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Abstract: Landscape connectivity can be assessed based on the physical connection (structural
connectivity) or the maintenance of flow among habitats depending on the species (functional
connectivity). The lack of empirical data on the dispersal capacity of species can lead to the use of
simple structural measures. Comparisons between these approaches can improve decision-making
processes for the conservation or restoration of habitats in fragmented landscapes, such as the Cerrado
biome. This study aimed to understand the correspondence between the measures of landscape
structural and functional connectivity for Cerrado plants. Three landscapes with cerradao patches in
a pasture matrix were selected for the application of these metrics based on the functional connectivity
of four profiles of plant dispersal capacity. The results showed divergent interpretations between
the measures of landscape structural and functional connectivity, indicating that the assessment
of biodiversity conservation and landscape connectivity is dependent on the set of metrics chosen.
Structurally, the studied landscapes had the same number of cerradao patches but varied in optimal
resource availability, isolation, heterogeneity, and aggregation. Functional connectivity was low for
all profiles (based on the integral index of connectivity—IIC) and null for species with a low dispersal
capacity (based on the connectance index—CONNECT), indicating that species with a medium- to
long-distance dispersal capacity may be less affected by the history of losses and fragmentation of
the Cerrado in the pasture matrix. The functional connectivity metrics used allowed a more robust
analysis and, apparently, better reflected reality, but the lack of empirical data on dispersal capacity
and the difficulty in choosing an indicator organism can limit their use in the management and
planning of conservation and restoration areas.
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1. Introduction

Landscape connectivity is considered an efficient indirect measure of biodiversity conservation,
useful for understanding the effects of environmental changes on organism dispersal [1,2]. Ideally,
connectivity measures should include the physical continuity of the environment (structural
connectivity) and the peculiarities of movement behavior and dispersal intrinsic to the species
(functional connectivity), which vary depending on the morphophysiological patterns and relationships
of the species with different types of environment [3,4]. Most studies on functional connectivity
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have focused on fauna dispersal capacity [5-9]. Some studies have examined plant functional
connectivity based on propagules [10-13], but the current knowledge available is still not enough to
understand this phenomenon, especially in highly fragmented landscapes [14]. However, the advance
of geotechnologies in recent decades has allowed the development of software and computational
models capable of easily obtaining several measures of landscape structure that can be potentially
indicative of the quantity and quality of the habitat, such as the number, size, shape, and isolation
of habitats obtained using Fragstats® [15,16]. New options have also been developed to measure
landscape functionality, such as Conefor® [17], which requires empirical data on the dispersal capacity
of study species, differentiating connectivity into three types: within a patch, by flow, and by the
connections between patches [18].

In this context, as scientific studies are increasingly concerned with obtaining functional data [19],
a shift from structural analysis to functional connectivity measurement is expected. In Brazil,
the agencies responsible for the conservation planning and management of natural areas already use
geographic information tools to map and monitor areas and to help their decision-making, allowing and
facilitating the use of structural connectivity measures (e.g., Euclidean nearest-neighbor distance using
Fragstats). However, metrics that better reflect reality, such as functional connectivity (e.g., Integral
index of connectivity using Conefor), are not routinely used by public agencies, possibly due to the lack
of empirical data on the dispersal capacity of local species. This deficiency is significant for the Cerrado,
the second largest Brazilian biome [20] and a global biodiversity hotspot. The Cerrado is poorly
protected with deforestation rates 2.5 times higher than that of the Amazon [21]. Among the main
drivers of deforestation in the Cerrado is the advance of the agricultural frontier and cattle ranching
activities, with 70% of cultivated pastures concentrated in this biome [22]. Given this anthropogenic
pressure, it is urgent to establish a conservation and restoration plan with effective strategies, such as
maintaining the functional connectivity of species in the Cerrado.

Based on the assumption that functional connectivity cannot always be extrapolated from
structural connectivity [23], studies that examine whether there is complementarity or divergence
between these inferences of connectivity are essential. Therefore, this study aimed to understand the
relationship between the measures of landscape structural and functional connectivity for the dispersal
of Cerrado plants. Given the theoretical and methodological differences of these measures, this study
was premised on the differential contribution of functional connectivity for plants compared to that
of the structural measures, providing complementary information to support decisions on habitat
conservation and restoration.

