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The mechanisms responsible for the development of various structural and functional
features of the microbial food web (MFW) and their dynamics at spatial and temporal
scales, which are important for predicting their responses to future environmental
changes, are largely unknown. More than 3000 datasets of environmental and microbial
variables collected over a decade on a seasonal and large spatial scale in the Adriatic
Sea were analyzed. The sets of environmental variables were classified into four
clusters (representing different environmental states) using Neural Gas analysis and the
differences in MFW structure between the clusters were analyzed. Different variants of
MFW evolve in the different clusters in terms of the abundance of MFW components,
their ratios, growth and grazing rates, predator preference in prey selection, the strength
of predator-prey interaction, and the relative importance of top-down and bottom-up
control. However, these clusters are neither spatially nor temporally fixed; rather, the
area studied represents a mosaic of different environmental conditions that alternate
from one state to another on a time scale. In each of the environmental states, a distinct
structure of MFW develops that shows consistent and repeatable changes that strictly
follow the switching in environmental conditions from one state to another.

Keywords: microbial food web structure, environmental condition, limitation by nutrients, temperature, Neural
Gas analysis, Adriatic Sea

INTRODUCTION

Heterotrophic picoplankton (HPP), mainly heterotrophic bacteria (HB) and autotrophic
picoplankton (APP) which include prokaryotic cyanobacteria Prochlorococcus (PROC) and
Synechococcus (SYN), and pico-eukaryotic algae (PE) constitute the main components of the
marine picoplankton community (PP) (Magazzti and Decembrini, 1995; Zubkov et al., 2000), which
together with the major protist predators, heterotrophic nanoflagellates (HNF) and ciliates (CIL),
constitute the basic elements of the microbial food web (MFW).
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Together with the herbivorous food web (HFW), the MFW
represents one of the two predominant trophic pathways in the
pelagic marine environment (Legendre and Rassoulzadegan,
1995). The former goes from large phytoplankton and
zooplankton to fish, resulting in a shorter and simpler food
web with a high carbon export potential. The latter is a
complex network of small picoplankton organisms and their
protist predators (Teira et al, 2003). In general, the relative
importance of MFW decreases with increasing trophic status
and nutrient recycling within the MFW is less important under
high nutrient loading (Cermefno et al, 2006; Vargas et al,
2007). Oligotrophic conditions are characterized by low nutrient
concentrations with high proportions of dissolved rather than
particulate carbon, which favors prokaryotic heterotrophs over
phagotrophic heterotrophs (Cotner and Biddanda, 2002). In
addition, the dominant producers in oligotrophic systems are
small plankton (<5-10 wm), that are too small to be effectively
ingested by mesozooplankton (Finlay and Roff, 2004; Vargas
and Gonzalez, 2004). Therefore, protozoan predators (mainly
HNF and ciliates) may provide an additional trophic link in
oligotrophic systems (Unrein et al., 2007; Zubkov and Tarran,
2008). Further, in oligotrophic systems, interactions between
autotrophs and heterotrophs are closely linked because the
dominant heterotrophs (bacteria and protozoa) have similar
size, growth rate, and nutrient composition to the dominant
autotrophs (pico- and nano-sized microorganisms).

In general, the Adriatic Sea is characterized as an oligotrophic,
low-productivity ecosystem in the central and southern regions
(with the exception of some nutrient-rich coastal zones).
Moreover, it has been reported that the Adriatic Sea (Buljan
and Zore-Armanda, 1976; Vukadin and Stojanoski, 2001), like
the Mediterranean Sea (Thingstad et al., 1998; Van Wambeke
etal., 2002; Pinhassi et al., 2006), is severely phosphorus-depleted
and bacterial growth has been shown to be P-limited not only
in the open Adriatic Sea but also in coastal and estuarine areas
(Soli¢ et al., 2015).

Accordingly, previous studies have confirmed that pico-
sized microorganisms, and MFW play an important role in
the production and transfer of biomass and energy in pelagic
ecosystems of the Adriatic Sea (Soli¢ and Krstulovi¢, 1994; Santi¢
et al., 2013). These organisms found at the lower levels of a
food web are responsible for strong bottom-up processes that
control the structure and dynamics of the upper trophic levels
(Lassalle et al., 2011).

However, oligotrophic environments differ in many
characteristics besides trophic status, such as depth, temperature,
salinity, meteorological conditions, water mass circulation,
and water column dynamics (Stenseth et al., 2006), and all of
these affect the structure of MFW and consequently its role in
biogeochemical processes in aquatic ecosystems (Cotner and
Biddanda, 2002; Berglund et al., 2007). Nutrient enrichment
generally leads to increased abundance and biomass of all
components of the planktonic food web (Berninger et al., 1991),
but the response of individual groups can vary widely (Gasol and
Vaqué, 1993; Jansson et al., 1996). Therefore, nutrient supply may
influence the structure of the MFW and affect the interactions
between microbial community components (Soli¢ et al., 2008).

Temperature, in turn, controls metabolic rate (Gillooly
et al., 2001). Therefore, temperature and resources interact in
controlling different metabolic rates, such as growth and grazing,
in such a way that the influence of resources on these rates
depends on temperature (Rhee and Gotham, 1981). In general,
the relative influence of nutrient availability on growth rate is
positively correlated with temperature up to a certain optimum
(Persson et al, 2011). Temperature and nutrient availability
also interact with respiration rate, which in turn regulates
growth efficiency.

However, we still know too little about the mechanisms
structuring the MFW to fully understand the spatial and temporal
occurrence of the various structural features of the MFW and to
predict their response to future environmental changes. In this
paper, we consider the marine environment as a mosaic of certain
states defined by environmental variables, such as temperature,
salinity, and nutrients. These states show the dynamics of change
at spatial and temporal scales, where a given site alternates
between multiple states over time. We propose that MFW exhibit
a heterogeneous structural and functional response to changes
associated with different environmental conditions. For this
purpose, we analyzed more than 3000 data sets of environmental
variables collected at a large spatial and temporal scale, including
transitional/estuarine waters, coastal and open marine areas
sampled in all seasons over a decade.

The grouping of these data sets into clusters representing
different environmental conditions was performed using
Neural Gas (NG) analysis, an unsupervised artificial neural
network (Kohonen, 1982; Martinetz and Schulten, 1991).
The advantage of this method compared to other methods,
such as Self-Organizing Map Analysis (SOM) or Principal
Component Analysis (PCA), is that NG is a weak smoothing
algorithm and is more suitable for anomaly and outlier
detection. Namely, the NG algorithm distributes the neural units
homogeneously over the input space and spreads far enough to
cover all the data.

