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Abstract: Agrobiodiversity decline depends on wider-scale landscape ecological traits.
Studying inter-scale patterns helps in understanding context-specific farm-scale biodiver-
sity issues and needs. In this study, we investigated the drivers of agrobiodiversity in
four Po Plain sites (northern Italy), an intensively impacted agricultural district. Farm-
scale floristic–vegetational indicators reflecting anthropic disturbance (biological forms,
chorological traits, and maturity traits) were studied for their relationship with species
richness and phytocoenosis α-diversity values. Their correlation with local- and extra-
local-scale landscape ecology traits was also studied. Species richness and α-diversity
were negatively related to floristic contamination and therophytes; they tended to increase
with the Eurasiatic and phanerophyte ratio, suggesting a role of disturbance conditions
on diversity values. Extra-local/local scale showed similar relationships with farm-scale
floristic–vegetational traits; correlation was higher for local scale. Species richness and
α-diversity tended to increase with higher landscape natural components, landscape diver-
sity, biological territorial capacity, and connectivity. These landscape traits also tended to
be positively related to Eurasiatic, hemicryptophyte, chamaephyte, phanerophyte, and ma-
turity values, while they were negatively related to adventitious, wide distribution, aliens,
and therophytes. Corridors’ ecological quality apparently influenced disturbance-related
species amount. Maps representing these inter-scale biodiversity facets are provided (land-
use-based support ecosystem service maps integrated with landscape diversity maps). The
detected patterns orient context-specific multi-scale biodiversity support. They confirm
the theoretical frameworks and should be validated on wider datasets to strengthen their
representativeness.

Keywords: flora; vegetation; landscape ecology; ecosystem services; biodiversity mapping

1. Introduction
Biodiversity in agricultural systems is facing severe decline; this alters the agroecosystem-

regulating processes and consequently raises the vulnerability of agricultural systems [1,2].
This is a widely recognized emergency [3–5], deepened by the ongoing climatic instability
issues [6,7]. Habitat changes are the main drivers of biodiversity loss, with the expansion
of agriculture playing a major role [7,8]. The increased specialization and intensification of
agriculture and the consequent habitat fragmentation and abandonment of farmland with
high nature value are major threats [3,9–11]. Anthropic disturbance intensity and frequency
drive agrobiodiversity loss processes [12–15]. Invasive alien species spread, consequent
to globalization, land use intensification, and overexploitation, place major pressures on
agroecosystem health and biodiversity values [3,7,8].
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These pressures on agroecosystem biodiversity involve both field- and farm-scale
processes (related to agricultural management practices) and wider, landscape-scale pro-
cesses (related to agricultural landscape management). Landscape patterns are recognized
to be important drivers of biodiversity [16], and this is especially true in agricultural
landscapes [17]. Farm-scale agrobiodiversity is influenced by both on-farm agricultural
management practices and the surrounding agricultural landscape’s ecological health
status and diversity values [18,19]. Agrobiodiversity decline trends are tightly related to
large-scale land use spatial configuration; wide, intensively managed agricultural areas,
where conventional agriculture is predominant, represent the main agrobiodiversity loss
hotspots [20–24].

This means that biodiversity support strategies that can be implemented at the farm
scale inevitably need to consider and integrate a wider-scale perspective to effectively
reach agrobiodiversity support goals. The same practices applied in different landscape
contexts might face different success rates in supporting associated agrobiodiversity. A
finer understanding of the surrounding landscape’s ecological traits can help in predicting
specific farm-scale biodiversity traits and needs and can develop biodiversity support
strategies [25,26]. Drivers and pressures on agrobiodiversity need to be assessed on multiple
scales of analysis, also considering their interrelations [27].

The landscape ecology approach and the landscape eco-mosaic model [28–32] allow us
to qualify and quantify the landscape ecological traits by studying the relationship between
landscape composition and spatial configuration and landscape ecological process balance.
In oversimplified agricultural landscapes, landscape ecology indicators can account for
the impacts of land use specialization and intensification on landscape-scale biodiversity-
related processes [33–40] and develop landscape ecological planning and design strategies
to rebalance biodiversity-related processes [31,41–44]. To synthesize, landscape ecology
tools can drive agrobiodiversity pattern assessment at wider scales of analysis [45–47].

Wild flora and phytocoenoses reflect the climatic and biogeographical context [48,49]
as well as site-specific conditions (ecological factor values and their stability or changes
over time) [50–55]. In agricultural contexts, such ecological traits are strongly influenced
by land management and anthropic disturbance degree [52,56–59]. According to the
phytosociological syndynamic model [60–65], anthropic disturbance degree is inversely
related to the wild phytocoenosis stability and maturity traits (closeness to the potential
vegetation). In agricultural systems, these traits can be directly represented through
phytosociological-based maturity indicators or indirectly represented through ecological,
biological, and chorological floristic and vegetational traits [66,67]. These traits indirectly
reflect life-history traits, growth rate, competitive ability, and dispersal capacity and thus
indirectly reflect the major functional differentiation of plants, which can be related to
disturbance frequency and severity [59] or to stability and maturity traits [66,67]. Hence,
floristic and vegetational ecological and chorological traits can help in characterizing
the anthropic disturbance degree in agroecosystems [58,59,66–68] and understanding its
relationship with agrobiodiversity values [55]. Agrobiodiversity can be measured using
species richness index or vegetation-based α-diversity indices by investigating on-farm
wild phytocoenoses to better represent synecological traits and more consistent plant
communities’ diversity properties. In summary, the application of floristic and vegetational
analysis tools can facilitate the assessment of agrobiodiversity patterns at finer scales of
analysis, such as the farm scale.

Many studies have already addressed the interrelation between wider-scale landscape
ecological traits and farm- or field-scale agrobiodiversity values [46,69]. Landscape ecology
traits like habitat amount [17,70,71], patch size and isolation [70,72,73], landscape fragmen-
tation [21,35], the heterogeneity of the landscape matrix [17,34,74,75], the spatial complexity
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of land use patches [34,76], and landscape ecological connectivity [37,77,78] are all recog-
nized to influence plant species competitiveness and adaptation traits, their turnover,
dispersal and survival rate, and hence their diversity values. Billeter’s pan-European
study detected that landscape structure and land use intensity variables accounted for a
significant part of the variation in species richness and Simpson diversity index for vascular
plants and other taxonomic groups (birds and arthropods) [79].

Such inter-scale investigations are pivotal to effectively represent ongoing processes
in farmland, which we intend to monitor and assess to account for agrobiodiversity trends
and drivers. While the precise impact of landscape patterns on biodiversity remains
widely debated, it is mainly related to indirect effects on α-diversity and direct effects on
β-diversity, and its effects are strongly dependent on scale [16]. Their use as surrogate
measures of plant diversity still raises doubts about their effectiveness, which depends
on the type of analyzed landscape, the examined taxa, habitat quality, and the scale of
analysis [80]. To date, available concepts, theories, and models linking biodiversity to
landscape-scale parameters generally recognize that the use of landscape ecology tools to
make inferences on finer-scale diversity traits needs context-specific validation [25,81].

