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Plankton communities are the foundation of marine food webs and have a large effect on the
dynamics of entire ecosystems. Changes in physicochemical factors strongly influence planktonic
organisms and their turnover rates, making their communities useful for monitoring ecosystem
health. We studied and compared the planktonic food webs of Palude della Rosa (Venice Lagoon,
Italy) in 2005 and 2007. The food webs were developed using a novel approach based on the Monte
Carlo random sampling of parameters within specific and realistic ranges to derive 1000 food webs
for July of each year. The consumption flows involving Strombididae, Evadne spp. and Podon spp.
were identified as the most important in splitting food webs of the July of the two years. Although
functional nodes (FNs) differed both in presence and abundance in July of the two years, the whole
system indicators showed very similar results. Sediment resuspension acted as a source of stress for
the Venice Lagoon, being the most used resource by consumers while inhibiting primary producers by
increasing water turbidity. Primary production in the water column was mainly generated by benthic
FNs. Although the system was near an equilibrium point, it tended to increase its resilience at the
expense of efficiency due to stress. This study highlights the role of plankton communities, which can
serve to assess ecosystem health.

Plankton communities are the fundamental basis of marine food webs and drive the dynamics of entire
ecosystems™?. They are a complex group of organisms represented by different taxonomic categories, from Bacte-
ria to fish larvae, that respond rapidly to both external influences and internal dynamics**. Environmental factors
such as temperature, salinity, and pH affect taxa composition and productivity, and thus have strong impacts on
plankton biodiversity’. In general, changes in physicochemical factors can strongly influence planktonic organ-
isms and their turnover rates®, making their communities useful for monitoring ecosystem health’=°. For example,
resulting changes in biomass can lead to changes in the trophic structure of the plankton community°. Overall,
the plankton community is able to rapidly cope with new conditions!"!?, in part due to a variety of processes and
functions that can be performed by the community at the right time!>'%. Some basal processes, such as mixotro-
phy, heterotrophy and detritivory, are more or less pronounced and may be expressed in response to changing
environmental conditions, for example, to maintain system resilience!* and ecologically meaningful processes'.

Especially in transitional ecosystems such as a coastal lagoon, plankton populations are subject to fairly fre-
quent and significant habitat disturbances, such as those caused by freshwater or seawater inputs'>'¢. In addition,
the interplay of various forces, such as wave energy, fishing activities, atmospheric disturbances, and climate
change, are among the most important factors influencing and determining the exchange of matter and energy
between the system components, consequently affecting the presence of resident species or the exclusion and
arrival of other species’ .

Observing plankton communities can therefore inform on how and to what extent the aquatic ecosystem is
able to cope with sources of variability, and it is crucial to understand what the key processes involved are’>!3.
In this context, ecological network models are useful tools since they provide estimates of flows that are difficult
to disentangle and measure'. The analysis of plankton networks allows for a holistic understanding of changes

!Department of Life Sciences, University of Trieste, via Weiss 2, 34128 Trieste, Italy. 2National Institute of
Oceanography and Applied Geophysics — OGS, Trieste, Italy. >Department of Integrative Marine Ecology, Stazione
Zoologica Anton Dohrn, Naples, Italy. “Institute of Marine Science (CNR ISMAR), National Research Council,
Arsenale Tesa 104, Castello 2737/F, 30122 Venice, Italy. “email: slibralato@ogs.it

Scientific Reports|  (2023) 13:16683 | https://doi.org/10.1038/s41598-023-43738-y nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-43738-y&domain=pdf

www.nature.com/scientificreports/

in the functioning of the marine system, as they represent a wide range of different taxa involved in the basic
processes of microbial loop and therefore link to fundamental trophic and ecological processes'®. Applying such
ecological network studies to coastal areas has a number of advantages, including the increased availability of
knowledge and data? and known high variability in responses of organisms in these systems due to multiple
external pressures®.

The present study compares the trophic status of the Venice Lagoon in July 2005 and 2007, by developing
plankton trophic networks. Using a novel approach based on iterative random samplings of parameters within
specific realistic ranges, we reconstructed the planktonic food webs in July for three main reasons: (I) the uni-
modal annual peak of phytoplankton biomass occurs in this month?!; (II) it is the period with the best biological
data coverage from microzooplankton (size between 20 and 200 pm??) to mesozooplankton?? (size between 200
and 20,000 um?*?); and (III) July has been historically characterised by some economically important ecological
processes, such as recruitment of small pelagic fishes?*. Therefore, our study aims to understand the planktonic
community structure of the Venice Lagoon, a well-studied coastal system*-%’, and to determine the role of
specific functional groups within these communities, with the resulting potential implications at the food web
level as an emerging effect of factors affecting the system at the two different times.

Materials and methods

Study area

The Venice Lagoon is one of the largest lagoons in the Mediterranean and is part of the Italian Long-Term Eco-
logical Research Network (http://www.lteritalia.it/)?. In its history, this important transitional ecosystem has
undergone relevant changes over time and has been extensively monitored over decades from different aspects
due to its socio-ecological importance**°. Plankton communities, especially phytoplankton and zooplankton,
have also been monitored for many years, using different methods and approaches depending on different objec-
tives or needs related to impact assessments*' 3.

The study focused on a limited shallow water area of the northern Venice Lagoon, i.e., the Palude della Rosa
(Fig. 1), a typical lagoon area influenced by both freshwater inflow, from Canale Silone*, and saltwater input,
due to incoming tides via Canale di Torcello'*. Palude della Rosa covers an area of about 3.5 km? with an aver-
age depth of about 0.5 m** and is located in an intermediate position between the mainland coast and the sand
barriers separating the Venice Lagoon from the Adriatic Sea. The plankton community at Palude della Rosa is
therefore alternately influenced by river discharges and seawater intrusions®*.

Data

The available dataset covers July 2005 and 2007 and includes: taxonomic composition (where possible at spe-
cies level or higher taxonomic levels), biomass (in mg C m™) for organisms ranging in size from 1.150 to
28,000.000 pm. Plankton sampling was conducted during the neap tide to minimize variability associated with
direct marine influence. Sampling and laboratory methods for biomasses of Bacteria, phytoplankton, mixoplank-
ton, nanozooplankton, and microzooplankton are described in Pugnetti et al.*’, while those of mesozooplankton,
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Figure 1. Location of Palude della Rosa (black circle) in the Lagoon of Venice (black square), Italy. This image
was created using the s £%°, ggplot 2%, and ggsn® packages (versions 1.0.9, 3.4.0, and 0.5.0 respectively) for
R,
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macrozooplankton, and non-living nodes in D’Alelio et al.'’. Additional detailed description of methods used to
collect plankton data, as well as ranges used for parameters and biomasses is reported in Supplementary Material.

Structure of the plankton networks

The plankton was classified at the lowest possible taxonomic level. For a few organisms, species-level classification
was possible, while for others only larger taxonomic groups were available. Data at the lowest taxonomic level
were grouped into species with similar ecological functions, known interactions, and similar biological rates to
simplify the model*’, resulting in a set of ecologically meaningful functional nodes (FNs) (Table 1). Each FN
is characterised by its size and trophic role. Although ecological preferences of plankton in the Venice Lagoon
vary widely*!, two macro-preferences (pelagic and benthic) were considered for all FNs. These categories were
then used for the analyses.

Four metabolic parameters were assigned to each FN: production rate per biomass unit (i, as d™!), consump-
tion rate per biomass unit (a, as d!), unassimilated fraction of biomass consumed (g, dimensionless), and the
phototrophy proportion in individual metabolism (ph, dimensionless). The latter has a value of 0 for hetero-
trophs, 1 for autotrophs, and a value between 0 and 1 for mixotrophs. The metabolic parameters y, a and € have a
range with a maximum and a minimum value as extreme values for each FN, depending on the specific metabo-
lism of each FN, which in turn is influenced by water temperature*. The proportions of flows to non-living nodes
(y) describing the fate of faeces, mortalities, and excreta also have a range.

