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a b s t r a c t

In the Gulf of Trieste (northern Adriatic Sea, Italy) the benthic diatom community dynamics has been
studied for seven years (1999e2005) at two sublittoral stations and related to variations of temperature,
salinity, nutrient concentrations, freshwater inflow and mucilage. Bin-averaged temperature versus
abundance of the main genera revealed that Nitzschia and Navicula presented a positive stepped trend
with increasing temperature. An increase of ca. 860 � 150 cells per cm3 per �C was calculated for Navicula
and up to 590 � 170 cells per cm3 per �C for Nitzschia. The genus Pleurosigma revealed a negative trend
with increasing temperature, with a calculated decrease of ca. 140 � 60 cells per cm3 per �C. A negative
relation between Diploneis and temperature was found only in the shallower site. A peak of the tycho-
pelagic genus Cylindrotheca was observed in correspondence with high salinity, but no significant results
between bin-averaged salinity and benthic diatom abundance were found. Significant negative relations
were obtained between bin-averaged abundance of Pleurosigma and H4SiO4 and NO�

3 at the deeper
station and between the bin-averaged abundance of Gyrosigma and NHþ

4 at the coastal station. In this site
the abundance of Gyrosigma showed a significant increasing trend over the study period. Navicula and
Nitzschia seemed to suffer from the presence of mucilage events occurred in summer 2000 and 2004
whereas Diploneis occupied the ecological niche which remained temporarily uncovered by Navicula and
Nitzschia. An exceptional freshwater plume with extremely high terrigenous input in November 2000
completely covered the benthic diatom community, causing a remarkable decrease in its total abundance
in late autumn and winter 2000e01. The Gulf of Trieste may be considered a natural megacosm due to its
geomorphologic characteristics and therefore the benthic diatom response to changing environmental
conditions observed in this site could be extended beyond the geographical limits of this particular
ecosystem.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Diatoms have been proven to be excellent indicators of envi-
ronmental change in aquatic systems (Kelly et al., 1995) and are
increasingly being used also in marine monitoring programs both
in the water column (Weckström and Juggins, 2005) and in the
sediment (Facca and Sfriso, 2007). While diatom response to water
quality parameters has been modelled in freshwater aquatic envi-
ronments (Weckström and Juggins, 2005 and references therein),
similar studies in coastal marine environments are still rare (Agatz
et al., 1999).

It is still under discussion on which taxonomic level a system of
different diatom associations in relation to environmental param-
eters should be based. While Lange-Bertalot (1979) definitely
preferred the species level, Kelly et al. (1995) did not find a signif-
icant difference between a system based on either the genus or the
species level. Finally, Agatz et al. (1999) found a feasible compro-
mise between genus and species level. Besides this conceptual
issue, when long-term in situ observations are considered, it is
important to have a continuous data set for statistical analyses. Due
to different biotic and abiotic factors (light availability and
temperature at the bottom, grazing) some species belonging to one
genus can be substituted by others belonging to the same genus.
Consequently, although a species can reach high abundance within
a period, prolonged gaps often occur also for the keystone species,
not allowing an adequate data set for statistical analyses and their
interpretation. Therefore, statistical analyses performed on the
genus level are often preferred (Vyverman et al., 2007; Verleyen
et al., 2009).

Abbreviations: DGR, surface daily global radiation; %CSV, cumulative percentage
of specific variance; %PAR, percentage of measured irradiance at the bottom with
respect to surface irradiance; %SV, percentage of specific variance; RA, relative
abundance.
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The Gulf of Trieste is a semi-enclosed basin with a maximum
depth of 25 m, where the response to any kind of environmental
variation can be rapid and thus easier to detect. The gulf conditions
have changed in the last decade: from1991 to 2003 temperature has
shown a positive trend up to 0.23 �C year�1 in summer and up to
0.10 �Cyear�1 inwinter at 10mdepth (Mala�ci�c et al., 2006), i.e. about
one order ofmagnitude higher than the Intergovernmental Panel on
Climate Change (IPCC) estimates (IPCC, 2001). Similarly, salinity
showed amost pronounced positive trend up to 0.34 year�1 at 10m
depth (Mala�ci�c et al., 2006). In theGulf of Trieste themost important
freshwater input is the Isonzo River whose hydrological character-
istics greatly affect the biogeochemical processes that take place in
the basin. The decreasedmean river dischargewhich occurred from
2002 to 2005 (Comici and Bussani, 2007; Cozzi et al., 2012) resulted
in reduced availability of nutrients and organic matter. Also
considering a wider time interval, the trophic state of the gulf has
shown a progressive lowering in the last two decades (FondaUmani
et al., 2004). This tendency was recently also observed in the sedi-
ment, where the microphytobenthic community was found to be P
and Si limited (Cibic et al., 2007). A major disturbance event in the
northern Adriatic Sea is the appearance of mucous aggregates that
has been recorded many times in the last centuries (Precali et al.,
2005 and references therein). These aggregates tend to settle on
the bottom and if their amount is particularly high, it can become
a barrier to gas exchange, causing anoxia and mechanical threats to
the benthos (Welker and Nichetto, 1996).

The main goal of this survey was to assess the influence of
physical and chemical variations on a seven-year data set of benthic
diatoms in the Gulf of Trieste. More specifically, we studied benthic
diatom assemblage variations at the genus level with respect to sea
temperature, salinity, nutrient concentrations, freshwater inflow
and mucilage events at two sublittoral sites (17e21 m depth).

