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Abstract: In intensively used and human-modified landscapes, biodiversity is often confined to
remnants of natural habitats. Thus, identifying ecological networks (ENs) necessary to connect
these patches and maintain high levels of biodiversity, not only for conservation but also for the
effective management of the landscape, is required. However, ENs are often defined without a clear
a-priori evaluation of their biodiversity and are seldom even monitored after their establishment. The
objective of this study was to determine the adequate number of replicates to effectively characterize
biodiversity content of natural habitats within the nodes of an EN in north-eastern Italy, based on
vascular plant diversity. Plant communities within habitat types of the EN’s nodes were sampled
through a hierarchical sampling design, evaluating both species richness and compositional dissimi-
larity. We developed an integrated method, consisting of multivariate measures of precision (MultSE),
rarefaction curves and diversity partitioning approaches, which was applied to estimate the minimum
number of replicates needed to characterize plant communities within the EN, evaluating also how
the proposed optimization in sampling size affected the estimations of the characteristics of habitat
types and nodes of the EN. We observed that reducing the total sampled replicates by 85.5% resulted
to sufficiently characterize plant diversity of the whole EN, and by 72.5% to exhaustively distinguish
plant communities among habitat types. This integrated method helped to fill the gap regarding
the data collection to monitor biodiversity content within existing ENs, considering temporal and
economic resources. We therefore suggest the use of this quantitative approach, based on probabilistic
sampling, to conduct pilot studies in the context of ENs design and monitoring, and in general for
habitat monitoring.

Keywords: α diversity; β diversity; multivariate pseudo-standard error; plant biodiversity; protected
areas; sampling optimization

1. Introduction

Biodiversity loss is one of the main concerns in the Anthropocene, happening at a
faster rate than ever, driven by many factors such as land use change, habitat fragmentation,
pollution, natural resources exploitation, climate change, biological invasion, and many
others [1–3]. Although protected areas (PAs) were designed to face these problems through
conservation actions focused on endangered target habitats and species, it is now clear that
biodiversity protection should rely on a more efficient management of the anthropogenic
surrounding landscapes and no longer be confined only to PAs [4–6]. Urgent actions
to mitigate habitat loss and fragmentation are needed. These actions must be achieved
through a management approach that coherently considers all the landscape components,
integrating also information about functional traits of species and landscape structures
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through connectivity models [7]. In this context, the Ecological Network (EN) was estab-
lished as a useful tool to provide an integrated protection of biodiversity also considering
biotic interactions among species in an ecosystem [8]. ENs were described and used as
tools for conservation planning that rely on the concept of ecological connectivity between
the more natural portions of a landscape (so called “nodes” of the EN), with the final aim
to limit the effects of fragmentation of habitat patches [9–12]. ENs were thought as a patch
matrix model [13], a vision of landscape in which discrete homogeneous habitat patches,
surrounded by a more or less inhospitable matrix, are connected in a network structure
to support ecological connectivity at landscape scale [14]. Research concerning ENs have
developed different approaches directed to assess both the structural connectivity, that
is a property of the landscape and concerns the spatial pattern of habitat patches and
is independent of the ecological characteristics of the species [15,16], and the functional
connectivity, defined as the behavioral movement response of organisms towards habitat
patches [17,18]. In this respect, many analytical tools were developed in recent decades
such as least-cost modeling, circuit theory, and graph-theoretic methods, aiming at design
connectivity models [14].

The concept of EN is increasingly accepted as an operational tool for protecting
biodiversity, improving ecological connectivity, and sustainable development of land-
scapes [19–22]. Several studies have focused on the application of ENs, both from the
theoretical and practical point of view, highlighting the complex interaction between struc-
tural and functional features of ENs, and the need for further research on the effects of their
planning and implementation [14,23–25]. In particular, the definition of the EN follows
often an approach oriented only to the structure of the network, while there is a lack of
standards in EN projects (e.g., no clear objectives, no monitoring activities) to make them a
suitable tool for biodiversity conservation [25–27]. Thus, it is essential to assess the spatial
distribution of the habitats within the EN and to quantify their biodiversity content as they
may be potentially altered due to anthropic activities of the surrounding matrix, or even by
application of improper management of the nodes [28–30]. Moreover, the identification of
the habitats suitable for a species should consider the plant communities that are fundamen-
tal to habitat type definition, adopted also in modern European classifications [31–34]. The
term “habitat” has been used in various contexts with different meanings. In the context of
EN, we refer to habitat as an assemblage of animals and plants, together with their abiotic
environment, that contribute as patches of the network. Plant communities also have a key
role in primary productivity, capturing that portion of solar energy that can support the life
of all components of the biosphere, as well as in regulation of the nutrients’ cycle and in
soil protection [35] and stand for a large part of biodiversity of landscapes.

