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ABSTRACT

Aim An intensively debated issue in macroecology is whether unicellular organ-
isms show biogeographic patterns different from those of macroorganisms. One
aspect of this debate addresses beta diversity, that is, do microbial organisms exhibit
distance-decay patterns similar to those of macroorganisms? And if so, is the decay
of community similarity caused by spatially limited dispersal or by niche-related
factors? We studied the community similarity of stream diatoms, macroinverte-
brates and bryophytes across the same set of sites in relation to environmental and
geographic distance.

Location A geographical gradient of ¢. 1100 km in Finland.

Methods We first identified the subset of environmental variables that produced
the highest correlation with community similarities for each taxonomic group.
Based on these variables, we used partial Mantel tests to separate the independent
influences of environmental and geographical distance for distance decay of com-
munity similarity, separately for diatoms, bryophytes and macroinvertebrates.
Finally, macroinvertebrates were divided into three groups based on their different
dispersal categories and a partial Mantel test was used to assess whether each of
these groups were differently affected by environmental versus geographic distance,
i.e. is dispersal a key factor in tests of niche versus neutral models.

Results The level of environmental control was by far the strongest for diatoms;
however, all groups were controlled more by environmental factors than by limited
dispersal. Macroinvertebrate species with low dispersal ability were significantly
related to geographic distance, while more effective dispersers showed no relation-
ship to geography but were instead strongly related to environmental distance.

Main conclusions Our results suggest that patterns between macro- and micro-
organisms are not fundamentally different, but the level of environmental control
varies according to dispersal ability. The relative importance of niche versus dis-
persal processes is not simply a function of organism size but other traits (e.g.
life-history type, dispersal capacity) may obscure this relationship.

Keywords
Benthic macroinvertebrates, BIO-ENV, bryophytes, diatoms, dispersal, Finland,
Mantel test, streams.

INTRODUCTION

decay (Nekola & White, 1999). Two main explanations have
been proposed for this pattern. Niche theory predicts that

A recurrent pattern in the similarity of species composition
between ecological communities is that it typically decreases
with increasing distance, a phenomenon known as distance
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community similarity decreases with environmental distance,
irrespective of geographic proximity, as a result of species
differences along environmental gradients (Tilman, 1982).
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Neutral theory, by contrast, predicts that the decay of commu-
nity similarity is caused by spatially limited dispersal, indepen-
dent of environmental differences between sites (Hubbell,
2001). In reality, niche control and neutrality are the opposite
ends of a continuum, and most natural communities lie some-
where between these theoretical extremes (Gravel et al., 2006;
Thompson & Townsend, 2006). Furthermore, environmental
and geographic distances are typically inter-correlated, render-
ing tests of these hypotheses problematic (Gilbert & Lechowicz,
2004).

During the past few years, there has been intensive debate on
whether unicellular organisms exhibit biogeographic patterns
different from those of macroorganisms. The traditional view
holds that, being small and extremely abundant, unicellular
organisms are ubiquitous dispersers, flourishing wherever they
find a suitable environment (‘everything is everywhere, but the
environment selects’). Thus, unlike most macroorganisms, they
lack well-defined biogeographic patterns (Finlay et al., 1996;
Godfray & Lawton, 2001). This generalization has now been
challenged by a growing body of evidence showing that many
microbial organisms have restricted distributions with well-
structured spatial patterns of assemblage composition (Green
et al., 2004; Foissner, 2006). Thus, patterns of microbial diversity
may not be fundamentally different from those of macroorgan-
isms (Horner-Devine et al., 2004; Martiny et al., 2006).

Regressing community similarity against environmental and
spatial distance provides an effective means to determine the
relative roles of local environmental structuring versus regional
control of community composition (Tuomisto et al., 2003;
Green et al., 2004; Fierer & Jackson, 2006; Martiny et al., 2006).
However, only rarely have the distributions of micro- and
macroorganisms been compared across the same set of sites,
although such an approach could clearly contribute to our
understanding of the importance of dispersal limitation versus
local constraints for spatial turnover of ecological communities
(Soininen et al., 2007). In one of the few exceptions, Beisner
et al. (2006) used data from 18 lakes in Canada, showing that the
variability of community structure of less easily dispersed
species (zooplankton and fish) are better predicted than bacteria
and phytoplankton by the spatial distribution of lakes and their
connections on the landscape. Bryant et al. (2008) documented
that patterns of elevational distribution were profoundly differ-
ent for vascular plants and soil bacteria, suggesting that these
communities are not shaped by the same factors.