2. Materials and Methods

2.1. Selection and Mapping of the Study Area

This study was carried out in the state of Sao Paulo in three representative landscapes of
pasture matrix in an area of the Cerrado domain. In this area, the last remnants of cerradao (CER,
a Cerrado forest physiognomy), which are immersed in anthropogenic uses, are mixed with seasonal
semideciduous forest, remnants of the Atlantic Forest biome (AF). The size of the fragments (median 9.3,
mean 10.3 + 9.6 ha) in the studied landscapes is characteristic of the Cerrado remnants in the Sao Paulo
state, where for more than a decade, 70.8% of the fragments have had an area of up to 20 ha [24].
The study areas were defined by the limits of the third order basin (the main watercourse drainage
resulting from the confluence of two second order rivers). The choice of this geomorphological unit
as a scale of analysis is consistent with its ability to reflect the impacts of human activities in the
context of local agricultural properties and is usually used as a basic planning unit for the preservation
of natural resources and agricultural production [25]. Furthermore, it may influence the dispersal
process of the flora affected by landscape characteristics, such as slope and terrain elevation [26-28].
Using Google Earth® images and maps of vegetation cover (official forest inventory of 2010) [29],
hydrography, and contour lines [30], all the basins in the region that met the following criteria were
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initially pre-selected: (i) a homogeneous pasture matrix, (ii) a minimum of two CER forest patches,
and (iii) a maximum of 10% of other types of land use. After confirming the type of forest (CER or AF)
in loco (2018) in the 10 pre-selected landscapes, only three met criteria (ii) (Figure 1). It is important to
highlight that there are almost no more remnants of cerradao in pasture matrices in this region. The low
number of landscape repetitions is a result of the history of the Cerrado conversion to pasture in the
study region and to other types of anthropic exploration in Sao Paulo state. The loss and fragmentation
of the Cerrado in Sao Paulo accelerated after 1950 with the expansion of agricultural activities to the
interior of the State [31]. This loss reached at least 88.5% between 1960 and 2000 [24], and, currently,
the coverage of Cerrado occupies less than 1% of Sao Paulo state, which corresponds to 17% of its
original coverage [32]. In Brazil, apart from in the Amazon region, the current policy for the protection
of the Cerrado biome requires that 20% of private lands be set aside for conservation [33]. Despite that,
in general, Brazil has a history of low environmental law compliance [34-37], which might help to
explain why only three of the pre-selected landscapes met the criteria.
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Figure 1. Landscapes with pasture matrix evaluated (L1, L2, and L3) in the Cerrado region in
southwestern Sao Paulo.

The delimitation in the basins and the creation of the land use and land cover (LULC) maps of the
studied landscapes (L1, L2, and L3) were carried out in ArcGIS® version 10.4. The basin boundaries
were mapped using topographic maps from the Geographic and Cartographic Institute of the State
of Sao Paulo (IGC—Instituto Geografico e Cartografico do Estado de Sao Paulo) on a 1:10,000 scale,
available online on the DataGeo portal [38], coupled with ArcGIS®. The LULC maps were created
through visual interpretation performed by only one photo interpreter at a display scale of 1:3000 using
aerial photographs from 2011, with a scale of 1:25,000 and 1 m pixel, provided by the Sao Paulo State
Planning Company (EMPLASA—Empresa de Planejamento do Estado de Sao Paulo). The validation
of the mapped LULC categories (CER, AF in early and intermediate-advanced stages, pasture, and
other land uses, such as forestry, lakes/ponds, and roads) was carried out after the field surveys and
updates of the satellite images (2018) from Google Earth® Pro.
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2.2. Measures of Landscape Structure

The analysis of the landscape structure was performed using a set of metrics usually applied in the
studies of landscape ecology for biological conservation [35,39—-41] (Table 1, Equations (1)—(6)). Forest
patches were assessed for their Optimal Resource Availability (ORA), calculated in ArcGIS® (extension
V-Late) using information on shape (Fsh), their size coefficients (CS), and the physiognomic importance
of the forest patches (CF), an adaptation of the literature [39,42] with the inclusion of CF. Weighting CF
was performed to enhance the natural habitat of the Cerrado species used in the functional analysis
of this study, some of which are exclusive to this Biome. The following values were assigned: (3) for
CER patches, (2) for AF at intermediate—advanced stages, and (1) for AF at an early stage. Forest
fragmentation was evaluated based on a set of simple and common metrics that represents the main
variables of importance for forest conservation and quality using structural measures: number (NP),
shape (determined by the Perimeter/Area ratio—PARA), and the isolation (ENN_MN) of patches,
all calculated using Fragstats® version 4.2 [15]. With this same software, measurements of landscape
heterogeneity and aggregation were also obtained using the Shannon Evenness (SHEI) and Contagion
(CONTAG) indexes.

Table 1. Criteria for the structural evaluation and functional connectivity of the landscapes assessed in
the Cerrado in the state of Sao Paulo.

Metric Equation Description of Measures
£
g ORA — Liz(FShiCS:CFy) 1) Potential optimal resource availability of forest
b=} . TA-CSyaxCFmax .
g Optimal resource in the landscape based on the shape of the
: availability—ORA FSh; for edge of 60 m [42]; CS; varies from 1 patches; (FSh;), size coefficient (CS;),
g (varies from 0 to 1) to 4: 1 (<1 ha), 2 (1-10 ha), 3 (10-50 ha), and ~ and physiognomic importance (CF;) in relation
§ Refs. [39,42] with 4 (=50 ha); * CF; varies from 1 to 3: 1 (AFin  to the best resource conditions with maximum
o adaptations early stages), 2 (AF at potential (CSisx = 4 and CFpysx = 3) for the
] intermediate/advanced stages), and 3 (CER) total landscape area (TA) (in ArcGIS®)
-
o
=

Number of patches—NP Subdivision or fragmentation of the landscape

elongated shapes; low values: more uniform
shapes (in Fragstats®)