In this light, a robust and replicable method to detect the biological and structural char-
acteristics of plant communities within the ENs is needed. It should also aim at monitoring
the distribution and biodiversity content of the habitat types. A robust methodological
approach which is based on probabilistic sampling of plant communities is fundamental to
estimate how suitable a sample is for seizing the species diversity and relative abundance,
avoiding bias [36]. The adequacy of sampling methods able to reliably characterize ecologi-
cal communities within a habitat have long been debated in literature (e.g., Yoccoz et al. [37],
Balmford et al. [38], Del Vecchio et al. [39], Maccherini et al. [40]). One recently introduced
approach which proved to be useful consists of evaluating multivariate differences in the
composition of plant communities [41], using a measure of precision based on dissimilarity
matrices called pseudo multivariate dissimilarity-based standard errors (MultSE), which
allow for determination of sample-size adequacy within communities. The MultSE is the
multivariate analog of the standard error and measures the variability in the position of
the centroid in the space of a chosen dissimilarity measure under repeated sampling for
a given sample size [41]. This measure of multivariate precision was recently used in the
context of European habitats monitoring for costal sand dunes by Maccherini et al. [40],
and it can represent a valid approach to estimating the optimal sample-size required to
adequately characterize plant communities within habitats.
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In this study, we provide an integrated method to determine the adequate number of
replicates to effectively characterize biodiversity within habitat types (considered as EUNIS
habitat types [33]) and nodes in an EN whose main novelty relies on the combination
of (i) MultSE, (ii) rarefaction curves, and (iii) diversity partitioning approaches. Our
main contribution is to provide a methodological framework for practitioners to support
biodiversity data collection planning, in the EN design process or in the monitoring of
existing ENs and PAs, as requested by the European Biodiversity Strategy for 2030 [42].

In an EN, modeled in the context of the regional landscape planning process at the
regional level, we sampled 193 vegetation plots in 14 habitat types contained within
74 nodes, aiming at estimating how many replicates are sufficient (a) to distinguish and
maintain the typification among different habitat types and (b) to gather data on species
diversity and heterogeneity within the whole EN. We tested our framework on an EN in
Friuli Venezia Giulia region (north-eastern Italy), which was developed in the context of
the regional landscape planning project [43]. The sampled EN is composed of numerous
PAs and biotopes, as well as several patches of semi-natural and natural habitats in an
agricultural landscape matrix. These habitat types, forming the nodes of the EN, consist
mainly of wetlands, linked to the presence of rivers and fens, which are well-known for
their ecological role and for the high levels of biodiversity [44]. These environments are
usually underrepresented in EN studies and the few studies concerning wetlands tend to
give more weight to animal diversity instead of plant diversity [45].

2. Materials and Methods
2.1. Study Area and EN Model

This study was carried out in a local EN in the Friulian lowland (Friuli Venezia Giulia
region, NE Italy; centroid coordinates: 45◦48′13.4” N–13◦08′11.0” E; Figure 1).

The study area has an extent of 298 km2 and is included in an agricultural context
bounded by two river systems (Stella and Corno rivers, respectively). The landscape is
characterized by a mixed mosaic of intensively and extensively cultivated areas, settlements,
semi-natural (hedgerows and watercourses) and natural habitats (woodlands, shrubs,
meadows and fens), including eight Natura 2000 Special Area of Conservation (Habitats
Directive 92/43/EEC) and nine regional protected sites (biotopes), connecting mainly
wetland habitat types.

The geology of the area is mainly composed of Quaternary sand sediments, silt
sediments and silt-clay sediments generated by glacial fluvial transport during Pleistocene
and by alluvial deposit during Holocene. The area is characterized by an average annual
temperature of ca. 13 ◦C and an average annual rainfall between 1100 and 1400 mm.

