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A house of cards is an unstable structure, which is at risk of collapsing if either 
knocked by an external force or if an essential element of the house is lost. By 
making the analogy between a house of cards and the diversity of 
macroinvertebrate communities occupying North Holland’s agricultural 
drainage ditches I ask the reader to consider the stability of an ecosystem which 
has lost many of its elements. Herein arise two important questions, 1) what are 
the key environmental drivers which structure the house of cards, and 2) can 
the stability of the structure be improved in order to keep it standing? To 
address these questions this thesis reviews long-term and contemporary 
provincial monitoring data in combination with data collected during field 
experiments and from analytical analysis to disentangle the key environment 
divers and underlying mechanism of aquatic invertebrate diversity in the 
province.   
 In low-lying agricultural areas, drainage ditches are ubiquitous features 
of the landscape and provide valuable habitat to a range of aquatic species, 
including macroinvertebrates (Beltman 1983; van der Hammen 1992; Armitage 
et al. 2003; Herzon & Helenius 2008; Verdonschot 2012). Yet, in the province 
of North Holland, The Netherlands, an increase in land use intensification and 
the associated loss of habitat has caused a significant decline in species diversity 
(Kleijn et al. 2004; van Eerden et al. 2010).  
 Aquatic invertebrates are diverse both in form and in the habitats they 
occupy. Invertebrates feed on primary producers, organic material and other 
invertebrates making nutrients available for larger animals, such as fish and 
birds, which prey on invertebrates (Fig. 1.1). In addition, invertebrates are 
involved in fundamental ecosystem functions, including the recycling of organic 
matter. Invertebrates stimulate microbial communities (fungi and bacteria) 
through grazing, breaking down Coarse Particulate Organic Matter (CPOM) 
and reworking sediments, thereby affecting sediment structure and redox 
conditions (Hunting et al. 2012). Thus, invertebrates are highly interconnected 
with other components of the ditch ecosystem and are responsive to changes in 
landscape heterogeneity, vegetation and habitat structure, nutrient enrichment 
and macro-ions (Scheffer et al. 1984; Higler & Verdonschot 1989; Armitage et 
al. 2001; Vlek, et al. 2004; Verberk et al. 2006; O’Toole et al. 2008) (Fig. 1.1). 
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 Patterns of invertebrate species diversity vis-á-vis community 
composition are underpinned by biological and abiotic conditions and the 
interactions between them. Broadly speaking, community assemblages can be 
considered at three different levels, regional diversity (γ diversity), local diversity 
(α diversity) and the divergence in species among local communities (β 
diversity) (Fig. 1.2). Key biological and abiotic conditions include the total 
regional pool of species, the ability of species to colonize habitats, competition 
and predation, degree of connectivity between suitable habitats and 
environmental filtering (MacArthur & Wilson 1967; Conrad et al. 1999; Bilton, 
Freeland & Okamura 2001; Chase 2003; Donald & Evans 2006; Winemiller et 
al. 2010). 
 

Fig. 1.1. Invertebrate trophic position and sediment reworking in drainage ditches.  
  
