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Abstract

Ecological corridors designed to maintain ecological connectivity between protected and conserved
areas is a conservation strategy that is increasingly embraced around the world. Monitoring corridor
effectiveness is essential to gauge progress toward connectivity conservation objectives; it also fosters
learning among diverse rightsholders and interested parties. In particular, monitoring how social
dynamics contribute to successful corridor conservation can enhance benefits to conservation and to
local communities. By adapting to people's needs, corridor initiatives become socially acceptable and
resilient to changing environmental and socio-economic conditions. Moreover, tracking public
perceptions of corridors can inform adjustments in planning, management, governance, and outreach
strategies. To prescribe comprehensive corridor monitoring, we follow the Open Standards for the
Practice of Conservation to set goals, establish objectives, select indicators, design monitoring activities,
and set thresholds for triggering adaptive management. To illustrate the application of this framework,

we present a case study from an ecological corridor in California. Finally, we propose various options for



monitoring ecological outcomes, enabling conditions, and human well-being to ensure the effectiveness
and sustainability of corridor conservation initiatives. We emphasize that creating a team environment
among corridor players and holding regular meetings is vital for maintaining enthusiasm, participation,

and funding over the long term.

Introduction

Ecological connectivity is the unimpeded movement of species, connection of habitats without
hindrance and the flow of natural processes that sustain life on Earth (CMS 2024). It is critical to allow
recolonization of locally extirpated populations, maintain genetic diversity, allow species to adapt by
shifting their ranges in response to changing climate conditions, and support ecological processes such
as pollination and hydrological connectivity (Hilty et al., 2019). In contrast, fragmentation disrupts

ecosystems, isolates populations, and erodes biodiversity over time (Ewers et al., 2005).

The United Nations has highlighted the importance of connectivity through several initiatives and
agreements, including the UN Decade on Ecosystem Restoration, the UN Convention to Combat
Desertification (UNCCD), the Convention on Migratory Species (CMS), and the Convention on Biological
Diversity (CBD). In the 2022 Kunming-Montreal Global Biodiversity Framework, 196 parties to the CBD
committed to “ensure and enable that by 2030 at least 30 per cent of terrestrial, inland water, and of
coastal and marine areas... are effectively conserved and managed through ecologically representative,
well-connected and equitably governed systems of protected areas and other effective area-based
conservation measures.” Many nations are already working towards this goal. In the United States, the
Biden-Harris administration has launched the ten-year America the Beautiful initiative to pursue locally
led efforts to conserve, connect, and restore at least 30 percent of lands and waters of lands and waters

by 2030.



Ecological corridors are one strategy to maintain or restore effective ecological connectivity in
landscapes where natural areas are fragmented by roads, urbanization, and agriculture. Ecological
corridors, defined as clearly defined geographical spaces that are governed and managed over the long
term to maintain or restore effective ecological connectivity, can connect protected areas (PAs) and
Other Area-based Effective Conservation Measures (OECMs) to form an ecological network for
conservation (Hilty et al., 2000). They can take various forms, such as riparian corridors, stepping stone

corridors, or landscape corridors designed to support area-sensitive focal species.

Monitoring is essential for measuring progress towards meeting connectivity and restoration goals.
Monitoring, together with evaluation, is also a key component of adaptive management, supporting
iterative learning to enhance conservation effectiveness (Salafsky et al., 2002). Ecological corridors have
varying levels of protection, often include areas of the matrix outside of protected or conserved areas,
and may span complex jurisdictional boundaries and institutional contexts (Keeley et al., 2019; Niemiec
et al., 2021). Therefore, efforts to conserve connectivity in shared landscapes should be grounded in

community action (Kremen and Merenlender 2018).

Comprehensive corridor monitoring plans should account for the complex context in which corridor
conservation takes place. Monitoring ecological targets allows project managers to assess whether the
intended conservation goals and outcomes are being achieved (Stephenson 2019, Sutherland et al.,
2018), and may include monitoring gene flow as the ultimate goal of ecological corridors, or proxies such
as habitat condition in the corridor, wildlife movement through the corridor, or whether the impact of
barriers on movement have been mitigated (Gregory and Beier 2014). Monitoring of social factors is a
critical, yet sometimes overlooked aspect of conservation monitoring (Mangun, 1992; Ghoddousi et al.,
2021; Niemiec et al., 2021). Monitoring people's attitudes and beliefs about corridors can help adjust
planning, management, governance, education, and outreach strategies (Herrara et al., 2016).

Monitoring how ecological corridors improve local livelihoods, sustain cultural practices, and reduce



human-wildlife conflict (Kiria, 2014) may increase support for corridor conservation (Obeng et al., 2019).
Thus, monitoring human well-being and the social conditions that enable successful corridor
conservation can help corridor projects be effective, socially acceptable, adaptable, resilient to changing
environmental and socio-economic circumstances, and bring benefits to local communities. Although
many corridors have been planned and established (Keeley et al., 2018), monitoring protocols have been
created (e.g., SINAC 2018), and a monitoring framework has been conceptualized (Watson et al., 2017),
our extensive search has not uncovered a single comprehensive terrestrial corridor monitoring plan that

has been implemented, or is in the process of being fully implemented.