We studied the community similarity of three taxonomic
groups present in most streams: benthic diatoms, macroinver-
tebrates and aquatic bryophytes. We expected the relative
importance of geographic versus environmental distance to
exhibit predictable variation across organisms with different
dispersal ability, diatoms as unicellular organisms being the best
dispersers and macroinvertebrates the poorest dispersers of the
studied groups. As the among-stream dispersal of aquatic bryo-
phytes occurs mainly via spores (Stream Bryophyte Group,
1999) that may occasionally disperse long distances (Rydin,
2009), we expected bryophytes to be less dispersal-limited than
macroinvertebrates. Thus, we hypothesized that the importance

of geographic distance (dispersal limitation) to species turnover
should increase from diatoms to macroinvertebrates, and the
importance of environmental distance (niche partitioning)
should increase from macroinvertebrates to diatoms. We then
divided benthic macroinvertebrates in three groups according to
their dispersal capacity to provide a more direct test of the
importance of dispersal to the relationship between community
similarity and geographic versus environmental distance. Most
stream macroinvertebrates possess a winged adult stage, and
they could thus be expected to be effective dispersers at the
among-stream scale. However, this group exhibits wide varia-
tion in dispersal capacity, some species being confined to the
aquatic environment, and they might therefore express varying
degrees of dispersal limitation (Thompson & Townsend, 2006).
We hypothesized only the weakest dispersers to show strong
dispersal limitation in their distance-decay pattern.

MATERIALS AND METHODS

Study area

We sampled 14-15 stream sites in each of eight drainage systems
in Finland, spanning a north-south gradient of 1100 km. All
sampling was conducted during low-flow conditions in late
autumn (September to October) 2000-04, the majority of sites
being sampled in 2000. To restrict our analyses to a single habitat
type, we focused on near-pristine (no point sources of pollution,
no obvious signs of human impact in the riparian zone or the
stream channel, < 9% of catchment, on average, under anthro-
pogenic impact) streams with a base flow < 0.6 m’s™. The
catchments sampled spanned a broad environmental gradient,
from oligotrophic to mesotrophic conditions [range of total P
(TP): 9.0-65.1 ug I'']. All study sites were in small forest streams
of orders one to three, with mean catchment sizes ranging
between 13.0 and 43.8 km?. The streams drained mainly forested
catchments (mean percentage of forests 34.9-68.6%). Mean
elevation range varied from 40.9 to 162.0 m a.s.l. More infor-
mation about the studied catchments and streams is given in
Astorga et al. (2011).

Biotic sampling

We sampled benthic macroinvertebrates by taking a 2-min kick-
net sample (net mesh size 0.3 mm) at each site, aiming to cover
most microhabitats present in a stream section of approximately
100 m* Macroinvertebrates and associated material were pre-
served in 70% alcohol, and they were sorted and identified to the
lowest feasible taxonomic level, usually species, in the labora-
tory. Our analysis includes all other major groups of macroin-
vertebrates apart from chironomids, which were not identified
to species level and were thus excluded from all analyses.
Bryophytes were sampled in 10 randomly placed 50 cm X
50 cm quadrats in those areas of the stream bed that remain
wetted at base flow. All bryophyte species and their percentage
cover were recorded in the field. For diatom sampling, we
divided each study site into five or ten cross-stream transects,
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depending on stream width. Ten stones were selected randomly
in each transect, and diatoms were scraped off the stones from a
predefined area (3.1 cm?) using a plastic template. Subsamples
were then pooled into a composite sample for each site. Almost
all of the diatom cells had cytoplasmic contents, and thus acid
combustion (HNO; : H,SOy; 2:1) was used to clean frustules of
organic material. Cleaned diatoms were mounted in Dirax or
Naphrax. Five hundred frustules per sample were identified
using phase contrast light microscopy (magnification 1000x),
using the keys of Krammer and Lange-Bertalot (1986-91) and
Lange-Bertalot & Metzeltin (1996).