(varies from 0 to oo) NP =n; (2) given by the qua{ltlty (n) of f(([)gest class patches;
: (in Fragstats®)
‘% Shape complexity of the forest class is
k= expressed by the mean of the perimeter (P;) by
an Perimeter/area L area (A;) ratio in relation to the number of
%" ratio—PARA (>0-) PARA = ——(3) patches; (n;). High values: more uneven or
S
@
=
o
=

Isolation of the forest class calculated using the

Euclidean distance from sum of the distance in meters (H;j) from the

nearest _ L Hy edge of the patch; to the nearest edge of the
nelghbor;ENN,MN ENNuw = =5— @) patclg1j divideg by ti1e number of patcies (n) (in
(>0-c0) Fragstats®)
Landscape heterogeneity calculated using the
ratio between the mean of the landscape
occupied by the type of class; (P;) ratio and the
-3 (PP number of types of patches (classes) (m)
Shannon evenness index SHEI = Tnm ®) present in the landscape. Close to 0: uneven
(varies from 0 to 1) distribution of classes that may indicate a

In = Napierian logarithm dominance of a class in a homogeneous

landscape. 1: class distribution is perfectly
uniform, and the landscape is heterogeneous
(in Fragstats®)

Landscape aggregation is expressed as a
CONTAG = percentage based on the mean product of the
proportion of the landscape occupied by class;
(P;) and the number of joinings between
classesii (gik) in relation to the number of
o . landscape classes (m). 0: classes totally
In = Napierian logarithm interspersed and disaggregated; 100: fully
aggregated classes (in Fragstats®)

Landscape heterogeneity
and aggregation

. m m ik - __Sik
Contagion Lis L |Pigr o |\ \Pegr

index—CONTAG 1+ 20n(m) )] (100) (6)
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Table 1. Cont.

Metric Equation Description of Measures

Functional connections at species-specific
distance thresholds (m) between patchesj (Cij)
ek Cz/k] (100) (7) of the same class; in relation to the number of
(@) patches (n) in the landscape. 0: null functional
connectivity; 100: landscape with fully
connected patches (in Fragstats®)

Connectivity
index—CONNECT CONNECT = [
(varies from 0 to 100)

Functional landscape connectivity based on the
number of patches (n) in the landscape, the
quality of the patches;j (4; and 4;), the number
Integral index of o of functional connections at species-specific
connectivity—IIC 1 — L1 Zict Tt ; distance thresholds between patches;; (1l;)
(varies from 0 to 1) - W ) divided by the total landscape area (Ar)
multiplied by 3, since the habitat patches had
this maximum weight. 0: null functional
connectivity; 1: hypothetical landscape
completely covered by habitat (in Conefor®)

Functional landscape connectivity

The calculation of these landscape structural measures included: (i) entire forest cover (FOR =
CER + AF) and (ii) CER patches. The comparison of these analyses allowed evaluation of the Atlantic
Forest contribution in the conservation of the study landscapes, considering its relative importance in
maintaining the connectivity of the Cerrado in these pasture matrices.

2.3. Measures of Landscape Functional Connectivity

In the functional connectivity estimation, four categories of plant species dispersal distance
were considered: short, medium, medium-long, and long. These categories were defined based on
secondary data on the dispersal capacity of a set of indicator species (Table 2). The application of
these measures indirectly allowed an assessment of the capacity of the study landscapes to promote
plant species flow between habitat patches and inferences to be made about the potential for the
recolonization of new areas.

Most of the distance values used were based on empirical data on the zoochoric seed dispersal of
typical Cerrado species [43-45], with a wide geographic distribution in Brazil and occurrences in the
state of Sdo Paulo [46] and in the study landscapes. Short dispersal, which potentially also represents
propagation by resprouting, was the only category with reference values of dispersal from temperate
plant formations [47] due to the lack of distance data for this dispersal category in the Cerrado.

Table 2. Dispersal distance profiles of plant species used as indicators of dispersal capacity in the
Cerrado. N = number of individuals sampled.

Dispersal Capacity Dispersal Indicator Species N References
Catego Maximum Syndrome
gory Distance (m)
Short 5 autochory Temperate climate species variable [47]
. mammaliochory and . .. )
Medium 246 ornithochory Copaifera langsdorffii (Fabaceae) 340 [43]
Medium-long 1800 mammaliochory Annona crassiflora 40 [45]
(Annonaceae)
mammaliochory and Hymenaea stigonocarpa »
Long 8091 ornithochory (Fabaceae: Caesalpinioideae) 450 (44]

Measures of functional connectivity were obtained from the Connectance Index (CONNECT) and
Integral Index Connectivity (IIC), using the Fragstats® and Conefor Sensinode® software version
2.6, respectively [15,48] (Table 1, Equations (7) and (8)). Both measures are a binary model in which
functional connections exist (1) or not (0) for a given threshold of dispersal distance, differentiated into
the four categories previously described (maximum distances in Table 2).
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The methodological difference of the IIC is the graph theory, which represents the landscape as a set
of nodes and links [49]. This approach allowed an assessment of the importance of landscape elements
to the maintenance of connectivity (dIIC), based on the quality of the habitat patches (intrapatch
connectivity), the flow they are capable of providing (flux), and their connections in the landscape
(interpatch connectivity) [18]. Based on the sum of the AF and CER patches, their contributions to
landscape connectivity maintenance were estimated. In practice, three sets of information were used
in the plugin ArcGIS® Conefor inputs: (i) distance threshold (m), based on the maximum dispersal
capacity of the species in the four distance profiles considered; (ii) node file, with a quality attribute
for each habitat patch, assessed by the product between its cover area (m?) and the coefficient of
importance of the forest physiognomy (CF, Table 1); and (iii) connection file, with Euclidean distances
between the edges of the habitat patches (m). We have highlighted the use of maximum dispersal
distances, rather than the median, in accordance with the application of binary metrics, where the
connection exists or does not. Appendix A Figure Al provides more details about the choice of binary
model and shows the same analysis for a probabilistic model (Probability of Connectivity—PC) [50].

