
Science of the Total Environment 913 (2024) 169814

Available online 4 January 2024
0048-9697/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Exploring the mesoscale connectivity of phytoplankton periodic 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The response of marine phytoplankton 
to temporal changes in the environment 
was analysed. 

• Assemblages were a working model for 
describing the relationship between the 
environment and phytoplankton. 

• Periodicity explained a between 39 and 
46 % of the variance in environmental 
parameters. 

• We predicted phytoplankton assem
blages with more significant IndVal 
values using environmental periodic 
components. 

• The northern Adriatic Sea is a connected 
mesoscale habitat for the phytoplankton 
community during autumn and winter.  
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A B S T R A C T   

An appropriate model for phytoplankton distribution patterns is critical for understanding biogeochemical cycles 
and trophic interactions in the oceans and seas. Because phytoplankton dynamics in coastal waters are more 
complex due to shallow depth and proximity to land, more accurate models applied to the correct spatial and 
temporal scales are needed. Our study investigates the role of the atmosphere and hydrosphere in pelagic habitat 
by modelling phytoplankton assemblages at two Long Term Ecological Research sites in the northern Adriatic Sea 
using niche-forming environmental variables (wind, temperature, salinity, river discharge, rain, and water col
umn stratification). To study the synchronization between the phytoplankton community and these environ
mental variables at the two LTER sites, we applied current linear and nonlinear numerical methods for ecological 
modelling. The aim was to use periodic and/or non-periodic properties of the environmental variables to classify 
the phytoplankton assemblages at one LTER site (Gulf of Trieste - Slovenia) and then predict them at another 
LTER site 100 km away (Gulf of Venice - Italy). We found that periodicity played a role in the explanatory and 
predictive power of the environmental variables and that it was more important than non-periodic events in 
defining the common structure of the two pelagic habitats. The non-linear classification functions of the neural 
networks further increased the predictive power of these variables. We observed partial synchronization of 
communities at the mesoscale and differences between the original and predicted assemblages under similar 
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environmental conditions. We conclude that mesoscale connectivity plays an important role in phytoplankton 
communities in the northern Adriatic. However, the loss of periodicity of niche-forming variables due to more 
frequent extreme meteorological and hydrological events could loosen these connections and affect the temporal 
succession of phytoplankton assemblages.   

1. Introduction 

Historically, ecology has addressed the causes of local population 
patterns, while biogeography has addressed large-scale patterns in the 
distribution of populations and the diversity of natural systems (Ricklefs 
and Jenkins, 2011). A theme common to both disciplines is the defini
tion of temporal and spatial scales, from individual organisms and their 

lifespan activities (local scale) to population distributions (mesoscale 
and beyond). Ecological studies, in particular, typically address time 
spans ranging from generation times to longer population cycles (Jen
kins and Ricklefs, 2011). The intermediate scales for temporal and 
spatial dimensions on which ecology and biogeography converge are 
considered relevant to population dynamics (Jenkins and Ricklefs, 
2011). In the specific case of phytoplankton biogeography, it has been 

Fig. 1. Map of the study area. Both sampling stations, 000F and AAOT, represent respective LTER sites, i.e., Gulf of Trieste - Slovenia and Gulf of Venice – Italy 
IT12–001-M DEIMS). 
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shown that the distribution of this biological compartment is generally 
patchy and that the current inability of climate prediction models to 
resolve ecosystems at the mesoscale (1–500 km) is a major obstacle to 
understanding the marine ecosystem as a whole (Martin, 2003). Indeed, 
an appropriate model for phytoplankton distribution patterns is critical 
for understanding trophic interactions in the ocean, biogeochemical 
cycles, and more generally the ecology of the marine environment 
(Ptacnik et al., 2008; Vallina et al., 2014). 

Environmental factors and top-down control by grazers shape 
phytoplankton dynamics, which experience greater complexity in 
coastal waters due to shallow water depth and proximity to land (Sal
gado-Hernanz et al., 2019). The intertwined relationship between space, 
time, environment, and phytoplankton suggests that it would be highly 
interesting to study variation in all these dimensions simultaneously to 
partition the known variation in community composition into pro
portions explained by factors related to dispersal, community succes
sion, and environmental influences (Soininen, 2010). In general, the 
spectrum of dynamics of ecological systems is broad, encompassing all 
stages between regular cycles and chaotic oscillations (May, 1976; 
Stone, 1993). Platt and Denmann used spectral analysis to show that 
marine phytoplankton are distributed in space according to the Kol
mogorov 5/3 dissipation rule (Platt and Denmann, 1975) while, 
temporally, patterns for phytoplankton range from stable annual vari
ations in certain biomes to the absence of a repeating pattern in others 
(Cloern and Jassby, 2010). 

Early attempts to link phytoplankton phenology and periodicity of 
environmental variables were made in the 1970s when Margalef intro
duced the concept of phytoplankton succession, the so-called mandala, 
in which the main stages of succession are determined by turbulence and 
nutrient availability (Margalef, 1978). Based on his work, Reynolds 
developed the concept of the phytoplankton year for lake communities, 
separating succession from simple seasonality and calling the cyclical 
behaviour of environmental factors “periodicity” (Reynolds, 1980). 
Within the framework of neutral ecology (Hubbel, 2005) and lumpy 
coexistence theory (Scheffer and van Nes, 2006), numerical simulations 
have shown that phytoplankton community richness and succession are 
affected by the nature of resource fluctuations (gradual or sudden) 
(Roelke and Spatharis, 2015a, 2015b). Recently, Sakavara et al. (2018) 
also showed that assemblage-like structures occur numerically in a wide 
range of spectral modes of resource fluctuations. 

The important role that coastal ecosystem characteristics play in the 
distribution of phytoplankton taxa has been highlighted for several 
coastal ecosystems (Harding, 1994; Brush et al., 2021). The cyclical 
behaviour of seasonal phytoplankton dynamics is considered one of the 
most obvious features of this influence (Mozetič et al., 1998; Cerino 
et al., 2019; Salgado-Hernanz et al., 2019). In particular, in the near
shore environment, the usual pattern of environmental factors is a short 
period of time with fluctuations on the order of 2 to 4 months (Winder 
and Cloern, 2010). This rate of fluctuation has been recently described 
as characteristic as well for the phytoplankton community in the 
northern Adriatic in agreement with the expected fluctuation rate of 
environmental parameters (Vascotto et al., 2021). Cyclic patterns for 
phytoplankton communities have been recognized for this area of the 
Mediterranean (Bernardi Aubry et al., 2012), but these communities 
have also been described as sensitive to erratic behaviour of environ
mental forces (Malej et al., 1997). Partial phase synchronization 
together with chaotic dynamics is a feature of biological populations in 
extensive ecological systems where diffusive migration is possible 
(Blasius et al., 1999). The northern Adriatic can be considered such an 
ecological system, as it is located in the meteorological mesoscale region 
(Orlanski, 1975) and its waters are connected by the main cyclonic 
circulation of the Northern Adriatic (Poulain et al., 2001; Petelin et al., 
2013). On the other hand, recent studies of marine ecosystems suggest 
that phytoplankton diversity varies strongly within meso- and sub
mesoscale distances (10–100 km) and that large-scale environmental 
conditions have a relevant influence on assemblage formation (Levy 

et al., 2015; Levy et al., 2018; Francé et al., 2021). 
As we have seen so far, there is a gap between the theoretical models 

for the role of the cyclicity of environmental conditions in shaping 
succession (Reynolds, 2006) and formation (Sakavara et al., 2018) of 
phytoplankton assemblages with examples from the field (Vascotto 
et al., 2021). Furthermore, the complexity of patterns in phytoplankton 
phenology (Cloern and Jassby, 2010) does not allow for simple con
clusions about the behaviour of multivariable objects such as phyto
plankton assemblages. Nevertheless, it is crucial for the modelling of 
phytoplankton patterns to investigate in more detail the relationships 
between phytoplankton assemblages and environmental factors, their 
explanatory power and their harmonic properties. Our working hy
pothesis is that a model based on the regularity of mesoscale environ
mental factors can predict the structure and temporal distribution of the 
phytoplankton community when assemblages are used as the level of 
community organisation/composition in the analyses. 