Environmental variables

At each site, we measured several local environmental variables.
Depth and current velocity (at 0.6x depth) were measured at 40
random locations along evenly spaced cross-channel transects
covering the whole study section. Canopy cover was measured at
20 locations along the same transects. Substratum particle size
was measured in the same quadrats using a modified Wentworth
scale (see Table S1 in Supporting Information for categories and
their size). The proportion of each size class was estimated for
each quadrat, and these estimates were then averaged to give the
weighted mean of substratum size for a site. Water samples were
collected and analysed for pH, conductivity, TP and water
colour according to the methods of the National Board of
Waters and the Environment (1981). Elevation range was used
as a proxy for topographic heterogeneity, and it was calculated as
the range between the maximum and minimum altitude for the
catchment above a site. We also included two climatic variables:
(1) mean summer (1 June-30 September) air temperature, and
(2) coefficient of variation (CV) of monthly precipitation. For
mean temperature, we downscaled a 10-year data set (1996—
2005; Finnish Meteorological Institute, Vendldinen & Heikinhe-
imo, 2002) from the original 10 km? grid to a 1 km? grid by
relating mean summer temperature to latitude, longitude and
altitude of each study site through multivariate regression (> of
the model: 0.97). The CV of monthly precipitation was down-
scaled to a 1-km? grid by kriging interpolation on adjusted
precipitation data (Van der Linden & Christensen, 2003). Cli-
matic variables were thus fine-tuned to better describe local
variation in climatic conditions, although they still reflect
regional variation in climate. Air temperature was used as a
proxy of water temperature, and CV in monthly precipitation
was used to approximate regional variability in hydrological
disturbance (Vinson & Hawkins, 2003).

Data analysis

We calculated similarity in community composition between all
site pairs using the Serensen coefficient on presence—absence
data. This coefficient ranges from 0 to 1, high values indicating
closely similar species composition between two sites. The
Serensen index is much used in community ecology, and a
recent study comparing the performance of several similarity
indices recommended the use of this index for analysing binary
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community data (Cao & Epifanio, 2010). To examine the relative
importance of geographic and environmental distance for each
taxonomic group, we first used BIO-ENV (Clarke & Ainsworth,
1993) to identify the subset of environmental variables that
produced the highest (nonparametric) correlation with com-
munity similarities. Typically, random variation (‘noise’)
increases when poor environmental predictors are used among
the important ones and, consequently, a small subset of vari-
ables has a higher correlation with community structure than all
variables combined (Clarke & Ainsworth, 1993). The basic idea
of BIO-ENV is to calculate the Pearson correlation coefficient
between distances in the response matrix (in our case, commu-
nity similarity matrix) and the environmental distance matrix.
BIO-ENV calculates the correlation coefficient for every pos-
sible combination of predictor variables until it identifies the
‘best’ fit (i.e. the combination of predictor variables whose dis-
tance matrix yields the highest correlation). This best subset of
environmental variables was subsequently used to calculate the
environmental distance matrix for each group based on Euclid-
ean distances between sites.

Geographical distances were calculated as Euclidean dis-
tances, ranging from 0.6 to 1100 km. Simple Euclidean distance
has been shown to serve as an approximation for constraints to
movement within and between stream networks for some
stream invertebrates (e.g. Finn et al., 2006). However, other
authors have argued for the use of network instead of overland
distances (e.g. Urban et al., 2006; Brown & Swan, 2010). Of the
groups studied by us, macroinvertebrates may indeed use stream
networks for dispersal (but see Briers et al., 2004, and Macneale
et al., 2005, for examples of overland dispersal), but bryophytes
and diatoms are much less likely to do so. Obviously, these
organisms are carried downstream by water flow, but in our
study each stream was represented by only one sampling site.
Therefore, it is much more likely that any dispersal between sites
was aerial and can be approximated by linear distances. For
comparative purposes, and lacking exact knowledge about dis-
persal pathways in each group, we think it is important that all
three groups be analysed similarly; we therefore opted to use
linear distances, acknowledging the potential shortcomings of
this method. Furthermore, at the across-watershed extent, dis-
tances across stream networks are inappropriate, as the water-
sheds studied by us span a gradient of 1100 km.

The plots of similarity versus distance formed clouds with
higher variance at short distances and lower variance at longer
distances. For a clearer graphical output, we grouped the com-
munity similarity observations into 100-km bins for the geo-
graphic distance and 1.0-unit Euclidean distance for the
environmental distance. We compared through regression the
relationship between community similarity and geographical
distance separately for each taxonomic group using: (1) slope of
the relationship (distance versus community similarity), (2)
initial similarity (similarity at 1-km distance), and (3) halving
distance. These three measures represent slightly different
aspects of compositional turnover with distance (see Tuomisto,
2010). The slope of the distance-(dis)similarity relationship is
one of the most commonly used measures of beta diversity in
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ecological studies (e.g. Nekola & White, 1999; Soininen et al.,
2007; Qian, 2009). Soininen et al. (2007), however, suggested
halving distance and initial similarity as measures that consider
both the rate of compositional turnover and the initial level of
similarity. Halving distance indicates how far from a site you
need to go, on average, for the compositional similarity between
two sites to have decreased to half of the initial similarity, assum-
ing that the rate of decrease in similarity is constant per unit
increase in geographical distance. Halving distance is a biologi-
cally feasible measure that can be calculated for any type of
regression between community similarity versus geographic dis-
tance and is therefore highly suitable for comparative purposes
(Soininen et al., 2007). Initial similarity reflects turnover at
small spatial extents, with high similarity values indicating low
small-scale turnover.

