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Chapter 3  
 

Eutrophication decreases distance decay of 
similarity in diatom communities  
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Abstract 
 
The distance-decay relationship has been claimed to be a predictor for 
biological diversity because it unites several ecological phenomena 
such as dispersal ability and environmental structure. The effect of 
long-term disturbances on distance decay, however, has been widely 
overlooked, especially for microorganisms. We examine the effect of 
eutrophication on the distance-decay relationship in communities of 
attached diatoms in three peatland areas: mesotrophic, eutrophic and 
hypertrophic. The study follows a spatially explicit sampling scheme, 
collecting evenly spaced samples along 6-km sampling tracks. The 
three areas shared 24% of the total number of species, but the different 
nutrient levels in the three areas are reflected by the prominence of low 
profile and planktonic diatom species. Our study demonstrates that 
eutrophication can affect distance-decay relationships by decreasing 
turnover rates in microorganisms. Diatom communities are shown to be 
constrained by both environmental and spatial features, whose relative 
importance depends on the degree of eutrophication. Under eutrophic 
conditions, species are filtered from the regional species pool and 
community structure responds strongly to environmental factors (water 
chemistry variables and depth) while in mesotrophic environments, 
purely spatial processes play a prominent role in structuring diatom 
communities. These findings reveal that homogenization of 
communities triggered by environmental disturbance is an ecological 
phenomenon of importance in the microbial world. 
 
 
Introduction 
 
Community similarity often decreases as the distance between sites 
increases, a pattern described frequently in the scientific literature 
(Nekola & White, 1999; Soininen, McDonald & Hillebrand, 2007). 
Characteristics of the environment, as well as characteristics of 
organisms, are responsible for this distance-decay relationship in 
community similarity (henceforth referred to as ‘distance decay’).  
Spatial variation in environmental conditions results in higher rates of 
species turnover via mechanisms that sort species with different traits 
along environmental gradients (Tilman, 1982). In addition, 
characteristics of the spatial template (habitat size, isolation and the 
nature of the matrix) affect dispersal efficiency and influence levels of 
species overlap among sites and thereby affect rates of distance decay 



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

47 
 

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

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

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

In the event that the relationship between environmental and 
geographical distance was statistically significant (which turned out to 
be the case in the mesotrophic area, Fig. A3.1), partial Mantel tests 
(Legendre & Legendre, 1998) were run to assess the influence of 
environmental distance on community similarity while controlling for 
the effect of geographical distance and vice versa.  
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After applying the partial Mantel test, we used the BIO-ENV algorithm 
(Clarke & Ainsworth, 1993; Astorga et al., 2012) as implemented in R 
(Oksanen, 2008) to identify the subset of environmental variables most 
influential in each of the three studied areas. BIO-ENV calculates a 
euclidean distance matrix for every possible combination of 
standardized environmental variables, as well as a matrix for 
community dissimilarity. Subsequently, BIO-ENV determines the 
Pearson correlation between each environmental distance matrix and 
the community dissimilarity matrix. The highest correlation identifies 
the combination of environmental variables that are most strongly 
related to community composition.  
β-diversity (the average Jaccard dissimilarity between all pairs of 
samples within one area) was related to the degree of eutrophication. 
Besides nutrients, other environmental variables were linked to the 
eutrophication process (e.g. turbidity and surface oxygen). From a 
principal component analysis (PCA axis 1) the component that 
explained most of the variation in environmental variables across the 
three areas was derived to represent the eutrophication gradient.  
Finally, we evaluated the hypothesis that high levels of eutrophication 
function as an ecological filter. On this view, only species with a 
distinct set of traits should be able to occupy highly eutrophic 
environments. We classified diatoms into four ecological guilds 
following Rimet & Bouchez (2012): low profile, high profile, motile 
and planktonic. The relationships between ecological guilds and the 
eutrophication gradient (PCA axis 1) were fitted with second-order 
polynomial equations. All of our analyses were carried out in R (R 
development Core Team, 2012). 
 
 
Results 
 
Diatom α-diversity (average species richness) was similar in the three 
areas, while ɣ-diversity and β-diversity declined from the mesotrophic 
to the hypertrophic area (Fig. 3.2). Twenty-four percent of all sampled 
species were shared between the three areas and the total incidence of 
rare species, expressed as the number of singletons, was 40, 20 and 16 
in the mesotrophic, eutrophic and hypertrophic areas, respectively.  
Community similarity was negatively related to environmental distance 
in all three areas (Fig. 3.3a) and negatively related to geographical 
distance in the mesotrophic and eutrophic areas (Fig. 3.3b).  
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The highest rate of both environmental and spatial turnover (measured 
as the slope of the regressions) was observed in the mesotrophic area. 
Furthermore, community similarity within the mesotrophic area was 
more closely related to geographical distance when environmental 
distance was controlled for, but not vice versa (Table 3.2).  
 

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

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

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

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

 r P r P 

Hypertrophic -0.43 0.05 0.05 n.s. 

Eutrophic -0.34 0.023 -0.38 0.016 

Mesotrophic -0.18 n.s -0.71 <0.001 

     

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

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

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

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

  Mesotrophic   Eutrophic     Hypertrophic   

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

(b) Geo. 
distance -0.1 -0.82 

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

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

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

(d) Geo. 
Distance 
(Env.) 

- -0.77 
(<0.001) - -0.58 

(0.001 - n.s. 
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Figure A3.1. Relationship between environmental distance and geographical 
distance in the three areas (Hypertrophic, mesotrophic and eutrophic). Only 
in the mesotrophic area a significant correlation was observed (Pearson 
correlation r = 0.54; P < 0.001), while no significant correlations were 
observed in both eutrophic and hypertrophic areas. 
 
Table A3.3. Results of the PCA showing the eigenvalues and percentage of 
explained variation in environmental variables and variable loadings for the 
first two axes.  
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Eigenvalue 5.11 1.16 

% Explained variation 56.8 12.9 

Variable loadings   

Iron 0.36 -0.34 

Oxygen 0.34 0.05 

pH 0.28 0.12 

Sulphate 0.13 -0.19 

Total nitrogen 0.43 0.014 

Total phosphorus 0.43 0.03 

Dissolved sulfide -0.06 0.88 

Total sulfide 0.39 0.19 

Turbidity 0.38 0.15 

   


