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Abstract: In the last three decades, benthic foraminiferal ecology has been intensively investigated
to improve the potential application of these marine organisms as proxies of the effects of climate
change and other global change phenomena. It is still challenging to define the most important factors
affecting foraminiferal communities and derived faunistic parameters. In this study, we examined the
abiotic-biotic relationships of foraminiferal communities in the central-southern area of the Adriatic
Sea using modern machine learning techniques. We combined gradient forest (Gf) and structural
equation modeling (SEM) to test hypotheses about determinants of benthic foraminiferal assemblages.
These approaches helped determine the relative effect of sizes of different environmental variables
responsible for shaping living foraminiferal distributions. Four major faunal turnovers (at 13–28 m,
29–58 m, 59–215 m, and >215 m) were identified along a large bathymetric gradient (13–703 m water
depth) that reflected the classical bathymetric distribution of benthic communities. Sand and organic
matter (OM) contents were identified as the most relevant factors influencing the distribution of
foraminifera either along the entire depth gradient or at selected bathymetric ranges. The SEM
supported causal hypotheses that focused the factors that shaped assemblages at each bathymetric
range, and the most notable causal relationships were direct effects of depth and indirect effects of the
Gf-identified environmental parameters (i.e., sand, pollution load Index–PLI, organic matter–OM and
total nitrogen–N) on foraminifera infauna and diversity. These results are relevant to understanding
the basic ecology and conservation of foraminiferal communities.

Keywords: depth; machine learning; ecology; benthic communities

1. Introduction

Benthic foraminifera are protozoa, widely occurring in both marine and transitional
marine ecosystems, including lagoons, coastal lakes, and estuaries. These organisms have
been traditionally used by geologists for paleoenvironmental reconstruction because of
their fossilizable shells (i.e., tests), and they have been more recently used for defining
biotopes [1] and as bioindicators [2–6], particularly for Ecological Quality Status (EcoQS)
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assessment [7–10]. The paleoenvironment and biomonitoring focus has obscured questions
about how foraminifera communities are dependent on specific environmental pressures,
their complex interplay (i.e., additive, synergistic, and antagonistic relationships), and the
effect of sizes of these different determinants [11,12]. Indeed, the determination of thresh-
olds over which an environmental parameter or a set of them significantly elicits variation
in the abundance of a foraminiferal species or an assemblage index is needed for effective
EcoQS assessment [13]. Another shortcoming of the existing literature is that most of the
benthic foraminiferal investigations have focused on limited areas (e.g., a specific estuary,
lagoon or coastal area) and barely cover regional or basinal areas [14–16]. Multiple abiotic
factors, including grain-size and type of substrates, nutrients (i.e., quantity and quality of
organic matter, OM), physio-chemical and biological disturbance (e.g., sub-areal exposition,
pollution, bioturbations) contribute to the distribution of benthic foraminifera [17–21].
For instance, sediment composition was found to be a determinant in different environ-
mental settings [22,23] such that a coarsening in the grain-size corresponds to a decrease
of foraminiferal densities until a certain threshold where no more living foraminifera
are found [24,25]. Usually, a significant increase in OM is associated with a lowering in
foraminiferal diversity, but foraminiferal species do not identically respond to OM enrich-
ment; some foraminiferal species can even benefit from these organic-rich substrates [26,27].
The same observations can be made for other factors that affect marine diversity, such as
pollution and salinity. Understanding these assemblages revolves around the concept of
niche and the relationship between optimal and limiting factors, and there is a great deal
that is still known about these factors for global assemblages of foraminifera [28]. Although
we can identify patterns of distribution along broad environmental gradients, in most
cases, it is challenging to rank important factors shaping foraminiferal communities and to
estimate the effect sizes of these relationships. Therefore, there is a need to develop new
approaches to improve our present state of knowledge on foraminiferal ecology, especially
given the fact that applied statistics has experienced great advances in handling larger
amounts of data and in testing for complex causal relationships.