Such investigations might positively be integrated by spatial representations of inter-
scale relationships through biodiversity mapping tools. Landscape diversity maps can help
in identifying areas suffering from higher landscape oversimplification, mostly demand-
ing corrective interventions. Land-use-based mapping of life support ecosystem service
(ES) delivery capacity has been demonstrated to complement such an assessment [82] by
highlighting single patches of the eco-mosaic that contribute most to supporting biodiver-
sity. The juxtaposition of these two maps has the potential to generate a spatial synthesis,
thereby providing a comprehensive evaluation of the impact of landscape simplification on
the delivery capacity of life support ES in farmed landscapes.

In this study, inter-scale issues are addressed by investigating the drivers of agrobiodi-
versity values (farm-scale floristic–vegetational disturbance and contamination traits, along
with wider agricultural landscape specialization and intensification) in four agricultural
sites in the Po Plain (northern Italy). The Po Plain is an intensively used, oversimpli-
fied agricultural district suffering from diffused biodiversity detriment and the spread
of alien species [23,24,83,84]. The focus of this study is twofold: firstly, the ecological
traits of extra-local and local landscapes are analyzed; secondly, the ecological traits of
farm-scale floras and vegetations are studied in terms of chorology and maturity. A set of
floristic–vegetational indicators reflecting the anthropic disturbance degree is computed.
The relationship between these indicators and species richness, as well as phytocoenosis α-
diversity values, is then assessed. A comparison is then made between these traits and those
belonging to the extra-local and local scales of landscape ecology. This is conducted to ascer-
tain their mutual relationships with a view to highlighting possible trade-offs and synergies
between biodiversity-related traits at multiple scales. Spatialized outputs representing inter-
scale biodiversity facets are finally proposed. These outputs are based on the integration of
land-use-based support ecosystem service maps and landscape diversity maps.

The present study contributes to the existing body of knowledge surrounding inter-
scale patterns that exert influence on farm-scale biodiversity within the Po Plain, a region of
considerable and extensive agricultural impact. The findings of this study hold implications
for the strategic support of biodiversity, both at the farm and landscape scale.

2. Materials and Methods
2.1. Case Studies

Analyses were conducted in four sites belonging to the western Po Plain (C, G, D, and
P) (Figure 1), an alluvial district characterized by intensive land use traits with predominant
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conventional agricultural management (corn and soybean feeding livestock systems and
rice), coupled with a widespread network of industrial districts, gray infrastructures, and
urban centers. Po Plain agricultural landscapes suffer from high landscape oversimplifi-
cation levels [23,24,42,44]. In such a context, green and blue infrastructure preservation
and agroforestry-based management of agricultural systems can represent key strategies to
counterbalance the impacts derived from land use intensification [40–42,44,85]. Nonethe-
less, their implementation is still lacking; only a few isolated farm experiences can be
detected that implement an agroforestry, landscape-based farm management approach.
The four sites chosen for this study include four agroforestry-based and biodiversity-
oriented farms (farm scale—Fa), with each representing a unicum in the local agricultural
landscape to which they belong. The studied farms (POLY farms) belong to the Polyculturae
association, a non-profit organization supporting farmers’ efforts towards agrobiodiversity
promotion; their farm management model is distinguished by crop diversification through
rotations and cultivar use and preservation, minimum-to-zero chemical inputs, minimum
soil disturbance and polyphyte cover cropping, in-field and between-fields agroforestry,
and areal and linear landscape feature preservation and active management.

Figure 1. Case studies (D, G, P, and C) location in the western Po Plain district, with the extra-local
(E_La)-, local (La)-, and farm (Fa)-scale analytical units boundaries shown for each.

In each site, a farm scale and two landscape scales of analysis (extra-local (E_La) and
local (La) scales) were identified (Figure 1). Landscape-scale analytical units’ boundaries
were identified according to the landscape unit and ecotope concepts [86–88].

Their surrounding landscape system is generally dominated by conventional agri-
cultural land uses, with some differences in the natural component preservation (G and
D landscape systems show better green and blue infrastructure preservation compared
to C and P sites). Table 1 synthesizes the main geomorphological, pedological, climatic,
bioclimatic, and vegetational traits of the sites studied.
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Table 1. The main geomorphological and pedological [89,90], climatic [91,92], bioclimatic [49,93,94],
and vegetational [95,96] traits of the study sites (D, G, P, and C).

D G P C

PE
D

O
LO

G
Y

ST/WRB CLASSES Inceptisols Alfisols (ancient terraces),
inceptisols Inceptisols, entisols Luvisols, arenosols

Geomorphology Fluvial terrace Riss alluvial terrace Fluvial deposits Fluvial terrace

Main soil texture Loamy skeletal Fine silty Loamy coarse, loamy
sand

Loamy sand, sandy
loam

Development Low pedogenesis Intense pedogenesis Low pedogenesis Medium pedogenesis

Permeability High permeability Surface hydromorphy Medium permeability Medium–low
permeability

pH Acid to sub-acid Acid Sub-alkaline to
alkaline Sub-acid

Land use capacity III (stoniness) III (oxygen availability) II (oxygen availability) IIw (waterlog)

Specific traits Dark epipedon

C
LI

M
A

TE
[1

99
0–

20
22

da
ta

]

Annual rainfall [mm] 973 872 737 668

Annual mean
temperature [◦C] 11.8 12.3 13.2 13.1

Average
maximum

temperature [◦C]
17.9 18.9 18.8 18.6

Average
minimum

temperature [◦C]
6.4 7.0 8.5 8.19

BI
O

C
LI

M
A

TE
[1

99
0–

20
22

da
ta

]

Bioclimate
(variant) Temperate continental Temperate continental (steppic) Temperate continental

(steppic)
Temperate oceanic

(sub-Mediterranean)

Bioclimatic belt Upper mesotemperate
Low humid

Upper mesotemperate
Upper subhumid

Upper mesotemperate
Low subhumid

Upper mesotemperate
Low humid

V
EG

ET
A

TI
O

N

Climactic series

Western
neutral-acidophilous

Po Plain series of lower
plain oak–hornbeam

forests (Carpinion betuli
Isler 1931 alliance)

Mosaic between western
neutral-acidophilous Po Plain

series of
upper plain oak–hornbeam
forests (Carpinion betuli Isler

1931 alliance),
Central–Western pre-alpine

acidophilous
series of sessile oak forests

(Quercion roboris Malcuit 1929
alliance, Phyteumato

betonicifolium—Querco petraea
sigmetum)

Western
neutral-acidophilous

Po Plain series of
lower plain

oak–hornbeam
forests (Carpinion
betuli Isler 1931

alliance)

Western
neutral-acidophilous

Po Plain series of
lower plain

oak–hornbeam
forests (Carpinion
betuli Isler 1931

alliance)

2.2. Floristic and Vegetational Analyses

Field data were collected from the four study farms through floristic and phytosocio-
logical surveys in different habitats, which were chosen because of their representativeness
of farm phytocoenosis-type composition. The monitored habitats included crop fields, crop
field margins, rice fields, rice field margins, rice field interior embankments, wetlands,
ditches, ditch banks, other margins, grasslands, orchards, hedgerows, and woods. Flora
and vegetation surveys were carried out during the 2017–2023 growing seasons [97,98].
The analyzed database covered 7-year data, with the time span varying from site to site
depending on their progressive involvement in the monitoring activities.