We tested the significance of the regression slopes using a
randomization procedure with 1000 iterations. We also tested
statistically for differences between the taxonomic groups in all
three parameters using a taxon reshuffling procedure. First, we
formed a pooled species matrix combining all taxa, and ran-
domly resampled this matrix to form groups of 391 (diatoms),
109 (macroinvertebrates) and 83 (bryophytes) ‘species’, respec-
tively. A new similarity matrix was then calculated for each of
the randomly generated groups, maintaining the geographical
distances between sites. This procedure was repeated 999 times,
and differences in parameter values in the original data were
compared with those of the randomized data sets to obtain the
statistical significance of the observed differences.

Given that the studied groups were sampled with different
sampling techniques, a legitimate concern might be that differ-
ences in patterns of community similarity could be caused by
differences in sampling intensity (e.g. diatoms being less effec-
tively sampled than the other two groups). We addressed this
concern by examining the effect of random species loss (i.e.
lower sampling coverage) by taking random subsamples of our
original data. Subsamples of half of the original counts were
subsampled from the original data (without replacement, repli-
cated 999 times), then transformed into binary data (as in the
original analysis). We then repeated the analysis and estimated
initial similarity, slope and halving distance for each subsample.
The subsample estimates thus obtained were compared against
the observed estimates from the full data. The P-value (two-
sided) gives the proportion of simulated estimates more extreme
than the observed estimate; thus, a low P-value means that the
observed and simulated estimates differ. Distance-decay rates
may still be influenced by the size of the sampling unit (grain) in
complicated ways, perhaps an inevitable outcome when com-
paring organisms of widely different type and size (aquatic
plants, insects, unicellular algae). Because of the fixed sample
area for all three groups, we were unable to directly control for
the effect of area on the decay functions observed. Although
sampling half of an area is not strictly the same as taking a
random subset of half of the individuals in an area, we used this
approach to mimic the situation where sampling intensity is
weaker, that is, a greater number of species are missed in sam-
pling. We therefore believe that the effect of variable sample area

on the comparison of distance-decay functions would be closely
similar to that of variable number of individuals, i.e. to influence
the sampling variance of dissimilarity indices, but not the
overall relationship between community dissimilarities and geo-
graphic or environmental differences. We used only macroinver-
tebrates in this exercise because of the three organism groups
studied by us they are probably best described by our sampling,
and this subsampling procedure thus generates data sets that
should more closely resemble other organism groups in sam-
pling intensity.

A relatively strong correlation between environmental and
geographic distance was present in our data (Mantel r = 0.40),
with adjacent sites being most similar in terms of environmental
conditions (see Fig. S1). We therefore used partial Mantel tests
(with 1000 permutations) to assess the influence of environ-
mental distance on community similarity while holding geo-
graphical distance constant, and vice versa. We only used the
subset of environmental variables identified by BIO-ENV for
each taxonomic group. The R package vegan (Oksanen et al.,
2008) was used for BIO-ENV, regressions and partial Mantel
tests.

To further control the distance—environment covariance, we
classified pairs of sites into four categories (quartiles) based on
the environmental distance between them. Of these categories,
we selected the first and the fourth one for each taxonomic
group to represent (1) closely similar environments (sites with
low environmental distance, i.e. the lowest quartile, irrespective
of geographical distance) versus (2) highly dissimilar environ-
ments (sites with high environmental distance; the highest quar-
tile). We then examined the relationship between community
similarity and geographic distance within each category, fitting
locally fitted weighted sums of squares (lowess) and linear
regressions to the data. Significance of the regression slopes was
tested using a randomization procedure with 1000 iterations.

Finally, we classified macroinvertebrates into three groups
based on their dispersal capacity, using information from the
published literature and expert opinion. Dispersal potential was
categorized as low (<30 m; species unlikely to disperse to
another stream), intermediate (30-500 m; species that often
leave the immediate surroundings of the stream but rarely reach
another stream), or high (> 500 m; species that often disperse
far enough to reach an adjacent stream or watershed). We were
able to provide categorization for 90 invertebrate taxa (see
Table S2). We then used partial Mantel tests to assess the rela-
tionship between community similarity and geographic or envi-
ronmental distance (see above) separately for each dispersal
category. Environmental distances were based on BIO-ENV
analysis to identify the best subset of environmental variables for
each dispersal group.