In this intensively cultivated landscape, connectivity was mapped on a habitat-species
based model (flora and fauna), developed at the local scale in the context of the regional
landscape planning process [43]. The model is based on least-cost path analysis and graph
theory used to obtain species-specific ENs which were later merged into the final compos-
ite multi-species network (Figure S1), where the nodes (natural habitats), corridors and
stepping stones (links between natural habitats) were obtained for a set of 19 target species
(10 animal species and 9 plant communities, assumed to be crucial for several plant species
of conservation concern) to capture favorable conditions for biodiversity. Specifically, the
EN was originally modeled from the habitat map of the region [46], using the habitat
classification proposed by Poldini et al. [47] (see Table 1), and crossing costs for species
were attributed by expert assessment and literature review data. However, for a more
comparable interpretation and replicability of this study, the adopted habitat classification
was converted according to the European Nature Information System (EUNIS, [33]) classifi-
cation which has a one-to-one correspondence with the previous classification (Table 1).
The term habitat is here understood as an assemblage of plants together with their abiotic
environment. The EN is composed of 108 nodes and 17 different habitat types, for a total
extent of 5900 ha of which 1700 ha represent nodes and 4200 ha ecological corridors.
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Figure 1. Study area location (Friuli Venezia Giulia region is represented in yellow) and ecological
network representation (all the nodes of the EN are shown, including aquatic and smaller than 1 ha
nodes). EUNIS Habitat Codes are as follows: C1.14 Charophyte submerged carpets in oligotrophic
water bodies; C1.24 Rooted floating vegetation of mesotrophic water bodies; C2.27 Mesotrophic
vegetation of fast flowing streams; C3.21 Phragmites australis beds; D4.11 Schoenus nigricans fens;
D5.24 Fen Cladium mariscus beds; E1.55 Eastern sub-Mediterranean dry grassland; E2.2 Low and
medium altitude hay meadows; E3.4 Moist or wet eutrophic and mesotrophic grassland; E3.51 Molinia
caerulea meadows and related communities; F3.23 Tyrrhenian sub-Mediterranean deciduous thickets;
F9.2 Salix carr and fen scrub; G1.A1A Illyrian Quercus-Carpinus betulus forests; G1.11 Riverine Salix
woodland; G1.223 Southeast European Fraxinus-Quercus-Alnus forests; G1.224 Po Quercus-Fraxinus-
Alnus forests; G1.41 Alnus swamp woods not on acid peat. Colored lines and patches are corridors
and nodes of the network, representing different habitat types and species-specific networks. An
example of the hierarchical sampling design in which each node was sampled stratified by habitat
type proportionally to habitat extent within the node is showed.
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Table 1. Habitat codes of the area according to Poldini et al. [47] and correspondence with EU and
EUNIS habitat classification along with descriptive statistics of the study area (i.e., area, number of
patches, number of plots and average richness). Asterisk (*) in EU habitat codes denotes priority
habitats according to Habitats Directive. Plus (+) before EUNIS habitat codes denotes habitat types
that were updated after the sampling (see main text).

Habitat
[46]

EU Habitat
(Directive
92/43/EEC)

EUNIS
Habitat

Area
(ha) N Patches N Plots

Average
Richness

(±SD)

AC6

3260—Water
courses of

plain to
montane

levels with the
Ranunculion
fluitantis and

Callitricho-
Batrachion
vegetation

C2.27—
Mesotrophic
vegetation

of fast
flowing
streams

48.6 7 Not
sampled

Not
sampled

AF5

3140—Hard
oligo-

mesotrophic
waters with

benthic
vegetation of

Chara spp.

C1.14—
Charophyte

sub-
merged

carpets in
olig-

otrophic
water
bodies

59.3 10 Not
sampled

Not
sampled

AF6 /

C1.24—
Rooted
floating

vegetation
of

mesotrophic
water
bodies

5.0 1 Not
sampled

Not
sampled

BL13

91L0—Illyrian
oak-hornbeam

forests
(Erythronio-
Carpinion)

G1.A1A—
Illyrian

Quercus—
Carpinus
betulus
forests

599.4 17 34 23.3 ± 5.7

BU10

91E0*—
Alluvial

forests with
Alnus glutinosa
and Fraxinus

excelsior
(Alno-Padion,

Alnion incanae,
Salicion albae)

G1.41—
Alnus

swamp
woods not

on acid
peat

410.5 43 28 23.3 ± 5.0

BU11 /
F9.2—Salix

carr and
fen scrub

45.8 8 12 25.0 ± 5.2

BU5

92A0—Salix
alba and

Populus alba
galleries

G1.11—
Riverine

Salix
woodland

186.4 31 39 23.6 ± 6.9
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Table 1. Cont.

Habitat
[46]

EU Habitat
(Directive
92/43/EEC)

EUNIS
Habitat

Area
(ha) N Patches N Plots

Average
Richness

(±SD)

BU7

91F0—
Riparian

mixed forests
of Quercus

robur, Ulmus
laevis and

Ulmus minor,
Fraxinus

excelsior or
Fraxinus

angustifolia,
along the great

rivers
(Ulmenion
minoris)

G1.223—
Southeast
European
Fraxinus—
Quercus—

Alnus
forests

112.4 20 8 25.9 ± 4.8

BU8

91F0—
Riparian

mixed forests
of Quercus

robur, Ulmus
laevis and

Ulmus minor,
Fraxinus

excelsior or
Fraxinus

angustifolia,
along the great

rivers
(Ulmenion
minoris)

G1.224—
Po

Quercus-
Fraxinus—

Alnus
forests

1.9 1 1 18

GM11 /

F3.23—
Tyrrhenian

sub-
Mediterranean
deciduous

thickets

153.1 41 27 22.5 ± 4.7

PC8

62A0—
Eastern

sub-
Mediterranean
dry grasslands
(Scorzoneretalia

villosae)

+E1.55—
Eastern

sub-
Mediterranean

dry
grassland

2.9 1 1 35
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Table 1. Cont.

