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Abstract 
 
Many wetlands are heavily modified and identifying the environmental drivers 
of indicator groups like aquatic insects is complicated by multiple stressors and 
co-varying environmental factors. Yet, incorporating data from other biological 
groups, such as microbial communities, potentially reveals which environmental 
factors are underpinning insect community composition. In the present study 
we investigated the application of benthic microbial community composition, 
as determined by phospholipid fatty acid (PLFA) analysis, alongside aquatic 
insect data in 25 peatland ditches in the province of North Holland, The 
Netherlands. We applied clustering and Principal Component Analysis to a 
matrix of 26 PLFAs to organise ditches by the microbial community. 
Generalized Linear Models were used to examine correlations between 
microbial PLFAs, insects, vegetation (emergent and submerged) and abiotic 
factors. The ratio of heterotrophic (e.g. sulphate reducing bacteria) to 
autotrophic (e.g. algae and cyanobacteria) derived PLFAs could be estimated by 
the ratio between Saturated and Branched to Monounsaturated and 
Polyunsaturated fatty acids (SB/MP). SB/MP was correlated with insect 
community composition, differences in water chemistry (in particular 
bicarbonate, sulphate and nutrients) and vegetation cover in the ditches. 
Moreover, ditches distinguished by their microbial communities differed in the 
number of insects they supported with differences most pronounced for 
Odonata, Trichoptera and Chironomus larvae. This study demonstrates that 
integrating microbial and aquatic insect community data provides insight into 
key environmental drivers in modified aquatic ecosystems and facilitates the 
development of remediation strategies for degraded wetlands. 
 
Introduction 
 
Wetlands are some of the most heavily impacted environments in the world. In 
Europe alone, wetland loss is estimated in excess of 50% of the original land 
area while in New Zealand it is thought to be as high as 90% (see Moser et al. 
1996 and references therein). The productivity of wetland soils combined with 
a reliable water supply has resulted in the drainage and conversion of wetlands 
to agricultural land. Many of these wetlands contain large numbers of drainage 
ditches which potentially support a range of aquatic biota reminiscent of the 
natural wetland environment. However, determining the ecological conditions 
of such heavily modified environments is complicated by the presence of 
multiple stressors and a lack of suitable reference conditions for comparative 
ecological assessments. Aquatic invertebrates are widely used as indicators of 
wetland ecosystem status because they reflect conditions relating to nutrients, 
micro-ions, salinity and habitat structure, among other factors (Scheffer et al. 
1984; van der Hammen 1992; Smith et al. 2007; O’Toole et al. 2008; Lunde & 
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Resh 2012; Verdonschot, et al. 2012a). Within the invertebrate community 
insects are particularly good indicators of the general ecosystem conditions as 
the majority of insects have a terrestrial phase in their life-cycle (Crichton et al. 
1978; Nilsson 2005; Elliott & Humpesch 2010). However, in heavily modified 
wetlands, relating patterns of insect diversity to abiotic conditions is 
complicated by interaction effects. For example, increased nutrients may supply 
food (i.e. by stimulating epiphytic algae growth) to insect species, but 
concomitantly result in stress by causing diurnal fluctuations in oxygen 
concentrations, thus limiting the distribution of these same species.  
 Analysis of other groups of organisms, such as microbes, may reveal 
additional information on environmental factors that are involved in driving 
shifts in insect diversity. Determination of benthic microbial composition, by 
phospholipid fatty acid (PLFA) analysis is a well-established in situ measure of 
microbial biomass and community composition (Piotrowska-Seget & Mrozik 
2003; Kaur et al. 2005). Yet, ecosystem studies linking aquatic insects and 
microbes are rare outside of food web studies (e.g. Goedkoop et al. 1998; Vos et 
al. 2002; Peeters et al. 2004). Microbial lipids and Polyunsaturated Fatty Acids 
(PUFAs) in particular, are essential dietary requirements of insects. Sediment 
dwelling insects in-turn can influence microbial communities through grazing 
(Goedkoop et al. 1997; Traunspurger et al. 1997), sediment mixing and detrital 
processing (Hunting et al. 2012). Moreover, aquatic insects in lentic 
environments depend on vegetation for habitat and microbes (bacteria and 
algae) influence aquatic macrophytes by mineralizing organic matter and 
competing for resources (e.g. light and nutrients). Rooted vegetation in-turn 
influences microbes by altering sediment conditions, water chemistry and 
detritus composition (see Fig 4.1). 
 Benthic microbial community composition analysed in relation to 
environmental drivers, such as the degree of vegetation cover, hydrological 
regime, nutrients, pH and edaphic conditions, can reveal the role of these 
drivers in underpinning ecosystem state (Bååth et al. 1995; Boon, Virtue & 
Nichols 1996; Gao et al. 2005). Moreover, integration of microbial and insect 
data can be applied to get a better overview of wetland health, particularly in 
modified landscapes which lack suitable reference conditions. An advantage of 
PLFA analysis is that it provides an accurate measure of the living and active 
microbial community because PLFAs are quickly hydrolysed in dead cells 
(Harvey et al. 1986; Findlay et al. 1989; Sundh et al. 1997). Furthermore, PLFAs 
can be used to identify the presence of different microbial groups because they 
differ in their fatty acid compositions (Kaur et al. 2005). Comparison of 
different biological communities, such as benthic microbial communities and 
aquatic insects, provides information on how environmental filtering is 
affecting both benthic and littoral communities, giving a wider overview of 
factors which affect the entire aquatic community. 
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Fig. 4.1. Interrelationships between benthic microbial community (bacteria and algae), aquatic insects 
and aquatic vegetation. 
 
