and average diversity within 
samples (α-diversity) was very similar to the total diversity (γ-diversity). 
However, because the number of individuals identified per sample is kept 
constant even when sampling larger areas, β-diversity was highly 
underestimated in nested regimes (between 9-30 times lower β-diversity) 
(Table 4.1).  
 
Table 4.1. The additive diversity partitions (α-, β- and γ-diversity) of the independent 
regime in comparison with the nested regimes over different length scales. In nested 
regimes, all of the species present in small areas also occur in larger areas. 

  500 m   6000 m   

   α β γ  α β γ 

Mesotrophic Independent 33.4 27.6 61 41.3 85.7 127 

 Nested 37.4 2.9 40.3 52.9 2.6 55.6 

        

Hypertrophic  Independent 36.4 29.6 66 45.2 46.8 92 

 Nested 40.8 2.2 43.0 48.6 1.7 50.3 

 
 
Together with the number of valves identified, the type of sampling regime 
was found to determine the shape of the SARs (Fig. 4.3). Both the power and 
exponential models showed a very good (and comparable) fit to the SARs in 
the independent and nested regimes at both extents (in all cases R2 larger than 
0.93) without any structure in the residuals (Table 4.2). Hence the power 
model was used for subsequent analyses. SARs appeared to have 
considerably smaller exponents for a nested sampling regime (z in the power 
model ranging from 0.048 to 0.14) than for an independent sampling regime 
(z from 0.30 to 0.46) (see also Fig. 4.3). Based on ANCOVA this difference 
is significant with p≤0.0001.  
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Figure 4.3. Rarefaction curves showing the number of species according to transect 
length (extent) and number of individuals counted per sample (effort). Independent 
sampling regimes: a, b at 500 m extent and e, f at 6000 m extent. Nested regimes: c, 

d at 500 m extent and g, h at 6000 m extent. Upper row: 
mesotrophic area; bottom row: hypertrophic area. A steeper 
species-area curve is observed in independent regimes in 
comparison with nested regimes at both extents (500 m and 
6000 m). 
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Figure 4.4. Rarefaction curves showing the number of singletons found in each of the 
randomization designs according to transect length (extent) and number of 
individuals identified per sample (effort). Independent sampling regimes: a, b at 500 

m extent and e, f at 6000 m extent. Nested regimes: c, d at 500 
m extent and g, h at 6000 m extent. Upper row: mesotrophic 
area; bottom row: hypertrophic area. An important difference 
in the number of singletons between independent and nested 
regimes is found in the mesotrophic area at 6000 m extent. 
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Table 4.2. Regression coefficients and coefficient of determination of regression of 
species richness (S) against sampling track length (A) using the power and 
exponential models. 

          

Power model: c Az   500 m   6000 m 

   c z R2  c z R2 

Meso Independent  5.95 0.37 0.99  2.42 0.46 1.00 
 Nested  17.57 0.13 0.98  17.12 0.14 0.91 
          

Hyper Independent  6.79 0.36 1.00  6.65 0.30 1.00 

  Nested  20.75 0.12 0.93  33.32 0.05 0.98 

          
Exponential model:        
 c + z log(A)               

   c z R2  c z R2 

Meso Independent  -47.28 17.27 1.00  -201.98 37.31 0.99 

 Nested  9.69 4.98 0.99  -5.35 7.37 0.93 

          
Hyper Independent  -46.14 17.61 1.00  -87.77 20.47 1.00 

  Nested   13.48 4.90 0.94   30.46 2.30 0.99 

 
In addition, differences were found between SAR slopes of the independent 
sampling regimes at 500 m and 6000 m in both areas (Fig. 4.3a-b, Fig. 4.3e-
f): in the mesotrophic area, the SAR slope was higher at 6000 m extent (0.37 
at 500 m in comparison to 0.46 at 6000 m) while in the hypertrophic area the 
SAR slope was higher at 500 m extent (0.36 at 500 m in comparison to 0.30 
at 6000 m). These differences were significant as well (p ≤ 0.01). For the 
nested sampling regime, the SAR slopes between the 500 m and 6000 m 
extents only differed in the hypertrophic area (z values of 0.12 at 500 and 
0.048 at 6000; p<0.001). 
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Figure 4.5. Exponents of the power model fitted through the SARs against sampling 
effort (100 to 500 valves counted). Distinguishing diatom communities in 
mesotrophic (panels a and b) and hypertrophic peatlands (panels c and d) at two 
different extents (500 and 6000 m), and independent (black lines) versus nested 
sampling regimes (grey lines). 
 
In the nested sampling regimes more singletons are found at increasing 
sample effort (Fig. 4.4), resulting in increasing slopes of the SARs at 
increasing sampling effort (Fig. 4.3 and Fig. 4.5 grey lines). These 
relationships appear to be linear without reaching a proximate asymptote for 
the range of valves identified in this study (up to 500 valves). In contrast to 
the nested sampling regime, the number of singletons decreased (or showed 
a hump-shaped relationship) with increasing number of valves identified in 
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the independent sampling (Fig. 4.4), resulting in a decrease in the slopes of 
the SARs with increasing sampling effort (Fig. 4.5, black lines).  
There were 9 and 10 singletons at the 500 m extent and 41 and 16 at the 6000 
m extent for the mesotrophic and the hypertrophic area respectively in the 
independent sampling regime. Based on the nested sampling regime, 14 and 
13 singletons were found at the 500 m extent and 23 and 15 at the 6000 m 
extent for the mesotrophic and the hypertrophic area respectively (Fig. 4.4). 
Overall, the differences in γ-diversity (Fig. 4.3) and singletons (Fig. 4.4) 
between the different extents (500 m and 6000 m) were higher in the 
independent sampling regime than in the nested sampling regime. So it turns 
out that each of the factors sampling regime, extent and sampling effort 
impacts the shape of SARs, as well as estimates of the total number of species 
and total number of rare species. 
 