Habitat
[46]

EU Habitat
(Directive
92/43/EEC)

EUNIS
Habitat

Area
(ha) N Patches N Plots

Average
Richness

(±SD)

PM1PM2

6510—
Lowland hay

meadows
(Alopecurus

pratensis,
Sanguisorba
officinalis)

E2.2—Low
and

medium
altitude

hay
meadows

127.2 37 19 29.7 ± 5.8

PU1

6430—
Hydrophilous
tall herb fringe
communities
of plains and

of the montane
to alpine levels

+E3.4—
Moist or

wet
eutrophic

and
mesotrophic
grassland

4.1 1 2 12 ± 14.1

PU3

6410—Molinia
meadows on
calcareous,

peaty or
clayey-

siltladen soils
(Molinion
caeruleae)

E3.51—
Molinia
caerulea

meadows
and related
communi-

ties

71.7 20 7 33.9 ± 8.5

UC1 /

+C3.21—
Phragmites

australis
beds

3.7 1 1 21

UC11

7210
*—Calcareous

fens with
Cladium

mariscus and
species of the

Caricion
davallianae

D5.24—
Fen

Cladium
mariscus

beds

9.9 2 3 14.3 ± 4.2

UP4UP5
7230—

Alkaline
fens

D4.11—
Schoenus
nigricans

fens

75.5 28 10 14.9 ± 6.2

2.2. Sampling Design and Data Collection within the EN

Among the nodes, we selected and sampled all the nodes larger than 1 ha. Purely
aquatic habitat types (i.e., C1.14, C1.24, C2.27, EUNIS codes; see Table 1) within the nodes
were not sampled, since they require completely different assumptions for connectivity
than terrestrial ones. Ecological corridors were not sampled. Thus, the final dataset relies
on 74 nodes and 14 habitat types. The adopted sampling design was hierarchical (Figure 1),
where each habitat type was sampled within each node (that could contain more than one
habitat type), proportionally to habitat extent within the node. The sampling density with
respect to the habitat extent was chosen as follows: a squared plot of 100 m2 was randomly
placed for a habitat area <5 ha, 2 plots for an area ≥5 and ≤10 ha and, finally, 3 plots for
an area >10 ha. In total, 193 plots were randomly selected within the EN corresponding to
an overall sampling density of 0.11 plot/ha. Occurrence and abundance (% visual cover
estimation) of vascular plant species were recorded within each plot. Nomenclature and
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taxonomy of species followed Bartolucci et al. [48] for native species and Galasso et al. [49]
for alien species. Data were collected during spring and summer 2019.

2.3. Data Analysis

Habitat types and nodes within the EN were analyzed in terms of species richness
(alpha diversity) and compositional dissimilarity as a measure of species complementarity
among sampling units (sensu Whittaker [50] defined as beta diversity). The latter was
analyzed using the Bray–Curtis (BC) dissimilarity index [51]. This index is defined as
the sum over the whole species of the ratio between the difference of abundance values
and the sum of abundance values for each species, and it represents the vegetation plots
pairwise differences using quantitative species abundance data. The BC dissimilarity
index ranges between 0, when two plots share the same elements, to 1, when the two
sampling units are totally different). First, we performed a preliminary analysis to evaluate
statistical differences in species richness among habitat types and nodes using ANOVA
test followed by Tukey post-hoc test (using the “multcomp” R package version 1.4-17, [52])
when significant. These differences represented our baseline diversity values characterizing
the EN in terms of biodiversity and its variability among habitat types/nodes, given the
maximum sampling effort available. Then, we characterized diversity patterns through
sample-based rarefaction curves (RCs) using exact method and spatially explicit rarefaction
curves (SERs, [53–55]), using the function available in “Rarefy” package (version 1.1) [56]
and in “vegan” R package (version 2.5-7) [57]. We compared first the habitat-based curve
and node-based curve to the rarefaction curve for the whole dataset (both RC and SER) and
then the curves for each habitat (RCs and SERs) to the whole dataset curve (both RC and
SER). Finally, we compared RC for each node with respect to the whole dataset RC. The
difference between RC and SER somehow expresses the amount of spatial autocorrelation
among sampling units, based on the spatial structure of the collected data and already
proved to be effective in different habitat types [55,58].

Species richness patterns across different spatial scales (plot, habitat/node, whole
EN) were also evaluated by means of additive partitioning techniques [59,60] using the
“adipart” function in the “vegan” R package [57] and their significance was tested using
a null model that permutes the original data matrix 999 times to assess deviation from
random expectations.

