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Abstract: A major goal of green infrastructure (GI) is to provide functional networks of habitats
and ecosystems to maintain biodiversity long-term, while at the same time optimizing landscape
and ecosystem functions and services to meet human needs. Traditionally, connectivity studies are
informed by movement ecology with species-specific attributes of the type and timing of movement
(e.g., dispersal, foraging, mating) and movement distances, while spatial environmental data help
delineate movement pathways across landscapes. To date, a range of methods and approaches are
available that (a) are relevant across any organism and movement type independent of time and space
scales, (b) are ready-to-use as standalone freeware or custom GIS implementation, and (c) produce
appealing visual outputs that facilitate communication with land managers. However, to enhance
the robustness of connectivity assessments and ensure that current trends in connectivity modeling
contribute to GI with their full potential, common denominators on which to ground planning
and design strategies are required. Likewise, comparable, repeatable connectivity assessments will
be needed to put results of these scientific tools into practice for multi-functional GI plans and
implementation. In this paper, we discuss use and limitations of state-of-the-art connectivity methods
in contributing to GI implementation.
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1. Introduction

Environments have been reshaped by humans globally and at unprecedented rates during the
Anthropocene [1-3]. Ecosystems and organisms are increasingly under stress through loss of quality,
size and connectivity of habitats. Reduced habitat area is known to limit species biodiversity [4-6] and
ecosystem services [7,8], while habitat fragmentation limits movement success [9,10], and thus reduces
gene flow ([11], but see Lugman et al. [12]). Protected areas alone offer only limited solutions for
such risks because, on the one hand, they are not exempt from global change and, on the other hand,
protected areas alone may not retain sufficient habitat area or form connected networks sufficient to
maintain biodiversity goals in the long term [13,14]. Therefore, integrative approaches of balancing
growing conflicts between natural ecosystems and human ecosystems as intended by the conceptual
framework of green infrastructure (GI) offer promising directions [15,16] (Figure 1). While Gl is not a
strictly defined term and has many facets [15,16], it is mainly based on the principle that “protecting
and enhancing nature and natural processes [ ... ] are consciously integrated into spatial planning and
territorial development” [17,18].

Accordingly, Gl is defined as a “strategically planned network of natural and semi-natural areas
with other environmental features designed and managed to deliver a wide range of ecosystem
services” in both rural and urban settings [17]. Strong emphasis is given on ecosystem services with
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the scope of delivering a range of environmental benefits, including maintenance and improvement of
ecological functions. GI elements are important in the context of nature-based solutions, for example
to supply ecosystem services that mitigate vulnerability of systems [19,20], or plan for adaptation to
extreme weather and a changing climate [21-23].

Human needs

Figure 1. Global environmental change and human pressure require planning and design of green
infrastructure (GI) to ensure long-term persistence of functional connectivity at the landscape scale in
human-dominated areas.

In the context of ecological connectivity, GI provides functional networks of spatially distributed
habitats to maintain biodiversity and to optimize ecological functions and services of ecosystems [24]
(Figure 1). Successful Gls are thus multi-faceted and spatial to facilitate ecological interactions
in human-dominated landscapes [15] by accounting for the viability and life-history attributes of
individual species such as their movement potentials. GI inherently relies on spatio-temporal data to
understand landscape configuration and dynamics (for example Bartesaghi-Koc et al. [25] considered
spatio-temporal patterns in green infrastructure as a driver of land surface temperature variability, and
Liu, XL, et al. [26] used spatio-temporal data to assess urbanization processes). As species differ in their
requirements and range of movement, corridors for some species may represent barriers for others.
While structural connectivity refers to landscape elements that potentially connect habitats based on
a landscape’s configuration and compositions, functional connectivity refers to the biotic processes
of migration, dispersal, and gene flow, i.e., the ability to exchange individuals or genes across a
landscape [27,28]. Thus, functional connectivity is the effective connectivity from a species perspective.
Therefore, research on the role of landscape structure in driving functional connectivity under changing
pressures such as land use and socio-economic contexts as well as climate change is required [29].
As such, it is key that Gl is actively integrated into spatial planning to ensure the long-term persistence
of functional connectivity [17]. Furthermore, geospatial approaches can be implemented in decision
support tools for GI and spatial planning (as accomplished by Manna et al. [30] in olive landscapes,
and by Stessens et al. [31] for urban ecosystem services).
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In this paper, we identify opportunities and challenges of state-of-the-art connectivity assessments
for GI from the point of view of data, concepts and methodological developments. We do so by first
detailing the ways in which connectivity assessments characterize movement. Next, we identify and
elaborate trends in quantifying connectivity. From there we discuss planning and design strategies for
GI, proposing how connectivity assessments can contribute. That lastly leads to projecting avenues for
sustainable GI to ensure persistence of long-term connectivity at the landscape scale to maintain and
enhance biodiversity.

