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Abstract: Invertebrate communities inhabiting different lake zones are expected to respond differently to natural
environmental variation and anthropogenic stressors. We used multivariate statistical methods in order to quantify
the effects of eutrophication and morphological pressures on the spatial structure of the invertebrate benthic com-
munities at two depth zones (profundal and sublittoral) in subalpine lakes in Italy, Germany and Austria . In both
lake zones, environmental variables related to eutrophication pressures (mid-lake total phosphorus and chlorophyll-
a) were significant in structuring the invertebrate community (permutation test: p <0.01). Three variables relating to
morphological pressures (diversity of macrophyte growth forms, sum of pressures in the lake shore, and percentage
of natural land cover within a 200 m stretch from the lake shore) were significant (permutation test: p <0.01) in the
sublittoral zone, while in the profundal zone none of the variables included in the analysis related to morphological
pressures were significant in structuring the invertebrate community. Variance partitioning analysis showed that
profundal communities were mainly affected by eutrophication (8.6 % of total variance; p =0.005), while in the sub-
littoral zone eutrophication accounted for only 0.5 % (p = 0.04) of total variance. The effects of morphological pres-
sures could be tracked only in the sublittoral zone, where it accounted for 0.8 % of total variance (p =0.015). The
spatial component was responsible for a large part of the total variance (58.7 % in the profundal, p=0.005; 44.2 % in
the sublittoral zone, p =0.005) and had interactions with stressor variables in both lake zones. Therefore the analysis
of spatial patterns should be included in assessment systems relating invertebrate assemblages to pressures.

Key words: lake sublittoral zone, lake profundal zone, invertebrate community, eutrophication, morphological

pressures, RDA, variance partitioning.

Introduction

Despite the awareness of the need of a pressure-re-
lated assessment tool, a quantitative analysis of the
unique effects of different pressures on the structure

and composition of lake benthic communities is still
lacking. This is due to the difficulty of disentangling
the signature of different explanatory variables such
as those associated to natural spatial and temporal
variability and those associated with different stress-
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ors. Further complications arise from the interaction
between stressors which may have synergic or antago-
nistic effects. Fuelled by the implementation strategy
of the Water Framework Directive (WFD, Directive
2000/60/EC), recent applied research focus has been
mainly on planktonic indicators and eutrophication
pressure (Ptacnik et al. 2009, Noges et al. 2010) owing
to their straightforward response to increasing levels
of total phosphorus (Carvalho et al. 2009, Phillips et
al. 2008). As a consequence, the development of as-
sessment tools based on other organism groups and
pressures such as invertebrates and hydromorphologi-
cal alterations has been slower (O’Toole et al. 2008,
McGoff & Sandin 2012 (this issue), Porst et al. 2012
(this issue)). Yet, the WFD requires that the quality of
European waters is to be protected and improved in
relation to pressure-specific assessment of impact of
relevant pressures in a more holistic way using several
biological groups (Noges et al. 2009, Solimini et al.
2009).

Solimini et al. (2006) and Solimini & Sandin (2012
(this issue)) reviewed the knowledge of the use of
benthic invertebrates as indicators of lake ecological
status, focusing on the major anthropogenic pressures
affecting European lakes: eutrophication, acidifica-
tion and hydromorphological alterations. Eutrophica-
tion was hypothesised to be more easily detectable in
deeper lake zones. The ‘signal’ from changing com-
munities, with respect to a reference state, should be
more visible in the profundal and decrease through the
shallower zones from sublittoral to eulittoral (see also
Brauns et al. 2007b). In contrast, hydromorphological
alterations were expected to have the strongest effect in
the littoral zone, followed by the sub-littoral, while the
profundal was expected to be hardly affected (Brauns
et al. 2007a). Acidification was expected to mostly af-
fect the upper littoral zones of the lake (Table 1).

