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Abstract: Maintaining and improving the state of biodiversity is a primary factor guiding manage-
ment activities in conservation areas, including protected areas (PAs) and other effective area-based
conservation measures (OECMs). Due to the complex nature of conservation programs, a common
management approach cannot be prescribed. Robust monitoring programs supporting management
activities are required to evaluate the state of species and habitats. However, limited resources, poor
data management practices, and competing requirements of stakeholder groups increase the chal-
lenges that must be addressed through realization of monitoring programs. We propose a framework
of seven basic questions to guide conservation area managers to implement effective biodiversity
monitoring techniques. The result is identification of indicators, site characteristics, and resources to
promote the development of a biodiversity monitoring program. We call for adoption of a strategic
guideline providing this framework to harmonize decision making processes across national and
international networks. Implementation of this robust framework will support comparative monitor-
ing data, contributing to systematic approaches for adaptive management in PAs and OECMs and
improving the body of knowledge surrounding global biodiversity.

Keywords: adaptive management; long-term monitoring; monitoring guideline; biodiversity
assessment; conservation; evidence-based decision-making

1. Introduction

Conservation areas include protected areas (PAs) and other effective area-based con-
servation measures (OECMs) that are key refugia for global biodiversity. Land managers
utilize biodiversity monitoring as the primary tool for determining the effect of measures
designed to maintain or improve the state of biodiversity. In the field of biodiversity con-
servation, a great volume of work has been dedicated to important issues of governance,
methods on how to conduct biodiversity monitoring, and evaluation of results [1-5]. To
standardize approaches for biodiversity monitoring on the global scales, frameworks on
biodiversity monitoring have been elaborated [6-8]. These earlier frameworks fulfill spe-
cific purposes and target institutional or research actors. However, with nearly 300,000 PAs
and OECMs worldwide [9], a structured developmental process is clearly needed for de-
velopment of a monitoring framework that meets today’s significant challenges. Faced
with potential long-term personnel turnover, a lack of consistent funding support, and
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weak scientific output following an often-insufficient number of monitoring cycles, this
article is intended to provide an important complement to previous works by targeting
on-the-ground users of biodiversity monitoring systems. We structure the decision mak-
ing processes through a four-step approach to developing and conducting biodiversity
monitoring programs. The following structured monitoring framework addresses the key
considerations that managers must make in developing effective biodiversity monitoring
programs and provides a precise roadmap for developing new programs.

We first provide a brief overview on the current state of global biodiversity and the
recent history of international strategies designed to improve it. The remainder of the article
describes in a step-by-step manner our four-phase approach to designing biodiversity
monitoring programs, with particular emphasis on six questions related to the conceptual
phase of each program and a seventh question related to the implementation phase.

2. State of Biodiversity

The state of biodiversity continues its global downward trajectory despite intergov-
ernmental policies intended to preserve it [10,11]. The ratification of the Convention on
Biological Diversity (CBD) in 1993 was a landmark achievement that outlined the need
for the global protection of biodiversity. The CBD contains three relevant foci, including
conservation of biodiversity, sustainable use of its components, and fair and equitable
sharing of biological resources [12]. Biodiversity refers not only to incidence, abundance,
or genetic characteristics of species in the ecosystem, but also to levels of interaction be-
tween and amongst species [13]. The benefits of biodiversity conservation are indisputable;
however, inadequate outcomes following ratification of the CBD led to the development
of the CBD Strategic Plan for Biodiversity from 2011-2020. The Strategic Plan included
20 so-called Aichi biodiversity targets to halt biodiversity loss, conserve ecosystems, and
sustain ecosystem services. Aichi Target 11 called for at least 17% of terrestrial areas and
10% of coastal and marine areas to be conserved worldwide, while Aichi Target 17 called
for all signatories to develop National Biodiversity Strategic Action Plans (NBSAPs) [14].