2. Characterizing Functional Connectivity

2.1. Movement

Movement of organisms is the fundamental assumption in connectivity assessments. Movement is
common to all animal life and affects a broad range of biological processes, with many consequences
ranging from individual organisms to populations or to entire ecosystems. Any movement is the
result of a set of complex causes rooted in inter-species (e.g., social behavior, Williams et al., [32]) or in
species—environment contexts, or both. Movement can be observed at all temporal scales affecting one
or many generations or spatial scales involving single individuals, a range of populations or the spatial
distribution of a species (Figure 2A). For example, within-population and shorter-term movement
may refer to feeding or marking territories, while between-population movement at broad spatial
and long temporal scales ultimately determines genetic exchange (Figure 2A). Clearly, the definition
of the different movement types remains a challenge [33], and movement may not always be neatly
categorized into one or another movement type (but see LaPoint et al. [34], and McClure et al., [35]).
To obtain sound ecological inference of movement, it is therefore key to analyze use and limitations of
the underlying assumptions and concepts used as substitutes for undefined movement. While the role
of the environment in shaping movement is among the most profoundly researched, e.g., [36-38], there
is compelling evidence that additional biological information such as population density, local carrying
capacity, or endogenous processes such as species-specific life-history attributes (e.g., mating systems,
generation time) are important in driving movement pathways [39-41]. Connectivity studies therefore
(implicitly) challenge questions such as why move? How, where and when to move? What are likely
triggers of movement? A framework by Nathan et al. [42] centers around movement itself and refers to
three basic components related to the individual (internal state, motion and navigation capacity) and a
fourth component referring to environmental factors determining movement pathways (Figure 2B).
The organism’s internal state defines the motivation to move (e.g., behavior [43]), while motion capacity
mirrors the organism’s overall capacity to move from a biomechanical perspective, and navigation
capacities of the organism (e.g., cognitive and sensory capabilities) indicate where to move. From an
animal’s point of view, the relative importance of these four components that determine movement
varies between organisms but also within an organism’s lifespan, as e.g., changes in fitness, or the
environment, predators or competitor abundance. Therefore, “movement” is a complex process whose
parameterization in connectivity approaches account for exogenous and endogenous factors that drive
movement patterns to various degrees depending on the species and the type of movement considered
in the analyses.
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Figure 2. (A) Movement types and (B) determinants of movement pathways (simplified from
Nathan et al. [42]).

2.2. Data, Space and Time Scale for Movement

Connectivity assessments rely on different data sources to assess movement (Table 1). In our
exploratory analysis we categorized three data geometries: point, polygon and polyline, that may;,
depending on the analysis, also be converted to raster data. Points or polygon of species presence
and habitat obtained from monitoring programs or surveys are perhaps the simplest type of data
used in connectivity studies. Species presence (point) data are traditionally the core of habitat
distribution assessments.