 
Discussion 
 
Our study investigated the effects of sampling effort, regime and extent on 
spatial turnover of diatom communities using field data collected in 
environmentally contrasting environments. The results highlighted that 
diatom species-area relationships vary systematically with the sampling effort 
(i.e. the number of valves identified), the sampling regime (i.e. independent 
vs. nested design) and the sampling extent (i.e. 500 m or 6000 m sampling 
track length). 
We found that independent sampling regimes yielded steeper SAR slopes 
than nested sampling regimes. The great difference in SAR slopes between 
the independent and nested regimes is due the effect of increased grain in the 
latter while keeping the sampling effort constant and therefore introducing a 
larger bias due to incomplete surveying at larger nested sampling tracks. In 
general when assessing microbial diversity, there is an enormous gap between 
community size and sample size resulting in the detection of systematic shifts 
in the more abundant microbes only, while the contribution of rare species to 
the overall biodiversity remains undetected at increasing sampling area 
(Woodcock et al., 2006). This is also reflected by the observed increase in 
SAR slopes with increasing sampling effort in the nested sampling regimes 
in our study, because more rare species were found. Similar trends have been 
found for bacterial taxa where the slope of the TAR (taxa-area relationship) 
increased with increasing taxonomic resolution (Horner-Devine et al., 2004). 
We showed that nested regimes provide approximately 3 to 6 times lower 
rates of species turnover using the power model, as well as a 50% 
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underestimation of the number of rare species (singletons) in comparison with 
independent regimes.  
It has been argued, that the slope of SARs is independent of the spatial unit 
used (Rosenzweig, 1995; Drakare et al., 2006), and comparisons of SAR 
slopes for different communities have been reported in various studies 
(Drakare et al., 2006; Green & Bohannan, 2006). From such comparisons it 
seems that species turnover rates of microbial communities are much lower 
than species turnover rates of communities of macroorganisms. High local 
abundances, low levels of speciation and high rates of dispersal have been 
identified as the main characteristics of microorganisms that are responsible 
for the weak species–area relationships for microbial communities found in 
several studies (Finlay, 2002; Green & Bohannan, 2006). However, the rates 
of diatom species turnover found in nested regimes in our study (0.048 – 0.15) 
are similar to the rates previously reported for other microorganisms (0.04 – 
0.08) (Horner-Devine et al., 2004), but the turnover rates found in our 
independent regimes (0.31 – 0.48) are more similar to the ones previously 
reported for macro-organisms (0.09 – 0.53) (Horner-Devine et al., 2004). 
Given the strong influence of sampling grain and extent on the shape of the 
SARs, the lower rates of turnover reported for microorganisms in comparison 
to macroorganisms could therefore largely be attributed to differences in the 
sampling regime, rather than ecological scale specific processes. Moreover, 
species turnover rates of microbial communities are also much lower in 
studies encompassing large spatial extents (thousands of kilometers or 
continental scales), where the difference between sample size and community 
size is enormous (Green et al., 2004; Horner-Devine et al., 2004; Martiny et 
al., 2011). The reported values of diatom species turnover rates from the 
present study under the independent regime (exponents of 0.30 to 0.46 in the 
power model) are among the highest reported for diatom communities. For 
diatom communities in marine habitats, a species turnover rate of 0.066 has 
been reported by Azovsky (2002). At small spatial extents however, where 
the difference between community size and sample size is much smaller, the 
z values of microorganisms could be similar to the z values reported for 
macroorganisms, as it was revealed for diatoms (z = 9.11 using a semi-log 
SAR, in Passy & Blanchet, 2007), bacteria (z in the range 0.23 to 0.29 in Bell 
et al 2005; Van Der Gast et al., 2005) or fungi (z in the range 0.20 to 0.23 in 
Peay et al., 2007).  
While the effect of sampling regime was very similar in both of the studied 
areas, the effect of sampling extent on SARs in the mesotrophic area was 
different from the hypertrophic wetland. Sampling at larger extents (6000 m) 
produces steeper SAR slopes than at smaller extents (500 m) in the 
mesotrophic area, indicating a patchy, coarse grained environment in which 
a gradual increase of species with increasing area is observed due aggregation 
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of rare and specialized species (cf. Condit et al., 2000; Turner & Tjørve, 
2005). This might be the reason why the mesotrophic area at 6000 m extent 
(independent regime), showed the greatest deviation from the null distribution 
of individuals. In contrast, in the hypertrophic area, nutrient enrichment on 
the environment resulted in a lower rate of species turnover with ubiquitous 
species that produced a rapid initial rises in SARs (Turner & Tjørve, 2005). 
Sampling at 500 m extent yielded similar slopes of the SARs in the 
mesotrophic and the hypertrophic area, indicating that at smaller scales both 
areas seem to exhibit a similar degree of patchiness. However, it is important 
to note that the analysis of diversity parameters at different extents revealed 
that if we had sampled only at 500 m extent, then β-diversity in the 
mesotrophic area would be underestimated and the effect of eutrophication 
on the diversity parameters would remain undetected. 
With the general aim to collect representative community data, not only the 
experimental design but also the specifics of the taxonomic identification and 
field methods may have a considerable impact (Besse-Lototskaya et al. 2006; 
Fisher and Dunbar, 2007). The impact of varying field and laboratory 
methods, relative to the factors that we studied here is still unknown but 
deserves further investigation, so that appropriate recommendations (viz. 
Kelly et al. 1998; King et al. 2006) can be made towards further 
standardization. 
The development of appropriate spatial sampling designs to obtain adequate 
representations of a community is a recognized and important part of the 
methods in both plant and animal ecology (Taylor, 2002). While this 
fundamental concept has been widely explored in macro organisms (Roth, 
1976; Dutilleul & Legendre, 1993; Huenneke et al., 2001), little information 
exists on the spatial distribution of microbial communities. This study 
contributes to fill this gap. By analyzing the diatom community composition 
sampled at different spatial scales and using different sampling designs, we 
conclude that sampling regimes in which the proportional sampling size 
decreases with the area surveyed (e.g. nested regimes applied to 
microorganisms) will greatly underestimate diatom β- and ɣ-diversity. On the 
other hand, sampling at different spatial extents gives us important insights 
about the driving forces of α-, β- and ɣ-diversity such the effect of 
environmental disturbances (eutrophication) on the spatial heterogeneity of 
communities. Our study thereby provides support for the ideas set out by 
Palmer and White (1994), Rosenzweig (1995), Hewitt et al. (1998) and 
further investigated for different taxa (as well as synthetic studies) by Drakare 
et al. (2006), Woodcock et al. (2006) and Steinbauer et al. (2012) that 
different sampling regimes and extents affect the quantification of the 
heterogeneity of ecological communities. 
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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.  
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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 