After NG analysis generated clusters representing different
environmental states, the structural and functional features of
MFW in each of the clusters were analyzed. The MFW features we
focused on included abundance/biomass of all MFW components
(HB, including two physiological groups: HNA—bacteria with
high nucleic acid content and LNA—bacteria with low nucleic
acid content; APP, which includes two cyanobacterial groups:
PROC and SYN, and PE; CHLA—chlorophyll a, which in this
study was an indicator of large phytoplankton biomass and
HNF as protistan grazers), some characteristic ratios (HNA/LNA,
APP/CHLA, APP/HB) as well as growth and grazing rates,
relative proportion of individual prey to total grazing by protist
predators (HNE CIL), and preferences in prey selection. In
addition, the influence of temperature on MFW elements, the
relative importance of top-down (TD) and bottom-up (BU)
control in controlling HB, and the strength of predator-prey
interactions, as an indicator of biomass flow between prey and
predators, were examined in each of the clusters.

We hypothesized that different environmental conditions
produce different variants of MFW due to their structural and
functional features.
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MATERIALS AND METHODS
Field Study

Field research was based on the comparison of natural systems
characterized by sea surface temperature (SST), salinity and
concentration of nutrients (N, P, Si). The analysis includes 3420
data sets of environmental parameters (temperature, salinity,
oxygen, NO3, NO;, NH4, POy, SiO4) and microbial food web
parameters (HB, HNA, LNA; bacterial production—BP, two
cyanobacterial groups: PROC and SYN, PE, and HNF). Ciliates as
important predators of pico- and nanoplankton were additionally
observed in the in situ growth/grazing experiments.

Sampling was conducted at 81 stations in the central and
southern Adriatic Sea in transitional/estuarine waters, the coastal
sea and the open sea during the last decade (2010-2019)
(Supplementary Figure 1). Samples were collected at 0, 5, and
10 m and integrated mean values were used for analysis.

The distribution of data by season and types of the marine
environment is shown in Supplementary Figure 2. Most of the
samples are from the coastal sea (62%), while 20% of the samples
are from transitional/estuarine waters and 18% of the samples are
from the open sea. The distribution by season is fairly uniform for
all types of marine environments, as well as for the entire data set.

Characterization of the Studied Area According to
Nutrient Status

Potential nutrient limitation at the sampled sites was determined
applying concentration and stoichiometric criteria. Limiting
concentrations are evaluated by comparing ambient nutrient
concentrations to concentrations likely to limit nutrient uptake.
Based on studies of the kinetics of nutrient uptake (Rhee, 1973;
Perry and Eppley, 1981; Goldman and Gilbert, 1983; Brzezinski,
1985), the concentrations of dissolved inorganic nitrogen (DIN)
of 1 pM and dissolved (reactive) phosphorus (P) of 0.1 uM were
chosen as threshold values. Stoichiometric limitation is evaluated
by calculating two ambient nutrient ratios for each nutrient and
applying the following criteria: P limitation = when Si:P > 22 and
DIN:P > 22; N limitation = when DIN:P < 10 and Si:DIN > 1
(Justic¢ et al., 1995).

Environmental Variables Clustering Using Neural Gas
Analysis

Neural Gas (NG) analysis is an unsupervised artificial neural
network (Kohonen, 1982; Martinetz and Schulten, 1991). The
method reduces the dimensionality of the data space to a certain
number of neurons with weak connections between them, so that
the neurons propagate like a gas in the data space. The result
of the learning process is the best matching units that reduces
data space into a certain number of clusters. Links between the
clusters are weak, without a predefined topological structure in
the manifold. The lack of a fixed topological structure is the
main difference from the commonly used SOM analysis, which
maximizes a predefined topological structure. NG analysis is a
weak smoothing algorithm that spreads the clusters far enough to
cover all the data, including the extreme values, making it more
suitable for anomaly and outlier detection.

During the adaptation process, the NG was trained with 5000
training epochs, with default values for the initial step size (0.5)
and an initial decay constant (2.5), following Martinetz et al.
(1993). The number of best matching units was set to 4 using as
minimum of coefficient of variation of the SSIntra quantization
error (de Bolt et al., 2002; Matic et al., 2018; Zhuang et al., 2020).

The input data for the NG analysis were vectors with
elements of separately normalized environmental parameters
(temperature, salinity, NO3, NHy, PO4 N/P, NO3/NHy). The
input vector has seven elements and there were 3102 different
vectors. The result of the analysis was four NG clusters. The
SOM Toolbox version 2.0 for MATLAB used in this study was
developed by E. Alhoniemi, J. Himberg, J. Parhankangas, and J.
Vesanto at Helsinki University of Technology, Finland, and is
available at http://www.cis.hut.fi/projects/somtoolbox/.

Method for Distinguishing the Relative Importance of
Bacterial Biomass Control Mechanisms
In order to gain better insight into the mechanisms regulating
bacterial biomass, by substrate availability (i.e., BU control)
or by predation (ie, TD control), biological data were
analyzed taking into consideration the slopes and significance
of Model I (ordinary least squares) linear regression between
log-log bacterial biomass (BB) and bacterial production (BP)
(Billen et al., 1990; Ducklow, 1992). In this case, bacterial
production was taken as an equivalent to the rate of substrate
supply. According to this approach, if the mortality caused
by predators is low, total BP can be converted into BB.
Alternatively, if the grazing on bacteria is very high, BB
does not increase with an increase in BP. Therefore, a
strong relationship between BP (independent variable) and BB
(dependent variable) suggests the domination of BU control
on bacteria. On the other hand, no relationship indicates
domination of TD control.

In addition, Ducklow (1992) suggested that the slope (b) of
a log-log regression between BP and BB indicates the strength
of BU control as follows: b > 0.6 indicates strong BU control;
b-values from 0.4 to 0.6 indicate moderate BU control; b < 0.4
indicates weak BU control; and b < 0.2 indicates no BU control.