RESULTS

Our data consisted of 109 macroinvertebrate, 83 bryophyte and
391 diatom taxa. The mean number of taxa per site was 17.4
(% 0.64, 1 SE) for macroinvertebrates, 6.2 (% 0.37) for bryo-
phytes and 48.3 (% 1.52) for diatoms.
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Table 1 Set of environmental variables identified for each
taxonomic group by BIO-ENV analysis and the overall
correlations (Pearson) for each taxonomic group.

Decay of similarity in freshwater communities

BIO-ENV analysis identified different sets of environmental
variables for each taxonomic group, although water chemistry
variables, particularly pH, conductivity, water colour and TP,

were consistently selected for each taxonomic group. Elevation

Environmental Overall range, a surrogate of stream habitat heterogeneity, was also
Taxa variables correlation . .
important for all three groups (Table 1). The overall correlation
Macroinvertebrates pH —0.453 with environmental factors was stronger for diatoms than for
Water colour macroinvertebrates and bryophytes.
Temperature Community similarity was negatively related to both environ-
Elevation range mental and geographic distance between sites in all three groups
Bryophytes Conductivity —-0.422 (Fig. 1). The relationship was best approximated by a logarith-
Total P mic model in each case (see Table S3 for coefficients of determi-
Water colour nation of all explored models). Initial similarity and regression
Precipitation (CV) slopes along geographic distance were closely similar among the
Elevation range three groups (Table 2). Diatoms showed the highest average
Diatoms pH . —0.611 halving distances (902 km) and bryophytes the lowest (181 km).
Conductivity . . .
Total P However, due to wide data scatter, particularly in bryophytes,
Precipitation (CV) differences in halving distance were not statistically significant
Temperature (all P>0.15). Interestingly, a relatively large number of site pairs

Elevation range

(11% of all pairwise comparisons) shared no bryophyte taxa.
The corresponding number was 2% for macroinvertebrates,

CV, coefficient of variation.

whereas in diatoms all site pairs shared at least some taxa (i.e.
community similarity was always > 0) (Fig. 1).
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Figure 1 Relationship between community similarity and geographic and environmental distance for stream macroinvertebrates,
bryophytes and diatoms. The relationship was best approximated by a logarithmic model in each case (for regression equations, see
Table 2). Community similarity observations were grouped into 100-km bins (geographic distance) and 1.0-unit Euclidean distance
(environmental distance). The width of each boxplot represents the number of observations in each bin, the wider boxplots having more

observations.
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Table 2 Regression parameters for the

Distance Taxa R P Is Slope HD (km) relationship between community
similarity and distance (geographic and
Geographic Macroinvertebrates 0.114 <0.001 0.408 —0.048 467 environmental) for each taxonomic
Bryophytes 0.079 <0.001 0.417 —-0.056 181 group.
Diatoms 0.206 <0.001 0.415 —-0.043 902
Environmental Macroinvertebrates 0.207 <0.001 - - -
Bryophytes 0.180 <0.001 - - -
Diatoms 0.347 <0.001 - - -

P indicates the significance of the model. IS, initial similarity; HD, halving distance.

Table 3 Partial Mantel correlations between community
similarity and environmental distance controlling for geographic
distance, and vice versa, for each taxonomic group. Statistical
significance for each partial Mantel correlation value is given in
parentheses.

Table 4 Partial Mantel correlations between community
similarity and environmental distance controlling for geographic
distance, and vice versa, for each macroinvertebrate dispersal
group. Statistical significance for each partial Mantel correlation
value is given in parentheses.

Taxa Environmental distance ~ Geographic distance

Macroinvertebrates
Bryophytes
Diatoms

—0.366 (< 0.001)
—0.346 (< 0.001)
—0.499 (< 0.001)

—0.069 (0.06)
—0.087 (0.007)
—0.024 (0.226)

The level of community similarity was to some degree
affected by sampling intensity, with similarity generally decreas-
ing as sample size decreased (P = 0.001), but the pattern in
relation to distance remained similar (Fig. S2). Initial similarity
and halving distance were unaffected by sampling intensity
(both P > 0.18), whereas slope became slightly though non-
significantly lower as sample size decreased (P = 0.082).