Clearly, suitable habitat (either formatted as continuous potential maps (raster) or polygons
or polylines of similar suitability) may play a key role in movement patterns of species as it may
attract migrants while at the same time act as a source of outmigration if the habitat becomes densely
populated [44]. While Fattebert et al. [45] suggest that habitat suitability may be an appropriate proxy
for movement preference during dispersal for some species, there are many pitfalls to using proxies
of movement that do not rely on actually measured movement [46]. For example, habitat suitability
typically captures just one or two static dimensions of an organism'’s ecology (e.g. breeding, roosting)
and may therefore not reflect broader-scale or behavioral processes which drive movement [47,48].
Also, dispersing individuals may not require habitat that supports permanent residents [49]. Therefore,
the question remains whether or to what degree suitable habitat (or unsuitable habitat [50,51]) may
be a determinant of movement. Thus it is prerequisite to place movement results originating from
simple presence data or modeled suitable habitat within a behavioral context to ensure the effectiveness
and applicability of the analysis results [34,52]. Expert opinions are another data source, generally
in the form of polygons, on which to ground movement assessments (Table 1). Experts aggregate
locally detailed, often long-term but rather subjective observations on e.g., wildlife corridors or habitat.
Also, local knowledge is often difficult for up-scaling to a landscape scale. While some connectivity
studies are framed exclusively around expert opinions [53], others apply expert opinions as important
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supplemental information on movement [11,54], yet others claim that statistical approaches clearly
outperform expert knowledge [55,56]. Expert opinions are also used to determine the resistance
of land-cover types [57] or to define relations and transition probabilities between habitats [58].
Long-term local knowledge provided by experts are an irreplaceable resource for insight on relevant
questions that contribute to solving real-world conservation challenges [59,60], as well as important

feedback on the applicability and validity of large-scale connectivity assessments locally [11].

Table 1. Types of descriptor data for movement used in connectivity assessments.

Data Geometry

Data Type and Origin

Temporal Depth

Data Represents
(sensu stricto)

Information on Movement

Points

Presence data
originating from
genetic clustering

Contemporary, recent
or long-term

Genetic groups
representing kinship

Indirect movement: no direct
information on spatial
movement pathways, but
information on genetic kinship
(i.e., gene flow).

Points

Presence data from
monitoring, photo
traps, mark-recapture
studies

Days-years-decades

The organisms were
present at the
coordinates at the time
of the survey

Indirect assumed movement:
no direct information on spatial
movement pathway.

Vector (polygon,
line) /raster

Monitoring or survey
polygons or transects;
modeled habitat
suitability/probability
of occurrence)

Days-years-decades

The organisms were
present in the area at
the time of the survey;

present as modeled

Indirect assumed movement:
no direct information on spatial
movement pathway.

Vector
(polygons/line)

Expert knowledge

Years-decades

Areas of realized local
wildlife corridors,
underpasses, etc.

Direct movement: usually local
and likely selected subjective
information on spatial
movement pathways, but well
covered by long-term in-depth
expert experience.

Line

GPS tracking,
telemetry

Days-years-decades

Spatially and
temporally explicit
realized pathways

Direct movement: allows to
infer a broad range of realized
movement spatially and
temporally explicitly including
aspects of behavior. No
indication whether movement
has an effect on reproduction.
Applied often short-term for a
limited number of organisms as
the approach is costly.

Line

Genetic
first-generation
migrants

Contemporary (< 1
year)

Realized gene flow

Indirect movement: allows to
infer short-term realized
movement of organisms as
assessed by gene flow, for which
analyses allow to deduce
movement direction [61]. No
direct inference on spatial
movement pathways.

Line

Genetic assignment
tests

Contemporary, recent
or long-term

Realized gene flow

Indirect movement: allows to
infer realized movement of
organisms as assessed by gene
flow at various temporal depths
including the directionality of
movement. No direct indication
on spatial movement pathwaySA

Line

Genetic differentiation
FST

Historic (>20
generations)

Realized gene flow

Indirect movement: allows to
deduce past realized movement
of organisms as assessed by
gene flow but does not directly
relate to spatial
movement pathways.

Another type of movement data refers to polyline data as assessed by GPS-tracking or telemetry.
Particularly GPS tracking allows for detailed spatial and temporal information on the use of the
landscape by individuals in the form of polylines and may add information on the behavior of an
animal (Table 1). At the same time, telemetric or GPS-tracking data do not inform on the effects
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of the observed connectivity for population persistence. The latter is warranted by genetic data,
as inferred polylines and spatial clustering (Table 1) that allow direct determination of whether and to
which degree gene flow has been realized and how movement has impacted genetic differentiation
and contributed to genetic diversity. Gene flow can be analyzed at different temporal depths.
First-generation migrants may indicate short-term movement during the most recent season including
the direction of exchange [62,63], while genetic assignment tests are indicative of movements in the
recent past [64,65]. Genetic differentiation rst, considered a genetic measure indicative of historic
processes (i.e., >20 generations), can be used to identify movement paths at greater temporal depths [66].
No temporal depth, but spatially explicit clustering of genetic similarity can be identified [67]. Applied to
a connectivity assessment, the information drawn from such clustering algorithms indicates how the
genetic composition may vary across a landscape [68]. In addition, many genetic studies normally
account for more detailed population metrics such as genetic diversity or population size [63,69,70].