 Environmental filtering essentially influences community composition 
by filtering out those species that are poorly adapted to the conditions of an 
environment, while selecting for species that possess traits which increase their 
chance of survival and reproductive success (Poff 1997; Chase 2003; Verberk, 
van Noordwijk & Hildrew 2013). For example, the larvae of the rare dragonfly 
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(Aeshna viridis) may be excluded from waters due to absence of the water soldier 
plant (Stratiotes aloides) which provides essential refugia and habitat for the 
larvae, thus the absence of S. aloides functions as a filter for Aeshna viridis 
(Rantala et al. 2004; Suhonen et al. 2013). Indeed many aquatic invertebrate 
species are dependent upon vegetation, especially in linear drainage ditches 
where submerged and emergent vegetation provide the primary structural 
habitats (Scheffer et al. 1984; Higler & Verdonschot 1989; Verdonschot, et al. 
2012a). Consequently, present day patterns of species composition are the 
result of interactions between the environment and the organisms living within 
it and as such can be site specific (e.g. Suren et al. 2008; Verdonschot et al. 
2012a). Under these circumstances the underlying environmental drivers can be 
difficult to ascertain from taxonomic data alone, yet the analysis of species traits 
offers the opportunity to investigate the causal mechanisms underlying the 
relationship between environmental drivers and taxonomic composition (see 
Verberk et al. 2013 and references therein). Moreover, aquatic invertebrates are 
one of the few groups for which a wide variety of biological traits have been 
described (Usseglio-Polatera et al. 2000; Tachet et al. 2002; Bonada et al. 2006; 
Verberk et al. 2008a). 
 Spatial and temporal environmental features as proposed by 
Southwood (1977) may be viewed as a habitat templet, upon which taxonomic 
and functional community composition are structured through natural selection 
and evolutionary events (Townsend & Hildrew 1994). Therefore, there is a 
tendency for biological traits (i.e. reproductive behaviour, body size and 
dispersal potential) to be taxonomically linked by evolutionary processes, 
leading to sets of traits being associated with one another (Giller et al. 2004). 
For example species which have synchronized life-cycles often support resting 
stages such as diapause (Mousseau & Dingle 1991; Gonzalez et al. 2001; Lytle & 
Poff 2004; Beche et al. 2006). The chance of success under a synchronized life-
cycle strategy is thus greatly increased in predictable environments as these 
species have evolved to wait out poor conditions so individuals will encounter 
favourable conditions on emergence. Moreover, traits are not isolated from one 
another and it is preferable to consider them as assemblages bound together 
through individual species and organised by temporal selection events (Stearns 
1976). Yet, as a single species hold numerous traits, practical problems often 
arise in determining relationships between traits and how best to statistically 
analyse trait expression. Thus, to gain mechanistic insights from trait analysis 
species traits must be combined in a meaningful way, life-history strategies are 
one such combination (Stearns 1976; Poff 1997; Verberk et al. 2013). 
 A species life-history strategy is shaped (in-part) by environmental 
filtering processes. Therefore the representation of life-history strategies within 
a community can shed light on how species are influenced by their 
environment and have evolved to overcome particular obstacles (Poff 1997; 
Lytle & Poff 2004; Verberk et al. 2008a; b, 2013). For example, invertebrate 
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species may experience the environment as stable and predictable, changeable 
but in a regular and predictable manner or unpredictable. In theory, these 
different environmental conditions will filter species, resulting in the predictable 
expression of species life-history strategies (see, Fig. 1.2).  
 
Agricultural intensification 
 
European agricultural landscapes have been in existence for thousands of years 
and the initial patchy clearance of dense broad leaf forests opened up the 
landscape, creating a mosaic of habitats. Yet, with growing concern over future 
land requirements for food and biofuel production many governments have 
implemented production based incentives. The subsequent agricultural 
intensification relies heavily on inputs of fertilizer, herbicides and pesticides, 
and caused a reduction in vegetation diversity in these landscapes, leading to 
the homogenization of habitats (Busch 2006). Consequently, many species are 
now in decline in agricultural landscapes with those habitats surrounded by 
agricultural land becoming increasingly isolated (Donald & Evans 2006; 
Hendrickx et al. 2007). 
 Of all environments, aquatic ecosystems are the most at risk, with 
current agricultural demands estimated to account for 70% of all global 
freshwater withdrawals (Molden 2007). Increasing agricultural production will 
heighten the demand for water and simultaneously increase the diffuse release 
of nutrients, sediments, pesticides and herbicides to water bodies, exposing 
aquatic life to multiple stressors associated with eutrophication, increased 
turbidity and toxicity (Wood & Armitage 1997; Camargo et al. 2005). Nowhere 
in Europe has agricultural intensification been more absolute than in the low-
lying landscapes of The Netherlands (van Dam 2001).  The effects on aquatic 
ecosystems in these landscapes have been particularly significant over the last 
hundred years, which has greatly reduced the ecosystems carrying capacity of 
wetlands for birds (van Eerden et al. 2010). Therefore, understanding the 
mechanisms by which environmental filters are structuring aquatic communities 
in agricultural landscapes is a fundamental step towards reducing the impact on 
biodiversity and protecting the same freshwater resources so essential to 
agriculture.  
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Fig 1.2. Environmental filtering of species and their respective life-history strategies. Letters denote 
individual species and icons represent different life-history strategies. Species are filtered from a regional 
pool of species (γ diversity) resulting in local community (α diversity), and the difference between two 
local communities, species turnover (β diversity). This figure is adapted from Southwood (1977); Chase 
(2003) and Verberk et al. (2013). 
 
