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ABSTRACT

It has been proved that littoral diatoms provide a useful marker for detecting localised changes resulting from uneven
anthropogenic disturbances or intermittent releases of sewage along the shorelines of lakes. This study tested the spatial resolution
at which this general observation occurs, by selecting areas with different anthropogenic pressures (urbanization) along a latitudinal
gradient in Lake Garda, a deep and wide peri-Alpine lake. The sampling design aimed to detect differences in diatom distribution in
terms of species diversity, quality indices, proportion of Red List taxa, assemblages, and individual species. Because the extent to
which diatom assemblages respond to these gradients was unknown, we used assemblage metrics of different sensitivities. Results
showed that the most important environmental factor was the latitudinal gradient, which was revealed by almost all the assemblage
metrics. This dominant trend was explained by two co-occurring environmental gradients: concentration of nutrients and thermal
gradient. The importance of different levels of urbanization was unevenly partitioned among locations and latitudes because of the
different intensities of urbanization pressure. Only the species Brachysira neglectissima, the quality index (Trophic Index), and to a
lesser extent, the metric at assemblage level revealed significant effects. Overall, this study comes to two main conclusions: (1)
different metrics are needed to detect the multifaceted effects of anthropogenic disturbances, which by their very nature are unevenly
distributed and of different intensities, and therefore affect assemblages to different degrees; (2) for any monitoring program in this
lake to be effective, the various gradients revealed in this work should be taken into account. Failing to include these sources of

variability might lessen the benefits of monitoring.
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1. INTRODUCTION

Diatoms are an abundant, diverse and important
component of algal assemblages in freshwater lakes.
They are able to respond rapidly to environmental
variations like eutrophication and recovery (Smol &
Stoermer 2010), because they are sensitive to changes in
nutrient concentrations and ratios (Tilman et al. 1982).
Diatoms are increasingly used to assess water quality
because they are good indicators of the trophic and
ecological status of lakes (Stenger-Kovacs et al. 2007).
Although there has been a considerable amount of work
using diatoms to monitor river water quality in Europe
(e.g., Whitton & Rott 1996; Prygiel et al. 1999) there
are still proportionally few studies of their use in lake
monitoring (King et al. 2006). Many studies have
shown that diatoms from littoral areas can reliably indi-
cate different environmental gradients (Douglas & Smol
1995; King et al. 2000; Lim et al. 2001; Schonfelder et
al. 2002). Because some indices based on littoral dia-
toms (Hofmann 1994; Kelly et al. 2006; Stenger-
Kovécs et al. 2007) are cost-effective proxies for 'phy-
tobenthos' (Kelly 2006), they have now also been
applied within the Water Framework Directive
2000/60/EC (Council of the European Communities
2000).

One topic that has still not been examined in any
detail is the sensitivity of littoral diatoms to environ-
mental gradients within the same lake. Preliminary
studies have suggested that assessments of littoral dia-
toms at a fine spatial scale might be useful in evaluating
specific trophic states and variations along the shores of
lakes (e.g., point-pollution sources analyzed by
Poulickova et al. 2004).

The first floristic studies of littoral phytobenthos in
Lake Garda date back to the nineteenth century, at
which time they reported a diatom richness of 135 spe-
cies (Schroter & Kirchner 1896; Garbini 1897; 1899a,
b; Forti 1899; Kirchner 1899). Although Lake Garda is
one of the most important central European lakes, after
those early floristic studies no more reports on littoral
diatoms were published. The shores of Lake Garda are
highly urbanized due to the increasing population and
the particular importance of tourism (Chiaudani & Pre-
mazzi 1990). In spite of this high anthropogenic pres-
sure and the long theoretical water renewal time (ca 27
years), the lake has maintained a reasonable water qual-
ity until recently (Biising 1998). However, the lake
shows a slight but continuous increase of total phospho-
rus concentrations, representing the last stage of a long-
term process of enrichment that has been documented
since the 1970s (Mosello & Giussani 1997; Salmaso
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2009). The local effects of eutrophication are mainly
restricted to the near-shore areas because of a diffuse
use of the terrain (Biising 1998). However, although
insufficiently documented, a latitudinal trophic gradient
might also be present, due mainly to an input of nutri-
ents by the northern inflow and by the uneven distribu-
tion of the urbanized areas.

This study has focused on the ecological characteri-
zation of the shores of Lake Garda by studying epilithic
littoral diatoms. An array of samples covering different
gradients (urbanization pressure and latitudinal) were
chosen for our consideration. As the extent to which
diatom assemblages respond to these gradients is un-
known, we used assemblage metrics of different sensi-
tivities. Diversity indices might be considered to be the
most general metrics because they take advantage only
of the number of taxa and different proportions (Magur-
ran 2004). Although data are far from satisfactory be-
cause of the variation found, there is a general tendency
for species diversity to decrease with the increasing fer-
tility of the water (Smol & Stoermer 2010). A second
family of metrics, thought to be more sensitive in de-
tecting gradients, are the quality indices (e.g., Barbour
et al. 2000). By their very nature, quality indices are
likely to be more sensitive because they are weighted
according to species preferences. In this study, the qual-
ity indices used, which are based on littoral and epilithic
diatoms, are those developed for European lakes (Hof-
mann 1994; Kelly et al. 2006). In studies of diatom as-
semblages, Red List information has been increasingly
used (Werum & Lange-Bertalot 2004; Cantonati &
Spitale 2009). In some cases, the proportion of endan-
gered taxa included in the Red List for central Europe
(Lange-Bertalot 1996) was better able than other
assemblage metrics (like Shannon diversity) to illustrate
the different distributions observed among the sites
(Werum & Lange-Bertalot 2004). The use of Red List
taxa here is motivated by the fact that endangered or
rare species can be expected to have a more restricted
niche breadth compared to the most common species, so
the proportion of rare or endangered species may be
sensitive enough to reveal even minor differences
between affected and unaffected sites. The effect of an-
thropogenic disturbances might also occur at the level of
the whole diatom assemblage; in this case, a similarity
index might enable the proportional variation of the
species to be successfully detected. Finally, the same
disturbances might affect the abundance of individual
species. Although it might be difficult to select in ad-
vance which species would be more sensitive, this could
be a sound way to identify potential indicator species
calibrated for Lake Garda. This paper therefore has two
main aims: (1) to describe and quantify the variation in
epilithic diatom assemblages among shores with differ-
ent urbanization pressures and along a latitudinal gradi-
ent, and (2) to verify the extent of these supposed gradi-
ents by using different assemblage metrics.
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2. METHODS
2.1. Study area