For each of the four sites, a floristic list was built on a farm scale. According to
the national databases [99–102], each taxon was linked to the Raunkiær life forms (helo-
phytes: He/I; therophytes: T; geophytes: G; hemicryptophytes: H; chamaephytes: C;
and phanerophytes: P) [103], chorotypes and macro-chorotypes (6 biogeographical au-
tochthonous regions: Eurasiatic, Mediterranean sensu latu (s.l.), Atlantic, boreal, wide
distribution, and adventitious) [101], exotism classification (invasive archaeophyte, natural-
ized archaeophyte, cryptogenic, native, invasive neophyte, and naturalized neophyte) [99],
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and the related phytosociological class and maturity coefficient according to Taffetani’s
method [66,67,104]. Scientific nomenclature refers to the Italian flora [99–102].

The study on vegetation integrated floristic analyses for sites where phytosociolog-
ical relevés requirements were satisfied. Data collection and analysis were based on the
phytosociological method [60,62,105–107]. Cover-abundance phytosociological indices
(alpha-numerical Braun–Blanquet original scale) were transformed into corresponding
percentage cover values, i.e., their central value according to Braun–Blanquet [60,108] and
Tuxen–Ellenberg transformation [109]. Central values were used to compute the specific
coverage index (SCI) [106,108]. The SCI allows for the performance of a species inside
a plant community to be accounted for by better reflecting the phytosociological unit
traits and overcoming the limits of a single survey in representing the real community
traits [60,106,108]. The cover-weighted data enabled the calculation of α-diversity and
maturity indices considering species presence and equal repartition.

The maturity index (IM) was computed on SCI data according to the Taffetani et al.
method [66,67,104]. Each species is associated with a syntaxonomic class when it represents
a diagnostic species for that class or for an alliance belonging to that class. Species attri-
bution to syntaxonomic classes was based on the Italian vegetational prodrome data and
literature comparison [66,67,95,96,104,110–113]. For species not representing diagnostic
value, no class was attributed. Consequently, the maturity coefficient (m) or the edaphic
coefficient (s) was attributed to each species according to Taffetani’s methodology [67].

Based on this information, we calculated a selection of indicators representing floristic–
vegetational diversity, ecological, chorological, and maturity traits, which we considered
relevant to an agricultural context (representation of biodiversity-related traits, floristic
contamination degree, and anthropic disturbance-related traits). Table 2 reports the floristic
and vegetational indicators, which were selected for comparative analysis.

Table 2. List of the applied farm-scale floristic and vegetational indicators.

Category Indicator Abbreviation Equation Reference

FL
O

R
A

Richness Species richness SP_RICH SP_RICH =
S
∑

i=1
n.of speciesi

Biological
forms

He/I He/I He/I = ∑S
i=1 n.of He/I speciesi

∑S
i=1 n.of speciesi

[103]

T T T = ∑S
i=1 n.of T speciesi

∑S
i=1 n.of speciesi

[103]

G G G = ∑S
i=1 n.of G speciesi

∑S
i=1 n.of speciesi

[103]

H H H = ∑S
i=1 n.of H speciesi

∑S
i=1 n.of speciesi

[103]

C C C = ∑S
i=1 n.of C speciesi

∑S
i=1 n.of speciesi

[103]

P P P = ∑S
i=1 n.of P speciesi

∑S
i=1 n.of speciesi

[103]

Chorotypes

Adventitious ADV ADV = ∑S
i=1 n.of ADV speciesi

∑S
i=1 n.of speciesi

Eurasiatic EUR EUR = ∑S
i=1 n.of EUR speciesi

∑S
i=1 n.of speciesi

Wide distr. WIDE WIDE = ∑S
i=1 n.of WIDE speciesi

∑S
i=1 n.of speciesi

Allochthony

Alien/total species ALIEN ALIEN = ∑S
i=1 n.of ALIEN speciesi

∑S
i=1 n.of speciesi

Invasive
alien/alien INVAS INVAS = ∑S

i=1 n.of INVAS speciesi

∑S
i=1 n.of speciesi
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Table 2. Cont.

Category Indicator Abbreviation Equation Reference

V
EG

ET
A

TI
O

N

Diversity

Shannon
equitability index H’/H’max

H′

Hmax = H′

ln(S)
with

H′ = −
S
∑

i=1
pi × lnpi

[114]

Naturalness index N
N =

H′
autoch
H′

with

H′_autoch = −
S
∑

i=1
pi_autoch × lnpi_autoch

[115]

Gini–Simpson
diversity index 1-lambda 1 − λ = 1 −

(
R
∑

i=1
pi

2
)

[116]

Maturity Index of maturity IM IM =
∑n

j=1 SCIi×(m,s)
SCItot

[66,67,104]

2.3. Landscape Ecology Analyses

Landscape ecology analyses were led in each of the four sites at extra-local (E_La)
and local (La) scales. E_La and La landscape analytical unit boundaries were identified
according to the landscape unit and ecotope concepts [86–88]. According to a multi-scale
analytical methodology already tested on the study sites [40–44], different degrees of
analytical detail were set for E_La and La scales.

For extra-local-scale analyses, the single-patch land-use-type categorization was based
on land cover maps [90], which were validated through satellite images in doubtful
cases [117]. For local scale, patch boundaries were based on satellite images, regional
land cover maps, and quick field checks. For both the E_La and La scales, patch sur-
faces and perimeters were cumulated for each land use category, which were clustered in
three main landscape subsystems [forest and seminatural (NAT), agricultural (AGR), and
artificial (ART)] according to Corine Land Cover classification [118].

According to the results of the multi-scale analytical methodology test in the sites
studied [40,42,44], a set of landscape ecology indicators was chosen for each scale of
analysis, representing the most informative and least redundant indicator set for the studied
agricultural context. Table 3 reports the selected E_La and La landscape ecology indicators.

Table 3. List of the applied extra-local (E_La) and local (La) scale landscape ecology indicators.
TOT: total landscape system; NAT: forest and semi-natural landscape subsystem; AGR: agricultural
landscape subsystem.

Indicator Scale Equation References

Basic
structural traits

Matrix (MTX)
x = [NAT; AGR]

E_La
La

MTXx = ∑n
i=1 Aix×100

Atot
Ai = total area of each land use

categories patch
Atot = total area

[32]

Diversity
indices

Diversity (DIV)
X = [DIV_TOT; DIV_NAT;
DIV_AGR]

E_La
La DIVx = −∑n

i=1
Ai

Atot
× ln Ai

Atot
[32]
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Table 3. Cont.

