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ABSTRACT

Environmental impact assessments and related safeguard standards are key tools for mitigating the ecological damage of
development projects; however, they predominantly evaluate what is observed during baseline surveys. This approach, which is
inherently constrained by imperfect detectability, seasonality, and uneven sampling effort, leads to a chronic underestimation of
an ecosystem’s true biotic potential, with direct consequences for the mitigation hierarchy (avoidance, minimization, restoration,
and offsets) and for strategies that aim to meet the “no net loss” of biodiversity target. This paper proposes the systematic
integration of “dark diversity”, that is, the set of species ecologically suited to a site but currently absent, into the EIA framework.
Assessing a habitat’s ecological “completeness” (observed diversity relative to dark diversity) reveals its true level of degradation
and restoration potential, helping to distinguish systems that are simply complex to detect from those that are impoverished
or constrained by dispersal and establishment barriers. This approach provides a more robust and precautionary baseline,
allowing for the design of mitigation and compensation measures based on an ecosystem’s full potential, not just one part. We
outline pragmatic pathways to operationalize dark diversity in EIA practice, combining existing occurrence data, co-occurrence
approaches, and emerging tools (e.g., eDNA and niche modeling) to guide targeted supplementary surveys, impact evaluation,
and measurable restoration objectives.

et al. 2024). In this context, environmental impact assessments
(EIAs) are a critical pillar in global regulatory frameworks,

1 | Introduction

Biodiversity is rapidly declining worldwide, with development
pressures (including infrastructure expansion) identified as one
of the major drivers (Western 2001; Narain et al. 2023; Fonda, Bul-
legas, et al. 2026). Projects such as roads, dams, and power plants
contribute to this decline through habitat fragmentation, species
displacement, and increased wildlife mortality (Fonda, D’Amico,
et al. 2026). Because built infrastructure is a major source of
carbon emissions and biodiversity loss (zu Ermgassen et al. 2022),
a variety of policies have been developed to manage trade-offs
between new infrastructure and environmental goals (Rampling

intended to anticipate and mitigate the ecological consequences
of development projects (Fonseca 2022; Fonda, Petrillo, et al.
2026). The mitigation hierarchy, endorsed in EIA processes by
many countries following the Convention on Biological Diversity
(Rio de Janeiro, 1992), is the standard framework for minimizing
biodiversity impacts from development projects (Bergés et al.
2020; BBOP 2012). It involves a sequential approach; avoiding,
reducing, and offsetting impacts, with the aim of achieving “no
net loss” of biodiversity (Bull et al. 2016). However, in practice,
EIAs tend to focus primarily on specific, legally protected species,
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habitats, and protected areas (International Finance Corporation
2019). Such focal taxa, frequently already threatened, may also be
rare due to small or declining populations, limited distributions,
or habitat specificity (Rabinowitz et al. 1984; Crisfield et al. 2024).
As a result, their likelihood of going undetected is particularly
high in the context of expedited or under-resourced assessments,
which can materially compromise the effectiveness of impact
assessment and mitigation strategies (e.g., Dias et al. 2025).
Consequently, longstanding concerns persist regarding EIA effec-
tiveness across jurisdictions, with recurrent critiques that EIAs
often fail to deliver their intended biodiversity safeguards (Liu
et al. 2008; Williams and Dupuy 2017; Nita et al. 2022; Paudel et al.
2025).