The development of machine learning approaches, an extension of generalized linear
models from classic statistics, have provided important tools to community ecologists.
Machine learning methods focus on predictions as opposed to parameter estimates, and
the focus is on specific dataset-driven predictions rather than mechanism or previously col-
lected data [29]. Gradient forest (Gf) is a machine learning method that ranks predictors of
nonlinear responses, such as the response of biotic communities to environmental variables,
and it can include matrices of both predictor and response variables [30]. The advantages
of Gf models are that they are assumption free, there is high accuracy with checks on
overfitting, pre-processing requirements are trivial, transformations are unnecessary, and
clear ranks of variable importance are output [31,32]. Structural equation modeling (SEM)
is a robust extension to path analysis that includes latent variables or statistical compar-
isons of different path models and has been used with increasing frequency in ecological
studies [33]. These models allow for tests of a priori causal hypotheses, relationships
among latent and measured variables, and for statistical comparisons of various causal
hypotheses. Statistical learning approaches are not often combined with traditional statis-
tics focused on mechanisms or causality, such as SEM, but the fact that these approaches
are complementary, with one focused on prediction and the other on mechanisms and
causal relationships makes them ideal for combining to test hypotheses in community
ecology [29]. The alternative to such an approach would be to include latent variables in
the SEM models (or to precede the models with factor analysis and include factors), but
those approaches yield less interpretable patterns and assume that measured variables are
proxies for something that is unmeasurable. In addition, the advantage of SEM is that it
is accompanied by path diagrams that allow for clear visualization of multiple variables,
causal relationships, and correlations among the variables in a graphic model.

Over the last 40 years, foraminiferal distribution and ecology from the Adriatic Sea
have been studied from transitional areas to more open water [34]. For this reason, the area
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was regarded as optimal for examining the best predictors of community assemblages and
testing causal hypotheses using machine learning techniques and SEM with data collected
at a regional scale. The main aims of this investigation are: (1) to detect which among the
measured environmental parameters contribute the most to determining the composition
of benthic foraminiferal communities in the central-southern part of the Adriatic Sea, and
(2) to disentangle the direct and indirect effects of multiple environmental variables in
forming these communities. These goals were achieved by combining machine learning
with classic statistical models to analyse data generated from extensive sampling in the
central-southern Adriatic Sea.

2. Study Area

The Adriatic Sea is a mostly shallow semi-enclosed basin connected to the Mediter-
ranean Sea (Figure 1) and is commonly divided into three sectors (i.e., northern, central
and southern). The northernmost sector is very shallow (i.e., 100 m). The central part of
the Adriatic Sea represents the transition zone between the northern shallower and the
southern deeper sub-basins and is limited by the 100 m isobath to the north and the Pala-
grüza (Pelagosa) sill to the south. In this sector, a depression, the Mid Adriatic Depression
(MAD), is present and subdivides the basins into three adjacent sub-basins. The western
pit has a depth of ca. 255 m, whereas the central and eastern pits are ca. 270 m and 240 m
deep, respectively [35]. The southern sector, between the Palagruža sill and the Otranto
Strati, presents a wide depression, the Southern Adriatic Depression (SAD, >1200 m).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 17 
 

include latent variables in the SEM models (or to precede the models with factor analysis 
and include factors), but those approaches yield less interpretable patterns and assume 
that measured variables are proxies for something that is unmeasurable. In addition, the 
advantage of SEM is that it is accompanied by path diagrams that allow for clear 
visualization of multiple variables, causal relationships, and correlations among the 
variables in a graphic model. 

Over the last 40 years, foraminiferal distribution and ecology from the Adriatic Sea 
have been studied from transitional areas to more open water [34]. For this reason, the 
area was regarded as optimal for examining the best predictors of community 
assemblages and testing causal hypotheses using machine learning techniques and SEM 
with data collected at a regional scale. The main aims of this investigation are: (1) to detect 
which among the measured environmental parameters contribute the most to 
determining the composition of benthic foraminiferal communities in the central-southern 
part of the Adriatic Sea, and (2) to disentangle the direct and indirect effects of multiple 
environmental variables in forming these communities. These goals were achieved by 
combining machine learning with classic statistical models to analyse data generated from 
extensive sampling in the central-southern Adriatic Sea. 