Lake Garda (65 m a.s.l.) is the largest Italian lake
with a surface area of 368 km?, a volume of 49 km?, and
a maximum depth of 346 m. The lake has one important
inlet (Sarca), located at the northern edge and other less
important tributaries flowing towards the western and
northern shores. Littoral zones are not throughout
homogeneous: in the narrow part rocky and steep shores
dominate, while on the wide, southern part the shores
are more gradual, and composed mainly by sand and
cobbles. Regardless of the shore localization, many
urbanized areas include both hard substratum (espe-
cially around ports and dockings) and sandy littorals.
Urbanization is also unevenly distributed around the
lake according to the more or less steep slope of the
interior areas.

2.2. Sampling procedure

An observational experiment (sensu Underwood
1997) including a combination of three treatments was
planned and executed in one week on September 2008
along the rocky shores of Lake Garda. Since the lake
extending north-south, three main portions were distin-
guished along the latitude (North, Centre, South) sepa-
rated by at least 7 km (Fig. 1); within each portion, two
random locations were selected, with two levels of
urbanization (low and high urbanization) each one rep-
licated twice.

Italy

Fig. 1. Map showing the position of sampling stations. North,
Centre and South locations are delimited by dashed lines (two
locations on each latitude level). Filled and empty squares are
high and low urbanized areas. Locations are: at North Torbole
and Limone, at Centre Malcesine and Campione, at South
Benaco and Toscolano.
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The levels high and low of the treatment
urbanization were selected respectively in and out
urbanized areas. In contrast to low-urbanized, highly-
urbanized areas were characterized by high density of
urban settlements with intense use of the shores (ports,
boats, wastewater etc). Only areas with hard substratum
were selected for sampling. The wide, south portion of
the lake (Fig. 1), after careful survey, was discarded
because it did not provide the hard substrata requested
for this sampling design. Locations were selected at
random within each latitude but balancing the east and
west coast. With this sampling design we tested the
following hypotheses on the diatom assemblages: (1) no
difference among latitudes pooling urbanization treat-
ments; (2) no difference between urbanizations, pooling
latitudes; (3) no interaction between latitudes and
urbanization; (4) no added variance due to the localities
within latitudes; (5) no interaction between urbanization
and the locations within latitude.

Epilithic diatoms were sampled at one meter depth
(that level never emerged in the last 12 months) by
means of a special brushing syringe (area = 5.31 cm?);
the brush plunger was pulled down rotating and aspiring
at the same time. Three circular areas were brushed in
three different points 3-5 meters apart for a total inves-
tigated area of 15.93 cm®.

For each sampling station we estimated slope and
heterogeneity of the shore at two spatial scales. At fine
spatial scale, slope was measured by means of a cli-
nometer 20 cm long, whereas at coarse scale the slope
was estimated trigonometrically measuring the depth at
4 meters off the coastline. Heterogeneity at fine spatial
scale was estimated by a profile gauge (length = 17 cm;
grain = 112 needles) which was pulled down to the
rocky surface; then the device was photographed, the
digital imagine processed to measure its profile length
and heterogeneity was expressed as the ratio between
profile and profile gauge (so that values = 1 indicate
homogeneity, values >1 heterogeneity). Heterogeneity
at coarse spatial scale was estimated by using a metal
chain 5.2 m long (grain = 260 rings) which was laid
down on the rocky surface; then, the distance between
the extremities was measured, and heterogeneity was
expressed as above. Within a regular plot 1-m wide, at a
depth ranging between 1 and 4 m, the different propor-
tions of the substratum were visually estimated sepa-
rating the following classes: % of sand and gravel (size
<6 cm), % of cobbles (6-24 cm), and % of stones and
rocks (>24 cm). On each sampling station we retained
the average class of three replicated plots 3-5 metres
apart.

Finally, in the 24 sampling stations, we collected in
acid cleaned bottles the water for the hydrochemical
analyses (which included the measurement of pH, con-
ductivity, and nutrients) following the standards pro-
vided by the American Public Health Association
(APHA 2000).
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2.3. Diatom identification and quantification

The field samples were treated with hydrogen per-
oxide and hydrochloric acid to remove respectively
organic material and carbonates; then the cleaned valves
were mounted in Naphrax”. Three permanent mounts
were prepared for each sample, and a total of 600 valves
were counted to assess relative abundances. To deter-
mine the diatom abundance as number of individuals we
used DVB (divinylbenzene) spheres with a mean
diameter of ca 6 um. Slides, prepared material, and ali-
quots of the original samples were deposited in the dia-
tom collection of the Museo Tridentino di Scienze Natu-
rali (Accession numbers: cLIM005 DIAT1302-1325).
Counting was optimized with a Zeiss Axioskop 2 at
1000x magnification while identification and nomen-
clature followed Krammer & Lange-Bertalot (1986-
1991, 2004), Round e al. (1990), Round & Bukhti-
yarova (1996), Lange-Bertalot (1993), Lange-Bertalot
& Moser (1994), Lange-Bertalot & Metzeltin (1996),
Krammer (1997a, b), Reichardt (1997, 1999), Lange-
Bertalot (2001), Krammer (2002/2003), Werum &
Lange-Bertalot (2004), and Levkov (2009).