 

 

Chapter 6 
 

Concluding remarks 
 
 
 

 

Navicula lanceolata 
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In this thesis I have studied the drivers of the spatial distribution of 
attached diatom communities in degraded agricultural wetland systems 
in the province of North-Holland, the Netherlands. In these wetlands, 
characterized by an extensive system of shallow interconnected ditches, 
diatom communities are subjected to many different stressors resulting 
from human activities, such as dredging, high water turbidity, high 
nutrient concentrations, alkalinization, and strict regulation of water 
levels and bank vegetation. While most studies on diatom community 
structure in impacted aquatic systems focus on adverse effects of local 
environmental stressors, I have integrated local impact studies with an 
analysis of macro-ecological patterns of diatom communities following 
the concept of nested environmental and spatial filters. By doing so, I 
have identified the drivers constraining diatom species establishment, 
thereby shaping diatom community structure and diversity at different 
spatial scales. I observed that at both local and regional scales, 
eutrophication and the consequent increased water turbidity are the 
main drivers of the spatial distribution of diatom communities, allowing 
only a limited number of eutrophic diatom species with appropriate 
functional traits to persist. In larger parts of the province of North-
Holland this has resulted in uniform diatom communities with 
diminished ecological quality. In contrast, I observed that in (more 
natural) mesotrophic wetlands, the diverse diatom communities were 
regulated by spatial factors. 
In this final chapter of my thesis I will discuss the main drivers that 
shape the spatial distribution of diatom communities in wetlands. Based 
on the work presented I propose improvements for biological 
assessments using diatoms, and recommend diatoms as a touchstone for 
ecological remediation of degraded wetlands. 
 
Turbidity contributes to the homogenization of diatom 
communities in degraded peatlands 
 
Negative impacts of increased turbidity 
 
Water turbidity in the agricultural ditches investigated in this thesis has 
increased over the past 20 years, mainly due to peat degradation. The 
oxidation and intense fertilization of peat lands has led to microbial 
degradation of peat and the subsequent release of small organic 
particles causing increased turbidity (Smolders et al., 2006). 
Simultaneously, when organic peat material is mineralized, nutrients 
are released into the water column causing a positive relationship 



S e e  a t t a c h e d  -  c h a p t e r  6  

107 
 

between nutrient concentrations and turbidity. Release of organic 
particles to water may be counteracted by biofilms and submerged 
vegetation, having the capacity to trap large amounts of particles 
(Mulling et al. 2013), thereby reducing turbidity. However, due to the 
excessive eutrophication and turbidity of the surface water submerged 
vegetation densities decrease (Wood and Armitage, 1997), thereby also 
diminishing the area of stable substrate available for the growth of 
biofilms. As a consequence, particle trapping is reduced and turbidity 
is no longer controlled. In the end, this feedback will contribute to 
ecosystem shifts from a clear to a turbid state. While the effects of 
eutrophication on algal communities in freshwater ecosystems have 
been studied extensively (Biggs and Smith, 2002; Horner et al., 1990; 
Stevenson et al., 1996), the effects of the suspended particles have 
received much less attention. In this thesis I showed that turbidity, due 
to peat degradation and re-suspension of sediments, is one of the key 
drivers affecting the spatial distribution of diatom communities in 
degraded agricultural ditches (Chapter 2, 3, 5). To distinguish the 
influence of turbidity and the concurrent nutrient enrichment, my 
analysis combined different research approaches, since exclusive 
experimental evidence, for example from a mesocosm study, has been 
proven to be insufficient (Dahler and Strong 1996). The results of a 
combined experimental and observational study (Chapter 2) revealed 
that suspended organic particles in the agricultural ditches covered and 
smothered biofilms, corroborating earlier observations on the effects of 
mineral particles in rivers and lakes (Wood and Armitage, 1997; Otten 
et al., 1992; Graham, 1990; Dickman et al., 2005; Izagirre et al., 2009). 
In addition, in Chapter 5 we also showed that turbidity together with 
nutrient concentration, explains a substantial part of the variance of 
diatom community structure in 106 ditches. The negative impact of 
turbidity on primary producers has far reaching consequences, since 
periphyton and aquatic macrophytes form the base of the food chain 
and the adverse effects will therefore cascade to higher trophic levels, 
like invertebrates and fish (Wood and Armitage, 1997; Verdonschot, 
2012). Based on these observations, I therefore conclude that turbidity 
caused by suspended organic peat particles is a strong, but so far 
overlooked, driver for the development of benthic communities in 
degraded agricultural ditches. 
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Response of ecological guilds based on diatom growth forms 
 