The ordinal qualitative trophic links between FNs are ranked with four different values: 0, 1, 2, 3, represent-
ing no interaction, weak interaction, moderate interaction, and strong interaction, respectively (Table 2). These
values were determined based on expert knowledge of plankton trophic ecology.

Modelling approach
Plankton food webs were based on biomasses (B, as mg C m™) of plankton FNs and flows between them as daily
flows (mg Cm™d™).

Weighted plankton food webs have been developed that assume a balance between production, natural
mortality, and consumption by predators for each living node k:

bic- B = ) (o5 By DCyj) —myc = 0 )

where p is the production rate per biomass unit of FN k and B is its biomass. The first negative term is the sum
of the consumptions of predator j as the product of the predator’s biomass B;, its consumption rate per unit of
biomass a;, and the proportion of living prey in the predator’s diet (DCy ). The total number of FNs in the network
is n and my is the natural mortality of node k.

And for each non-living node d, a balance is established between flows to non-living nodes, consumption by
detritivores, exports and imports:

Zin:l [Yi,d - (g - - Bi + m,)] — Z::l (aj - Bj - DCd,j) —exq +img =0 )

where y, 4 is the proportion of flows from any node i to the non-living node d and ¢; is its unassimilated fraction
of biomass consumed. The first negative term is the sum of the consumptions of detritivores j as the product of
the predator’s biomass B;, their consumption rate per biomass unit a;, and the proportion of non-living nodes
in the diet of the predator (DCy;). The amount of export and import of node d are exy and im, respectively.

For each FN (i), production (P =y - B), consumption (Q=a - B), and unassimilated (UN=¢ - a - B) were
related to estimate respiration (R):

Ri = Qi — Pi - (1 — phy) — UN; (3)

where ph; is the phototrophy proportion of node i. Each time a trophic network met all conditions and con-
straints, it was accepted and the process began again until the ensemble of 1000 networks was reached. This
procedure was applied to both 2005 and 2007.

Randomly generated networks with a-posteriori validity check

The system of equations was applied using an iterative approach in which y, a, &, and y of each FN were randomly
sampled from their range. The values obtained for the proportions of flows to non-living nodes were transformed
so that the sum of proportions for each FN was equal to 1. Trophic links were transformed from ordinal qualita-
tive values to quantitative values by randomly drawing two boundaries between 0 and 1 for each consumer. We
constructed the matrix of the proportion of the diet (DC;;, with flows from prey i to predator j) as follows: ordinal
qualitative values equal to 1 were replaced by random values sampled from 0 and the first boundary; ordinal
qualitative values equal to 2 were replaced by random values sampled from the first and second boundaries; and
ordinal qualitative values equal to 3 were replaced by random values sampled from the second boundary and 1.
Finally, the values obtained were transformed so that the sum of proportions of trophic links for each consumer
was equal to 1. All samplings to determine the proportions of flows to non-living nodes, metabolic parameters,
and links were performed using a uniform distribution.