At two sampling stations of the northern Adriatic LTER (Long-Term 
Ecological Research) sites in the Slovenian part of the Gulf of Trieste 
(GoT) and the Italian Gulf of Venice (GoV) (Fig. 1), the phytoplankton 
community has been actively sampled for decades. The sites are located 
100 km apart, thus ideal to study the synchronization between the 
phytoplankton community and environmental factors, and the extent of 
these relationships at the mesoscale. Since cyclic, seasonal, and periodic 
patterns all belong to the family of autocorrelation patterns, Tobler’s 
first law applies: “Everything is related to everything else, but near things are 
more related than distant things” (Tobler, 1970). The analysis of auto
correlation patterns has emerged as a spatial technique in geographic 
studies, but from the analytical point of view, the use of time instead of 
space as a dimension of interest is equivalent (Legendre and Legendre, 
2012). 

In this work, we have studied the importance of autocorrelative 
processes in the northern Adriatic from the point of view of environ
mental forces in the time domain. We used the periodic and non-periodic 
components of these forces to model the time series of the phyto
plankton community in the GoT on the eastern side of the northern 
Adriatic. We then attempted to extend the predictive capacity of our 
model to the western side of the northern Adriatic (GoV) at the boundary 
of the mesoscale domain. 

2. Material and methods 

2.1. Study area 

The northern Adriatic basin is defined as the area north of the 100-m 
isobath of the Adriatic Sea and represents the largest shelf area in the 
Mediterranean Sea (Gačic et al., 2001). This basin is under the influence 
of intense lateral (river discharge and southward transport) and surface 
(wind and air temperature) stresses (Poulain et al., 2001). The water 
column of the northern Adriatic is seasonally mixed and stratified 
(Poulain et al., 2001), and in many areas the euphotic zone exceeds the 
depth of the upper mixed layer for most of the year (Talaber et al., 
2014). The northern Adriatic is under the influence of two main winds, 
the “Bora” and the “Jugo” (Scirocco), the first blowing from the north
east and the second from the southeast. Bora is a strong katabatic wind 
that affects the water column in two ways: mixing and cooling, while 
Jugo is a constant wind with maximum speed in the eastern part of the 
basin and has a chaotic effect on the current circulation in the GoT 
(Malačič and Petelin, 2001). 

The Slovenian LTER station (Fig. 1: 000F; 45.54 N, 13.55 E; 22 m 
depth) is located at the southern entrance of the Gulf of Trieste (GoT), 
which is a shallow basin with an average depth of 21 m (Malačič et al., 
2006). The Italian LTER station (Fig. 1: AAOT, 45.32 N, 12.50 E, 16 m 
depth) is located offshore of the Venice Lagoon in the Gulf of Venice 
(GoV). Both gulfs are under the influence of freshwater (Zhang et al., 
2020): GoT is influenced by the Soča River (Malačič and Petelin, 2001) 
and occasionally by the Po River plume (Vilicic et al., 2013), while GoV 
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is influenced by Po River plume (Poulain et al., 2001). Rivers like 
Tagliamento, Livenza, Piave, Brenta and Adige contribute to river 
discharge in northern Adriatic but, all together, they sum to only a minor 
fraction of the Po runoff (Cozzi and Giani, 2011). 

2.2. Data 

A 12-year time series from 2005 to 2017 and comprising 130 taxa 
from station 000F (Fig. 1) was collected and stored as part of routine 
sampling in the Slovenian national monitoring programme. The data is 
produced on a monthly basis. Phytoplankton structure and abundance 

Fig. 2. Flowchart of the analysis. Each box represents either a data matrix, an analysis step, or the classification functions and temporal maps. In the boxes rep
resenting data matrices, the names of the variables and the names of the objects are given at the top and left of each box. In the boxes representing the analysis steps, 
the name of the analysis and the code used in the text are given to refer to it. In the upper left part of the diagram, the grey area contains all data and analyses already 
included in Vascotto et al., 2021. The temporal maps below the grey area represent the results of that analysis as well as the starting point for the present analysis. 
The circle represents both the linear discriminant analysis and the neural networks. Note that several arrows point to this circle area, but for each iteration of the 
analysis, the algorithm presented here uses only one of the two original maps (coarse or fine), only one of the three GoT environment matrices for training (MeM, R, 
or P), and only one of the three GoV environment matrices for prediction. Each of the 602 predicted temporal maps is then tested separately with GoV phytoplankton 
data (Abb). 
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data of station 000F were analysed in a previous study Vascotto et al. 
(2021) where a temporal maps of assemblages and their indicative taxa 
were obtained (Fig. 2: Temporal maps A and B, more information pre
sent in Supplementary material S16). From Vascotto et al. (2021) we 
had two possible partition systems available, a coarse phytoplankton 
assemblage partition (Fig. 2: Temporal map A) from which two main 
assemblages were used and a fine phytoplankton assemblage partition 
(Fig. 2: Temporal map B) from which six main assemblages were used. 
We reduced the number of assemblages from Vascotto et al. (2021) 
because only assemblages that covered at least six samplings/months 
were used. These phytoplankton assemblages were the starting point for 
the present analysis. 

For the GoT, we also collected data on rain, wind direction and 
strength, salinity, air temperature, Soča river flow, sea surface and 
bottom temperature and stored them in an environmental table (Fig. 2: 
Xp). The data covered the same time period (2005–2017), more details 
are given in the Supplementary material S1. These data come from the 
oceanographic buoy Vida, located at a distance of 1.16 km from station 
000F (wind, air temperature, water temperature and salinity; 
https://www.nib.si/mbp/en/oceanographic-data-and-measurements/ 
buoy-2) and from the database of Slovenian Environment Agency (rain, 
river discharge; https://www.arso.gov.si/en/). 

For the GoV, we also collected data on precipitation rain, wind di
rection and strength, salinity, air temperature, sea surface and bottom 
temperature form data collected onboard of Acqua Alta Oceanographic 
Tower (AAOT) by mean of WMO certified meteo station and Seabird SBE 
19 CTD casts (Fig. 2: Xp). The environmental dataset covered the period 
between 2010 and 2019, more details are given in the Supplementary 
material S11. Phytoplankton structure and abundance data from the 
station AAOT covered the years from 2010 to 2018 and comprised >300 
taxa (Fig. 2: Abb). The data was produced on a monthly basis. 

The temporal density of the environmental data was on the order of 
hours, so we merged the data from the 30 days prior to each phyto
plankton sampling to calculate the new variables as summarised in 
Table 1. The transformed data accounted for environmental conditions 
between phytoplankton sampling events. 

The differences between the averages of the environmental param
eters in the two sites were tested using a t.test, while the presence of 
linear trends was tested using the F-statistic of the Pearson R squared 
value (Legendre and Legendre, 2012). 

2.3. Analysis 

2.3.1. Decomposition of environmental data 
Autocorrelation of environmental parameters was investigated using 

distance-based Moran eigenvector maps (Legendre and Legendre, 
2012). We used the eigenvectors maps (Fig. 2: 1a Moran) to remove 

significant autocorrelation components from the detrended GoT envi
ronmental data by performing a redundancy analysis (Fig. 2: 1b RDA) 
between relevant eigenvectors and environmental data (Legendre and 
Legendre, 2012). In this way, we generated two datasets: one with the 
fitted values containing the periodic component (Fig. 2: MeM) and the 
other with residuals containing the non-periodic part (Fig. 2: R). 
Moreover, we calculated the global Moran’s I to estimate the autocor
relation for each environmental variable (Legendre and Legendre, 
2012). Finally we used the variation portioning approach (Legendre and 
Legendre, 2012) to assess the power of GoT environmental components 
in explaining the variance of the GoV environmental data, that have 
been decomposed in periodic and non-periodic components prior the 
variation portioning analysis. We used the R package “adespatial” (Dray 
et al., 2016) to compute the eigenvectors maps and the Moran’s I of each 
environmental parameter. We used the R package “vegan” (Oksanen 
et al., 2013) to apportioning the variation among GoT and GoV com
ponents and to produce the resulting Venn diagrams. 