Study site 
 
The province of North Holland (The Netherlands) was historically part of a 
vast delta system which contained an expanse of raised bog wetlands. Yet much 
of these original peat wetlands have been drained for agricultural production 
and the peat cut away and sold for fuel (van Dam 2001; Lamers et al. 2002). The 
drainage of these peatlands resulted in wide-scale land subsidence and 
subsequently the province, which was then exposed to the open sea (the 
Zuiderzee), was frequently flooded during high tides and storm surges (van 
Dam 2001). This flooding resulted in a unique flora and fauna in the area which 
included both freshwater species alongside those adapted to brackish 
conditions. Marine flooding also deposited macro-ions, particularly sulphates 
and iron on the land which can still be found at relatively high concentrations 
in the soils today (Pons 1992). In 1932 the situation changed with the 
construction of the Afsluitdijk which closed of the Zuiderzee creating the 
largest manmade lake in the world, the IJsselmeer. Essentially this created a 
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freshwater environment overnight and the waters and soils in the province have 
been gradually desalinising ever since (van der Hammen 1992; van Dam 2009). 
Today the peat areas account for less than a third of their original extent (Fig. 
1.3). 
 The province of North Holland is characterized by an interlacing 
network of drainage ditches, which are the dominant water type in this 
landscape and underlie a unique hydrology. The majority of North Holland is 
situated between 1 and 2 meters below sea-level and the water levels are strictly 
managed. This has led to the development of hydrological terminology which is 
quintessentially Dutch. The term polder is commonly used and refers to an area 
of low-lying land and the ditches encompassed within it. Polders are protected 
by a series of dykes and their water levels are strictly managed by a system of 
pumping stations and inlets to achieve optimal conditions for agricultural 
production. The main inputs of water to polder ditches are rain, inlet of river 
derived waters, agricultural run-off and upward seepage, while water is removed 
from the system by pumping, evaporation and downward seepage. 
 

Fig 1.3. The extent of peatlands in the province of North Holland in a) 850 AD (based on van 
Eerden et al. 2010), and b) present day extent. 
 
  The water let into polders originates from the river Rhine and is rich in 
minerals (notably, Cl-, HCO3- and SO42-) (Roelofs 1991; Lamers et al. 2002). The 
inlet of these waters can alter chemical conditions in the aquatic environment. 
High nutrient concentrations and period anoxia in sediments stimulates 
anaerobic breakdown of organic matter with nitrates, sulphates and iron-oxides 
serving as electron acceptors. Iron-sulphides can be produced as a by-product 
of sulphate and iron-oxide reduction and compete for sorption sites with 
sediment bound phosphorus, which is then released back into the water 
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(Lamers et al. 2002; Smolders et al. 2006). Moreover, mineralization processes 
are stimulated by the addition of bicarbonate which buffers the water, 
neutralizing decay-inhibiting acids. This combination of factors, in addition to 
artificially low water tables, can be particularly damaging in peatlands, leading to 
rapid and wide-spread peat soil degradation (Roelofs 1991; Janse & Van 
Puijenbroek 1998; Lamers et al. 2002; Smolders et al. 2006).   
 The hydrological network incorporates a series of large arterial canals 
that move mineral rich water in and around the province which is then mixed 
with the rainwater that is pumped out of the polders. This network can be 
viewed upon as a nested structure with polders nested within larger canals, 
networks of ditches nested within polders and individual ditches within the 
network containing their own micro-habitats, e.g. benthic sediments, 
macrophytes and open water (Fig. 1.4). 
 