The variation in the structure and composition
of macroinvertebrate benthic communities of lakes
is influenced by several different abiotic factors and
anthropogenic stressors. Littoral communities were
reported to be influenced by the habitat characteris-
tics available to invertebrates, water level fluctuations,
morphological alterations of lake shores, wave ac-

tion and pH (Johnson et al. 2004, Stendera & Johnson
2008, Brauns et al. 2008, Mastrantuono et al. 2008),
while profundal communities were influenced by lake
nutrient and oxygen levels (Rasmussen & Kalff 1987,
Hamaldinen et al. 2003, Stendera & Johnson 2008,
Bazzanti et al. 2012 (this issue), Jyviésjirvi et al. 2012
(this issue)). Sublittoral macroinvertebrate communi-
ties have been shown to have lower variation among
years than profundal communities in density and spe-
cies number (Hdmaéldinen et al. 2003) and in some
other community metrics (total density, total biomass,
taxon richness, Shannon diversity and Benthic Quality
index; Johnson 1998) making sublittoral assemblages
potentially appropriate in detecting anthropogenic
impact (Free et al. 2009a). The amount of variation
of different lake zone assemblages that could be ex-
plained by natural characteristics is critical to detect
alterations due to anthropogenic stressors.

When analysing the processes structuring the mac-
roinvertebrate communities, attention should be paid
to spatial factors. The spatial component can be re-
sponsible for a large part of the variation of the com-
munity due to both direct processes such as dispersal,
social organization and species interactions, and in-
direct processes connected to the spatially structured
environmental factors (Borcard et al. 2004, Peres-Ne-
to & Legendre 2010). Therefore, the spatial patterns
need to be assessed in order to quantify their contribu-
tion to the community variance and consequently to
be able to distinguish their effects from those due to
environmental factors.

The aim of this paper is to quantify the effects of
eutrophication and morphological pressures on the
spatial structure of the macroinvertebrate benthic
communities at two depth zones (profundal and sublit-
toral) in subalpine lakes. We used a set of multivariate
statistical methods to:

1. extract the relevant spatial axes

2. select the most relevant environmental variables
related to each pressure and lake zone

3. partition the community variance among spatial
and environmental components and compare the
response of the two lake zones

Table 1. Hypothesised impact intensity of different stressors on invertebrate fauna in different lake zones (modified from Solimini
et al. 2006). *** = high, ** = medium, * = low, 0 = null. Question marks indicate large uncertainty of the respective hypothesis.

Eutrophication =~ Hydromorphological  Acidification =~ Combined impacts
Littoral * sk ok s
Sublittoral *kY *9 k) *%9
Profundal oAk 0 ? *%9
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Our hypothesis was that eutrophication would
mostly affect profundal communities, while morpho-
logical pressures would mostly affect sublittoral com-
munities. The individual contribution by each of the
two pressures to the biotic variance will be examined
in the two lake zones.

Material and methods

Study area, and macroinvertebrate sampling

The dataset used for this analysis has been described in previ-
ous works (Free et al. 2006, Rossaro et al. 2007, Solimini et al.
2006, Free et al. 2009a) and refers to three sampling campaigns
conducted between 2005 and 2008. The first one refers to 12
subalpine Italian lakes sampled in the sublittoral and in the
profundal zones in spring 2005, using a Ponar grab (sampled
area=420 cm? 3 sites per lake, 2 replicates per site). The sec-
ond one refers to 46 subalpine lakes sampled in the sublittoral
between April and June 2006 in South Germany (15), Italy (16)
and Austria (15) using an Ekman grab (sampled area =225 cm?;
3 sites per lake, 2 replicates per site; see Free et al. 2006 and
Free et al. 2009a for details). Additional profundal data were
collected during a sampling campaign in June 2008 in 5 subal-
pine Austrian lakes using cores (diameter 6 cm), 12 replicates at
each site, for a total area of 339 cm? per site. Taxa lists were har-
monised to species and genus levels and data were expressed
as average of densities per site. In total we collected 85 taxa in
the 37 profundal sites, and 169 taxa in the 171 sublittoral sites.