We conclude that there are trade-offs between movement data regarding the information on
the movement processes (reproduction versus details on the realized movement pathways across
the landscape versus information on the habitat distribution). While genetic data identify whether
movement has an effect on reproduction or genetic diversity, and allow temporal differentiation of
movement, the data type does not directly inform on the realized movement pathways (polylines)
across landscapes. In contrast, GPS tracking or telemetry offer insights into detailed movement
pathways of individuals across the landscape with high spatial and temporal resolution. However, the
data often represents detailed movement patterns of only a few individuals between populations or
individuals without information on reproductive success and gene flow. Observations from monitoring
or surveys merely indicate that the species was present at the time of the survey (points) yet can
represent a larger sample of the population over a given area and is more frequently collected. Yet this
data does not directly reflect on the movement pathways and directions nor on whether the movement
leads to reproductive success and is likely the weakest type of data used in connectivity assessments.

For example, Frei et al. [71] showed that monitoring data detected only negligible movements in
Natterjack toads, while a combination of tracking, genetic and monitoring data significantly increased
the detection rate of movement across the landscape. This shows that the type of movement data
and geometry used to assess connectivity dictates the type of movement which can be detected
in the analysis. We therefore advocate that, first, movement assessments apply a combination of
complementary data sources to provide the most functionally interpretable connectivity assessments.
Second, we suggest that the obtained connectivity corridors should be discussed with respect to
movement type and geometry [71].

3. Trends in Quantifying Connectivity

Connectivity assessments represent a modeling framework well suited to assess the role of
landscape structure in contributing to movement success of organisms and in realizing the goals
of GI [72]. Connectivity studies have been applied to a broad range of species and environments
ranging from e.g., conservation for individual species [73-75], including aquatic invertebrates [76],
to multi-species corridors [50,57,77] to socio-ecological studies in the context of GI [78].

The typical workflow of an ecological connectivity assessment uses biotic input data originating
either from monitoring programs, experiments, expert knowledge or from tracking approaches.
This biotic information is then related to the environment. The environment is represented by spatial
data layers whose properties (landscape elements) are assigned values indicating a landscape cost
gradient from barrier to conducive corridor for the organisms under study, resulting in a resistance
or cost surface. Among approaches, least-cost paths [79] or least-cost surfaces [38,80] can then be
calculated to identify potential movement paths for animals across the landscape. Many connectivity
assessments assume, but do not necessarily state, that an animal has either complete knowledge of the
landscape [81,82] or no spatial memory at all (random walk, McRae et al. [80]).
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Clearly, there is evidence that structural landscape elements are a proxy for functional
connectivity [45,83]. However, as already highlighted in Section 2, using the landscape as primary
driver of the environment may be an oversimplification of the complexity of connectivity. For example,
as shown by several examples, landscapes may be intrinsically more permeable than expected for
species movement and gene flow [12,41,60,62,71]. Therefore, endogenous processes (physiology,
behavior) driving movement could be considered more comprehensively in connectivity studies [84].