To date, efforts to reach Aichi targets have not been sufficient to protect the global
state of biodiversity, let alone improve it [15]. In 2022, the 15th Conference of the Parties
of the CBD culminated in a revision of many global biodiversity objectives, as expressed
in the landmark Kunming-Montreal Global Biodiversity Framework (GBF) [16]. The
GBEF incorporates a Theory of Change model to support policies promoting sustainable
development goals. A Theory of Change is an outcome-based strategy that describes a
pathway to transform the status quo in short-, medium-, and long-term perspectives [17].
Given the urgent global threats associated with erosion of biodiversity, the GBF Theory of
Change attempts to address the drivers of biodiversity loss, allowing the recovery of all
ecosystems and promoting the CBD vision of living in harmony with nature by 2050 [16].
The GBF strives to reach four main goals by 2050 (Figure 1). To meet the goals, 23 targets
are partitioned amongst three themes: (1) reducing threats to biodiversity; (2) meeting
people’s needs through sustainable use and benefit-sharing; and (3) tools and solutions for
implementation and mainstreaming. Target 2 of the new agreement calls for the restoration
of at least 30% of degraded terrestrial, freshwater, coastal, and marine ecosystems. The
GBF further mandates in Target 3 that global networks of PAs and OECMs protect and
effectively conserve at least 30% of the planet with focus on particularly valuable areas for
biodiversity. PAs are conservation areas in which the primary management objective is
active conservation of biodiversity, whereas OECMs are managed for other purposes with
in situ conservation of biodiversity being a key by-product of management [18]. Supporting
the objectives of the GBE, the United Nations Agenda 2030 is implementing an ambitious
set of 17 Sustainable Development Goals (SDGs) intended to be achieved by 2030 [19].
Among others, SDG 14 “life below water” and SDG 15 “life on land” are of particular
relevance to guiding the conservation and management of biodiversity.



Sustainability 2023, 15, 6779 3of 15
Goal A Goal B
Enhancing ecosystem integrity Sustainable use of biodiversity
+ Area of natural ecosystems is increased + Nature's contributions to people are valued
* Human-induced extinction is stopped,; and improved for sustainable development

Extinction rate and risk are reduced
« Genetic diversity of wild and domesticated
species populations is maintained

Goal D
Implementation possible for all

Goal C
Genetic resources shared fairly

+ Financial resources, capacity-building,
cooperation, and technology transfer are

« Genetic resources and traditional equitably accessible for all Parties,
knowledge are shared fairly and protected particularly for developing countries, small
appropriately island States, and economies in transition

Figure 1. The four long-term goals as outlined in the Montreal-Kunming Global Biodiversity Frame-
work 2050 Vision for Biodiversity. Adapted from CBD [16].

As biodiversity remains under threat, much work remains to be completed [20]. It
has long been recognized that management effectiveness is essential to conservation of
key habitats and species. In PAs and OECMs, management effectiveness is generally
evaluated using specially tailored Protected Area Management Effectiveness (PAME) re-
porting tools [21]. Efforts to encourage improved management effectiveness are being
further incentivized through initiatives including the IUCN Green List of Protected and
Conserved Areas Standard [22]. The Green List Standard identifies four categories that
must be fulfilled in order for sites to reach the elite Green List status. All themes are ap-
plicable globally and include good governance, sound design and planning, and effective
management leading to realization of conservation objectives. The Green List Standard
allows for customization of locally important indicators, such as endemic species or rare
habitats, empowering site-specific management for successful conservation outcomes [23].
Additional approaches to PA management and evaluation—including ambient monitoring,
management assessment, and impact evaluation—may provide additional linkages in
advancing a PA toward attaining Green List status [24].