Equations (1) and (2) were used for all FNs of the food web to establish a system of algebraic linear equations
in which several parameters had a range (i, , €, and y) or were defined only in ordinal qualitative terms (DCj).
Other parameters such as natural mortality, exports, imports, respirations, and gross food conversion efficiency
were estimated using the previous parameters. Considering the range of parameters, the system of equations
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Small B (mg Cm™) pd? a(d™?) €
EN description Size (um) 2005 2007 2005 2007 2005 2007 2005 2007 ph
Pico-phyto- | Mainly Synechoc- " 0.912 (0.752; | 0.888 (0.752;
1 plankton occus spp. (P) 1.150 5.000 1.800 1.045) 1.039) 0.000 0.000 0.000 0.000 1.000
2 Amphoru Pennate diatoms 9.629* B 0.481 B 0.977 (0.819; | _ 0.000 B 0.000 1.000
exigua (B) 1.143)
Pennate dia- 1.427 (1.173;
3 Amphora sp. toms <20 pm (B) 5.907* - 1.424 - 1.652) - 0.000 - 0.000 1.000
4 SCpP;aetaceros (CPe)ntrlc diatoms 6.464% B 0583 B i.g;g)(l.w& B 0.000 B 0.000 1,000
Cocconeis Pennate diatoms . 0.940 (0.773;
5 scutellum (®) 10.904 - 1.714 - 1.075) - 0.000 - 0.000 1.000
Cylindrotheca | Pennate diatoms . 0.967 (0.809; | 1.158 (0.959;
6 closterium (B) 6.701 3.786 7.681 1.145) 1.257) 0.000 0.000 0.000 0.000 1.000
Halamphora | Pennate diatoms . 0.889 (0.737;
7 coffeacformis | (B) 12.291 - 1.501 - 1.006) - 0.000 - 0.000 1.000
Navicula Pennate diatoms " 1.171 (0.984; | 1.198 (0.998;
8 cryptocephala | (B) 7.257 0.534 0.243 1.378) 1.391) 0.000 0.000 0.000 0.000 1.000
. Pennate dia- 1.108 (0.909; | 1.099 (0.905;
9 Navicula spp. toms >20 ym (B) 8.094* 3.764 2.248 1.289) 1.286) 0.000 0.000 0.000 0.000 1.000
Nitzschia Pennate diatoms " 1.599 (1.354;
10 frustulum (B) 4.925 8.169 - 1.896) - 0.000 - 0.000 - 1.000
. . Pennate dia- 1.933 (1.596;
11 Nitzschia sp. toms <20 pm (B) 3.856* - 0.180 - 2.257) - 0.000 - 0.000 1.000
Psammodic- .
12 | tyon panduri- f;)““ate diatoms | 5 sg>e - 0.290 - }‘233)(1'194’ - 0.000 - 0.000 1.000
formis .
13 R_hoicosphe— Pennate diatoms 7376+ B 0235 B 1.205 (0.999; | _ 0.000 B 0.000 1.000
nia curvata (B) 1.397)
14 g;‘;l““””’m (CI;)'““C diatoms | g g7 5.194 8.892 }.ggg)(o.ssu i';‘;;)(o'g‘g; 0.000 0.000 0.000 0.000 1.000
Und. pennate .
15 | Fennate diatoms> 10 um | 6.765* - 0.386 - i.igg)(l.osz - 0.000 - 0.000 1.000
(B) ’
Phyto-nano- | Und. Cryptophy- " 1.107 (0.929; | 1.146 (0.952;
16 flagellates ceae (P) 4.579 3.569 0.248 1.305) 1.322) 0.000 0.000 0.000 0.000 1.000
Phyto-nano- | Nanoflagellates " 1.418 (1.194; | 1.464 (1.201;
17 flagellates ®) 3.000 8.668 2.233 1.650) 1.653) 0.000 0.000 0.000 0.000 1.000
Mixo-dino- | Dinoflagel- “ 0.846 (0.762; 1.739 (1.539;
18 | fagellates  |lata<20 um (B) |78 - 1.871 - 0.903) - 2.082) 0.010 0.500
Hetero-dino- | Dinoflagellata " 0.629 (0.567; 2.747 (2.515;
19 flagellates ®) 31.309 - 0.030 - 0.665) - 3.239) - 0.010 0.000
Ciliophora
Hetero- (Ciliata " 1.743 (1.461;
20 ciliates indet. < 20 um) 9.450 - 0.003 - 2.038) - 7.080 - 0.010 0.000
(B)
21 |Hetero- Ciliophora (Suc- | 36 6. - 0.007 - 0.735 - 3.525 - 0.010 0.000
ciliates toria indet.) (B)
95% auto
Mesodinium | ciliates (Cili- 0.760 (0.740; 0.081 (0.077;
22\ f rubrum ophora <20 pm) 9.450 - 0.005 - 0.796) - 0.086) - 0.010 0.950
(P)
Mesodinium | 95% auto ciliates . 0.761 (0.742; 0.082 (0.077;
23 cf. rubrum (Ciliophora) (P) 30.000 0.064 B 0.794) - 0.086) - 0.010 B 0.950
2 | bolemeh | Ciliophora ® |30000* |0011 |0029 0.778(0.675; | 0.785 (0.676; | 3.570 (2.898; | 2.697 (2.450; | ) 0.010 0.000
ciliates P : ) : 0.879) 0.892) 4.075) 3.261) : : :
Hetero-
. - 0.774 (0.664; 2.595 (2.446;
25 holotrich Ciliophora (B) 70.000* - 2.442 - I > - 0.010 0.000
ciliates 0.868) 2.917)
Hetero-
26 hypotrich Ciliophora (B) 55.560* 0.034 0.050 0.875 0.735 3.500 3.525 0.010 0.010 0.000
ciliates
. Hetero-chore-
a7 | Strombid- | ih ciliates | 45.430° - 2.071 - 1.102 (0.988; | _ 2474 (2.145; | 0.010 0.000
inopsis spp. (Ciliophora) (P) 1.296) 2.925)
L 30% mixo-
28 strombldldae oligotrich ciliates | 18.170* 0.118 0.003 1.291 (1.159; | 1.269 (1.117; | 2.286 (1.902; | 2.163 (1.820; 0.010 0.010 0.300
indet 8¢ 1.503) 1.503) 2.651) 2.567)
(Ciliophora) (P)
29 ?f;zrt(l?lch Giliophora (P) | 28.693* 1360 | 1.133 1.184 (1.078; | 1.199 (1.067; | 2.900 (2.457; | 2.633 (2.286; | 1, 0.010 0.000
Cli’hates P : : : 1.362) 1.404) 3.366) 3.076) - : :
Continued
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=5 -1 -1
Small B (mg Cm™) p(d a(d™) €
FN description Size (um) | 2005 2007 2005 2007 2005 2007 2005 2007 ph
. 30% mixo-
30 | Strombididac | 1o otrich ciliates | 45.050* - 0213 - 1.140 (0.97%; | _ 1936 (1.653; | _ 0.010 0.300
indet = 1.347) 2.235)
(Ciliophora) (P)
Strobilididae | Hietero-chore- 1.131 (0.980; 2.553 (2.1665
3| otrich ciliates | 45.430* - 0.150 - ) |- e B 0.010 0.000
(Ciliophora) (P) . R
. . Hetero-tintinnid
5y | Tintinnopsis | GRS S 19.700° 0.023 0.033 1.294 (1.0865 | 1.328 (1.130; | 5.564 (4.635; | 4.324 (3.890; | 0.0 0010 0,000
spp. 1.488) 1.531) 6.406) 5.258)
ophora) (P)
33 grfttlerll-rond Ciliophora (P) | 49.610* 0921 | 1.259 1.298 (1.103; | 1.345 (1.142; | 5.470 (4.522; | 4.175 (3.79L; | 0.010 0.000
' P : : : 1.462) 1.512) 6.327) 5.015) : - :
ciliates
Hetero-nano- . 0.883 (0.881; | 0.884 (0.881; | 1.779 (1.770; | 1.779 (1.769;
3 fagellates | ® 3.000 52730 | 21.600 0.887) 0.387) 1.789) 1.7%0) 0.010 0.010 0.000
Meroplank- | Metazoa (micro- " 0.985 (0.632; | 1.027 (0.675; | 3.666 (2.065; | 2.821 (1.795;
35 ion fraction) (P) 55.560 0.034 1 0.700 1.300) 1.328) 5.479) 3.825) 0.200 0.200 0.000
Copepods Metazoa (micro- " 1.118 (0.790; | 1.166 (0.802; | 4.449 (2.769; | 3.016 (2.014;
36 |juveniles | fraction) (P) 65.870 0.39 | 1.048 1.371) 1.400) 6.273) 4.033) 0.270 0.270 0.000
Copepods Metazoa (meso- 0.290 (0.216; | 0.333 (0.271; | 1.187 (0.720; | 0.877 (0.683;
37 | juveniles | fraction) (P) 450000 10570 10423 0.353) 0.379) 1.587) 1.208) 0.270 0.270 0.000
Penilia Metazoa (Clad- 1.095 (0.782; 4.929 (2.790; 0.426 (0.367;
38 | svirostris ocera) (P) 800.000 0.025 - 1.272) - 6.954) - 0.489) - 0.000
Evadne spp. | Metazoa (Clad- 1.107 (0.801; | 1.154 (0.873; | 5.235 (2.924; | 2.900 (2.210; | 0.422 (0.361; | 0.415 (0.357;
39| & Podon spp. | ocera) (P) 900.000 10003 10012 1.264) 1.303) 7.210) 4.332) 0.487) 0.478) 0.000
Paracalanus
Metazoa (Copep- 0.166 (0.107; | 0.119 (0.083; | 0.632 (0.378; | 0.311 (0.205; | 0.498 (0.472; | 0.493 (0.474;
40 | parvus oda) (P) 850.000 0045 10.059 0.219) 0.149) 0.927) 0.424) 0.523) 0.518) 0.000
complex
) Metazoa (Copep- 0.185 (0.133; | 0.135 (0.112; | (0.744; 0.355 (0.282; | 0.499 (0.476; | 0.490 (0.472;
41| Acartia spp. | 4.y (p) 891.000 2.195 0.801 0.220) 0.150) 1.028) 0.493) 0.525) 0.516) 0.000
Centropages | Metazoa (Copep- 0.174 (0.114; | 0.124 (0.085; | 0.663 (0.391; | 0.332 (0.222; | 0.501 (0.475; | 0.490 (0.471;
42 ponticus oda) (P) 744.000 0.071 0.045 0.219) 0.158) 0.928) 0.436) 0.526) 0.517) 0.000
. Metazoa 0.074 (0.060; | 0.071 (0.059; | 0.351 (0.236; | 0.190 (0.155; | 0.293 (0.268; | 0.296 (0.269;
43| Oithona spp. | (o qonoiday (p) | 675000 0002 0.001 0.085) 0.077) 0.472) 0.279) 0.322) 0.322) 0.000
. 0.032 (0.023; | 0.023 (0.017; | 0.190 (0.184; | 0.190 (0.185;
44 Carnivora Metazoa (P) 28,000.000 |0.704 0.666 0.007 0.007 0.041) 0.034) 0.195) 0.195) 0.000
Larvae of Meta-
zoa (Cirripedia, X '
45 |Meroplank- ) i opoda, 250000  |0.049 |- 0.363 (0.296; | _ 1763 (1199 | _ 0.200 - 0.000
ton 0.399) 2.269)
Polychaeta, and
Bivalvia) (P)
Larvae of Meta-
Meroplank- | zoa (Cirripedia 0.378 (0.321; 1.051 (0.831;
46 | and Gastrop. 250.000 - 0.016 - 0.406) - 1.497) - 0.200 0.000
oda) (P)
Decapods | Metazoa (mainly 0.113 (0.066; | 0.353 (0.292; | 0.340 (0.277; | 1.657 (1.201; | 0.901 (0.770;
47 |larvae Zoea) (P) 2044000 10169 ¢4 0.395) 0.391) 2.161) 1.236) 0200 0.200 0.000
Harpacti- 0.209 (0.147; | 0.178 (0.134; | 0.846 (0.516; | 0.743 (0.458; | 0.295 (0.268; | 0.293 (0.267;
48 oida Metazoa (B) 728000 10054 10025 0.251) 0.206) 1.220) 1.036) 0.323) 0.322) 0.000
49 | Bacteria Pico-hetero 1.150* 109.272 | 142.207 0.900 0.900 3.600 3.600 0.010 0.010 0.000
50 Isj‘erl‘l"‘eltlsfaecal Detritus <200.000 | 1.824 3.691 0.000 0.000 0.000 0.000 0.000 0.000 -
51 }E:ﬁ%ﬁfaml Detritus >200.000 |0.004 | 0.004 0.000 0.000 0.000 0.000 0.000 0.000 -
52 ga“?culate Detritus - 316534 | 330.632 0.000 0.000 0.000 0.000 0.000 0.000 -
etritus
53 dD‘SSF’l"ed Detritus - 5.026 4.163 0.000 0.000 0.000 0.000 0.000 0.000 -
etritus