Environmental variables

Nine environmental variables were included in the analysis.
They were grouped into three sets of variables related to: 1. eu-
trophication, 2. morphological pressures, and 3. morphometry
and alkalinity. The ranges of values for each dataset and their
spatial scales are reported in Table 2.

The eutrophication-related variables were: mid-lake chlo-
rophyll-a (mid-lake chl-a), and mid-lake total phosphorus
(mid-lake TP), both averages of water samples collected at dif-
ferent depths (surface, 2.5, 5, 10, 20 m from the surface and
1.5m above the sediment). Those two variables are known to

be important in structuring invertebrate communities (Rasmus-
sen & Kalff 1987). The morphological-pressure-related varia-
bles were three indices obtained through the application of lake
habitat survey (LHS; Rowan et al. 2004, Rowan et al. 2006)
and two land use variables (% urban, and % natural land use)
calculated through GIS data within a 200 m band around the
lake from the edge of the shore. The LHS variables include: 1.
diversity of macrophyte growth form types, derived from the
recording of up to ten macrophyte groups during the survey;
2. the sum of pressures, from the presence of 18 potential pres-
sures affecting the riparian zone and the shoreline within a 50 m
radius of each site; and 3. the degree of naturalness of the ripar-
ian zone, which takes into account riparian vegetation complex-
ity, vegetation longevity and naturalness of land cover (see Free
et al. 2009a for more details on the environmental variables).
The LHS indices were based on observation of the riparian/lit-
toral zone and of the shoreline close to the lake sites. Therefore
those indices have only been calculated for the sublittoral sites
as profundal sites could not be matched to any riparian stretch.
Moreover, an upscaling of those variables from site to lake
level by averaging would not be correct, due to the low number
of sites per lake. Morphometry and geology are represented by
mid-lake alkalinity and by the index of lake basin shape (ILBS;
Niirnberg 1995, Free et al. 2009a), calculated as:

MaximumDepth

\ LakeArea

The ILBS index synthesises lake area and slope, with high
values typical of small deep lakes while low values are typical
of large shallow lakes.

Data analysis

Prior to analyses, taxa densities were Hellinger-transformed,
as suggested by Legendre & Gallagher (2001). The Hellinger
transformation preserves the Euclidean distance among rows
and therefore allows the use of Euclidean-based ordination
methods such as redundancy analysis (RDA). It also offers the
advantage of underweighting rare taxa (Legendre & Gallagher
2001). Environmental variables were standardised (Legendre &
Legendre 1998), or the arcsine of the square root was calcu-
lated for variables expressed as a percentage (Feld & Hering
2007). This analysis was performed using the R package Vegan
(Oksanen et al. 2006; available at http://cran.r-project.org/web/
packages/vegan/index.html).

Table 2. Environmental variables: range of the variable values in each dataset and spatial scale of the measurements. The vari-
ables are categorised in 3 groups: eutrophication, morphological pressures and morphometry and alkalinity. Variables explanation

is provided in the text.

Variable group Spatial scale Environmental variable Profundal Sublittoral
Eutrophication lake Mid-lake Chl-a (ug 1) 0.43-28.97 0.24-36.36
lake Mid-lake TP (ug 1) 1.70-39.5 1.70-101.13
Morphological site Diversity of macrophyte growth form types — 0.00-5.00
pressures site Sum of pressures - 0.00-6.50
site Naturalness of riparian zone - 0.04-0.96
within 200 m from the lake shore Urban land cover (%) 0.00-0.53 0.00-97.80
within 200 m from the lake shore Natural land cover (%) 0.08-1.00 0.00-97.06
Morphometry and lake ILBS 2.38-49.29 2.39-79.42
alkalinity lake Mid-lake alkalinity (meq ") 0.89-3.00 0.89-5.33
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Redundancy analysis (RDA) was used in constrained ordi-
nation of taxonomic data. This analysis was performed using
the R package Vegan (Oksanen et al. 2006).