Here, we provide guidance for developing comprehensive monitoring plans to determine whether
targets are being achieved and to improve the effectiveness of corridors. Specifically we (1) briefly
outline the Open Standards for the Practice of Conservation developed and commonly used by non-
governmental organizations such as The Nature Conservancy, Wildlife Conservation Society, and World
Wildlife Fund, as a comprehensive framework for designing conservation projects (Conservation
Measures Partnership 2020); (2) apply the framework to an ecological corridor case study; (3) lay out
options for monitoring: enabling conditions, ecological outcomes, and human well-being in corridors; (4)
argue for collaborative, consistent approaches to monitoring, (5) provide guidance on data management

plans, and (6) review funding mechanisms to support monitoring (Figure 1).



Outline the framework: the commonly used Conservation Standards (Section 2)
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Figure 1. This paper lays out in four sections how to arrive at a comprehensive monitoring plan using a

proven framework, provides details on monitoring options, and discusses relevant topics including

funding mechanisms.

Monitoring and Adaptive Management

Adaptive management is a science-based, structured approach to iterative learning that aims to reduce

the social and ecological costs of managing natural resources in the face of uncertainty (Holling 1978;

Walters 1997). Because there are many uncertainties regarding the implementation of corridor

conservation, such as the necessary corridor width, the threshold in intensity of land use in landscape

corridors, the effect of human uses in a buffer around a corridor (Beier, 2019; Gregory et al., 2021),

effective governance arrangements, and outreach strategies (Keeley et al., 2018), it will be vital for

ecological corridor projects to practice adaptive management and for the conservation community to

“learn by doing”.




Many frameworks have been developed to guide adaptive management schemes. Because of its
widespread use, here we follow the Conservation Standards (CS), which are a set of principles and
practices that unify concepts, approaches, and terminology for conservation design, management, and
monitoring (CMP 2020; Table 1). They were built on a foundation of best practices for conservation,
adaptive management, and other decision-support approaches. The CS comprise five iterative steps: (1)
assess, (2) plan, (3) implement, (4) analyze and adapt, and (5) share outcomes and lessons learned with
project partners and the larger conservation community (CMP, 2020). While all steps are critical for the
entire conservation project cycle (including design, implementation, monitoring, and adaptive
management), the assessment and planning stages are key for developing a comprehensive monitoring
plan. Therefore, here we focus on these two stages only, but we have learned that all stages must be

iterated by the partners.

The assessment phase involves defining the geographic scope, formulating a shared vision, identifying
threats and targets, and doing target viability assessments. Targets can be ecological (e.g., biodiversity
features, particular wildlife species) and aspects of human well-being. A situation model is used to

visually represent the relationships between these targets, direct threats, factors contributing to these

threats, and strategies to address both the direct threats and the contributing factors.

Building upon the assessment phase, the planning phase involves formulating results chains, goals for
the targets, objectives for results, indicators to measure change and intervention points. A key aspect of
the monitoring plan is formulating SMART goals and objectives, which are specific, measurable,
achievable, relevant, and time-limited (CMP, 2020). These components are vital in formulating a
monitoring plan. We demonstrate the application of the assessment and planning phases of the CS to

draft a monitoring plan for an ecological corridor with a case study from southern California.



Table 1. Terminology related to connectivity and the Open Standards for the Practice of Conservation

Connectivity

Ecological corridor

Linkage

Ecological network

(for conservation)

Matrix

OECM (Other Effective
Area-Based
Conservation

Measure)

A clearly defined geographical space that is governed and managed over the long term
to maintain or restore effective ecological connectivity (Hilty et al., 2020).

Although ‘linkage’ and ‘corridor’ are frequently used synonymously, "linkage"
technically refers to broader regions that maintain connectivity and may include
multiple strands.

A system of core habitats (protected areas, OECMs and other intact natural areas),
connected by ecological corridors, which is established, restored as needed and
maintained to conserve biological diversity in systems that have been fragmented (Hilty
et al., 2020).

The land outside the protected or conserved areas that are connected by corridors.

A geographically defined area, other than a protected area, which is governed and
managed in ways that achieve positive and sustained long-term outcomes for the in-situ
conservation of biodiversity with associated ecosystem functions and services and,
where applicable, cultural, spiritual, socio-economic and other locally relevant values

are also conserved (IUCN WCPA, 2019).

Open Standards

Scope

Vision

Situation model

Targets

Results Chains

What the project intends to affect. In ecological corridor projects, the place-based
scope usually encompasses the extent of the corridor.

A description of the desired state or ultimate condition that the project is designed to
achieve. A general vision for ecological corridors is that they are functional landscape-
level connections that contribute to a broader ecological network.

A visual representation of a conservation project’s context and observed and presumed
causal relationships between targets, direct threats, contributing factors, and strategies.
It provides the foundation for strategic planning and monitoring (e.g., Figure 4 below).
Specific, tangible entities that the project is designed to conserve that represent and
encompass the ultimate aims of the project. In ecological corridor projects, ecological
targets may be focal species that should be able to move through or live in the corridor.
Human well-being targets may be ecosystem services that the corridor provides.