 The drainage ditches of North Holland’s peatlands are some of the 
most degraded wetland environments in Western Europe. These wetlands are 
remnants of a once vast system of river deltas and raised bogs that covered 
much of The Netherlands (van Dam 2001; van Eerden et al. 2010). Regular 
vegetation clearance and sediment dredging is performed to maintain drainage 
ditches and a strict hydrological regime is applied to ensure stable water tables 
and increased productivity of the surrounding agricultural land. External inputs 
of River Rhine waters contribute carbonate and sulphate to the peatlands, 
which in turn increases peat mineralization and the release of nutrients (e.g. by 
facilitating the anaerobic mineralization of peat and release of sediment bound 
phosphates) (Lamers et al. 2002; Smolders et al. 2006). The inlet of these mineral 
rich waters, in combination with oxidation arising from wetland drainage and 
the diffuse release of nutrients from the surrounding agricultural land, are 
underlying the eutrophication of North Holland’s peatlands (Sinke et al. 1990; 
Lamers et al. 2002).  
 In the present study we assess if microbial data can reveal habitat 
suitability for aquatic insects and help to identify key environmental drivers of 
ditch communities in North Holland’s peatlands. We used monitoring data 
(collected by the local Water Authority as part of standard monitoring) available 
for insects, water chemistry and submerged and emergent vegetation. In 
addition we collected sediment samples for microbial PLFA analysis and 
measurements to estimate emergent vegetation cover. Using clustering and 
Principal Component Analysis (PCA) we classified 25 peatland ditches, based 
on microbial community composition, and investigated how this classification 
related to insect communities, submerged and emergent vegetation and abiotic 
conditions in peatland ditches. We then employed Generalized Linear Models 
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(GLMs) and Canonical Correspondence Analysis (CCA) to determine the 
variation in insect community composition explained by microbial and 
environmental (abiotic and vegetation) predictor variables. We expect 
differences in vegetation and abiotic conditions between ditches to be reflected 
by microbial community composition and anticipate that microbial PLFAs will 
provide insight into factors underlying aquatic insect community composition 
in North Holland’s peatlands. 
 
Methods 
 
Study sites and environmental data collection 
 
Monitoring locations were sampled for macroinvertebrates, aquatic vegetation 
and abiotic variables in 2011 as part of the annual monitoring of surface waters 
undertaking by the North Holland Water Authority, Hoogheemraadschap 
Holland’s Noorderkwartier (HHNK). Based on the dimensions of the water 
body, soil type and salinity 25 locations were selected from a larger dataset to 
obtain a set of samples from similar habitats. The locations were all ditches, 
situated in peat areas with average chloride levels less than 1000 mg Cl- L-1 and 
representing a range in water quality (e.g. nutrients, sulphate and bicarbonate), 
from nature reserves with good ecological and chemical status (according to the 
European Water Framework Directive) to intensively farmed agricultural land 
with poor status (Fig 4.2). Measurements of conductivity, water transparency 
and pH were taken in the field at monthly intervals from February to July. 
Monthly samples of undisturbed overlying water were also collected during the 
same period and analysis of nitrogen (Kjeldahl nitrogen (KN), NO3-, NO2- and 
NH4+), total phosphate (TP) and PO43-, sulphate (SO42-), total iron (Fe), 
bicarbonate (HCO3-) and chloride (Cl-) were carried out in the laboratory using 
standardized national protocols accredited by the Netherlands Standards 
Institute (NEN).  
 
Vegetation measurements 
 
Vegetation surveys were undertaken in all ditches in June and July, as part of 
monitoring carried out by HHNK. Coverage and species richness of emergent, 
submerged and floating vegetation were assessed by visual inspection along a 
50 m stretch of ditch. In addition to this monitoring data, we took 
measurements of emergent vegetation extension (i.e. the distance the vegetation 
was growing from the bank towards the centre of the ditch) to test an 
alternative way of estimating emergent vegetation cover over a 50 m ditch 
length. To this end 5 measurements of vegetation extension were taken along a 
5 meter bank length, which was representative of emergent vegetation cover 
over a 50 m ditch length. The average extension (± 95% CI) was 45 ± 12 cm in 
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the sampled ditches, so in this case we measured vegetation up to 1 meter away 
from the bank. The average extension was then calculated from these 5 
measurements, giving one value between 0 – 1 m for each ditch. Emergent 
vegetation was then entered as a two level factor in statistical models with 
ditches having a value > 0.5 m categorized as having high emergent vegetation 
coverage and those with a value < 0.5 m as having low emergent vegetation 
coverage. An initial check of the data indicated that monitoring data on the 
number of submerged and emergent macrophyte species and their respective 
coverage were not significantly correlated to insects or microbial PLFAs. 
However, the presence/absence of submerged vegetation and the emergent 
vegetation extension measurements were significant correlated to insect 
abundance and PLFA content (|r| > 0.7, P < 0.05, Bonferroni-Holm) and 
where therefore applied in subsequent statistical analyses. 

 
Fig. 4.2. Position of the 25 agricultural peatland ditches sampled in 2011 in North Holland. 
Ditches were sampled for aquatic insects, microbial phospholipids and abiotic parameters. 
Measurements of ditch dimensions, submerged vegetation and emergent vegetation were also taken in 
each ditch. Ditches sampled for insects in spring (April – May) are in bold and underlined.  
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Insect sampling and identification 
 
Aquatic insects were collected once from each ditch between April and July 
2011, in accordance with current Netherlands national monitoring protocols 
(Bijkerk 2010). Five ditches were sampled between 18th April and 26th May and 
twenty ditches between 6th June and 27th July. Although seasonal emergence 
can influence community composition, insects collected during the mid-spring 
to summer period have been shown to express low temporal variation in Dutch 
peatland ditches (Beltman 1983). Insects were collected within a 50 m stretch of 
ditch in which 5 – 10 meters of habitat were sampled with a dip-net (mesh-size 
900 μm, width 30 cm). A multi-habitat sampling technique was employed, 
whereby different habitats (submerged macrophytes, sediments, open water and 
emergent vegetation) were subsampled proportionally and combined. Insect 
samples were taken back to the laboratory, sorted into groups and preserved in 
70% ethanol for further identification. Where possible, insects were identified 
to species with the exception of Chironomidae larvae [Diptera], which were 
identified to either subclass or genus.  
 