2. Material and methods

2.1. Study site

The geographical and hydrological features of the Gulf of Trieste
have been exhaustively presented by Lipizer et al. (2012). In the Gulf
of Trieste sedimentation is mainly controlled by river input rather
than by marine currents. The main terrigenous sediment supply
comes from the Isonzo River (Covelli and Fontolan, 1997). The
annual average sedimentation rate is about 1mmyr�1 in the central
part of the gulf while it increases to about 2.5 mm yr�1 towards the
mouth of the Isonzo River (Covelli et al., 1999 and references
therein). Our studywas carried out at two stations. The coastal St. C1
was located ca. 200 m offshore (45� 42.0500 N, 13� 42.6000 E) at
a depth of about 17 m, within the Marine Reserve of Miramare,
sheltered from boats, fishing and swimmers, representing the only
completely protected area for the benthos in the Italian part of the
Gulf of Trieste. St. AA1was located in themiddle of theGulf of Trieste
(45� 39.8000 N,13� 35.7000 E) at a depth of 21m,where the surface is
often affected by the freshwaters flowing out from the Isonzo River
mouth. At both stations the sediment texture was mud or sandy
mud and according to the classification by Shepard (1954) it was
considered clayey silt. The percentage of sand at St. AA1 ranges from
ca. 10 to 15%, although it can exceed 30% as a consequence of an
exceptional Isonzo River plume. In contrast, at St. C1 the percentage
of sand does not reach 10% (Cibic et al., 2007).

2.2. Sampling and data collection

At St. AA1 sampling was performed monthly from February
1999 to March 2002 and then seasonally from May 2002 to June
2005. At St. C1monthly sampling was carried out fromMay 2002 to

July 2005, except for December 2002, October 2004 and February
2005, when sampling was not carried out. Virtually undisturbed
sediment cores were taken by a KC Haps bottom corer (KC-
Denmark, Silkeborg, Denmark) using a polycarbonate sample tube
(13.3 cm I.D. with a sample area of 127 cm2). In each cruise, PAR
profiles were recorded in situ, 50 cm above the bottom, by
a Profiling Natural Fluorometer PNF-300A (Biospherical Instru-
ments Inc., San Diego, CA, USA). Samplings and PAR measurements
were performed at the same time of the day (ca. noon) each month.
PAR at the bottom was expressed as the percentage of measured
irradiance with respect to surface irradiance (%PAR). Light avail-
ability was assessed by the use of surface daily global radiation
(DGR), since daily mean data (average over 24 h) of the meteoro-
logical station of Fossalon, placed 18 km away from St. C1 and
12 km fromAA1, were available (data downloaded from thewebsite
of the Meteorological Observatory of the Friuli Venezia Giulia
Regional Environmental Protection Agency, OSMER-FVG, http://
www.osmer.fvg.it). In fact, despite underwater PAR profiles also
being available, they were usually recorded during each cruise only
for a few minutes. The measurements of the underwater light field
can be markedly affected by the sea state, the sun altitude, the
cloud coverage, the shadowing effect and/or reflection by the ship.
Consequently, in order to include the effects of photoacclimation,
for each sampling the average of DGR values was computed over
a fortnight period (from the sampling day back to the thirteenth
day preceeding the cruise) and DGR values were preferred to PAR
profiles when related to abundance data.

Bottom sea temperature and salinity were measured by an
Idronaut probe model 316 (Idronaut s.r.l., Brugherio, Milano, Italy)
from 1999 to September 2002, while since October 2002 a CTD
probe model Sea-Bird Electronics 19plus SEACAT profiler (Sea-Bird
Electronics, Inc., Bellevue, Washington, USA) was employed.
Temperature and salinity were recorded a few days before or after
the sediment sampling. At St. AA1, in both December 1999 and
December 2000 CTD profiles were not recorded.

2.3. Nutrient analyses

Dissolved inorganic nutrient concentrations (nitrite, NO�
2 ;

nitrate, NO�
3 ; ammonium, NHþ

4 ; phosphate, PO3�
4 ; and silicate,

H4SiO4) in the overlying water were analysed by a flow-injection
spectrophotometric method (Grasshoff et al., 1983). Analyses
were performed at room temperature on a five-channel
Bran þ Luebbe Autoanalyzer 3 Continuous Flow Analyzer
(Branþ Luebbe, Norderstedt, Germany). Performance of the system
was checked before and after sample analysis by running replicates
of internal standards.

2.4. Diatom abundance

For the quantitative determination of benthic diatoms, the
uppermost sediment layer (0e1cm)was sampledwith cut-off plastic
syringes (i.d. 10 mm) and fixed with 5 mL of 4% formaldehyde buff-
ered solution (CaMg(CO3)2) in pre-filtered seawater (0.2 mm filter).
20 mL aliquots of the sediment suspension were drawn off from the
slurries and placed in a counting chamber. For each sampling 3
replicates were counted under a Leitz inverted light microscope
(Leica Microsystems AG, Wetzlar, Germany) (Utermöhl, 1958) using
a 32� objective. The qualitative determination of benthic diatoms
was carried out following Cibic et al. (2007). Planktonic, tychopelagic
(loosely associatedwith the sediment, commonly found in thewater
column) and benthic species were distinguished. Benthic diatoms
were further differentiated in epipelic (living freely on soft sedi-
ments) and epipsammic (living on sand) or epiphytic (attached to
macroalgae or other surfaces) forms (Round, 1971).
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2.5. Statistical analyses

The monthly mean and standard deviation were performed
from total diatom abundance. A seven-year period was considered
at St. AA1 and a four-year period at St. C1.

The abundance of diatom genera was reduced performing
a ranking of the genera according to their decreasing specific
variance (%SV). The abundance of those diatom genera, which
corresponded to a cumulative specific variance (%CSV) of 99.1% was
considered (Orloci, 1978). Planktonic and tychopelagic genera
(Pseudo-nitzschia and Cylindrotheca, respectively) as well as the less
abundant benthic ones were excluded from statistical analyses.

The time series of those genera that apparently showed either
an increasing or a decreasing trend were analysed by means of the
non parametric Cox and Stuart test, in order to check if such trends
were significantly monotonic or not.