Effective action leading to successful conservation outcomes can be made using an
adaptive management approach. Adaptive management is a decision making process that
enables improved resource management by accounting for uncertain and unpredictable
dynamics in the biological system [25]. Changes in the state of monitored populations or
ecosystems might only be apparent after a lag period following changes to a management
activity [26,27]. Thus, adaptive management decisions are most effective when guided by
observations from well-designed long-term monitoring programs. Monitoring programs
are based on specific management objectives and monitoring is, therefore, established as
a process of systematic, repeated observation of a feature over time to describe its state
or detect changes [28]. Monitoring objectives can include complying with regulations,
responding to an event or action, or evaluating management outcomes. Monitoring of key
indicators is the primary mechanism to track the state of biodiversity at a site. Based on
the selected indicators, monitoring may occur on landscape, ecosystem, habitat, species,
population, or genetic scales.

The urgency of achieving improved conservation outcomes is expressed in the text
of current international agreements, including the GBF [16]. Protected area networks are
growing in size and scope worldwide and further increases will occur for decades to
come. The demand for effective biodiversity monitoring already exceeds the capacity of
expert-based monitoring. Use of high-throughput automated monitoring technologies
is a solution that will help PAs and OECMs conduct accurate and rapid biodiversity
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assessments while reducing the need for expert-based fieldwork (Figure 2). In many cases,
well-designed citizen science-based projects can track the changes of key biodiversity
measurements, leveraging the abilities of today’s automated monitoring technologies with
the enthusiasm of volunteer assistance, including, among other platforms, iNaturalist,
https://www.inaturalist.org/ (accessed on 18 November 2022) and eBird, https:/ /ebird.
org/home (accessed on 14 November 2022) [29]. Citizen science programs and sensor-
based technologies may generate large volumes of data that can be interpreted through
artificial intelligence algorithms. These approaches provide, on the one hand, opportunities
to improve scientific observation of ecosystems despite potential deficiencies of human
resources or expertise. On the other hand, reliance on big data introduces challenges, such as
the requirement for efficient information technology and reliable database management [30].
Modern molecular techniques allow assessment of species and habitats over large areas of
PAs and OECMs by using non-destructive sampling. Well-planned environmental DNA
collection campaigns can be performed rapidly by trained staff or volunteers [31]. Genetic
sequences can be deposited in online databases, providing a permanent record and allowing
present-day and future analysis on species composition. Most PAs and OECMs will not
have the capacity to analyze DNA samples in-house; thus, outsourcing to specialized
laboratories needs to be considered during budgeting and planning.

Remote sensing Advanced genetic methods
* Satellite remote sensing * Barcoding and metabarcoding
¢ Mid-range remote sensing of bulk samples

(aerial photography)

¢ Close-range remote sensing
(unmanned aerial vehicles,
drones, photogrammetry)

water or soil)

* eDNA (genetic analysis of
\ //© environmental media, e.g.,

Automated recording units
Background technologies * Camera traps

* Big data, data science, data @ @// \© * Autonomous sound recorders
intelligence * Transmitters, data loggers
 Artificial intelligence

* Geoinformatics, geostatistics Apps and platforms
¢ Sensorics, network ||| || ||

engineering

Figure 2. Modern automated biodiversity monitoring technologies utilize diverse types of remote
data collection techniques. Approaches include remote sensing using satellites, manned and un-
manned aerial vehicles, high-throughput genetic analytical techniques, sensor-based automated
recording units, user-friendly computer applications and data platforms, and advanced computer
technologies for analysis of big data and development of artificial intelligence algorithms.

Standardization of indicators across PA networks must be prioritized to allow cross-
comparison of findings in a scientifically valid way [32,33]. The Group on Earth Obser-
vations Biodiversity Observation Network (GEO BON) has developed a framework to
standardize monitoring approaches that consists of 21 essential biodiversity variables
(EBVs) across six classes (Table 1) [34]. EBVs complement other essential variables used
in monitoring, including the essential climate and ocean variables [35,36]. The EBVs seek
to measure environmental or species characteristics that could guide managers when se-
lecting indicators. Indicators should be simple to monitor, especially with regard to the
technological and financial resources available to the management program. Indicators
should also represent important spatial and temporal scales of the observed biological
system and contribute to a common framework that is applicable across ecosystems [37].
The EBVs are a key component to allowing scientists to evaluate the status of indicators
that help determine whether the GBF reaches its objectives because they facilitate sound
management planning for successful conservation outcomes.
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Table 1. The Essential Biodiversity Variables by class and name. Adapted from: Pereira et al. [34];
https:/ /geobon.org/ebvs/what-are-ebvs/ (accessed on 16 March 2023).