2. Study Area 
The Adriatic Sea is a mostly shallow semi-enclosed basin connected to the Mediterranean 

Sea (Figure 1) and is commonly divided into three sectors (i.e., northern, central and southern). 
The northernmost sector is very shallow (i.e., 100 m). The central part of the Adriatic Sea 
represents the transition zone between the northern shallower and the southern deeper sub-
basins and is limited by the 100 m isobath to the north and the Palagrüza (Pelagosa) sill to the 
south. In this sector, a depression, the Mid Adriatic Depression (MAD), is present and 
subdivides the basins into three adjacent sub-basins. The western pit has a depth of ca. 255 m, 
whereas the central and eastern pits are ca. 270 m and 240 m deep, respectively [35]. The 
southern sector, between the Palagruža sill and the Otranto Strati, presents a wide depression, 
the Southern Adriatic Depression (SAD, >1200 m). 

. 

Figure 1. Bathymetric map of the Adriatic Sea showing the general circulation (from Spagnoli et al. 
[35]). Western Adriatic Current (WAC), Eastern Adriatic Current (EAC), North Adriatic Gyre 
(NAdG), Mid Adriatic Gyre (MAdG), South Adriatic Gyre (SAdG), Adriatic Dense Water (AdDW) 
North Adriatic AdW (NAdDW), Levantine Intermediate Water (LIW), Adriatic-Ionian bimodal 
oscillating system (BIOS). 

The circulation of the Northern and Central Adriatic Sea (Figure 1) is represented by 
anticlockwise currents parallel to the coasts in winter [36], whereas in summer, the 

Figure 1. Bathymetric map of the Adriatic Sea showing the general circulation (from Spagnoli et al. [35]).
Western Adriatic Current (WAC), Eastern Adriatic Current (EAC), North Adriatic Gyre (NAdG),
Mid Adriatic Gyre (MAdG), South Adriatic Gyre (SAdG), Adriatic Dense Water (AdDW) North
Adriatic AdW (NAdDW), Levantine Intermediate Water (LIW), Adriatic-Ionian bimodal oscillating
system (BIOS).

The circulation of the Northern and Central Adriatic Sea (Figure 1) is represented
by anticlockwise currents parallel to the coasts in winter [36], whereas in summer, the
hydrodynamic pattern slows down and involves clockwise and counter-clockwise gyres.
The circulation is also influenced by dense waters forming in the northern part of the
Adriatic Sea that reach the MAD and partly flow further south [37].

The main circulation pattern in the Adriatic Sea is represented by the inflow of Mediter-
ranean Sea waters along the eastern part of the Otranto Strait and the outflow across the
western side of it [38]. During summer, the riverine waters and the associated fine sedi-
ments predominantly flow in the centre of the basin, which are instead limited near the
coast in winter [39]. Strong winter and autumn storms occur in the northern and central
Adriatic Sea, causing a marked bottom sediment resuspension up to a sediment thickness
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of 5–10 cm [40]. Overall, the current and wave actions control the distribution of sediments
to the south and, partly, in the open sea [41].

The principal inputs of sediment are placed along the western side of the Adriatic Sea,
which is primarily due to the Po River [42–44], and secondarily, by the Italian rivers.

The changes in sea-level in the recent past have markedly shaped the present bottom
sea in the northern and central sectors of the Adriatic Sea as well as the shelves in the
southern one. The last fast transgression formed an accretionary sedimentary wedge
parallel to the Italian coastline over an erosional unconformity [45–48]. The thickness of the
pelitic wedge reduces in the centre of the basin between the MAD and the Italian coast [49].
The bottom is marked by a belt of coastal sands and by a finer grain size area and again by
coarser sediments offshore in the southern sector [47]. The grain size of sediment is silt and
clay in the SAD.

3. Materials and Methods
3.1. Sample Collection

In total, 107 sediment samples were collected between the Ancona Harbor and Marina
di Leuca Harbor from 13 to 703 m water depth (Figure 2) during the sampling PERTRE
cruise organized by the Institute of Marine Sciences–National Research Council from
16 September to 4 October 2016. Sampling sites were placed along perpendicular transects
to the coast at a with about 35—40 km between them, and their position was determined
with Global Position System. Sediment was sampled by a box corer (Figure 2). Once
retrieved, the box-cores were photographed and described, and the surface sediment
(0–2 cm) was sampled for in situ measurement of pH and of the redox potential (Eh) with
a Crison 570 multi-parametric probe. Sediment samples were sub-sampled, stored in
polyethylene jars, and preserved in cold storage at +4 ◦C for the grain size. Additionally,
an aliquot of sediments was stored in the freezer (−20 ◦C) for geochemistry, and another
one (50 mL) was stored at room temperature for benthic foraminiferal analysis.
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3.2. Grain-Size and Geochemical Analyses

The analyses of grain-size were based on diffraction and diffusion on suspended
particles (Malvern Mastersizer 2000, red He-Ne laser, 632 and 466 nm wavelength) [50,51].
Results were organized as three descriptive groups: clay, silt, and sand.