Since data were rather scattered, a bin-average analysis was
used to reduce the effects of data dispersion on the actual relation
between abundance and temperature, salinity and nutrients. The
analysis was performed in the following way: temperature, salinity
and nutrient measurements were gathered into equally-spaced
bins, with a bin interval of 2 �C for temperature and 0.2 for
salinity, whereas nutrients had different bin intervals according to
the considered nutrient. About ten bins were defined for each
parameter. Then, for each bin the average of temperature, salinity
or nutrient data and of the corresponding abundance data were
computed; finally, a weighted 1st degree polynomial function best-
fit between the bin-averaged data of temperature, salinity and
nutrients and the corresponding averages of abundance data was
computed, using the standard deviations of the abundance as
weights. Only statistically significant results are graphically pre-
sented and discussed.

When significant linear trends were found for the same genera
in both sites, the slopes of the linear regressions were compared to
check if they differed significantly or not. A t-test was performed
comparing the difference between the slopes with an overall
standard error given by the square root of the sum of the squares of
the standard errors of the best-fit slopes.

To consider biotic interactions, i.e. to identify diatom genera that
co-vary, a principal component analysis (PCA) based on r algorithm
(correlation coefficient) was carried out using the software R
(http://www.r-project.org). The PCAs of the diatom genera and that
of the sampling months were computed separately.

Monthly abundances of seasonal assemblages, which were
identified from the PCA, were gathered in order to provide a mean
annual cycle. Then, in order to smooth the abundance signal of
these co-varying taxonomic groups, a weighted three point moving
average filter was applied as follows:

yn ¼
X1

k¼�1

ckxn�k (1)

where xn is the original data, yn is the smoothed data for the nth
month and ck ¼ 1, 1, 1 for k ¼ �1, 0, 1, respectively, where k ¼ �1 is
the previous month, k ¼ 0 is the considered month and k ¼ þ1 is
the following month (Hamming, 1998).

3. Results

3.1. Physicalechemical properties of bottom seawater

Although the two sampling stations were both sublittoral,
located at the lower limit of the euphotic zone, they differed by
depth, distance from the shore, freshwater influence and light

availability at the bottom. Monthly mean of underwater irradiance
measured at the bottom as well as benthic PAR as percentage of
surface irradiance (%PAR) were calculated from PAR profiles
recorded from February 1999 to July 2005; they were higher at the
shallower St. C1 (Table 1).

At St. AA1 higher salinity values were recorded than at St. C1,
indicating that Isonzo River freshwater inflows are likely to remain
confined at the surface layer (Comici and Bussani, 2007) and,
consequently, salinity variations at 21 m depth are restricted to
a narrow range (Table 2).

Mean NHþ
4 concentrationwas higher at the coastal St. C1 than at

St. AA1. In contrast, at St. AA1 mean concentrations of NO�
3 , H4SiO4

and PO3�
4 were higher compared to those at St. C1, indicating

a freshwater origin (Table 2).
When bottom sea temperature was plotted versus DGR,

sampling months seemed to form roughly a circle at both stations
and could be divided in four quadrants: high irradiance
(>20,000 kJ m�2) and increasing temperature (May, June, July and
August), high temperature (>18 �C) and decreasing irradiance
(September and October), low irradiance (<10,000 kJ m�2) and
decreasing temperature (November, December, January and
February) and finally low temperature (<11 �C) and increasing
irradiance (March and April) (Fig. 1a and b). St. C1, which is shal-
lower and closer to the coast, was characterised by abrupt
temperature variations and higher temperature values in summer
(Fig. 1b). In contrast, in winter similar values were registered at
both stations due to the thorough mixing of the gulf waters.

3.2. Benthic diatom community composition and dynamics

Total abundance of benthic diatoms was comparable between
the two sites. At the deeper St. AA1 the mean abundance was
slightly higher (AA1: 53,740 � 31,664 cells cm�3; C1:
49,080 � 22,077 cells cm�3), although the minima and maxima
were more pronounced (AA1: minimum ¼ 10,911 cells cm�3,
maximum: 190,750 cells cm�3; C1: minimum ¼ 19,594 cells cm�3,
maximum: 106,505 cells cm�3).

Monthly means of diatom abundance revealed that in both the
sites two maxima were reached, in May and August. In these two
months also the inter-annual variabilities were quite large (Fig. 2).
At St. AA1 the benthic diatom community reached both the spring
and the summer maximum in 1999 with approximately one month
delay (Fig. 2a). Abundances lower than the means were observed in
springesummer 2000 and especially in the time frame from
October 2000 to February 2001 (Fig. 2b and c) returning to a more

Table 1
Monthly mean and standard deviation (SD) of underwater irradiance measured at
the bottom and benthic PAR as percentage of surface irradiance (%PAR) calculated
from profiles recorded from February 1999 to July 2005 at the two stations.

St. AA1 St. C1

Month Mean
(mE m�2 s�1)

SD %PAR SD Mean
(mE m�2 s�1)

SD %PAR SD

Jan 7.1 7.5 1.7 1.5 19.1 11.2 4.6 2.5
Feb 39.3 45.8 2.7 2.2 49.8 68.0 3.9 3.0
Mar 53.7 37.5 3.1 1.7 66.0 35.1 4.8 1.8
Apr 37.2 20.5 2.0 0.9 50.4 30.6 4.2 1.3
May 62.5 31.9 3.0 1.4 74.8 49.0 4.3 1.8
Jun 81.4 35.5 3.7 1.9 141.4 91.8 6.4 3.8
Jul 116.4 54.3 5.0 2.6 137.9 45.4 7.0 2.0
Aug 68.5 36.6 3.2 1.7 90.0 36.1 4.3 2.0
Sep 26.2 16.4 1.1 0.6 49.6 29.1 2.4 1.0
Oct 7.2 6.1 0.7 0.5 16.6 12.8 1.3 0.7
Nov 7.7 5.7 0.6 0.4 11.1 6.6 1.6 0.7
Dec 8.9 1.4 0.9 0.1 8.3 7.4 2.4 1.0
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predictable state only in June 2001. At St. C1 a high total diatom
abundance was estimated in early spring 2003 whereas the late
summer peak was completely missing (Fig. 2f). In spring and
summer 2004, abundance remained lower than the means while
the absolute maximum observed at this station occurred in August
of the same year (Fig. 2g).