International standards, such as the International Finance Cor-
poration’s Performance Standard 6 (IFC PS6) (International
Finance Corporation 2019) and the World Bank Environmental
and Social Framework (ESS 6) (ESF 2016), explicitly mandate
the identification and protection of biodiversity, particularly in
areas of high ecological value. These guidelines aim to achieve
“no net loss” or even “net gain” of biodiversity (Morley et al.
2021). Although it is essential to acknowledge that large-scale
development projects, especially those related to renewable
energy, play a critical role in advancing global sustainability, their
implementation should not occur at the expense of biodiversity,
which is equally vital for a healthy planet. Yet, despite these
commendable objectives, many EIAs consistently fall short (Nita
et al. 2022). The primary deficiency lies in their reliance on
limited, often one-off, biodiversity surveys constrained by budget
and time. Current EIA practice commonly relies on short-term
baseline surveys and standardized species lists, including rapid
biodiversity assessments (Gurung et al. 2022). In hyper-diverse
tropical and subtropical ecosystems, such baselines can system-
atically under-record biodiversity, particularly for rare, cryptic, or
seasonally inactive taxa (Sutherland et al. 2004; Gardner et al.
2008). When observed lists are treated as complete baselines, this
bias can propagate through impact prediction and the mitigation
hierarchy, undermining avoidance decisions, restoration targets,
and offset equivalence. A further, well-established limitation of
biodiversity baselines is imperfect detectability; the probability
of recording a species is rarely 1 and varies across taxa, seasons,
habitats, observer expertise, and survey methods (Bacaro et al.
2009). Where feasible, EIA baselines should therefore adopt
designs and analyses that explicitly address detectability (e.g.,
repeated visits, multi-method sampling, and detection-corrected
models), and should combine complementary approaches such as
camera trapping, acoustic monitoring, and environmental DNA.
However, even robust detectability-aware designs may not fully
close the gap between recorded assemblages and ecologically
expected communities in under-sampled regions; this motivates
complementary approaches that formalize expectations about
suitable-but-absent species.

In this perspectives article, we synthesize evidence from a
targeted, non-systematic scan of the dark diversity literature and
of applied EIA and mitigation hierarchy practice, complemented
by the authors’ professional experience in biodiversity baseline
design, impact evaluation, and offset planning. Our aim is
both conceptual and operational: to clarify why species absence
matters for EIAs and to propose an implementable workflow
that can be embedded within existing international standards

and national regulations. To make these implications tangible
for practitioners, we also discussed a brief worked example illus-
trating how incorporating dark diversity can change inference
relative to an observed-only baseline.

2 | The Problem: Assessments Built on Partial
Data and Unrecognized Gaps

Particularly in biodiversity hotspots like the Amazon, the
Himalayas, or Southeast Asia, where endemism and species
turnover rates are exceptionally high, standard, short-term bio-
diversity surveys often fail to capture the full biotic potential of
a site and, by extension, its site-specific species pool (Gardner
et al. 2008). Here, the “absence of evidence” is routinely, and
consequentially for decision-making, mistaken for “evidence of
absence” (sensu Alderson 2004). This issue is exacerbated for
rare, elusive, cryptic, or seasonally inactive species, which are
often missed despite their ecological suitability and potential
presence. Crucially, these “unrecognized gaps” can reflect two
partly overlapping processes: (i) imperfect detection and incom-
plete sampling, where species are present but not recorded and (ii)
genuine ecological absence (i.e., dark diversity), where species are
ecologically suitable and belong to the site-specific species pool
yet are currently missing because of dispersal and establishment
constraints, habitat degradation, or biotic interactions.

Distinguishing between these processes is essential for EIA
decision-making, because they imply different mitigation and
monitoring priorities. When observed species lists are treated as
complete baselines, the mitigation hierarchy can be implemented
against an underestimated reference condition, with downstream
consequences for impact prediction, restoration targets, and
offset equivalence. This increases the risk of flawed mitigation
strategies, inadequate compensation for unavoidable impacts,
and ultimately a failure to achieve stated “no net loss” objectives
(Pilgrim et al. 2013; Bacaro 2025). Recent reviews highlight
persistent challenges in biodiversity offsetting, including incon-
sistent assessment methodologies and insufficient governance,
often failing to achieve “no net loss” (Maron et al. 2025). The
current frameworks, while striving for comprehensive assess-
ment, remain vulnerable to these limitations of survey-based
baselines, particularly in complex and understudied ecosystems,
and therefore require practical refinements that explicitly account
for both expected-but-unobserved components of biodiversity
and imperfect detectability.