Sediments were analysed for Total organic carbon (OC), total nitrogen (N), and total
sulphur (S) contents using a FlashEA 1112 Elemental Analyser (Thermo) equipped with
an autosampler. The analyses were carried out on 1.5 to 2 mg of finely dried and crushed
sediment to which was added ca. 5 mg of vanadium pentoxide. The OC content was then
computed by subtracting mineral carbonate (i.e., carbonate carbon) from the total carbon
(TC). Carbon from calcium carbonate content was determined using a Bernard calcimeter.
Measurements were performed in triplicate at each station. Trace element analyses were
performed by X-ray fluorescence (XRF) spectrometry (Philips PW1480 spectrometer). Major
elements were determined on fused glass disks. Trace elements were analysed following
the methods of Leoni et al. [52]. Accuracy was tested by analysing international refer-
ence standards. The loss on ignition (LOI) content was determined gravimetrically after
overnight heating at 950 ◦C. The quantity of OM was based on OC contents, and the quality
was estimated from the OC/N ratio. The OC/S was used to estimate the redox state of
the sediments. The Pollution Load Index (PLI) of Tomlinson et al. [53] was calculated and
applied for assessing the level of contamination. The PLI was estimated according to the
equation: PLI = n

√
CF1 × CF2 × . . . .× CFn, where CF is the concentration factor of selected

analyzed trace elements, and n is the number of trace elements considered in the study. The
concentration factor is determined as follows: CF = Cmetal

Cbackground
, where Cmetal is the element

concentration in the analyzed sample and Cbackground is the background concentration of
the element. In this study, the background values of Surricchio et al. [54] were used.

3.3. Benthic Foraminifera

The sediment for foraminiferal samples was immediately stained with rose Bengal dye
solution (2 g of rose Bengal in 1000 mL of 90% ethanol) to identify living (stained)specimens.
A quantitative analysis of the only living benthic foraminifera was performed on >63 µm
fraction. The benthic foraminifera were taxonomically identified following Loeblich and
Tappan [55], Jorissen [34], Cimerman and Langer [56], and Fiorini and Vaiani [57]. Out of
107 sampled sites, two (i.e., 13 and 28) were not sampled for foraminifera. The identified
species were classified according to their microhabitat based on Murray [11]. The percent-
age of epifaunal and infaunal species was determined, and Hill diversity was calculated as
the exponential of Shannon diversity.

3.4. Data Visualization and Analysis

Stations with less than 15 living benthic foraminiferal specimens were removed for
the Gf analysis because a minimal number of abundances can create bias in the models.
The following environmental variables, namely, sand, mud (silt+ clay), pH, Eh, N, OC,
OC/N, and PLI were considered for this study. These are among the most used variables
in ecological investigations on foraminifera. We used a correlation heatmap to discover
the Pearson correlation coefficient between all the independent variables in our dataset
(Figure 3). Here, the heatmap shows that a couple of the independent variables are
highly correlated (Pearson coefficient > 0.7) with each other; therefore, we ascertain the
presence of multi-collinearity in the data. Multi-collinearity (the existence of a linear
relationship between independent variables) might bias the ability of our models and cause
problems when we fit the model and interpret the results. For this reason, we carried
out a Principal Component Analysis (PCA) to measure the severe multi-collinearity and
to remove highly correlated independent variables from further analyses. A PCA takes
advantage of multi-collinearity and integrates the positively correlated variables into a set
of uncorrelated variables. Therefore, a PCA can effectively annihilate multi-collinearity
between independent variables. Based on our PCA result (Figure S1), we removed pH,
OC/N, mud and retained sand, Eh, N, OC, and PLI for creating the Gf analysis.