Monitoring, vegetation removal and dredging  
 
The European Water Framework Directive (2000/60/EC; WFD) was 
introduced by the European Parliament and Council in the year 2000 with the 
goal of achieving a “good chemical and ecological status of waters” for inland, 
coastal and groundwater(s) within all European Union member states with the 
initial date set for 2015 (http://ec.europa.eu/environment/water/water-
framework). The status of a water body is assessed against chemical and 
biological criteria. These criteria are set lower for artificial or highly modified 
waters, in which case reaching a “good ecological potential” is the goal. 
Determining what the “ecological potential” of their artificial and modified 
waters is one of the major challenges for water managers in the province of 
North Holland (as for the entirety of The Netherlands) with all of North 
Holland’s inland waters falling into this category (Ligtvoet et al. 2008).  
 Since the introduction of the WFD there have been further incentives 
for Dutch water managers to assess the state of their waters and find the means 
of improving the chemical and ecological conditions of these waters. Being the 
most densely populated country in Western Europe and supporting one of the 
most intensive agricultural systems, eutrophication is one of the main issues 
affecting water quality in The Netherlands which has implications for both 
chemical and biological conditions. To address this, measures have been taken 
over recent years to reduce the amount of nutrient entering surface waters, 
predominantly by improving wastewater treatment processes (Ligtvoet et al. 
2008; Junier & Mostert 2012). Yet, despite these efforts there has been little 
change in nutrient levels in surface waters because the majority of the nutrients 
entering surface waters originate from agricultural production (Ligtvoet et al. 
2008; Junier & Mostert 2012). In addition, the WFD is based on the concept of  
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river basins and the quality of drainage ditches do not need to be reported to 
the EU Council, despite being the dominant water type in The Netherlands. 
Consequently, ditches are viewed primarily as infrastructure and the 
biodiversity value of these waterways are largely overlooked by water managers 
(Verdonschot 2012).  Yet, many ecological studies have been conducted in 
drainage ditch systems, especially in the Netherlands (Scheffer et al. 1984; Higler 
& Verdonschot 1989; van der Hammen 1992; Armitage et al. 2003; 
Verdonschot 2012; van Zuidam 2013). Moreover, the availability of long-term 
monitoring data, collected by the water authority, makes it possible to track 
changes that have occurred in these ecosystems over decades of intensive land 
use, as well as during the more recent measures to improve water quality (van 
der Hammen 1992; van Dam 2009). 
 As one of the main functions of ditches is to drain water from the 
surrounding land there is a long tradition of managing vegetation growing in 
and around North Holland’s drainage ditches to prevent flooding. Vegetation 
used to be removed by hand annually, yet it is now done mechanically. 
Machinery efficiently removes virtually all vegetation growing within and along 
the banksides of the ditches. Moreover, the frequency and type of machinery 
used greatly influences both composition and growth of vegetation and thus 
influences the invertebrate community which depend upon it for vital habitat 
(Twisk et al. 2000; Lamers et al. 2002; van Zuidam & Peeters 2012). In addition 
to vegetation removal sediment dredging is performed, predominantly in 
degraded peatlands in which ditches quickly accumulate fine, particulate, 
organically rich sediments. Dredging can improve water quality by removing 
nutrient rich sediments and improve water clarity, however, the benefits are 
only short-term if the wide-scale problems of eutrophication and desiccation of 
peat soils are not addressed (Lamers et al., 2002; Verberk et al., 2007). Moreover, 
the act of dredging is very disruptive and can negatively impact aquatic 
invertebrates, particularly if undisturbed patches of vegetation are not left as 
refugia for invertebrates from which recolonization can take place following 
dredging activities (Twisk et al., 2003; Verberk et al., 2007). Thus, the availability 
of long-term and contemporary monitoring data for the province of North 
Holland offers a unique opportunity to study biodiversity patterns in a 
historical, yet rapidly modernizing and intensively managed agricultural 
environment.  
 