Experimental Study

Growth/Grazing Experiment

In situ growth/grazing experiments were conducted at four
sites that well represent the typical environmental conditions
of the four clusters created by the NG analysis (Supplementary
Figure 3). Growth and grazing parameters were estimated
using the size-fraction technique (Wright and Coffin, 1984;
Rassoulzadegan and Sheldon, 1986). Sub-samples of the
collected seawater were filtered through a 2 pwm pore size
polycarbonate membrane to remove PP predators, 10 pm
pore size polycarbonate membrane to remove HNF predators
(mostly CIL) and through 200 pm plankton net to remove large
predators. To prevent cell breakage, the size-fraction < 10 um
was filtered by gravity and< 2 pm with a vacuum of < 2 kPa.
The numbers of HB and PROC were not changed after the
passage through the 2 pm filter, whereas the number of SYN
decreased by 5-7%. The size fractionation < 10 um was chosen

Frontiers in Marine Science | www.frontiersin.org

January 2022 | Volume 8 | Article 811155


http://www.cis.hut.fi/projects/somtoolbox/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Soli¢ et al.

Microbial Food Web Types

based on previous studies at this site to eliminate ciliates but not
HNF (Soli¢ et al., 2017). The filtration process was designed to
exclude picoplankton grazers from the 2 pum filtered fraction and
allowed them to remain in the 10 wm fraction. We examined the
influence of fractionation on HNF and found that about 3-8%
of the HNF cells (very small pico-flagellates) passed through
the 2 pm filters. Since their number did not change during the
experiments, we assumed that these cells did not significantly
affect picoplankton growth rates.

Each size fraction was then transferred in triplicate to 1-
L dialysis bags anchored 2 m below sea level and incubated
in situ for 24 h at ambient temperature and light intensity.
Our previous study confirmed exponential growth during the
24-h incubation period (for more information, see Soli¢ et al.,
2018; Supplementary Material). Triplicate samples were taken
at the beginning and end of each incubation period to count the
number of microbial groups as described below.

Net growth rates (, day~!') of each microorganism group
were calculated for each dialysis bag, assuming exponential
growth (Landry and Hassett, 1982):

(lnNE —1In NB)
t

where Np and Ng represented the number of organisms at the
beginning and at the end of the period of exponential growth and
t is duration of experiments in days.

Grazing rates (g) were calculated as the difference between
growth rates in a predator-free fraction and growth rates in
the presence of predators (for more details see Supplementary
Table 1). Losses due to grazing (G, pg C L™! day™!) were
estimated using the following equations: G = g x B, where B is
the initial cell biomass (jLg C L™1).

Calculation of Grazing Preference Index

To evaluate prey selection, the Manly-Chesson preference or
selection index (alpha index, a) was calculated (Manly, 1974;
Chesson, 1978, 1983):

di/e;
Z?: 1 di/e;

o =

where:

d; = the proportion of prey item i in the diet

e; = the proportion of prey item i in the environment

m = the number of prey items in the environment

Since o values are normalized, they range from 0 (complete
avoidance) to 1 (complete preference). If o = 1/m, the predator
is feeding randomly and the prey is consumed in proportion
to its abundance in the environment; whereas o > 1/m
indicates the preference and a < 1/m indicates the avoidance of
prey consumption.

Quantifying the Strength of Predator-Prey Interaction
The strength of interaction between predator and prey is
generally defined as the per capita measure of the instantaneous
abundance/biomass change of the prey due to changes
in the predator.

Per capita standardized measure of the strength of consumer
interaction on their prey (IS) was calculated according to
Bascompte et al. (2005):

(Q/B); x DC;
B;

IS =

where (Q/B); is the number of times a predator population
consumes its own weight per day, DC;; is the proportion of prey i
in the diet of consumer j, and B; is the biomass of prey i.

Data Analysis
Environmental Parameters

Temperature and salinity were measured using CTD
multiparameter  probes  (Idronaut and SeaBird) with
accuracy > £ 0.01°C and =+ 0.02, respectively. Dissolved

oxygen concentration was determined by Winkler titration
(Strickland and Parsons, 1972). Nutrients (NO3~, NO,~, NH, T,
and PO4>~) were analyzed on a Bran+Luebbe AutoAnalyser
(I and III models) using standard colorimetric methods
(Grasshoft, 1976).

Flow Cytometry Analysis

For cell counting, samples were analyzed using a Beckman
Coulter CytoFLEX cytometer with a fast flow rate of 60 pL
min~!. Fresh samples for autotrophic cell analysis (2 mL) were
preserved in 0.5% glutaraldehyde, flash- frozen and stored at
-80°C until analysis (within 1 week). Samples for analysis
of bacteria were preserved in 2% formaldehyde kept at 4°C
until analysis. Autotrophic cells were divided into three groups:
two cyanobacteria (SYN and PROC) and PE, distinguished
according to light scattering, cellular chlorophyll content, and
phycoerythrin-rich cell signals, respectively (Marie et al., 1999).
Sybr Green-I-stained non-pigmented (heterotrophic) bacteria
were determined according to Marie et al. (1997). According
to the cellular nucleic acid content, the bacterial populations
were divided into two sub-groups, HNA and LNA bacteria.
Abundances of Sybr Green-I-stained HNF were determined
according to Christaki et al. (2011).

Ciliates

In order to remove large zooplankton organisms from the
ciliate samples, the seawater was filtered through 200 pum mesh.
Sample volumes of 2 L were sedimented (Utermohl, 1958) for
48 h in cylinders and decanted down to a volume of 200 mL.
Prior to microscopic analysis, the volume was further reduced
to 20 mL. Decanting was carried out using a vacuum pump
and a slightly curved pipette that removed water from the
surface. Microscopic analysis of samples was carried out in a
glass chamber (76 x 47 x 6 mm) using inverted microscopes
(Olympus IMT-2), equipped with phase contrast, at 200 x and
400 x magnification. The entire bottom of the sedimentation
chamber was analyzed and abundance of non-loricate ciliates and
tintinnids was expressed as number of cells per liter. Samples
were fixed with acid Lugol’s solution (2% final concentration)
and stored in the dark at 4°C until counting (no longer
than 2 weeks later).
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Chlorophyll a

Chlorophyll a (CHLA) concentration was determined
fluorometrically from 90% acetone extracts (Strickland and
Parsons, 1972). Subsamples of seawater (500 mL) were filtered
through Whatman GF/F glass-fiber filters (0.8 jm pore size) and
the filters were frozen until analysis within 1 month of sampling.
The filters were homogenized using pestle-type laboratory
homogenizer (Omni GLH 850). CHLA was extracted in 90%
acetone for 2 h in the dark at room temperature and analyzed
using a Turner TD -700 Laboratory Fluorometer.