During the studied period, 110 diatom species were observed at
St. AA1 and 103 at St. C1. Of these, 14 planktonic and/or

tychopelagic forms were encountered at St. AA1 and only 10 at St.
C1. Among benthic species, 13 species were recognised as epi-
psammic and/or epiphytic forms at St. AA1, whereas 83 were epi-
pelic. At St. C1, 70 epipelic forms and 23 epipsammic/epiphytic ones
were found. The communities were composed of the same domi-
nant genera. Considering the mean values of the studied period,
Nitzschia was the most abundant genus at St. C1, with an almost
double mean value respect to St. AA1 (Table 3). In contrast, at St. C1
themean abundances of Paralia,Diploneis and Amphorawere nearly
half of those observed at St. AA1. Navicula and Pleurosigma showed
comparable mean values at the two stations. At St. C1, Toxarium and
Cylindrotheca showed high %SV due to their occasional presence in
the benthic community (Table 3).

Navicula and Nitzschia reached high abundance in late spring
and summer (Fig. 3a, b, f, g). The genus Diploneis decreased from
mid 2002, both at St. AA1 and especially at St. C1 (Fig. 3c and h),
though, according to the Cox and Stuart test, the decrease was not
significant. In contrast, at St. C1 during the same period the genus
Gyrosigma showed an increasing abundance (Fig. 3i), that resulted
in being significantly monotonic (p ¼ 0.025). In mid 2001 the
lowest abundances of the genus Amphorawere observed at St. AA1,
followed by the highest ones, up to 7500 cells cm�3, recorded from
June 2001 to May 2002. Subsequently, its abundance returned to
similar values as those observed from 1999 to 2001 (Fig. 3e).
Similarly, the genus Pleurosigma peaked in 2002, with abundances
up to 10,000 cells cm�3, while during the study period its values
were below 6000 cells cm�3 (Fig. 3d). At St. C1, Cylindrotheca
reached high abundance only in 2003 (Fig. 3j).

3.3. Relationship between solar radiation and benthic diatoms

In both sites, a three months lag between the maximum inso-
lation, registered in June, and the maximum temperature,
measured in September, was observed (Fig. 1). Since light avail-
ability and sea temperature were not in-phase, their effects on
benthic diatoms were studied separately.

Themain factor influencing the development of benthic diatoms
is light availability at the bottom (Cahoon, 1999). At St. C1 Navicula
and Nitzschia never reached low abundance in correspondence
with high DGR (Fig. 4e and f), whereas at St. AA1 high irradiance did
not assure high abundance (Fig. 4a and b). While Diploneis seemed
to respond to the available irradiance at the deeper St. AA1, at the
shallower St. C1 no relationship was found (Fig. 4c and g). Paralia
and Gyrosigma appeared insensitive to light availability (Fig. 4d and
h). The goodness of the weighted linear fits at St. AA1 is generally
higher than at St. C1, which is 4 m shallower, suggesting that the
development of the benthic diatom community strongly depends
on the light availability at 21 m depth.

For those genera that showed significant relationships between
abundance and DGR, a t-test was performed on the slopes to check
whether they were significantly different in the two sites. No

Table 2
Minimum and maximum (with date of occurrence), median, mean and standard deviation (SD) of temperature (�C), salinity and nutrients (mM) measured at the bottom over
the study period at St. AA1 (February 1999eJune 2005) and St. C1 (May 2002eJuly 2005).

St. AA1 St. C1

Minimum Maximum Mean SD Median Minimum Maximum Mean SD Median

Temperature 6.49 23/01/02 21.07 30/08/99 13.68 4.77 12.84 6.72 17/03/2005 25.11 24/07/2003 15.06 5.46 14.6
Salinity 37.08 13/07/01 38.36 14/02/00 37.78 0.33 37.92 36.54 11/06/2002 38.45 10/02/2004 37.91 0.31 38.01
NHþ

4 0.42 14/02/00 41.15 11/10/01 12.44 9.86 10.55 1.39 24/01/2005 51.71 24/05/2004 15.66 10.57 14.8
NO�

2 0.06 28/03/00 1.76 11/10/01 0.60 0.46 0.44 0.06 20/07/2005 2.71 23/12/2004 0.60 0.59 0.43
NO�

3 0.07 10/08/01 136.92 05/08/02 7.01 20.08 3.48 0.37 17/03/2005 6.47 09/10/2002 2.91 1.55 2.62
PO3�

4 0.07 27/09/99 1.83 29/08/00 0.46 0.37 0.35 0.04 12/01/2004 0.94 20/07/2005 0.33 0.22 0.25
H4SiO4 1.69 17/03/05 43.44 30/08/99 14.37 9.77 12.66 2.24 17/03/2005 51.08 20/07/2005 10.34 9.19 8.05

Fig. 1. Scatter plot of bottom sea temperature against daily global radiation (DGR) at St.
AA1 (a) and St. C1 (b).
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statistically significant differences were observed for the slope of
Nitzschia, while the slopes obtained from the linear regression of
Navicula abundance versus DGR were significantly different
between C1 and AA1 (p ¼ 0.02).