Apart from periodic and non periodic components of the environ
mental data, also the complete environmental dataset was used after the 
decomposition with principal component analysis (Fig. 2: 1c PCA). From 
the three environmental datasets, the first three principal components 
were retained (Fig. 2: MeM, R, P). The use of the three first axes was 
dictated by the small number of objects to model in certain assemblages. 

Modelling the relationship between environment and phytoplankton 
assemblages. 

To examine linear relationships between the phytoplankton assem
blage partitions (coarse and fine) obtained from Vascotto et al. (2021) in 
form of an occurrence vector and all three environmental datasets 
(MeM, R, P), we used linear discriminant analysis (Fig. 2: 2a LDA). The 
significance of these relationships was evaluated using Wilks Λ (Leg
endre and Legendre, 2012). The discriminant functions obtained from 
the LDA of both partitions were then used to reclassify the objects of 
each assemblage and evaluate the success rate of these functions. 

The environmental parameters from GoV were analysed following 
the same procedure (Fig. 2: Xp) to obtain the complete, periodic and non 
periodic environmental datasets. The statistically significant LDA 
discriminant functions obtained in GoT (Wilks Λ with p < 0.05) were 
then applied to forecast the presence of phytoplankton assemblages in 
GoV using the corresponding environmental dataset from GoV. 

To overcome the linearity constraints of LDA analysis, we used 
Neural networks (Fig. 2: 2b NNet) modelling approach. Also here, the 
NNets were trained on complete, periodic and non periodic environ
mental datasets with coarse and fine phytoplankton assemblage parti
tions from GoT. The resulting six classification functions were used to 
forecast phytoplankton assemblages in GoV using the corresponding 
environmental datasets (Fig. 2: Xp). The six parallel tests were each 
repeated 100 times. The training-to-test ratio was 80–20 %.The NNets 
were built using the TensorFlow package (Abadi et al., 2015) in Python 
3.8. The architecture of the NNets consisted of three layers enabled by 
linear rectifiers (ReLU) and softmax function. The search optimization 
algorithm (Adam) attempted to minimise cross entropy by using L1 and 
L2 regularizations to avoid overfitting. 

To characterize each assemblage in terms of environmental condi
tions for both GoT and GoV, we calculated the average value of envi
ronmental parameters and their variances in the samples/months 
representing a certain assemblage. The environmental parameters were 
represented as standardized values in bar plots. 

2.3.2. Evaluation of phytoplankton assemblages 
To evaluate the forecasted assemblages in GoV, we calculated the 

IndVal index with the corresponding p-value (Fig. 2: 3b IndVal) on the 
GoV phytoplankton community data (Fig. 2: Abb). The IndVal is an 
index that takes into account the fidelity and the specificity of a certain 
taxon in a cluster of samples (Dufrene and Legendre, 1997). In our case it 
was calculated for taxa in the forecasted phytoplankton assemblages 
resulting from the statistically significant LDA classification functions 

Table 1 
Environmental data used in the analysis: raw data, the operation applied to the 
raw data and the parameter obtained.  

Original data Operation Parameter Name 

Rain (mm) Cumulative sum Rain Rain 
Coefficient of 
variance 

Rain variance Rain_var 

Temperature air (֯C) Mean Temperature T_air 
Temperature surface (֯C) Mean(Surface- 

Bottom)/Depth 
Thermocline 
strength 

T_grad 
Temperature bottom (֯C) 
River outflow (m3/s) Mean River River 

Coefficient of 
variance 

River variance River_var 

Salinity surface Mean Salinity Sal 
Wind speed (m/s) Mean Wind Wind 
Wind speed and 

direction (m/s, ϴ) 
Mean(speed*cos(ϴ)) N.S. component N.S. 

Wind speed and 
direction (m/s, ϴ) 

Mean(speed*sin(ϴ)) E.W. component E.W.  
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(2) and all NNet classification functions (600) (Fig. 2: New Maps). The 
average p-value of IndVal was used to score each forecasted phyto
plankton assemblages. In parallel, we also calculated the within-group 
sum of squares (WSS) over the chi-square transformed matrix of abun
dances (Legendre and Legendre, 2012). The chi-square values represent 
the deviations of a certain taxon in a sample from its expected abun
dance while the WSS represents the homogeneity of such values inside 
the clusters of samples. Values close to one indicate a poor classification 
of the samples variance, in this case taxa deviations, while values close 
to zero would indicate a perfect classification of the variance. IndVal p- 
values and WSS values for the six parallel outcome groups (coarse and 
fine phytoplankton assemblage partitions per complete, periodic and 
non periodic components of environmental datasets) were represented 
with box-plots and differences tested with the Kruskal-Wallis test. 
Pairwise differences were tested for significance using the Tukey- 
Kramer test for independent samples. The forecasted assemblages ob
tained using the complete environmental dataset were chosen to be 
explored further in the discussion since they represented the best 
possible predictions. 

3. Results 

3.1. Environmental conditions 

The environment in the two neighbouring areas in the northern 
Adriatic was relatively stable during the study period. Of the 10 vari
ables considered in GoT and in GoV, none showed a positive or negative 
long-term trend, with the exception of the mean discharge of the Soča 
River in GoT which showed a slightly positive trend (Supplementary 
material S 5). With respect to the average values, some environmental 
parameters were significantly different at the two sites. The thermocline 
appeared to be stronger in GoV (0.193 ◦C/m on average) than in GoT 
(0.130 ◦C/m) (p-value <0.01), and the water in GoV was less salty (34.1 
vs 36.6, p-value <0.01). In addition, the Po River discharge and its co
efficient of variance were higher than the Soča river discharge. On the 
contrary, air temperature, wind speed, rain and its coefficient of vari
ance were similar in the two sites (p-value >0.05). The wind roses of 
wind speed and direction (Supplementary materialS6) indicate that the 
main winds in the GoT had a strong NEE contribution and a secondary 
component from the south (S and SSE). Winds in the GoV also had a 
large contribution from the northeast quadrant (NNE and NE) and sec
ondary components from the southern quadrants. 

Most environmental variables exhibited some degree of periodicity 

in both study areas (Fig. 3). Overall, periodicity explained a relevant 
proportion of the variance in environmental data (46 % in GoT and 39 % 
in GoV- More details are given in the Supplementary material). Peri
odicity in environmental parameters was less pronounced in GoV 
compared to GoT, as indicated by generally lower Moran’s I in Fig. 3. In 
GoT, three parameters, i.e. salinity, air temperature, and thermocline 
strength, showed the most pronounced cyclic behaviour, while rain and 
rain variability seem to show mainly erratic behaviour. On the contrary, 
the rain pattern was somewhat more regular in GoV. In addition, in GoV 
the average wind speed and the strength of the east-west components 
showed a more pronounced erratic behaviour. The same was true for the 
thermocline and salinity. 

The combination of the periodic components from GoV (Fig. 4: MeM- 
GoV) and from GoT (Fig. 4: MeM-GoT) explained 45.6 % of the variance 
in the GoV environmental data. The periodic components of GoV and GoT 
shared ~26.9 % of the explained variance. The remaining variance was 
partially explained (11.0 %) by the non-periodic components of the envi
ronmental data from GoT (Fig. 4: Res-GoT). The residual variance (Res 
-GoV 50.6 % in Fig. 4) corresponds to the variance of local non-periodic 
events. 

Fig. 3. Global Moran’s I for the environmental data in GoT and in GoV. The 
significance of each value is encoded with stars: * correspond to significant 
Moran’s I (p.value <0.05), *** correspond to highly significant results (p. 
value <0.01). 