There are many methods which can be used to calculate connectivity, ranging from simple
pairwise distance calculations, e.g., using Euclidean distance to least-cost paths (LCP) in ArcGIS or
Circuitscape [80], a software free to download. Both LCP and Circuitscape assume different resistances
of individual landscape elements that facilitate or hinder movement. In spite of the various reviews
stressing the fact that resistance surfaces are sensitive to the assigned resistance or cost values [85]
and suggestions on how to improve the identification of resistance values [65,86], some studies still
rely on arbitrary assignment of resistance values, e.g. [87], while others base resistance values on
stakeholder or expert knowledge [68,88]. A few studies assessed resistance values based on (the inverse
of) suitable habitat. For example, Bani et al. [89], relied on quantitative assessments, e.g., optimization
of resistance surfaces using a nonlinear optimization algorithm to minimize model AIC (Akaike
Information Criterion) [48], sensitivity analysis of different competing resistance-value scenarios [90],
or experiments to assign resistance values [91]. Due to the general lack of empirical data on the
movement of organisms, the calibration of resistance surfaces and the evaluation of connectivity models,
or validity, remains a challenge. However, in line with other authors [92], we see two areas that could
strengthen connectivity models and better link them to movement ecology and functional connectivity:
(1) the calibration of resistance values should rely on different scenarios of conceptually sound criteria
and should be subject to sensitivity analyses [65,85,93,94] and (2) connectivity-model output could be
subject to an evaluation or validation, (e.g., compare model outputs against empirical data or compare
different connectivity-modeling approaches) to increase confidence in model performance [49,51,95].
In addition, performing sensitivity analyses or incorporating uncertainty in parameter estimates are
especially important for research that will result in conservation recommendations or conservation
action. Presumably, much of the research that seeks to estimate resistance will use the resultant
resistance surfaces in connectivity modeling and these connections or corridors will be promoted to
planners and land managers for implementation. Presenting the full range of possibilities for proposed
actions adds transparency to the process and increases the likelihood of buy-in from land managers
and the public alike. However, few papers compare the effectiveness of connectivity methods among
each other (e.g. LCP and Circuitscape, [96,97]), or compare modeled corridors to observations [87].

Along with technically improved resistance surfaces, significant conceptual and methodological
progress, e.g., causal modeling [75,98], has increased the robustness and reliability of the analyses
in various ways e.g., calibrating resistance surfaces [65,85,93,94] or comparing the performance of
different connectivity methods and data types [49,51,95]. Advanced modeling methods apply a factorial,
multi-model approach to evaluate alternative hypotheses of e.g., resistance surfaces and identifying
the combination of environmental factors that statistically best explain, e.g., gene flow in a given
landscape [50,73,98-100]. Another development includes connectivity simulators which overcome
technical challenges such as long computational times or poor algorithmic efficiency [101,102].

4. Planning and Design Strategies for Green Infrastructure: Approaches, Considerations, Tools

Connectivity studies provide important information for protecting or planning conservation areas
in spatially dynamic landscape contexts and are logical tools to contribute effectively to GI. First,
connectivity research is inherently interdisciplinary or even transdisciplinary. Interdisciplinary
approaches combine aspects of e.g., population and movement ecology, landscape genetics,
geography and landscape ecology. While population and movement ecology informs the analysis
with species-specific attributes of traits and behavior, geography and landscape ecology provide
spatial theory and data to derive suitable movement pathways across the landscape (Leibovici
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and Claramunt [103] generalize landscape ecology theory to an entropy framework, while
Perkl et al. [104] use spatial theory and data to assess urban growth and landscape connectivity
threats). Some assessments add transdisciplinary approaches to the connectivity analysis by including
experts who either calibrate [88,105] or evaluate the modeled inputs or outputs [106-108]. Second,
outputs of connectivity studies are often visually appealing products which improve communication
between scientists and practitioners [109]. For instance the green infrastructure model for the U.S.,
built by Esri, a GIS software company, in cooperation with the Green Infrastructure Center is accessible
to communities and local planning efforts (https://www.esri.com/en-us/industries/green-infrastructure/
overview). The output maps of connectivity models allow easy transfer of the scientific results to a
non-scientific audience [38,59,110]. Therefore, robust connectivity assessments can have an important
role in GI plans. There are divergent perspectives and approaches for considering GI in planning
and design. Different regional and cultural contexts as well as disciplinary needs seem to have
contributed to the varying conceptualizations of GI implementation. From the U.S. for example, stem
two different branches of thinking. On the one hand, there is a broad scale mapping and modeling effort
rooted in landscape and conservation ecology, applying landscape fragmentation and biodiversity
metrics as well as connectivity models to design, evaluate, and prioritize GI plans [20,111,112].
This conceptualization emphasizes mapping green corridors, habitat cores, and biodiversity indices, and
is supported in part by Esri and the Green Infrastructure Center [113]; http://www.gicinc.org/index.htm).
The maps bring together regional to national datasets compiled from a multi-agency approach, while
the available web-based GIS tools allow regional planners and stakeholders to prioritize areas
for GI (https://www.esri.com/en-us/industries/green-infrastructure/overview). On the other hand,
municipalities and urban planners consider GI in plans to build resiliency, particularly in terms of
storm water and flood mitigation. In this case, Gl is thought of less in terms of habitat and connectivity,
and more as an alternative or supplement to grey infrastructure, with parcel level accountability tools
and assessments for local governments [114-116]. Some have started to compare these divergent
considerations and the feasibility for a GI plan to meet both goals [117]. In an application of GI planning
for the city of Detroit, for example, Meerow and Newell [118] concluded that trade-offs will have to
be made between siting to maximize stormwater management versus landscape connectivity goals.
Zhang et al. [111] explicitly applied three site level design typologies to the same study.