Appl. Sci. 2023, 13, 794 6 of 16Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 17 
 

 
Figure 3. Correlation matrix of environmental variables. Total nitrogen [N], Pollution Load Index 
[PLI], Total Organic Carbon [OC], Total Organic Carbon/ Total Nitrogen [OCN]. 

3.4.1. Gradient Forest 
The Gf, as an extension of the Random Forest [32] and an ensemble machine learning 

approach, has been applied to unravel the non−linear changes of benthic foraminiferal 
species in relation to environmental gradients. This algorithm use bootstrap aggregating 
and random subspace approaches to create a set of decision trees. Based on this approach, 
the importance of each parameter was evaluated to define the ranking value among the 
variables for each species [58]. The performance of the Gf model was computed using the 
proportion of out−of−bag data and weighting that variance on all benthic foraminifera 
species. The advantage of this approach compared to other models is that it can handle a 
high number of interactions among different independent variables, and 
multi−collinearity is not an issue [32,58]. The Gf analyses were completed using R 
software (4.2.0) with two packages: “extendedForest” and “gradientForest” and 2000 
trees. The cumulative split importance in the Gf modelling approach is used to define the 
pattern and magnitude of cumulative variations in benthic foraminifera assemblages 
along a depth gradient (Figure 4). In this nonlinear curve, abrupt changes in slope are 
related to high rates of variations in species composition, whereas superficial slopes 
suggest low ones. The steep parts of the curve suggest rapid turnover in the benthic 
foraminifera assemblages and based on these rapid changes, we divide the basin into the 

Figure 3. Correlation matrix of environmental variables. Total nitrogen [N], Pollution Load Index
[PLI], Total Organic Carbon [OC], Total Organic Carbon/Total Nitrogen [OCN].

3.4.1. Gradient Forest

The Gf, as an extension of the Random Forest [32] and an ensemble machine learning
approach, has been applied to unravel the non-linear changes of benthic foraminiferal
species in relation to environmental gradients. This algorithm use bootstrap aggregating
and random subspace approaches to create a set of decision trees. Based on this approach,
the importance of each parameter was evaluated to define the ranking value among the
variables for each species [58]. The performance of the Gf model was computed using
the proportion of out-of-bag data and weighting that variance on all benthic foraminifera
species. The advantage of this approach compared to other models is that it can handle a
high number of interactions among different independent variables, and multi-collinearity
is not an issue [32,58]. The Gf analyses were completed using R software (4.2.0) with two
packages: “extendedForest” and “gradientForest” and 2000 trees. The cumulative split
importance in the Gf modelling approach is used to define the pattern and magnitude of
cumulative variations in benthic foraminifera assemblages along a depth gradient (Figure 4).
In this nonlinear curve, abrupt changes in slope are related to high rates of variations in
species composition, whereas superficial slopes suggest low ones. The steep parts of the
curve suggest rapid turnover in the benthic foraminifera assemblages and based on these
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rapid changes, we divide the basin into the four depth intervals (i.e., 13–28 m, 29–58 m,
59–215 m, and >215 m) (Figure 4). A Gf model was built for each interval and the three
most relevant variables influencing the benthic foraminiferal distribution were used to
create the SEM models for each depth interval.
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Figure 4. Gradient forest model over benthic foraminiferal assemblages. Dashed lines reflect major
foraminiferal turnover.

3.4.2. Structural Equation Models

Structural Equation Models (SEM) were used to test specific causal hypotheses to
evaluate the influence of the three most important environmental variables (determined by
Gf) on diversity indices (i.e., Hill) and microhabitat (i.e., infauna). SEM are probabilistic
models that generate variance-covariance matrices that can be compared with the original
data variance-covariance matrices. This approach helps to identify direct and indirect
associations between multiple independent and dependent variable in a single model and
can compare causal hypotheses with unresolved correlational structures. A strength of SEM
over other approaches to multiple regression is that different causal pathways, including
indirect effects, can be compared directly, and endogenous variables can be both predictive
and dependent on exogenous variables. It is one of the best developed statistical methods
for testing causal hypotheses [33,59,60]. We used a Lavaan package in R (version 4.2.0) to
test SEM models [61]; model fits were based on the comparative fit index (CFI) and the
root mean square error of approximation (RMSEA); models were compared using Akaike
information criteria (AIC) and Bayesian information criteria (BIC) (Table S1).