3. Results

Landscape 2 (L2) had the highest percentage of total forest cover (FOR; = 36%) and of cerradao
(CER; = 22%) (Figure 2). Landscapes 1 and 3 (L1 and L3) had similar total values (FOR; = 16%
and FOR3 = 19%), but the percentage of cerradao in L1 was three times that in L3 (CER; = 15%
and CERj; = 5%). Regarding optimal resource availability, L1 and L2 were similar (ORA; = 0.62;
ORA; = 0.59), while the ORA in L3 was approximately 85% smaller (ORA3 = 0.09) (Figure 3A).
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Figure 2. Land use and land cover of the three studied landscapes, with the occupied areas in hectares
(ha) and percentages (%).

All landscapes had the same number of CER patches (NPcgr = 3), but they varied in the quantity
of AF patches (NPap; = 8 NPapy = 2; NPaps = 12) (Figure 3B). Most of the L2 and L3 AF patches
formed corridors contiguous to CER patches, forming the same fragment of native vegetation (Figure 2).
In L2, the FOR and CER had the most regular and uniform shapes (PARAfoRr; = 1419; PARACgRr; = 553;
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PARAfoRry = 312; PARACER2 = 229; PARAfoRr3 = 1029; PARAcgr3 = 331) (Figure 3B), despite the
corridor shape of the AF patches. However, the mean isolation of this landscape was approximately
twice that of the others (ENN_MN; = 62 m; ENN_MN, = 109 m; ENN_MNj3 = 55 m).

Landscape 1 was the most homogeneous and had classes of more aggregated patches (SHEI; = 0.33
and CONTAG; = 0.83) (Figure 3A). L2 and L3 had similar diversity and contagion indices, but they
were moderately homogeneous and aggregated (SHEI, = 0.68; SHEI3 = 0.60; CONTAG; = 0.64 and
CONTAG; = 0.69).

Landscape 1 Landscape 2 Landscape 3
0.9
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205
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Figure 3. Structural measures of landscapes: (A) Optimal resource availability (ORA), Shannon
evenness index (SHEI), and Contagion index (CONTAG); (B) mean Euclidean distance from the nearest
neighbor (ENN_MN), Perimeter/area relationship (PARA), and the Number of patches (NP) for all
forest cover (FOR) and for the cerradao (CER) only. Appendix B Table A1 provides these data.

The measure based on CONNECT indicated that the three landscapes had no functional
connectivity for short-distance (5 m) dispersal and were 100% connected for medium-long-
(1800 m) and long-distance (8091 m) dispersal (Figure 4A). Regarding the mean distance (246 m),
functional connectivity was variable—higher in L2 when considering the FOR (CONNECTroRr; = 38;
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CONNECTEoRr2 = 50; CONNECTEoR3 = 30) and higher in L3 based on the CER (CONNECTcgRr; = 33;
CONNECTCERZ =33; CONNECTCER3 = 66)
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Figure 4. Measures of the functional connectivity of the three landscapes in the four distance profiles
of plant dispersal (short—5 m, medium—246 m, medium-long—1800 m, and long—8091 m) for all
forest cover (FOR) and for the cerradao (CER) only: (A) Connectivity index (CONNECT); (B) Integral
connectivity index (IIC); and (C) contribution of intra, flux, and connector fractions to the general IIC.
Appendix B Table A1 provides these data.

However, based on the IIC metric, the three landscapes had a low potential for functional
connectivity for the plant species evaluated regardless of dispersal profile, as the highest IIC value
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obtained was 0.063. In all dispersal profiles, L2 represented the best scenario for plant functional
connectivity (IICpor; = 0.022; IICroRry = 0.063; IICroRr3s = 0.014) (Figure 4B). This same pattern was
observed for the CER (IICcgry = 0.021; IICcgRry = 0.033; ICcEgr3 = 0.002). The contribution of the AF to
the maintenance of the functional connectivity was greater in L2 and L3 and almost insignificant in L1.

There was a clear distinction in the contribution of patch quality (dIICinTRA) to the connectivity
of L1 (Figure 4C). The flow in this landscape was null (dIICfy yx) for short (autochory) and medium
(zoochory) distance dispersal but potentially good for species with greater dispersal capacity. In the
other two landscapes, the values of functional connectivity were directly associated with the highest
dIICpLyyx, although mainly for short- and medium-distance dispersal. Despite this, based only on the
CER cover, in none of the landscapes was flow observed for short-distance dispersal. Landscape 3
differed from the others because of the greater contribution of the AF to the functional connectivity
by providing a habitat for short-distance dispersal and the improvement of flow compared to the
mean. In the three landscapes, the contribution of the interpatch connectivity (dIICcoNNECTOR) Was
insignificant to the IIC; thus, habitat patches did not act as a connecting element to other patches in the
landscape connectivity.