Sediment sample collection, preparation and microbial phospholipid extraction  
 
Four sediment samples were collected in June in the same 50 m stretch of ditch 
that vegetation assessments were carried out and insects were collected. The 
four sediment samples were pooled to make one representative sample for each 
ditch. The majority of ditches had sediments composed of amorphous 
organically rich muds (i.e. degraded peat sediments), making it impossible to 
sample with a core sampler, therefore surficial sediments were gently collected 
with a dip-net. Sediment samples were freeze dried (Coolsafe model, 55-4) and 
subsequently stored at -20°C. Sediment organic matter (OM) content was 
determined in two replicate sub-samples for each location by loss-on-ignition 
(LOI) at 550°C for 2.5 hours in a furnace (Carbolite model, ELF 11/14B). 
 Triplicate sediment subsamples were analysed for 6 locations to 
determine the representativeness of a single subsample. The locations included 
sites with high and low vegetation cover in eutrophic and mesotrophic ditches. 
The results showed that PLFA profiles were all strongly correlated between 
subsamples from the same ditch (rmedian = 0.97, P < 0.001), while the PLFA 
content among all 25 ditches expressed a wider range of correlations (rmedian = 
0.60, P = 0.4). Therefore, a single 0.3 g (dry weight) sediment subsample from 
each ditch was analysed to determine the benthic microbial PLFA composition. 
The dried peaty sediments formed a natural powder which did not require 
sieving and care was taken not to include any large particles (sticks, stones, 
empty shells or animals) in the subsamples. PLFAs were extracted from freeze-
dried sediment samples based on the method developed by Bligh and Dyer 
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(1959) with modifications by White et al. (1979); Frostegård et al. (1991) and 
Dickson et al. (2009).   
 Briefly, lipids were extracted from about 0.3 g dried sediment with a 
solution (1:2:0.8) of chloroform-methanol-citric acid buffer (0.15M, pH 4.0). 
Prior to extraction L-alpha-phosphatidiylcholin-1, 2-dinonadecanoyl (1.05 mg 
ml-1) was added to each sample, to serve as internal standard. Total lipid 
extracts were fractionated into neutral lipids, glycolipids and phospholipids on 
silica gel columns by elution with chloroform-acetic acid (100:1), acetone and 
methanol, respectively. PLFA extracts were first hydrolysed to fatty acids with 
NaOH in MeOH (0.5M, 100°C for 10 min), they were then methyl esterified 
with BF3 in MeOH (12.5% in water free methanol, 80°C for 15 min) and the 
excess BF3 was hydrolysed by saturated NaCl water solution. The fatty acids 
were then collected by liquid-liquid extraction with hexane, dried under N2, re-
dissolved in trimethylpentane-nonane solution (9:1) and stored at -20°C prior 
to GC-MS analysis. 
 
Gas Chromatography and GC-Mass Spectrometry  
 
Sediment PLFAs were detected by gas chromatography mass spectrometry 
(GC-MS) using a Finnigan Trace Gas Chromatographic Mass 
Spectrophotometry (122-5562) interfaced to a Finnigan Trace MS on a SP-2560 
(100 m X 0.25 mm X 0.2 μm) capillary column. Samples (1 μL) were injected at 
a split ratio of 50, on column (SP™ -2560 Capillary GC Column, L × I.D. 100 
m × 0.25 mm) with helium as the carrier gas, at a constant flow rate of 0.8 
ml/min. Initial oven temperature was 40°C, held for 1 min, subsequently 
increased to 160°C at a rate of 80°C/min, then raised to 210°C at a rate of 
10°C/min, then to 250 at a rate of 1°C/min, then to 300 at rate of 25°C/min 
and held at 300°C for 10 min. The MS was in electron impact (EI+) mode with 
a full scan mass range of m/z 40–450. Lipids were identified by 
chromatographic retention time and mass spectral comparison with fatty acid 
methyl ester (FAME) mix and bacterial acid methyl ester (BAME) mix 
standards by Supelco®. Both standard mixtures were analysed in 5 different 
concentrations several times in between real samples. These were used as 
calibration curves to calculate the content of each identified compound in the 
samples. Peak areas for individual lipids were quantified using the Xcalibur 
program (version 1.0.0.1). Lipid concentrations were standardized by sediment 
OM content (dry weight) and losses were corrected for by using the internal 
standard recovery ratio. 
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Fatty acid biomarkers  
 
The assignment of PLFAs to microbial groups was based on published 
literature where PLFA profiles had been determined either in field studies in 
conjunction with genetic analysis or from pure cultures (see Table 4.1 and 
references therein). In conjunction with the literature, the correlation matrix 
between fatty was analysed to assess associations between individual fatty acids 
within our dataset (see Appendix 4.1 for the summary of sediment PLFA 
content found during this study). Thereby PLFAs that were strongly correlated 
to one another (Pearson r > 0.8, P < 0.001, Bonferroni-Holm correction), and 
were sighted as being derived from the same microbial groups in the literature, 
were considered to originate from the same microbial group.  
 