4. Results
4.1. Grain-Size, Organic Matter, and Geochemistry

The pH ranged between 5.74 and 7.80, with a mean value of 7.42 ± 0.77 (Table S2).
The pH clearly shows a North-South and a West-East gradient towards lower values;
accordingly, the highest values occurred in the northern part of the study areas and at the
shallower stations (Figure 5). The redox potential (Eh) measured in the sediment samples
varied between −243 to 273 mV (Table S2). The sediments were mostly composed of silt
that accounted for 79.5± 20.5%. Sand content varied between 0.2 to 89.1%, with the highest
values nearby the coast in the northern and southernmost parts of the study area and in two
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deeper areas (Figure 5). The OC (0.61 ± 0.28%) ranged from 0.004 to 1.31% and showed the
highest value in the northern part of the study area at the farthest stations from the coast
where the sediments were finer (Figure 5). On the other hand, the lowest OC values were
found in the relict sand area and South of the Gargano promontory. The OC/N and OC/S
ranged from 0.17 to 74.3 and from 0.04 to 44.4, respectively (Figure 5). The PLI (1.12 ± 0.25)
varied from 0.44 to 1.63 with the highest values associated with finer grained sediments
(i.e., silt and clay) (Figure 5).
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4.2. Benthic Foraminifera

Seven species (33a, S17, S30, S36, S44, S61B and S92) exhibited a low number of
specimens and were, therefore, not used for the statistical analysis. Overall, a total of
109 benthic foraminiferal species were recognized. The assemblages were dominated by
hyaline (69.1 ± 19.7%) forms, followed by porcelaneous (22.2 ± 20.4%) and agglutinated
(8.7± 7.1%) wall-type forms (Figure 6) (Table S3). Infaunal groups represented 62.8± 23.1%
of the assemblages with a clear West-East gradient. Higher percentages of infauna were
recorded around the Gargano promontory and at the shallowest stations in the southern
part of the investigated area (Figure 6). The Hill varied from 0.83 to 3.48 (2.56 ± 0.6),
whereas Fischer α index ranged from 0.91 to 36.13 (12.21 ± 6.12). Both these diversity
indices exhibited the lowest values at the shallow stations (i.e., close to the coast) in the
northern and central parts of the study area (Figure 6). The most abundant taxa were
Uvigerina mediterranensis (11.5 ± 13%), Ammonia parkinsoniana (7.7 ± 16.4%), Bulimina
elongata (5.7 ± 11.4%), Bulimina marginata (5.2 ± 8.4%), Cassidulina carinata (5.1 ± 6.0%),
and Bolivina spathulata (4.2 ± 5.5%).
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4.3. Models

The Gf modelling revealed cumulative changes in the assemblages of benthic foraminifera,
resulting in the identification of four depth intervals (i.e., 13–28 m, 29–58, 59–215, and
>215 m) (Figure 4). Unfortunately, the intervals 29–58 m and deeper than 215 m were
characterized by very few samples (i.e., 10 and 8, respectively) and were therefore not used
for further analyses (i.e., Gf and SEM).
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The most important environmental variable in determining compositional changes of
the benthic foraminiferal community along the entire bathymetric gradient was OC (R2

weighted importance >0.035). Other environmental parameters, namely, sand, PLI, Eh,
and N had intermediate (R2 weighted importance range between 0.01 and 0.02) effects
on changes in assemblages (Figure 7A). A Gf model was also analysed for two identified
depth intervals, namely, 13–28 m and 59–215 m (Figure 7B,C). Sand was the most important
variable, followed by PLI, N, and OC at the 13–28 m depth interval (Figure 7B). At deeper
intervals (i.e., 59–215 m), OC played a major role in shaping the benthic foraminiferal
assemblages, followed by N and sand (Figure 7C).
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We also used the SEM approach to investigate the specific a priori causal hypotheses
and direct and indirect relationships to estimate the effect of the three most important
environmental parameters for the overall bathymetric gradient and for each depth interval
resulting from the Gf on different diversity index (i.e., Hill) and lifestyle (i.e., infaunal)
in benthic foraminifera. Path coefficients from SEM indicated a minor effect of depth on
OC, sand, and PLI when the entire bathymetric range is considered (Figure 8A), with a
negative (standardized path coefficient (SPC) = −0.35) influence on infauna and a positive
influence (SPC = 0.16) on Hill. Sand had a direct negative effect (SPC = −0.68) on infauna
and a positive one (SPC = 0.51) on Hill (Figure 8A). When the depth interval 13–28 m was
considered, depth had strong effects on sand, PLI, and N (Figure 8B), with a positive effect
on infauna (SPC = 0.14) and a negative one on Hill (SPC = −0.23). In this interval, infauna
is negatively related to sand (SPC = −0.96), PLI (SPC = −0.29), and N (SPC = −0.27). Sand
had a direct effect on Hill (SPC = 0.81) and N (SPC = 0.41) (Figure 8B). At deeper stations
(i.e., 59–215 m), depth did not seem to affect infauna or Hill (Figure 8C) but had a negative
influence on OC (SPC = −0.43) and N (SPC = −0.32). Of these two environmental parame-
ters, only N appears to highly influence both infauna (SPC = 0.66) and Hill (SPC = −0.69)
(Figure 8C).
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5. Discussion