Because the analysis of CHLA included cells larger than 0.8
pm, this variable can be used as a relative estimate of the biomass
of large phytoplankton. Although the biomass of APP includes
cells less than 2 pm in size, which partially overlaps with the
range of cells captured by the CHLA analysis, we thought that the
APP/CHLA ratio might be a good relative indicator of changes
in the size composition of the autotrophic component of the
plankton community.

Bacterial Production

Bacterial cell production was estimated by measuring the
incorporation of 3H-thymidine in bacterial DNA (Fuhrman
and Azam, 1982). Methyl->H-thymidine was added to 10 mL
samples at a final concentration of 10 nmol (specific activity:
86 Ci mmol~!). Triplicate samples and a formaldehyde-killed
adsorption control (final concentration: 0.5%) were incubated
for 1 h. The incubations were stopped with formaldehyde
(final concentration: 0.5%). The thymidine samples were
extracted with ice-cold trichloroacetic acid (TCA), according to
Fuhrman and Azam (1982). The TCA-insoluble fraction was
collected by filtering the samples through 0.2 pm pore size
polycarbonate filters.

Cell-to-Carbon Biomass Conversion

The biomasses of studied picoplankton groups were calculated
using the following cell-to-carbon conversion factors: 20 fgC
cell™! for HB (Lee and Fuhrman, 1987; Kirchman et al., 1993),
36 fgC cell™! for PROC (Buitenhuis et al., 2012), 255 fgC
cell™! for SYN (Buitenhuis et al., 2012), 2,590 fgC cell! for PE
(Buitenhuis et al., 2012) and 0.22 pgC wm~2 for HNF (Borsheim
and Bratbak, 1987). The size of HNF cells was measured at
about 500 specimens per environment type, and their biovolume
was estimated by the geometric method, i.e, by comparing
the body shape of each organism with the geometric body.
These measurements were performed using an Olympus BX51
epifluorescent microscope equipped with an XM10-IR camera
at x1,000 magnification. Ciliate cell sizes were measured on
approximately 200 specimens in all samples, using an ocular
micrometer and converted into bio-volumes by approximation
to the nearest geometric shape from measurements of cell length
and width. After measurement of the plasmatic body dimension
of non-loricates, bio-volumes were converted into C biomass
using 190 fg C pm~2 (Putt and Stoecker, 1989). In addition, the
biomass of tintinnids was calculated using the formula 444.5 pgC
+ (lorica volume in um~™3 x 0.053 pg C) per cell, according
to Verity and Langdon (1984).

Statistical Analysis

Statistical operations were performed by STATISTICA 9.0
software. Data normality was assessed by applying the Shapiro-
Wilk W normality test. Grazing preference index (alpha index),
was calculated using Ecological Methodology Programs (version
7) by Krebs (2009). Neural Gas analysis (Kohonen, 1982;
Martinetz and Schulten, 1991) is explained above.

RESULTS

Application of Neural Gas Analysis in
Clustering Environmental Variables

The Neural Gas model was run with environmental parameters
and after the learning process, the data were classified into four
large groups (clusters: CL 1, CL 2, CL 3 and CL 4). Mean values of
microbial and environmental variables in four clusters are shown
in Supplementary Table 2.

Spatio-Temporal Distribution of Clusters

In general, samples grouped into individual clusters are not
strictly spatially defined, but there is an alternation between
different environmental conditions at the same site, resulting
in the same site being assigned to different clusters over time.
Moreover, adjacent sites often belonged to different clusters,
suggesting that changes in environmental conditions occur
at a small spatial scale. Therefore, samples characterized by
similar environmental variables are collected in the four clusters,
regardless of their spatio-temporal distribution. The data sets
belonging to CL 1 and CL 4 are seasonally biased, so that the
data sets from clusters 1 and 4 were mainly collected during the
warmer and colder seasons, respectively. Data sets from CL 2 and
CL 3 showed no seasonal pattern (Figure 1).

Temporal dynamics of change between different
environmental states are illustrated for three sites representative
of the three types of marine environment (open sea, coastal
sea, transitional/estuarine waters) (Figure 2). Environmental
data sets sampled at open sea sites belonged predominantly to
CL 1 (58%), but occasionally there was a switch to CL 2 (23%)
and CL 3 (19%). No data set from the open sea belonged to
CL 4. Data sets from the coastal sea mostly belonged to CL 2
(37%) and CL 3 (36%), but frequently switched to CL 1 (24%)
and much less frequently to CL 4 (3%). Finally, most records
from transitional/estuarine waters belong to CL 4 (51%), but
occasionally switched to CL 2 (23%) and CL 3 (26%). No data
set from transitional/estuarine waters belonged to CL 1. These
patterns are also confirmed by salinity, which on average has the
highest value in CL 1 (37.85) and the lowest in CL 4 (14.83), while
the variation in salinity is large in CL 2 and CL 3 (Figure 1).

Cluster Mapping in Relation to Nutrient Limitation

The marine environment studied is largely limited by phosphorus
and partly by nitrogen (Figure 3). Nitrogen limitation is mainly
present in CL 1 and CL 2, while phosphorus limitation is
most pronounced in CL 3. CL 4 is characterized by maximum
concentrations of nitrogen and phosphorus and is mostly not
limited by nutrients (Figure 3A).
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The relative ratios of allochthonous (NO3 ™) and regenerated
(NH4") nitrogen clearly separated the clusters (Figure 3B).
Higher concentrations of regenerated nitrogen compared to
allochthonous are characteristic of data sets clustered in CL 1
and partially in CL 3, while allochthonous nitrogen dominates
in data sets belonging to CL 2 and CL 4 (with higher
concentrations of both allochthonous and regenerated nitrogen
in CL 4 than in CL 2).

Application of stoichiometric criteria for potential
phosphorus and nitrogen limitation showed that phosphorus
limitation was largely absent in the data sets belonging to CL
1 and CL 2, whereas CL 3 and CL 4 were strongly limited by
phosphorus (Figure 3C). Conversely, nitrogen limitation was
only partially present in the data sets belonging to CL 1 and CL
2 (Figure 3D).

Description of Clusters

We can now summarize the main features of the clusters
(Supplementary Table 2). The two clusters related to type of
the marine environment and season are CL 1 and CL 4. The
records collected in CL 1 are mainly from the open sea and the
warmer season (see also Figure 2). This cluster is characterized by
relatively low nutrient concentrations, especially nitrogen, so that
the N/P ratio is relatively low. An important feature of this cluster
is the dominance of regenerated over allochthonous nitrogen
(low NO3; ~/NH,4 ™ ratio) (Figure 4A).