Table 1. List of parameter values for simulations. Autotrophs, heterotrophs and mixotrophs have value of
ph equal to 1, 0, and between 0 and 1, respectively. Median of parameters (in brackets the first and the third
quartiles) estimated by the modelling approach are in bold, while the values that are not subject to change in
regular font. FN, functional node; *, equivalent sphere diameter (average); B, biomass; y, rate of production
per biomass unit; a, rate of consumption per biomass unit; €, unassimilated fraction of biomass consumed;
(P), pelagic; (B), benthic; ph, phototrophy proportion.

does not have a unique solution. To examine all potential parameter combinations when no relevant informa-
tion about parameter distributions is available, we randomly sampled them from a uniform distribution over
the specified ranges and analysed a posteriori the distribution of parameters for valid networks. The resulting
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Table 2. Ordinal qualitative interactions between functional nodes (FNs). Prey are in the rows and predators

moderate interaction, 3 = strong interaction. Empty cells represent

=weak interaction, 2=

are in the columns. 1
no interaction.
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networks were tested for ecological and thermodynamic realism based on a set of simple constraints to limit
respiration and gross food conversion efficiency.
Thus for each FN (i):

Ri=0 4
and for each consumer (j):
0.15 < GE; <05 (5)

where R; and GE; are respectively the respiration flow and gross food conversion efficiency**, the ratio of
heterotrophic production to consumption Pj - (1 — ph;)/Qj, of nodes i and j, respectively.

Indicators
A set of whole system indicators and the omnivory index, which provide information on the ecological char-
acteristics of food webs, were calculated (Table 3). Each indicator was calculated for the two studied plankton
networks to obtain a distribution of values with which statistical tests were performed for comparison.

For each of these indicators, the abbreviation, the formula and a brief description of its meaning are given.

Statistical analysis

Principal component analysis (PCA) was carried out on the consumption flows. Only the non-constant flows
shared by the food webs of the July of two years were selected, since they had a different number of nodes. Because
the value ranges of the variables were very different, these were shifted to be zero-centered and scaled to have
unit variance before analysis to avoid larger value variables dominating the PCA results. In analysing the PCA
results, the first 15 loadings, ranked by their relative importance to the first two principal components, were
considered to determine the FNs with the greatest contribution to the split of the simulations of the July of the
two years tested in terms of consumption flows.

Comparisons between 2005 and 2007 food webs and between pelagic and benthic primary production within
July of each year were made using Mood’s median test. The one-sample sign test was used to verify if the values
of relative ascendency were statistically different from a reference value of 0.4596°!. Non-parametric tests were
used because the assumptions for parametric ones were not met.

The entire modelling approach, including the calculation of indicators and statistical analyses, was developed
in R version 4.2.2% with RStudio version 2022.07.2 + 576%, using EnvStats®, DescTools*, and NetIn-
dices® packages versions 2.7.0, 0.99.47, and 1.4.4.1, respectively.

Results

Principal component analysis

PCA on the consumption flows shows that the first two principal components together account for 34.251% of
the total variance (Fig. 2a). The first 15 loadings, ranked by their relative importance for the first two principal
components, are shown in Fig. 2b. The consumption flows involving FN 28 (Strombididae) contribute most

Indicators

Abbreviation | Formula Brief description References

Relative ascendency

The proportion of the possible organisation that
is actually realised in a system. It can take values 5
between 0 (no efficiency and maximum resilience)
and 1 (maximum efficiency and no resilience)

T T..
Zé‘:ozl“if (Tu‘1°82 T, :J ¥ )
~Thos (Tytog, 7t

|

A/C

Relative internal ascendency

o The proportion of the possible organisation that is
S (T., log, l“’l ) actually realised, calculated on the basis of the system’s

AJ/C internal exchanges. It can take values between 0 (no
efficiency and maximum internal resilience) and 1

(maximum internal efficiency and no resilience)

Finn’s cycling index

™ [(17 0 ) ‘T‘] The fraction of the sum of flows that can be attributed
S L to cycling. It can range from 0 (no recycling) to 1 (all
SIS Ty
i=04j=1 74 matter/energy is recycled)

s
5

FCI

Ratio of detritivory to herbivory

The resource of the lowest trophic level is most used
by the consumers of the system: if the quotient is
. greater than 1, it means that the non-living nodes
D/H %:,71 itk Ty are consumed more than the primary producers; if it | 45
SO i (Ti-phy) is less than 1, the primary producers are consumed

more; while if the quotient is about 1, the non-living
nodes and the primary producers are consumed to a
similar extent

tion

Ratio of primary production to community respira- PP/R po ,SP"ph‘)

In the early stages of an ecological succession it is
higher or lower than 1, while in the mature stages it

iR is about 1

Omnivory index

The variance of trophic levels of a consumer’s prey. If

o1 n 2 the consumer feeds on many trophic levels, it takes on | 5,
Zi:l { [TLi - (TLJ - 1)} : Dcii} a large value, whereas if the consumer is specialized,

it takes on 0

Table 3. Indicators for the study of the networks of the Venice Lagoon.
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a PCA on the consumption flows
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Figure 2. Principal component analysis. The plot was created using the ggplot2* and ggpubr>® packages,
versions 3.4.0 and 0.6.0, respectively, for R*. (a) The first two principal components are given and together
account for 34.251% of the total variance. (b) The first 15 loadings ranked by their relative importance to the
first two principal components, are given. The consumption flows involving FN 28 (Strombididae) contribute
most to the first principal component, while those involving FN 39 (Evadne spp. and Podon spp.) contribute
most to the second principal component. "Q" indicates the consumption flow moving from the prey (the first
number in brackets) to the predator (the second number).

to the first principal component, while the consumption flows involving FN 39 (Evadne spp. and Podon spp.)
contribute most to the second principal component.

Shifting topological roles in key functional nodes

The results show that consumers with the phototrophy proportion greater than or equal to 0.5 have higher
OI values, namely mixo-dinoflagellates and Mesodinium cf. rubrum (FNs 18, 22, and 23). On the other hand,
exclusive detritivores, namely Harpacticoida and Bacteria (FNs 48 and 49, respectively), have the lowest value,
i.e,, zero (Fig. 3).