3.4. Relationships between bottom sea temperature, salinity and
benthic diatoms

At the centre most St. AA1 Diploneis did not show to be directly
influenced by the bottom sea temperature (R2 ¼ 0.0007, n ¼ 48). At
St. C1 the goodness of the fit between bin-averaged temperature
and abundance of Pleurosigma and Diploneis was low (R2 ¼ 0.19,
n ¼ 10 and R2 ¼ 0.32, n ¼ 10, respectively) probably because this
kind of statistical analysis, reducing the total number of sample
points and placing them in predetermined bin widths, masked the
existing relationship between the considered genus and sea
temperature at this shallower station. In contrast, plotting the raw
data against temperature, a significant inverse relation was found

for both genera (Pleurosigma: r ¼ �0.46, dF ¼ 32, p < 0.01; Dip-
loneis: r ¼ �0.57, dF ¼ 30, p < 0.001), indicating that the highest
abundance was almost always observed in correspondence with
low sea temperature. Regarding Diploneis, three data points were
removed from the weighed linear fit. They corresponded to very
high abundance of this genus observed during the mucilage event
in spring-summer 2002 which affected the coastal area.

Bin-averaged abundance of the genus Nitzschia showed a posi-
tive stepped trend with increasing temperature at St. C1. The slopes
suggest that an increase ranging from ca.
570 � 170 cells per cm3 per �C at St. C1 to ca.
590 � 170 cells per cm3 per �C at St. AA1 is likely (Fig. 5a and c).
Navicula presented a positive stepped trend with increasing
temperature at St. C1 (Fig. 5d); from the slope of the regression line
we can deduce that an increase of ca. 860� 150 cells per cm3 per �C
is expected. In contrast, there was no significant relationship
between bin-averaged temperature and Navicula at the deeper St.
AA1 (R2 ¼ 0.09, n ¼ 10). The genus Pleurosigma revealed a negative

Fig. 2. Monthly mean of total diatom abundance, calculated from monthly diatom abundance of the period 1999e2005 at St. AA1 and 2002e2005 at the St. C1, and monthly total
diatom abundance. For St. AA1 and St. C1 different Y scales are used. Six monthly samplings carried out in 2002 and seasonal data from 2002 to 2005 at St. AA1 are presented on the
same plot (d).

T. Cibic et al. / Estuarine, Coastal and Shelf Science 115 (2012) 158e169162
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trendwith increasing temperature, with a calculated decrease of ca.
140 � 60 cells per cm3 per �C at St. AA1 (Fig. 5b).

No significant relations between bin-averaged salinity and
abundance were found at either station.

3.5. Relationship between nutrients and benthic diatoms

The bin-average analysis between nutrients and abundance
delivered significant results. At St. AA1, H4SiO4 showed a significant
negative relation with Pleurosigma (R2 ¼ 0.63, p < 0.05) whereas
the goodness of the fit at St. C1 was lower (R2 ¼ 0.22). The bin-
average analysis also revealed a significant negative relation
between NO�

3 and Pleurosigma at St. AA1 (R2 ¼ 0.82, p < 0.001) but
the goodness of the fit was lower at St. C1 (R2¼ 0.34). NO�

2 and NO�
3

were negatively related toNitzschia at St. C1 (R2¼ 0.59, p< 0.05 and
R2 ¼ 0.48, p < 0.05, respectively) but not at St. AA1 (R2 ¼ 0.007,
R2 ¼ 0.09 for NO�

2 and NO�
3 , respectively) while at St. C1 NHþ

4
showed a significant negative relation with Gyrosigma (R2 ¼ 0.59,
p < 0.05).

3.6. Co-varying taxonomic groups

From the ordination plot calculated for St. AA1, which accounted
for 72.3% of the total variance, two co-varying groups were iden-
tified: the first one, composed of Nitzschia and Navicula, and the
second one in which three genera were gathered, namely Amphora,
Diploneis and Pleurosigma. The genus Paralia was placed far away
from the two clusters (data not graphically shown). Plotting the
mean annual cycle of co-varying genera, we observed that the
highest abundance of Navicula was anticipated by one month if
compared to the maximum abundance of Nitzschia (Fig. 6a). In the
second cluster Amphora peaked in June, while Pleurosigma pre-
sented the highest abundance in May and June. Finally, Diploneis
peaked in May (Fig. 6b).

In the ordination plot calculated for St. C1, accounting for 59.4%
of the total variance, three distinct groups were highlighted: the
first one gathered Paralia and Diploneis, the second one Navicula
and Nitzschia and the third one Pleurosigma and Gyrosigma (data
not graphically shown). Navicula and Nitzschia were in-phase
(Fig. 7a), both genera showed high values in the central part of
the year and lower ones from October to March. In contrast,

Pleurosigma and Gyrosigma were not in-phase. Pleurosigma pre-
sented high values from December to June, while Gyrosigma
reached major abundance from April to September (Fig. 7b).
Although in the PCA Diploneis was placed in another cluster and
very far away from Pleurosigma, it presented a similar pattern to the
latter, with a high abundance from December to June (Fig. 7c).
Interestingly, Paralia maintained mediumehigh values throughout
the year, except during late summer (from July to October) (Fig. 7c).

4. Discussion

4.1. Benthic diatoms: better the genus or the species level?

Several species, including keystone species of the benthic
ecosystem, were not continuously present in our data set. To
remove gaps in the abundance of the species, we computed
statistical analyses at the genus level. Genus richness is a powerful
function of species richness as is generally found in nature (Passy
and Legendre, 2006). Vyverman et al. (2007), analysing benthic
diatom data from 1562 lakes found a significant relationship
between genus and species (R2 ¼ 0.858, p < 0.001) and concluded
that genus richness is a robust proxy for species richness. To test the
importance of taxonomic resolution, Verleyen et al. (2009) trans-
formed species level data collected in 1039 freshwater bodies to
genus-level data and ran statistical analyses at both levels, finding
largely consistent patterns at both the levels and concluding that, at
least for diatoms inhabiting surface sediments, the genus level is
apparently of sufficient taxonomic resolution to study meta
community dynamics. To evaluate whether the Eastern Canadian
Diatom Index would perform similarly using a reduced level of
taxonomic resolution, Lavoie et al. (2009) simplified the diatom
matrix to the genus level and ran multivariate analyses at both
taxonomic levels, concluding that ordinations based on the genus
level led to subtle changes only. Similarly, Kelly et al. (1995)
compared 3 species-based indices with 1 genus-based index and
found that the genus-based index compared favourably to the
species-based indices.