The data sets grouped in CL 4 are mainly from
transitional/estuarine waters (lower salinity) and from the
colder season (Figures 1, 2). This cluster is characterized by
relatively high nutrient concentrations, both of nitrogen and
phosphorus, but with a high N/P ratio indicating possible
phosphorus limitation according to stoichiometric criteria.
In contrast to CL 1, allochthonous nitrogen dominated over
regenerated nitrogen (high NO3~/NHy4 ™ ratio) (Figure 4A).

CL 2 and CL 3 contained mostly records from the coastal sea
and less frequently from the open sea and transitional/estuarine
waters. These clusters were not seasonally influenced and
contained an equal amount of data from all seasons and across
the range of temperature and salinity. The main differences
between these two clusters relate to nutrients (Figure 4B).
In general, the data sets grouped in CL 2 are characterized
by a stronger limitation by nitrogen than by phosphorus, a
relatively low N/P ratio, and a dominance of allochthonous over
regenerated nitrogen (high NO; ~/NH4 ™ ratio), while in CL 3 the
opposite is the case.

The Response of the Microbial Food Web

to Environmental Conditions

Different Variants of the Microbial Food Web Evolved
Under Different Environmental Conditions

The analysis revealed different MFW structures in individual
clusters (Figure 5). CL 4 is characterized by high relative values
of the heterotrophic component of MFW (HB dominated by
HNA bacteria, BP, HNF), while the autotrophic component
of MFW was dominated by large phytoplankton (indicated
by the concentration of CHLA) and the largest group of
autotrophic picoplankton (PE). The relative concentrations of the
prokaryotic part of the autotrophic picoplankton (cyanobacterial
groups PROC and SYN) were low, and consequently the ratios
APP/CHLA and APP/HB were also low.

In contrast, the main feature of CL 3 is the relatively high
concentrations of PROC and SYN. In CL 1, the concentrations
of PROC and SYN are also relatively high (not as in CL 3), but
unlike in CL 3, where the APP/CHLA and APP/HB ratios are
very low, in CL 1 the CHLA and HB values are very low, resulting
in high APP/CHLA and APP/HB ratios. Finally, in CL 2, most
MFW variables have low values, with a maximum contribution of
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FIGURE 2 | Temporal changes in the state of environmental conditions
(expressed as switching between different clusters) at sites typical of the open
sea (A), coastal sea (B) and transitional/estuarine waters (C).

LNA bacteria and higher values of autotrophic than heterotrophic
picoplankton (relatively high APP/HB ratio).

Influence of Temperature on the Structure of the
Microbial Food Web

The effect of temperature on individual microbial groups within
MFW differed between clusters (Supplementary Figure 3). The

greatest positive effect of temperature was found in CL 4,
where the average temperature was the lowest. The increase
in temperature had a positive effect on the heterotrophic
components of MFW (HB, BP, HNF) and to a slightly
lesser extent, but statistically significant, on the autotrophic
components CHLA and SYN. In CL 3, the increase in
temperature had a positive effect on HB and HNE, and increased
the proportion of LNA bacteria to the detriment of HNA bacteria.
In CL 2, autotrophic components (CHLA, PE, SYN) decreased
with temperature, resulting in an increase in the HB/APP and
APP/CHL ratios. CL 1 is characterized by the highest temperature
compared to the other clusters. Under these conditions, the
temperature increase had the most negative effect on the large
phytoplankton (CHLA), leading to an increase in the APP/CHLA
ratio. Furthermore, in CL1, the HB/APP ratio increased and the
HNA/LNA ratio decreased with temperature.

Top-Down vs. Bottom-Up Control of Heterotrophic
Bacteria

Analysis of the relative importance of TD and BU control
revealed a strong BU control (regression slope b = 0.72) of HB
in CL 4. A weak BU control was found in CL 3 (b = 0.38) and
CL 2 (b =0.22), and no BU control in CL 1 (b = 0.14), indicating
the greater importance of the TD control of HB in these clusters
(especially in CL 1, which predominantly represents the open sea
in the warmer season) (Supplementary Figure 4).

Comparison of Protistan Grazing in Individual
Clusters

Estimates of growth and grazing rates in four clusters based on
size fraction experiments are presented in Supplementary
Table 3. A significant relationship was found between
growth and total grazing rates (R> = 0.85; p < 0.01). In
general, the comparison of growth and grazing rates between
the studied microbial groups revealed the following order:
HB > PROC > SYN > PE > HNF. Comparison of clusters
showed that maximum rates for HB, PE and HNF were found in
CL 4, while PROC and SYN had maximum rates in CL 3.

The largest proportion of picoplankton biomass ingested by
HNF came from HB (from 53% in CL 1 to 96% in CL 4)
(Figure 6). The next large proportion of biomass eaten came from
SYN (about 30% in CL 1 and 3) and PROC (11% in CL 1). All prey
groups played a significant role in grazing by ciliates, with the
exception of PROC, which accounted for less than 1% of ingested
biomass in all clusters. HB had the largest contribution to ciliate
grazing in CL 2 (73%), CL 3 (34%) and CL 4 (41%).

Another important proportion of ingested biomass came from
HNF (32% in CL 1, 7% in CL 2, 24% in CL 3 and 30% in CL4) and
from PE (34% in CL 1, 16% in CL 2, 24% in CL 3 and 28% in CL
4). A smaller proportion of the biomass eaten by ciliates came
from SYN (21% in CL 1, 3% in CL 2, 15% in CL 3 and < 1% in
CL 4). In general, within the picoplankton groups, HB and PROC
were more exposed to HNF grazing (HB from 51% in CL 2 to 75%
in CL 1 and PROC from 78% in CL 3 to 93% in CL 4), while PE
was more exposed to ciliate grazing (from 88% in CL 2 to 94%
in CL 4). Finally, SYN was more heavily grazed by HNF in CL 3
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(65%) and by ciliates in the other three clusters (from 57 to 78%)
(Supplementary Figure 5).

Preference in Prey Selection

The results of the normalized Manly-Chesson preference or
selection index (alpha index) showed that HNF prefer consuming
HB and PROC (Figure 7A). In CL 2 and CL 4, HNF consumed
a higher proportion of HB than their proportion in the
environment, consistent with the fact that HB was the major
carbon source for HNF in these two clusters (Figure 6). Although
the biomass of PROC was only a small fraction of the total
picoplankton biomass consumed, HNF in all clusters except CL
4 showed a preference for PROC. HNF did not prefer SYN and
PE, although the biomass of SYN accounted for a significant
proportion of the picoplankton biomass consumed in CL 1 and
CL 3. Ciliate preferences varied more among clusters. Ciliates
preferred SYN in CL 1, HB and SYN in CL 2, PROC in CL 3 and
HB, PE and HNF in CL 4 (Figure 7B).