The negative impacts of suspended particles described in this thesis 
include the reduction of algal density and changes in diatom community 
composition. Not only species composition, but also the relative 
abundance of ecological guilds based on diatom growth forms was 
altered (Chapters 2, 3, 5). Benthic diatom species use different 
strategies to resist environmental pressures, such as grazing, 
disturbance of the flow regime and limited availability of nutrients, and 
this was detectable through the prominence of different growth forms 
(low profile, planktonic, motile, high profile or colonial, including those 
living in mucous tubes; see introduction Box 1). These growth forms 
were used in this thesis to define ecological guilds, consisting of groups 
of taxa that live in the same environment, but that may have adapted in 
different ways to the prevailing abiotic factors (Rimet and Bouchez, 
2011). Previous studies have shown that such ecological guilds show a 
more consistent response to environmental variables (e.g. nutrient 
concentration) than individual species (Rimet and Bouchez, 2012). For 
example, high concentrations of nutrients allow for vertical growth of 
attached algal mats, and therefore filamentous and motile species 
dominated in mature and fully developed biofilms. Based on such 
observations, it has recently been suggested that the relative abundance 
of ecological guilds can be used to indicate water quality such as trophic 
state or organic pollution (Passy and Blanchet, 2007; Berthon et al., 
2011). However, most of this research has been carried out in rivers, 
and the guild of planktonic diatom species was not considered, except 
for Rimet and Bouchez (2012). In the present study we used ecological 
guilds to verify the effect of eutrophication and turbidity in North 
Holland ditches. The classification based on growth forms that we used 
involved only four guilds (low profile, high profile, motile and 
planktonic diatom species). In previous studies, it was demonstrated 
that this classification system is useful to study effects of resource 
availability and disturbance on diatom communities (Passy and 
Blanchet, 2007). Also other classifications have been used to assess 
water quality, for example based on cell sizes in relation to nutrient 
concentrations (Lavoie et al., 2010; Pringle, 1990), but in general with 
less success. Therefore the four-guild classification was deemed 
adequate to study the effect of eutrophication and turbidity. The 
changes in the relative abundance of the four morphological guilds in 
relation to turbidity as found in this thesis (Chapter 2) are in 
concordance with previous studies in which the relative abundance of 
motile forms was found to increase with increasing particle 
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concentrations (e.g. Dickman et al., 2005). The less studied planktonic 
guild present in the community of attached algae, was found to be 
associated with high particle concentration (Chapters 2, 5). Both guilds 
(motile and planktonic) have features to resist turbidity and 
sedimentation such as active migration to the surface (motile) or the 
ability to live freely in the open water (planktonic), thereby gaining 
access to light and nutrients in turbid environments (Dickman et al., 
2005; Rimet and Bouchez, 2012). In contrast, the share of the low 
profile guild was strongly reduced in the eutrophic and turbid ditches in 
North-Holland, most likely as the result of shading and nutrient 
depletion within the biofilm (Passy and Blanchet, 2007). While in many 
studies the development of thick biofilms mats is ascribed to the effect 
of enhanced nutrient concentrations (Pringle, 1990), I demonstrated 
here that high concentrations of particles affect biofilm structure by 
favoring the dominance of motile and planktonic species. 
 
Homogenization of diatom communities 
 
Based on the species (or guild) specific response to eutrophication and 
turbidity as discussed above, I conclude that diatom species are 
selectively filtered from the regional species pool leading to an uniform 
predominance of a limited set of species that we tend to label as 
‘opportunistic species’ (Chapters 3 and 5) with distinct growth forms 
that are able to persist in the turbid eutrophic environments. This 
conclusion is consistent with previous ecological studies that found that 
environmental disturbances homogenizes ecological communities 
(Chase, 2007; Donohue et al., 2009; Balata et al., 2007). In contrast, in 
the mesotrophic area that I studied, diatom communities were 
characterized by high heterogeneity and high spatial diversity. While in 
the hypertrophic areas increased turbidity may prevent the attachment 
of algal cells to the substratum (Wood and Armitage, 1997) and produce 
homogenization of the benthic habitat, in the mesotrophic wetlands, 
species are not affected by the selective environmental conditions and 
mostly respond to spatial factors such as dispersal processes 
(colonization history or mass effects). High habitat heterogeneity and 
selective grazing prevailing in mesotrophic areas can also lead to the 
observed heterogeneity of diatom communities. The importance of 
processes supporting this spatial variability are less likely to occur in 
hypertrophic areas where the regional species pool is small and the level 
of environmental disturbance (through eutrophication) is high (Chase, 
2003).  
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In the last decades, more and more ecologists started to recognize the 
importance of ecological processes operating at a regional scale 
(Ricklefs, 2004). Given the observed influence of environmental and 
spatial factors on diatom community structure I conclude that regional 
and local factors should be raised to equal footing when analyzing 
diversity–environment relationships. The integrative approach was 
essential to understand the effects of environmental degradation in 
agricultural wetlands.  
 