In addition to removing gaps in the data set, another advantage
of transforming species level to genus-level data is to ensure
taxonomic consistency among datasets obtained from different
operators. The genus level is often preferred to alleviate taxonomic
bias and avoid the difficulties associated with differences in the
taxonomic grain used by microscopists (Mann, 1999) which likely
occur in time-series data. In fact, intercalibration exercises showed
that determination mistakes are important between operators
(Prygiel et al., 2002).

Taxonomic levels higher than species are often chosen because
their responses are less dependent from particular values of
temperature or salinity (Warwick, 1988). However, the assumption
that whole genera respond similarly to temperature or other
environmental variables might be an over simplification, particu-
larly with such genera as Navicula and Nitzschia which include
many different species.

4.2. Influence of mucilaginous aggregates on diatom genera

At St. AA1 Navicula andNitzschiaweremore abundant in the late
spring and summer in 1999, 2001, 2002 and 2003 when light
availability at the bottom was high. In contrast, in the same period
of both 2000 and 2004 these two genera did not reach high
abundance. Both Navicula and Nitzschia have high light require-
ment for their development (Fig. 4). We infer that both the genera
suffered from the presence of a mucilage event that occurred in the
central part of the gulf in June and the first week of July 2000
(Precali et al., 2005) as well as during late JuneeJuly 2004 (http://

Table 3
Mean, minimum andmaximum abundance (cells cm�3) of themain genera resulting
from the ranking, and their relative abundance (RA), percentage of specific variance
(%SV) and cumulative percentage of specific variance (%CSV) at the two stations.

Mean
abundance

Abundance
range

RA %SV %CSV

St. AA1
Navicula 18,123 1667e101,810 34.43 87.80 87.80
Paralia 10,539 2121e19,847 20.02 4.10 91.90
Nitzschia 7353 0e23,787 13.97 2.86 94.76
Diploneis 7142 1062e24,695 13.57 2.96 97.72
Amphora 2181 0e7576 4.14 0.28 98.00
Pleurosigma 2122 0e10,303 4.03 0.58 98.58
Pseudo-nitzschia 444 0e13,332 0.52 0.78 99.35

St. C1
Nitzschia 14,816 2727e48,430 30.19 53.52 53.52
Navicula 14,156 4343e42,876 28.84 28.37 81.89
Paralia 5347 0e11,514 10.89 1.79 83.68
Diploneis 3872 0e16,362 7.89 3.28 86.96
Gyrosigma 2111 0e13,600 4.30 2.67 89.63
Pleurosigma 1972 0e5353 4.02 0.45 90.08
Amphora 1138 0e4040 2.32 0.30 90.38
Cylindrotheca 1623 0e23,230 3.31 6.70 97.08
Toxarium 605 0e11,110 1.23 2.20 99.28
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Fig. 3. Time series of the main benthic diatom genera, resulting from the ranking, at St. AA1 (a, b, c, d, e) and St. C1 (f, g, h, i, j). Only the most representative genera of each station
are shown. SD < 30% for the most abundant genera i.e. Nitzschia and Navicula, up to 60% for those genera whose abundance is one order of magnitude lower. In each plot a different
Y scale is used.
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www.naturaitalia.it/export/sites/ambiente2010/home_it/media/
doc/biodiversita/conservare-la-biodiversita/mucillagini_boll_
2607_0308_04.pdf). In fact, some time after their occurrence in the
water column, mucilaginous aggregates begin to settle towards the
bottom, forming a “false bottom” above the sediment. This muci-
lage layer strongly attenuates light penetration to the sediment

surface, negatively affecting the diatom genera that have a high
light requirement, namely Navicula and Nitzschia. In contrast, in
summer 2000 and 2004, soon after the mucilage occurrence, Dip-
loneis reached higher values than those of Navicula and Nitzschia
(Fig. 3aec). This particular genus seemed to take advantage of the
presence of the “false bottom”, occupying the ecological niche

Fig. 4. Scatter plot of the abundance of the most representative diatom genera at St. AA1 (a, b, c, d) and St. C1 (e, f, g, h) against surface daily global radiation (DGR). Although PAR
profiles were recorded during each cruise, DGR values were preferred to the single PAR profile when related to abundance data. DGR values were computed over a fortnight period
(from the sampling day back to the thirteenth day preceeding the cruise) in order to include the effects of photoacclimation.
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which remained temporarily uncovered by Navicula and Nitzschia.
Similarly, the near shore occurrence of mucilage in springesummer
2002 (Comici personal comment) was probably responsible for the
highest abundance of Diploneis at St. C1 and the lowest abundance
of the other genera, especially Gyrosigma and Nitzschia. It is difficult
to assess how long after such an anomaly as the mucilage event the
benthic diatom assemblage returned to a more predictable state,

especially when other disturbance events occurred soon after. In
2004 sampling at St. AA1 was seasonally performed and this
cadence was not sufficient to evaluate how rapidly the benthic
diatom community returned to a state of non-disturbance. In
contrast, after the mucilage event the abundance of Navicula and
Nitzschia, which are typical springesummer genera, remained low
until next spring. This was probably due to a combination of factors,
both the mucilage event, which occurred first (in June/July 2000),
and then an exceptional plume of the Isonzo River, which occurred
in November 2000.