A visual representation of how actions lead to changes in conditions, and ultimately to
the achievement of expected results. They facilitate identifying indicators and

prioritizing monitoring actions in a logically informed and systematic way.



Theory of Change A conceptual framework that describes the underlying assumptions and pathways of
change that link conservation actions to desired outcomes. It outlines the sequence of
events or interventions that are expected to lead to the desired changes and helps to
guide the design and implementation of conservation strategies.

Strategy A set of one or more activities with a common focus that work together to achieve
specific goals and objectives by targeting key intervention points. Strategies should be

linked, focused, feasible, and appropriate.

Activity A specific action or set of tasks within an overall strategy.
Threat-reduction The measurable changes or achievements that occur as a result of conservation actions.
results They represent milestones along the results chain and serve as indicators of progress

toward the ultimate conservation goals.

Intermediate results  Specific outcomes achieved through efforts to mitigate or eliminate the threats facing
biodiversity or ecosystems. These outcomes may include reduced fragmentation,
degradation, or disturbance of habitat, improved land-use practices, or enhanced
enforcement of conservation regulations.

SMART goals and Formal statements detailing a project’s desired status of a target. SMART stands for

objectives specific, measurable, achievable, relevant, and time-limited. SMART goals and
objectives help ensure that conservation efforts are focused, realistic, and capable of

being monitored and evaluated effectively.

Case study: The Santa Monica-Sierra Madre Linkage in Southern California

3.1 Background

The Santa Monica-Sierra Madre Linkage (Penrod et al., 2006), a landscape-scale ecological corridor,
connects extensive protected lands in the South Coast Ecoregion of California. The Santa Monica-Sierra
Madre Linkage stretches from the Santa Monica Mountains on the coast, north through the Simi Hills to
the Santa Susana Mountains and ultimately to the Sierra Madre Ranges (Figure 2). The linkage contains
a mosaic of oak woodland, chaparral, coastal sage scrub, grasslands, and riparian forests, and it includes

several major branches to accommodate diverse species and ecosystem functions. About 43% of the



linkage are designated protected areas, under conservation easement, or conserved as working
rangelands. The Santa Monica-Sierra Madre Linkage has also been integrated into numerous local,
regional, state, and federal plans. About 5% of the linkage has been lost to urbanization (Penrod and
Smith, 2023). It is located in the largest urban region in the United States, the Los Angeles Metropolitan
Area, and several major roads bisect the linkage (Figure 2). The National Park Service, together with
many partners, has been studying connectivity in this region for more than 25 years. The freeways have
been documented as significant barriers both to movement and to gene flow for multiple carnivore
species including bobcats (Lynx rufus), coyotes (Canis latrans), and mountain lions (Puma concolor; Riley
et al., 2006, 2014). For mountain lions, the population in the Santa Monica Mountains was found to
have very low genetic diversity as a result of genetic drift, lack of immigration, and regular instances of
inbreeding (Riley et al., 2014). Physical signs of potential inbreeding depression, such as kinked tails and
high levels of abnormal sperm have been documented in mountain lions in the region (Huffmeyer et al.,
2022). Population modeling has indicated that the population is at high risk of extinction if connectivity

is not restored (Benson et al., 2016, 2019).
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Figure 2. The multi-strand Santa Monica-Sierra Madre Linkage connects large, protected areas in the Los

Angeles Metropolitan Area and includes riparian connections for species such as steelhead trout.

As a result of reduced connectivity in the region, the California Department of Transportation (Caltrans),
working with the National Park Service and other partners, has implemented several wildlife crossing
infrastructure improvements in this linkage, and more are being constructed. Most notably, the Wallis-
Annenberg Wildlife Overpass is currently under construction and will be the largest wildlife overpass in
the world spanning 61 m across 10 lanes of roadway that receives more than 300,000 vehicles per day.
In 2011, diverse agencies and organizations — including county planning departments, Caltrans, and

many local conservation agencies and organizations — joined together to form the Santa Monica-Sierra



Madre Linkage Implementation Alliance (LIA) to promote and maintain the linkage through land

conservation, tracking threats and opportunities, research, and monitoring.

For this case study, coauthors KP, SR, & PB, all LIA members with deep knowledge of the linkage, used
the road map outline in CMP (2020) to create a situation model and example results chains and to
develop goals, objectives, and indicators. While monitoring is taking place in the corridor and the wider

landscape (e.g., Stork et al., 2023), the LIA will consider developing a comprehensive monitoring plan.

3.2 The Conservation Standards Applied to a Monitoring Framework for the Santa

Monica-Sierra Madre Linkage

Based on planning documents (Penrod et al., 2006) and our (KP, PB, SR, AK) knowledge of the linkage,
we articulated the geographic scope, vision, and ecological and human well-being targets. The
geographic scope encompasses the multiple strands of the corridor (Figure 2). The vision is a functional
landscape-level connection that contributes to the broader ecological network in the South Coast
Region (Beier et al., 2006; South Coast Wildlands, 2008). The ecological targets are large mobile
mammals and migrating aquatic species that move through the corridor and flying, non-flying, resident
aquatic corridor dwellers as well as plants. The focal species are sensitive to habitat loss and
fragmentation and cover a broad range of habitat and movement requirements, making them
representative of the ecosystems’ connectivity needs (Table S1). Human well-being targets include
different ecosystem services, cultural and spiritual values, human safety, and climate resilience. Targets
need to go through a target viability assessment where the current health of the target is assessed and
the desired state defined (Table S2). To do this, key attributes that define the target’s health and
indicators to measure are selected. The aim of this stage is to have a good understanding of the current

situation and the desired state of ecological targets.