EBV Class Name

Genetic diversity—richness and heterozygosity

Genetic differentiation—number of genetic units and
1 Genetic Composition genetic distance

Effective population size

Inbreeding

Species distributions

2 Species populations Species abundances

Morphology
Physiology

3 Species traits Phenology
Movement
Reproduction

Community abundance
Taxonomic/phylogenetic diversity
Trait diversity

Interaction diversity

4 Community composition

Primary productivity
5 Ecosystem functioning Ecosystem phenology
Ecosystem disturbances

Live cover fraction
6 Ecosystem structure Ecosystem distribution
Ecosystem vertical profile

The EBVs proposed by GEO BON mark an important development in the standardiza-
tion of monitoring protocols because they outline common factors that should apply to the
monitoring of indicators for most PA and OECM management programs. However, EBVs
only address part of the decision making process. Below, we describe a four-step framework
that PA and OECM managers may use when developing a monitoring program (Figure 3).
The steps involve gathering site-specific background information in the preparatory phase,
considering the key logistical questions in the conceptual phase, conducting the monitoring
activities in the implementation phase and, finally, by assessing whether the monitoring
program has met its objectives in the re-evaluation phase. The framework is intended to
act as a road map to consider all important factors in developing a biodiversity monitoring
program. It helps to reduce complexity by compartmentalizing the essential considerations.
By following the proposed framework, managers can, therefore, develop a monitoring
program for site-specific objectives and obligations.
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Figure 3. Four phases of framework for establishing biodiversity monitoring programs. Preparatory
phase is an initial assessment of legal obligations, goals, and site investigations, leading to a prioritized
list of monitoring targets. A series of six interacting questions is addressed in conceptual phase
to indicate a monitoring framework, providing the basis of how to conduct a program during
implementation phase. Effective monitoring will improve adaptive management decisions. A re-
evaluation phase at end of program provides reflection on whether it should be continued, modified,
or terminated.

3. Developing the Monitoring Framework
3.1. Preparatory Phase: Identify and Prioritize Monitoring Targets

The first step in the framework is to prioritize a list of monitoring targets. This list is
generated through assessment of legal obligations, site-specific goals including major site
values, and a background analysis of the site including the threats facing it. Monitoring
targets will most often be species or habitats of high conservation value but may, in some
cases, be surrogate variables acting as proxy indicators of the key biotic features. Diverse
resources can be used in this step, including referencing the categories of EBVs, previous
site biodiversity management plans, baseline inventories, [IUCN and national Red List
status lists of species, and evaluation of sensitive habitats. Integration of methods that
are used in other sites—particularly Green List status sites or those that are part of an
NBSAP—is another valuable approach [38].

The preliminary site assessment should help the management body develop a brief
summary of the objectives guiding the monitoring program, along with a description of
how the monitoring program will evaluate the conservation activities on key species and
habitats, considering threats, previously defined site objectives, and obligations.

3.2. Conceptual Phase: Produce the Conceptual Framework

The conceptual phase of monitoring program development will identify the partici-
pants, methods, and technologies that will be involved in the subsequent field implemen-
tation phase. Effective long-term monitoring programs are developed through reflection
on the fundamental questions of the conceptual phase [39]. Compartmentalizing the key
questions allows managers to consider factors individually, minimizing the complexity of
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each topic. Questions can be revisited over the course of discussions with stakeholders and
the PA staff (Figure 4). The six key questions of the conceptual phase are:

Why monitor?

What indicators should be included?
Where will monitoring take place?
When will monitoring occur?