Fig. 4. Venn diagram of the variance partition of the environmental dataset 
from GoV. Variance is partitioned between the two periodic components of the 
two environments (MeM-Got and MeM-GoV) and the residuals of the environ
mental variables from GoT (Res-GoT). The intersections with no value represent 
zero or negative values which together with the remaining values sum up to 
100 %. 

Table 2 
Results of LDA on the two phytoplankton assemblage partitions from Vascotto 
et al. (2021) with three different environmental datasets from GoT. The bold 
values correpsond to LDA configuration that resulted significative (p-value <
0.05).  

Phytoplankton assemblage 
partition from Vascotto et al. 
(2021) 

Environmental dataset Wilks 
Λ 

p- 
value 

Coarse (2 assemblages) Complete (principal 
components) 

0.98 0.69 

Periodic component 0.96 0.33 
Non-periodic 
component 

0.97 0.51 

Fine (6 assemblages) Complete (principal 
components) 

0.73 0.0037 

Periodic component 0.67 0.001 
Non-periodic 
component 

0.87 0.25  
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3.2. Efficiency of linear and non-linear classification functions for 
predicting phytoplankton assemblages 

From the results of Vascotto et al. (2021) only assemblages present at 
least in six months were retained from further analysis. This corre
sponded to two assemblages from the coarse partition and six from the 
fine one. The six assemblages covered 128 months of the total 152 we 
had at our disposal. No significant linear relationship with environ
mental variables in GoT was found when performing linear discriminant 
analysis (LDA) with two assemblages from the coarse phytoplankton 
assemblage partition, neither with complete environmental dataset nor 
with data decomposed in periodic and non-periodic components 
(Table 2). On the contrary, when using the fine phytoplankton assem
blage partition from Vascotto et al. (2021), the six assemblages 
discriminated a relevant part of the variance of the principal compo
nents of the complete environmental dataset and of its periodic part 
while there was no relationship with the non-periodic component of the 

environmental dataset (Table 2). 
However, the classification functions obtained from the LDA with 

two statistically significant settings (for complete environmental dataset 
and periodic component) were only able to correctly reclassify on 
average 21 % of the objects in the associated assemblages. But, when 
looking at the reclassification results at the level of single assemblage, 
the success of correct classification was quite high for 3 assemblages and 
very low for the remaining 3 (Table 3). The Neural Networks (NNets) 
were able to correctly reclassify on average 60 % of the objects using its 
non-linear classification functions (Table 3). For the three assemblages 
for which LDA performed poorly (A, C, D) the reclassification of the 
NNets is greatly improved. 

3.3. Evaluation and composition of predicted phytoplankton assemblages 
in Gulf of Venice 

Both classification functions resulted from LDA (only from the two 
statistically significant settings; see Table 2) and from Neural networks 
(from all six settings) on GoT data were used to forecast the assemblages 
in GoV. We first present the evaluation of the predicted phytoplankton 
assemblages within the coarse and the fine phytoplankton assemblage 
partition by neural networks, using the mean IndVal p-values and WSS 
values obtained with the complete environmental dataset (Fig. 5, P) and 
with its periodic (Fig. 5, MeM) and non-periodic components (Fig. 5, R). 
For both IndVal p-values and WSS, the differences between the six 
groups were significant (Kruskal-Wallis test; p-value <0.001). The 
IndVal p-values and the WSS values we obtained from the coarse 
phytoplankton assemblage partition (Fig. 5, left) were generally higher 
than those obtained from the fine phytoplankton assemblage partition 
(Fig. 5, right). While there were no substantial differences between the 
three cases (P, R and MeM) within the coarse phytoplankton assemblage 
partition (Fig. 5, left), a different pattern emerged within the group of 
fine phytoplankton assemblage partition (Fig. 5, right). The IndVal p- 
values obtained using complete environmental dataset (Fig. 5: IndVal B, 
P) and its periodic components (Fig. 5: IndVal B, MeM) were signifi
cantly lower than those obtained using the non-periodic component 
(Fig. 5: IndVal B, R) (Tukey-Kramer test; p-value <0.001). In the case of 
evaluation with the WSS values, they were significantly higher for the 
assemblages obtained with periodic component of environmental data 
(Tukey-Kramer test; p-value <0.001). 

In comparison, the mean IndVal p-values of assemblages predicted 
by LDA discriminant functions (Fig. 5; horizontal lines in right upper 
panel) were lower than those obtained by neural network either for the 
coarse phytoplankton assemblages or for the fine phytoplankton as
semblages using the non periodic component. The mean WSS values 
(Fig. 5; horizontal lines in right lower panel) indicate that the results for 
the assemblages predicted by LDA using the complete environmental 
dataset are better than those using its periodic part, mirroring the results 
from neural networks. 

The best results in terms of average p values were obtained for the 
assemblages predicted by neural networks using the periodic compo
nents, although no significant difference was found in comparison to the 
results from the complete environmental dataset (Fig. 5; IndVal B, P and 
MeM). On the contrary, from the point of view of WSS the assemblages 
predicted by neural network using the complete dataset performed 
better than those using the periodic components (Tukey-Kramer test; p- 
value <0.001). Therefore, as the best synthesis the assemblages pre
dicted for GoV by neural network with the use of the complete envi
ronmental dataset is further analysed in the following. 

In Fig. 6, the similarities, and differences between the “original” 
phytoplankton assemblages (GoT) and those predicted for GoV are 
presented together with the environmental conditions. Assemblages are 
presented as clusters of sampling dates characterised by certain phyto
plankton taxa (Fig. 6, temporal maps). Environmental conditions asso
ciated to these assemblages are presented as standardized average 
values of environmental parameters and their variances in the samples/ 

Table 3 
The efficiency of the LDA and NNets in reclassification in % of correctly classi
fied GoT objects. In the second column the original encoding from Vascotto 
et al., 2021 are reported in order to facilitate the comparison. The results refer to 
the reclassification obtained using the complete environmental dataset.  

Assemblage Original encoding LDA NNets 

A Group IX 4 % 40 % 
B Group IV 70 % 92 % 
C Group XI 13 % 66 % 
D Group XII 0 % 70 % 
E Group III 75 % 100 % 
F Group VII 67 % 78 % 
Weighted mean  21 % 60 %  

Fig. 5. Boxplots of average IndVal p-values (upper panel) and WSS values 
(lower panel) for the Neural network predicted phytoplankton assemblages in 
GoV. The green left panel represents the results obtained from the coarse 
phytoplankton assemblage partition from Vascotto et al. (2021), blue right 
panel refers to results obtained from fine phytoplankton assemblage partition 
from Vascotto et al. (2021). Each panel includes from left to right the results got 
using complete environmental dataset (P), its non periodic (R) and periodic 
component (MeM). Horizontal lines in the right panel represent the average 
IndVal p-value and WSS for the assemblages predicted with two statistically 
significant discriminant functions of the LDA: Dotted lines represent the pre
dicted assemblages with complete environmental dataset, dashed lines repre
sent the predicted assemblages with periodic component. 
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Fig. 6. Phenology of the six phytoplankton assemblages and the corresponding environmental conditions. A1-F1: temporal distribution of phytoplankton assem
blages in GoT (from Vascotto et al., 2021); A2-F2: environmental characteristic in GoT; A3-F3: environmental characteristic in GoV; A4-F4: temporal distribution of 
predicted phytoplankton assemblages in GoV. The bar charts represent environmental variables in standardized values (mean + sd). Note the different scales on y 
axes. The temporal maps for GoV and GoT are expressed in probability (darker the colour, the higher the probability that a certain month belongs to an assemblage). 
The temporal map of GoT had probability either 0 or 1 having been already defined at the beginning of the study. 
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months occupied by the assemblage (Fig. 6, env. centroids). For the 
predicted phytoplankton assemblages in GoV, the indicative taxa are 
presented with the appertaining IndVal index (Table 4). The indicative 
taxa of phytoplankton assemblages in GoT are presented by IndVal 
(Table 4, from Vascotto et al., 2021). 