2.4. Data analyses

Data were analysed with 3 mixed factor analysis of
variance: latitude (three levels, fixed), locations (2 lev-
els within latitude; random), urbanization (two levels,
fixed) crossed with latitude and the interaction of loca-
tion within latitude; with n = 2 replicate samples (total =
24 samples). Non-significant sources of variation were
pooled only if the p level was at least = 0.25 (Under-
wood 1997). Cochran's C-test was used to check the
assumption of homogeneity of variances before using
ANOVA in tests of hypotheses. The diatom response to
the treatments was determined by calculating (1) the
diversity indexes (Shannon log,, Margalef, Pielou,
Brillouin, Simpson; see Magurran 2004); (2) the quality
indexes by Hofmann (1994) and by Kelly et al. (2006);
(3) the number of Red List taxa (Lange-Bertalot 1996);
(4) the response for each single species; (5) the response
at assemblage level. For the first four metrics, three-way
ANOVAs were calculated. With the proportion of Red
List taxa we mean the sum of rare and endangered
diatoms as reported by Lange-Bertalot (1996) plus
some unpublished integrations by one of us (H.L.B.).
The same ANOVA model was applied for the
environmental variables collected along with diatom
samples.

To examine differences in the multivariate context
of species assemblages, we used the same procedure as
described for the univariate analysis but using a dis-
tance-based multivariable analysis of variance (Ander-
son 2001). In addition, the significance of the treatment
latitude at assemblage level was tested controlling the
nutrient concentration by using a multivariate
ANCOVA. To calculate the amount of variance in the
assemblage data explained by the environmental vari-
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ables (slope and micro-macroheterogeneity; substratum
textures; hydrochemicals) we applied a redundancy
analysis (RDA, Legendre & Legendre 1998). RDA was
preferred over CCA because of the short gradient of our
data (result not showed). The best subset of environ-
mental variables was selected by using an improved
method of the classical forward selection (Blanchet et
al. 2008). Then, only the significant terms were retained
and processed in the RDA. Assemblage data was trans-
formed using the Hellinger method because it is par-
ticularly suited for the RDA (Legendre & Gallagher
2001).

A non-metrical multidimensional scaling (NMDS)
with a Bray-Curtis similarity index was used to order
and visualize the samples (Legendre & Legendre 1998).
Univariate ANOVAs were performed using
STATISTICA 8 (Statsoft, Inc), whereas multivariate
analyses were done with R (R Development Core Team
2009) loading the package vegan v 1.15-4 (Oksanen et
al. 2009).

2.5. Quality indexes

In this study, the Trophic Index (Hofmann 1994) and
the Lake Trophic Diatom Index (Kelly et al. 2006) were
applied because considered to be most suited, taking
into due account the bathymetric characteristics of the
lake and its rocky shores. The Hofmann metric, as it
was conceived, provides a score which increases with
the trophic status (high values on worse quality status).
The Kelly et al. index, being an ecological quality ratio,
results in high values when the quality is high. A possi-
ble way to test which of the two indices is more suited
to Lake Garda, would be to correlate their scores to the
nitrate contents of water. A positive and a negative cor-
relation between index scores and nitrate was expected
respectively for the Hoffman and the Kelly ef al. index.

3. RESULTS

Environmental variables associated to each diatom
sample provided additional insights to the experimental
factors used. Total phosphorus (mean = 8 pg L', min-
max = 5-14) but even more clearly nitrate concentration
(mean = 0.42 mg L™, min-max = 0.17-0.68), showed a
significant decrease towards south whereas the effect of
urbanization was not revealed consistently at all the
latitudes (Fig. 2; the term Lat for the TP was significant
after pooling, Tab. 1). TP showed heterogeneous vari-
ance and its significance should be interpreted with
caution. Geogenic variables did not show any signifi-
cant trend because they were nearly constant in all sam-
ples. Among the physical variables, significantly higher
values of microheterogeneity were found in the low-
urbanized areas (once the non significant terms were
pooled, Fig. 2). Substratum composition was not sig-
nificantly different after ANOVA analyses.

In total, 75 diatom taxa belonging to 29 genera were
found. Eight species were found in all samples:
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Achnanthidium affine (Kiitzing) Czarnecki, A. minutis-
simum (Kiitzing) Czarnecki, Cymbella excisa var. an-
gusta Krammer, Encyonopsis krammeri Reichardt, E. sub-
minuta Krammer & Reichard, Fragilaria capucina ssp.
austriaca (Grunow) Lange-Bertalot, Navicula crypto-
tenelloides Lange-Bertalot, N. subalpina Reichardt.
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Fig. 2. Some of the most significant environmental descriptors
measured in the sampling stations of Lake Garda: nitrate
concentration (N-NOs), total phosphorus (TP) and microhet-
erogeneity. Bars are standard errors.

The complete list of species, average abundances on
the main treatments and Red List taxa are given in the
Appendix 1. Diversity indexes were not different among
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Tab 1. Univariate ANOVAs comparing urbanization (Urb), latitude (Lat) and location (Loc)
for three environmental variables, total phosphorus (TP), nitrate (N-NOs) and microhetero-
geneity. Hypothesis of homogeneity of variances (after Cochran's C-test) was rejected for
TP. Probabilities of relevant tests are indicated in bold. * significant term (p <0.05) after post

hoc pooling.

df TP N-NO; microheterogeneity
Source MS F )4 MS F )4 MS F )4
Urb 1 9.375 5.488 0.101 0.012 3.356 0.164 0.023 8.080 0.065
Lat 2 14.625 4.333 0.130*  0.174 20.702 0.018 0.001  0.400 0.703
Loc(lat) 3 3.375 0.835 0.500 0.008 2468 0.112 0.002 3.027 0.071
Urb*Lat 2 9.125 5341 0.103 0.002 0481 0.659 0.002 0.800 0.525
Loc(Lat)Urb 3 1.708 0.423 0.740 0.003 1.022 0417 0.003  3.710 0.043
Residual 12 4.042 0.003 0.001
4.0 38 }
38 1 1 36 | % ]
) x
8 % % 3 34}
x 34r £
8 = a2 f
£ 32 @
< £ a0t
S 30 L
s 28l ) 28
F—ra —&_ urb high
w
26 @ urblow 26 |

