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Chapter 1 
 

General Introduction 
 

 

 

 

Encyonema caespitosum 
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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. 
 