Who will be involved?

How many resources are required?

Figure 4. Discussion on key questions of monitoring program should be performed collaboratively
by stakeholders and staff.

3.2.1. Why Monitor?

To stem the biodiversity crisis, management activities must result in successful con-
servation outcomes. Clearly defined management objectives and biodiversity protection
targets are required from the start [39]. An analysis of main site conservation requirements,
as identified in gazettement paperwork, site assessment reporting, and legal obligations,
can guide the monitoring objectives. Monitoring a species or habitat of value is one of the
primary activities contributing to adaptive management strategies [25,40,41]. The obliga-
tions from international strategies, relevant NBSAPs, conventions, and policy frameworks
usually justify the main purposes of a biodiversity monitoring program. Standardization
of monitoring approaches is particularly valuable in national or regional networks to en-
able cohesive policy decisions [8,32]. Site-specific goals may further direct monitoring
programs [42].

Biodiversity monitoring is a multi-functional approach that may contribute to baseline
research, site management, and documentation of the state of habitats and species [41,43].
In PAs, performance measurement is used for identifying achievements toward reaching the
targets outlined in the management plan, thereby contributing to program accountability
and adaptive management [24]. Performance measurement can, conversely, direct changes
in the management plan by showing where conservation efforts can be improved [44].
Outcomes measured through PAME reporting can be compared to the expected outcomes
to determine the effect of the management strategy. Outcomes can also be framed in the
context of counterfactual thinking, i.e., what the outcome would be in the absence of the
management activity. Biodiversity monitoring should promote operative conservation or
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enhancement of the site. Furthermore, it could be an effective mechanism for outreach and
education, ensuring program acceptance and long-term support from local stakeholders
and non-scientists [45,46].

3.2.2. What Indicators Should Be Included?

A monitoring program must survey appropriate indicators to ensure that management
activities help meet the desired conservation objectives. A widely accepted framework for
indicator selection is based on the SMART principle: a suitable indicator must be Specific
to the goals of the program; Measurable with objective evaluation; realistically Attainable
for monitoring; Relevant for decision makers; and contain Time-bound elements to allow
periodic interpretation of data [47]. Monitoring programs should include assessment of
target habitats because the state of the habitat may be correlated with the performance of a
key indicator species [48]. Selection of indicators depends on the scope of the biodiversity
conservation targets, including the legal reporting requirements. Well-chosen indicators
should allow programs to meet local goals while meaningfully contributing to integrated
national and global efforts (e.g., Bellingham et al. [32]).

Measuring physical parameters, such as species richness, abundance, incidence, or
health, is typically the simplest and most direct way of monitoring in PAs and OECMs.
Trends of indicator species can be tracked in space and time, generating information on
their conservation status. These types of measurements could allow inferences on pop-
ulation trends and how to mitigate threats [37]. In some cases, the ease of monitoring
proxy variables may facilitate management goals. Key trade-offs exist through examin-
ing a proxy rather than monitoring species directly, including compromised accuracy of
measuring the species directly, uneven responsiveness of the proxy to actual change, and
oversimplification of the ecosystem [49,50].

3.2.3. Where Will Monitoring Take Place?

Recognizing the management objectives will help managers select the appropriate
spatial parameters for a monitoring program. Selecting a representative Area of Interest
(Aol) is key to effective site-based biodiversity monitoring. The first consideration is
whether the Aol is accessible for monitoring purposes. In many instances, consultation with
local or indigenous residents will guide selection of the Aol, allowing secure access to key
sites [51]. Additional considerations include whether the location reflects the magnitude of
human impact on the biotic community or is affected by drivers such as climate change [52].
Human or animal activity within the Aol may guide other decisions—for example, where
monitoring equipment should be installed to minimize animal impact or vandalism.