Tor Lim Mal Cam Ben Tos

North Centre South

40

38 r

36

34 |

32 ¢

30t

% Red List species

28 L
26 L

24

Tor Lim Mal Cam Ben Tos
North Centre South

Tor Lim Mal Cam Ben Tos
North Centre South

Brachysira neglectissima (%)

-1 r

Torb Lim Mal Cam Ben Tos
North Centre South

Fig. 3. Effects of urbanization and latitude on the diatom assemblage metrics. Bars are standard errors.

treatments even though they tended to increase towards
the south latitude. Because all the 5 diversity indexes
showed very similar results, from now on we presented
only Shannon, motivated only by its popularity (Fig. 3).
Diatom diversity was not affected by urbanization but it
tended to increase in the southern locations (Tab. 1).
However, the Pearson correlation between diversity and
nitrate concentration was negative and significant (r =
-0.46; p = 0.02).

Application of the Hofmann index provided a gen-
eral mean = 3.40 corresponding to a mesotrophic condi-
tion, but some locations were evaluated as belonging to
the meso-eutrophic class (min-max = 2.71-3.88). The
Kelly et al. index, giving a mean = 0.82 (min-max =
0.53-1.04), suggested a condition of good quality, but

with samples predicted as moderate and high quality.
Correlation between Hofmann and Kelly was unexpect-
edly positive and significant (» Pearson = 0.51; p =
0.011) suggesting inconsistent results. To test which of
the two indices might be more suited to Lake Garda, we
correlated them with the nitrate concentrations: Kelly
and N-NO; (r = 0.48; p = 0.018); Hofmann and N-NO;
(r = 0.64; p <0.001). Because the Hofmann Index out-
performed the Kelly ef al. index, subsequent analyses
considered only the former (remember that a negative
correlation was expected between Kelly and nitrate, see
the methods section). The proportion of species unavail-
able in the original publication by Hofmann (1994) but
recorded in the present study, was not correlated with
the score index (r = 0.09; p = 0.683). Out of the 75 spe-
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Tab. 2. Univariate ANOVAs comparing urbanization (Urb), latitude (Lat) and location (Loc) for biological metrics on the
original, not transformed data. Hypothesis of homogeneity of variances (after Cochran's C-test) was not rejected.

Probabilities of relevant tests are

indicated in bold.

Shannon Red List Hofmann (1994) B. neglectissima

Source df MS F P MS F p MS F p MS F p
Urb 1 0.158 5.664 0.098 13.580 1.610 0.294 0.119 9.056 0.057 11.169 12.778 0.038
Lat 2 0314 1.531 0.348 2990 1.324 0.387 0.473  9.613  0.050 5.606 1.833 0.302
Loc(Lat) 3 0.205 2453 0.114 2262 0.108 0.134 0.049 0.699 0.571 3.058 1.342  0.307
Urb*Lat 2 0.073 2.622 0220 32353 3.835 0.149 0.012  0.945 0.481 0.456  0.522  0.640
Loc(Lat)Urb 3 0.028 0.334 0.801 8441 0402 0.754 0.013  0.186 0.904 0.874 0.384 0.767
Residual 12 0.084 20.980 0.070 2.279

Tab 3. Permutational MANOVA on the basis of the Bray-Curtis dissimilarities
matrix. Each test was based on 999 permutations. Urb = urbanization, Lat = latitude,

Loc = locality.

Source df SS MS F P
Urb 1 947.9 947.9 1.697 0.142
Lat 2 2644.4 1322.2 1.387 0.211
Loc(Lat) 3 2860.2 953.4 2.179 0.006
Urb*Lat 2 847.6 423.8 0.759 0.705
Loc(Lat)Urb 3 1676.3 558.8 1.278 0.194
Residual 12 5251.6 437.6

cies recorded during this work, 55 were available
(73%). The index decreased significantly towards the
south latitude discriminating between urbanization levels
at a p level = 0.057 (Fig. 3; Tab. 2).

The proportion of Red List taxa was not signifi-
cantly affected by the treatments even after post hoc
pooling (Tab. 2). However, focussing only on those
locations where the TP was significantly higher in the
urbanized areas (Torbole, Limone and Campione, Fig. 3),
endangered species were significantly less abundant.

Assemblage data ordered by means of NMDS (Fig. 4)
and analyzed by permutational multivariate analysis of
variance indicated a significant interaction Loc (Lat)
(Tab. 3).
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Fig. 4. Diagram of the nonmetrical multidimensional scaling
(NMDS) based on Bray Curtis similarity matrix of the diatom
assemblages. Stress values = 0.18.

This result suggested that the assemblages were
strongly driven by which of the random levels
"location" was considered. However, even though this
result did no change its significance after the post hoc

pooling, a clear difference was appreciable between the
south latitude and the centre- north (Fig. 4). Low and
high urbanization levels were revealed by the assem-
blages only when the differences in nitrate concentra-
tion between the two were appreciable (Torbole,
Limone, Campione and Benaco; Fig. 2). Selecting these
samples, and simplifying the model retaining only the
urbanization factor, the difference resulted clearly sig-
nificant (F = 2.96; p = 0.012). The ANCOVA analysis
performing by controlling the effect of the nutrient
contents, revealed a residual significant effect of latitude
on the diatom assemblages (F = 1.62; p = 0.048). For-
ward selection run to select the most important envi-
ronmental variables for the assemblage distribution,
indicated a significant role of slope at broad scale, sili-
cate and nitrogen concentration, and microheterogeneity
(Tab. 4). Redundancy analysis performed by using only
these significant variables was highly significant (¥ =
3.05; p <0.001) and explained a high amount of the total
variance (46%).