3 | Integrating Dark Diversity Into
Environmental Assessments

To overcome this fundamental limitation of survey-based base-
lines, we propose that EIAs and strategic environmental assess-
ments (SEAs) systematically integrate the concept of dark diver-
sity. In this context, “dark diversity” refers to the set of species
that are ecologically suitable for a site but currently absent,
while occurring within the surrounding region or broader species
pool (Pirtel et al. 2011). Dark diversity has been identified as a
useful tool for practical biodiversity management (Lewis et al.
2017; Moeslund et al. 2017). This concept, originally rooted in
macroecology and community assembly theory, is increasingly
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recognized across diverse taxa and ecosystems for its ability
to provide a more nuanced understanding of habitat quality,
colonization constraints, and ecological recovery potential (Ronk
et al. 2015; Lewis et al. 2017; Bacaro 2025). Importantly, this
definition is conceptually distinct from imperfect detectability.
Species may be missing from checklists either because they were
not detected despite being present, or because they are genuinely
absent despite suitable conditions; dark diversity formalizes the
latter component by anchoring expectations to a site-specific
species pool. Dark diversity could also help us learn more
about red-listed species and the susceptibility of communities to
invasive species (Moeslund et al. 2017). Empirical applications
illustrate the policy and management relevance of the approach,
including guidance for conservation and restoration planning
(Moeslund et al. 2017), the use of environmental DNA to reveal
hidden components of regional species pools (Boussarie et al.
2018), and recent global evidence of impoverishment in natural
vegetation detected through dark diversity (Pértel et al. 2025).
Interpreting patterns from various prioritization frameworks
facilitates a more informed identification of areas most at risk
of biodiversity loss. For example, the substantial overlap between
global biodiversity hotspots and “crisis ecoregions” (sensu Hoek-
stra et al. 2005) offers a broad-scale indication of particularly
vulnerable regions whose degradation or loss would contribute
significantly to global biodiversity loss (Lewis et al. 2017).

Integrating dark diversity into EIAs offers a precautionary,
decision-relevant complement to observed baselines by making
expected-but-absent species explicit and linking completeness
deficits to mitigation-hierarchy choices, particularly in rapidly
changing or under-sampled regions.

Traditional metrics used in EIAs, such as irreplaceability and
vulnerability indices, offer valuable insights but are inherently
limited, as they do not account for the discrepancy between a site’s
observed biodiversity and its potential biodiversity. In this regard,
the dark diversity framework provides a critical complement.
For instance, the “completeness index” proposed by Pirtel et al.
(2013) and defined as the logarithmic ratio between observed
and dark diversity, can offer a quantitative measure of how
ecologically intact a given habitat or region is in relation to its
species pool. When applied within the EIA process, this index
allows for the identification of sites where biodiversity is not only
currently high, but also near its ecological potential, that is, sites
of high completeness. Such areas, particularly when they also
exhibit high levels of irreplaceability and vulnerability (Brooks
et al. 2006), merit strong conservation prioritization and careful
avoidance of residual impacts.

4 | Operationalizing Dark Diversity in EIA
Practice

Importantly, completeness and dark diversity can be assessed
using standard ecological and taxonomic records, and can there-
fore be integrated with relative ease into EIA baseline surveys and
impact evaluations. Their inclusion would provide a more com-
prehensive understanding of ecosystem quality and restoration
potential, thus improving the scientific foundation for decision-
making within the mitigation hierarchy. A practical workflow
begins by defining a site-specific species pool for each habitat unit

considered in the assessment, moving beyond local observations
alone. This involves leveraging a combination of established
knowledge with available data streams. Global platforms such as
the Global Biodiversity Information Facility (GBIF) (Luo et al.
2021), the IUCN Red List, the Integrated Biodiversity Assessment
Tool, and the Red List of Ecosystems provide essential spatial and
occurrence data that support the identification of both observed
and potentially present species and ecosystems. Advanced meth-
ods for data collection, such as environmental DNA, and for
data analysis, such as ecological niche models, can significantly
enhance information on species that are present but difficult to
detect, and help predict their distribution based on environmental
variables (Elith and Leathwick 2009; Sahu et al. 2023). Integrating
these tools with local ecological knowledge and historical data
as well as with expert judgment further refines species pools
and improves our understanding of past and present community
composition (Jarzyna et al. 2025).