Understanding target species’ life histories and their natural distribution within habi-
tats will help identify a suitable Aol for the monitoring program. Many species are restricted
to a unique habitat. In this case, habitat mapping for the target species will focus the mon-
itoring efforts within a site. Satellite earth observation tools can be implemented in a
semi-automatic way for preliminary analysis of habitats suitable for a target indicator [53].
For large Aol, area-based monitoring procedures should be applied to a representative
section. Stratified or grid-based sub-sampling can help to reduce the monitoring com-
mitment while delivering statistically sound results. For linear or plot-based monitoring,
number and dimensions of the sampling unit should be decided in advance because post
hoc scale correction may dramatically affect interpretation of findings [54]. Consultation
with a statistician may be necessary to ensure that the data collection design will meet the
objectives of the monitoring program and gain knowledge about the minimum mapping
unit to reduce costs (Table 2) [39].
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Table 2. Sampling design, description, and main advantages and disadvantages for select random

and non-random sampling strategies.

Sampling

Strategy Design Description Advantages Disadvantages
. L. Due to chance, rare
. All subjects have an equal Statistically robust
Simple random . . features may not be
chance of being surveyed. inferences can be drawn.
observed.
. Easier to conduct than Due to chance, rare
. Sampling occurs at regular . . features may not be
Systematic - simple random sampling; 7
intervals. T observed; hidden patterns
statistically robust. . .
may bias selection.
Random Subjects divided into
o sub-groups; random or All sub-groups represented  Defining sub-groups may
Stratified h . s . oo
systematic selection within in survey. be difficult.
subgroups.
Subjects divided into . Clusters may differ
. Effective to sample large demographically from one
Cluster sub-groups; entire subgroup . :
is selocted and dispersed populations. another, may not represent
' entire population.
. Subjects that are easiest to Results .CannOt be
Convenience Easy to collect data generalized to the larger
sample are surveyed .
population
. Expert opinion to select the Most useful sa.mples for Yaluable only in sp.ec1f1c .
Purposive . research question are situations, clear rationale is
subjects
selected needed
One sample leads to Improved recruitment of Potentiallv high samplin
Non-random Snowball discovery of additional subjects from populations bias y e ping
population members that are difficult to access
Population stratified by
characteristics; target
Quota number determined for all Representation of Potentially high sampling

subdivisions; samples sub-divisions is controlled  bias
collected until numbers are

reached

3.2.4. When Will Monitoring Occur?

A monitoring program becomes more valuable the longer it is in place. Deciding when
to begin the monitoring program is a critical consideration. A manager must first have a
strong understanding of the life cycle of the indicator. Some indicator species may be active
for long periods of the year. Other indicators may be only ephemerally present. Timing of
seasonal monitoring activities should target the same phenological stage of the indicator.
Inconsistent timing could result in apparent fluctuations of abundance or documented
life stages, leading to faulty conclusions. Sampling for the least time-sensitive life stage,
such as the viable seed bank of a plant, will produce the most consistent results [55].
Periodic events (e.g., fire, avalanches) may further motivate a monitoring program. The
timing of such events may not be predictable and, therefore, monitoring programs for
such situations should be conceptualized in advance. If resources allow, baseline data
should be collected in a representative habitat before the event occurs. If baseline data
are unavailable, response monitoring should still be conducted to capture valuable data
immediately following the event.

In addition to well-timed initiation of monitoring, the interval between monitoring
cycles needs to be carefully evaluated to maximize the value of data relative to resource
use. The choice of interval will depend on the objectives of the monitoring program. If
the temporal dynamics of the indicator species are not well known, it is recommended to
initially perform pilot monitoring activities at short intervals using multiple approaches.
The most effective combination will be apparent after a few cycles, saving resources in the
long term.
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The third factor is consideration of the duration of a monitoring program. At min-
imum, a monitoring program should provide enough data to allow revision of species
status according to the criteria of the IUCN Red List of Threatened Species. Currently,
Red List species are evaluated based on population trends over the previous 10 years or
3 generations, whichever is longer [56]. While practical in terms of planning and decision
making, this duration might not be suitable for all species. When possible, a power analysis
should be conducted to determine the number of monitoring cycles required to detect
changes in populations [57]. In reality, if faced with insufficient data and an immediate
need for decision making, the precautionary principle could be applied to assume that
action is needed to conserve a population [58].