Statistical analysis  
 
Residual and QQ-plots were used to assess normality and homogeneity of 
variances of abiotic, microbial PLFA and insect data. The sequential 
Bonferroni–Holm method was applied to correlations to correct for family-
wise errors associated with multiple comparisons (Quinn & Keough 2002). If 
variables did not comply with the necessary model assumptions log10 

transformation was applied prior to analysis. Two Principal Component 
Analyses were run. To explore the differences in water quality and dimensions 
between the ditches a PCA was run with all continuous abiotic variables, ditch 
width and water depth. To determine patterns of fatty acid distribution between 
ditches and analyse the data in multidimensional space, a separate PCA was run 
on microbial PLFA concentrations. These PCAs will be referred to as 
environmental (PCAE) and microbial (PCAM) hereafter. To categorize ditches 
by their microbial PLFA profiles we ran the relative proportion of microbial 
phospholipids in a single-linkage hierarchal cluster analysis, based on Euclidean 
distance. After consideration of the distribution and grouping of lipids, 
ascertained during cluster analysis and the PCAM, a ratio indicative of microbial 
heterotrophic to autotrophic PLFAs, was subsequently calculated as: 
 
 SB/MP = Saturated FA + Branched FA /  
 Monounsaturated FA +Polyunsaturated FA 
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Table 4.1. Benthic microbial fatty acids and the microbial groups they are associated with. PLFAs 
were assigned to taxonomic groups after investigating correlations between PLFAs in our samples and 
based on published references. Fatty acids which were strongly correlated to one another (Pearson 
coefficients r > 0.7, P < 0.001) were considered to originate from the same taxonomic group. 

Lipid group Fatty acids  Microbial groups References Symbolsa 

Saturated, 
Branched and 
Methyl branched 
fatty acids 

14:0, 15:0, 
16:0, 17:0, 
18:0, 20:0, 
a15:0, i15:0, 
i16:0, i17:0, 
cy17:0 

Bacteria, mainly 
gram positive 
anaerobic  

1, 2, 3 ◊ 

 
10Me16, 
i17:1ω7c 

 
Sulphate reducing 
bacteria  

 
4, 5 

 
♦ 

Monounsaturated 
and 
Polyunsaturated 
fatty acids 

 
16:1ω7, 
18:1ω9c,  
18:1ω9t, 
20:1ω9c 
18:2ω6c, 
18:2ω6t, 
18:3ω3, 
18:3ω6c, 
20:4ω6, 
20:5ω3, 
22:6ω3 

 
Of mixed origin 
including gram 
negative bacteria 
but mainly 
autotrophs, e.g. 
green algae and 
diatoms 

 
3, 6, 7, 8, 9, 
10, 11 

 
□ 

    
 
16:1ω9, 
18:2(9,12)  

 
Cyanobacteria  

 
8  

 
■ 

References: 1Vestal & White (1989), 2Piotrowska-Seget & Mrozik (2003), 3Kaur et al. (2005), 
4Taylor & Parkes (1983), 5Edlund et al. (1985), 6Potts et al. (1987), 7Léveillé et al. (1997), 
8Siegenthaler & Murata (1998), 9Smoot & Findlay (2001), 10Dijkman & Kromkamp (2006), 
11Findlay et al. (2008).  
a Symbols correspond with those in Figure 4.3b. 
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 Generalized linear models (GLMs) were run to assess the relationship 
between SB/MP and environmental variables. A set of GLMs were firstly run 
to determine which individual water quality variables were the most influential 
to microbial lipids (model set 1). Following this selection three candidate 
models (model set 2) were run to test a full model, containing both water 
quality and vegetation variables (i.e. presence or absence of submerged 
vegetation and degree of emergent vegetation coverage1) against two reduced 
models (II and III) which contained either water quality (PCAE axis 1) or 
vegetation. The following candidate models were specified a priori and 
subsequently tested: 
  
 SB/MP ~ WQ + V  
 SB/MP ~ WQ 
 SB/MP ~ V 
 
 Where: 
 WQ = water quality (PCAE axis 1) 
 V = as single variable representing emergent vegetation cover and 
 presence or absence of submerged vegetation  
 
The Akaike information criterion, corrected for small sample size (AICc) and 
Akaike weights (wi) were used to determine the support for each model by the 
observations (Burnham & Anderson 2002). The wi are 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. 
Models with wi > 0.7 were considered to be strongly supported, between 0.4 – 
0.7 as moderately supported and with wi < 0.4 as minimally supported by the 
data (Burnham & Anderson 2002). Only models with significant (P < 0.05) 
parameters and uncorrelated Gaussian residuals were considered adequate. To 
determine differences in aquatic insect abundance between ditches clustered by 
microbial fatty acids GLMs were run using the quasi-Poisson error model. 
Differences in insect species richness between clusters were tested with GLMs 
using either a Gaussian or Poisson error model. The total number and 
abundance of Ephemeroptera, Odonata and Trichoptera (EOT) taxa were used 
as an index of ditch habitat quality. Differences in vegetation and water quality 
parameters between clusters were tested using one-way ANOVA. 

                                                             
1 Represented by a single factor with 4 levels, where 0 = absence of submerged 
vegetation with small emergent vegetation cover, 1 =  absence of submerged vegetation 
with large emergent vegetation cover, 2 = presence of submerged vegetation with small 
emergent vegetation cover and 3 = presence of submerged vegetation with large 
emergent vegetation cover 
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 A multivariate direct ordination technique was carried out on log10 
transformed insect abundance data to determine insect community variability in 
relation to vegetation and abiotic conditions. Detrended correspondence 
analysis (DCA) was initially performed with down weighting of rare species to 
investigate the gradient length for aquatic insect community composition. The 
lengths of the first and second DCA axes were 2.84 and 2.69, respectively 
indicating that a unimodal response model was appropriate (Ter Braak & 
Smilauer 2002). Canonical correspondence analysis (CCA) was then run with 
insect abundances and environmental variables. Because a large number of 
abiotic (i.e. surface water chemistry) variables were correlated to one another, 
variance inflation factors (VIFs) were inspected and preliminary models run to 
determine which abiotic variable(s) were most strongly correlated with the 
insect community. Vegetation and benthic microbial variables were then tested 
in a similar fashion. The final CCA contained only significant environmental 
variables that were not strongly correlated to one another (VIFs < 2.0). All 
statistical analysis was run in R for windows using functions from the vegan, car 
and MuMIn packages (R Development Core Team 2012).  
 