Community similarity was generally more closely related to
environmental distance when geographical distance was con-
trolled for than vice versa (Table 3). Geographic distance was
only significant for bryophytes, but even then the relationship
was rather weak. Environmental distance, by contrast, was
always significant, accounting for a relatively high proportion
(0.35-0.50) of variation in community similarity (Table 3).

We further tested whether the differences in the observed
species number among the studied taxonomic groups could
have caused the observed differences between groups by ran-
domly resampling 83 species (with replacement, n = 100 itera-
tions) for diatoms and macroinvertebrates. A distance matrix
was then calculated for each randomization, and Mantel corre-
lation was calculated between each resampled and original
distance matrix. Correlations were high overall (benthic inver-
tebrates, mean 0.86, range 0.77-0.95; diatoms, mean 0.65, range
0.58-0.77), and although this procedure created more scatter in
the distance-decay relationship, the overall patterns remained
consistent when testing the importance of environmental and
geographic distance with partial Mantel test: environmental dis-
tance always remained significant for both diatoms and inverte-
brates, whereas geographic distance showed weak and mostly
non-significant correlations (highest Mantel r=0.136, P <
0.001) to community similarity. These analyses thus confirmed
that the observed patterns were largely independent of the vari-
able species numbers among the study groups.

Environmental

Geographic

Dispersal group distance distance

—0.169 (< 0.001)
—0.261 (< 0.001)
—0.346 (< 0.001)

—0.146 (< 0.001)
—0.140 (< 0.001)
0.009 (0.592)

Low (41 species)
Intermediate (37 species)
High (12 species)

In closely similar environments, macroinvertebrate and
diatom communities showed strong distance decay (both P <
0.001; Fig. 2, left panels). In diatoms, however, the distance-
decay pattern levelled off fairly rapidly (cf. lowess versus linear
regressions in Fig. 2), suggesting that spatial autocorrelation in
community similarity was only present at small (within water-
shed) spatial scales. Bryophyte community similarity in closely
similar environments was unrelated to geographical distance
(P = 0.249; Fig. 2, left panels). In strongly contrasting environ-
ments (sites in the fourth environmental distance quartile),
macroinvertebrate and diatom communities did not exhibit any
relationship between compositional and geographic distance
(both P> 0.40; Fig. 2, right panels). For bryophytes, community
similarity was to some degree related to distance in these envi-
ronments, but the relationship was quite weak (P = 0.015)
(Fig. 2, right panels).

Benthic macroinvertebrates with the strongest dispersal
capacity bore no relationship to geographic distance, whereas
the poorest dispersers showed a distinct decay of community
similarity with geographic distance (Fig. 3). In partial Mantel
tests, the relationship with geographic distance, with environ-
mental distance partialled out, was significant for both poor and
intermediate but not for efficient dispersers (Table 4). Con-
versely, the partial relationship with environmental distance
increased from poor to good dispersers (Table 4).

DISCUSSION

There is an ongoing debate as to whether microorganisms
exhibit biogeographical patterns similar to those of macro-
organisms, or whether such patterns are obscured by the huge
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community similarity and geographic
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the bars above each plot indicate the Bryophytes Bryophytes
environmentally most homogeneous :
(dark grey bar on the left) and the most
heterogeneous quartile (dark grey bar on
the right) along geographic distances, the
width of the bar being proportional to
the level of environmental heterogeneity
in each subset. The lines fitted are linear
regressions and locally fitted weighted

Community similarity
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Figure 3 Relationship between community similarity and geographic distance for three macroinvertebrate dispersal categories (for
macroinvertebrate dispersal categories, see Table S2).

population sizes and dispersal capacities of microorganisms directly compared across the same set of sites, and across a large
(Finlay et al., 1996; Finlay, 2002; but see Martiny et al., 2006). environmental and geographic gradient. Our results suggest that
This is one of the few studies where the spatial variation in all three groups (stream diatoms, bryophytes and benthic mac-
community similarity of micro- and macroorganisms has been roinvertebrates) are more controlled by niche-related factors
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than by spatially limited dispersal. The level of environmental
control was by far the strongest for diatoms, whereas some
groups of benthic macroinvertebrates exhibited relatively strong
dispersal limitation. Geographic distance was important only at
relatively small spatial extents and in taxa with poor dispersal
ability. Thus, there is no discrete boundary between microbes
and macroorganisms in their level of spatial structuring, but the
difference is gradual. This observation is in line with Hillebrand
et al. (2001), who showed that while the community similarity
of benthic diatoms and ciliates generally decreases with increas-
ing geographic distance, indicating restricted dispersal, the dis-
tance effect is much weaker for microorganisms than for
metazoans.