Output structure of the models
The iterative process to develop ecological networks using the input data sets (and ranges) on plankton com-
munities in the Venice Lagoon for the July of 2005 and 2007 resulted in 1000 meaningful networks for each year.
These valid networks result from a random selection of parameters within the ranges and do not lead to unreal-
istic ecological processes (such as unrealistic respiration, mortality, etc.). The first, second, and third quartiles,
listed in Table 1, are used to describe the results of the parameters since they do not have a normal distribution.
The median primary production of pelagic and benthic nodes was respectively 20.890 and 27.144 mg C m™?
d™! for 2005, and 6.373 and 28.347 mg C m™> d™! for 2007. Mood’s median test between pelagic and benthic pri-
mary production was highly significant in July of each year (the p-value was 0 in July of both years and the value
of the z-statistic was —31.029 for 2005 and —44.710 for 2007). The results of Mood’s median test for total imports
to undissolved detritus and for parameters related to FNs 28 (Strombididae) and 39 (Evadne spp. and Podon spp.)
between 2005 and 2007 are shown in Table 4. Compared to 2005, total imports to undissolved detritus (FNs 50,
51, 52) increased in 2007, OI and percent consumption of FN 28 prey that can provide "domesticable" plastids,
i.e., phyto-nanoflagellates, mixo-dinoflagellates, and Mesodinium cf. rubrum smaller than 20 um®’, which are
FN 16, 17, 18, and 22, decreased in the diet of FN 28, while the production rate per biomass unit and OI of FN
39 remained the same.
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Figure 3. Violin plot of the omnivory index (OI) for each consumer in July in each year (2005 and 2007). Each

violin was plotted to have the same maximum width, but if there is only one violin in a year, it has twice the
maximum width. The plot was created using the ggplot2 package® version 3.4.0 for R*.

Variable z p value 2005 Median | 2007 Median
Import to undissolved detritus (mg Cm=d") -40.776 |0 205.379 258.444
pof FN 28 (d™) 0.894 0.371 1.291 1.269
Q of FN 28 prey that can provide “domesticable” plastids (%) | 37.825 0 22.184 17.474
OI of FN 28 34.429 0 0.597 0.412
OI of FN 39 1.341 0.180 0.547 0.541
A/C -5.097 3.452:1077 0.435 0.437
AJC, 44442 |0 0.419 0.384
FCI -39971 |0 0.061 0.088
D/H 34.606 0 34.778 25.564
PP/R 44.710 0 0.139 0.083

Table 4. The results of all comparisons between 2005 and 2007 are given. “z” is the value of Mood’s median
test. y, production rate per biomass unit; FN, functional node; Q, consumption; OI, omnivory index; A/C,
relative ascendency; A;/C,, relative internal ascendency; FCI, Finn’s cycling index; D/H, ratio of detritivory to
herbivory; PPR, ratio of primary production to community respiration.

Whole system indicators

The results of the comparison of each whole system indicator between the July of 2005 and 2007, calculated
using Mood’s median test, are shown in Table 4. For each whole system indicator, the test revealed significant
statistical differences between July of each year. Median values of Finn’s cycling index and relative ascendency
increased over time, while median values of relative internal ascendency, detritivory to herbivory ratio, and
primary production to community respiration ratio decreased. The distributions of some whole system indica-
tors are shown in Fig. 4.

Discussion

This study focused on modelling summer plankton food webs in one of the most important transitional ecosys-
tems of the Mediterranean, the Venice Lagoon. The structure of the plankton food web was numerically derived in
July 2005 and 2007 based on experimental data. In this ecosystem, the plankton community is highly influenced
by a mixed control mechanism that depends mainly on tidal conditions affecting salinity and nutrient gradients,
but also on anthropogenic influences?*, that may limit the approach used. Nonetheless, the choice of the same
month and the sampling carried out during the neap tide seem to have minimized the environmental variability,
which is supported by the fact that the whole system indicators associated with the networks of July of the two
years largely converge despite the differences in the composition and abundance of the FNs.
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Figure 4. Histograms of some whole system indicators for July of the two years (2005 and 2007): relative
internal ascendency (A;/C,), ratio of detritivory to herbivory (D/H), Finn’s cycling index (FCI), and ratio of
primary production to community respiration (PP/R). Graphs were generated using the ggplot2 package®
version 3.4.0 for R*.

The results show that the consumption flows involving FNs 28 and 39 were the most important in differentiat-
ing the food webs of the two years. These FNs are mixotrophic ciliates (Strombididae, unicellular facultative mixo-
trophs) and Cladocera (i.e., Evadne spp. and Podon spp., fast-growing metazoans), respectively. Strombididae feed
on small unicellular organisms belonging to the pico- and nanoplankton, of which some photosynthetic ones
are retained as plastids for photosynthesis, while the heterotrophic ones are digested for energy production®.
Hence, Strombididae are called generalist non-constitutive mixotrophs®. In 2007, there was a greater diversity
of autotrophic prey of FN 28 (Strombididae), resulting in a decrease in OI compared to 2005. However, the
percent consumption of its prey that provide "domesticable" plastids”’, i.e., phyto-nanoflagellates (FNs 16 and
17), mixo-dinoflagellates (FN 18), and Mesodinium cf. rubrum smaller than 20 um (FN 22), decreased and its
production rate per biomass unit did not change in July of the two years (Table 4). The combination of these
factors may indicate a more heterotrophic behaviour of Strombididae in 2007 by increasing predation on other,
more abundant, unicellular prey such as Bacteria (FN 49) or hetero-nanoflagellates (FN 34) (Table 1).

In 2007, even hetero-nanoflagellates were an important food for some metazoans (Table 2), such as Evadne
spp. and Podon spp. (FN 39), whose biomass increased by an order of magnitude in 2007 (Table 1). Cladocer-
ans are organisms with an affinity for marine and coastal waters and hardly reside in the interior of the Venice
Lagoon®*, but under certain tidal conditions, incoming marine waters cause them to extend into more interior
areas of the lagoon®, such as Palude della Rosa. Cladocerans are strongly influenced by the seasonality and
spatial variability of environmental conditions®, thus parthenogenesis allows them to respond very quickly to
environmental changes®’. Their higher growth rates, compared to other planktonic crustaceans, must be sustained
by higher consumption rates of prey whose abundance is more stable over time®!, such as picoplankton®* (size
between 0.2 and 2 pum??). This ability to respond rapidly to environmental variability was also evident in our study.
In fact, a greater number of FNs, with a lower abundance (Table 1), fulfilled the function of primary producers
in 2007. Thus Evadne spp. and Podon spp. (FN 39) doubled the number of prey, from 16 in 2005 to 32 in 2007, to
maintain their high growth rate, while their OI remained constant (Table 4). Although the abundance of these
crustaceans was very low (Table 1), their presence under certain conditions may reveal structural and functional
changes already observed in other coastal planktonic food webs!.

Despite differences in community composition, due to interannual population fluctuations typical of tran-
sitional environments such as coastal lagoons®***, whole system indicators show very similar results for the
planktonic food web for July of both years. In our models, an inverse trend is observed between FCI and A;/C;,
with median FCI higher and median A;/C; lower in 2007 than in 2005 (Table 4). Although FCI is considered an
indicator of system maturity®’, it can be used in conjunction with other whole system indicators, such as A/C,,
to assess whether or not the system is stressed*®. Although FCI is a partial measure of recycling in networks®,
it is used here to compare results with other studies. However, the use of a whole system indicator that provides
more accurate information about recycling within the system, such as the comprehensive cycling index®, is
strongly recommended for future studies.

Our results indicate a significant increase in total import to the undissolved detritus (FNs 50, 51, and 52)
from 2005 to 2007 (Table 4), which is confirmed by sampling of their total biomass, which increased from
318.362 in 2005 to 334.327 mg C m™ in 2007 (Table 1). This led to a progressive increase of stress in the system,
which increased matter/energy recycling and, consequently, FCI®. At the same time, A;/C; decreased so that
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resilience increased and the system could cope with the perturbation®. The efficiency associated with internal
flows decreased so that the system became more dependent on external flows*®. Systems with lower A;/C; ratios
are more resilient because they have higher redundancy in trophic pathways, which allows them to recover dis-
rupted ones*®. However, systems with lower A;/C,; ratios are not resistant because they have low internal stability,
which makes them more susceptible to external influences that can alter their configuration®.