Likewise, European models struggle with multifunctionality of GI. Szulczewska et al. [117],
in fact, describe these varying conceptualizations as (1) structural, (2) hydrological, and (3) integrated.
The European Union Biodiversity Strategy (GI, Nature 2000) emphasizes ecological networks, ecosystem
services, and the need for spatial planning [119,120]. Yet many argue for approaches to better reconcile
regional vision with local implementation [121]. In a pan-European study, Liquete et al. [122] applied an
approach to (1) quantify and map natural capacity for ecosystem services, and (2) identify core habitats
and wildlife corridors. Several authors propose conceptual approaches or frameworks to consider
multifunctional criteria in GI [29,120,123]. Typically these include criteria such as: conservation value,
natural value, recreation value, culture, and/or some aspect of human well-being [119], and also
recognize urban needs [123].

A few authors explicitly address connectivity modeling and design for GI. For instance,
Liu et al. [124] used circuit theory to map the landscape connectivity of urban GI in the city of
Nanjing, China. Likewise, Perkl [112] integrated landscape linkages into a geodesign process for
wildlife corridors, and Perkl et al. [104] assessed the threat of urban growth to landscape connectivity.
While in Detroit, U.S., Zhang et al. [111] applied a LCP approach to map potential green corridors linking
city parks through vacant parcels and small green spaces as a way of planning urban GI networks.

5. Avenues Towards Connectivity Assessments for Sustainable Future Green Infrastructures

In 2012, the United Nations Conference on Sustainable Development Rio+20 came up with
17 sustainable development goals (SDGs) that were defined in the 2030 Agenda for Sustainable
Development [125]. Biodiversity and ecosystems, as well as the green economy are key topics of the
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global SDGs. The goals address environmental challenges and opportunities in a world dominated
by humans in reference to ecology, poverty, education, gender equality and city development.
The sustainability debate encourages regions to develop and implement scenarios for desirable futures
that are actively shaped by plans and policy [125-127]. A desirable future for GI thus not only focuses
on the persistence of biodiversity, but also on how functional GI can support the environmental,
socio-cultural and economic SDG (Figure 3).

Assessments
Global-Regional Initiatives Strategies Targets
European Commission T ™
{ - \
| Natura Eco-networks
SDGs . P
Conservation Subdivisions Biodiversity

Green Infrastructure Green Economy

4 Ecosystem services

Connected landscapes

T Spatial planning and design

Figure 3. Conceptual relationship between broad scale international initiatives to achieve goals in
human-environment targets (e.g. connected landscapes) through various landscape-based strategies.
Spatial planning and design produce plans for these strategies, including green infrastructure, while
various assessments, including connectivity models, inform and evaluate the strategies in meeting
targets. SDGs = global sustainable development goals.

This paper highlights that connectivity assessments are valuable contributions for GI as they
aim at understanding species movement in a spatially explicit context, and the data-driven approach
allows users to verify hypotheses of connectivity across landscapes. Yet, to promote their use for
robust reliability of GI applications, connectivity models could profit from addressing the following
challenges: we suggest reflecting on the drivers of the modeled connectivity pathways with respect
to movement types and geometries used to identify movement and endogenous properties of the
organisms under study. Studies that focus primarily on landscape/environmental structure as the
primary driver of movement could benefit from existing movement frameworks that consider the
relative importance of exogenous versus endogenous drivers [42]. Also, we encourage transparency
and interpretation of the modeled connectivity pathways with respect to use and limitations of the
considered movement data. A promising approach to explore use, limitation, and synergies between
different data types and connectivity assessments ideally relies on a combination of complementary
data sources [71]. As stressed by other authors [65,85,93,94], assessments on connectivity model
robustness and sensitivity towards model parameterization require further in-depth exploration.
Utilizing recommended statistical techniques that most fully tease apart alternative mechanisms can
also help to improve connectivity approaches e.g., [128].