4. Discussion

The quantity of the remaining habitat, although with limitations, has been considered by some
researchers to be the most direct and commonly used measure to assess the conservation of a biome,
a characteristic inversely proportional to habitat loss [51,52]. The habitat amount hypothesis proposes
that this trait is the only predictor variable influencing species diversity in landscapes of the same
size [53,54]. Based on this hypothesis, some studies have indicated a threshold of 40% in habitat cover
rate, below which negative consequences for biodiversity are observed, such as changes in forest strata
and a reduction in the diversity of birds and other species [55-57]. Considering only this perspective,
the percentage of forest cover in the study landscapes is between 16 and 36% below the threshold
proposed in the literature, which has possible negative consequences for the conservation of species in
the Cerrado. The use of biodiversity conservation thresholds can be important, and they are useful
for conservation planning mainly due to the simplicity of the analysis [58,59]. However, there is still
no consensus on scientific findings. Other studies agree that the amount of habitat is an important
predictive variable for biodiversity, but they refute that it is the only one [60,61]. The habitat spatial
configuration and its isolation are also important variables, especially in landscapes with a small
amount of habitat [62,63]. We do not fully agree that these limits may be significant based only on the
quantity of forest remnants, but we believe that the degree of isolation of the forest fragment can be
crucial for the assessment of conservation. Lower forest coverage, as in the study areas, can be of less
concern if the fragments are spread evenly, promoting a connected landscape for most zoochoric vectors
and, consequently, for plants. For these reasons, this study emphasizes the need to incorporate other
composition metrics (e.g., the landscape heterogeneity index), in addition to the spatial configuration
measures (e.g., distance between habitat patches), in the decision-making process for conservation.

Measures of the quality of habitat patches, such as ORA, could offset the negative effects of small
size and low connectivity among habitats [64,65] and, in principle, minimize the effects generated by
the low rates of habitat cover of the studied landscapes. This compensation is exemplified in L1, which,
despite having the lowest rate of forest cover, presented the best forest quality (>ORA). This was
mainly due to the predominance of cerradao (a habitat of maximum physiognomic importance in the
model) with more homogeneous and uniformly shaped patches (>PARA).

The assessment of the landscape structural connectivity using ENN_MN indicated the lowest
isolation in L3 and the highest in L2, which is contrary to that suggested by the functional connectivity
measures based on the IIC, regardless of the dispersal profile of the species evaluated. This result
supports the hypothesis that structural connectivity increases when physical relationships between
habitats are intensified, but this does not necessarily lead to an increase in the level of movement
or the flow of organisms through landscape functional connectivity [23]. However, although ENN
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may be the simplest measure at the patch level and widely used in the quantification of isolation [15],
the interpretation of ENN_MN at the class level requires caution because this metric is sensitive to
the number of forest class patches in the landscape; thus, potentially underestimating the isolation
in highly fragmented landscapes (>NP). The effect of this sensitivity was evident in the comparison
between the three landscapes, in which the lowest number of forest patches in L2 resulted in the highest
isolation value, despite the spatial configuration of these patches suggesting greater physical contact.
Thus, the effectiveness of the interpretation of this metric (ENN_MN) as a strategy for assessing and
planning connectivity seems to be compromised, especially if we consider the functional influence of
species-response particularity, which depends on the capacities of vector dispersal.

The values of heterogeneity (SHEI) and aggregation (CONTAG) observed in the landscapes were
expected given the selection criteria of these areas (homogeneous pasture matrix with a maximum of
10% of other uses) and the conditions of the pasture occupation in this area of Brazil. These metrics were
incorporated into the analysis in order to support the evaluation of the connection between patches by
the least-cost path [66]. The latter was defined by the Euclidean distance, since the homogeneity and
dominance of the pasture matrix result in a single pattern of resistance in the landscape. Thus, it is
unnecessary to incorporate more robust measures for the preferred methods of promoting flow between
patches [67,68], which is especially indicated for landscapes with a heterogeneous matrix [69,70], where
the flow is influenced by differences in the resistance between land uses and matrix cover [67,71].

The metrics of functional connectivity (CONNECT—Fragstats®; [IC—Conefor®) showed different
results. According to CONNECT, the landscapes were 100% connected for medium-long and long
distances and null for short distances, while using the IIC, the connection was less than 10% for
any distance but never null. In addition, in the ranking of landscapes, the functional connectivity
between the Cerrado patches in L3 was the highest using CONNECT and the lowest using the IIC.
These differences occur because CONNECT is calculated using the number of existing patches in
the landscape, while the IIC incorporates the interference of quality in the availability of resources
and, consequently, in the promotion of movement between them based on intrapatch connectivity [72].
This makes the IIC more comprehensive and, therefore, reflects reality better than the other metrics
selected in this study. As a result of the IIC equation, landscapes with different characteristics, such as
L1, that are of higher quality (ORA) and have greater isolation (ENN_MN), and L3, with a lower
quality (ORA) and less isolation (ENN_MN), are the most similar in terms of functional connectivity
(IIC). This relationship demonstrates the effect of complementary quality (intrapatch connectivity) and
the distance between patches (interpatch connectivity) since, if evaluated separately, they would not be
sufficient to ensure the flow levels observed in the landscapes.