Indicator Scale Equation References

Connectivity indices

Connectivity (CON) La
CON = L

[3×(N−2)]
L = no. of links

N = no. of nodes
[119]

Weighted connectivity
(WCON) La

WCON = ∑5
i=1 Li×Wi

[3×(N−2)]
Li = no. of links for each
Ecological Quality Class

(EQCi = [1–5])
Wi = EQCi weight:

Wi =
EQCi

EQCmax

[41]

Circuitry (CIR) La CIR = (L−N+1)
[2×(N−5)]

[119]

Weighted circuitry (WCIR) La

WCIR =
[(∑5

i=1 Li×Wi)−N+1)]
[2×(N−5)]

Li = no. of links for each
Ecological Quality Class

(EQCi = [1–5])
Wi = EQCi weight (as above)

[41]

Indices on
ecological
functionality

Mean biological territorial
capacity (MBTC)
X = [MBTC_TOT; MBTC
_NAT; MBTC_AGR]

E_La
La (only

MBTC_TOT)
MBTC = ∑m

i=1 BTCi×Ai
Atot

[88,120,121]

2.4. Inter-Scale Comparisons of Landscape Ecology and Floristic–Vegetational Traits

The floristic and vegetational indicator values computed at the farm scale were gath-
ered for the four POLY farms. Parallelly, the extra-local-scale and local-scale landscape
ecology index values were gathered for the four POLY farms.

A Shapiro–Wilk normality test was run on the selected floristic, vegetational, and land-
scape ecology indicators. Consequently, a correlation test was run (linear r Pearson correlation
coefficient test) between the floristic–vegetational indicators, followed by between the floristic–
vegetational indicators and the landscape ecology ones (for each separate scale of analysis).

2.5. Mapping Inter-Scale Biodiversity

The local-scale mapping of biodiversity as a life support ecosystem service was based
on Burckhard’s land-use-based ES assessment methodology [82,122]. The applied ES
matrix followed the Burkhard’s matrix readaptation for Po Plain agricultural landscapes
peculiarities [42], which provided a more accurate representation of Po Plain typical land
use types by integrating the life support ES evaluation according to European and/or
global meta-analyses and local studies and correcting the ES delivering values according to
the biological territorial capacity (BTC) values of each land use [86,88,120]. Specifically, the
habitat and biodiversity ES was evaluated [7,123].

According to previous studies ([42,124]), for each land use type, we considered the
percentage ratio between the current value of the habitat and biodiversity ES and the
maximum theoretical value to obtain normalized values ranging from 0 to 100 and transfer
the results into a spatial representation.

The obtained ES map represented the contribution of each patch of the local landscape
under assessment to biodiversity.

The local-scale mapping of landscape diversity was based on the spatial representation of
each patch’s contribution to total landscape diversity based on the landscape diversity value
(see Table 3) of the landscape subsystem it belongs to (NAT, AGR, and ART). The landscape
diversity index (DIV) was used in its normalized version to enable its comparison, as follows:
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DIV2x =
−∑n

i=1
Ai

Atot
× ln Ai

Atot

lnS

where x = each landscape subsystem (TOT, NAT, AGR, and ART), Ai = total area of
each land use category patches, Atot = total area, S = number of land use categories, and
lnS = maximum DIVx value (*cit.).

Inter-scale biodiversity maps were built by matching two pieces of complementary
information, i.e., by representing, for each patch, the arithmetic product between DIV2_TOT
and habitat and biodiversity ES (both ranging from 0 to 100). This resulted in maps
that represented inter-scale biodiversity patterns, i.e., each single patch of habitat and
biodiversity ES provisioning capacity weighted on local landscape diversity values. This
inter-scale operation was based on the detected inter-scale relationships between landscape
diversity values and farm-scale species richness and α-diversity values, which were also
confirmed by scientific literature [17,34,46,69,74,75,79,125–127].

3. Results
3.1. Dataset Exploration

Appendix A reports the results of the farm-scale floristic and vegetational indicators
(Table A1) and the extra-local-scale and local-scale landscape ecology indicators computed
on each study site (Table A2). Almost all farm-scale floristic and vegetational data are
normally distributed (Table 4(A)), except for therophyte values (T), whose values are
close to a normal distribution (p normal = 0.03). Similarly, almost all extra-local and local
landscape ecology data (La) are normally distributed (Table 4(B)), except for the extra-local
landscape agricultural components ratio (AGR), whose values are not normally distributed
(p normal = 0.002), and the local landscape agricultural components ratio (AGR), whose
values are close to a normal distribution (p normal = 0.04). Data transformation failed to
obtain normally distributed data. Because of the predominance of normally distributed
data, the Pearson r correlation analysis was chosen for this dataset.

Table 4. (A) Shapiro–Wilk normality test results of the farm-scale floristic and vegetational indicators—
species richness: SP_RICH; Shannon equitability index: H’/H’max; naturalness index: N; Gini–
Simpson diversity index: 1-λ’; therophytes: T; hemicryptophytes: H; chamaephytes: C; phanero-
phytes: P; adventitious macro-chorotype: ADV; Eurasiatic macro-chorotype: EUR; wide distribution
macro-chorotype: WIDE; alien species ratio: ALIEN; invasiveness degree: INVAS; and index of
maturity: IM. (B) Shapiro–Wilk normality test results of the extra-local-scale (E_La) and local-scale
(La) landscape ecology indices—agricultural components ratio: AGR; natural components ratio: NAT;
landscape total diversity: DIV_TOT; diversity of the agricultural components: DIV_AGR; diversity
of the natural and semi-natural components: DIV_NAT; extra-local total mean biological territorial
capacity: MBTC_TOT; extra-local mean biological territorial capacity of the agricultural components:
MBTC_AGR; and extra-local mean biological territorial capacity of the natural and semi-natural
components: MBTC_NAT. Bold values: normally distributed data.

(A) FLORISTIC–VEGETATIONAL INDICES

Farm scale

SP
_R

IC
H

H
’/

H
’m

ax

N

1-
la

m
bd

a

H
e/
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Table 4. Cont.