The spatial pattern of the community was quantitatively
described using Principal Coordinates of Neighbour Matrices
(PCNM, Borcard et al. 2004, Léonard et al. 2008, Brind’ Amour
et al. 2009). This method produces a set of spatial explanatory
variables called PCNM vectors. It involves the building of a
matrix of Euclidean distances from the geographical coordi-
nates of the sampling sites. The matrix of Euclidean distances
is truncated at a threshold value, corresponding to the largest
among the minimum distances to connect pairs of sites. A prin-
cipal coordinate analysis on the truncated distance matrix is
then computed and only the coordinates corresponding to posi-
tive eigenvalues are kept. The resulting principal coordinates
are the PCNM vectors. This analysis was performed using the R
package SpacemakeR (Dray 2006; available at http://r-forge.r-
project.org/). -

The contribution of the spatial factors and the 3 sets of
environmental variables in structuring the macroinvertebrate
benthic communities were assessed through the use of vari-
ance partitioning with partial RDA (Redundancy Analysis).
This method allows the decomposition of the variance of the
response matrix (taxa density) among sets of explanatory vari-
ables in order to identify their pure and shared contributions to
the total variance (Borcard et al. 1992, Legendre & Legendre
1998). Variance partitioning was performed by applying the
varpart function of the R library Vegan, (Oksanen et al. 2006)
this function computes the RDA-adjusted R? values. The ad-
justment, taking into account the appropriate degrees of free-
dom, provides a way of comparing models with different num-
bers of predictors and sample sizes (Peres-Neto et al. 2006).
The significance of each fraction was tested with a permutation
test for redundancy analysis (Borcard et al. 2011).

Only significant spatial (PCNM vectors) and environmental
variables, identified by the forward selection procedure were
included in the variance partitioning analysis. The forward
selection procedure was implemented in the R package Pack-
for (Dray 2005; available at http://r-forge.r-project.org/). This
procedure, applied to each variable group separately, uses the
results of a Monte Carlo permutation test (999 random permu-
tations) to test the significance of the explanatory variables suc-
cessively entering the model and retains those variables with p
<0.05 (Léonard et al. 2008, Brind’ Amour et al. 2009).

Results

The RDA constrained ordination of taxonomic compo-
sition showed that for the profundal zone the propor-
tion of variance explained by the entire set of environ-
mental variables was 38.57 %, while for the sublittoral
zone it was 15.39 %.

In the profundal zone (Fig. 1) the first RDA axis
(explained variance: 18.1 %) was positively correlated
to mid-lake Chl-a and mid-lake TP (scores: 0.59 and
0.80) and negatively correlated to ILBS (score: —0.77).
The most important components for the second RDA
axis (explained variance: 10.71 %) were alkalinity and
mid-lake Chl-a (scores: —0.45 and —0.78).

In the sublittoral zone (Fig. 2), the first RDA axis
(explained variance: 6.5 %) was positively correlated
to Chl-a (score: 0.62) and negatively correlated to
alkalinity (score: —0.75). The second RDA axis (ex-
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Fig.1. Profundal zone: RDA biplot
scores for constraining variables. Grey
dots represent sampling sites, white
dots represent species.
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plained variance: 3.5 %) represented a gradient of in-
creasing natural land cover and naturalness of riparian
zone (scores: 0.39 and 0.32), and decreasing mid-lake
TP and mid-lake Chl-a (scores: —0.80 and —0.40) from
left to right in the ordination.

Spatial component

The PCNM vectors represent a quantification of broad
to fine-scale spatial pattern of the study design, the
first vectors (broadest/regional scale) depend on the
study area surface, while the last vectors (finest/local
scale) depend on the truncation distances (Borcard et
al. 2004). The truncation distance was 217.5km for
the profundal dataset and 125.6 km for the sublittoral
dataset. 9 PCNM vectors were produced for the pro-
fundal dataset, 38 PCNM vectors for the sublittoral
dataset. The difference in the number of PCNM vec-
tors and truncation distance between the two datasets
is due to the different spatial distribution of the sam-
pling sites.