The ANOVAs performed on all the single diatom
species revealed a consistent pattern only for Brachysira
neglectissima (Fig. 3; Tab. 2). B. neglectissima was
found more abundant within urbanized areas. Other spe-
cies were either not suitable for analysis (heterogeneous
variance, insufficient data) or they provided not signifi-
cant results (detailed data not showed).

4. DISCUSSION

Algal indicators have been recognized as an impor-
tant tool for evaluating the impact on lakes of human
disturbances such as adjacent agricultural and urban
development (e.g., Schonfelder e al. 2002; Poulickova
et al. 2004; King et al. 2006). Because diatoms are
thought to provide a description of water quality that is



Littoral diatoms of Lake Garda

not achievable from snapshot chemical analyses, their
use in monitoring can offset the inconsistency of rapid
changes in water chemistry (Smol & Stoermer 2010).

Tab. 4. Forward selection of the environmental variables fol-
lowing the method proposed by Blanchet et al. (2008). Total,
unconstrained and constrained inertia explained by Redun-
dancy Analysis (RDA) performed between diatom assem-
blages and the significant environmental variables selected in
the forward selection. Significance of the whole model is pro-
vided. Var. expl = variance explained. R2 = coefficient of
multiple determination; Cum = cumulated; Adj = adjusted
takes into consideration the number of degrees of freedom.
Slo.B = slope at broad scale.

forward selection R2 R2Cum AdjR2Cum F P
slo.B 0.154 0.154 0.116 4.015 0.002
silica 0.124 0278 0.209 3.601  0.001
microheterogeneity 0.072 0.351 0.253 2.230  0.015
N-NO; 0.060 0411 0.287 1.950  0.025
RDA model Inertia % var. expl.

Total 0.169

Constrained 0.078  45.8%

Unconstrained 0.092  54.2%

significance df Var F N.Perm Pr(>F)
Model 5 0.078 3.047 999  0.001
Residual 18 0.092

Our study provided clear evidence that anthropo-
genic disturbances affect the diatom assemblages in dif-
ferent ways. In this lake, the presence of different
anthropogenic gradients of unequal intensities led to a
complex pattern which was revealed by using assem-
blage metrics of different sensitivities. These results
were also important because they provided the ecologi-
cal setting necessary to individuate the target requested
in the Water Framework Directive 2000/60/EC (Council
of the European Communities 2000) for Lake Garda.

This study documents for the first time the signifi-
cant latitudinal gradient concerning the hydrochemistry
of near-shore waters, and in particular the importance of
nutrients. Even though this snapshot chemical analysis
should be verified again in future studies, almost all the
assemblage diatom metrics supported the latitudinal
gradient. Nutrient concentrations decrease from North
to South, probably because of the influence of the Sarca
northern inflow. The three main tributaries of the lake
supply about 120-150 t of phosphorous per year, 45% of
which is provided by the Sarca River alone (Decet &
Salmaso 1997). In contrast, the difference between
nutrient concentrations measured in highly and sparsely
urbanized areas was not so marked as to be significant.
However, the extent of this difference was not uniform
across localities, suggesting different levels of anthro-
pogenic impact along the shoreline (Salmaso et al.
2009). The sewers receiving most of the anthropogenic
discharges are not equally efficient around the lake
(Salmaso et al. 1997) and this might contribute to the
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different effects of our experimental factors. Comparing
our results on nutrient concentration for the littoral areas
to those reported by Salmaso (2009) for the epilimnetic
zone (0-20 m depth), two interesting main considera-
tions have emerged. Firstly, the extent of nutrient fluc-
tuation over a 17-year period was as great as the spatial
variability we measured in a snapshot analysis. The
implication of this comparison, assuming a comparable
temporal variance, was that any ecological monitoring
of the littoral zone should try to separate spatial from
temporal variations before attempting to come to sig-
nificant conclusions or producing relevant management
guidelines. Failing to disentangle these two components
might lead to completely confounded results. Secondly,
the dissolved inorganic nitrogen (DIN = N-NO; + N-
NO, + N-NH,) measured in the littoral areas ranged
between 390 and 510 pg L whereas that reported by
Salmaso (2009) for the epilimnetic zone ranged between
180 and 260 ug L™ (years 1995-2007). This higher DIN
for the littoral areas suggested that the point sources
represent an important contributor of nutrient inputs into
the lake. The higher trophic conditions predicted by the
Trophic Index (Hofmann 1994) in comparison to the
OECD (1982) classification seem to be consistently
justified (see below).

The hypothesis of a higher diversity in the lightly
urbanized areas was not accepted. However, because the
concentration of nutrients was not significantly different
between urbanization levels, this result was not unex-
pected. As a matter of fact, the negative and significant
correlation between diversity and nitrate concentration
suggests that diversity is a potential indicator of trophic
conditions.

Using the correlation between index scores and the
nitrogen content of water, the Hofmann index outper-
formed that of Kelly et al. Explanations for this result
might be reduced to two main categories: the first is
related to the different criteria used to elaborate the
indices (Hofmann 1994; Kelly et al. 2006), and the sec-
ond concerns the problem of geographical transferabil-
ity of species distribution models that are based on
niche (e.g., Guisan & Zimmermann 2000). Since most
of the quality indexes infer their evaluation criteria from
species distributions gathered in specific regions, their
applicability outside the original regions should always
be checked. The extent to which an index is transferable
across different regions is mostly related to the variabil-
ity of the realized species niches: the more similar the
species niches are among different regions, the more
reliable the transferability will be (but see concerns in
Guisan & Zimmerman 2000). The Hofmann index
(originally developed for central European lakes), with-
out any calibration and even accounting for an incom-
plete list of species (Hofmann 1994), seems to provide
adequate results in Lake Garda. According to the OECD
(1982) classification, Lake Garda is currently oligo-
mesotrophic (Salmaso et al. 2006), a condition that was
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overestimated by the Hofmann Index (mesotrophic and
meso-eutrophic). However, it is not uncommon that
quality indices applied to littoral species indicate a
higher trophic condition than other indices applied to
pelagic species (e.g., Komarkova & Marvan 1987). As
Eiseltova (1994) suggested, this pattern might be con-
sidered as a symptom of the eutrophication process in
lakes; this assertion is supported by the steady increase
of TP observed in the water column during the last dec-
ade in Lake Garda (Salmaso 2005). The monitoring of
littoral shores by using epilithic diatoms might represent
a useful early-warning tool, particularly effective in
cases where there is a diffuse input of nutrients. In our
study the Hofmann Index was consistently higher in the
highly urbanized areas, even though the extent of this
difference was not fully significant (p = 0.06; Fig. 3;
Tab. 2). More clearly detected by the Hofmann Index
was the latitudinal effect, probably as a consequence of
the gradient in nutrient concentration (Fig. 3; Tab. 2).