As prescribed by the CS (CMP, 2020), we then created a situation model which is a visual representation
of the observed and presumed causal relationships between targets, direct threats, and contributing
factors. The situation model is the starting point to define the key interventions or strategies a plan
needs to follow to achieve the desired result in the ecological targets (Figure 3). In monitoring plans, the
situation model is accompanied by a detailed narrative. Together, the situation model and the narrative
provide the foundation for a monitoring and adaptive management framework. The next step was
crafting the results chains which illustrate the theory of change and show the chronological nature of
expected results (Figure 4). Results chains facilitate identifying indicators and prioritizing monitoring
actions in a logically informed and systematic way. They should be developed to address all direct
threats included in the situation model. Here, we provide two example results chains, one focusing on

the threat roads pose to wildlife movement and the other addressing habitat quality in the linkage.

We then formulated specific, measurable, achievable, relevant, and time-limited (SMART) goals and
objectives to reach intermediate and threat reduction results and address the targets in the results

chains (Table 2: column 1).

When creating the monitoring plan table (Table 2), we started with the goals and objectives and
developed relevant indicators that are measurable, precise, consistent, and sensitive. Once the
indicators were selected, we determined the monitoring activity, suggested the entities to carry out the
monitoring activity, and specified a monitoring timeframe. When sensible, we related the thresholds
that trigger action or adaptive management to a baseline condition and specified the timeframe when

the thresholds should be evaluated.
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Figure 3. Situation model of the Santa Monica-Sierra Madre Linkage in southern California.
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The solid boxes and ovals refer to the SMART goals and objectives associated with the intermediate and

threat reduction results and the targets (see Table 2). Dashed box lines indicate factors that are not

100% relevant to this linkage.



Table 2. Example excerpt of a monitoring table for the Santa Monica-Sierra Madre Linkage in southern

California.

Indicators (one  Methods (build Who Timeframe Threshold that
SMART Goals and indicator per on ongoing triggers action or
Objectives species is monitoring adaptive
recommended) activities) management
Goal 1. By 2030, Genetic Collect genetic  CDFW, UC, NPS, Baselinein  If genetic
geneflow between focal distinctiveness of samples, conduct USGS 2024, then  distinctiveness was
species populationsin  focal species genetic analyses 2027 and determined in
the Santa Monica populations in 2030 baseline study:

Mountains and the
Sierra Madre Mountains

has increased.

Objective 1.1: By 2030,
relevant focal species
are documented to use

wildlife crossings.

the Santa Monica
Mountains
compared to the
Sierra Madre
Mountains, based
on population
assignment tests

and

pop gen
measures such as

Fst

# of relevant GPS Collars, NPS, Caltrans,
focal species Camera traps, CDFW, USGS
documented to  pitfall traps

use wildlife

crossing

structures

genetic
distinctiveness
increased or failed to

decrease.

Annual status 2027: 1 or more

update

relevant focal species
are not documented
to use wildlife
crossing structures
despite occurring in
the vicinity of the

structures



Objective 1.2: By 2030, 7 # of Communication Caltrans, NPS, Annual status 2027: <7 structures

of the 9 recommended recommended  with LIA Wildlife update have been built or
crossing structures have crossing Crossings Fund are in planning
been built. structures built phase

2030: <7 structures

have been built

Goal 2. Abundance of Indicator of Transect counts NPS, CDFW, Baselinein A decreasein

focal species in the abundance of butterflies, others 2024, then  abundance by 50%
corridor is stable or western every 3 years compared to the
increasing over time. whiptails, birds, baseline

harvester ant
nests, desert
woodrat nests;

cover board

surveys of

snakes
Goal 3. Culturally % of survey Survey Tribal council, a Baselinein A lack of increase in
significant food and respondents university, a 2024, then  the % of positive
medicine plants grow in responding non-profit every 3 years responses

parts of the linkage for  positively to a

the tribe to use. question about
the presence and
abundance of
culturally
significant food
and medicine
plants in the

linkage

Objective 2.1. By 2030, percentage of line-point NPS’s annual Simi Hills: Using a 3-

the percentage of non- non-native cover intercept year average, <3%

Mediterranean

native cover has surveys decrease in the
Coast Network

decreased in the Simi . ercentage of non-
Vegetation P &

Hills and has not




increased in the rest of Inventory and native cover over
the linkage. Monitoring baseline conditions
rogram, .
prog Rest of the linkage:

additional Using a 3-year

monitoring b .
g0y average, 5% increase

NPS, others

of the percentage of
non-native cover
over baseline

conditions

Monitoring ecological corridors

Monitoring ecological corridors, which often occur in a complex social-ecological context across multiple
jurisdictional boundaries, requires a holistic approach (Niemiec et al., 2021). This necessitates a nuanced
understanding of enabling conditions that promote the conservation and management of the corridor,
and progress towards ecological outcomes and human well-being targets. Enabling conditions include
functioning governance structures and community buy-in which are key due to their role in shaping
corridor planning and management and ensuring effective implementation. Monitoring ecological
outcomes is essential to verify that conservation goals are being achieved. Finally, monitoring human
well-being ensures that ecological corridors not only fulfill conservation objectives, but also deliver
tangible benefits to local communities such as ecosystem services, human safety, and the opportunity to
carry out cultural practices. Below we provide further details on how to consider enabling conditions,

ecological outcomes, and human well-being when developing monitoring plans for ecological corridors.