The first phytoplankton assemblage we describe (Fig. 6, A1) was 
originally defined as the base community in GoT (Vascotto et al., 2021). 
This and the remaining assemblages of GoT were defined on the basis of 
the community composition following the method described in Sup
plementary material in S 16. It is scattered during whole time-series but 
more concentrated in the first half of the year. The predicted phenology 
for this assemblage in GoV was similar to that in GoT in that it occurred 
throughout the year (Fig. 6, A4). Another similarity concerns the fact 
that in both GoT and GoV this assemblage had a mix of indicative taxa 
from different phytoplankton classes. While in GoT these were mostly 
belonging to the phytoflagellates, in GoV most indicative taxa were 
coccolithophores, diatoms and dinoflagellates (Table 4, A). In both 
areas, the environmental conditions for this assemblage were charac
terised by parameters fluctuating around the overall mean, but with 
standardized values not exceeding ±0.20. 

In GoT, the spring phytoplankton assemblage (Fig. 6, B1) was mainly 
characterised by the presence of diatom Cyclotella spp. and small di
noflagellates of the genera Prorocentrum and Heterocapsa (Table 4, B). 
This assemblage was present in stratified waters (T_grad standardized 
average at 1.24 from the overall mean) with low surface salinity (stan
dardized average at − 0.75), relatively high air temperature (standard
ized average at 0.71) and weak winds. Using the classification functions 
obtained by neural networks, the presence of this assemblage in GoV 
was predicted mainly for late spring-late summer period. Environmental 
conditions for this predicted assemblage were partly similar to those in 
GoT, with stratified (T_grad standardized average at 0.55) and warm 
(T_air standardized average at 0.90) waters, but with an important 
contribution of river discharge variability (River_var standardized 
average at 1.23). Also in the predicted assemblage, the most indicative 
taxa belonged to the genus Cyclotella (Table 4, B). 

The third phytoplankton assemblage in GoT (Fig. 6, C1) represents a 
predominantly diatom assemblage (Table 4) with most occurrences in 
July but also in other seasons. The predicted phenology of this assem
blage in GoV also indicates a scattered distribution throughout the year 
although the highest probability of occurrence was in summer months 
(Fig. 6, C4). Also here, the assemblage was dominated by the presence of 
diatoms (Table 4, C). Environmental conditions in both areas (Fig. 6, C2 
and C3) were similar to those during the previous assemblage (B2) but 
with less pronounced values of parameters’ standardized averages. In 
addition, there was also an important contribution of rain variability in 
GoT (standardized average at 0.35); while river discharge variability 
was not so important for this assemblage in GoV. 

The fourth phytoplankton assemblage in GoT presented in Fig. 6 (D1) 
occurred primarily in the second half of the year, mainly in autumn and 

Table 4 
The indicative taxa of phytoplankton assemblages. For GoT the indicative taxa 
are represented by the IndVal (from Vascotto et al., 2021). An IndVal value >0.2 
is a sign of indicativity for a certain assemblage. Taxa are ordered in decreasing 
order of IndVal. For GoV, only taxa with the highest IndVal values are shown.  

GoT  GoV  

Taxa Indval Taxa IndVal 

A 
Cryptophyceae 0.08 Coccolithophyceae 0.34 
Phytoflagellates 0.06 Lessardia elongata 0.29 
Prasinophyceae 0.06 Diplopsalis group 0.28 
Meringosphaera mediterranea 0.05 Chaetoceros diversus 0.23 
Prorocentrum cordatum 0.05 Leptocylindrus danicus 0.23 
Gymnodinium spp. 0.05 Protoperidinium steinii 0.23 
Chlorophyceae 0.04 Dinophyceae 0.22 
Gyrodinium spp. 0.03 Amphora spp. 0.20 
Ophiaster hydroideus 0.03 Paulinella ovalis 0.20  

B 
Cyclotella spp. 0.44 Cyclotella spp. 0.42 
Prorocentrum gracile 0.20 Cyclotella caspia 0.38 
Prorocentrum cordatum 0.13 Eutreptia lanowii 0.37 
Chaetoceros simplex 0.13 Calciosolenia brasiliensis 0.28 
Prasinophyceae 0.12 Dactyliosolen fragilissimus 0.24 
Heterocapsa group 0.11 Tripos fusus 0.23  

C 
Proboscia alata 0.45 Thalassionema nitzschioides 0.56 
Chaetoceros spp. 0.38 Chaetoceros spp. 0.31 
Rhizosolenia spp. 0.19 Emiliania huxleyi 0.28 
Hemiaulas hauckii 0.13 Cerataulina pelagica 0.26 
Thalassionema nitzschioides 0.11 Thalassiosira spp. 0.26 
Euglenophyceae 0.11 Leptocylindrus minimus 0.22 
Nitzschia spp. 0.10 Nitzschia longissima 0.22 
Guinardia striata 0.09 Pseudo-nitzschia delicatissima 

group 
0.22 

Phytoflagellates 0.07 Chaetoceros affinis 0.21 
Gymnodinium spp. 0.07 Bacteriastrum spp. 0.20  

D 
Nitzschia spp. 0.14 Pyramimonas spp. 0.33 
Guinardia striata 0.12 Ebria tripartita 0.28 
Dactyliosolen fragilissimus 0.10 Calcidiscus leptoporus 0.27 
Syracosphaera pulchra 0.09 Leucocryptos marina 0.25 
Hemiaulas hauckii 0.09 Prorocentrum gracile 0.25 
Coccolithophyceae 0.09 Prorocentrum cordatum 0.24 
Proboscia alata 0.07 Cocconeis scutellum 0.23 
Rhabdosphaera stylifera 0.06 Cryptophyceae 0.23 
Phytoflagellates 0.06 Chaetoceros simplex 0.21 
Pseudo-nitzschia delicatissima 

group 
0.06 Protoperidinium spp. 0.21  

E 
Pseudo-nitzschia  

delicatissima group 
0.65 Gyrodinium spirale 0.77 

Nitzschia spp. 0.28 Gyrodinium spp. 0.51 
Syracosphaera pulchra 0.28 Cochlodinium sp. 0.47 
Calciosolenia murrayi 0.24 Guinardia striata 0.45 
Dactyliosolen fragilissimus 0.20 Torodinium robustum 0.42 
Gyrodinium spp. 0.18 Nitzschia sigma 0.35 
Tripos fusus 0.18 Oxytoxum spp. 0.31 
Calciosolenia brasiliensis 0.17 Pleurosigma spp. 0.31 
Ophiaster hydroideus 0.16 Psammodictyon panduriforme 0.31 
Rhizosolenia spp. 0.13 Pseudo-nitzschia seriata group 0.31 
Tripos furca 0.13 Bacillariophyceae 0.30 
Pseudo-nitzschia seriata group 0.11 Chaetoceros curvisetus 0.29 
Euglenophyceae 0.10 Gymnodinium spp. 0.29 
Prorocentrum triestinum 0.10 Chaetoceros danicus 0.28 
Guinardia striata 0.08 Dactyliosolen blavyanus 0.28 
Rhabdosphaera stylifera 0.08 Hemiaulus hauckii 0.28 
Gymnodinium spp. 0.08 Hermesinum adriaticum 0.28 
Gonyaulax spp. 0.08 Katodinium glaucum 0.28 
Leptocylindrus mediterraneus 0.07 Paralia sulcata 0.28 
Cerataulina pelagica 0.07 Proboscia alata 0.26  

Table 4 (continued ) 