Sampling strategy for diatom based ecological assessments 
 
Sampling of diatom communities in the province of North-Holland, 
carried out for the local water authority as part of the routine 
biomonitoring, is based on a generic sampling method (Kelly, 1998). 
Because this generic method was designed for sampling diatom 
communities in rivers, it was slightly adapted for sampling the stagnant 
ditches in North-Holland. The currently used protocol instructs to 
collect between 10 and 25 reed stems (Phragmites australis) over a 
transect of 5 meter and pool these samples to create one composite 
sample. In this composite sample around 200 diatom valves are then 
identified (STOWA, 2010). In some water bodies multiple composite 
samples are collected (e.g. Wormer en Jisperveld) while in other water 
bodies (e.g. the Oostzanerveld or the dune lakes) only one or two 
composite samples are taken. This straightforward sampling strategy is 
easy to perform, however it is not designed to obtain a representative 
sample of an entire water body or drainage area in the most efficient 
way. Many studies looked in to the sources of variability in diatom 
monitoring, for example, substrate specificity (Burkholder, 1996; 
Dudley and D'Antonio, 1991), light (Pillsbury and Lowe, 1999) or 
seasonality (Crumpton and Wetzel, 1982; Hinder et al., 1999). Also the 
variability introduced by differences in sampling effort (i.e. the number 
of diatom valves identified in one sample) have been debated 
intensively, but still there is no consensus in the scientific literature. 
Here we showed that identifying only 200 diatom valves significantly 
underestimates the presence of rare species, showing up as a variable 
pool of singletons (species with abundance of 1). For example, in the 
mesotrophic area, on average ca. 25% more singletons were detected 
when we identified 500 valves per sample, in comparison to the 
traditionally used method of identifying only 200 valves (Chapter 4). 
Because the number of species decrease with increasing environmental 
disturbance (e.g. eutrophication), the presence of rare species is 
positively related to good water quality. Furthermore we showed that 
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rare species are crucial to estimate β–diversity (Chapter 4). Low 
sampling efforts overestimates β-diversity because species that are 
actually shared between two sites are not found in one or the other of 
the samples (Chapter 4). Despite the fact that the rare species might 
provide valuable information on the ecological status of the system of 
interest (Cao et al., 1998), in most commonly used diatom indices 
(Kelly, 1998; Van Dam et al., 1994), only common species are 
incorporated and rare species are ignored. 
A low sampling effort with only 200 valves identified hampers the 
construction of diatom-based typologies, a valuable tool to classify the 
ecological status of water bodies, as was shown in Chapter 5. If the aim 
is to calculate existing diatom indices, such as the TDI (Kelly, 1995), 
the IPS (Cemagref, 1982) or autoecological values (van Dam, 1994) or 
to calculate the relative proportion of ecological guilds, a sampling 
effort of 200 cells may be sufficient. However, when the aim is 
analyzing diatom diversity or spatial patterns, a sampling effort of 
identifying 400-500 cells is recommended. Since rare species provide 
meaningful information on water quality conditions I conclude that they 
should receive full consideration in diatom based ecological water 
quality assessments.  
Many studies have demonstrated that sampling scale and design greatly 
affect the estimated diversity of ecological communities (King et al., 
2006; Kelly et al., 2009). However, many sampling schemes for 
diatoms, including the one currently used in the Netherlands, are 
actually designed to ignore these spatial aspects by pooling epilithic or 
epiphytic material from a number of stones or plants and by taking 
samples always at the same location (Kelly et al., 1998). The work 
presented in Chapter 4 revealed that diatom communities can display a 
high degree of patchiness and therefore a high variability within the 
same drainage area, depending on water quality: hypertrophic areas 
showed higher local diversity (α-diversity or number of species per 
sample) in comparison to mesotrophic areas, but they also showed less 
variation between the samples (lower β-diversity) and lower regional 
(γ) diversity in comparison to the mesotrophic areas. This means that 
wherever the sample is taken within a disturbed area (such as the 
hypertrophic peat lands) the species list obtained will be very similar 
and hence the outcome of the diatom analysis (based on, for example, 
diversity parameters or saprobity index). On the other hand, in less 
disturbed mesotrophic areas, samples from different locations will yield 
different species and consequently also lead to different ecological 
assessments. The large number of rare and specialized species in the 
mesotrophic wetlands enhance the regional diversity (γ) and β-
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diversity. Unlike β-diversity, α-diversity was not unequivocally 
correlated with water quality. Also other studies demonstrated that α-
diversity does not correlate with the level of environmental disturbance 
or habitat heterogeneity (Passy and Blanchet, 2007; Hewitt et al., 2010). 
The quantification of α-diversity, an analogue of the current practice of 
using a single site in biological assessments, is therefore not very useful 
to gauge ecosystem state and can even lead to misinterpretations. For 
the mesotrophic Naardermeer, this thesis showed that taking multiple 
samples will also lead to differences in the ecological classification 
based on autoecological values. Alternatively, taking multiple samples 
within a water system allows calculating variation between locations 
(β-diversity). However, it should be noted that the scale of observation 
will determine whether the analysis of β-diversity is actually useful to 
reflect differences in water quality of different water bodies: in our 
study we found that differences in β-diversity between hypertrophic-
mesotrophic areas (as well as in the derived ecological classification 
values) could not be detected when the multiple samples were taken 
within one kilometer (Chapter 4). However, by taking the samples on a 
6 km transect, we found that β–diversity was 36% higher in the 
mesotrophic area than in the hypertrophic area.  
From the observations made in this thesis, I conclude that the currently 
used schemes for monitoring diatom communities will not always 
correctly measure ecological quality. However, by taking spatial 
variability into account and by incorporating the presence of rare 
diatom species, decisive information on the ecological status of waters 
can be gained.  
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Attached diatoms: a touchstone for ecological remediation 
 
Ecological objectives 
 
Diatom communities have been used to characterize in great detail the 
ecological status of pristine and degraded water bodies (Grenier et al., 
2006; Kitner and Poulickova, 2003). Likewise, the present study used 
diatom community composition to characterize the local waters of 
North Holland that are highly affected by eutrophication and habitat 
degradation. In contrast, ecological objectives for water bodies have not 
been established for diatoms to the same extent as for waterplants and 
fish (Zedler, 2000), the latter serving in some cases as evident flagship 
species for ecological recovery (Karr, 1981). In order to use of diatoms 
as a touchstone for recovery, ecological objectives should be set that 
will guide the potential measures to restore degraded aquatic systems.  
For the modified ditch communities in the province of North Holland I 
propose that re-establishment of low profile species and restoring 
species variability among sites (β-diversity) are suitable ecological 
objectives for rehabilitating these waters. A re-establishment of low 
profile diatom species is essential because a prominent representation 
of these life forms is a characteristic of biofilms in uncompromised 
waters. In other words, low profile diatoms are a sensitive indicator for 
acceptable nutrient concentrations and clear water (Berthon et al., 
2011). The different diatom growth forms found in North Holland along 
an eutrophication gradient suggested that a reduction of nutrient inputs 
and particle suspension could lead to the development of a rich benthic 
diatom community composed primarily of attached or low profile 
species (50% or more in mesotrophic areas; Chapter 3 and 5). Indeed 
an important reduction on planktonic species has been found after 
reducing water turbidity in enclosures kept in situ for several weeks 
(Chapter 2). Also, we showed that a high β-diversity was bound to high 
water quality (Chapter 3) and it is possible to formulate quantitative 
criteria for β-diversity setting a standard for ecological rehabilitation. 
In summary I propose that both, the re-establishment of low profile 
diatom species and a regional heterogeneity of diatom communities 
should be set as primary ecological goals for the waters in North 
Holland. 
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Restoration measures 
 