A very limited number of foraminiferal studies has included such a high number
of samples, and despite intensive studies in the Adriatic Sea, the only research is likely
the comprehensive investigation of Jorissen [34], analysing the distribution of benthic
foraminifera in 285 samples. A wide range of environmental factors simultaneously shape
foraminiferal assemblages, as functions of Adriatic circulation and hydrodynamics. How-
ever, determining the effects and magnitude of those factors is challenging, especially when
considering such regional distribution. Nevertheless, we identified depth intervals that
reflect rapid foraminiferal assemblage turnovers that are recognized at 28–29 m, 58–59 m,
and 215 m water depth intervals. It is worth noting that the 28–29 m and 215 m intervals
match well the boundary between the inner to middle neritic (i.e., 30 m) and outer neritic
to upper bathyal (i.e., 200 m), respectively. These subdivisions have been widely used
for depth reconstructions based on foraminiferal zonation in the Cenozoic [62,63]. On the
other hand, the foraminiferal turnover identified at 58–59 m cannot be associated with
the middle-outer neritic boundary (i.e., 100 m); this change corresponds to the bathymet-
ric subdivision between infralittoral and circalittoral zones of the neritic Mediterranean
zones [64]. This has also been applied for benthic foraminiferal distribution in the Gulf of
Naples (Tyrrhenian Sea) [65], where the circalittoral zone is defined as between 40–50 m and
150–200 m. In the wide-ranging overview of foraminiferal distribution in the Adriatic Sea,
Jorissen [34] inferred that the most important parameters influencing the distribution of the
50 most abundant foraminiferal species were bathymetry, sand fraction, calcium carbonate,
and organic matter. Indeed, the author identified several biofacies units (i.e., 7.5–25 m,
20–100 m, and 50–1225 m) that are not only defined on the bathymetric range but also
on sand and organic matter contents. Our Gf model does not exactly identify the same
“biofacies” units of Jorissen [34] and this might be ascribed to a different sampling strategy:
(a) sampling device (i.e., grab and piston core vs. box-core); (b) assemblages (i.e., total
vs. living assemblages); (c) sieve-size (i.e., 150 µm vs. 63 µm) and/or investigated areas:
(i) geographical extension (i.e., the entire Adriatic Sea vs. the central-southern part of the
western side of the Adriatic Sea); (ii) bathymetric range (i.e., 7.5–1152 m vs. 13–703 m)
and/or temporal changes in the benthic environment.