At the spatial extent of our study, stream diatoms did not
seem to be strongly dispersal limited, but were instead con-
trolled by a few environmental factors, particularly those related
to stream water chemistry. Conductivity has been suggested as a
universal regulator of lotic diatom community structure (Biggs,
1995), and pH has also been repeatedly identified as a key deter-
minant of diatom (Soininen et al., 2004; Telford et al., 2006) and
other microbial communities (Fierer & Jackson, 2006; Fierer
et al., 2007), at scales ranging from individual streams and lakes
to continents (Bennett et al., 2010). When environmental dis-
tance was controlled for, geographic distance was not signifi-
cantly related to diatom community similarity, suggesting that
dispersal limitation was of minor importance to diatoms.
However, geographic distance was significantly related to
diatom community similarity at small spatial extents
(<200 km), but only in closely similar environments, indicating
scale dependency of the distance-decay pattern. This result pro-
vides partial support for neutral theory, which predicts that the
decay of community similarity should be particularly strong at
short spatial distances (Hubbell, 2001; Jones et al., 2006). This
observation may not, however, reflect dispersal limitation per se
but rather a mass effect (‘overly dispersed systems), Leibold &
Norberg, 2004) whereby dispersal from nearby sites swamps any
local effects of species sorting, resulting in strong small-scale
spatial autocorrelation. The absence of such a signal at environ-
mentally distinct sites (right-hand panels of Fig. 2) could be due
to a lack of mass effect or the scarcity of sites that are closely
located yet environmentally dissimilar. It is thus possible that the
compositional similarity of diatom communities in nearby sites
may be attributable to a combination of niche control and
dispersal-related factors.

Nevertheless, stream diatoms showed more spatially struc-
tured distribution (a stronger distance-decay relationship) than
most other unicellular organisms, e.g. terrestrial fungi (Green
et al., 2004) or bacteria (Horner-Devine et al., 2004). Our find-
ings thus suggest that: (1) unicellular organisms may show dis-
tribution patterns not profoundly different from those of higher
organisms, and (2) any generalizations across all unicellular
organisms are unwarranted, as they exhibit wide variability in
patterns of species turnover. Our findings are also in line with
Martiny et al.’s (2006) notion that the relative importance of
environment and history (i.e. distance effects) in microorgan-
isms varies with scale: at continental scales, distance effects may

overwhelm any effects of local environmental factors (see also
Vyverman et al., 2007; Bennett et al., 2010), whereas at interme-
diate scales (100-3000 km), historical effects and contemporary
ecological factors both influence biotic communities. However,
due to differences in the species concept used, our results may
not be directly comparable to other studies on the spatial
ecology of microorganisms. Microbial studies typically use
molecular-based taxonomy, which may represent a different
level of taxonomic resolution than more traditional techniques
relying on morphological characteristics. Adoption of molecular
techniques may also modify the species concept in diatom tax-
onomy (Rynearson & Armburst, 2000), with potential implica-
tions for the level of biogeographical differentiation detected in
freshwater diatoms.

The rate of distance decay of compositional similarity was
highest for bryophytes. Both environmental and geographic
distances were related to bryophyte community similarity,
although the partial correlation coefficient was much lower for
geographic distance. Community similarity was related to the
same water chemistry variables as for diatoms, i.e. conductivity,
TP and water colour. Elevation range and CV of monthly pre-
cipitation, a variable reflecting hydrological stability (Vinson &
Hawkins, 2003), were also important determinants of bryophyte
community similarity. Although we measured a suite of envi-
ronmental factors known, or assumed, to be important in regu-
lating lotic communities, we were unable to provide a direct
measure of disturbance rate in terms of substrate movement, a
factor known to be of profound importance to sessile organisms
such as stream bryophytes (Muotka & Virtanen, 1995). Thus,
our study may in fact have somewhat underestimated the degree
of environmental control in stream bryophytes.