4.3. Influence of the freshwater inflow on diatom genera

The exceptional plume of the Isonzo River was probably
responsible for the lowest abundance of all major diatom genera
observed in the seven-year period. In fact, in November 2000 the
mean Isonzo River flow was 666 m3 s�1, with a maximum of
1703 m3 s�1, measured in Turriaco, that is 13 km from the Isonzo
River mouth (Comici and Bussani, 2007). As a consequence, the
terrigenous riverine input was extremely high, too. Actually, up to
2 cm of fresh sediment (mainly sand) was observed at the surface
layer of the sediment cores collected in the following weeks
(Comici personal comment). This sediment load completely
covered the benthic diatom community, causing a remarkable
decrease in its total abundance in late autumn andwinter 2000e01
(Fig. 3). Only in mid 2001 did the abundance of Navicula, Nitzschia
and Diploneis return to similar or higher values than those observed
before the plume. In contrast, the presence of a sandy substratum in
2001 presumably favoured the development of the epipsammic
genus Amphora, which reached the highest abundance of the
studied period (Fig. 3e).

4.4. Influence of bottom sea temperature and light availability on
diatom genera

The genus Navicula showed a rather sharp increase with
temperature at the shallower St. C1. More specifically, a fairly
regular saw-tooth signal was superimposed on the increasing

Fig. 5. The mean of the abundance of Nitzschia (a, c), Pleurosigma (b) and Navicula (d) against the corresponding bin-averaged temperature, with a bin interval of 2 �C, at the two
studied stations. A weighted 1st degree polynomial function best-fit between the bin-averaged data of temperature and the corresponding averages of abundance data was
computed, using the standard deviations of the abundance as weights. In each plot a different Y scale is used.

Fig. 6. Mean annual cycle (smoothed by a running mean computed over three months)
of co-varying taxonomic groups, as identified in the principal component analysis, at
St. AA1: a) Navicula and Nitzschia; b) Amphora, Diploneis and Pleurosigma.
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linear trend (Fig. 5d). To explain this pattern we hypothesize that
a stepped adaptation of this genus to different temperature ranges
may occur. However, since diatoms respond to many other abiotic
parameters, more experimental evidence is needed to support this
finding. Nitzschia showed a similar pattern, though the saw-tooth
signal was more stretched along the temperature axis (Fig. 5c).
Although Navicula and Nitzschia were identified as co-varying
taxonomic groups at both the stations, their mean annual cycle
was slightly different in the two areas. At the coastal station their
abundances were comparable and in-phase. However, in the
middle of the gulf, Navicula was much more abundant and peaked
one month earlier than Nitzschia.

Excluding high abundance ascribable to a mucilage event (three
samplings performed in spring-summer 2002), a negative relation
between Diploneis and temperature was found in the shallower site
which is more affected by temperature changes. Previously, this
genus was found to prefer low temperatures and to be part of the
winter assemblage at a coastal station (Cibic et al., 2007). In winter
2000 the genus Diploneis reached its lowest abundance, which was
probably due to a synergic effect of both the Isonzo River plume and
high temperature at the bottom. In winter 2000e01, the

temperature at the bottom was never lower than 10 �C, while the
mean temperature reached in winter at the bottom of this station
was 7.8 �C. We infer that in those thermic conditions the diatom
winter assemblage could not develop as usual, reaching lower
abundance with respect to seasonal mean values. In fact, in winter
2000 bottom temperatures, about 2 �C higher than those typically
measured in winter, could have inhibited the development of the
genus Diploneis. Comparing the mean annual cycle of this genus at
the two stations, it emerges that its pattern is very different in the
two studied areas. Near the coast Diploneis reached the highest
abundances from January to March and lower ones from July to
November. In contrast, in the middle of the gulf, the highest values
were reached from April to June, with an abrupt drop in July and
low values in late summer, suggesting again a negative relation
with temperature. However, in this deeper area it is likely that also
other abiotic factors strongly affect the genus Diploneis, especially
light availability at the bottom.

Themean annual cycle of Paralia at the coastal station evidenced
low abundance in late summer, suggesting that this genus suffers
from high bottom sea temperature. Although this genus did not
show an evident seasonality during the study period, we observed
its highest abundance in correspondence to the temperature range
from 10 to 15 �C. The absence of a relation between Paralia sulcata
(Ehrenberg) Cleve and light availability suggests that this species is
able to survive in the darkness for a long time (Totti, 2003) probably
by the uptake of dissolved organic compounds (Tuchman et al.,
2006). Facultative heterotrophic growth could be an important
adaptation factor for many benthic diatoms which are exposed to
long periods of darkness (Welker et al., 2002). In fact, we did not
detect any relation between P. sulcata and the analysed nutrients.

Pleurosigma showed a negative significant relation with
temperature at both stations. Observing its mean annual cycle at St.
AA1 we can note increasing abundances in the first part of the year
and decreasing ones in the second part. At this deeper station,
temperature variations occur more slowly and in spring the same
bottom sea temperature is usually reached with at least one-month
delay compared to St. C1 (Fig.1). Besides temperature, in themiddle
of the gulf also light availability at 21 m depth plays a major role,
greatly influencing the abundance of all diatom genera. The mean
annual cycle of Pleurosigma at the coastal stationwas very different
than that observed at the deeper station. In fact, at St. C1
mediumehigh abundances were observed from December to June,
in correspondence to mediumelow bottom sea temperatures.
Moreover, its highest values were obtained from March to May, in
increasing irradiance conditions, but when the bottom temperature
was below 15 �C.