3.2.5. Who Will Be Involved?

The transformative processes envisioned by the GBF Theory of Change will require
social endorsement of biodiversity monitoring programs by Indigenous Peoples and Local
Communities (IPLC) [59]. These groups bring to the table key traditional knowledge of
the local biodiversity and should be included in the decision making processes from the
beginning. Stakeholders with vested interests in the PA or OECM should be encouraged to
participate in conservation activities [60]. Supporting staff of the PA include secretaries,
internal management, and external partners. Field staff include the PA field manager and
an actively involved team of technicians. In some PAs, monitoring will be sub-contracted to
external experts. Such professional service providers are becoming increasingly important
because PAs are usually too understaffed to perform the monitoring activities. Assess-
ment of the staff and sub-contractors involved in the monitoring program will impact
budget calculations.

A stakeholder map is a convenient decision making tool for managers to sort out the
complex web of participants. It will help determine the size, structure, and composition of
the core monitoring team, providing expectations and accountability for individual roles.
Depending on program goals, participants may be quite diverse. The competence map will
identify interest groups, such as researchers, nature associations, and IPLC [45].

For the monitoring program to have value, its key findings must be used by the
managerial body to improve the conservation of the PA. Findings should be disseminated to
visitors and the general public, as well as to PA network authorities. Active communication
among staff, decision-makers, and the public promotes effective adaptive management
based on previous experiences. Visitors can contribute their observations and perspectives
through citizen science endeavors, creating awareness and supporting conservation [61].

3.2.6. How Many Resources Are Required?

The question of resource availability for the monitoring program involves two im-
portant elements: the amount of financial and material support required to establish and
maintain the program; and the amount of available human resources required for imple-
mentation [62]. An estimated budget should be prepared for material acquisition and
plot establishment, including personnel costs, travel, data processing and management,
and material resources. Materials may include up-front investments, such as field ve-
hicles, and ongoing costs for consumables and data management [63]. Monetary costs
during program establishment are greater than costs of ongoing implementation. Plot
establishment, including documentation of initial conditions and an extensive test run,
is a one-time expense. Many field resources, such as high-tech monitoring devices and
vehicles, are large one-time expenditures. Test runs incur additional costs but identify
and remedy shortcomings of the site protocols. Small-scale test runs, therefore, optimize
resource use in the long term. Office expenses may include establishing and maintaining an
information technology infrastructure, including computers, data analytical software, and
financing for data storage. Depending on the nature of collections and the capacity of the
PA infrastructure and personnel, analysis of biological samples can be performed in-house;
however, in many cases, analysis will be outsourced to experts. Citizen science volunteers
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may be motivated through incentives, training opportunities, and other non-monetary
forms of compensation [64].

Biodiversity monitoring programs are limited by the availability of funding, adminis-
trative barriers, and human resources. The capacity for monitoring is profoundly affected
by the technical skills of the involved employees [65]. Qualified personnel should be hired
and retained for multiple monitoring cycles to save on training expenses and provide
continuity to the monitoring process. To compensate for deficiencies, money should be
set aside for external experts. Human resources must be sufficiently coordinated with
stakeholders. Early cycles may occur at closer time intervals, incurring greater costs early in
the program. Realistic estimations of the time for site assessments will help determine how
many teams are needed for field work. If the available resources are not guaranteed for the
full program, sites should be prioritized in advance for consistent collection of the most
important data. If possible, supplemental resources that can be activated in an emergency
should be identified.