Bryophyte community similarity showed a wide scatter, and
even nearby sites with closely similar environments often shared
no bryophyte taxa. We assume that this pattern is related to
randomness of dispersal in bryophytes. Not much is know about
the among-stream dispersal of bryophytes (Stream Bryophyte
Group, 1999), but many terrestrial studies have documented
that long-distance dispersal of bryophytes takes place mainly by
wind, aided by thermal uplift of spores and vegetative
propagules (Munoz et al., 2004; Sundberg, 2005). A great major-
ity of spores will land very close (within a few metres) to the
parent plant, and therefore bryophytes are often considered
strongly dispersal limited (Zartman & Nascimento, 2006).
However, the presence of a ‘spore cloud’ that contains spores
from an undefined but apparently very wide area has also been
suggested (Hylander, 2009). Propagule rain from these clouds
may be relatively random in terms of species composition
(Hutsemekers et al., 2008), thus causing a wide scatter in the
distance-decay pattern of bryophytes. Because of the nature of
dispersal in bryophytes, it is possible that the distance-decay
relationship manifests at the scale of tens or hundreds of metres
(e.g. among riffles within a stream), having simply gone unde-
tected in this regionally oriented study.

For benthic macroinvertebrates, community similarity was
best explained by pH, water colour, temperature and elevation
range. When environmental distance was controlled for, geo-
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graphic distance was unrelated to macroinvertebrate commu-
nity similarity. Nonetheless, a more detailed analysis revealed
that geographic distance was strongly related to community
similarity in closely similar environments, suggesting at least
some degree of dispersal limitation in this group. When macro-
invertebrates were further divided into dispersal categories,
these responded differently to environmental and geographic
distance. As expected, species with low dispersal ability were
significantly related to geographic distance, while more effective
dispersers showed no relationship to geography but were instead
strongly related to environmental distance. Indeed, Thompson
& Townsend (2006) documented a corresponding pattern at a
much smaller, within-watershed, spatial extent, emphasizing the
key role of dispersal and local environmental control in explain-
ing the spatial turnover of benthic macroinvertebrate commu-
nity composition.

In a recent meta-analysis, Shurin et al. (2009) found a positive
relationship between the level of spatial autocorrelation (indica-
tive of dispersal limitation) and body size of freshwater organ-
isms, but only in lakes and only when fish were included. In their
study, macroinvertebrates did not differ from diatoms, phy-
toplankton or zooplankton, suggesting that they all exhibit
similar dispersal ability. They therefore suggested that the size
threshold between highly dispersing microorganisms and more
dispersal-limited metazoans is larger than the 1-mm limit pro-
posed by Finlay (2002). Our results are at odds with their obser-
vation, and a partial explanation may be that their comparison,
as in any meta-analysis, was based on data combined across
multiple surveys, often conducted by different researchers in
different continents, whereas our data were derived from the
same set of sites, using strictly standardized sampling protocols.
While fishes are undoubtedly more dispersal limited than, for
example, freshwater insects, our results show that stream mac-
roinvertebrates cannot be regarded as a unified group of organ-
isms but consist of species that vary widely in terms of dispersal
ability and, consequently, level of beta diversity. In fact, Shurin
etal. (2009) also cautioned against using broad taxonomic
groupings when relating the level of spatial autocorrelation to
dispersal capacity, because such broad generalizations may hide
biologically important detail.

Opverall, our study supports the view that niche control inter-
acts with dispersal limitation in determining patterns of spatial
turnover in multiple groups of stream organisms, but the rela-
tive importance of these processes varies both within and among
broad taxonomic groupings. Van der Gucht et al. (2007) sug-
gested recently that bacterial communities display strong species
sorting over a much broader spatial scale than most macroor-
ganisms because in bacteria sufficient (though not necessarily
vast) long-distance dispersal is coupled with extremely fast
population growth rates, allowing establishment whenever envi-
ronmental conditions are suitable. We believe that the same
mechanism may also work for freshwater diatoms, at least at the
spatial extent of our study, and probably on much wider extents
as well. It appears that the relative importance of niche versus
dispersal processes is not simply a function of organism size (see
also Martiny et al., 2006) but that other species traits (e.g. life-
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history type, dispersal type) may obscure this deceivably simple
relationship in many taxonomic groups. Finally, information
about the scale and constraints of dispersal in each organism
group studied may have a bearing on how these organisms are
used in stream bioassessment and conservation. Bennett et al.
(2010) suggested recently that diatoms and other unicellular
organisms should be excellent candidates for detecting environ-
mental impacts because of their very effective dispersal and
strong environment—community relationship across broad geo-
graphic extents (niche conservatism). Our results, however,
suggest that stream managers using diatoms in regional-scale
biomonitoring protocols should carefully consider the possibil-
ity that the environment-organism signal might be partly
obscured by mass effects. At the scale where most impact assess-
ments are conducted, dispersal limitation may not be a crucial
factor, and macroorganisms whose ecological requirements and
functionally important traits are well known (e.g. benthic
macroinvertebrates) will in most cases be a highly appropriate
target group for regional-scale stream bioassessment.
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