Results 
 
Ditch characteristics 
 
Average values of surface water chemistry, ditch dimensions, emergent 
vegetation area and proportion of ditches supporting submerged vegetation are 
shown in Table 4.2. Results of the environmental Principal Component 
Analysis (PCAE) and Pearson correlation coefficients between the first and 
second PCAE axes and environmental data indicated that water quality and 
ditch dimensions were the dominant environmental gradients in the sampled 
ditches. Water quality was represented by the first axis, which was correlated to 
all abiotic variables and ditch dimensions were represented by the second axis, 
which was strongly correlated to ditch width and depth. The first and second 
PCA axes explaining 55% and 14% of variance between the 25 ditches, 
respectively. Emergent vegetation coverage was high in 14 ditches (56% of all 
ditches) and submerged vegetation was present in 14 ditches. Six ditches (24%) 
supported both high emergent vegetation coverage and submerged vegetation.  
 
Aquatic insect composition 
 
A total of 74 insect taxa were collected during this study and the average (± 
95% CI) taxonomic richness was 13 ± 3 per ditch sample. Coleoptera were the 
most taxonomically rich group represented by 22 taxa but few were caught with 
an average abundance of < 1 individual collected per ditch. The average 
abundance of insect taxa was 95 ± 24 individuals collected in each sample, with 
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29% of taxa recorded in this study being singletons (taxa recorded once). 
Diptera were the most abundant taxon group consisting of 8 genera/subclasses 
and Chironomidae larvae were the most abundant of all with Glyptotendipes and 
Chironomus recorded in > 70% of all locations with an average abundance of 10 
± 7 and 11 ± 6, respectively. Megaloptera was the least abundant taxon group, 
represented by one species (Sialis lutaria) with an abundance of 1 ± 1.  
Table 4.2. Average values and ranges of surface water parameters, ditch dimensions and vegetation 
collected in 25 ditches in 2011. Water chemistry values are taken from half year averages and ditch 
dimensions were measured simultaneously. Vegetation parameters were recorded in June 2011, n = 25. 
Pearson correlation coefficients of continuous variables with environmental principal component (PCAE) 
axes 1 and 2 ** good (|r| ≥ 0.7, P < 0.001) and * moderate (|r| ≥ 0.6, P < 0.05). 

Parameters Average ± 
95% CI 

Range PCAE-1 PCAE-2 

Abiotic variables:      

Ammonium (mg NH4+ L-1) 0.47 ± 0.24 0.02 - 2.66 -0.92** -0.22 

Kjeldahl nitrogen (mg N L-1) 3.8 ± 0.8 1.2 - 9.1 -0.70** -0.27 

Nitrite (mg N L-1) 0.02 ± 0.01 0.01 - 0.07 -0.87** -0.07 

Nitrate (mg N L-1) 0.29 ± 0.07 0.09 - 0.72 -0.89** 0.10 

Total phosphorus (mg P L-1) 0.48 ± 0.14 0.05 - 1.27 -0.88** -0.10 

Orthophosphate  
(mg PO43- L-1) 

0.21 ± 0.09 0 - 0.8 -0.90** -0.05 

Sulphate (mg SO42- L-1) 84 ± 12 23 - 133 -0.81** 0.08 

Chloride (mg Cl- L-1) 265 ± 62 89 - 790 -0.78** 0.38 

Total iron (μg Fe L-1) 823 ± 345 80 - 4192 -0.87** -0.28 

Bicarbonate (mg HCO3- L-1) 198 ± 30 80 - 368 -0.85** 0.39 

pH 8.0 ± 0.2 6.4 - 8.9 -0.54 0.39 

Conductivity (mS m-1) 154 ± 23 70 - 329 -0.41 0.37 

Transparency (cm) 36 ± 6 14 - 65 0.60* 0.22 
Sediment organic matter (%) 40 ± 6 13 - 72 0.56 -0.05 
Ditch dimensions:     
Width (m) 11 ± 3 2 - 35 -0.05 0.83** 
Water depth (cm) 68 ± 10 7 - 119 0.12 0.86** 
Vegetation:     
Ditches with large emergent 
vegetation coverage (%) 

60  0.41 0.21 

Ditches with  
submerged vegetation (%) 

 
56 

  
0.09 

 
-0.34 
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A total of 27 Ephemeroptera, Odonata and Trichoptera (EOT) taxa were 
recorded with an average abundance of 17 ± 9. Three Ephemeroptera taxa 
were recorded with an average abundance of 8 ± 7 and eighteen Trichoptera 
taxa with an abundance of 5 ± 3. Odonata had an average abundance of 4 ± 4 
and was represented by 6 species with Pyrrhosoma nymphula being the least 
abundant, recorded only once in this study and Coenagrion spp. (pulchellum/puella) 
being the most abundant genus. 
 