The proportion of endangered taxa included in the
Red List might sometimes help in characterizing the
environmental conditions of sites (Werum & Lange-
Bertalot 2004), and has been increasingly used (Canto-
nati & Spitale 2009; Angeli et al. 2010). In this study
the efficiency of the proportion of Red List taxa in dis-
tinguishing between low and high urbanization levels
tended to increase when the two levels differed in TP
concentration (cfr Fig. 3 and Fig. 2). Many (33%) of the
species recorded were threatened and rare, a proportion
that was also in perfect accordance with other studies
carried out in other habitats (Werum & Lange-Bertalot
2004; Cantonati & Spitale 2009; Angeli et al. 2010). As
for quality indices, some form of calibration among
regions might improve their efficiency.

The hypothesized high sensitivity of the whole
assemblage was supported only when the analysis was
restricted to those samples differing in nutrient contents.
More interestingly, the latitudinal gradient retained its
statistical significance even after controlling for the
nutrient gradient. The most trustworthy explanation for
this residual effect was the thermal gradient of the
water. Remote sensing measurements of surface tem-
peratures (data freely consultable at the web pages of
the Department of Geography of the University of Bern)
revealed a clear gradient, the extent of which is subject
to daily and seasonal variation (AT usually >3-4 °C). An
interesting hypothesis raised by this trend was that the
observed difference in the diatom assemblages would
result from an asynchronous seasonal cycle of species at
different latitudes. On inspecting the temperature data, it
appeared that a AT = 3-4 °C could desynchronize the
North from the South lake by about 1 month. Future
studies might test this hypothesis by comparing samples
collected at different latitudes and at multiple times.

Knowledge on the autecology of Brachysira neglec-
tissima 1is still incomplete because of the scarce data that
have been collected since its taxonomical description in
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2004 (Werum & Lange-Bertalot 2004). It is known
from oligotrophic habitats in the Alps, Germany, and
Alaska, often found together with Brachysira neoexilis
and, less frequently, with Brachysira vitrea (from both
of which it can be clearly differentiated). Given its con-
sistently higher abundance in urbanized areas (Fig. 3;
Tab. 2), both as a percentage and in the number of indi-
viduals, we might tentatively consider this species as an
indicator of anthropogenic impacts in Lake Garda. This
assertion might appear to contradict the oligotrophic
condition in which the species has been found until
now; however, it should be noted that even though the
difference in nutrient concentration between low and
high urbanization levels was sometimes appreciable
(Fig. 2), the trophic condition in general might be still
considered oligotrophic. Before we have the necessary
evidence for considering this species a reliable indicator
of the level of urbanization, this result also needs to be
confirmed along a temporal scale. While replicated
sampling in space and time might demonstrate the asso-
ciation between species response and urbanization lev-
els, at the moment we are not able to suggest any causal
relationships. In fact, none of the environmental vari-
ables measured in this study were significantly linked to
this species.

In spite of the apparent independence of B. neglec-
tissima from the most common environmental descrip-
tors, the distribution of diatom assemblages was signifi-
cantly explained by both chemical and physical vari-
ables (Tab. 4). A significant proportion of the total vari-
ance (46%) was explained by four variables. Beyond the
expected importance of nitrates and silica (Smol &
Stoermer 2010), more interesting were the significant
effect of slope at a broad spatial scale (at shore level)
and microheterogeneity. The slope calculated on the
first few meters might be directly related to water cir-
culation (and all the connected overturn processes) and
ultimately also to the local temperature. Even though we
are not aware of other studies reporting this specific
effect, this result seems to be a promising topic to be
investigated in Lake Garda. Equally interesting was the
microheterogeneity (at cms scale), the effect of which
was significant for the diatom distribution. During this
study we recognized at least three broad classes of het-
erogeneity: (1) the low heterogeneity of the smooth
stones that are particularly abundant in the urbanized
areas (Fig. 2), (2) the medium heterogeneity of marl-
stone-limestone rocks and (3) the high heterogeneity of
carbonate rocks characterized by more or less deep kar-
stic-dissolution cavities. It might be argued that these
different shapes, regardless of their lithological origin,
are able to modulate the conditions of the microhabitat.
Recognizing the effect of heterogeneity, along with the
problem of the simplification of natural habitats occur-
ring in urbanized areas, suggests that ecologists need a
better understanding of how this habitat characteristic
affects the distribution of benthic algae in lakes.
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NS = Number of samples in which the taxon was found; urb.high = areas at high urbanization; urb.low = areas at low urbanization;
RL = Red List species (Lange-Bertalot 1996), 1 = threatened with extinction, 2 = severely endangered, 3 = endangered, V =
decreasing, G = presumed endangered, R = extremely rare, D = data scarce, * = at present not considered threatened, ** = surely
not threatened; r = taxa supposed to be rare on the basis of experience and / or the literature. Value of Hofmann Trophic Index
(Hofmann, 1999): L = trophic location (Lokation), G= weighting (Gewichtung), # = not available in Hofmann (1999).