Scope of this thesis 
 
This thesis seeks to elucidate how aquatic invertebrate communities are 
structured by environmental drivers (i.e. filters) in intensively managed 
agricultural drainage ditches in the province of North Holland, The 
Netherlands. As the greatest density of drainage ditches occur in peatland 
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regions which are also remnants of the original wetlands, peatlands are the focal 
point of this thesis. To this end the following questions are defined: 

 What are the key environmental drivers determining aquatic 
invertebrate community composition in agricultural ditches? 

 What are the mechanisms underlying the response of aquatic 
invertebrates to these environmental drivers? 

 How can management practices be adjusted to improve ecological 
conditions in these agricultural ditches? 

 
Thesis outline 
 
Conditions have changed in the agricultural landscape of North Holland over 
recent decades. Despite efforts made to reduce nutrient loading in the province, 
predominately by improving waste water treatment, there has been a dramatic 
decline in the diversity of submerged macrophytes in the province. Yet, it is not 
clear how the decline in submerged macrophytes relates to abiotic conditions or 
how this has impacted the invertebrate community, therefore Chapter two 
covers the analysis of monitoring data collected in peatland ditches over a 
twenty two year period from 1985 till 2007. In combination with this review a 
field experiment was run using artificial plastic plants which were sampled 
alongside natural habitats to reveal the habitat preferences of invertebrate 
species occupying peatland drainage ditches (Chapter two). Although many 
ditches in the province contain few or no species of submerged plant they can 
still support extensive emergent reed beds dominated by Phragmites australis and 
Typha angustifolia. Yet, this vegetation is mechanically cleared away annually to 
prevent clogging and maintain the drainage function of ditches. In Chapter 
three the importance of emergent vegetation structure on the taxonomic and 
life-history strategy composition of aquatic insects was investigated in both a 
eutrophic peatland, containing no submerged macrophytes and in a restored 
mesotrophic peatland with submerged vegetation. 
 The chemical environment in ditches is likely to be strongly affected by 
the inlet of mineral rich river waters; however linking abiotic parameters 
directly with invertebrate data in the field may give unclear results, partly due to 
the strong correlations between abiotic parameters. Furthermore, ditches are 
predominantly shallow environments with a high level of interaction between 
benthic sediments and littoral environments. Therefore, in Chapter four 
microbial phospholipid profiles were analysed in conjunction with data on 
abiotic parameters, macrophytes and aquatic insects to determine how abiotic 
conditions were influencing the ditch community and if parameters indicative 
of mineral rich waters could be identified as drivers.   
 Abiotic variability is expected to be high in the province due to the 
influence of mineral rich water, yet to date there have been no studies 
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investigating the role this plays in structuring the invertebrate community. 
Moreover, determining how this may impact the distribution of species, in 
conjunction with average concentrations of nutrients and macro-ions, can 
provide essential information on how to promote biodiversity in the landscape. 
Therefore, Chapter five investigates the relationship between abiotic conditions 
(variability and average conditions), invertebrate species-turnover and the 
representation of insect life-history strategies. The analysis includes data 
collected from drainage ditches over a 7 month period at the provincial wide 
scale, covering the three dominant soil types (sand, clay and peat) to determine 
if diversity patterns are unique to different areas. In Chapter six the culmination 
of findings and ideas presented throughout the thesis are discussed. The 
implications of these findings for the management of invertebrate communities 
and the overall biodiversity in this landscape are considered and some 
recommendations for monitoring and managing this unique landscape are 
offered.  
  