Benthic microbial phospholipids and environmental characteristics 
 
A total of 26 PLFAs, ranging from 14:0 to 22:6ω3, were recorded in this study 
including established PLFA biomarkers for a range of microbial groups (see 
Table 4.1 and Appendix 4.1 in supplementary information). Cluster analysis, 
run on the relative proportion of benthic microbial PLFAs, grouped 24 out of 
25 ditches into two clusters with a single ditch (number 18) positioned outside 
the two clusters (Fig. 4.3a). The average total PLFA content, based on sediment 
dry weight, was similar between the two main clusters at 15.6 ± 3.5 mg g-1 C (± 
95% CI) in cluster 1 and 16.7 ± 6.8 mg g-1 C in cluster 2 ditches. However, 
there was a clear difference in the proportions of each fatty acid group with 
SB/MP (heterotrophic to autotrophic PLFAs) being greater in cluster 2 ditches 
(Fig. 4.3a).  Vegetation cover also differed significantly between the ditches of 
each cluster. Cluster 2 ditches concomitantly supported submerged vegetation 
and greater emergent vegetation cover (ANOVA, F(1,22)= 11 P = 0.003). 
Furthermore, water quality (reflected by PCAE axis 1) was significantly 
positively related to cluster, i.e. cluster 2 ditches had better water quality 
(ANOVA, F(1,22) = 8.32, P = 0.009). There was no difference between ditch 
dimensions in the two clusters.   
 The first two axes of the Principal Component Analysis (PCAM), run 
with benthic microbial phospholipid content, explained 57% of the variation 
between ditches with 34% of the variation explained by the first axis and 23% 
by the second axis (Fig. 4.3b). Saturated fatty acids (FAs) and branched FAs 
were clustered together in the centre of the biplot as they were ubiquitous to all 
ditches (see Fig 4.3b). These two lipid groups were predominantly associated 
with gram negative bacteria and anaerobic gram positive bacteria such as 
sulphate reducing bacteria (i.e. 10Me16:0, i17:1ω7 and cy17:0) (see Table 4.1 
and references therein). Conversely, polyunsaturated FAs and monounsaturated 
FAs, were dispersed away from the centre of the biplot with the exception of 
two lipid biomarkers for cyanobacteria (16:1 ω 9 and 18:2(9,12)), which were 
situated in the centre of the biplot (Fig 4.3b).The ratio of saturated and 
branched FAs to monounsaturated and polyunsaturated FAs (i.e. SB/MP) was 
positively related to both vegetation and water quality and indicated a gradient 
from greater to lower water quality and greater to lower vegetation cover in the 
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ditches (Table 4.3). Only abiotic parameters which were significantly correlated 
to SB/MP are shown in Table 4.3 and the Akaike weights indicated SB/MP 
was most strongly correlated to HCO3- , pH and SO42-. 
 
Table 4.3. Generalized linear model (GLM) results showing the response of microbial PLFAsa to 
the presence of submerged and emergent vegetation and abiotic factors. Model set 1 tests the response of 
SB/MP against individual water quality parameters. Model set 2 tests the response of SB/MP 
against a full model containing both vegetation and water quality (PCAE axis 1) and the two reduced 
models (II and III). Model outputs are shown with degrees of freedom (df), Akaike information 
criterion corrected for small sample size (AICc) and Akaike weights (wi), n = 25. 
 
Predictors Coefficients df Log likelihood AICc wi 

Model set 1:      
HCO3- -2.16 3 -14.18 35.5 0.67 
pH -0.62 3 -15.60 38.3 0.16 
SO42- -2.03 3 -16.29 39.7 0.08 
NO3- -1.29 3 -16.72 40.6 0.05 
PO43- -0.45 3 -17.35 41.8 0.03 
Transparency 0.021 3 -18.72 44.6 0.01 
      
Model set 2:      
(I) Full Model  4 -10.22 30.4 0.95 
(II) Water quality 0.47 3 -14.65 36.4 0.05 
(III) Vegetation 0.36 3 -17.36 41.9 < 0.01 
a PLFA data are expressed as the ratio of saturated and branched to monounsaturated and 
polyunsaturated fatty acids (SB/MP). 
  
Microbial and aquatic insect community composition  
 
There were clear differences in species richness and the abundance of insect 
taxa between the ditches grouped in the microbial PLFA cluster analysis (Fig. 
4.3c). The average total insect abundance and abundance of Chironomus sp., 
Odonata and Trichoptera taxa were all significantly higher in cluster 2 ditches 
(GLM, P < 0.05). Moreover, total insect richness and EOT richness were also 
greater in cluster 2 ditches (GLM, P < 0.05).  
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 The CCA explained a significant proportion of the variation in aquatic 
insect community composition (P ≤ 0.001) and showed that variation in the 
insect community was significantly correlated to the microbial lipid ratio 
SB/MP (P < 0.001), (i.e. the ratio of heterotrophic to autotrophic PLFAs), the 
presence of submerged vegetation (P < 0.001) and total phosphorus (TP) (P = 
0.01) (Fig 4.4). The first constrained axis explained 19% of the variation in the 
insect community and was positively related to SB/MP and negatively related 
to TP. The second constrained axis explained 14% of the variation and was 
negatively related to the presence of submerged vegetation. All abiotic 
parameters were initially tested in the CCA and the final selection (shown in the 
biplot) consisted of those parameters which expressed the strongest 
relationship with variation in the insect community (Fig 4.4). During the 
variable selection procedure ammonium, orthophosphate, nitrite and Kjeldahl 
nitrogen were also significant correlated to variability in the insect community, 
however none of these variables were as strongly correlated to the insect 
community as TP. Moreover, TP was positively correlated to all of these 
aforementioned abiotic parameters (r > 0.66, P < 0.05), so TP was indicative of 
overall eutrophication in the ditches.      
 