In our study, the factors that most contributed to shaping foraminiferal assemblages
across the entire depth gradient were organic matter contents (OC), followed by grain-size
(sand) and anthropogenic contaminations (PLI). These variables match well those (organic
matter and sand) identified by Jorissen [34]. Interestingly, our Gf models for 13–28 m and
59–215 m bathymetric ranges reveal which factors shape the foraminiferal assemblages.
While organic matter (i.e., OC and N) is still the most important factor at greater depths
(59–215 m), at shallower depths the grain-size (i.e., sand content) and pollution (i.e., PLI)
seem to turn out to be the most important variables.
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The interpretations of putative causal relationships between abiotic and biotic variables
are quite challenging. For the full depth gradient, abiotic and biotic parameters are scarcely-
to-moderately correlated with depth, exhibiting only a direct negative influence on infauna
(SPC = −0.35). The percentages of infaunal taxa are expected to decrease in shelf/bathyal
areas, where the organic matter supplied to the bottom is limited. These results corroborate
the TROX model [26], which suggests a decrease in infaunal percentages in oligotrophic
environments, where nutrients are a limiting factor; this is represented by deeper stations
in our study system. The TROX model also predicts an increase in infaunal percentages in
relation to enhanced food supply at the seafloor and to limited oxygen penetration within
it. This pattern is also related to the sediment grain-size (i.e., fine) enriched in OM. This is
well supported in our Gf model; in fact, when the entire bathymetric range is considered,
the two most important components shaping the foraminiferal assemblages are nutrients
(i.e., OC) availability and grain-size (i.e., sand). Based on the SEM model, diversity (Hill)
is positively, though weakly, related to depth. Variations in species diversity (i.e., species
richness) along bathymetric gradients have been deeply documented in both the eastern and
western Mediterranean Sea [66]. These authors revealed an optimum (maximum) in species
richness between 200 and 1000 m water depth, followed by a steady decline towards depth.
In our record, the increase of diversity at greater depths (SPC = 0.19) matches well their
finding only when the entire bathymetric range is considered. This implies that diversity
might be affected by spatial heterogeneity of various physicochemical and hydrodynamic
parameters, caused by geomorphological differences and relict sedimentary processes.

At the 13–28 m depth interval, depth positively affected infauna (SPC = 0.14) and
negatively affected Hill (SPC = −0.24). In this bathymetric range, sand, PLI and N are
strongly affected by depth, and sand negatively affects infauna but positively affects
diversity. Here, sand content, indicative of stronger hydrodynamics, plays a major role in
shaping the benthic foraminiferal assemblages as defined by infauna and diversity. Coarse
sediments are commonly well-oxygenated and exhibit a lower organic matter availability
compared to finer ones; shallow water sandy bottoms are frequently unstable moving
substrates subject to remobilization by waves and transport by coastal drift currents;
these substrates preferentially host epifaunal species. The increase in diversity with sand
content could be due to more heterogeneous microhabitats and increased availability of
nutrients and oxygen within the sediments. Total nitrogen (N) also contributes to shape
the foraminiferal assemblages (i.e., infauna and diversity) but to a lesser extent than
sand content.

At the 59–215 m depth interval, depth caused decreases in organic matter (i.e., OC
and N). The main food source for benthic organisms is available via the fraction of OC
produced in surface water and can effectively reach the seafloor [67–69]. The organic matter
degrades along the water column; therefore, the greater the distance between the surface
and the bottom, the less labile nutrients reach the benthic communities. This explains the
negative relation between OC and N with depth. At this bathymetric range, the only factor
influencing infauna and diversity is nitrogen. Increases in nitrogen in marine sediment are
commonly associated with the presence of phytoplankton with a higher protein content,
which is preferentially used by benthic foraminifera as labile organic matter [70].

6. Conclusions

The opportunities offered by combining traditional statistics with machine learning, in
this case SEM and gradient forest analyses, have allowed us to identify the most important
environmental factors controlling benthic foraminiferal assemblages in the central-southern
part of the eastern side of the Adriatic Sea. Using this integrative approach, we identified
turnovers at 13–28, 29–58, 59–215, and >215 m depth intervals in the benthic foraminiferal
compositions, which are good matches to the classical bathymetric distribution of ben-
thic communities.

Among a large set of environmental variables, sand content and organic matter are the
most important determinants of foraminiferal distributions either along the entire depth
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gradient or at selected bathymetric ranges. These variables are commonly influenced by
depth that indirectly shapes foraminiferal assemblages with distinct structural character-
istics. The potential applications of merging statistical learning with classical statistical
modelling, such as path analysis, are just now being realized and should contribute to basic
ecology and environmental monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13020794/s1. Figure S1. Dimensional reduction with Principal
Component Analysis method. Table S1. Structural Equation Modeling results including Comparative
Fit Index (CFI), Root Mean Square Error of Approximation (RMSEA), Akaike information criteria
(AIC), and Bayesian information criteria (BIC). Table S2. Raw environmental data. Table S3. Raw
foraminiferal data.
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