GoT  GoV  

Taxa Indval Taxa IndVal 

Proboscia alata 0.07 Heterocapsa group 0.25 
Heterocapsa group 0.07 Nitzschia spp. 0.23 
Emiliania huxleyi 0.07 Chaetoceros decipiens 0.22 
Pleurosigma normanii 0.06 Phytoflagellates 0.22 
Diploneis crabro 0.06 Guinardia flaccida 0.21 
Cryptophyceae 0.06 Rhizosolenia imbricata 0.21  

F 
Emiliania huxleyi 0.11 Skeletonema costatum s.l. 0.35 
Ophiaster hydroideus 0.07 Dictyocha fibula 0.29 
Diploneis crabro 0.07 Asterionellopsis glacialis 0.29 
Prasinophyceae 0.06 Diploneis crabro 0.25 
Meringosphaera mediterranea 0.06 Dactyliosolen phuketensis 0.21  
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was characterised by a mix of coccolithophores and large centric di
atoms (Table 4, D). This assemblage could be easily associated with 
warmer periods under the influence of pulsating freshwater inputs due 
to rivers and rain (Fig. 6, D2). In GoV, the phenology of the predicted 
phytoplankton assemblage was different and characterised mainly by 
low probability of occurrence (Fig. 6, D4). The environmental condi
tions were mainly determined by exceptionally high values of rain (Rain 
standardized average at 1.99, Rain_var standardized average at 2.13, 
Fig. 6, D3). This assemblage differed from the original not only in its 
phenology but also in terms of indicative taxa, since here the contri
bution of phytoflagellates was substantial (Table 4, D). 

The autumn in GoT was characterised also by another phytoplankton 
assemblage (Fig. 6, E1) which was defined by the presence of pennate 
diatoms, coccolithophores and thecate dinoflagellates (Table 4, E). This 
assemblage was only present from 2010 onwards and was delineated by 
well-mixed water column (T_grad standardized average at − 0.45), with 
high river outflow (River standardized average at 0.72 and strong winds 
with E-W component (E-W standardized average at 0.78) (Fig. 6, E2). 
The occurrence of such assemblage in GoV was predicted for late 
summer-early autumn (Fig. 6, E4), with environmental conditions 
similar to that in GoT: mixed water column (T_grad standardized 
average at − 0.63), relatively warm weather (T_air standardized average 
at 0.60) and high salinity (sal standardized average at 0.78) and strong 
winds (Fig. 6, E3). This predicted assemblage was associated with a long 
list of indicative taxa (Table 4, E) of predominantly naked forms of di
noflagellates and diatoms. Coccolithophores were not indicative for this 
assemblage in GoV. 

Coccolithophores Emiliania huxleyi and Ophiaster hydroideus together 
with small diatoms dominated the winter assemblage in GoT (Table 4, 
F). This assemblage occurred primarily in December and January (Fig. 6, 
F1) and was associated with cold weather (T_air standardized average at 
− 0.96) and mixed water column (T_grad standardized average at − 0.86) 
most likely associated to strong winds (Wind standardized average at 
0.43, E-W standardized average at 0.38, N-S standardized average at 
0.40) (Fig. 6, F2). A very similar pattern of environmental conditions 
emerged for the predicted assemblage in GoV (Fig. 6, F3), which also 
shared a similar phenology (Fig. 6, F4). The associated taxa in GoV 
(Table 4, F) were dominated by the diatom Skeletonema costatum s.l. and 
lacked the presence of coccolithophores characteristic for GoT. A 
benthic diatom Diploneis crabro was indicative of the winter community 
in both areas. 

4. Discussion 

4.1. Considerations on data representativeness 

In a highly variable environment such as the northern Adriatic, 
which is prone to rapidly changing small scale conditions (Jeffries and 
Lee, 2007), it is probable that at the scale of a hundred km (distance 
between the LTER stations) these conditions would be different. How
ever, the two locations have been described in several regionalization 
studies belonging to the same recognizable space, which can be distin
guished by its abiotic characteristics and associated biological assem
blage (Ayata et al., 2018). To study the influence of environmental 
parameters and their variability on the phytoplankton community in the 
two study areas, it was crucial to take into consideration the represen
tativeness of the environmental data. These were collected from the 
source closest to phytoplankton sampling stations: at the LTER station 
itself for some parameters and at the nearest meteorological station for 
others. The reason we chose to use environmental data from a single site 
closest to LTER was double. First, in this way we avoided the “fading” of 
localized extreme events as would come from averaging multiple sites 
over larger area. Second, data from more distant sites could have blurred 
environmental cycles by adding out-of-phase patterns. Because the goal 
of this study was to assess the importance of cyclic patterns of envi
ronmental parameters in shaping the phytoplankton community, we 

preferred the risk of underestimating the strength of these patterns to the 
opposite. Moreover, in this way, local extreme events and their influence 
on the model could also be taken into consideration. 

Another consideration goes to the choice of environmental parame
ters, since the data we have used for the present analysis (some physical, 
meteorological and hydrological data) do not represent the totality of 
factors that influence the phytoplankton community in the northern 
Adriatic, e.g. physical, chemical and biological factors (Brush et al., 
2021; Neri et al., 2022). The choice of parameters in this study was 
guided by the sufficient temporal frequency of data acquisition. At both 
LTER stations, the chemical parameters (i.e. nutrient concentrations) are 
sampled along with phytoplankton on a monthly basis, which poses two 
problems. First, the data represent the chemical status at the current 
time, and second, they are strongly influenced by randomness and 
measurement errors because of their small number. Since the rate of 
change of environmental parameters is higher than the rate of fluctua
tions in phytoplankton community (Hutchinson, 1941), using parame
ters from the day of sampling cannot provide a reliable picture of past 
conditions that determined a particular community. On the other hand, 
hydrological and meteorological data have the advantage of being 
recorded very frequently allowing to summarise the data over longer 
period (for example one month). In addition, most of the chosen data are 
indirect indicators of other relevant parameters, such as water column 
stability (T, salinity) and nutrient enrichment (river discharge and rain). 

4.2. Patterns of mesoscale connectivity 

Half of phytoplankton assemblages in GoT have been quite well 
characterised by linear relationships with the environmental parame
ters. Neural network improved the proportion of correct reclassifications 
in all six phytoplankton assemblages in GoT, indicating the existence of 
non-linear elements in the relationships between environment and 
phytoplankton, as well. The fact that the neural network was able to 
predict assemblages in GoV with similar indicative taxa indicates that 
these methods can be successfully applied to predict phytoplankton 
community structure at the mesoscale. 

For assemblages with linear relationships, it was possible to find 
matching assemblages in GoV accompanied with similar or very similar 
environmental conditions. These assemblages were characterised, at 
least to some degree, by the same or related species in both environ
ments. The assemblage that was in both areas dominated by Cyclotella 
species was characterised by a warm period and stratified water column. 
However, in GoV this assemblage was not predicted for late spring as in 
GoT, but mainly for summer and late summer. This phenological dif
ference highlights the link between indicative taxa and environmental 
conditions, since the two assemblages are out of phase in both areas, but 
form under similar environmental conditions. However, besides thermal 
stratification also Po River discharges played a significant role for the 
formation of this assemblage in GoV. 

Very similar environmental conditions and slightly different timing 
were characteristic also for the assemblage E. While in GoV this com
munity was still dominated by diatoms, and dinoflagellates were char
acteristic for both areas, coccolithophores were exclusively typical for 
GoT. Such a rich and diverse community without a single dominant 
taxon is typical for the early autumn in the northern Adriatic (Bernardi 
Aubry et al., 2012; Marić et al., 2012; Cerino et al., 2019). One common 
element in both areas was the presence of species from the genus Pseudo- 
nitzschia, which are frequently mentioned as community-forming in the 
northern Adriatic (Marić et al., 2012; Godrijan et al., 2013; Cerino et al., 
2019). However, Pseudo-nitzschia species were also present in other as
semblages, such as D in GoT and C in GoV, indicating the opportunistic 
nature of this genus (Bernardi Aubry et al., 2012). Within the present 
study Pseudo-nitzschia species were just assigned into two groups, i.e. the 
P. seriata and the P. delicatissima group, which could have contributed to 
uncertainties in defining indicative taxa and their niches (Turk Der
mastia et al., 2020). 