3.3. Implementation Phase: Performing the Work in the Field

The implementation phase occurs after the logistical details of the conceptual phase
are determined. In this phase, the field protocol is drafted, test runs are recommended,
and, once the protocol functions as envisioned, the ongoing monitoring cycles will occur.
Mid-program evaluations of the procedures during implementation will identify possible
adaptive management actions. The seventh question of the framework is, thus, defined:

e  How will field monitoring be achieved?

Field implementation of the monitoring program should focus on high quality control
of the data. A preliminary field manual should be developed as the end result of working
through the conceptual phase. Materials are acquired at the beginning of the implemen-
tation phase. Core methods will differ based on selected indicators or taxa [8]. Selection
of methodology is critical as the number of available tools has evolved rapidly in recent
decades. However, many of the specialized techniques that were developed decades ago
will continue to be utilized into the future. Yet, data collection cannot reach its full potential
without the adoption of high-tech tools [66]. High-tech monitoring solutions and their
current limitations are documented in recent review papers [30,31,67,68].

The processes for data transfer and management must be established. Data sheets
should be designed as simply as possible while prompting the field workers to collect
all of the relevant data and metadata. Test runs at an easily accessible site are highly
recommended because they indicate where efficiencies can be made, saving resources in
the long term. This exercise will further calibrate data collection procedures amongst team
members. Pre-runs at an actual field site should then occur to test the finalized protocols
under field conditions. The pre-run is the final chance to revise the field manual without
affecting program data quality. If any changes are made at a later stage, the previous
approach should be used alongside the new approach for enough monitoring cycles to
draw correlations between methods.

Each monitoring cycle should include data analysis, data storage, and presentation
of methods and results after the field work has occurred. After each monitoring cycle,
the results should be evaluated by the managers and adaptive management measures
discussed by the team. Stakeholders can be invited to actively participate in the monitoring
processes and feedback. These measures will foster transparency, which is a key element of
effective communication.

3.4. Re-Evaluation Phase: Identifying Synergies

The final element of the biodiversity monitoring framework is to identify how the
monitoring program increases knowledge about target biodiversity indicators. Archiving
project data in open-source repositories, such as GBIF, or through data centers is essential
for transparent data management and provides a resource for future programs [69].
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The monitoring program should be re-evaluated at pre-defined intervals to ensure
maximum quality [70]. End-program evaluation will identify synergies for future iterations
of the program. The process of re-evaluation at the program’s conclusion will show whether
the management approach has contributed effectively to the conservation of biodiversity.
Internal review will further indicate how the results can be transferred into day-to-day
management activities. As the value of a monitoring program increases the longer it
operates, continuation of the current monitoring activity may be justified. On the other
hand, shortcomings identified during post-program evaluation may indicate that the
monitoring program should be modified or even discontinued. Presentation of findings
to decision makers will help them determine the most efficient allocation of resources for
future programs [44].

4. Conclusions

Management of PAs and OECMs is critical for conservation of biodiversity world-
wide. The key activity to inform effective management is a robust biodiversity monitoring
program. As conservation areas are needed to safeguard biodiversity in all regions of the
globe, no specific monitoring plan can satisfy the requirements of every PA or OECM. We
provide a robust conceptual framework for monitoring based upon six key conceptual
questions related to the broad application and development of effective biodiversity mon-
itoring programs: “why monitor”, “which indicators” should be included, “where” and
“when” monitoring will occur, “who” will be involved, and “how many” resources are
required. These six questions are highly interconnected and, while they can be consid-
ered individually, they must all complement each other in the development of a holistic
approach to monitoring. The seventh question of “how” to conduct protocols is the re-
sult of the conceptual requirements and is considered in the implementation phase. Site
management objectives, synergies, and program re-evaluation will be advanced through
this systematic approach. The framework is robust against changing legal obligations, site
goals, stakeholders, technological frameworks, and availability of resources. A widely
adopted common approach will contribute to standardization of biodiversity monitoring
protocols, allowing comparability of data across PAs and OECMs, promoting effective
management of irreplaceable landscapes around the globe, and improving our knowledge
of global biodiversity.
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