Pseudo multivariate dissimilarity-based standard error (MultSE) was computed fol-
lowing the method described by Anderson and Santana-Garcon [41], and using the code
and functions provided therein. MultSE (Equations (1) and (2)) is based on the chosen
dissimilarity measure, thus providing a powerful tool to examine the relative precision of a
sampling procedure. It is calculated as follows:

MultSE =
√

V/n (1)

where V is a multivariate measure of pseudo variance in the space of the chosen dissimilar-
ity measure:

V =
1

(n− 1)

(n−1)

∑
i=1

n

∑
j=(i+1)

d2
ij

n
(2)

where n is the number of sampling units and d represents the squared distance between
individual sampling points to their centroid, given a chosen dissimilarity measure.

To calculate MultSE, we first downweighted the abundance of the plant community
matrix using a log (x + 1) transformation and then we computed the BC dissimilarity index.
This was computed both for habitat types and habitat types aggregated within nodes, and
then for the whole dataset. A double resampling scheme was used to generate means for
each sample size and 95% confidence intervals; in particular the first was obtained from
10,000 permutations and the latter from 10,000 bias-adjusted bootstrap resamples. When
the profile of MultSE in relation to the increasing sampling size reaches an asymptote, we
can consider that sample size as an adequate number of replicates beyond which only small
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fluctuations of sampling precision can be observed. The point where the slope of MultSE
profile changes, was estimated using R package “segmented” version 1.3-4 [61,62]. These
were calculated only for the habitat types and for the whole dataset. The number of plots
for each node profile was often not large enough to estimate breaking points.

To verify if and how the proposed reduction in sampling size affects diversity, we
reduced the whole dataset adopting resampling strategies as suggested by the results of
MultSE. In particular, the complete dataset was resampled both randomly and stratified by
habitat types. The plots were resampled from the whole dataset, using the number of plots
derived from MultSE estimation for the habitat types (999 random resamples) and for the
whole EN (999 random resamples). These subsets of plots were then tested to investigate if
there were significant differences in species richness between habitat types (only for habitat
types resampling). Species diversity patterns across different scales (plot/habitat/whole
EN and plot/node/whole EN) were evaluated both for the habitats resampled subset
(HRS) and for the whole EN resampled subset (ENRS). Finally, the resulting statistics were
compared with those of the original dataset to determine the effect in sampling reduction
in the ability to discriminate among habitat types and EN nodes.

3. Results

Overall, 74 nodes of the EN were sampled, of which 56 were formed by a singular
habitat and 18 by multiple habitat types. The most common habitat types within the nodes
were G1.11 Riverine Salix woodland (present within 26 nodes, see Table 1 for more details
on habitat types), F3.23 Tyrrhenian sub-Mediterranean deciduous thickets (19), G1.A1A
Illyrian Quercus-Carpinus betulus forests (17), G1.41 Alnus swamp woods not on acid peat
(14), E2.2 Low and medium altitude hay meadows (13), while the less common were F9.2
Salix carr and fen scrub (7), D4.11 Schoenus nigricans fens, E3.51 Molinia caerulea meadows
and related communities, G1.223 Southeast European Fraxinus-Quercus-Alnus forests (5),
D5.24 Fen Cladium mariscus beds (2), other habitat types were present only within a singular
node. Most of these habitat types (11) were attributable to wetland habitat types and were
present in 78% of the nodes, occupying 84% of the total extent of the EN’s nodes.

A total of 399 plant species were sampled in the EN, of which 42 were aliens and 20
were protected, rare or endemic species according to European, Italian, or Regional red
lists. The most frequent native species were Rubus caesius (occurring in 126 plots), Rubus
ulmifolius (118), Quercus robur (107), Hedera helix (106), Cornus sanguinea (104) and Salix
alba (94). Concerning alien species, the most frequent were Platanus hispanica (61), Robinia
pseudoacacia (33) and Potentilla indica (28). Finally, the most frequent protected species were
Ruscus aculeatus (Habitat Directive 92/43/CEE Annex V, 18 occurrences) and Neottia ovata
(CITES and (CE) N. 407/2009 Annex B, 8 occurrences).

The sampling activity, that aimed at verifying the biodiversity content of the EN,
helped also to verify the correspondence between cartography and ground-data. Moreover,
it permitted us to update the habitat attribution to a precise habitat type thanks to a greater
level of detail and considering natural dynamism among plant communities (e.g., see
Table 1 habitat types distinguished by the symbol +).