In our models, A/C increased even if A;/C; decreased over time, so overall efficiency increased even if internal
efficiency decreased. The A/C median values below 0.5 in July of both years indicate that the overall resilience
of the system under study was greater than its overall efficiency®. In particular, for ecological networks, an A/C
value of 0.4596 has been suggested as optimal®! to represent two opposing trends in a system development, effi-
ciency and resilience®. The A/C medians are statistically lower than the optimum, suggesting that the system
likely increased its resilience at the expense of its efficiency to cope with the source of stress. This tendency of A/C
is similar to eutrophication® but the enrichment comes from organic matter rather than nutrients. The system
should have increased its efficiency to improve its sustainability (robustness) in the long term®".

The Venice Lagoon is an ecosystem exposed to various natural and anthropogenic influences®. In par-
ticular, during the first decade of the 2000s, several factors led to the resuspension of sediments: dredging
of new large channels, increasing number and speed of boats®, lower stabilisation of sediments due to the
decline of seagrass’®”!, and widespread use of mechanical fishing gears for harvesting Manila clams (Ruditapes
philippinarum)”7%,

Sediment resuspension led to an increase in water turbidity and consequently to a decrease in phytoplankton®'.
In this regard, chlorophyll a, which is a proxy for phytoplankton biomass, showed a decreasing trend from 2001
to 20072, Our work also showed that the PP/R values were well below 1 in July of both years, suggesting that
sediment resuspension simultaneously inhibited primary producers due to turbidity and favoured detritivores
due to the increase in organic carbon content in the water column’. As a result, community respiration increased
(respiration of Bacteria, FN 49, has medians of 84.187 and 90.905% of community respiration in 2005 and 2007,
respectively). Similarly, hetero-nanoflagellates (FN 34), which fed primarily on Bacteria (Table 2), seemed to
benefit from this condition, contributing to a significant increase in community respiration (median values of
13.367 and 4.537% of community respiration in 2005 and 2007, respectively). Among the mesozooplanktonic
FNs, which are between 200 and 20,000 pm in size??, a similar reasoning could be applied to Acartia spp. (FN
41), as in both years their biomass alone was greater than the median of the sum of the other mesozooplanktonic
FNs (Table 1).

In the Venice Lagoon, intense sediment resuspension from Manila clam harvesting was a source of stress”
that acted like an external press perturbation’ on the system. In particular, our results confirm that detrital
resuspension was a necessary component for the Venice Lagoon ecosystem”>7°. In fact, our models estimate a
mandatory import to non-living nodes to maintain detritivore consumption. The very high values of D/H make
it clear that non-living nodes were the most utilised resource at the lowest trophic level. Nevertheless, only 4 FNs
performed the detritivore function (Table 2): Acartia spp. (FN 41), Oithona spp. (FN 43), Harpacticoida (FN 48),
and Bacteria (FN 49). Of these, Bacteria benefited the most from this condition'’, because in both years their
biomass alone was higher than the sum of the other FNs, making the decomposition processes significant®.
Thanks to sediment resuspension, heterotrophic Bacteria were able to maintain high densities even when the
carbon source of dead phytoplankton was insufficient to sustain them!”. In addition, Bacteria that thrived on
detritus could strongly influence the food web, as Bacteria are intensively consumed by Protozoa, which in turn
were eaten by higher trophic levels'. Since the average depth of Palude della Rosa is about 0.5 m*, there is a
close coupling between the benthic and pelagic environments®, so sediment resuspension has profoundly altered
the ecosystem, not only because of greater resources for detritivores’, but also because of the resuspension of
benthic FNs'*1. These accounted for most of the total primary production, especially in 2007 when the primary
production of benthic FNs was more than three times that of pelagic FNs (Table 1).

A hypothetical persistence of conditions, such as those highlighted in our work, would inevitably have impli-
cations for the population dynamics of consumers at higher trophic levels, and thus for the structure and func-
tioning of entire food webs””~7°. In fact, a sharp decline in the abundance of fish feeding on plankton was observed
in the Venice Lagoon landings from 1995 to 2001, with a decrease in the ratio between pelagic and demersal
fishes that showed a value of less than 1, as well as an effect of the rapid decline of higher level consumers®. This
phenomenon might appear to be overfishing, but instead it was due to the direct and indirect impact of Manila
clam harvesting on the entire ecosystem®.

The approach used in this study proved to be a valid tool for capturing and interpreting the major forces
affecting aquatic food web dynamics at two different time points even in highly dynamic environments. How-
ever, the application of this network approach to consecutive plankton samples in time and space is necessary
in the future to link them to possible interpretations or predictions of future scenarios. With the latter in mind,
and measures to identify tools to mitigate and possibly prevent the various sources of impact, the idea was to
capture the driving forces of change in lagoon planktonic communities by placing them in the context of the
various pressures to which they may be exposed. The results confirm that the plankton community can serve to
assess the health of the whole ecosystem’?, as it provided results comparable to those of other studies on high
trophic level networks. Indeed, we demonstrated that sediment resuspension was a source of stress’* on which
the system was highly dependent’”$, and that the system increased its resilience at the expense of its efficiency
in coping with the perturbation® moving away from its optimum of robustness®'.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information file).

Scientific Reports |

(2023) 13:16683 | https://doi.org/10.1038/s41598-023-43738-y nature portfolio



www.nature.com/scientificreports/

Received: 10 July 2023; Accepted: 27 September 2023
Published online: 04 October 2023