A statistically significant correlation between prey growth
rates and alpha index (r = 0.765; p < 0.01) suggests that predator
preference for particular prey is not, or not exclusively, related to
their abundance/biomass, but to their growth rates, i.e., relative
changes in their production (Supplementary Figure 6).

Strength of Predator-Prey Interaction

In general, the strength of interaction between ciliates and
prey was greater than the strength of interaction between HNF
and prey (Supplementary Figure 7). Furthermore, our results
showed that the strength of interaction between predators (HNF
and ciliates) and different prey groups varied depending on the
clusters. HNF had the strongest interaction with PROC and SYN
in CL1, with HB and PROC in CL 2 and with HB, PROC and
SYN in CL 3. Interaction strengths were very low with PE in all

\

= HB = PROC = SYN =PE mHB ®=PROC = SYN mPE mHNF

Cluster 3 - HNF Cluster 3 - Ciliates

= HB PROC = SYN = PE = HB PROC = SYN = PE = HNF

Cluster 4 - HNF Cluster 4 - Ciliates

= HB = PROC = SYN = PE = HB = PROC = SYN m=PE mHNF
FIGURE 6 | Relative proportion of prey biomass to total biomass ingested by
HNF and ciliates in four clusters. HB, heterotrophic bacteria; PROC,
Prochlorococcus; SYN, Synechococcus; PE, picoeukaryotes; HNF,
heterotrophic nanoflagellates.

clusters and with all prey groups in CL 4. Ciliates showed the
strongest interaction with SYN in CL1, with HB and SYN in CL
2, with HB, PE and HNF in CL 4 and relatively similar moderate
interaction strengths with all prey groups in CL 3. Analysis of
the average strength of all trophic interactions within the MFW
showed that CL 2 and CL 3 are characterized by a higher strength
of interactions compared to CL 1 and CL 4 (Figure 8).
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DISCUSSION

Analysis of the large number of environmental variables collected
along spatial and temporal scales revealed distinct environmental
conditions represented by clusters identified by Neural Gas (NG)
analysis. The results showed that these ecological conditions
are neither spatially nor temporally fixed, but rather that there
is a very vigorous dynamic of change in ecological condition
at both spatial and temporal scales. Moreover, each of the
identified ecological conditions is characterized by a particular
structure of the MFW, which also follows very strictly the changes
in environmental conditions and adapts its structure to these
changes. For a schematic representation of the characteristics
of the four types of MFW and the prevailing environmental
conditions under which they develop (see Figure 9). In the
following, we will discuss the structural and functional features of
MFW that are characteristic of particular ecological conditions.

Impact of Nutrients on the Structure of
Microbial Food Web

The structural response of the MFW to environmental conditions
is reflected in the dominance of the heterotrophic components
and the larger fractions of the autotrophic groups (large
phytoplankton and PE as the largest fraction of APP) in eutrophic
CL 4, in contrast to the dominance of the prokaryotic part of
the autotrophic picoplankton (cyanobacterial groups PROC and

1,5

0’5 ’ ‘

AVERAGE INTERACTION
STRENGTH

CL1 CL2 CL3 CL4

FIGURE 8 | The average strength of all trophic interactions within the
microbial food web in the four clusters. Values are standardized as z-scores.

SYN) in oligotrophic CL 1. Previous study in the coastal Adriatic
Sea has shown that the change from eutrophic to oligotrophic
conditions was accompanied by an increase of APP to total Chl
a from less than 40% to more than 60% in a relatively short
time (Soli¢ et al., 2010). Agawin et al. (2000) showed that APP
dominates biomass and production in oligotrophic, nutrient-
poor waters (>50%), but accounts for only 10% of autotrophic
biomass and production in nutrient-rich waters. It has been
suggested that the lower contribution of APP in productive
waters is due to increased loss rates, while the dominance of
APP in oligotrophic waters has been attributed to the differential
ability to utilize nutrients depending on differences in size and
growth rates between APP and larger autotrophic cells (Marafion
et al, 2003; Peréz et al, 2006). The availability of nutrients
to primary producers and the resulting cell size composition
of the plankton community therefore largely determines the
nature of the food web (Cermeiio et al., 2006). MFW-dominant
systems correspond to low production of large phytoplankton
and consequently low grazing by large zooplankton. This is
the case in CL 1, where the flux of allochthonous nutrients
(especially nitrate) is generally low and large autotrophic cells
represent a small proportion of the total biomass. Regenerated
nutrients (ammonium) favor the production of APP, leading
to a dominance of MFW (Liu and Dagg, 2003). Furthermore,
oligotrophic CL 1 had the highest proportion of LNA bacteria
in the total abundance of HB. This could be explained by a
better adaptation of these bacteria to oligotrophic conditions
(Kjelleberg et al., 1993; Jochem et al., 2004).

The samples classified at CL 2 and CL 3 were predominantly
from the coastal sea, were not seasonally biased, and covered a
wide range of temperature and salinity. CL 2 is characterized by
the dominance of allochthonous over regenerated nitrogen (high
NO3;~/NH4™ ratio), a feature it shares with CL 4, in contrast to
CL 3, which is characterized by the dominance of regenerated
nitrogen (low NO3 ~/NHy4 ™ ratio) and shares this feature with CL
1. Increased NH4 " concentration may influence phytoplankton
preference for NH4t over NO3;~ and especially favor the
production of APP (Liu and Dagg, 2003). Bacterial regeneration
of NH4t occurred under low DOC/DON conditions, which
determine net bacterial excretion rather than NHt uptake
(Legendre and Rassoulzadegan, 1995). Such conditions were
found in spring in the Adriatic Sea (Soli¢ et al., 2020b). In this
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study, the changes in NH; 1 /NO; ™~ ratio showed a very strong
positive relationship with PROC and SYN in CL 1 and CL 3.
Wafar et al. (2004) found that N uptake by APP was mainly
supported by regenerated nitrogen originating from NH4 " (66%)
and urea (17%). A strong preference of APP for a reduced form
of nitrogen (NH4T) (Probyn et al., 1990; Selmer et al., 1993)
is particularly evident in autotrophic prokaryotes (PROC and
SYN). For example, Moore et al. (2002) reported that almost
all isolates of PROC and SYN are restricted to NH4t as a
nitrogen source.