Concerning species richness calculated at the habitat level (Figure 2), the higher values
were in meadows (31.3 ± 8.8 species), the lowest ones in fens (14.9 ± 5.3 species), while
intermediate values were observed in shrublands and forests (23.3 ± 5.8 species). Species
richness was significantly different among these 3 groups, but not within the groups.
Conversely, no significant differences emerged for species richness between EN nodes.

Rarefaction curves (RCs, Figure S2) calculated from the whole dataset confirmed that
spatially explicit rarefaction curve (SER) accumulated a lower number of species than
RC and revealed that the habitat-based RC accumulated species less rapidly than the
node-based RC and SER. RCs for habitat types (Figure S3) showed that none of the curves
reached a plateau. A similar trend was observed also in the RCs for nodes (Figure S4).

Additive partitioning (Figure 3) for habitat types showed how within habitat type di-
versity (i.e., the average inventory diversity) accounted for 15.61% of the total EN diversity
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and it was lower than between habitat type diversity (78.43% of total diversity). For nodes,
this pattern was even more evident, with a diversity within nodes (3.84% of total diversity)
lower than between them (90.2% of total EN diversity).
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MultSE profiles in relation to sample size for each habitat type within the EN (Figure 4)
flattened out between seven and ten plots depending on habitat type, a similar trend was
observed also in the MultSE profiles of the nodes (Figure S5). The MultSE profile for the
whole dataset (Figure S6) flattened out at around 25 plots.

Diversity 2022, 14, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 3. Additive partitioning of diversity across different scales: within each plot (α plot), within 
each habitat type or node (β plot) and between habitat types or nodes (β). Asterisks indicate a 
significant difference from random expectations resulting from a null model (*** p < 0.001). 

 
Figure 4. MultSE profile based on Bray–Curtis dissimilarity for each habitat within the ecological 
network. The white space on the left is due to a MultSE higher than 0.5 in the first plots. 

  

Figure 4. MultSE profile based on Bray–Curtis dissimilarity for each habitat within the ecological
network. The white space on the left is due to a MultSE higher than 0.5 in the first plots.

Based on habitats’ MultSE profiles, the minimum number of replicates needed to
characterize the main features of each habitat was reported in Table S1, while the minimum
number of replicates needed for the whole EN was 27.77 ± 1.77 (mean ± SD) according to
the point where the slope of MultSE profile changed.

In addition, our results proved to be robust when reducing the size of the dataset
to the ones suggested by the previous analysis (i.e., 53 plots for HRS, 28 for ENRS) de-
tecting similar patterns in terms of species richness and additive partitioning of diversity
(Tables 2 and 3).



Diversity 2022, 14, 12 12 of 18

Table 2. Summary statistics of additive partitioning results showing the differences in species richness
(α) at plot and habitat/node level vs. dissimilarity (β) at plot and network level derived from 999
stratified resampling of the original dataset based on the plot numbers given by the decay of habitats
MultSE and from 999 random resampling of the original dataset based on the plot numbers given by
the decay of whole EN MultSE.

Term Distribution
of Values α Plot

Rate of
Signifi-

cance (%
of Permu-

tations
with

p < 0.05)

β Plot

Rate of
Signifi-

cance (%
of Permu-

tations
with

p < 0.05)

α (Habi-
tat/node)

Rate of
Signifi-

cance (%
of Permu-

tations
with

p < 0.05)

β

Network

Rate of
Signifi-

cance (%
of Permu-

tations
with

p < 0.05)

Habitat

Min. 0.08

100%

0.16

100%

0.25

100%

0.70

100%
1st quart. 0.09 0.18 0.27 0.72
Median 0.09 0.18 0.28 0.72

3rd quart. 0.10 0.19 0.28 0.73
Max. 0.10 0.20 0.30 0.75

Node

Min. 0.10

100%

0.0000

60.2%

0.11

96.1%

0.80

96%
1st quart. 0.11 0.02 0.14 0.85
Median 0.12 0.03 0.14 0.86

3rd quart. 0.12 0.03 0.15 0.86
Max. 0.14 0.06 0.20 0.89

Table 3. Summary statistics of ANOVA results derived from 999 stratified resampling of the original
dataset based on the plot numbers given by the decay of habitats MultSE. Fisher values (F) and
measures of effect size (η2) are shown along with the overall rate of significance of the tests.