Variance partitioning

The explanatory variables selected by forward selec-
tion for each variable-group and for each dataset are
reported in Table 3.The variables related to eutrophica-
tion (mid-lake TP and Chl-a) and those related to lake
morphometry and geology (ILBS and mid-lake alka-
linity) were significant in both lake zones (p <0.05).

The variables related to morphological pressures were
not significant in the profundal zone, while in the sub-
littoral zone three of them (diversity of macrophyte
growth form types, sum of pressures and natural land
cover) were significant (p <0.05).

The amount of explained variance by the selected
set of variables was 52.12 % of total taxa variance for
the profundal zone, and 18.90% for the sublittoral
zone.

Eutrophication accounted for 8.55 % of total vari-
ance in the profundal zone (p=0.005), while it ac-
counted for 0.49% in the sublittoral zone (Fig.3;
p=0.04). Morphological pressures were not significant
in the profundal zone, while they accounted for 0.82 %
of total variance in the sublittoral zone (p=0.015).
Lake morphometry and alkalinity explained 3.13 %
of total variance in the profundal zone (p=0.01) and
1.57 % in the sublittoral (»p =0.005). The spatial com-
ponent accounted for 30.58 % of total variance in the
profundal zone (p=0.005), 8.35% in the sublittoral
(p=0.005). Interactions among the explanatory vari-
able groups explained 9.87 % of total variance in the
profundal (0.18 % spatial-eutrophication interactions,
1.83 % spatial-morphometry and alkalinity interac-
tions, 1.68 % eutrophication-morphometry and alka-
linity interactions and 6.18 % spatial-eutrophication-
morphometry and alkalinity interactions), and 7.66 %
in the sublittoral zone, where the main contributions
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Table 3. Results of the forward selection procedure applied to each variable group and each dataset separately. The p values of
the significant variables are reported. For spatial variables, only significant PCNM vectors are reported. Variables explanation is

provided in the text.

Variable group Variable

Profundal zone

Sublittoral zone

Spatial component PCNM vectors

PCNM 1: p=0.001
PCNM 2: p=0.001
PCNM 4: p=0.001
PCNM 9: p=0.002
PCNM 6: p=0.038

PCNM 1: p=0.001
PCNM 7: p=0.001
PCNM 23: p=0.001
PCNM 2: p=0.001
PCNM 4: p=0.004

PCNM 33: p=0.004
PCNM 16: p=0.006
PCNM 20: p=0.007
PCNM 5: p=0.008

PCNM 24: p=0.013
PCNM 30: p=0.049

Eutrophication Mid-lake Chl-a p=0.005 »=0.001
Mid-lake TP p=0.001 »=0.001
Morphological pressures Diversity of macrophyte growth form types — — p=0.001
Sum of pressures - p=0.012

Naturalness of riparian zone

Urban land cover

- not-selected
not-selected not-selected

Natural land cover not-selected p=0.001
Lake morphometry and geology ILBS p=0.001 p=0.001
Mid-lake alkalinity p=0.022 p=0.001
Ospatial
Profundal
Weutrophication
Bmorphological press
Bmorphometry and alkalinity
Sublittoral
Dinteractions
Ounexplained
0 10 20 30 40 50 60 70 80 90 100

Variance (%)

Fig. 3. Variance partitioning using pRDA for each dataset. The pure effect of spatial and environmental variables, the interactions
among the 4 groups of variables and the unexplained variance are reported.

were due to spatial — eutrophication (2.36 % of total
variance), spatial-morphometry and alkalinity (2.56 %
of total variance) and spatial-morphological pressures
(1.33 % of the total variance) interactions.