LANDSCAPE ECOLOGY INDICES
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3.2. Floristic–Vegetational Indicator Correlation Patterns

Most correlation indices (Figure 2A) are not significant from a statistical point of view
due to the limited sample size (four values, representing each farm value). Nonetheless,
the highlighted patterns show some interesting behaviors, which can be summarized
as follows:

Figure 2. Correlation analysis results (linear Pearson correlation coefficients). (A) Farm-scale floris-
tic and vegetational indicators, mutual correlation patterns, and their correlation patterns with
(B) extra-local-scale (E_La) landscape ecology indices and (C) local-scale (La) landscape ecology
indices. Floristic–vegetational indices—species richness: SP_RICH; Shannon equitability index:
H’/H’max; naturalness index: N; Gini–Simpson diversity index: 1-λ’; therophytes: T; hemicrypto-
phytes: H; chamaephytes: C; phanerophytes: P; adventitious macro-chorotype: ADV; Eurasiatic
macro-chorotype: EUR; wide distribution macro-chorotype: WIDE; alien species ratio: ALIEN;
invasiveness degree: INVAS; and index of maturity: IM. Extra-local landscape ecology indices—
agricultural components ratio: AGR; natural components ratio: NAT; total landscape diversity:
DIV_TOT; the diversity of the agricultural subsystem: DIV_AGR; the diversity of the natural and
semi-natural subsystem: DIV_NAT; total mean biological territorial capacity: MBTC_ha; mean bio-
logical territorial capacity of the agricultural components: MBTC_AGR; mean biological territorial
capacity of the natural and semi-natural components: MBTC_NAT; connectivity and circuitry indices
values: CON and CIR; and their variants weighted on the link ecological quality classes: WCON and
WCIR. Crossed values = p > 0.05.

Species richness (SP_RICH) shows high positive correlation coefficient values with
the Shannon equitability index (H’/H’max) and the Gini–Simpson diversity index (1-λ’).
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SP_RICH is also positively correlated with the phanerophyte ratio over total farm flora
(P) and Eurasiatic species presence (EUR).

In contrast, SP_RICH is negatively correlated to the naturalness index (N), therophyte
ratio (T), adventitious (ADV), wide distribution (WIDE), alien (ALIEN), and invasive
(INVAS) species.

The Shannon equitability index (H’/H’max) and the Gini–Simpson diversity index
(1-λ’) show similar relationships with the other indices; the Gini–Simpson diversity index
generally has lower correlation coefficient values with indicators representing floristic
contamination (ADV, ALIEN, and INVAS) and therophytes (T).

The therophyte ratio (T) is negatively correlated with hemicryptophytes (H), chamae-
phytes (C), and phanerophyte ratio (P), as well as with the Eurasiatic species ratio (EUR).

In contrast, the therophyte ratio shows high positive correlation coefficient values
with indicators representing floristic contamination (ADV, WIDE, ALIEN, and INVAS).

The phanerophyte ratio (P) shows an opposite behavior to therophytes: P shows a
positive correlation coefficient value with Eurasiatic species (EUR), while it shows negative
correlation coefficient values with indicators representing the floristic contamination (ADV,
WIDE, ALIEN, and INVAS).

The index of maturity (IM) does not show any relevant correlation pattern with the
other indicators.

3.3. Floristic–Vegetational and Extra-Local Landscape Ecology Indicators’ Correlation Patterns

Figure 2B reports the results of the linear Pearson correlation analysis run between the
farm-scale floristic and vegetational indicators and the landscape ecology indices computed
on each farm’s extra-local landscape.

Most correlation indices are not significant from a statistical point of view due to the
limited sample size (four values, representing each farm value). Nonetheless, the high-
lighted patterns suggest some interesting behaviors, which can be summarized as follows:

Species richness (SP_RICH) values show positive correlation coefficient values with
the extra-local landscape’s natural components ratio (NAT), the mean extra-local-scale
biological territorial capacity values of the total landscape (MBTC_TOT), and the mean
extra-local-scale biological territorial capacity values of the natural and semi-natural com-
ponents (MBTC_NAT) and slight positive correlation values (0.32 ≤ r ≤ 0.44) with the
extra-local landscape total diversity values (DIV_TOT) and the diversity of the local natural
and agricultural components (DIV_NAT and DIV_AGR).

Higher agricultural components in the extra-local landscape (AGR) tend to be related
to lower species richness (SP_RICH).

The Shannon equitability index does not show relevant correlation patterns with
extra-local landscape ecological traits (the Pearson r correlation coefficient is always lower
or close to 0.5).

The Gini–Simpson diversity index shows similar correlation patterns to the ones
shown by the SP_RICH indicator, with higher r coefficient values for the landscape diversity
indicators (>0.5); the positive relationship with total mean biological territorial capacity
slightly decreases compared to SP_RICH (0.49).

Higher agricultural components in the extra-local landscape (AGR) tend to be related
to lower Gini–Simpson diversity values.

The naturalness index shows an opposite relationship with the extra-local landscape
matrix, diversity, and mean biological territorial capacity traits. This reflects the anomalous
behavior of this index, as already highlighted in farm-scale analyses, due to the intense
floristic and vegetational contamination by alien taxa.



Diversity 2025, 17, 418 12 of 25

The presence of therophytes (T) is positively correlated with the extra-local landscape
agricultural components ratio (AGR), whereas it is negatively correlated with the local
landscape’s natural components ratio (NAT), the total mean biological territorial capacity
(MBTC_TOT), and the total mean biological territorial capacity of natural and semi-natural
components (MBTC_NAT). Also, the extra-local diversity values (DIV_TOT, DIV_NAT,
and DIV_AGR) show negative relationships with T, but Pearson correlation values are low
(−0.46 ≤ r ≤ −0.29).

Geophytes (G) show a similar behavior to T, with more relevant relationships (higher
Pearson coefficient values) for MBTC_TOT (−0.67) and MBTC_NAT (−0.70).

Hemicryptophytes (H), chamaephytes (C), and phanerophytes (P) show an opposite
behavior: they are more present when the extra-local landscape has a lower agricultural
components ratio (AGR) to the advantage of the natural components (NAT), higher extra-
local landscape diversity, and total mean biological territorial capacity values (especially
for H and C; p is <0.50).

Adventitious (ADV) and alien (ALIEN) species ratio indicators only show relevant
negative correlation patterns with the extra-local total mean biological territorial capacity
values (−0.52 and −0.62, respectively).

The wide distribution (WIDE) species ratio indicator shows more relevant positive
correlation patterns with the extra-local agricultural components ratio (AGR), while they
are negatively correlated to the other local landscape ecological indices related to natural
component presence, diversification, and mean biological territorial capacity.

Eurasiatic species (EUR) show the opposite correlation patterns, with higher Pearson
coefficient values (0.56 ≤ r ≤ 0.76).

The index of maturity (IM) shows a relationship with landscape ecology indices similar
to the one of species richness; the Gini–Simpson diversity index; H, C, and P biological
forms; and Eurasiatic species: it is positively correlated to the local landscape’s natural
and semi-natural components’ presence (NAT), the diversity indices (relevant Pearson
coefficient values, 0.81 ≤ r ≤ 0.91), and its mean biological territorial capacity, while it
is negatively correlated to the extra-local landscape’s agricultural components ratio (the
higher the agricultural components, the lower the POLY farm rice land wild phytocoenosis
maturity degree).

3.4. Floristic–Vegetational and Local Landscape Ecology Indicator Correlation Patterns

Figure 2C reports the results of the linear Pearson correlation analysis run between
the floristic and vegetational indicators and the landscape ecology indices computed on
each farm’s local landscape.