We also see several ways in which connectivity could advance with the use of additional data
and tools:

(1) Connectivity assessments would profit from continuous 3D landscape data. The past decade
has seen remote sensing advance, and three-dimensional (3D) landscape structure is now
available [129,130], UAV (unmanned aerial vehicles) and active remote sensors e.g., LIDAR, a laser
detection system [131,132]. Compelling empirical evidence suggests that connectivity assessments
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could be supplemented with continuous 3D vegetation structure to provide functionally relevant
landscape features in connectivity assessments.

(2) Connectivity assessments could account for dynamic environments as static approaches are
only of limited use for decision-makers, given expected significant environmental change in the
future [110,133-135]. Accounting for dynamic processes such as urbanization and providing
projections of future connectivity assessments in a changing environment may be of great value
for future GI planning.

(3) Individual-based models may supplement least-cost and cost-distance analyses.
Individual-based approaches may help to tackle the complexity of animal movement
whose behavioral and navigational ability are strong drivers of the realized movement
pathways [136,137].

(4) Multi-species connectivity could be important for conservation management. While most
connectivity analyses focus on a single species, conservation planners with limited resources
could benefit greatly from models that predict the movement patterns of multiple species [59] as
they are more efficient for conservation and restoration [138].

(5) Finally, we see that spatial planning and design for GI is still challenged by how to integrate
multiple demands and reconcile the trade-offs between functions that GI serves in natural and
human systems. Planners and designers could do well to converge on a more unified perspective
and approach to integrate multifunctional goals to the extent possible, and to use tools to measure
the performance and trade-offs of different spatial plans in meeting those goals. In fact, geodesign
processes are rapidly advancing to meet these needs [139]. Municipalities and regional governing
boards could then use these decision-support tools to move toward Gl implementation (as in
Stessens et al. [31].

6. Conclusions

In recent decades several planning concepts centered on maintaining connected green spaces
and corridors have emerged, including ecological networks, conservation subdivisions, and green
infrastructure, among others [117] (Figure 3). The focus of most attention recently, green infrastructure
comprises the natural assets (parks, streams, lakes, forests, and rivers) that form a system of
interconnected environmental features to sustain ecological processes and provide ecosystem
services [113]. Yet how will planners and designers know which spatial plans best capture the
ecological processes and ecosystem services of interest?

Connectivity assessments are among the most popular scientific tools for optimizing corridor
design. Overall, connectivity assessments are valuable contributions to understand species movement
in a spatially explicit context as the data-driven approach allows verification of hypotheses of
organismic movement across landscapes. However, conceptual (e.g., movement ecology aspects) and
methodological shortcomings (e.g., evaluation of resistance values and model outputs) currently limit
ecological inference and interpretation of the method’s outputs. We argue that connectivity studies
need to explicitly situate themselves in (1) a framework to identify what movement is referred to
with respect to the applied movement data and geometry, and where possible, include endogenous
information to supplement simple environmentally driven connectivity assessments; (2) the space and
time scale that can be considered with the applied movement data to effectively delineate connectivity
relevant for conservation applications; (3) connectivity studies, that require empirically-informed
resistance surfaces, including: (4) sensitivity analyses and/or evaluation measures to test the validity of
the method’s results. Given the rapid developments in remote sensing, applicability of the approach can
be broadened with continuous 3D landscape data, behavioral aspects and multi-species assessments
that will improve the functionality of connectivity assessments for conservation application.

The green infrastructure approach envisions scientists, decision makers and the public collaborating
to preserve and link open spaces, watersheds, wildlife, habitats, parks, and other natural areas that
enrich and sustain a community’s quality of life, economy, and sense of place [113]. Yet, while green
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infrastructure has attracted great interest among scholars, practitioners and decision-makers, the scope
of approaches has varied, and implementation has been limited. With improved and consistent
methodology, connectivity assessments could help move GI decisions to the fore.
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