Our results showed that within APP, prokaryotic autotrophs
(PROC and SYN) reached maximum values under P-limited
conditions (CL 3), while PE reached higher biomasses

under conditions not limited by phosphorus. In eutrophic
transitional/estuarine waters (CL 4), the relative contribution
of PROC and SYN decreased, consistent with Stockner’s
(1988) model suggesting an increase in the biomass of APP
and a decrease in their relative importance with an increase in
phosphorus concentration in marine and freshwater systems. It is
generally accepted that PROC is more abundant in oligotrophic
waters (Partensky et al., 1999) and may not be present in low
salinity waters (Jochem, 2003). On the other hand, PE is typically
associated with higher trophic level environments (Jiao et al.,
2002), while SYN has no consistent pattern. SYN has been
described as a major component in oligotrophic environments
(Callieri and Stockner, 2002), but also in coastal and estuarine
waters, including nutrient-rich ecosystems (Phlips et al., 1999).
The wide variability in the importance of SYN may be due to
the fact that two groups of SYN have been identified in estuarine
ecosystems—one rich in phycoerythrin and the other rich in
phycocyanin (Wood et al., 1985; Santi¢ et al., 2018). Numerous
studies suggest that phycocyanin-rich cells are only prevalent in
low salinity waters, while phycoerythrin-rich cells dominate in
higher salinity waters (Wang et al., 2011).

Prokaryotic vs. Eukaryotic Autotrophic
Picoplankton Under Different

Environmental Conditions

The biomass of SYN dominated the biomass of PROC in all
four clusters, with the strongest dominance in CL 4 and the
lowest in CL 3 (Supplementary Figure 8). The dominance
of SYN biomass over PROC biomass was typically found in
mesotrophic and eutrophic waters (Partensky et al.,, 1999), but
the SYN biomass was also found to dominate the PROC biomass
in P-depleted environments, as reported in the literature for
northern and central Adriatic Sea (Radi¢ et al., 2009) and
the Mediterranean Sea (Llabrés et al., 2010). Regardless of the
differences in abundance and biomass, PROC and SYN showed
a positive relationship in this study, indicating their identical
response to environmental conditions.

In the eutrophic CL 4, PE strongly dominated over the
prokaryotic cyanobacteria (CB) and accounted for 82% of the
total APP biomass, whereas the contribution of CB to the total
APP biomass was highest in CL 1 and CL 3 (almost 50%),
clusters with low NO3 7/NH4 " ratios (Supplementary Figure 8).
The dominance of PE in the whole APP is consistent with the
fact that PE are highly successful in environments that are not
limited by nutrients (Radic et al., 2009). Calvo-Diaz and Moran
(2006) found that the proportion of CB in the total number of
APP cells increased in nutrient-poor waters. Due to the smaller
cells, CB might have an advantage over larger eukaryotic cells
in the uptake of nutrients. Therefore, the inverse relationship
of PROC and SYN to PE seems to be a general feature along
trophic gradients (DuRand and Olson, 2001; Zhang et al., 2008).
In addition, the CB/PE ratio in the northwest Mediterranean
Sea decreased with increasing NO3; ™~ influx (Mourifio-Carballido
etal., 2016), indicating the ability of CB to survive under nutrient-
poor conditions (Mary et al., 2008). This is also supported by the
results of Calvo-Diaz and Moran (2006), who found that CB/PE
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ratio decreased with increasing phosphate concentration and CB
reached its abundance maximum in P-depleted waters.

Impact of Temperature on the Structure
of Microbial Food Web

Control of MFW structure and function is also influenced
by temperature and the interaction between nutrients and
temperature. The availability of resources and their demand by
organisms regulates the growth and abundance of populations
within the food web (Sterner and Elser, 2002). Temperature,
in turn, controls metabolic rates such as production, growth
rate, growth efficiency, and grazing rate (Gillooly et al., 2001).
In addition, temperature affects complex microbial trophic
interactions and alters the topology of the food web, including
predator preferences for prey selection, meeting predator carbon
requirements, overlap of food niches among predators (i.e.,
competition for prey), the strength of trophic interactions, the
flux of carbon biomass through the MFW, and changes in size
structure within microbial groups, which may consequently affect
the relative importance of BU and TD control and the potential
for cascading effects (Petchey et al., 1999).

In the eutrophic CL 4, most groups within the MFW showed
a strong positive correlation with temperature, whereas in the
oligotrophic CL 1, this relationship was mostly absent and some
groups showed a negative relationship with temperature. These
two clusters are seasonally biased, with CL 1 collecting samples
from the warmer season (the average temperature in CL 1 was
about 20°C) and CL 4 collecting samples from the colder season
(the average temperature in CL 1 was about 15°C). Previous
studies in the Adriatic Sea have shown that the positive effect
of temperature on HB was high at temperatures below 16°C and
leveled off at higher temperatures (Soli¢ et al., 2017). Similar non-
linear responses of bacterial growth to temperature, showing a
greater positive effect at lower temperatures followed by a plateau
or even decline at higher temperatures, have been reported
for various marine and freshwater environments (Felip et al.,
1996; Pomeroy and Wiebe, 2001). The increase in feeding rate
with temperature is generally weaker than that of respiration
(Rivkin and Legendre, 2001; Apple et al., 2006). This suggests that
warming should result in net energy losses, which could explain
the decline in population densities with warming, especially
under conditions where temperature is already high, as in CL 1.

Impact of the Interaction Between
Temperature and Nutrients on the
Structure of Microbial Food Web

An additional explanation for the different influence of
temperature on MFW groups between CL 1 and CL 4 are
the different trophic conditions in these two clusters with
oligotrophic CL 1 and eutrophic CL 4. Therefore, this result
is supported by the study of Moran et al. (2018), who found
that the increase in temperature stimulates growth only under
conditions with sufficient nutrients. This is also supported
by the study of Huete-Stauffer et al. (2015) who reported
that high nutrient concentrations consistently elicited positive
responses of heterotrophic prokaryote growth to temperature

during the cooler period, while this response was weaker under
the warm, nutrient-limited conditions of summer and early
autumn. In addition, Thingstad and Aksnes (2019) suggested
low-temperature sensitivity of microbial food web dynamics
in nutrient-poor conditions due to diffusion-limited nutrient
uptake. An experimental study in the Adriatic Sea showed that
the increase in growth rates of autotrophic picoplankton (PROC
and SYN) due to an increase in temperature was also observed in
summer after the addition of phosphorus (Soli¢ et al., 2019).