Most correlation indices are not significant from a statistical point of view due to
the limited sample size (four values, representing each farm value). Nonetheless, the
highlighted patterns show some interesting behaviors, which can be summarized as follows:

Species richness (SP_RICH) values show positive correlation coefficient values with
the local landscape’s natural components ratio (NAT), its total diversity values (DIV_TOT),
the diversity of the local natural and agricultural components (DIV_NAT and DIV_AGR),
the mean local-scale biological territorial capacity values (MBTC_ha), and the connectivity
and circuitry values of their variants weighted on the links’ ecological quality classes
(WCON and WCIR). The correlation values of all these indices are generally higher than
for the extra-local scale.

As for the extra-local landscape, the agricultural components in the local landscape
(AGR) also tend to be related to lower species richness (SP_RICH), with a higher Pearson
coefficient value (−0.59).
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As for the extra-local landscape, the Shannon equitability index does not show rele-
vant correlation patterns with local landscape ecological traits (the Pearson r correlation
coefficient is always lower than 0.5).

As for the extra-local landscape, the Gini–Simpson diversity index shows similar
correlation patterns to the ones shown by the SP_RICH indicator, except for the correlation
with WCON and WCIR values, which is lower than 0.5.

The naturalness index shows an opposite relationship with the extra-local landscape
matrix, diversity, and mean biological territorial capacity traits compared to the floristic
richness and vegetational diversity indicators. This reflects the anomalous behavior of
this index, as already highlighted in farm-scale analyses, due to the intense floristic and
vegetational contamination by alien taxa.

Similarly to the extra-local scale, the presence of therophytes (T) is positively correlated
with the local landscape’s agricultural components ratio (AGR), whereas it is negatively
correlated with the local landscape’s natural components ratio (NAT), its diversity values
(DIV_TOT, DIV_NAT, and DIV_AGR), and its connectivity values (CON, WCON, CIR, and
WCIR). The local landscape diversity values show a higher negative correlation pattern
with T compared to the extra-local scale.

Geophytes (G) show a similar behavior to T.
Hemicryptophytes (H), chamaephytes (C), and phanerophytes (P) show an opposite

behavior: like for extra-local landscape, they are more present when the local landscape has
a lower agricultural components ratio (AGR) to the advantage of the natural components
(NAT); they are positively correlated with local landscape diversity values (DIV_TOT,
DIV_NAT, and DIV_AGR) and its connectivity values (CON, WCON, CIR, and WCIR).
Correlation is high and significant (p < 0.05) between H and C with CON and CIR indices.

Similarly to extra-local scale, adventitious (ADV), wide distribution (WIDE), and alien
(ALIEN) species ratio indicators are positively correlated to the agricultural components
ratio (AGR), while they are negatively correlated to the other local landscape ecological
indices related to natural component presence, diversification, connectivity, and circuitry.

Eurasiatic species (EUR) show the opposite correlation patterns.
The index of maturity (IM) shows a relationship with landscape ecology indices similar

to the one of species richness; the naturalness index; the Gini–Simpson diversity index;
H, C, and P biological forms; and Eurasiatic species: it is positively correlated to the local
landscape diversity indices, its naturalness components ratio, its mean biological territorial
capacity, and connectivity values, while it is negatively correlated to the local landscape
agricultural components ratio (the higher the agricultural components, the lower the POLY
farm rice land wild phytocoenosis maturity degree).

3.5. Inter-Scale Biodiversity Maps

Considering the dependence of farm-scale floristic richness and vegetational α-
diversity values on local-scale landscape ecological status and, particularly, landscape
diversity values, this section investigates the spatial relationships between local landscape
diversity values and patch-scale biodiversity contributions, represented here through land-
use-based support ecosystem services (habitat and biodiversity ES). Figure 3 represents, for
each case study, the local-scale habitat and biodiversity ES maps, the landscape diversity
maps, and the resulting inter-scale biodiversity maps (Figure 3).



Diversity 2025, 17, 418 14 of 25

Figure 3. Inter-scale biodiversity maps of the 4 case studies (D, G, P, and C). (A) Habitat and
biodiversity ecosystem service (ES) maps; (B) landscape diversity (DIV2) maps for the AGR, NAT,
and ART landscape subsystems; (C) the resulting inter-scale landscape diversity maps weighing each
patch ES value on the local-scale total landscape diversity [ES * DIV2_TOT]).

These maps clearly distinguish the D-G sites from P-C ones, with the latter showing
a clearly limited occurrence of patches with medium–high habitat and biodiversity ES
values (Figure 3A) and a generalized low level of landscape diversity (Figure 3B). D-G sites
show higher landscape diversification of the agricultural subsystem components, whereas
P-C sites are highly simplified (Figure 3B). These traits result in a significant decrease
in habitat and biodiversity ES delivering capacity of single P-C patches if weighted on
landscape total diversity (DIV2_TOT) (Figure 3C). D-G sites register a decrease in habitat
and biodiversity ES delivery capacity too, but their reduction is limited compared to P-C:
ES delivery capacity is preserved for natural components and for agricultural components
under Polyculturae management (crop diversification, no chemical use, minimum soil
disturbance, agroforestry practices, and agrobiodiversity support measures) (Figure 3C).

4. Discussion
Species richness and α-diversity indices tend to follow similar patterns, with a similar

positive relationship with Eurasiatic species, whereas they all tend to be negatively related
to adventitious, wide distribution, and alien species ratios. In particular, higher statistical
significance is reported for species richness and Shannon equitability negative correlation
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with adventitious species; species richness is significantly negatively correlated to wide
distribution species ratio too. In our case, lower negative correlation values were found
with invasive traits of alien species, suggesting a lower dependence of diversity values
on invasive behaviors. These results are aligned with the widely reported negative influ-
ence of allochthonous species on floristic and phytocoenosis diversity values [128–131]
and confirm the importance of proper management and design of interventions on rural
landscape features to effectively sustain higher floristic and vegetational diversity values in
agricultural land [132].

Data also suggest a role of disturbance conditions towards diversity values. First of
all, the alien species ratio is generally positively related to anthropic disturbance and tends
to be a consequence of it, as various previous studies have already outlined [133–135] and
as confirmed by alien species distribution in habitat types and landscape types with differ-
ent anthropic disturbance degrees [23,83,136]. Moreover, as shown in our study, species
richness and α-diversity indices show positive correlation patterns with the phanerophyte
ratio, whereas they tend to decrease when a higher therophyte species ratio occurs. Thero-
phytes generally show a negative relationship with hemicryptophytes, chamaephytes, and
phanerophyte species ratio. In agricultural contexts, therophyte presence is easily influ-
enced by recurrent and/or severe anthropic disturbance conditions (frequent and intense
soil disturbance, widespread herbicide application, etc.), which are typically associated
with therophyte traits: small and numerous seeds, fast growth rate, and short generation
time [58,59,68,137]. Specifically, short generation time plays a larger role when severe
disturbance conditions occur [138]. In contrast, higher medium–long cycle species presence
in rural contexts (hemicryptophytes, chamaephytes, and, especially, phanerophytes) is
made possible by lower intensity and frequency of anthropic disturbance [58,139].

