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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 
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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. 
 