The results also indicate that the Cerrado species with medium-long- and long-distance
dispersal capacity would be less affected by the current fragmentation of pasture matrices. However,
the establishment, growth, and reproduction of plants are directly associated with the distance and
movement behavior of their dispersal vectors. Between 70% and 90% of tropical woody plants rely
on vertebrate fauna, which is affected by local resource availability [73-75]. Thus, even though the
composition and configuration of habitat patches in the studied landscapes promote conditions that
favor connectivity for this category of dispersal distance, the optimism of this result is conditioned
by the presence of its vectors. For example, Annona crassiflora, a species used as an indicator of the
functional connectivity of the studied landscapes, has the tapir (Tapirus terrestris) as an active disperser,
one of the largest frugivores of the neotropics [45,74]. This is a threatened species in the state of
Sao Paulo [76] that has not been reported in the latest surveys in the study area [77,78]. In the Cerrado,
despite the expressive number of zoochoric species [45,79,80], the most common form of the vegetative
propagation of plants is by resprouting, accounting for more propagation than by the establishment
of seeds [81-83]. In the case of species with a low dispersal capacity, represented in this study by
autochory and resprouting, our results indicate their complete isolation in the patches. Despite this,
resprouting may be more closely associated with its contribution to the soil seed bank than to dispersal
among habitat patches, which is why it has been used as an important strategy for natural regeneration
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in the Cerrado, especially in pasture matrices with low intensity use [84]. In addition, the functional
connectivity of species with medium dispersal capacity varied with the landscape and was directly
associated with the configuration of habitat patches in the matrix. For species with medium dispersal
capacity, the low rate of native vegetation cover observed in all landscapes might be partially offset by
the presence of the Atlantic Forest corridors in L2 and L3.

Nonetheless, when considering the circuit theory as a way to understand how landscape
connectivity (effective conductivity) can be influenced by the available flow paths [67,68], important
structural differences are observed. For example, L1 could be described as an open circuit in a matrix
that exerts greater resistance to flow, with a tendency for less movement between patches due to
the lack of connecting structures. L2 and L3 would be closed and semi-closed circuits, respectively.
The presence of elongated fragments (corridors) of Atlantic Forest connecting patches of optimal
habitat (cerradao) can be considered as preferential paths for zoochory, which can increase the potential
for connectivity in these landscapes, depending on the species. However, we need to consider that
the L2 and L3 corridors have a width of around 90 m, and, in many cases, they represent areas with
edge effects that are not sufficient for specialist species that need a core area for their habitat [85-87].
Furthermore, these corridors are less essential for flying species than for other fauna groups, although
the presence of these connecting structures can encourage an edge-following behavior in them [88].
These observations, however, are often landscape- and species-specific [89].

Corridors are effective connecting structures that increase the movement of species in fragmented
landscapes [90], although in some situations, they are more efficient at providing a new habitat [91].
These alternating benefits provided by corridors varied with the dispersal capacities assessed.
Efficiency was higher when providing a habitat for short-distance dispersal (e.g., Vochisia haenkiana
(anemochory) [92] and Attalea geraensis (autochory) [93]), while, on average, long-distance dispersal
(e.g., Hymenaea stigonocarpa [44]) improved the flow between habitats. This variety of benefits provided
by the Atlantic Forest corridors in maintaining functional connectivity emphasizes the importance of
legal protection for native vegetation in private areas, as most or all corridors are part of the Permanent
Preservation Areas (PPA) surrounding water bodies under the Brazilian Native Vegetation Protection
Law [33]. It is important to highlight that corridor design is strictly scale-dependent and corridors
defined at a regional scale should be complemented with corridors that are created at supraregional
and local scales, thus configuring a multiple-scale network of effective linkages [94].

It should be noted that, in terms of conservation planning, the application of metrics associated
with functional connectivity (e.g., the. IIC), in the majority of cases, depends on indirect assumptions
about species dispersal skills (e.g., expert opinion and empirical secondary data), as these analyses are
less expensive [95] and fast. However, at least in Brazil, this seems to be hindered and often made
impossible by the lack of information on species functionality, given the specificity of the landscape
evaluated and the species of interest.

The absence of empirical data on the species dispersal distance was both a challenge faced by
this study and its limitation. We had to obtain information about the dispersal profiles of Cerrado
plant species in locations other than the study area and, most of the time, sampled within the habitat
without considering the effects of the matrix [43—45,47]. Therefore, the results showing a low functional
connectivity for all the landscapes evaluated may be overestimated and, if the landscapes were studied
in loco, the functional connectivity would probably be lower than that based on the metrics. It is
important to note that the long-distance dispersion (8091 m) exceeds the landscape size (diagonal
of the smallest landscape, L1, is about 2000 m). However, we conducted the long-distance analysis
in order to represent all the dispersion capacity profiles of the plant species, from short to long
(Table 2). This means that, in the scale of analysis of this study, there is a tendency towards dispersion
effectiveness for long-distance dispersal (measured by CONNECT). However, this does not occur
in the measure of the functional connectivity by the IIC, as it is influenced by the intrapatch quality
(IICintra) with a better qualification for the cerradao (physiognomic coefficient 3).
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5. Practical Implications for Biodiversity Conservation Planning

The comparison between the landscapes evaluated indicated that interpretations of the structural
and functional measures carried out separately can often be divergent or even antagonistic. Thus,
the assessment and planning of biodiversity conservation based on landscape connectivity are strongly
influenced by the set of metrics selected.