In turn, the phanerophyte ratio tends to increase with the Eurasiatic species ratio, while
they are less represented when adventitious, wide distribution, and alien species ratios
increase. In contrast, the therophyte species ratio increases with floristic contamination,
confirming their positive relationship with phytocoenosis disturbance traits, as outlined in
the literature [58,59,68,137].

These traits are consistent with the thesis that higher disturbance conditions tend to
promote lower on-farm floristic and vegetational diversity and that the promotion of more
stable conditions (i.e., allowing for phanerophyte species to develop) positively helps in
counterbalancing the negative effects of floristic contamination on farm-scale α-diversity
and, generally, farm-scale floristic and vegetational ecological quality.

This was not confirmed by the index of maturity values, which generally did not show
relevant correlation patterns with other indicators.

The naturalness index showed contrasting behaviors (see Appendix A and Table A1),
suggesting some applicability limits in highly alien-disturbed phytocoenoses, such as
the ones in agricultural contexts. When the alien species ratio is high and their equal
distribution is low, then the Shannon equitability index computed on the autochthonous
species subset increases, raising the naturalness index values (higher than 1); despite the
total number of species being lower (and hence lower Shannon equitability values are
expected), species equal distribution significantly rises because of the exclusion of highly
abundant alien species. In such cases, the naturalness index increase cannot be interpreted
as a consequence of lower contamination by allochthonous species and does not express
higher phytocoenosis naturalness values; on the contrary, it is a consequence of intense alien
species competition. This bias derives from the application of a plant community-based
indicator (Shannon equitability) on theoretical plant communities that do not correspond
to real ones (a theoretical version of real phytocoenoses, excluding alien species); when
applied to phytocoenoses dominated by alien species, such an approach brings misleading



Diversity 2025, 17, 418 16 of 25

information. These interpretations are consistent with the positive correlation coefficient
values that we found between naturalness and adventitious, wide distribution, and alien
species and landscape agricultural components ratio and the negative correlation coefficient
values when considering Eurasiatic species and landscape ecological quality parameters
(natural components ratio, landscape diversity, MBTC, and connectivity). Such results
are contrasting compared to the ones expected by previous applications of this index in
Mediterranean phytocoenoses, which identified a range of 0–1 for the index [115]. This
suggests the need for further testing of the naturalness index on wider datasets, also
focusing on the relationship between the naturalness index and alien taxa presence and
abundance in both Mediterranean and temperate phytocoenosis types belonging to different
contexts (urban, agricultural, and natural).

Wet habitats (helophytes and hydrophyte species ratio) show higher floristic–
vegetational contamination and lower diversity contributions. A recent Italian cross-
regional study, also including the local sites presented here, highlighted how wet habi-
tats mostly contribute to farmland diversity values thanks to their β-diversity contribu-
tions [140], i.e., they bring higher diversity values because of their specific ecological condi-
tions, which allow for unique species to occur, while their internal species diversification
(α-diversity values) is generally low. Such an interpretation could fit our case study too.

Concerning the influence of extra-local and local landscape systems on farm-scale
floristic and vegetational traits, patterns are similar with closer relationships when consid-
ering local-scale traits. Species richness and Simpson α-diversity’s positive relationship
with NAT components and negative relationship with AGR ones reflect current scientific
knowledge on the impact on biodiversity of intensive agricultural land use (see the In-
troduction). Consistent with our results, Billeter’s pan-European study [79] specifically
selected the NAT and AGR indicators to be useful parameters to be used in agricultural
landscapes to infer large-scale patterns of vascular plant species richness. According to
Fahrig’s spatially explicit simulation model [71], such recurrent negative relationships
between AGR components and diversity traits might be ameliorated by improving the
AGR matrix quality, i.e., by maintaining heterogeneous landscapes with a diversity of
vegetated features (increase in NAT, whose preservation and restoration was identified as
the first priority by Fahrig’s model), as well as by reducing factors causing direct mortality
of dispersers such as agriculture-related pollutants and, generally, agricultural land use
intensity [71].

Such inter-scale influences are confirmed by the positive relationship between the
landscape mean biological territorial capacity (MBTC) and species richness and Simpson
α-diversity. As the MBTC index synthesizes the meta-stability traits of the landscape system
depending on its land uses, the detected positive relationship with farm-scale plant diversity
traits highlights how such traits not only depend on the presence of natural components
(NAT) but also on their ecological quality (MBTC_NAT) as well as on the ecological quality
of agricultural components (MBTC_AGR). As for the previous point, this is consistent
with literature evidence related to both the landscape features’ ecological quality and
the agricultural matrix and ecological quality’s influence on diversity traits [71,141–145].
Similarly, natural components connectivity shows a positive relationship with species
richness when considering the ecological quality of ecological links (WCON and WCIR).
These results, prior to a further check on wider datasets, suggest potential effectiveness as
proxies for the biological territorial capacity indicator computed according to local literature
evidence [42] and for the variants of connectivity and circuitry indices weighted on links’
ecological quality [40,41]. According to current available knowledge, these landscape
ecology indicators can be used as synthetic and effective tools to frame plant diversity traits
in rural contexts.
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These aspects testify to the pivotal role played by well-preserved and interconnected
natural and semi-natural habitats in farmed landscapes in preserving biodiversity and
confirm the importance of proper management (ecologically oriented) of NAT and AGR
components to effectively sustain farmland plant diversity.

Landscape diversification plays a role too: when natural and/or agricultural compo-
nents are more diversified and equally distributed (DIV_NAT and DIV_AGR), then higher
farm-scale diversity is more likely to occur. Inter-scale diversity influences are suggested
by our results, consistent with literature evidence [17,34,46,69,74,75,79,125–127].

Such patterns are confirmed when considering chorological and life form traits.
Contamination-related chorological traits (adventitious, wide distribution, and alien
species) and disturbance-related biological form traits (therophytes) show similar pat-
terns to the ones detected for species richness and α-diversity, rising with the landscape
agricultural components ratio and tending to decrease with higher natural components and
landscape diversification, connectivity, and circuitry. Low disturbance floristic and phyto-
coenosis traits (Eurasiatic, phanerophytes, and index of maturity) show opposite patterns.

Despite the limited statistical significance of the provided inter-scale comparisons
due to the limited sample size (limited availability of agroforestry-based Po Plain farms
under study), the mutual coherence of the highlighted relationships between indicators
and the consistency of the results with the literature framework support the reliability of
their ecological interpretation, supporting, from a context-specific perspective, the available
knowledge on inter-scale diversity patterns by addressing their relationships with plants’
ecological and chorological traits and opening the ground for future verifications on wider
Po Plain datasets to confirm the highlighted trends.