I. Vascotto et al.                                                                                                                                                                                                                                 



Science of the Total Environment 913 (2024) 169814

11

Differently from the described out-of-phase conditions for the 
“Cyclotella” and “Pseudo-nitzschia” assemblage, the late autumn-winter 
period in GoT and GoV was similar in terms of environmental condi
tions (cold period, mixed water column, strong winds) and temporally 
synchronized. Although the indicative taxa for this assemblage were 
mainly different for the two areas, most of them are considered as 
characteristic for the autumn-winter period in the northern Adriatic 
basin (Bernardi Aubry et al., 2012; Marić et al., 2012; Godrijan et al., 
2013; Cerino et al., 2019). The common presence of the benthic diatom 
Diploneis crabro is in line with the phenology of the genus Diploneis 
described previously in the area (Cibic et al., 2012) and can be explained 
in light of the mixed condition present in winter. Also, Skeletonema 
costatum s.l. and Asterionellopsis glacialis were found to be typical for a 
few assemblages in GoT that were not included in the model, but 
occurred under the same environmental conditions as the winter cluster 
F1 (Vascotto et al., 2021). S. costatum s.l., which was the most indicative 
taxon for the winter in GoV, is considered to be responsible for the 
winter-early spring bloom across whole northern Adriatic (as 
S. marinoi), with increasing abundances towards its western part (Marić 
Pfannkuchen et al., 2018). However, the abundance of S. costatum s.l. 
decreased markedly in the GoT from 2013 onwards (Cerino et al., 2019; 
Vascotto et al., 2021). As concerns the coccolithophore Emiliania huxleyi, 
the main winter indicative species in GoT (Cabrini et al., 2012; Cerino 
et al., 2019; Vascotto et al., 2021), there was a recent decrease of its 
abundances in southern parts of the basin (Totti et al., 2019). It appears 
that winter conditions constitute a spatially uniform habitat at the 
mesoscale of the northern Adriatic and set favouring conditions for some 
common indicative taxa. 

Fairly well temporally defined assemblage of relatively large, mostly 
colonial diatoms in the GoT formed also during summer (mainly in July) 
although with some appearance in winter and autumn too, but its 
appertaining environmental characteristics were not as good defined by 
linear discriminants as with previously discussed assemblages. Here, 
neural network significantly improved the predicting capacity and 
modelled a similar diatom dominated assemblage in GoV. Differences in 
phenology of this assemblage in the two areas can be justified by the 
underlying trophic differences. While in the GoV diatoms dominate the 
phytoplankton community most of the time (Bernardi Aubry et al., 
2012) which was also predicted in our study, a recent July diatom peak 
has established in the GoT (Mozetič et al., 2012) and eastern part of the 
northern Adriatic (Marić et al., 2012), apparently governed by summer 
rain events. In GoT, a mixed community of nanoplanktonic phytofla
gellates from different taxonomic groups predominantly dominates the 
phytoplankton community (Brush et al., 2021; Vascotto et al., 2021). 
The assemblage depicting this was the largest one considered in this 
study with indicative taxa from all groups. An assemblage with similar 
characteristics was predicted also for GoV, especially for spring and 
autumn, when also previous studies depicted a codominance among 
diatoms and other groups (Bernardi Aubry et al., 2012). 

The last assemblage we discuss was found with a very different 
phenology and taxa composition in both areas. In GoT, this assemblage 
formed in conditions with relatively high rain and freshwater discharge 
pulses, which enriched the water column with nutrients and led to 
proliferation of large diatoms (Vascotto et al., 2021). On the contrary, a 
similar assemblage could not be predicted for GoV, where only three 
sampling dates were assigned with high probability to this group. These 
three sampling dates were characterised by extreme rainfall, which 
probably led the neural network to a local minimum outside of the range 
of the training data. Therefore, the extrapolation performed by the 
neural network was less accurate than interpolation (Maier and Dandy, 
2000). This issue is particularly relevant in the case of the assemblage D 
but it almost certainly applies to all the six models to a certain degree. 

4.3. Patterns of periodicity 

The environmental conditions in GoT appear to be more periodic 

than in GoV. This can be partly explained by the shorter length of the 
time series in GoV (70 months versus 150 months in GoT) and the 
proportion of missing data. The Moran eigenvectors eliminate missing 
values in the time-series at the expense of some bias in the shortest and 
longest frequency vectors (Brind’Amour et al., 2018). Nevertheless, the 
periodic components of the GoT explained additional ~6.6 % variation 
in environmental parameters in GoV, thus suggesting a more equal role 
of autocorrelation in both areas. In GoV, the N-S component of the wind 
is as periodic as in GoT, as Bora and southern winds alternate (Supple
mentary material S 6). On the contrary, the E-W component does not 
show periodicity in GoV, probably because of the weaker dominance of 
the Jugo (Scirocco) among the southern winds (Poulain et al., 2001). 
The strength of the thermocline is more irregular in GoV, but this may be 
due to both the higher number of missing values for this specific factor 
compared to its counterpart in GoT and the coastal and meteorological 
influences (Alberotanza et al., 2004). The combination of these two 
parameters (E.W component and thermocline strength) is responsible 
for the slightly lower percentage of variance explained by periodic 
components in GoV overall. From the analysis of variance, it appears 
that a relatively large portion of variance in GoV is explained by the 
periodic components of the environmental parameters in GoT (~26.9 
%). This shared variance expresses the extent to which the two envi
ronments are similar in periodicity. Temperature and thermocline cycles 
(rho = 0.82 and 0.57, respectively), along with seasonal variations in 
wind and rivers (rho = 0.63 and 0.49, respectively), are the source of the 
common periodicity. As expected, the non periodic components did not 
share explanatory power with the periodic components of GoT and GoV, 
but explained another 11.0 % of the variance of GoV non periodic 
components. This 11.0 % of the variance represents anomalous events 
that occurred at the mesoscale level. Rather than trying to determine 
which parameters are responsible for this anomaly, it is more important 
to note that unexplained non-periodic events in GoV account for ~50 % 
of the variance. This suggests that the two LTER sites do not share the 
majority of non-periodic events (11.0 % shared vs 50.6 %) but the 
environment in the northern Adriatic is mainly uniform in its periodic 
part (33.5 % vs 12.1 %). 

Our results also confirm the relationship between the phytoplankton 
community in the GoT and the periodic components of the environ
mental parameters, which can be mirrored to a nearby area of the 
northern Adriatic (GoV). This could be confirmed only when a fine 
structure of the phytoplankton community in GoT was taken into 
consideration (i.e. the fine phytoplankton assemblage partition from 
Vascotto et al. (2021)). Although our results suggest that phytoplankton 
community is more structured by the periodic components of the envi
ronment, we should be cautious to argue the opposite as well, since we 
could not use all the assemblages from Vascotto et al. (2021). The short- 
lived assemblages that were excluded from the analysis could have 
represented the deviations resulted from the non-periodic components 
of the environment. 

Current dynamics, as one of these important mesoscale engineers, 
determine water masses with similar histories whose lifetimes fall 
within the range of phytoplankton blooms; i.e.few weeks (d’Ovidio 
et al., 2010). In northern Adriatic such currents connect the two study 
areas by persistent cyclonic sub-gyres (Poulain et al., 2001; Petelin et al., 
2013). Moreover, this circulation path is even strengthened during Bora 
events (Boicourt et al., 2021). Surface waters from GoT reach the 
western part of the northern Adriatic, while deeper waters from GoV are 
transported back to the eastern part with a branch entering the GoT 
(Malačič et al., 2012). This cyclonic circulation is responsible also for the 
occasional surface summer advection of riverine waters, nutrients and 
phytoplankton from the western to the eastern side of the Adriatic 
(Vilicic et al., 2013). Alternatively, during Scirocco events surface cir
culation is generally split in two branches, one entering the GoT and the 
other recirculating in a basin scale cyclonic gyre (Boicourt et al., 2021). 
The cyclonic connectivity could explain some of the features of the 
phytoplankton community in the northern Adriatic. In fact, two of the 
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assemblages occurring during windy months (assemblages E and F) 
presented a one-month delay in their phenology between the two sides 
of the basin indicating a synchronized change in water column condi
tions. Moreover, the first appearance of the assemblage E in September 
2010, which corresponded to the long-lasting Pseudo-nitzschia bloom in 
GoT (Vascotto et al., 2021), matched one of the intrusion of Po River 
plume in GoT in August 2010 (Vilicic et al., 2013). 