Several restoration measures can be applied to reduce the negative 
impacts of eutrophication and turbidity and promote the development 
of low profile species typical of clear waters. Some measures have 
already been applied successfully. For example, the installment of a 
dephosphatizing plant at the inflow of the Naardermeer in 1990 has 
resulted in the re-establishment of several diatom species typical for 
clean and oxygenated waters (Van Ee en Van Dam, 1993). These 
species were predominantly low profile species such Achnanthidium 
minutissimum, Achnanthes petersenii, Achnanthes pusilla and 
Cocconeis placentula. In addition, a higher diversity including more 
rare species was found after installment of the desphosphatizing plant 
(Boosten et al. 2006). Another typical measure to reduce eutrophication 
and turbidity is dredging. However, dredging is very costly and only 
temporarily effective because the organic matter degradation 
(especially in peat agricultural areas) fills in the ditches with fine 
material within a few years. To maximize effectiveness of dredging, 
internal and external supply of nutrients should also be minimized 
(Verberk et al., 2007), for example by the isolation of ditches from the 
surrounding main water arteries. Isolation of ditches has been proven a 
successful measure to reduce degradation of organic matter, thereby 
reducing water turbidity and promoting the growth of aquatic plants (B-
WARE Research Centre, 2013). Indeed, in isolated small ditches in the 
Wormer en Jisperveld, water quality is better than in the surrounding 
ditches, indicated by a higher transparency and the presence of 
macroinvertebrate species indicating clean water (Witteveldt, 2002). In 
addition, isolation will increase among site variability of diatoms and 
other aquatic organisms by decreasing dispersal rates (Cadotte and 
Fukami, 2005). In diatom communities, a meta-analysis carried out by 
(Verleyen et al., 2009) showed that variation of diatom species among 
sites was the lowest in highly connected habitats. The installment of 
water regimes without continuous mixing via the main water arteries 
will lead to increased regional differentiation of diatom communities in 
North Holland.  
Habitat restoration, for example by the re-construction of natural banks 
is another type of measure that could help to achieve the proposed 
ecological goals. A rich and diverse riparian vegetation provides 
gradients in exposure to sunlight and water movement thereby 
generating gradients of physical disturbance and resource availability, 
which in turn can support algae of profoundly different functional 
characteristics (Passy and Blanchet, 2007). These properties have been 
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shown to allow coexistence of highly diverse species along the 
gradients of the compartmentalized benthos in streams (McCormick, 
1996). Also in stagnant waters like in the lake Naardermeer, the 
increased habitat heterogeneity supported a spatially diverse diatom 
community (this thesis).  
Wetland restoration projects cost millions of euros in The Netherlands, 
but despite the awareness of their value as large-scale ecological 
experiments the effectiveness of such measures have rarely been 
documented. Diatoms may act as a touchstone for ecological recovery 
and therefore can be used as a valuable tool to directly monitor the 
advance of restoration. The re-colonization of low profile diatom 
communities and an increase in among site variability are distinct 
touchstones for ecological recovery that is manageable and direct.  
 