NS  NSurb.highNSurb.low NSnorth NScentre NSsouth RL L G
Achnanthidium affine (Kiitzing) Czarnecki 24 (100%) 12 (100%) 12 (100%) 8 (100%) 8 (100%) 8 (100%) * 4.1 2
Achd. minutissimum (Kiitzing) Czarnecki 24 (100%) 12 (100%) 12 (100%) 8 (100%) 8 (100%) 8 (100%) ** #
Achd. neomicrocephalum Lange-Bertalot & Staab 6(25%) 3(25%) 3(25%) 1(13%) 3(38%) 2(25%) R 1 3
Adlafia bryophila (Petersen) Lange-Bertalot 2(8%) 2(17%)  0(0%) 0 (0%) 0(0%) 2(25%) V #
Amphora inariensis Krammer 9(38%) 7(58%) 2(17%) 5(63%) 2(25%) 2(25%) 3
Amph. ovalis (Kiitzing) Kiitzing 1 (4%) 0 (0%) 1 (8%) 0(0%) 1(13%) 0(0%) K 4 2
Amph. pediculus (Kiitzing) Grunow 22 (92%) 12(100%) 10 (83%) 7(88%) 7(88%) & (100%) ** #
Aneumastus minor (Hustedt) Lange-Bertalot 1 (4%) 1 (8%) 0 (0%) 0 (0%) 0(0%) 1(13%) * 35 2
Aneum. stroesei (Dstrup) D.G. Mann 4(17%) 2(17%) 2(17%) 0(0%) 1(13%) 3 (38%) 3 1.9 1
Brachysira lilliana Lange-Bertalot 11(46%) 6(50%) 5(42%) 1(13%) 4(50%) 6 (75%) 2
Brach. neglectissima Lange-Bertalot 18 (75%) 10(83%) 8 (67%) 6(75%) 7(88%) 5(63%) D
Caloneis fontinalis Lange-Bertalot & Reichardt 2 (8%) 1 (8%) 1(8%) 2(25%) 0(0%) 0 (0%) *
Cavinula scutelloides (W. Smith) Lange-Bert. 1 (4%) 0 (0%) 1 (8%) 0 (0%) 0(0%) 1(13%) V 4.5 3
Cocconeis pediculus Ehrenberg 22 (92%) 10(83%) 12(100%) 8 (100%) 7 (88%) 7(88%) ** 4.4 3
Cymbella excisa var. angusta Krammer 24 (100%) 12 (100%) 12 (100%) 8 (100%) 8 (100%) 8 (100%) * 24 1
Cymb. helvetica Kiitzing 8(33%) 3(25%) 5(42%) 3(38%) 4(50%) 1(13%) V 1.7 2
Cymb. lanceolata Agardh var. lanceolata 3(13%)  0(0%) 3(25%) 1(13%) 1(13%) 1(13%) V 4 2
Cymb. lange-bertalotii Krammer 19 (79%) 9 (75%) 10 (83%) 7(88%) 6(75%) 6 (75%) * 1.7 2
Cymb. neoleptoceros Krammer 21 (88%) 9(75%) 12(100%) 7(88%) 6(75%) 8(100%) *
Cymb. parva (W. Smith) Kirchner 521%) 1(8%) 4(33%) 2(25%) 3(38%) 0(0%) R
Cymb. parva var. angusta Krammer 1 (4%) 0 (0%) 1(8%) 1(13%) 0(0%) 0 (0%) R 24 1
Cymb. parviformis Krammer 1 (4%) 0 (0%) 1(8%) 1(13%) 0(0%) 0 (0%) R
Denticula tenuis Kiitzing 11 (46%) 5 (42%) 6(50%) 4(50%) 6(75%) 1(13%) * 3 1
Diatoma ehrenbergii Kiitzing 19 (79%) 10 (83%) 9 (75%) 8(100%) 5(63%) 6(75%) ** #
Diat. mesodon (Ehrenberg) Kiitzing 1 (4%) 0 (0%) 1(8%) 1(13%)  0(0%) 0 (0%) * 2 2
Diploneis fontium Reichardt & Lange-Bertalot 1 (4%) 0 (0%) 1 (8%) 0 (0%) 0(0%) 1(13%) G 2.4 2
Encyonema auerswaldii Rabenh. 17 (711%) 7 (58%) 10 (83%) 6(75%) 5(63%) 6 (75%) * 43 3
Ency. cespitosum Kiitzing 6(25%) 2(17%) 4(33%) 3(38%) 1(13%) 2(25%) ** 3.7 1
Ency. minutum (Hilse ex Rabenh.) D.G. Mann 1 (4%) 0 (0%) 1 (8%) 0(0%) 1(13%) 0(0%) R 2 2
Ency. prostratum (Berkeley) Kiitzing 2 (8%) 1 (8%) 1(8%) 1(13%) 1(13%) 0(0%) * 43 3
Ency. silesiacum (Bleisch) D.G. Mann 12 (50%) 6(50%) 6(50%) 3(38%) 4(50%) 5(63%) ** #
Ency. ventricosum (Agardh) Grunow in A. Schmidt 6(25%) 3(25%) 3(25%) 2(25%) 1(13%) 3(38%) * #
Encyonopsis krammeri Reichardt 24 (100%) 12 (100%) 12 (100%) 8 (100%) 8 (100%) 8 (100%) R
Encs. subminuta Krammer & Reichard 24 (100%) 12 (100%) 12 (100%) 8 (100%) 8 (100%) 8 (100%)  *
Epithemia goeppertiana Hilse 3(13%)  1@8%) 2(17%) 1(13%) 1(13%) 1(13%) R #
Epit. sorex Kiitzing 4(17%) 2(17%) 2(17%) 1(13%) 0(0%) 3(38%) ** 4 2
Fallacia subhamulata (Grunow) D. G. Mann 1 (4%) 1 (8%) 0 (0%) 0(0%) 1(13%) 0(0%) * #
Fragilaria capucina ssp. austriaca (Grunow) Lange-Bert. 24 (100%) 12 (100%) 12 (100%) 8 (100%) 8 (100%) 8 (100%) G 2.5 1
Frag. capucina Desmazieres 2(8%)  2(17%)  0(0%) 0(0%) 2(25%) 0(0%) ¥ 45 3
Frag. distans (Grunow) Bukhtiyarova 20 (83%) 12(100%) 8 (67%) 5(63%) 7(88%) 8&(100%) G
Frag. perminuta (Grunow) Lange-Bertalot 20 (83%) 12 (100%) 8 (67%) 6(75%) 6(75%) 8(100%) - 4.2 2
Frag. tenuis Agardh 3(13%)  0(0%) 3(25%) 1(13%) 2(25%) 0(0%) -
Gomphonema calcareum P.T. Cleve 14 (58%) 7(58%) 7(58%) 5(63%) 6(75%) 3(38%) V #
Gomp. cf. gracile Ehrenberg 2 (8%) 1 (8%) 1 (8%) 0(0%) 1(13%) 1(13%) * #
Gomp. clavatum Ehrenberg 1 (4%) 1 (8%) 0 (0%) 0 (0%) 0(0%) 1(13%) D 4.1 3
Gomp. elegantissimum Reichardt & Lange-Bert. 16 (67%) 9 (75%) 7(58%) 8(100%) 4(50%) 4(50%) R
Gomp. italicum Kiitzing 17 (71%) 9 (75%) 8 (67%) 7(88%) 4(50%) 6(75%) D
Gomp. lateripunctatum Reichardt & Lange-Bertalot 8(33%) 4(33%) 4(33%) 4(50%) 2(25%) 5(63%) V 1.8 2
Gomp. minutiforme Lange-Bertalot & Reichardt 3(13%) 2(17%) 1(8%) 1(13%) 0(0%) 2(25%) D
Gomp. minutum (Agardh) Agardh 9(38%) 4(33%) 5(42%) 3(38%) 2(25%) 4(50%) 3 4.5 3
Gomp. minutum f. curtum (Hust.) Lange-Bert. & Reichardt 3 (13%) 1(8%) 2(17%) 2(25%) 1(13%) 0(0%) o
Gomp. olivaceum (Hornemann) Brébisson 521%) 2(17%) 3(25%) 2@25%) 1(13%) 2@25%) ** 4.1 2
Gomp. procerum Reichardt & Lange-Bertalot 4(17%) 3(25%) 1(8%) 0 (0%) 0(0%) 4 (50%) 3 2 2
Gyrosigma acuminatum (Kiitzing) Rabenh. 2 (8%) 1 (8%) 1 (8%) 0 (0%) 0(0%) 2(25%) V 45 3
Halamphora oligotraphenta (Lange-Bertalot) Levkov 23 (96%) 12 (100%) 11 (92%) 8 (100%) 7 (88%) 8(100%) ** #