As a simplified illustration of how making an expected pool
explicit can change EIA inference relative to an observed-only
baseline, two complementary lines of evidence are useful. In an
EIA-focused synthesis of terrestrial mammal baseline surveys for
mining projects in Minas Gerais (Brazil), Dias et al. (2025) report
that baseline checklists recorded on average 11.6 species (range
1-22), while 37 species were identified as potentially occurring
in the broader region (i.e., a regional pool proxy and an upper
bound that must be filtered to the focal habitat unit to derive
a site-specific pool). If the observed checklist is interpreted as
a complete baseline, an observed-only baseline could therefore
understate receptor sensitivity; importantly, Dias et al. (2025)
show that a substantial share of this gap is consistent with
imperfect detection (species present but not recorded), which
directly supports more detectability-aware designs and targeted
supplementary surveys before key mitigation-hierarchy decisions
are made. A closely related, but conceptually distinct, step is
required once detectability has been addressed; estimating the
expected-but-absent component (dark diversity) and using it to
interpret ecological completeness. In high-altitude Himalayan
plant communities, Wani et al. (2023) estimated regional species
pools and dark diversity under contrasting disturbance regimes
and found consistently higher dark diversity and lower complete-
ness in disturbed sites. For example, in alpine grasslands, natural
sites had 23 observed species and an estimated dark diversity of
21.52 (pool 44.53; completeness index 0.066), whereas disturbed
sites had 12 observed species but higher dark diversity (23.43;
pool 35.43; completeness index —0.669); similar patterns were
reported in forests (natural: observed 25, dark 26.08; disturbed:
observed 16, dark 29.07). For EIA practice, the added value is
straightforward. Observed-only lists indicate that disturbed sites
are species-poor, but dark diversity and completeness show how
far the system is from its expected potential. This information
can change decisions across the mitigation hierarchy. It supports
stronger avoidance where completeness is high, it helps target
restoration toward reducing completeness deficits, and it frames
offsets around measurable progress toward the expected pool,
rather than observed richness alone.

To generate these metrics in practice, EIAs can estimate site-
specific species pools and the expected-but-unobserved compo-
nent using methods that fit available data and time constraints.
Where autecological information is limited, dark diversity can
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be estimated using methods derived from species co-occurrence
patterns, that is, co-occurrence-based approaches (e.g., hyper-
geometric, favorability, and Beals-type indices) that estimate
probabilistic site-specific species pools and allow dark diversity to
be quantified as the expected-but-unobserved component of local
assemblages (Carmona and Pirtel 2021). Combining dark diver-
sity outputs with trait information can help diagnose why species
are missing, whether due to dispersal limitation, disturbance
sensitivity, competitive exclusion, mutualistic dependencies, or
other establishment barriers, and thereby generating testable and
operational hypotheses for mitigation and restoration planning.

By systematically comparing observed species with this site-
specific species pool, it becomes possible to estimate the com-
pleteness of a community (Pirtel et al. 2013).

Communities or areas with low observed richness but high dark
diversity indicate a pronounced completeness deficit, that is,
a substantial gap between realized and site-specific potential
diversity. In many settings this pattern is more consistent with
colonization credit (species are suitable but have not yet recol-
onized) or persistent dispersal and establishment barriers. Dark
diversity should therefore be treated as a diagnostic signal to
be interpreted alongside land-use history, habitat trajectories,
and (where available) detection-corrected monitoring data (Lewis
et al. 2017; Gavriel et al. 2025).

Within the EIA framework, this metric offers critical insights for
evaluating ecosystem integrity and resilience. It enables practi-
tioners to move beyond mere species inventories and toward a
deeper understanding of a habitat’s full biodiversity potential.
Routinely incorporating dark diversity assessments into EIA
procedures can help identify habitats that have been substantially
degraded, where species are absent not because of unsuitable
conditions but due to dispersal limitations, historical land use, or
other ecological barriers. This, in turn, supports the identification
of knowledge gaps, prompting targeted supplementary studies
during the EIA process to determine the specific ecological or
anthropogenic drivers behind species absences. Such analyses are
essential not only for characterizing baseline conditions more
accurately but also for informing the design of more effective mit-
igation and offset measures (Bezombes et al. 2018). In particular,
restoration and offset strategies can be directed toward enhancing
habitat conditions and connectivity to promote the return or per-
sistence of species identified as part of the dark diversity (Berges
et al. 2020; Fonda, D’Amico, et al. 2026; Fonda, Petrillo, et al.
2026), thereby enhancing functional and phylogenetic recovery
and ensuring more robust “net gain” outcomes (Rampling et al.
2024; Maron et al. 2025). Therefore, biodiversity offsets should
not be based solely on currently observed species, but on the
full ecological potential of a site, as revealed through the lens
of dark diversity. This approach allows for more forward-looking
and ecologically grounded conservation outcomes, aligned with
the long-term objectives of the mitigation hierarchy. Embedding
dark diversity in EIAs aligns with the precautionary principle,
a cornerstone of international environmental law, enshrined in
the Rio Declaration (The Precautionary Principle in Biodiver-
sity Conservation and Natural Resource Management) (Cooney
2004). This principle mandates taking action to prevent serious
or irreversible harm, even in the face of scientific uncertainty.
By acknowledging and quantifying dark diversity, we explic-