Concerning the inter-scale spatialized comparisons, this study provides a test on the
integration of information coming from multiple scales of analysis, which are generally
represented separately. The obtained maps, which represent each patch delivery capacity
of habitat and biodiversity ES weighted on local landscape diversity values, highlight
the pivotal role played by biodiversity source areas in farmland (represented here by the
natural components located along the river axes in D-G sites) in ensuring biodiversity
support functions in agricultural landscapes. Maps provide spatialized information on
these interlinkages. The comparison between D-G sites and P-C ones outlines the impact of
oversimplified agricultural landscapes: if insufficient green and blue infrastructures are
represented at the local scale, then habitat and biodiversity ES delivery capacity is expected
to be significantly impaired across the entire area (Figure 3C, P-C sites). In D-G sites, higher
local landscape diversity is expected to have a reduced impact on habitat and biodiversity
ES delivery capacity; in such contexts, both major green and blue infrastructures and
farmland uses based on agroforestry practices show positive contributions, even if weighted
on local landscape diversity.

5. Conclusions
The detected inter-scale comparisons testify to the ecological relationships occurring

between the different levels of agroecosystem organization. The obtained results have lim-
ited inference value because of sample size limitations (four POLY site data). Nonetheless,
this comparison highlights some interesting mutual behaviors that are generally consistent
with the landscape ecology theoretical assumptions on the relationships between land-
scape, floristic, and vegetational traits. The descriptive interpretation of such ecological
relationships enables a preliminary finding of the existing trade-offs and synergies be-
tween the studied ecological indicators, enabling the identification of monitoring tools and
science-driven agricultural landscape planning tools.
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In the studied agricultural contexts, richness and diversity traits were generally pos-
itively related to higher floristic stability traits (higher phanerophyte ratio and lower
therophyte ratio) and lower floristic contamination traits (higher Eurasiatic species, lower
adventitious and wide distribution chorotypes, and lower alien and invasive ratio). Gen-
erally, when the on-farm therophyte ratio rises, the hemicryptophyte and phanerophyte
ratios decrease. Parallelly, when floristic contamination rises, the therophyte ratio rises, i.e.,
floristic contamination is mainly driven by species with short-cycle, higher competitive
traits, positively responding to intensive and frequent anthropic disturbance. Phanerophyte
presence shows the opposite behavior: coupled with therophyte ratio, they could represent
integrative, easy-to-use indicators, as they bring complementary ecological information on
on-farm floristic and vegetational ecological traits and agrobiodiversity contributions, both
qualitative and quantitative traits. These results help in identifying indicators that might
be most useful in characterizing the ecological status of on-farm flora and phytocoenoses.

Inter-scale comparisons with extra-local and local landscape ecological traits showed
generally consistent patterns between landscape ecological quality indicators (natural
components ratio, landscape diversity, biological territorial capacity, connectivity, and
circuitry) and higher farm-scale species richness and α-diversity values. Positive and
negative chorological and biological form traits were consistently related to landscape
anthropic disturbance degree (agricultural components ratio and lower landscape ecological
quality values). These patterns suggest a positive relationship between landscape- and
farm-scale ecological quality and diversity traits and highlight the most relevant landscape-
scale drivers of floristic and vegetational ecological quality impairment. These results can
enable the selection and use of relevant landscape ecology indicators when addressing
the agricultural landscapes’ peculiarities concerning current state assessment as well as
the identification, tuning, and assessment of alternative transformation scenarios (science-
driven agricultural landscape planning) [42,43].

The inter-scale landscape diversity maps complement the presented results by testing
a mapping tool that enables a quick spatial interpretation of the interactions occurring
between the landscape eco-mosaic composition and configuration and finer-scale land use
unit contributions to biodiversity.

The future integration of the results presented here with wider datasets, including new
sites and farms, will allow a deeper comprehension and validation of the interpretations
of plant richness and α-diversity traits and their relationships with plant ecological and
chorological traits as well as with the agricultural landscape eco-mosaic configuration.
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ES Ecosystem service
POLY Polyculturae
SCI Specific coverage index
SP_RICH Species richness
He/I Helophytes/hydrophytes
T Therophytes
G Geophytes
H Hemicryptophytes
C Chamaephytes
P Phanerophytes
ADV Adventitious
EUR Eurasiatic
WIDE Wide distribution
ALIEN Alien/total species
INVAS Invasive alien/alien species
H’/H’max Shannon equitability index
N Naturalness index
1-lambda Gini–Simpson diversity index
IM Index of maturity
TOT Total landscape system
NAT Natural landscape subsystem
AGR Agricultural landscape subsystem
ART Artificial landscape subsystem
MTX Matrix
DIV Landscape diversity
DIV2 Normalized landscape diversity
CON Connectivity
WCON Weighted connectivity
CIR Circuitry
WCIR Weighted circuitry
MBTC Mean biological territorial capacity

Appendix A

Table A1. Results of the farm-scale floristic and vegetational indicators for each study site (D, G, P,
and C).

Category Index U.o.M. D G P C

FL
O

R
A

Richness SP_RICH n. 129 225 70 156

Biological forms

He/I % 0.5 0.2 0.14 5

T % 0.25 0.18 0.26 0.25

G % 0.13 0.9 0.11 0.14

H % 0.39 0.44 0.41 0.35

C % 0.3 0.4 0.3 0.1

P % 0.15 0.23 0.4 0.21

Chorotypes

ADV % 0.22 0.16 0.24 0.18

EUR % 0.29 0.36 0.14 0.27

WIDE % 0.33 0.27 0.40 0.31

Allochthony
ALIEN % 0.27 0.20 0.28 0.24

INVAS % 0.74 0.55 0.63 0.59
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Table A1. Cont.

Category Index U.o.M. D G P C

V
EG

ET
A

TI
O

N

Diversity

H’/H’max - 0.51 0.58 0.5 0.57

N - 0.91 0.88 0.96 0.94

1-lambda - 0.85 0.82 0.67 0.82

Maturity IM - 3 1.1 0.7 0.6

Table A2. Results of the extra-local-scale and local-scale landscape ecology indicators computed on
each study site (D, G, P, and C).

Extra-Local Local

Index U.o.M. D G P C D G P C

Matrix
AGR % 0.55 0.60 0.87 88.56 0.70 0.69 0.93 0.93

NAT % 0.27 0.31 0.06 0.05 0.24 0.26 0.04 0.04

Diversity

DIV_TOT - 2.13 1.7 1.11 1.09 1.55 1.81 0.74 0.79

DIV_NAT - 0.59 0.51 0.25 0.23 0.48 0.59 0.21 0.22

DIV_AGR - 0.92 0.8 0.56 0.6 0.84 1.03 0.42 0.45

Biological
territorial capacity

MBTC_TOT Mcal/ha/yr 1.88 2.39 1.26 1.17 2.22 2.56 1.16 1.18

MBTC_NAT Mcal/ha/yr 4.51 5.32 3.48 2.52

MBTC_AGR Mcal/ha/yr 1.01 1.14 1.14 1.14

Connectivity &
circuitry

CON - 0.33 0.39 0.36 0.24

WCON - 0.22 0.3 0.16 0.12

CIR - −0.01 0.08 0.03 −0.14

WCIR - −0.18 −0.05 −0.28 −0.32
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