The dichotomy of the concept of connectivity in terms of its structure and function would not be
feasible if we consider that the landscape is only connected when there is a structure that allows the
intrinsic capacity of organisms to move between habitats [23,96]. In this context, because functional
connectivity indexes, such as the IIC used in this study, include components that influence the ability
to move, they are potentially efficient at indicating priority areas for restoration and conservation [95]
and in creating scenarios to restore connectivity [97,98]. This was observed in the results regarding the
potential contribution of the Atlantic Forest in maintaining the connectivity of Cerrado species and
the lack of patches or links with a topological position in the network that substantially influence the
connectivity of the landscapes evaluated (dIIC connector).

In a decision-making process aimed at the biodiversity conservation of landscapes with the same
profile of study areas, the need to include new connecting structures between cerradao patches is
evident. This can be achieved by creating stepping stones or corridors, even if they consist of Atlantic
Forest. By reducing distances and the barriers to movement between habitats [99] in the pasture
matrix, a restoration scenario might promote the conservation of short- and medium-distance species,
currently potentially isolated or with limited recolonization capacity. Regarding actions to improve
resource availability, such as enrichment with native species [100] or an increase in habitat patch size,
the results of the contribution of the quality of the Cerrado patches (intra dIIC) do not show this as a
limiting factor for species conservation, regardless of their dispersal profile, and, therefore, it could be a
complementary or secondary action. There is a lack of field sampling to estimate dispersal relationships
in loco to validate the debate on whether a large patch would be more beneficial to biodiversity than
several small patches, a question known as SLOSS (single large or several smalls), which does not have
a consensus among experts in the field and has been under continuous discussion since 1970 [101].
As mentioned before, in our specific case, the analysis suggests that several small habitat patches could
be more beneficial for species conservation, especially for small and medium dispersals. Moreover,
it would be unrealistic to expect landowners to agree with the restoration of large habitat patches in
these agricultural areas.

Despite the worldwide trend of growth in academic studies estimating the flow capacity of species,
the use of these data in conservation planning faces another challenge: the choice of the ecological
organism or group of interest that represents the best scenario for conservation biodiversity [102].
Ideally, this choice should ensure “umbrella connectivity”, determined by the traits of the species,
as well as the responses to its interactions and the characteristics of the landscape, such as the amount
of habitat, the degree of fragmentation, and the matrix permeability [102]. One possible approach is
to define species based on the range of profiles of the functionality of interest, such as the different
categories of dispersal capacity of species selected for this study.

The search for the most accurate representation of landscape functionality to guide biodiversity
conservation and landscape connectivity planning remains relevant to science and a bottleneck for
governmental agencies and decision-makers in general. Despite the difficulties in acquiring data in
loco, the use of functional connectivity metrics, even if based on secondary data, as observed in other
studies [1,2,39], was more accurate when comparing areas than applying simple structural metrics.
However, the applicability of this measure faces dilemmas, such as the transposition of information
from a local to a global scale, for example, data on the dispersal of species [103]. Even in cases of
successfully transferring theoretical and practical knowledge from science to practical management,
the monitoring and implementation stages are rarely documented in the formal literature, which makes
it difficult to identify the best conservation planning practices [104,105] and evaluate the practical
scope of the knowledge generated by science. Additionally, conservation planning has always been a
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process in which social, political, and economic interests can alter scientific prescriptions [106]. In view
of these obstacles, if functional measures cannot be used, the usefulness of the application of a set of
simple and complementary structural metrics, such as those in the present study, should not be ruled
out as long as caution is taken in interpreting the limitations of the results due to the conceptual and
mathematical computation of these measures.

Although there is interest from a social and scientific point of view in the use of species-based
conservation measures [107], an alternative for conservation decisions, not considered in this study
of different plant dispersal profiles, is the evaluation of the maintenance of ecological processes that
generate that biodiversity. Functional connectivity can be studied according to the processes or flows of
matter, energy, and information that connect the different places in the landscape and that can be made
operational through the boundaries between the patches of the different uses evaluated [108-113].
This analysis, based on cross-border flows, would imply a functional assessment based on processes
and not on biological species [114,115]. In this sense, the contradictory decisions on conservation
actions in the Brazilian savanna and many other territories may be due to this difference between the
functional connectivity estimated through the possibilities of propagation of different organisms and
that of the maintenance of ecosystem functioning processes.

6. Conclusions

The evaluated landscapes had low functional connectivity (IIC) for Cerrado plants, especially
those with a short-distance dispersal capacity. This may be associated with the low rates of habitat
cover in the Cerrado areas of Sao Paulo state.