itly recognize the uncertainty inherent in current biodiversity
assessments and proactively address the hidden dimension of
biodiversity risk before irreversible decisions are made. It allows
us to “see in the dark” and identify sites that, despite appearing
degraded, still retain significant ecological memory and potential
for recovery, areas that might otherwise be overlooked or dis-
missed in conventional evaluation systems. This proactive stance
is essential for genuinely safeguarding biodiversity in the face of
complex environmental challenges.

5 | Conclusion

The integration of dark diversity into EIAs represents a necessary
and timely advancement in the way we assess, mitigate, and offset
biodiversity loss. This paradigm shift—moving from an exclusive
focus on observed presence to an informed consideration of
species absence—does pose certain technical and institutional
challenges. These include limitations in regional data availability,
uneven taxonomic expertise, and the complexity of integrating
diverse data sources such as environmental DNA, GBIF records,
and ecological niche models. In addition, practitioners must
explicitly distinguish between species that are missing from
checklists because of imperfect detectability and those that are
genuinely absent despite suitable conditions; dark diversity con-
tributes primarily to the latter by anchoring assessment to a site-
specific species pool and by quantifying ecological completeness.
However, these challenges are not insurmountable. International
funding institutions, environmental consultants, and developers
already invest considerable resources in biodiversity baseline
modeling. Incorporating dark diversity metrics should be viewed
not as a disruptive overhaul, but as a logical and necessary
evolution, enhancing the resolution and predictive power of
existing assessment frameworks. Crucially, this integration is
compatible with (rather than a substitute for) detectability-
aware survey designs and monitoring; together, these approaches
reduce both false absences (undetected presence) and unrecog-
nized completeness deficits (suitable-but-absent species).

Pilot studies across representative ecoregions, potentially sup-
ported by biodiversity trust funds or corporate environmental
responsibility programs, are essential to demonstrate opera-
tional feasibility, refine analytical methodologies, and foster
local capacity. Such pilots should explicitly compare alternative
pathways for estimating species pools (e.g., expert-based and
database-driven approaches, niche models, and co-occurrence-
based approaches that estimate probabilistic site-specific species
pools) (Carmona and Pirtel 2021), and evaluate how dark diver-
sity metrics influence avoidance decisions, restoration targets,
and offset equivalence. Most importantly, the routine consid-
eration of dark diversity must be embedded within the core
guidance documents and standards that shape global conser-
vation practice, such as IFC PS6, the World Bank’s ESS6, and
the TUCN’s policy frameworks. These standards play a critical
role in defining what constitutes acceptable environmental due
diligence in development finance. To uphold the principle of
“no net loss” of biodiversity, it is imperative that these protocols
evolve to recognize that true ecological integrity cannot be
assessed without accounting for what is absent, but ecologically
expected. By making expected-but-missing components explicit,
dark diversity can shift EIAs from purely descriptive baselines
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toward more diagnostic and testable assessments, where com-
pleteness deficits generate operational hypotheses (e.g., dispersal,
establishment, and disturbance sensitivity) that can be targeted
through mitigation and restoration.

To meet accelerating biodiversity loss and climate change,
EIAs must move beyond what is simply observed and docu-
mented and account for species absences that signal both past
degradation and recoverable potential. Failing to do so risks
undermining restoration targets, misdirecting compensation, and
compromising global conservation commitments. Ultimately,
operationalizing dark diversity in EIAs means defining a site-
specific species pool, quantifying ecological completeness, and
translating completeness deficits into clear decision points within
the mitigation hierarchy, from targeted supplementary surveys
and avoidance to measurable restoration objectives and offset
design.
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