Relative Importance of Bottom-Up and
Top-Down Control of Heterotrophic
Bacteria Under Different Environmental

Conditions

Structural changes in the pelagic food web may lead to shifts in
BU and TD control of some groups of microorganisms. The BU
control refers to the limitation of microorganisms by resources,
and the TD regulation refers to the limitation of microorganisms
below a level that can be supported by resources alone, due to
predation and/or limitation by temperature. In eutrophic CL
4, bacteria were dominantly under the phytoplankton-mediated
BU control whereas HNF were dominantly controlled by ciliate
grazing (TD control). In contrast, in oligotrophic CL 1, strong
TD control of bacteria by dominantly HNF grazing was observed.
At the same time, HNF were spared from strong ciliate predation
pressure because the ciliates apparently switched their dominant
prey from HNF to other prey groups (especially PE and SYN).
Several studies with very large data sets conducted over a wide
range of aquatic environments indicate that bacteria appear to
be more BU controlled in eutrophic systems and more TD
controlled in oligotrophic systems (Billen et al., 1990; Gasol et al.,
2002). However, the importance of BU and TD regulation of
bacteria can vary seasonally (Ducklow, 1992; Soli¢ et al., 1998)
and even daily (Psenner and Sommaruga, 1992). Therefore, it
appears that switching between two types of control follows
changes in environmental conditions that occur at both spatial
and temporal scales (Soli¢ et al., 2009).

Grazing and Carbon Biomass Flux Under

Different Environmental Conditions

MFW can be considered as a tritrophic food chain with
omnivory, in which a top predator (CIL) eats both consumers
(HNF) and resources (all picoplankton groups) that take up
nutrients. However, these simple trophic rules partially disrupt
the broad size spectrum within the main groups of predators
(especially within CIL), making it possible to create predator-
prey relationships within these groups (intraguild predation)
(Bojanic et al., 2005, 2006). In addition, the trophic interactions
between HNF and CIL are complex. Since both plankton groups
are sympatric predators of picoplankton prey, one might expect
strong competition between them (Jezbera et al., 2003). The role
of omnivory (top predator also feeds on the resource) for the
stability of the food web is still a matter of discussion. While
some earlier studies have suggested that omnivory destabilizes
food webs (Pimm and Lawton, 1978), more recent studies have
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shown the opposite results (Fagan, 1997; McCann and Hastings,
1997).

The diet of HNF in CL 4 and CL 2 was predominantly focused
on HB, whereas in CL 1 and CL 3 it was far more diverse, with
a significant proportion of PROC and SYN in the total grazing.
The diet of CIL was generally more diverse than that of HNFE, but
it also showed greater diversity in CL 1 and CL 3 compared to
the other two clusters. However, the preference in prey choice in
HNF and CIL did not fully coincide with grazing. The proportion
of grazing seemed to depend more on the abundance of the
individual group, while prey choice correlated more with the
growth rate of the individual group. This result is also supported
by experimental results (Soli¢ et al., 2020a).

CIL can exert powerful control on the picoplankton
community, both through direct grazing and trophic cascading
(Calbert et al.,, 2001). Indeed, incorporation of picoplankton
carbon biomass into CIL occurs in two ways: via direct grazing
of picoplankton prey and indirectly through grazing of HNF. The
direct pathway dominated in CL 2 and CL 3 (over 80% of carbon
biomass was taken up by direct grazing). In contrast, the indirect
pathway via HNF increased significantly in CL 1 and CL 4 (about
50% of carbon biomass was consumed indirectly). Therefore, the
efficiency of carbon transfer from picoplankton to CIL will be
higher in CL 2 and CL 3. These results suggest that CIL are
important predators not only of HNF and picoplankton groups
with larger cells (PE), but also of picoplankton groups with
smaller cells (PROC and SYN). This is consistent with studies
reporting a greater impact of CIL than HNF on picoplankton
prey (Zingel et al., 2007; Zoccarato and Fonda Umani, 2015).
One possible explanation for the high grazing influence of CIL
on picoplankton prey is the change in community size structure
of CIL to better adapt to the consumption of faster growing
picoplankton groups with smaller cells (Soli¢ et al., 2020a).

Predator-Prey Interaction Strength Under

Different Environmental Conditions

The strength of the interaction, which can be viewed as the rate
of biomass flow between prey and predators (e.g., functional
per capita response), is an important functional characteristic
of MFW that can significantly affect the flow of matter and
energy along the food chain. In general, many weak interactions
and few strong interactions contribute to system stability (May,
1973; McCann et al., 1998; Berlow, 1999; Kokkoris et al., 1999)
because weak interactions effectively mitigate the effects of strong
destabilizing interactions in the community. In other words,
weak interactions ensure that predators consume their prey at
low levels when their abundance is low. On the other hand, the
simultaneous occurrence of strong interactions at two successive
levels of a trophic chain can alter the structure and dynamics
of the entire food web through trophic cascades (Shurin et al.,
2002). The distribution of average interaction strength within
MFW along clusters indicates a more stable MFW topology in
CL 1 and CL 4 compared to CL 2 and CL 3. CL 2 had the
highest average interaction strength, for which strong HNF-
HB and HNF-PROC interactions and the greater role of direct
CIL grazing of picoplankton prey compared to the indirect
pathway via HNF are largely responsible. This suggests greater

competition and food-niche overlap between HNF and CIL
in CL 2 and CL 3. The lowest average interaction strengths
in CL 4 and CL 1 are the result of low interactions between
HNF and all prey groups and the much greater importance of
the flow of picoplankton biomass to CIL indirectly via HNF
(especially in CL 4).

It can be concluded that more stable MFW variants develop
under the environmental conditions presented by CL 1 and CL
4. In the case of CL 1, it is a well-developed MFW characterized
by low efficiency of matter and energy flow along trophic levels,
but with greater stability characterized by a greater diversity
of trophic interactions with lower average strength. CL 4 also
represents a more stable form of MFW that, unlike CL 1, is
characterized by less overlap of feeding niches between HNF
and CIL and a higher proportion of picoplankton biomass
incorporated in CIL that has previously passed through HNF.
In contrast, CL 2 and CL 3 are characterized by higher average
interaction strengths, lower trophic pathway diversity, greater
niche overlap between HNF and CIL, and more pronounced
omnivory in CIL (higher proportion of direct picoplankton
grazing). These characteristics make these MFW variants more
efficient in terms of carbon and energy flow through the food
chain, but at the same time less stable.
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