This study demonstrated that different sets of metrics could lead to discordant and, sometimes,
antagonistic conservation decisions in the Cerrado. Thus, more than one type of index needs to be
used, and the results obtained by the set of measures adopted should be carefully evaluated.

In agreement with the literature, the use of functional connectivity indexes is a more robust and
accurate approach to species dispersal variability than just distances (structure). However, their use is
subject to the availability of data on dispersal and the choice of one or more representative organisms
for the measurement of connectivity.
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Appendix A

The functional connectivity analysis using the Integral Index Connectivity (IIC) binary model [72],
where connections exist (1) or not (0) for a given threshold of dispersal distance, was chosen for
two reasons: (i) it is a model of simpler application and interpretation to guide planning and
landscape management decisions; and (ii) the studied landscapes have only one type of homogeneous
matrix (pasture) and, consequently, a single pattern of resistance in the landscape, which would
not require the most robust connectivity analysis that is normally suggested for heterogeneous
landscapes [67,69-71,116,117].

The analysis of functional connectivity by a probabilistic model was also calculated in the software
Conefor Sensinode® using the Probability of Connectivity (PC) [50], considering the median of the
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distances of the four dispersion profiles of plant species (Table 2): short—1 m; medium—167.5 m;
medium-long—1687 m; and long—1750 m). The medians were calculated using the empirical
dispersion distance frequency data obtained from the secondary data used in this study [43-45,47].
The probabilistic model results, although slightly different from those obtained for the binary model,
have practically the same interpretation for the studied landscapes, showing very low values of
functional connectivity (Figure Al).

Landscape 1 Landscape 2 Landscape 3
PC PC PC @
—=—FLO (FES + CER) = — CER —=—FLO (FES + CER) — = CER —=—FLO (FES + CER) — = CER
1m Im
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Figure A1. Measures of functional connectivity of the three landscapes in the four distance profiles of
plant dispersal (short, medium, medium-long, and long) for all forest cover (FOR) and for cerradao
(CER) only: (A) Probability of Connectivity (PC); (B) Integral Connectivity Index (IIC).

Appendix B

Measures of landscape structure and functional connectivity in the three landscapes for the four
distance profiles of plant dispersal (short—5 m/medium—246 m/medium-long—1800 m/long—8091 m)
for all forest cover (FOR) and for cerradao (CER) only: Optimal resource availability (ORA); Number
of patches (NP); Perimeter/area relationship (PARA); mean Euclidean distance from the nearest
neighbor (ENN_MN); Shannon evenness index (SHEI); Contagion index (CONTAG); Connectivity
index (CONNECT); and Integral Connectivity Index (IIC), considering the contribution of intra, flux,
and connector fractions to the IIC.
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Table Al. Metrics results of the three landscapes for all forest cover (FOR) and for cerradao
(CER) only. Structural measures of landscapes: Optimal resource availability (ORA), Number of
patches (NP), Perimeter/area relationship (PARA), mean Euclidean distance from the nearest neighbor
(ENN_MN), Shannon evenness index (SHEI), and Contagion index (CONTAG). Measures of the
functional connectivity in the four distance profiles of plant dispersal (short—5 m, medium—246 m,
medium-long—1800 m, and long—8091 m): Connectivity index (CONNECT), Integral connectivity
index (IIC), variations (%), and contribution of intra, flux, and connector fractions to the general IIC.

Landscape 1 Landscape 2 Landscape 3
LANDSCAPE STRUCTURE
ORAFOR 0.62 0.59 0.09
NPror 11 5 15
NPcEr 3 3 3
PARAfoR 1419.40 311.99 1029.51
PARACER 552.87 228.59 330.64
ENN_MNFgoRr 62.92 109.32 55.91
ENNCcEgr 159.41 174.26 79.24
SHEI 0.53 0.94 0.98
CONTAG 83.19 64.67 68.86

FUNCTIONAL CONNECTIVITY

5m 246m  1800m 8091 m 5m 246m  1800m 8091 m 5m 246m  1800m 8091 m

CONNECToR 0 0.38 1 1 0 05 1 1 0 0.30 1 1
CONNECTER 0 0.33 1 1 0 0.33 1 1 0 0.67 1 1
ICroRr 0.018 0019 0022 0022 0038 0059 0063 0063 0008 0012 0014 0014
IICcpr 0.018 0018  0.021 0.021 0.020 0022 0033 0033 00014 00020 0.0020 0.0020
Variation (%) 0.03 0.48 3.57 3.57 4900 6311 4704 4704 8305 8393 8506  85.06
Intra poR 100 9815  81.87  81.87 7177 4670 4373 4373 8229 5403 4850 4850
Flux por 0.0039 3.70 36.25 36.25 56.46 106.60 112.54 112.54 35.41 91.93 103.00 103.00
Connector rog 0 0.033 0 0 3.80 191 0 0 0.76 3.50 0 0
Intra cgr 100 98.59 84.88 84.88 100 89.95 58.67 58.67 100 69.26 66.89 66.89
Flux cgr 0 2.81 30.23 30.23 0 20.10 82.65 82.65 0 61.48 66.22 66.22
Connector cgr 0 0 0 0 0 0 0 0 0 7.08 0 0
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