Stratification of the water column is another mesoscale characteristic 
that affects the phytoplankton community in northern Adriatic, acting in 
periodical patterns but differently in both areas. When the winter winds 
calm down, the stratification in the GoV moves eastward starting at the 
end of spring in the western part and reaching the strongest stratification 
condition at the end of summer (Degobbis et al., 2000). In GoT, on the 
contrary, the stratification reaches its maximum at the end of spring, 
when Soča River plume remains blocked in the surface layer of the gulf 
moving clockwise (Malačič and Petelin, 2009). Therefore, during strat
ified water column conditions in spring and summer the phytoplankton 
community seems to be more affected by local events, which can be seen 
in the temporally non-synchronized formation of assemblage B. More
over, this assemblage disappeared after 2012 in GoT, when there was 
also an interruption of successive comparison of assemblage C in July. 
These changes were not mirrored by any change in GoV community 
succession, indicating that during this part of the year the two areas are 
less connected. Similar results were obtained in the Gulf of Naples from 
Ribera d’Alcalà et al. (2004) who observed that winter and autumn 
blooms were related to basin-wide meteorological events, whereas late 
spring-summer blooms were local phenomena, driven by lateral 
advection. It is possible, finally, that the increase in Soča River discharge 
(Supplementary material Fig. 5) could have affected these changes in 
GoT phytoplankton phenology. 

The importance of seasonality for the northern Adriatic phyto
plankton community has been highlighted several times in recent years 
(Mozetič et al., 1998; Cerino et al., 2019; Salgado-Hernanz et al., 2019). 
Besides confirming this importance, our work also extended the rele
vance of this relationship to assemblages’ patterns. The succession of 
assemblages is linked to the seasonality of environmental forcing, both 
at mesoscale (Bora events) and at local scale (stratification and river 
discharge). Bora winds, which contribute to the cyclonic gyre connect
ing the basin at mesoscale, are decreasing in frequency and strength 
most likely due to global warming (Pirazzoli and Tomasin, 2002). On the 
other hand, anomalous meteorological events, such as marine heat 
waves, have increased in frequency in the last years (Boicourt et al., 
2021) and have been forecasted to increase even more in near future 
(Lionello, 2012). It has been forecasted that future conditions of global 
temperature increase predicted by the International Panel on Climate 
Change (IPCC) will pose medium to high risk to the structure and 
phenology of Mediterranean marine ecosystems (Ali et al., 2022) our 
results seem to confirm this expectations. Increased stratification due to 
lack of winds and increased air temperature should lead, according the 
Magalef’s succession model (Margalef, 1978), to the rise of motile and 
mixotrophic dinoflagellates over diatoms. Moreover, the enhanced 
stratification could also increase the chance of episodic outburst of 
phytoplankton biomass during high river discharge (Lowery, 1998; 
Rabalais et al., 2014). Alternatively, such water column condition could 
lead to a main assemblage succession sensu Reynolds (2006) from high 
surface/volume colonist species to biomass conserving stress-tolerant 
species (Reynolds, 2006). The reduction in phytoplankton size in strat
ified conditions should also lead to a change in trophic fluxes with an 
increased importance of the microbial loop pathway for zooplankton 
grazing (Lewandowska et al., 2014). Moreover, the reduced connectivity 
between the two sides could increase the sensitivity of the habitat to 
local events such as droughts or freshwater pulses, which are mostly 
non-periodic. As concerns phytoplankton community, an increasing 
disorder in the succession of assemblages has been observed in the GoT 
in recent years (Vascotto et al., 2021) possibly indicating a loss in 
connectivity. 

The 11th Workshop of International Association of Phytoplankton 
Taxonomy and Ecology (IAP) proposed 10 rules for the formation of 
community assembly (Reynolds et al., 2000). According to these, the 
factors determining a particular assemblage at a particular point of time 
are not only those determining the realised niche, but they also depend 
on the precedent state of the community and stochasticity (Reynolds 
et al., 2000). In the present study, the physical parameters considered 
are those associated with the formation of realised phytoplankton 
niches, e.g., temperature and salinity (Irwin et al., 2012; Brun et al., 
2015), stratification and river discharge (Kemp and Villareal, 2018) and 
we found differences in taxonomic composition under similar environ
mental conditions and consequently similar realised niches. The pres
ence in our results of different indicative phytoplankton taxa inside the 
same niche can be explained in the light of IAP’s rules. Moreover, the 
differences in taxonomic composition under similar conditions seem to 
indicate a pattern of community succession consistent with the lumpy 
coexistence theory (Scheffer and van Nes, 2006). Within this theory, 
Sakavara et al. (2018) showed that assemblage-like structures arise from 
resource fluctuations (Sakavara et al., 2018). In line with this recent 
ecological theory, the periodic components of our niche-forming envi
ronmental parameters were key in building working models for the as
semblages’ phenology. There is a close relationship between IAP’s rules 
and lumpy coexistence theory that has not been pointed out so far in 
literature. The concepts of niche and stochasticity coexist in both 
frameworks and both can explain the complex patterns seen in the for
mation of phytoplankton assemblages in our results. 

5. Conclusions 

In this study, we investigated the relative importance of environ
mental factors and temporal periodicity in governing the structure of the 
phytoplankton community in the northern Adriatic. We also aimed to 
determine whether the influence of these factors extends to the meso
scale. The results show that there is an overlap of phenomena in the 
northern Adriatic, with both widespread periodic processes and local 
non-periodic events affecting the phytoplankton community at the basin 
scale. A portion of the phytoplankton assemblages have similar indica
tive taxa or respond similarly to the environment at the basin-wide level. 
Here, autocorrelation contributes to the explanatory power of environ
mental factors and suggests that the northern Adriatic can be treated 
partially as a single environment when considering periodic patterns of 
recurrent phytoplankton assemblages. In the context of global climate 
change, the connectivity of this environment and the existence and 
succession of phytoplankton assemblages are threatened by the reduc
tion of wind-driven circulation and the increasing disorder of environ
mental conditions. Both IAP’s rules for community assembly and lumpy 
coexistence theory explain the taxa composition in our phytoplankton 
assemblages drawing a connection between the two models. 
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The raw environmental data from the GoT can be found at the 
following links; for the oceanographic data: https://www.nib. 
si/mbp/en/oceanographic-data-and-measurements/buoy-2/new-scalar 
-plots, for the river discharge data: https://www.arso.gov. 
si/en/water/data/,and for the meteorological data: https://meteo. 
arso.gov.si/met/sl/archive/. 

The raw phytoplankton data and the environmental parameters from 
GoV are stored in the Marine Data Archive (MDA) 
https://marinedataarchive.org/ following the public directory path: 
ASSEMBLE Plus - Public/TA Data/North Adriatic Phytoplankton As
semblages/. 

The assemblage’s probability and Indicative Index results are stored 
in the Marine Data Archive (MDA) and are findable at IMIS record 
https://www.vliz.be/en/imis?module=dataset&dasid=8110. 

The R code for the Moran’s eigenvector decomposition and RDA as 
well as the Python code for the neural network construction and training 
can be found in the public repository GitHub at the following link: 
https://github.com/ivanovascotto/NorthAdriaticPhytoplanktonAssem 
blages. 
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