4.5. Influence of salinity on diatom genera

Concerning the relationship between bin-averaged salinity and
abundance, no significant results were found at either station. In
both sites, salinity variations at the bottom were restricted to
a narrow range (Table 2). Changes of salinity of only 1e2 units
should not affect a diatom community which is generally well
adapted to higher and abrupt salinity variations (e.g. in estuaries or
lagoons). However, the extent of the effect depends upon the
adaptation capability of each species (euryhaline vs stenohaline)
which can greatly vary within the same genus.

We observed high abundance of Cylindrotheca closterium
(Ehrenberg) Lewin and Reimann in 2003. This species is mentioned
as a warmwater species by Smayda (1980). Moreover, Najdek et al.
(2005) associated the appearance and distribution of C. closterium
with high salinity in the water column. In fact, from June to
September 2003 exceptionally high temperatures were recorded,
with a maximum of 29.09 �C. In addition, the Isonzo River flow rate

Fig. 7. Mean annual cycle (smoothed by a running mean computed over three months)
of co-varying taxonomic groups, as identified in the principal component analysis, at
St. C1: a) Navicula and Nitzschia; b) Gyrosigma and Pleurosigma; c) Diploneis and Paralia.
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was extremely low in 2003 due to very scarce precipitation, thus
contributing to the exceptional increase of salinity in the entire gulf
(Celio et al., 2006). More specifically, at 15 m the mean value of
salinity computed over AprileJuly 2003 (37.98) was the highest of
the corresponding periods (37.53 � 0.44).

4.6. Bin-averaged nutrients and diatom abundance

At St. AA1 significant negative relations were obtained between
bin-averaged abundance of Pleurosigma and H4SiO4 and NO�

3 . The
species belonging to Pleurosigma observed at St. AA1 were rather
large, e.g. Pleurosigma angulatum (Quekett)W. Smith or Pleurosigma
obscurum W. Smith (length: >110 mm, width: >18 mm). Larger
diatoms have relatively larger nutrient storage vacuoles and lower
carbon content on a volume basis. Superior storage may allow
larger diatoms to out compete smaller diatom species, with faster
intrinsic growth rates, by achieving a slow but steady growth rate in
pulsed-nutrient environments, where a small cell can grow rapidly
but for only a small proportion of the time (Finkel et al., 2005). In
fact, St. AA1 could be considered such a pulsed-nutrient environ-
ment, since the nutrient concentration is influenced by the Isonzo
River plumes.

A previous study performed at St. C1 demonstrated that,
considering the nutrient ratios Si/N and N/P, the micro-
phytobenthos appear to be potentially co-limited by H4SiO4 and
PO3�

4 (Cibic et al., 2007). In this survey, a more detailed approach
was followed, relating each diatom genus to the single nutrient.
However, the bin-averaged analysis applied to PO3�

4 and the diatom
genera did not reveal any remarkable result. We suppose that due
to p limitation conditions in the northern Adriatic Sea (Ivanci�c et al.,
2010), the PO3�

4 that becomes available is promptly consumed by
benthic diatoms, not allowing to highlight any relation between the
two considered parameters. In contrast, a significant negative
relation between H4SiO4 and Pleurosigma was revealed by the bin-
average analysis at St. AA1. Large Pleurosigma species have a heavily
silicified frustule and therefore a higher demand for reactive sili-
cate. The mean H4SiO4 concentration at St. AA1 was ca. 40% higher
than that measured at St. C1, allowing the development of those
species. The higher H4SiO4 concentration might be attributable to
the proximity of the area to the Isonzo River mouth, affected by
both freshwater nutrient inputs and terrigenous material deposi-
tion, mainly sand. Sandier sediments also allowed a better devel-
opment of the epipsammic genus Amphora (Cibic et al., 2007)
which reached almost double mean abundances at St. AA1 than at
St. C1.

At the coastal station, we found high Gyrosigma numbers
particularly fromMay to August, in correspondencewith increasing
bottom sea temperature. Moreover, a significant negative relation
between the bin-averaged abundance of Gyrosigma and NHþ

4 was
found in this site. According to Hunter (2007) the genus Gyrosigma
is related to warm temperatures and a relatively high organic
content. This is consistent with our earlier findings, since we
observed high abundance of Gyrosigma (up to 34% of the total
benthic diatom community) in the sediment underneath a mussel
farm, where the NHþ

4 concentration measured in the pore water
reached 75 mM (data not published). In the Gulf of Trieste,
maximum ammonium concentrations at the bottom commonly
occur in summer, from May until AugusteSeptember (Cossarini
et al., 2012), when benthic microbial mineralization of organic-N,
which has a fundamental role in N supply to primary producers,
is most rapid (Souza et al., 2011).

In this paper an observational approach was followed. Our
results are limited to inferences from correlations, consequently
causation cannot be demonstrated.

5. Conclusions

The Gulf of Trieste is very shallow and each disturbance event
can be amplified and last over time, leading to major consequences
to the ecosystem. Both the altered regime of the Isonzo River and
mucilage phenomena affected benthic diatom abundance and
community composition. However, despite these severe distur-
bance effects, the response of the benthic diatom community to the
environmental variables investigated in this study was clearly
observed. The bin-average analysis revealed that Nitzschia and
Navicula presented a positive stepped trend with increasing
temperature. Pleurosigma showed a negative trend with increasing
temperatures in both sites, whereas a negative relation between
Diploneis and temperature was found only in the shallower site. A
peak of the tychopelagic genus Cylindrotheca was observed in
correspondence with high salinity. Significant negative relations
were obtained between Pleurosigma and H4SiO4 and NO�

3 at the
deeper station and between Gyrosigma and NHþ

4 at the coastal
station, where the abundance of Gyrosigma also showed a signifi-
cant increasing trend over the study period.

The Gulf of Trieste may be considered a natural megacosm due
to its geomorphologic characteristics and therefore the benthic
diatom response to the changing environmental conditions
observed in this site could be extended beyond the geographical
limits of this particular ecosystem.
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