Discussion 
 
Determining the underlying drivers of insect composition can be difficult in 
modified environments, particularly when suitable reference conditions are not 
available. The present study shows that combining data on microbes together 
with data on insects and vegetation lead to the identification of key divers 
affecting the interacting community components. This observation expands on 
a trend observed before. For example Feio et al. (2007) reported that diatoms 
and invertebrates provided complementary information on environmental 
conditions in streams with diatoms being more sensitive to water chemistry and 
invertebrates being more indicative of morphological characteristics. Similarly, 
Johnson and Ringler (2014) found that fish and invertebrate indices were 
indicative of habitat and water quality in streams, but the two groups were not 
correlated to one another. In the present study we integrated benthic microbial 
and insect data to determine if variation in these two communities were 
correlated with one another and identify environmental factors which structure 
these two communities. 
 Microbial fatty acids and invertebrates have been incorporated typically 
in studies on food web dynamics. For example Vos et al. (2002) and Peeters et 
al. (2004) demonstrated that concentrations in sedimentary bacterial fatty acids 
and total PUFAs (including non PLFAs) positively influenced benthic 
invertebrates (e.g. Chironomidae larvae and other detritivorous taxa) by 
providing a high quality source of food. In our study, bacterial fatty acid and 
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total PUFA contents were not related to the abundance of sediment dwelling 
Chironomidae larvae. This may be because degraded peatland sediments are 
rich in organic matter (accounting for on average 40% of the total sediment dry 
weight) in conjunction with PUFA content being over 1000 times greater than 
those recorded by Vos et al. (2002) and Peeters et al. (2004). Consequently, food 
quality and availability are not likely to be limiting and, therefore, are probably 
not an important factor structuring the insect community in nutrient rich 
peatland ditches. Another confounding factor could be the sample method 
used in our study which included littoral and open water insect species as well 
as benthic fauna. This type of sampling may reduce the sensitivity of statistical 
techniques to determine relationships between benthic microbes and insects 
collected from a variety of ditch substrates. However, Chironomidae larvae 
comprise of many sediment dwelling taxa (particularly Chironomus sp. and 
Glyptotendipes sp.) therefore the relationship between these taxa and food quality 
parameters would likely have been detected if it was prominent.  

 
Fig. 4.4. First and second constrained axes of canonical correspondence analysis run with insect taxa 
and environmental variables. Environmental variables are presence or absences of submerged vegetation, 
total phosphorus (TP) and benthic microbial lipids expressed as the ratio of Saturated and Branched to 
Monounsaturated and Polyunsaturated fatty acids (SB/MP). Arrows represent continuous variables 
and labels in boxes show the centroids for submerged vegetation levels, all variables were significantly 
correlated with insect data (P ≤  0.01 ). Circles represent ditches and the cluster they are associated 
with (○ = cluster 1,     = cluster 2). Dominant taxa are represented by abbreviations: CHIR= 
Chironomus sp., COE = Coenagrion spp., C.DIP = Cloeon dipterum, C.HOR = Caenis horaria, 
C.ROB = Caenis robusta, ENDO = Endochironomus sp., GLY = Glyptotendipes sp., G.ODO 
= Gerris odontogaster, HAL = Haliplus sp., HEP = Helophorus sp., H.DUB = Holocentropus 
dubius, H.INA = Hygrotus inaequalis, I.CIM = Ilyocoris cimicoides, I.ELE = Ischnura elegans, 
N.CLA = Noterus clavicornis, ORT = Orthocladiinae, P.MIN = Plea minutissima, SIG = 
Sigara sp., S.LUT = Sialis lutaria, TAN = Tanytarsus sp., TANY = Tanypodinae, T.BIC = 
Triaenodes bicolor. 
 



Chapter 4 

87 
 

 In our study we assessed if microbial data was indicative of key 
environmental drivers of aquatic insects in North Holland’s peatlands. 
Variation in aquatic insect community composition was strongly correlated to 
benthic microbial phospholipids and the presence of submerged and emergent 
vegetation in North Holland’s peat land ditches (Fig. 4.3 and 4.4). The 
microbial community (as represented by clustered ditches and the SB/MP ratio) 
were indicative of water quality/chemical conditions and vegetation, while 
invertebrates were more indicative of vegetation/habitat structure. The initial 
clustering of ditches by microbial PLFAs resulted in two main clusters, with 
ditches situated in the second cluster characterised by more vegetation and 
supporting a greater abundance of insect taxa, predominantly Odonata, 
Trichoptera and Chironomus larvae. These taxa are of particular interest as they 
have shown a marked decline in North Holland’s peatland ditches over recent 
decades (van Dam 2009; Whatley et al. 2014).   
 The ditches with the most diverse insect communities were associated 
with cluster 2 and were more likely to support submerged vegetation and have 
greater emergent vegetation cover compared with cluster 1 ditches. Similarly, 
Boon et al. (1996) reported measurable differences in microbial PLFA 
composition in response to the presence of vegetation in an Australian wetland. 
Vegetation influences microbial communities by stabilizing and adding organic 
material to sediments and creating pockets of oxygen around their roots zones 
(Sand-Jensen et al. 1982; Palmer et al. 2000; Colmer 2003). Furthermore, the 
expansion of oxic/anoxic boundary zones in sediments acts to alter potential 
electron donors and redox conditions exploited by microbes. However in the 
present degraded peatlands sediment deposits are substantial, very unstable and 
not consolidated by plant roots. Our observations may actually be affected by a 
decoupling of vegetation and sediment microbial markers. Nevertheless 
published findings highlight the role of vegetation as ecosystem engineers in 
these aquatic systems. Emergent and submerged vegetation influenced both 
benthic microbial communities and aquatic insects, with many species 
dependent on vegetation for habitat and periphytic food (Scheffer et al. 1984; 
De Szalay & Resh 1997; Twisk et al. 2003; Verdonschot et al. 2012a).  
 Environmental conditions in many of North Holland’s peatlands are 
dominated by the process of peat degradation which leads to an accumulation 
of fine amorphous organic particles (Lamers et al. 2002). These particles 
smother surfaces and regular resuspension of particles causes light attenuation 
and subsequent decline in submerged vegetation, resulting in habitat loss 
(Scheffer et al. 1993; Whatley et al. 2014). The supply and concentrations of 
nutrients is yet another important factor influencing aquatic vegetation 
distribution in drainage ditches (De Lange 1972; Rip, et al. 2006; van Zuidam 
2013). Under hypertrophic conditions submerged vegetation is often lost and 
replaced by algae and floating macrophytes (Janse & Van Puijenbroek 1998). In 
our study, the ratio of heterotrophic to autotrophic PLFAs was strongly 