4.1 Enabling conditions

Enabling conditions for effective connectivity conservation are numerous (Beazley et al., 2023). For

example, financial resources that are secure, adequate, and flexible are required for adaptive



management and governance and linking knowledge to action (Folke et al., 2005; Reid et al., 2016;
Wyborn, 2015). Similarly, legislation and policies can also provide important enabling conditions for
successful corridor implementation. Local land management agencies and political offices should be able
to contribute context-specific knowledge on laws and policies relevant to corridor activities and alert
implementers when any changes at the local, regional, and national level occur. While both funding and
knowledge of corridor-relevant laws and policies are essential for successful corridor implementation,
here we focus on monitoring two enabling conditions that can be influenced, namely effective and

equitable governance, and community buy-in.

4.1.1 Effective and equitable Governance

Corridor governance involves the decision-making process for identifying, planning, and managing for
connectivity (Lausche et al., 2013; Hilty et al., 2020). According to the International Union for the
Conservation of Nature (IUCN) guidelines on ecological corridors (Hilty et al., 2020), corridor governance
has three components: “how and by whom decisions are made, and who should be held accountable”.
The guidelines outline a range of governance types that may apply to ecological corridors, including (1)
governance by Indigenous Peoples or local communities, (2) governance by government agencies, (3)
governance by private individuals, organizations, or companies, or (4) shared governance where various
actors work together -- a wide diversity of options which can be combined and tailored to a corridor’s

specific context.

Several resources have been developed for monitoring governance of PAs and OECMs, including several
by IUCN: WCPA Guidelines on Governance of Protected Areas (Borrini-Feyerabend et al., 2013), the
IUCN Natural Resource Governance Framework (Springer et al., 2021), and the IUCN Green List (IUCN
and WCPA, 2017). Given the broad similarities in PA and corridor governance, the principles established

in these seminal publications should support assessments of corridor governance (WWF and IUCN



WCPA, 2023). In particular, it is important to recognize that there is no ideal governance setting for all
corridors, and that governance is not static but can be adaptively improved (Borrini-Feyerabend et al.,
2013). Several participatory approaches and tools have been established and tested for measuring the
effectiveness of PA governance. Notable examples include the Green List and the Site-level Assessment
of Governance and Equity (SAGE) frameworks (Franks, 2023). The IUCN Green List offers three
components for assessing governance of protected and conserved areas: 1) guarantee legitimacy and
voice, 2) achieve transparency and accountability, 3) enable governance vitality and capacity to respond
adaptively. The SAGE framework, which consists of a set of questionnaires and stakeholder workshops,
deserves particular attention due to its inclusion as a complementary indicator for Target 3 of the Global
Biodiversity Framework (“The 30x30 Target”). It is based on principles of good governance, such as
respect for all actors’ knowledge and values, transparency and accountability in decision-making, access

to justice and dispute resolution, and equitable sharing of benefits.

4.1.2 Buy-in and participation of rightsholders and interested parties

Monitoring people's attitudes and beliefs about a particular corridor may be critical for adjusting
planning, management, and governance strategies. In addition, social capital, supported by trust,
reciprocity, and common rules, is essential for effective conservation (Pretty and Smith 2004). Sustained
engagement of actors (i.e., partnerships between land managers, scientists, and local actors) is
important for successful connectivity conservation (Gray et al., 2020) and enduring partnerships have
been reported as the best predictor of successful implementation of connectivity plans (Keeley et al.,
2019). Establishing a baseline and monitoring change in engagement of rightsholders and interested
parties and other underlying social factors can inform measures of success and direct efforts for
adaptive management. Key aspects to monitor include the sense of belonging to groups and social
networks, trust and solidarity, collective action and cooperation, social cohesion and inclusion, free flow

of information and communication, and economic empowerment (Musavengane and Simatele, 2016).



Traditional social science methodologies, including surveys and interviews, can help assess these

variables.

4.2 Ecological outcomes

Monitoring the ecological function of corridors can focus on the ultimate desired ecological outcomes,
such as functional connectivity for species or processes, or on proximate outcomes, such as the level of
fragmentation, disturbance, or degradation. Ideally, programs would focus on monitoring the ultimate
outcomes, however, these approaches are often labor and resource intensive, and some genetic
outcomes may not be evident for generations. In the short term, it may only be feasible to monitor
proximate conservation outcomes such as the level of fragmentation, disturbance, or degradation.
General options for monitoring include the monitoring activities and species selected for functional
connectivity monitoring, taking a remote-sensing or field-work approach to monitoring fragmentation,

and approaches to monitoring relevant occurrences of disturbance or degradation.