Conclusions 
 
Most of the manmade wetlands in North Holland are hypertrophic. The 
high nutrient concentration and turbidity exert a strong influence on the 
diatom communities. The environmental conditions act as a filter that 
selects species with specific life forms such as motile and planktonic 
diatoms that are able to cope with the modified conditions in the 
environment. As a result diatom communities in North Holland are 
highly uniform and are dominated by opportunistic species. This thesis 
demonstrated the detrimental effect of suspended organic particles on 
the development of benthic communities. Turbidity has been identified 
as a unique, but so far overlooked, driver for the development of benthic 
communities. Since diatom communities can be homogeneous (in 
hypertrophic systems) or heterogeneous (in mesotrophic areas) the 
sampling design is vitally important. Accounting for spatial variability 
and analysis of rare species offer keys for assessment of ecological 
status. This information, visualized as ecological maps, provides a 
valuable tool to select the areas for restoration or conservation. Finally 
I conclude that diatom communities are not only good indicators of 
ecological condition but they also have the potential to be used to direct 
ecosystem recovery, based on a linkage of functional traits and spatial 
patterns of diatoms with the a-biotic conditions. I recommend the 
colonization of low profile diatom communities and an increase in 
among site variability as key parameters for ecosystem recovery. 
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Summary 
Freshwater habitats harbor diverse communities of benthic 
phototrophic micro-organisms such green algae, diatoms and 
cyanobacteria. Especially diatoms occupy a wide range of different 
substrates such as sediments, rocks or water plants and represent very 
different life strategies featuring either permanent attachment, 
migratory movement, or colony formation. Diatom species have been 
intensively used to indicate the quality of inland waters, and especially 
under the current European legislation, assessments of ecological 
quality are essential. This study aimed to better understand the 
relationship between diatom species distribution and environmental 
parameters and to strengthen ecological monitoring in the Dutch 
lowlands. I used a tiered model of species selection presuming 
environmental filtering at local and regional scales and introduced 
aspects of spatial ecology from studies on macroscopic organisms. 
Diatom communities in eutrophic ditch systems in the lower part of 
North Holland were investigated: many of these ditches were located in 
peat lands. I pursued the following objectives: 1. to determine the 
dominant drivers dictating the distribution of diatom species with 
special emphasis on the role of water turbidity, 2. to weigh the 
importance of sampling design, and 3. to test and optimize ecological 
monitoring based on diatoms.  
Suspended particles and turbidity were hypothesized to be important 
factors selecting species of benthic diatoms. Experiments in the 
laboratory and in enclosures were carried out to test this hypothesis and 
field observations in three peat land areas differing in water turbidity 
were used for verification (Chapter 2). The results revealed that 
suspended peat particles covered and smothered the biofilms and 
reduced the density and species diversity of attached algal communities. 
Particle driven selection of diatom species with different growth forms 
was indicated through comparative studies of communities at sites with 
different particle concentrations. In turbid waters diatom species 
attaching flat to surfaces were less represented than those with erect 
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growth forms, while also planktonic and motile species became more 
numerous.  
Analysis of distribution of diatom species within three contrasting water 
systems (mesotrophic, eutrophic and hypertrophic, Chapter 3) 
demonstrated the importance of spatial factors such as known from 
studies on larger organisms. The role of selective environmental factors 
versus (scale dependent) spatial factors was investigated following 
sampling of diatoms on trajectories in the three systems. The results of 
our analysis revealed that an important part of the variance in diatom 
community composition can be attributed to spatial factors (e.g. 
dispersal related processes), denoting a patchy distribution of diatom 
communities at the scales up to 6000 m. It was found that spatial factors 
dominated at low nutrient levels, while environmental filtering 
dominated at high nutrient levels, leading to a homogenous distribution 
of species. 
Although diatom communities are used worldwide for ecological 
assessments and great effort has been spent on the standardization of 
sampling techniques, aspects such as the scale of sampling and the 
degree of spatial heterogeneity have rarely been considered. The issues 
regarding sampling design were examined in Chapter 4, where 
specifically sampling effort (number of valves identified), regime 
(nested or independent) and extent (500 m or 6000 m) have been 
analyzed to assess their influence on the estimation of diatom diversity 
patterns in two contrasting systems (mesotrophic and hypertrophic). It 
has been found that nested regimes that combine individual samples 
yielded lower estimates of diatom β and γ-diversity in comparison to 
independent regimes, because the difference between sample size and 
community size was larger in the nested sampling. In addition, the study 
revealed that sampling at different extents (from 500 m to 6000 m) 
might be necessary to obtain an acceptable description of the 
community in highly diverse and patchy ecosystems. On the other hand, 
sampling at larger extents in the hypertrophic area does not lead to a 
higher β-diversity, because eutrophication homogenizes algal 
communities in degraded peat lands. 
Chapter 5 aimed to expand the knowledge obtained in the previous 
chapters and to analyze the drivers of diatom community structure at 
the scale of the province of North Holland. Using advanced modelling 
techniques (Self-Organizing Maps) we were able to identify the 
different community types present in the province as a result of the 
interaction of environmental factors. The five community types 
identified are the result of the filtering effect of eutrophication even 
when all the area is rich in nutrients and common species dominated in 
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all the five clusters. The communities belonging to the five clusters 
differed in the relative proportion of ecological guilds of diatoms, 
ranging from an abundance of low profile and high profile growth forms 
towards a dominance of motile and planktonic forms in the most 
degraded areas.  
In Chapter 6 the main drivers of diatom community composition were 
discussed and suggestions for an improved monitoring of diatoms and 
diatom based ecological objectives were presented. Environmental 
filtering in eutrophic ditches was found to be associated with high 
concentrations of particles and resulted in a dominance of diatom guilds 
formed by motile and planktonic species. Increasing the numbers of 
diatom valves (from 200 to 500) and testing for regional distribution of 
diatoms species (enabling the assessment of β-diversity) were brought 
forward to improve current sampling schemes. It was argued that a 
substantial share of low profile species and regionally heterogenic 
distribution of species provide a key to the ecological rehabilitation of 
degraded ditches.  