Chapter 4 

88 
 

associated with chemical conditions, specifically nutrients, sulphate, bicarbonate 
and pH. These findings indicate a greater abundance of autotrophs in sediment 
samples of more eutrophic ditches, likely arising from the deposition of 
planktonic algal and cyanobacteria on surficial sediments.  
 The assignment of PLFAs to taxonomic groups, such as algae and 
anaerobic bacteria, are not always evident as the same PLFAs can be present in 
a number of different organisms (Frostegård et al. 2011). We found strong 
correlations between certain PLFAs. For example, fatty acids 16:0, 10Me16:0, 
16:1ω9 and cy17:0 are indicative of sulphate reducing bacteria Desulfobacter sp. 
(Taylor & Parkes 1983) and were perfectly correlated to each other (Pearson r 
= 1). While, fatty acids 18:2ω6, 18:3ω3 and 18:3ω6 may originate from algal, 
cyanobacteria, fungi or higher plants (Siegenthaler & Murata 1998; Piotrowska-
Seget & Mrozik 2003; Dijkman & Kromkamp 2006). These three PUFAs 
(18:2ω6, 18:3ω3 and 18:3ω6) were strongly correlated to one another in our 
study (r ≥ 0.8) and were most abundant in the more eutrophic locations. 
Considering the association of 18:2ω6, 18:3ω3 and 18:3ω6 with an increase in 
nutrient concentrations, particularly dissolved inorganic nutrients (NH4+, NO3- 
and PO43-) and the absence of submerged vegetation, we concluded that they 
were likely to have originated from algae and cyanobacteria. 
 Aquatic insects are predominately indirectly impacted by nutrient 
loading with diversity/species richness generally decreasing under eutrophic 
conditions. The inlet of external waters into Dutch peatlands has been shown 
to trigger internal eutrophication, thereby negatively influencing peatland 
ecosystems (Roelofs 1991; Lamers et al. 2002). Neither bicarbonate nor sulphate 
were directly correlated to variability in insect community composition in the 
CCA. Yet the ratio of heterotrophic to autotrophic PLFAs (SB/MP) was 
negatively associated with these macro-ions and positively associated with 
vegetation. This indicates that ditches with high bicarbonate and sulphate 
concentrations are more likely to be dominated by algae and are less likely to 
support macrophytes. Thus high HCO3- and SO42- are indicative of reduced 
habitat quality for aquatic insects. These findings support our expectation that 
integrating benthic microbial and aquatic insect data can clarify the drivers of 
(insect) communities in these degraded wetlands. In the case of North Holland 
the drivers of insect communities include nutrient enrichment, the inlet of 
mineral rich water and the availability of suitable macrophyte habitat, 
particularly submerged vegetation.  
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Appendix 4.1. Phospholipid Fatty Acid (PLFA) content of sediments collected from 25 ditches in 
June 2011. Average values are shown ± 95% CI alongside the full range of values.  
PLFA content (mg g-1 C) Average ± 95% CI Range 
i15:0 0.63 ± 0.16 0.19 - 1.89 
a15:0 1.00 ± 0.26 0.35 - 3.55 
i16:0 0.40 ± 0.10 0.12 - 1.09 
i17:0 2.56 ± 0.90 0.46 - 11.68 
Branched  5.37 ± 2.98 2.45 - 16.13 
C14:0 0.62 ± 0.21 0.16 - 2.58 
C15:0 0.62 ± 0.21 0 - 0.49 
C16:0 1.40 ± 0.43 0.33 - 5.33 
10Methyl16:0 0.26 ± 0.06 0.06 - 0.67 
cy17:0 0.19 ± 0.06 0.03 - 0.71 
C17:0 0.64 ± 0.32 0.07 - 3.90 
C18:0 0.28 ± 0.12 0 - 1.14 
C20:0 0.21 ± 0.07 0 - 0.89 
Saturated 1.56 ± 0.77 0.93 - 3.96 
C16:1 2.76 ± 0.83 0.62 - 10.24 
C16:1n7 1.72 ± 0.80  0 - 7.81 
C17:1n7 0.17 ± 0.05 0 - 0.50 
C18:1n9t 0.13 ± 0.09 0 - 0.91 
C18:1n9c 0.43 ± 0.17  0 - 1.55 
C20:1n9 0.12 ± 0.07 0 - 0.82 
Monounsaturated 3.97 ± 1.98 2.38 - 10.11 
C18:2 0.49 ± 0.14 0.1 - 1.59 
C18:2n6t 0.14 ± 0.06 0 - 0.57 
C18:2n6c 0.59 ± 0.3 0 - 2.65 
C18:3n3 0.13 ± 0.09 0 - 0.99 
C18:3n6 0.47 ± 0.21 0 - 1.92 
C20:4n6 0.02 ± 0.02 0 - 0.19 
C20:5n3 0.39 ± 0.25 0 - 2.65 
C22:6n3 0.22 ± 0.17 0 - 1.77 
Polyunsaturated 1.38 ± 0.64 0.49 - 3.48 
Total fatty acids 21.09 ± 8.12 8.82 - 48.64 