4.2.1 Assessing functional connectivity

To assess whether corridors promote functional connectivity for focal species, monitoring activities can
assess, for example, gene flow, species movement, re-colonization, and population health (Gregory and
Beier, 2014; Van Der Ree et al., 2015). Monitoring activities will involve field data collection, such as
genetic sampling (e.g., eDNA, scat, hair, tissue), camera trapping, occupancy surveys, or GPS telemetry
(Dodd et al., 2007; Chakraborty et al., 2021; Kim et al., 2022; DeMatteo et al., 2023). While labor and
resource-intensive, empirical data provide essential information on how species respond to landscape

connectivity and the success of wildlife crossing structures built to remediate barriers to movement.



4.2.2 Focal species selection

Although corridors are intended to promote movement by all native species, it is impractical to monitor
corridor effectiveness of every species in the landscape. When selecting a set of focal species, there are
several species characteristics to consider. The set should include species that span the full spectrum of
mobility and habitat specialization, and those that are highly sensitive to loss of connectivity (Beier et
al., 2006; Belote et al., 2020). If the landscape includes linear infrastructure such as highways and
railroads, focal species should also include those that have the greatest difficulty crossing these artificial
features (Beier et al., 2008). Adding species to the list that exist in patchy distributions or small
populations is important because these species may lose entire subpopulations if connectivity is lost.
Focal species should include those that are culturally significant to indigenous communities and to other
local people with ties to the natural landscape. These culturally significant species will often include
charismatic large carnivores and ungulates, which have been prime drivers of funding and political
support for corridor conservation (Penrod and Smith, 2023). Species crucial to ecosystem functions,
such as pollinators of native or crop plants can also be selected as indicator species. In most landscapes
there may be several barrier-sensitive species, species with limited mobility, habitat specialists, or
another desired class of indicator species. In such cases, we suggest focusing on indicator species whose
presence, gene flow, or other response variables can be monitored at relatively low cost, and species
that may respond most rapidly to changes in connectivity (Tulloch et al., 2011). Finally, if the planning
area is adjacent to the range of a species that is likely to shift into the planning area as the climate
changes, we suggest considering some “climate refugees” as indicator species if they also meet the

other selection criteria.

4.2.3 Monitoring fragmentation

Monitoring proximate outcomes of ecological corridors often focuses on structural connectivity, which

refers to the permeability of habitat based on landscape characteristics (Hilty et al., 2019). In large



corridors, changes in fragmentation can be monitored by assessing landscape composition and
configuration over time. This can be achieved through satellite and aerial imagery, providing insights
into land cover changes (Yadav et al., 2012). Various metrics have been developed to measure
fragmentation such as the clumpy index, perimeter-area fractal dimension index, and the coefficient of
variation of the proximity index (Wang et al., 2014). Other indicators reflecting permeability of a
corridor are the area and proportion of natural land cover in the corridor, a human influence index, and
linear infrastructure density (MNRT, 2022). Data layers derived from satellite images, such as land cover
maps and the human modification index (Theobald et al., 2020) are currently updated much less
frequently than satellite-based products, which limits their usefulness for monitoring over short time
scales. New machine-learning based approaches for generating up-to-date high-resolution land cover
maps (Brown et al., 2022) and estimating the human footprint using satellite imagery alone (e.g., Keys et

al., 2021) are promising developments for rapid detection of landscape changes.

Field monitoring, though more expensive than monitoring through satellite images, offers more detailed
information on structural connectivity, such as the quality and state of ecosystems. When actions are
being taken to reduce the impacts of roads or other linear infrastructure, monitoring efforts should
examine changes, for example, in wildlife-vehicle collisions or electrocutions at powerlines, or in animal
movement or behavior, before and after measures have been taken. This approach is commonly
referred to as a Before-After-Control-Impact (BACI) study design (see Rytwinski et al., 2015 for guidance
on potential study designs). General guidance for monitoring wildlife crossing structures is also available
(Clevenger and Huijser, 2011, chapter 5). Convening regular meetings with rightsholders and interested
parties at which updates on activities in the corridor are shared can also be an effective monitoring

strategy (KP, personal observation).



4.2.4 Monitoring disturbance

Examples of disturbance in ecological corridors are poaching, retaliatory killing of predatory and crop-
raiding animals, and non-compatible recreation activities. Monitoring poaching and killing activities can
be challenging, but engaging local communities in reporting suspicious activities has been successful in
some cases (Bhatta et al., 2018). Approaches to monitoring the effects of recreational activities on the
functionality of corridors may include camera trapping (Reilly et al., 2017; Naidoo and Burton 2020),
acoustic monitoring (Gibb et al., 2018), measuring stress hormones in relation to recreational activities
(Dantzer et al., 2014), and surveys or interviews with recreationists to understand their interactions with

wildlife and their perceptions of the impact of recreational activities on wildlife (Levéque et al., 2015).