Discussion and conclusions

Since water bodies are subjected to multiple anthro-
pogenic pressures, it is difficult to assess the unique

impact of each pressure on the biota (Vinebrooke et
al. 2004). A frequent approach to this kind of study is
to stratify the sampling design in order to reduce the
effects of sources of variation other than the one of
interest. For example, Sandin & Hering (2004) studied
the impact of organic pollution on stream macroinver-
tebrates in a large study across Europe and focused
the analysis only on water bodies where organic pol-
lution was the unique dominant stressor. In our study,
we applied the variance partitioning approach in or-
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der to quantify the combined impact of eutrophication
and morphological pressures. This method allows a
disentangling of the problem of interactions among
different groups of explaining factors (Peres-Neto et
al. 2006). We also included variables connected to the
spatial pattern (PCNM vectors) in the analysis, and
variables connected to lake morphometry and geol-
ogy. Those factors were responsible for a large part
of the community variance other than anthropogenic
derived disturbances and had synergic effects with the
environmental variables related to the two pressures.
Furthermore, by including those sets of variables in
the variance partitioning analysis we could isolate
the pure effects of eutrophication and morphological
pressures from the effects due to interactions with the
other variables.

Spatial and environmental variables

In the PCNM analysis of spatial pattern, the first vec-
tors are related to the broadest/regional spatial scale
while the last vectors are related to the finest scale
(Borcard et al. 2004). The first PCNM vectors were
highly significant in forward selection (p=0.001) in
both datasets (Table 3). This result highlights the im-
portance of the regional scale in both profundal and
sublittoral zones. However, in both lake zones, the
other significant PCNM vectors represent a mixture of
broad, medium and fine scales, indicating the absence
of a predominant spatial scale and thus the interde-
pendence between local and regional factors. Similar
results were reported also for littoral communities by
Johnson & Goedkoop (2002), who stated that regional
factors at catchment scale set upper limits and, within
these limits, local factors become important in struc-
turing invertebrate community composition.

Eutrophication pressure affects both lake zones, in
fact the environmental variables related to this pres-
sure (total phosphorus and Chl-a) were significant in
structuring the invertebrate community (Table 3), and
were important variables in defining the gradient of
the RDA ordination (Figs 1 and 2) in both the sublit-
toral and profundal zone.

RDA ordinations and forward selection results
support the hypothesis of the decreasing influence of
morphological pressures in structuring invertebrate
communities from the sublittoral to the profundal zone
(Solimini et al. 2006, Solimini & Sandin 2012 (this is-
sue), Brauns et al. 2007a). Among the variables related
to morphological pressure, neither urban land cover
nor natural land cover of the 200 m stretch around the
lake shore were found to be significant in affecting the

profundal communities (Table 3) and had only a mar-
ginal role in defining the RDA gradients. Diversity of
macrophyte growth form types was highly significant
in the sublittoral zone (Table 3). This confirms the well
known importance of habitat complexity provided by
macrophytes in defining the invertebrate community
(Weatherhead & James 2001, Mastrantuono et al.
2008, Free et al. 2009b, McGoff & Irvine 2009), for
example Cheruvelil et al. (2002) demonstrated that
macrophyte colonization by invertebrates is influenced
by plant architecture. Also the natural land cover of
lake surroundings and anthropogenic pressures both in
the riparian zone and on the shoreline affected the sub-
littoral community as shown by the forward selection
results and the RDA ordinations. The abundance and
composition of the sublittoral communities was not af-
fected by the presence and longevity of natural riparian
vegetation as synthesized by the index of naturalness
of the riparian zone. On the contrary these features are
expected to directly affect littoral communities by pro-
viding a diverse habitat through the presence of roots
and woody debris, known to be important factors in
structuring the taxonomic composition of the littoral
invertebrate community (Brauns et al. 2007b, Brauns
et al. 2008).