References
1. Abreu, A. et al. Priorities for ocean microbiome research. Nat. Microbiol. 7, 937-947 (2022).
2. D’Alelio, D. The plankton food-web role in the oceans. In Encyclopedia of Water: Science, Technology, and Society (ed. Maurice, P.
A) 1-15 (Wiley, 2019).
3. Bernardi Aubry, E. et al. Plankton communities in the northern Adriatic Sea: Patterns and changes over the last 30 years. Estuar.
Coast. Shelf Sci. 115, 125-137 (2012).
4. Sarker, S. et al. Rising temperature and marine plankton community dynamics: Is warming bad?. Ecol. Complex. 43, 100857 (2020).
5. Afonina, E. Y. & Tashlykova, N. A. Plankton of saline lakes in Southeastern Transbaikalia: Transformation and environmental
factors. Contemp. Probl. Ecol. 12, 155-170 (2019).
6. Flynn, K. J. et al. Ocean acidification with (de)eutrophication will alter future phytoplankton growth and succession. Proc. R. Soc.
B Biol. Sci. 282, 20142604 (2015).
7. Liu, L., Zhang, D., Lv, H., Yu, X. & Yang, J. Plankton communities along a subtropical urban river (Houxi River, southeast China)
as revealed by morphological and molecular methods. J. Freshw. Ecol. 28, 99-112 (2013).
8. Zhang, H. et al. Freshwater lake ecosystem health assessment and its response to pollution stresses based on planktonic index of
biotic integrity. Environ. Sci. Pollut. Res. 26, 35240-35252 (2019).
9. Hemraj, D. A., Hossain, M. A,, Ye, Q, Qin, J. G. & Leterme, S. C. Plankton bioindicators of environmental conditions in coastal
lagoons. Estuar. Coast. Shelf Sci. 184, 102-114 (2017).
10. D’Alelio, D., Libralato, S., Wyatt, T. & Ribera d’Alcala, M. Ecological-network models link diversity, structure and function in the
plankton food-web. Sci. Rep. 6, 21806 (2016).
11. Acri, E et al. Plankton communities and nutrients in the Venice Lagoon. J. Mar. Syst. 51, 321-329 (2004).
12. Nakane, T., Nakaka, K., Bouman, H. & Platt, T. Environmental control of short-term variation in the plankton community of inner
Tokyo Bay, Japan. Estuar. Coast. Shelf Sci. 78, 796-810 (2008).
13. Glibert, P. M. & Mitra, A. From webs, loops, shunts, and pumps to microbial multitasking: Evolving concepts of marine microbial
ecology, the mixoplankton paradigm, and implications for a future ocean. Limnol. Oceanogr. 67, 585-597 (2022).
14. D’Alelio, D., Hay Mele, B., Libralato, S., Ribera d’Alcala, M. & Jordén, E. Rewiring and indirect effects underpin modularity reshuf-
fling in a marine food web under environmental shifts. Ecol. Evol. 9, 11631-11646 (2019).
15. Acri, E. et al. Variazioni ad alta frequenza dei parametri idrobiologici nella Laguna di Venezia. Atti della Soc. Ital. di Ecol. 16, 31-34
(1995).
16. Solidoro, C., Pastres, R., Cossarini, G. & Ciavatta, S. Seasonal and spatial variability of water quality parameters in the lagoon of
Venice. J. Mar. Syst. 51, 7-18 (2004).
17. Cotner, J. B., Johengen, T. H. & Biddanda, B. A. Intense winter heterotrophic production stimulated by benthic resuspension.
Limnol. Oceanogr. 45, 1672-1676 (2000).
18. Prairie, J. C., Sutherland, K. R., Nickols, K. J. & Kaltenberg, A. M. Biophysical interactions in the plankton: A cross-scale review.
Limnol. Oceanogr. Fluids Environ. 2, 121-145 (2012).
19. Reid, P. C, Battle, E. J. V., Batten, S. D. & Brander, K. M. Impacts of fisheries on plankton community structure. ICES J. Mar. Sci.
57, 495-502 (2000).
20. Hewitt, J. E., Ellis, J. I. & Thrush, S. E Multiple stressors, nonlinear effects and the implications of climate change impacts on marine
coastal ecosystems. Glob. Change Biol. 22, 2665-2675 (2016).
21. Bernardi Aubry, E, Acri, F, Bianchi, F. & Pugnetti, A. Looking for patterns in the phytoplankton community of the Mediterranean
microtidal Venice Lagoon: Evidence from ten years of observations. Sci. Mar. 77, 47-60 (2013).
22. Sieburth, J. M., Smetacek, V. & Lenz, J. Pelagic ecosystem structure: Heterotrophic compartments of the plankton and their rela-
tionship to plankton size fractions. Limnol. Oceanogr. 23, 1256-1263 (1978).
23. Camatti, E. ef al. Analisi dei popolamenti zooplanctonici nella laguna di Venezia dal 1975 al 2004. Biol. Mar. Mediterr. 13, 46-53
(2006).
24. Malavasi, S. et al. Fish assemblages of Venice Lagoon shallow waters: An analysis based on species, families and functional guilds.
J. Mar. Syst. 51, 19-31 (2004).
25. Bernardi Aubry, E. et al. Phytoplankton morphological traits in a nutrient-enriched, turbulent Mediterranean microtidal lagoon.
J. Plankton Res. 39, 564-576 (2017).
26. Pansera, M., Camatti, E., Schroeder, A., Zagami, G. & Bergamasco, A. The non-indigenous Oithona davisae in a Mediterranean
transitional environment: Coexistence patterns with competing species. Sci. Rep. 11, 8341 (2021).
27. Schroeder, A., Camatti, E., Pansera, M. & Pallavicini, A. Feeding pressure on meroplankton by the invasive ctenophore Mnemiopsis
leidyi. Biol. Invasions https://doi.org/10.1007/s10530-023-03023-5 (2023).
28. Morabito, G. et al. Plankton dynamics across the freshwater, transitional and marine research sites of the LTER-Italy Network.
Patterns, fluctuations, drivers. Sci. Total Environ. 627, 373-387 (2018).
29. Solidoro, C. et al. Response of the Venice Lagoon ecosystem to natural and anthropogenic pressures over the last 50 years. In
Coastal Lagoons: Critical Habitats of Environmental Change (eds Kennish, M. J. & Paerl, H. W.) 483-511 (CRC Press, 2010).
30. Camatti, E. et al. IT16-M Laguna di Venezia. In La Rete Italiana per la Ricerca Ecologica di Lungo Termine. Lo studio della biodi-
versitd e dei cambiamenti (eds Lucilla, C. et al.) 531-553 (Zenodo, 2021).
31. Facca, C, Sfriso, A. & Socal, G. Changes in abundance and composition of phytoplankton and microphytobenthos due to increased
sediment fluxes in the Venice Lagoon, Italy. Estuar. Coast. Shelf Sci. 54, 773-792 (2002).
32. Schroeder, A. et al. DNA metabarcoding and morphological analysis—Assessment of zooplankton biodiversity in transitional
waters. Mar. Environ. Res. 160, 104946 (2020).
33. Sfriso, A., Marcomini, A., Pavoni, B. & Orio, A. A. Species composition, biomass, and net primary production in shallow coastal
waters: The Venice lagoon. Bioresour. Technol. 44, 235-249 (1993).
34. Zitelli, A., Bergamasco, A. A., Zampato, L., Umgiesser, G. & Bergamasco, A. Analysis of the hydrodynamical and physico-chemical
behaviour of a natural wetland in the Lagoon of Venice. WIT Trans. Ecol. Environ. 18, 341-349 (1998).
35. Pebesma, E. Simple features for R: Standardized support for spatial vector data. R J. 10, 439-446 (2018).
36. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag, 2016).
37. Santos Baquero, O. ggsn: North Symbols and Scale Bars for Maps Created with ‘ggplot2’ or ‘ggmap’ (2019).
38. R Core Team. R: A Language and Environment for Statistical Computing (2022).
39. Pugnetti, A. et al. Changes in biomass structure and trophic status of the plankton communities in a highly dynamic ecosystem
(Gulf of Venice, Northern Adriatic Sea). Mar. Ecol. 29, 367-374 (2008).
40. DAlelio, D. et al. Plankton food-webs: To what extent can they be simplified?. Adv. Oceanogr. Limnol. 7, 67-92 (2016).
41. Voltolina, D. The phytoplankton of the lagoon of Venice: November 1971-November 1972. Pubbl. della Stn. Zool. di Napoli 39,
206-340 (1975).
42. Christensen, V. A model of throphic interactions in the North Sea in 1981, the Year of the Stomach. Dana 11, 1-28 (1995).
43. Christensen, V., Walters, C. J. & Pauly, D. Ecopath with Ecosim: A User’s Guide (University of British Columbia, 2005).

Scientific Reports |

(2023) 13:16683 | https://doi.org/10.1038/s41598-023-43738-y nature portfolio


https://doi.org/10.1007/s10530-023-03023-5

www.nature.com/scientificreports/

44,

45.
46.

47.
48.
. Odum, E. P. The strategy of ecosystem development. Science 164, 262-270 (1969).
50.

Kwangkhang, W., Jutagate, A., Saowakoon, S. & Jutagate, T. Trophic interactions and energy flows in ponds used for culture-based
fisheries, with emphasis on giant freshwater prawn. Agric. Nat. Resour. 53, 274-282 (2019).

Ulanowicz, R. E. Growth and Development (Springer, New York, 1986).

Baird, D., McGlade, J. M. & Ulanowicz, R. E. The comparative ecology of six marine ecosystems. Philos. Trans. R. Soc. Lond. Ser.
B Biol. Sci. 333, 15-29 (1991).

Finn, J. T. Measures of ecosystem structure and function derived from analysis of flows. J. Theor. Biol. 56, 363-380 (1976).
Ulanowicz, R. E. & Kay, J. J. A package for the analysis of ecosystem flow networks. Environ. Softw. 6, 131-142 (1991).

Christensen, V. & Pauly, D. ECOPATH II—a software for balancing steady-state ecosystem models and calculating network char-
acteristics. Ecol. Model. 61, 169-185 (1992).

51. Ulanowicz, R. E., Goerner, S. ], Lietaer, B. & Gomez, R. Quantifying sustainability: Resilience, efficiency and the return of infor-
mation theory. Ecol. Complex. 6, 27-36 (2009).