4.2.5 Monitoring habitat degradation

Anthropogenic disturbances, changing fire regimes, and extreme weather events can drive changes in
the composition of the native vegetation in corridors, with non-native species invasions damaging
ecosystem functioning (Stork et al., 2023). Monitoring habitat degradation and restoration may involve
remote sensing, for example to analyze changes in vegetation indices like the Normalized Difference
Vegetation Index (NDVI) as an indicator of vegetation density (Pettorelli, 2014), fire return interval
departure (Safford et al., 2014), or changes in soil moisture as an indicator of land degradation (Vliet et
al., 2021). Field surveys can give a more detailed picture of changes in plant biomass, species

composition, richness, and ecosystem condition (e.g., Stork et al., 2023).

4.3 Human well-being

Monitoring the effectiveness of ecological corridors goes beyond assessing ecological outcomes and

extends to the relationship between these corridors and human well-being, as successful corridor



conservation requires a comprehensive understanding of the interactions between wildlife and human

communities.

4.3.1 Human-wildlife interactions

Ecological corridors may require monitoring to effectively address human-wildlife conflicts (e.g., crop
raiding, loss of livestock, human injuries) as part of the adaptive management cycle. [IUCN’s guidelines
on human-wildlife conflict provide techniques and methodologies for understanding, monitoring, and
reducing human-wildlife interactions (IUCN, 2023). Human-wildlife conflict indicators can be measured
through interviews, surveys, and other monitoring schemes (Songhurst, 2017). For example, the number
of depredation claims and payments made to a government can serve as an (imperfect) indicator of the

frequency of human-wildlife incidents in a corridor.

Additionally, understanding the dynamics of human attitudes towards wildlife, which may be influenced
by factors such as religion, ethnicity, and culture, but also by environmental education, can be helpful
for effective conflict resolution (Dickman, 2010) and for understanding positive human-wildlife
interactions, but requires time-consuming human-dimensions research. Monitoring change with
thoughtfully designed indicators that consider underlying social factors can support the design of
measures to improve human-wildlife coexistence and enhance education and awareness building

activities (Letro and Fischer, 2020).

Wildlife-vehicle collisions (WVCs) are a unique type of human-wildlife interaction. To determine their
impact on human well-being and monitor the effectiveness of road mitigation measures, approaches
have been developed to monitor the number of WVCs as well as the effectiveness of mitigation

measures in reducing human injuries and fatalities (Ament et al., 2023).

4.3.2 Ecosystem services




Ecological corridors may sustain provisioning services (e.g., drinking water), regulating services (e.g.,
carbon sequestration and pollination), supporting services (e.g., nutrient cycling), and cultural services
(e.g., recreation; Millennium Ecosystem Assessment, 2005, Hilty et al., 2020). Indicators linking
conservation action to tangible benefits for specific communities can document and convey how
corridor conservation can translate into benefits for local communities (Olander et al., 2018).
Provisioning ecosystem service indicators may include: crop production, fish or animal meat protein
consumption, value of forest products, and water storage capacity (Layke et al., 2012). While cultural
services may be more context-specific and qualitative in nature, indicators may include: value of real
estate near nature or clear water, number of ecotourism visitors, and accessibility of culturally
important resources. The integration of remote sensing indicators, like the Ecosystem Services Provision
Index, can offer a valuable tool for monitoring ecological services in situations where specific indicators

are lacking or have limited spatial and temporal coverage (Jullian et al., 2021).

4.3.3 Cultural, spiritual, biocultural values

To capture changes in a community's connection to an ecological corridor, monitoring biocultural
perceptions can be enlightening (Goolmeer et al., 2022). Using biocultural indicators, such as the
number of Indigenous groups engaged in sustainable stewardship, acknowledges and respects the
intricate relationship between cultural values, ecological states, and Indigenous well-being (Sterling et
al., 2017, Goolmeer et al., 2022). Applying such biocultural indicators in collaboration with Indigenous
communities ensures a culturally sensitive, comprehensive, and robust monitoring strategy for human

well-being targets of ecological corridors.



Discussion

The importance of connectivity conservation as a tool to respond to habitat degradation, fragmentation,
and climate change is now being recognized at local and international levels. Monitoring is fundamental
to assess and help improve the success of ecological corridors. Here we applied the CS framework to a
case study which results in an example monitoring plan and laid out options for monitoring enabling
conditions, ecological outcomes, and human well-being. There are four other important considerations
for implementing comprehensive monitoring plans for ecological corridors: collaboration, scaling up to a

regional monitoring program, data management, and funding mechanismes.

5.1 Monitoring should be a collaborative process

The best way to effectively address complex, large-scale, long-term conservation challenges such as
conserving connectivity is to engage all rightsholders and interested parties (Indigenous and local
communities, managers, policy makers, scientists, residents, and landowners) in co-producing
actionable science and learning from the shared experience (Beier et al., 2017; Gray et al., 2020).
Involving decision makers directly in indicator selection, monitoring, and analyses through a

collaborative process encourages input from multiple knowledge systems (Cundill and Fabricius, 2009).

Engaging communities in collaborative monitoring of ecological corridors has the potential to cultivate a
shared understanding of the ecology of a corridor, as well as the benefits of conserving connectivity for
wildlife populations and human well-being. It can instill internal trust and external credibility, aid in
conflict resolution, and promote social learning and community development (Fernandez-Giménez et
al., 2008). Sharing monitoring results can be dramatically effective in motivating all partners to sustain

the effort of keeping corridors permeable.



