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B 1 (MEEROR @)L 304 (1996~20254F) H: W) R R SOEAT SR SC T 18 S R R B it ()8 £ 5 L. LA (biodiversity OR species OR
species diversity)AND(conservation OR conservation* OR protection OR protection*)AND(effectiveness OR performance OR achievements)AND
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Figure 1 (Color online) Number of research articles published related to biodiversity conservation effectiveness evaluation over the past 30 years
(1996-2025). Using the topic keywords of (biodiversity OR species OR species diversity) AND (conservation OR conservation* OR protection OR
protection®*) AND (effectiveness OR performance OR achievements) AND (evaluation OR assessment OR evaluate OR assess OR evaluate* OR

assess*), as well as (CEYIZREMEHIFI ZREME-IR) * (BRPHERE) * (RSCRER) * GEM+IEAL), search results from Web of Science and China

National Knowledge Infrastructure databases up to December 31, 2025
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Figure 2 (Color online) Top 20 countries and regions in terms of the number of authors involved in biodiversity conservation effectiveness evaluation.
Using the topic keywords of (biodiversity OR species OR species diversity) AND (conservation OR conservation* OR protection OR protection*) AND
(effectiveness OR performance OR achievements) AND (evaluation OR assessment OR evaluate OR assess OR evaluate* OR assess*), as well as (4247

LR R ZRE IR ¢ (BRPHRE) ¢ (BBRUR) * B+, search results from Web of Science and China National Knowledge
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Figure 3 (Color online) Illustration of nearest neighbor matching methods. (a) success of nearest neighbor matching; (b) failure of nearest neighbor
matching. Blue circles represent the treated species, and hollow circles represent the controlled species. One-way horizontal arrows indicate the
distribution direction of propensity scores from small to large. Numbers inside the circles represent the order in which samples were selected. Double-
headed arrows (red color is used for emphasis) and dark blue dotted boxes indicate matched pairs. “Distance” refers to the difference in propensity
scores between a matched pair (adapted from Zhao et al. A guide to qualitative attribution methods for evaluation in conservation)
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Figure 4 (Color online) A causal inference analysis framework based
on directed acyclic graphs (DAG). The dashed box illustrates an
example of the causal structure based on DAG (adapted from Arif and
MacNeil')). Directed acyclic graph is a nonparametric graphical tool
that uses unidirectional acyclic arrows to represent causal assumptions
between variables and can intuitively present the causal structure of a
system; the backdoor criterion enables unbiased identification of causal
effects in observational data by blocking all non-causal backdoor paths;
the frontdoor criterion, relying on stepwise identification via
intermediate variables, can estimate causal effects in the presence of
unobserved confounding
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Biodiversity is fundamental to Earth’s life-support systems, yet it is declining at an unprecedented rate, posing a severe
threat to ecological stability and human well-being. In response, substantial global resources are continually invested in
conservation actions, ranging from establishing protected areas to species-specific interventions. This significant
investment underscores the critical importance of scientifically evaluating the effectiveness of these biodiversity
conservation actions. Such evaluations are essential for optimizing conservation strategies, enhancing the efficiency of
resource allocation, and enabling adaptive management approaches that can respond to dynamic environmental challenges.
Here, we present a systematic review of the scientific literature to synthesize the evolving methodologies for assessing the
effectiveness of biodiversity conservation. Our analysis traces a clear developmental trajectory, moving from input-and-
process-based metrics to more sophisticated outcome-and-impact-based causal inference frameworks. Initially, the focus
was predominantly on quantifying inputs and processes, such as the extent of protected areas, the volume of financial
investment, or the application of management effectiveness tracking tools. While these early approaches were instrumental
in driving the expansion of conservation efforts due to their relative ease of quantification and clear reporting capabilities,
they are fundamentally limited in their ability to accurately measure the net, attributable impacts on biodiversity outcomes.
Recognizing these limitations, the field has progressively moved towards more robust, outcome-oriented evaluations. This
advancement has occurred along four key, interconnected dimensions: (1) the widespread adoption of comprehensive
indicator systems based on frameworks such as the Driver-Pressure-State-Impact-Response; (2) the increased application
of assessment based on the level of threat reduction, which offers a pragmatic, indirect measure of conservation success by
quantifying the amelioration or elimination of documented threats to biodiversity; (3) the increasing adoption of
counterfactual analyses, employing rigorous statistical techniques like matching designs to construct a credible non-
intervention scenario, thereby enabling the isolation of the net causal effect of a conservation action from confounding
factors and baseline trends; and (4) the emerging use of formal causal inference methods, such as structural causal models,
to explicitly map, test, and validate complex causal pathways between conservation interventions and biodiversity
outcomes. Despite significant progress, challenges such as limited data coverage, mismatches in spatio-temporal scales,
and insufficient method generalizability persist. Future development should focus on: (1) Al and big data-driven intelligent
evaluation; (2) standardization and integration of methods into modular frameworks; (3) deeper interdisciplinary
collaboration with social and computer sciences; and (4) developing action-oriented adaptive evaluation systems to support
dynamic and effective conservation management. The evolution of conservation effectiveness evaluation towards more
rigorous, impact-focused systems is vital for supporting dynamic, evidence-based, and ultimately more effective
biodiversity conservation actions and management in the face of ongoing global change.
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