52. RStudio Team. RStudio: Integrated Development Environment for R (2022).

53. Millard, S. P. EnvStats: An R Package for Environmental Statistics (Springer, New York, 2013). https://doi.org/10.1007/
978-1-4614-8456-1.

54. Signorell, A. et al. DescTools: Tools for Descriptive Statistics (2022).

55. Kones, J. K., Soetaert, K., van Oevelen, D. & Owino, J. O. Are network indices robust indicators of food web functioning? A Monte
Carlo approach. Ecol. Model. 220, 370-382 (2009).

56. Kassambara, A. ggpubr: ‘ggplot2’ Based Publication Ready Plots (2023).

57. Stoecker, D. K., Johnson, M. D., de Vargas, C. & Not, E. Acquired phototrophy in aquatic protists. Aquat. Microb. Ecol. 57,279-310
(2009).

58. Mitra, A. et al. Defining planktonic protist functional groups on mechanisms for energy and nutrient acquisition: Incorporation
of diverse mixotrophic strategies. Protist 167, 106-120 (2016).

59. Sorokin, P. Y., Sorokin, Y. I., Zakuskina, O. Y. & Ravagnan, G. On the changing ecology of Venice lagoon. Hydrobiologia 487, 1-18
(2002).

60. Gillooly, J. E & Dodson, S. I. Latitudinal patterns in the size distribution and seasonal dynamics of new world, freshwater clad-
ocerans. Limnol. Oceanogr. 45, 22—-30 (2000).

61. Atienza, D., Calbet, A., Saiz, E. & Lopes, R. M. Ecological success of the cladoceran Penilia avirostris in the marine environment:
Feeding performance, gross growth efficiencies and life history. Mar. Biol. 151, 1385-1396 (2007).

62. Atienza, D,, Saiz, E. & Calbet, A. Feeding ecology of the marine cladoceran Penilia avirostris: Natural diet, prey selectivity and
daily ration. Mar. Ecol. Prog. Ser. 315, 211-220 (2006).

63. Srichandan, S. et al. Interannual and cyclone-driven variability in phytoplankton communities of a tropical coastal lagoon. Mar.
Pollut. Bull. 101, 39-52 (2015).

64. Barbosa, A. B. Seasonal and interannual variability of planktonic microbes in a Mesotidal Coastal Lagoon (Ria Formosa, SE
Portugal): Impact of climatic changes and local human influences. In Coastal Lagoons: Critical Habitats of Environmental Change
(eds. Kennish, M. J. & Paerl, H. W.) 335-366. https://doi.org/10.1201/EBK1420088304-c14(2010).

65. Allesina, S. & Ulanowicz, R. E. Cycling in ecological networks: Finn’s index revisited. Comput. Biol. Chem. 28, 227-233 (2004).

66. Ulanowicz, R. E. Community measures of marine food networks and their possible applications. In Flows of Energy and Materials
in Marine Ecosystems (ed. Fasham, M. J. R.) 23-47 (Springer, 1984).

67. Ulanowicz, R. E. A phenomenological perspective of ecological development. In Aquatic Toxicology and Environmental Fate: Ninth
Volume (eds Poston, T. M. & Purdy, R.) 73-81 (ASTM International, 1986).

68. Bianchi, F. et al. Can plankton communities be considered as bio-indicators of water quality in the Lagoon of Venice?. Mar. Pollut.
Bull. 46, 964-971 (2003).

69. Sarretta, A., Pillon, S., Molinaroli, E., Guerzoni, S. & Fontolan, G. Sediment budget in the Lagoon of Venice, Italy. Cont. Shelf Res.
30, 934-949 (2010).

70. Marani, M., D’Alpaos, A., Lanzoni, S., Carniello, L. & Rinaldo, A. Biologically-controlled multiple equilibria of tidal landforms
and the fate of the Venice lagoon. Geophys. Res. Lett. 34, 111402 (2007).

71. Sfriso, A., Facca, C. & Marcomini, A. Sedimentation rates and erosion processes in the lagoon of Venice. Environ. Int. 31, 983-992
(2005).

72. Pranovi, E, Da Ponte, F, Raicevich, S. & Giovanardi, O. A multidisciplinary study of the immediate effects of mechanical clam
harvesting in the Venice Lagoon. ICES J. Mar. Sci. 61, 43-52 (2004).

73. Pranovi, E. & Giovanardi, O. The impact of hydraulic dredging for short-necked clams, Tapes spp., on an infaunal community in
the lagoon of Venice. Sci. Mar. 58, 345-353 (1994).

74. Bender, E. A,, Case, T. ]. & Gilpin, M. E. Perturbation experiments in community ecology: Theory and practice. Ecology 65, 1-13
(1984).

75. Libralato, S. et al. Comparison between the energy flow networks of two habitats in the Venice Lagoon. Mar. Ecol. 23, 228-236
(2002).

76. Carrer, S. & Opitz, S. Trophic network model of a shallow water area in the northern part of the Lagoon of Venice. Ecol. Model.
124, 193-219 (1999).

77. Saba, G. K. et al. Winter and spring controls on the summer food web of the coastal West Antarctic Peninsula. Nat. Commun. 5,
4318 (2014).

78. Kauhala, K., Korpinen, S., Lehtiniemi, M. & Raitaniemi, J. Reproductive rate of a top predator, the grey seal, as an indicator of the
changes in the Baltic food web. Ecol. Indic. 102, 693-703 (2019).

79. Frederiksen, M., Edwards, M., Richardson, A. J., Halliday, N. C. & Wanless, S. From plankton to top predators: Bottom-up control
of a marine food web across four trophic levels. J. Anim. Ecol. 75, 1259-1268 (2006).

80. Libralato, S. et al. Ecological stages of the Venice Lagoon analysed using landing time series data. J. Mar. Syst. 51, 331-344 (2004).

Acknowledgements

ML, D.D’A and SL received funding from the European Union’s Horizon 2020 research and innovation pro-
gramme as part of the AtlantECO project under grant agreement No 862923. This output reflects only the
author’s view and the European Union cannot be held responsible for any use that may be made of the informa-
tion contained therein. This research was partially supported by the CORILA (Consortium for Coordination
of Research Activities Concerning the Venice Lagoon System) II Research Programme (2004-2006). We thank
Karolina Czechowska, Elisa Donati, and Diego Panzeri for comments on the draft version of this work.

Author contributions
M.L. developed the modelling approach, performed statistical analysis, analysed results and wrote the initial
draft of the paper. E.C., EB.A., A.B. sampled plankton, discussed results and contributed to writing the paper.

Scientific Reports|  (2023) 13:16683 | https://doi.org/10.1038/s41598-023-43738-y nature portfolio


https://doi.org/10.1007/978-1-4614-8456-1
https://doi.org/10.1007/978-1-4614-8456-1
https://doi.org/10.1201/EBK1420088304-c14

www.nature.com/scientificreports/

D.D’A. transformed plankton data into network initial inputs, discussed results and contributed to writing the
paper. S.L. provided the funds, designed the research, supervised the modelling approach and statistical analysis,
analysed and discussed results and contributed to writing the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-43738-y.

Correspondence and requests for materials should be addressed to S.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:16683 | https://doi.org/10.1038/s41598-023-43738-y nature portfolio


https://doi.org/10.1038/s41598-023-43738-y
https://doi.org/10.1038/s41598-023-43738-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Planktonic ecological networks support quantification of changes in ecosystem health and functioning
	Materials and methods
	Study area
	Data
	Structure of the plankton networks
	Modelling approach
	Randomly generated networks with a-posteriori validity check
	Indicators
	Statistical analysis

	Results
	Principal component analysis
	Shifting topological roles in key functional nodes
	Output structure of the models
	Whole system indicators

	Discussion
	References
	Acknowledgements