Creating a team environment among all corridor actors is vital for maintaining enthusiasm, participation,
and funding over the long term. Meeting as rarely as 1-3 times per year counteracts gloom by making
participants aware of allies in other agencies and organizations and creates an environment that

promotes innovation, collaboration and co-creation of strategies.

5.2 Consistency in monitoring can allow scaling up

For any corridor monitoring system to be effective, it must be scaled to measure ecological dynamics
and responses across spatiotemporal scales of potential impact (Watson et al., 2017). Different species
require different scales of connectivity. For example, native bees may require flowering plants to be
spatiotemporally clustered within a few meters of both other flowering plants and bee nesting sites
(Geslin et al., 2014; Lichtenberg et al., 2020), whereas other species such as brown bears (Ursus arctos)
may utilize resources over more than 1000 km? (Cirovic et al., 2015). To scale monitoring beyond a single
corridor it is advantageous to combine multiple corridors in a region into one monitoring plan. This will
require (1) developing a shared vision of an ecological network for conservation that consists of PAs,
OECMs, and ecological corridors, (2) agreeing on common indicators across multiple corridors in a
region to allow the aggregation of results, (3) aligning monitoring protocols and data management to
facilitate data sharing, (4) presenting results in a common format, and (5) using data from all monitoring
efforts to evaluate change at the scale of the ecological network and make adaptive management

decisions (Stephenson, 2019).

5.3 A data management plan is important

Effective data management is essential for monitoring ecological corridors, facilitating informed
decision-making, and enacting adaptive management. Key to this process is the establishment of

comprehensive data collection protocols, which incorporate rigorous quality assurance practices and



integrate local and indigenous knowledge for a more holistic understanding (Buxton et al., 2021). Pre-
collection planning should include developing quality assurance and quality control routines (Sutter et
al., 2015). The adoption of electronic data capture methods is increasingly recognized for its efficiency in
improving data entry and workflow, thereby aiding land managers in making evidence-based decisions
(Kachergis et al., 2022). Ensuring the integrity and accessibility of data involves selecting appropriate
custodians, such as universities, NGOs, or government agencies, and advocating for the data to be
permanently archived and made open-access, complete with comprehensive metadata (Costello and
Wieczorek, 2014). The roles and responsibilities of individuals involved in data management, including
data collectors, analysts, and those responsible for data archiving and sharing, should be clearly defined.
Security and privacy of the data, especially sensitive information, are paramount, as is the need for
collaboration through clear data sharing mechanisms and policies, especially across transboundary
corridors (Sandbrook et al., 2021; Buxton et al., 2021). To ensure that data will be used to inform
adaptive management, data management plans should include a discussion of how and how frequently
data will be analyzed and interpreted, including statistical methods, modeling approaches, or software
tools that will be used. By developing, supporting, and following a data management plan, resulting data

will be high-quality, reliable, and accessible.

5.4 Funding mechanisms to pay for monitoring

Dedicated funding and resources are vital for all aspects of data management in corridors, from
collection to dissemination. Lack of funding for monitoring, especially long-term monitoring that goes
beyond the funding cycle of specific projects, is one of the greatest challenges to implementing
monitoring programs (Burns et al., 2014, Lindenmayer et al., 2022a), which also applies to monitoring of
ecological corridors. However, there are opportunities, strategies, and mechanisms to consider when

looking to fund a comprehensive long-term corridor monitoring program.



Funding may come from proponents, government programs, the non-profit sector, private foundations,
or own-source revenues. While it is desirable that the entire monitoring cycle is funded, consecutive
funding is also an option (Danielsen et al., 2009). Funders of corridor implementation should also fund
monitoring because it provides them with information they need for regulatory processes and future
project approvals. In some cases, agencies may be responsible for conducting or funding long-term
connectivity monitoring, such as for threatened or endangered species (Lindenmayer et al., 2020). There
are many diverse strategies for obtaining funding or increasing the chances of obtaining funding for

corridor monitoring programs (Burns et al., 2014; Lindenmayer et al., 2011, 2022; Lindenmayer, 2020):

e Determine whether other monitoring programs are underway within the region where the
ecological corridor is located that may contribute to a monitoring program and help leverage
limited financial resources.

e Design a monitoring program that is sustainable and affordable from the beginning.

e Write monitoring costs (especially writing a monitoring plan and collecting data to establish
knowledge of baseline conditions) into project grant proposals.

e If necessary, pool money from multiple sources.

e Create a community science program focused on monitoring the ecological corridor. Funding for
monitoring may be more readily available if a main objective is public engagement.

e Collaborate with non-profit groups focusing on environmental education.

e Collaborate with high schools or colleges where leading or participating in monitoring activities
could be a yearly activity for relevant courses.

e Report the ecological corridor to the World Database on Ecological Corridors administered by
the World Conservation Monitoring Center (once it is up and running). Funding for monitoring
programs may be more available if monitoring data are recognized as crucial to globally relevant

initiatives.



e Demonstrate (e.g., with relevant references) to potential funders that long-term monitoring
programs are cost-effective and deliver good returns on investment.

e Be aware that independent funding sources, such as endowment funding, may be ideal.
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