Term Distribution of Values F η2

Rate of
Significance (%
of Permutations

with p < 0.05)

Habitat

Min. 1.17 0.17

93.9%
1st quart. 3.23 0.37
Median 4.14 0.43

3rd quart. 5.21 0.49
Max. 13.16 0.70

4. Discussion

Sampling diversity of plant communities, in terms of species richness and composition,
allowed us to verify and update the distribution of the habitat types within the nodes of
the EN. In fact, the field survey can reach a higher level of detail than cartographic data,
thus being able to capture and interpret the different aspects of plant mosaics and their
dynamism over time, potentially caused by global change and/or anthropic pressure [63].
Moreover, this verification between ground and map data in EN planning should be
required [25] and it should be undertaken independently of the cartographic reference
checks, which are completed during map drafting. In fact, these incongruences between
maps and the observed environment can be a limit in the planning and design phase of the
EN and in the application of indexes for connectivity analysis, where weight evaluation of
the nodes is requested (e.g., probability of connectivity index). Moreover, it highlights once
again the need for verification and monitoring of the modeled EN once implemented. This
issue is well known in literature, and Foltete et al. [45] recently highlighted the weakness
of approaches based on landscape structure data, suggesting to not use landscape graphs
in operational contexts without validating them beforehand with empirical data on species
or communities.
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As expected, the species richness and rarefaction curves for habitat types and nodes
(Figures 2 and S2–S4) described the high heterogeneity existing between nodes, in fact, the
method used to identify the EN has been developed to cover the functional areas needed
to host the highest number of different species [43], assuming that the species and habitat
types used for modeling the EN stand as a proxy for many other species. Moreover, the
SERs for habitat types (Figure S3) showed an increasing species richness going from moist
or wet grasslands and fens (D4.11, D5.24, E3.4), to shrublands and forests (F3.23, F9.2,
G1.A1A, G1.11, G1.223, G1.41) and meadows (E2.2, E3.51). A similar trend was found by
De Simone et al. [64] studying patterns of biodiversity in cultivated landscapes, where
meadows and woodlands proved to be hotspots of biodiversity. Furthermore, the habitat-
based RC accumulated species less rapidly than the node-based RC (Figure S2) while the
SER first displayed a trend similar to the node-based RC, and then to the habitat-based
one. This feature indicated a higher similarity among habitat types in terms of species
composition, than nodes. Nodes were also generally more extended than habitats and
therefore they accumulated species more rapidly [65]. Additionally, some of the nodes
were often composed by more habitat types, allowing for a faster accumulation of species.

These results pointed out that node-based RC accumulated more species than habitat-
based RC, suggesting that a sampling design based on nodes is more efficient in capturing
the EN heterogeneity: similar habitat types, sharing similar species composition and struc-
ture (e.g., shrublands and forests shared numerous species: Salix spp., Alnus glutinosa,
Populus spp., Quercus robur, Fraxinus spp., etc.), include indeed a high redundant com-
position of species that can be characterized with fewer sampling units. This is further
corroborated by additive partition of diversity (Figure 3), which showed as nodes were
more diverse between them than habitat types themselves.

Regarding MultSE profiles, the number of plots required for characterizing habitat
types ranged from 4 to 8 (Figure 4 and Table S1). Grassland habitat types needed fewer
plots than woodland habitat types, due to the lower degree of habitat complexity. Probably
the applied plot size was too small for forest habitat types due to the scale of the vegetation
patchiness but, even though the plot size might not completely proper in every habitat
type, a uniform plot size was needed for the aims of this work and for further research
concerning the EN under study. The number of plots required for nodes ranged from two
to ten (Figure S5), depending on the number of habitat types present within the node. It is
interesting to note that if we consider the whole dataset (Figure S6), 28 replicates (14.51%
of the original dataset) are sufficient to maintain the same level of heterogeneity of the
network as observed with all the sampling units. Indeed, the additive partitioning of
diversity for the reduced dataset, showed a minimum variation of α plot, β plot and β

(Table 2) thus the overall signal for the whole EN remained comparable to the original. This
suggests that sampling all the nodes of the EN leads to a redundancy in the data, if the aim
is to point out an overall plant diversity contained within the EN.

Conversely, the approach that allows for distinguishing best among plant communities
is the habitat-based sampling design. Indeed, when considering the HRS’ analysis (53 plots,
27.46% of the original dataset), we noticed that the significant difference between habitat
composition remained constant (Table 3) and the partitioning of diversity underwent a
slight variation (Table 2). In this case, the observed variation in the diversity partitioning
was due to a lower redundancy of sampled species; in fact, oversampling habitat types
that had many species in common (e.g., shrublands and forests) led to a lower diversity
between habitat types (72.38% in the reduced dataset vs. 66.64% of the original dataset).