Lake morphometry was highly significant in both
the profundal and sublittoral zone. Lake area and slope
have been demonstrated to be an indicator of anoxia
(Niirnberg 1995) and to indirectly affect the inverte-
brate community through influencing fine sediment
distribution and macrophyte growth (Rasmussen &
Kalff 1987). In fact, lake area can indicate wind fetch,
which determines wave height and thus fine sediments
distribution (Smith & Sinclair 1972). Slope influences
the ability to retain fine sediments and has been found
to be negatively related to the biomass of rooted sub-
merged macrophytes (Duarte & Kalff 1986). Finally,
alkalinity is primarily influenced by catchment geol-
ogy (Lee 1980, Koetsier et al. 1996) and was a signifi-
cant variable in both the profundal and sublittoral zone
(Table 3). Alkalinity, and thus bedrock geology, can
be an indicator of the buffering capacity against rapid
changes of pH and thus can indirectly affect the inver-
tebrate community through influencing food resources
such as primary production and detrital food quantity
and quality (Groom & Hildrew 1989, Griffith & Perry
1994, Koetsier et al. 1996).

Variance partitioning

The most striking results of our analysis were the eu-
trophication-profundal and hydromorphological-sub-
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littoral pressure-biota relationships (Fig. 3). Although
this differing effect of the two pressures on the differ-
ent zones of lakes was previously hypothesised (Soli-
mini et al. 2006), to date, to our knowledge, no direct
quantitative comparison using variance partitioning
techniques was available. Our results showed that the
profundal communities are mainly affected by eutroph-
ication (Fig. 3). The relationship between lake trophic
state and profundal communities is well known, as
reported in Solimini et al. (2006), Solimini & Sandin
(2012 (this issue)). The input of nutrients enhances lit-
toral and pelagic productivity and leads to an increase
of organic matter in the sediments. The degradation of
the organic matter causes a decrease of oxygen in the
hypolimnion which has direct effects on the profundal
macroinvertebrate community (Rasmussen & Kalff
1987, Dinsmore et al. 1999). This process affects the
structure of the community, through a decrease of di-
versity and abundance of hypoxia-sensitive taxa and
an increase of hypoxia-tolerant taxa abundances (Baz-
zanti et al. 1994, Wolfram et al. 2002). In the sublit-
toral zone the partitioned effect of eutrophication was
17.4 times lower than in the profundal zone. This is
consistent with previous studies which demonstrated
that the profundal zone is more suitable for detecting
early signs of eutrophication than the sublittoral zone
(Bazzanti et al. 1994, Himéldinen et al. 2003).

The variance partitioning results confirm the pat-
tern found with RDA ordination and forward selec-
tion, showing a decreasing influence of morphologi-
cal pressures from the sublittoral to profundal zone.
In fact, in the sublittoral, the partitioned effect of
morphological pressures was 1.68 times higher than
that of eutrophication, while it could not be tracked
in the profundal zone. This was owing to morphologi-
cal pressures being measured at shoreline and riparian
zone level only and therefore difficult to spatially as-
sociate with profundal sites.

The spatial component was the dominant factor in
both the lake zones, representing 58.66 % of the ex-
plained variance in the profundal zone and 44.18 %
in the sublittoral. This fraction was also responsible
for a large part of the interactions among factors. The
spatial component accounts for three possible causal
factors: spatially-structured environmental or biotic
factors not included in the analysis, spatially-struc-
tured historical events and spatial autocorrelation in
the response matrix (Borcard et al. 2002, Legendre
& Legendre 1998). Attempting to account for these
factors in more detailed temporal and spatial sam-
pling programmes may improve assessment. Finally,
the fraction of unexplained variance (47.88 % in the

profundal, 81.1% in the sublittoral zone) is due to
factors not included in the analysis (non spatially-
structured factors), random variation and sampling
error (Legendre & Legendre 1998). Therefore, in or-
der to reduce the unexplained variance and thus pro-
vide a reliable assessment tool based on invertebrate
assemblages-pressure relationships, current sampling
programs should include a wider array of abiotic and
biotic variables at site levels such as fish predation
pressure.

When analysing bioassessment methods, Clarke
& Hering (2006) identified four possible sources of
variation for invertebrate fauna: variation due to the
sampling method, that due to the sampling process-
ing, variation due to natural temporal variation and
finally that due to stressors and pressures. Our study
shows that spatial variation should also be taken into
account as a source of variation for invertebrate fauna
that need to be assessed in order to isolate the effects
of human induced pressures.
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