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Samenvatting 
In het zoete water zijn zeer diverse levensgemeenschappen van 
vastzittende fotosynthetische organismen (zoals groenalgen, 
diatomeeën en cyanobacteriën) te vinden. Vooral de diatomeeën 
vormen een zeer heterogene groep, met verschillende soorten die te 
vinden zijn op vast substraat zoals sediment, stenen of waterplanten. De 
diatomeeën kenmerken zich door zeer uiteenlopende levensstrategiën: 
sommige soorten leven bijvoorbeeld permanent vastzittend als losse 
cellen,  terwijl andere soorten kolonies vormen en weer andere soorten 
vrij kunnen bewegen en migreren. 
Het wel of niet voorkomen van specifieke diatomeeënsoorten wordt 
veel gebruikt om de kwaliteit van zoetwatersystemen te bepalen. Vooral 
onder de huidige Europese wetgeving is zo’n beoordeling van de 
ecologische kwaliteit van groot belang. Deze studie had als doel om de 
relatie tussen de verspreiding van diatomeeënsoorten in Nederlandse 
laagveengebieden en de sturende milieuomstandigheden beter te 
begrijpen en om met die kennis de ecologische monitoring te 
verbeteren. Om dit te onderzoeken heb ik in dit proefschift een model 
gebruikt waarin het wel of niet voorkomen van soorten wordt 
gekoppeld aan stuurfactoren op lokale én regionale schaal. Hiervoor 
heb ik aspecten uit de ruimtelijke ecologie geïntroduceerd die tot voor 
kort alleen in studies naar de verspreiding van hogere (grotere) 
organismen werden gehanteerd. Mijn onderzoek richtte zich 
voornamelijk op de verspreiding van diatomeeën in voedselrijke sloten 
in de laagveengebieden in Noord-Holland. Om te kunnen begrijpen wat 
nu de bepalende factoren zijn voor hun verspreiding heb ik echter niet 
alleen gekeken naar deze stuurfactoren zelf maar ook naar de manier 
waarop de diatomeeën worden bemonsterd en de effecten daarvan op  
de verspreidingsgegevens. 
Van oudsher is bekend dat met name de voedselrijkdom van het water 
de verspreiding van diatomeeën soorten bepaalt. In dit proefschrift 
(hoofdstuk 2) is onderzocht hoe daarnaast de troebelheid van het water, 
verzoorzaakt door slibdeeltjes afkomstig van veenafbraak, van invloed 
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is op de diatomeeën. Op basis van de resultaten uit 
laboratoriumexperimenten en waarnemingen in het veld bleek dat de 
slibdeeltjes in het water de vastzittende diatomeeën bedekken en 
verstikken en daardoor zorgen voor een afname in de diversiteit en 
dichtheid van algen in deze gemeenschappen. Tegelijkertijd hebben we 
laten zien dat niet alle soorten op een gelijke manier worden aangetast. 
Uit een vergelijkende studie van algengemeenschappen op plaatsen die 
verschilden in de watertroebelheid bleek dat met name de soorten die 
dicht op het substraat vastgehecht zitten meer last hebben van 
slibdeeltjes, terwijl soorten die groeien op langere stelen en soorten die 
vrij kunnen bewegen juist kunnen toenemen in aantal.  
In een grote studie (hoofdstuk 3) naar de verspreiding van diatomeeën 
in drie watersystemen die sterk verschillen in de voedselrijkdom 
(mesotroof, eutroof en hypertroof) hebben we gekeken naar het belang 
van ruimtelijke processen (zoals bijvoorbeeld dispersie), zoals die 
bekend zijn uit studies naar de verspreiding van grotere organismen. 
Hiertoe hebben we in deze gebieden trajecten van 6 kilometer lang 
bemonsterd, en de verschuivingen in de samenstelling van de 
diatomeeëngemeenschappen langs zo’n traject vastgelegd. Door 
tegelijkertijd ook de veranderingen in de bepalende 
milieuomstandidheden te meten hebben we kunnen aantonen dat er 
verschillende factoren van invloed zijn op de verspreiding van de 
diatomeeën: een belangrijk deel van de variatie in de samenstelling van 
de diatomeeëngemeenschappen kan worden toegeschreven aan 
ruimtelijke processen zoals bijvoorbeeld dispersie. Echter, in gebieden 
met een hoge voedselrijkdom wordt het effect van dit soort processen 
overschaduwd door de effecten van de milieuomstandigheden, wat leidt 
tot een homogene verspreiding van diatomeeën in deze gebieden.  
Hoewel de verspreiding van diatomeeën wereldwijd wordt gebruikt 
voor ecologische beoordelingen en er veel aandacht is voor de 
standaardisatie van monstername, worden aspecten zoals de schaal 
waarop de steekproeven worden genomen, en de mate van ruimtelijke 
variatie in de samenstelling van de diatomeeëngemeenschappen op die 
schaal echter zelden beschouwd. In hoofdstuk 4 wordt daarom specifiek 
gekeken naar de impact van de monsternamestrategie (hoeveel 
algencellen worden geïdentificeerd in één monster; hoeveel monsters 
worden genomen en op welke schaal; op welke wijze wordt de 
samenstelling van de diatomeeëngemeenschap op de verschillende 
monsterlocaties geanalyseerd). Om te zien of het uitmaakt in wat voor 
systeem je de monsters neemt is ook deze studie uitgevoerd in 
watersystemen die verschillen in voedselrijkdom. Uit de resultaten van 
deze studie is gebleken dat de schattingen van de β en γ diversiteit lager 
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uitvallen wanneer de verschillende monsters van verschillende locaties 
worden samengevoegd (‘nested design’) dan wanneer de monsters apart 
worden geanalyseerd (‘independent design’). Daarnaast is gebleken dat 
in gebieden met een grote ruimtelijke variatie in de samenstelling van 
de diatomeeëngemeenschappen een groter gebied bemonsterd dient te 
worden om tot een goede schatting van de diversiteit te komen dan in 
gebieden waarin door de heersende milieuomstandigheden (met name 
voedselrijkdom en troebelheid) de algemeenschappen zich kenmerken 
door een homogene verspreiding.  
In hoofdstuk 5 van dit proefschrift hebben we de kennis die we hebben 
opgedaan in de voorgaande hoofdstukken getoetst en verdiept door op 
basis van monitoringsgegevens de variatie in de samenstelling van de 
diatomeeëngemeenschappen in een groot deel van de provincie Noord-
Holland te analyseren en de belangrijkste stuurfactoren te identificeren. 
Met behulp van geavanceerde modelleringstechnieken (‘Self-
Organizing Maps’) waren we in staat om verschillende diatomeeën-
gemeenschapstypen in de provincie te onderscheiden. Verschillen 
tussen deze gemeenschappen worden veroorzaakt door kleine 
verschillen in de mate van voedselrijkdom tussen deze gebieden. Dit is 
opmerkelijk omdat vrijwel alle gebieden gekenmerkt worden door een 
hoge voedselrijksom en de diatomeeëngemeenchappen voornamelijk 
bestaan uit algemeen voorkomende soorten. 
De diatomeeëngemeenschappen die we onderscheiden hebben in deze 
analyse verschillenden voornamelijk in de relatieve samenstelling van 
de verschillende groeivormen, variërend van een dominatie aan soorten 
die direct vastgehecht zitten aan het substraat in de gebieden met een 
relatief lage voedselrijkdom tot een dominantie van beweeglijke en 
planktonische vormen in de meest voedselrijke gebieden.  
Op basis van alle resultaten uit bovenstaande studies heb ik tenslotte in 
hoofdstuk 6 een aantal suggesties geformuleerd die kunnen leiden tot 
een betere monitoringsstrategie voor diatomeeën. Deze suggesties zijn 
met name gericht op een betere beoordeling van de β-diversiteit door 
rekening te houden met de ruimtelijke variaties. Daaraan gekoppeld zijn 
een aantal ecologische doelen voor de samenstelling van de 
diatomeeëngemeenschappen geformuleerd die kunnen dienen als 
leiddraad bij het implementeren van herstelmaatregelen. Het herstel van 
de verspreiding van soorten die dicht op het substraat vastgehecht zitten 
en het herstel van de regionale variatie in verspreidingspatronen van 
diatomeeën vomt een sleutelrol voor succesvol ecologisch herstel van 
Noord-Hollandse veensloten. 
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