Considering the results in their totality, the best approach between habitat-based
and node-based depends on the aims of the research: in our study case the habitat-based
approach gave us important information both on the heterogeneity of the network and
on habitat types’ structure and composition, but a node-based approach can be a valid
alternative when time and resources are scarce and the aim is to point out an overall
richness for the studied EN.
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It is worth noting that our results give a general indication on the adequate sam-
pling effort that can be applied in similar contexts. It should be highlighted that our EN
is predominantly wetlands based, so more studies would be needed if applied to other
habitat types (e.g., an EN based primarily on grasslands would probably need more plots).
Moreover, the proposed methodology can be useful for monitoring the ENs over time, con-
sidering that ENs are never monitored after being implemented [25]. That is, starting with a
sampling design proportional to the extent of the EN under study, it is possible to establish
the minimum and sufficient number of sampling units to subsequently monitor diversity
variation over time. Finally, our results on MultSE profiles, albeit applied in a completely
different context, are consistent with previous studies [40,41], thus confirming it to be a
useful statistic for assessing sample-size adequacy in studies of ecological communities.

Since ENs are often modeled on the basis of species-habitat interactions and designed
based on graph theory [66,67], it is extremely important to join biological data in the graph’s
early construction stage [44] to confirm the distribution of the habitat types in the area and
their composition in terms of plant communities, as they are the primary component for
habitat types determination [31–34] and the basis on which the interaction species-habitat
are set up.

As already acknowledged in literature, it is not recommended to analyze plant com-
munities by preferential sampling [68,69] which may lead to biased results, and for this
reason the sampling design must be probabilistic and replicates independent, and it is
essential to establish a measure of sampling adequacy to exhaustively distinguish different
plant communities.

A final consideration regarding wetlands should be made. These environments are
reported to be less studied in ENs’ literature [45] and they are known to be vulnerable
ecosystems extremely important for the maintenance of biodiversity, as they are peculiar
environments extremely rich in both plant and animal diversity. More than 78% of the
habitat types within our EN were attributable to wetland habitat types and 4 of those
resulted to be rich of rare, protected, or endemic species. In particular, Schoenus nigricans
dominated fens (D4.11) presented seven species as well as Molinia caerulea meadows (E3.51),
while Illyrian Quercus robur-Carpinus betulus forests (G1.A1A) and Alnus glutinosa swamp
woods (G1.41), respectively, five and four species. This result confirms that these habitat
types are particularly important for the conservation of biodiversity in this region [70–74]
and should be paid particular attention.

5. Conclusions

In this study, we used an innovative integrated approach in order to estimate the
adequate sample size to maintain the observed features of plant communities within the
habitat types and nodes of the EN. This integrated method helped to fill the gaps regarding
the collection of biodiversity data before the definition of an EN as well as the monitoring
of biodiversity content within existing ENs.

The importance of validating ENs obtained through graph analysis, based on land
cover maps and/or habitat maps, is widely known (e.g., Foltete et al. [45]). It is fundamental
to optimize sampling design to enhance temporal and economic resources and define the
minimum effort to adequately represent the biodiversity content of the networks.

Overall, our results gave us important information on the biodiversity conserved
within the EN, the composition of plant communities and the sufficient sampling effort.
One of the future developments of this study could be to distinguish between different
ecological roles (e.g., Deák et al. [75]) of plant species within the habitat types for fine-tuning
the methodology for applied practical conservation. In fact, the use of total biodiversity
in our models is perfect for testing the integrated method but, in practical conservation
planning, distinguishing between different ecological roles would be better. However, this
study represents a novel approach to be applied in the context of designing and monitoring
ENs, and thus more tests are needed to validate its suitability in different habitat types
and organisms. In addition, we would recommend the use of this approach for conducting
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pilot studies on ENs, both for designing and monitoring, aiming at optimizing resources
and in general for habitat monitoring.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14010012/s1, Figure S1: Flow chart of the main steps applied to model the multi-species
Ecological Network: starting from a map of the habitat types of the study area and combining it
with a table of costs (time and effort to travel through an environment) it was obtained a map of
costs for all 10 animal species and 9 plant communities (habitats) present in the landscape. From
the overlay of all species-specific networks the multi-species ecological network was obtained as the
sum of all identified elements. Figure S2: Spatially explicit rarefaction curve (SER, blue dashed line),
traditional rarefaction curve (RC, black dotted line), habitat-based rarefaction curve (red solid line)
and node-based rarefaction curve (green solid line) calculated from the whole dataset. Figure S3:
Spatially explicit rarefaction curves (SERs, dashed lines) and traditional rarefaction curves (RCs, solid
lines) calculated for each habitat of the ecological network. The black solid line represents the RC
calculated from the whole dataset, Figure S4: Classic rarefaction curves (RCs) calculated for each node
of ecological network. The black dashed line represents the RC calculated from the whole dataset,
Figure S5: MultSE profile based on Bray–Curtis dissimilarity for each node within the ecological
network, Figure S6: MultSE profile based on Bray–Curtis dissimilarity for the whole dataset within
the ecological network, Table S1: Estimated sample size for each habitat based on the slope change
in the linear relation between MultSE and sample size. The value could not be estimated in habitat
types with 3 or less replicates (NA = Not assessed, see main text).
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