(continued)
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Appendix: Continuation.

NS  NSurb.highNSurb.low NSnorth NScentre NSsouth RL L

Hannaea arcus (Ehrenberg) Patrick 1 (4%) 0 (0%) 1(8%) 1(13%) 0(0%) 0 (0%) G
Karayevia clevei (Grunow) Round & Bukht. 6(25%) 4(33%) 2(17%) 2(25%) 1(13%) 3 (38%) * 35
Meridion circulare (Grev.) C.A. Agardh var. circulare 1 (4%) 1 (8%) 0(0%) 1(13%) 0(0%) 0 (0%) *ok 4
Navicula capitatoradiata Germain 1 (4%) 0 (0%) 1 (8%) 0 (0%) 0(0%) 1(13%) ** 48
Navi. cryptotenella Lange-Bertalot 23 (96%) 12 (100%) 11(92%) 7(88%) 8(100%) 8 (100%) **

Navi. cryptotenelloides Lange-Bertalot 24 (100%) 12 (100%) 12 (100%) 8 (100%) 8 (100%) 8 (100%) ** #
Navi. radiosa Kiitzing 521%) 4(33%) 1(8%) 0 (0%) 0(0%) 5(63%) ** #
Navi. subalpina Reichardt 24 (100%) 12 (100%) 12 (100%) 8 (100%) 8 (100%) 8 (100%) V 2.1
Navi. tripunctata (O.F. Miiller) Bory 7(29%) 4(33%) 3(25%) 3(38%) 1(13%) 3(38%) ** 5
Nitzschia angustata Grunow 10(42) 6(50%) 4(33%) 1(13%) 5(63%) 4(50%) * #
Nitz. dissipata (Kiitzing) Grunow var. dissipata 20 (83%) 12 (100%) 8 (67%) 6(75%) 7(88%) 7(88%) ** 4.7
Nitz. lacuum Lange-Bertalot 18 (75%) 11(92%) 7(58%) 6(75%) 6(75%) 6 (75%) * #
Nitz. sigmoidea (Ehrenberg) W. Smith 1 (4%) 1 (8%) 0 (0%) 0(0%) 1(13%) 0(0%) ** 5
Nitz. sublinearis Hustedt 13 (54%) 7(58%) 6(50%) 2(25%) 5(63%) 6(75%) * #
Planothidium delicatulum (Kiitzing) Round & Bukht. 1 (4%) 1 (8%) 0(0%) 1(13%) 0(0%) 0 (0%) * 5
Plan. dubium (Grun.) Round & Bukht. 3(13%) 3(25%) 0(0%) 2(25%) 1(13%) 0(0%) *

Plan. frequentissimum (Lange-Bertalot) Lange-Bert. 4(17%) 2(17%) 2(17%) 0(0%) 2(25%) 2(25%) ** #
Pseudostaurosira brevistriata (Grunow) Williams & Round 13 (54%) 9 (75%) 4 (33%) 3(38%) 4(50%) 6(75%) **
Reimeria sinuata (Gregory) Kociolek & Stoermer 2(8%) 2(17%) 0(0%) 2(25%) 0(0%) 0 (0%) ** #

Staurosirella pinnata (Ehrenberg) Williams & Round 6 (25%) 4(33%) 2(17%) 1(13%) 0(0%) 5(63%) ** #

NS}
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