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Nature-based climate solutions (NbCS) are growing rapidly around the globe and can poten-
tially help stabilize climate if paired with aggressive climate mitigation [1]. However, many
current NDCS efforts are often not based on rigorous scientific data or tools, and the assump-
tions, models, and data underlying broad swaths of carbon offsets markets, currently worth
multiple billions of dollars and likely to grow substantially in coming years, are frequently
opaque, not replicable, and not comparable [2,3]. Open-source data and tools must form the
foundation of NbCS efforts to ensure that they are robust, credible, scalable, and indepen-
dently verifiable. This is an enormous and urgent call to action for academic researchers, non-
governmental organizations, government agencies, and private companies. We posit here at
least 4 key ingredients of open science needed in NbCS efforts around the globe (Fig 1). We
focus primarily on forest-related NbCS efforts, though similar principles apply across all NbCS
sectors/systems.

First, the availability of open-source, standardized modeling tools and model training are
critical to the success of NbCS. As one example, the main modeling tool utilized in many cur-
rent United States forest offsets programs is the Forest Vegetation Simulator (FVS), which sim-
ulates the effects of forest vegetation change in response to management, disturbances, and
natural succession. FVS is used to calculate carbon crediting for a given NbCS project due to
practices such as improved forest management. One major limitation of FVS in the context of
NbCS is the lack of climate sensitivity underlying model projections for forest dynamics. In
other words, future growth, mortality, demography, and biomass are not influenced by
changes in climate variables such as temperature or precipitation. Moving forward, it is possi-
ble to use state-of-the-science demographic models that have a realistic representation of plant
physiological parameters, ecological dynamics, and climate feedbacks [4]. Within the category
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Fig 1. Open science needs for forest nature-based climate solutions. A broad range of open tools and data are crucial for
supporting, informing, and evaluating nature-based climate solution efforts broadly. Clip art illustration by David Meikle or
from WikiMedia Commons. Geographic basemap from Natural Earth (https://www.naturalearthdata.com/downloads/10m-
cultural-vectors/) and burn area model from ref [12].

https://doi.org/10.1371/journal.pbio.3001929.9001

of demographic models, there are a number of individual models with different representa-
tions of plant physiology and ecological processes. To be successfully utilized in an NbCS
framework, it is imperative that the (i) model code; (ii) model input parameters that reflect
plant physiological and ecological processes; and (iii) meteorological forcing datasets for the
model tools are open-source and standardized across NbCS projects. We recommend that
selection criteria for a standardized set of models involve rigorous validation using ground
and remote sensing products and that the models be assessed for performance using the Inter-
national Land Model Benchmarking (ILAMB; [5]) or a similar model assessment tool. Models
or other tools that perform poorly during validation should be excluded.

Second, open-source datasets for monitoring, reporting, and validation are crucial for
quantifying when, where, and how much ecosystem properties have changed and for assessing
the efficacy of NbCS. In the past, satellite-based datasets have been used for identifying forest
loss in support of tropical forest protection programs such as Reducing Emissions from Defor-
estation and forest Degradation (REDD+; [6]). However, new remote sensing platforms can
provide a more nuanced, detailed view into ecosystem dynamics that reflect the impacts of
human intervention and climate change at scale. For example, lidar instruments such as GEDI
can map aboveground biomass density at regional scales and high resolutions [7], allowing
quantification of carbon sequestration across space and time. In addition, publicly accessible
field data, such as the US Forest Inventory and Analysis (FIA) dataset available through the R
package rFIA [8], will be key in ground-truthing satellite-based datasets and for estimating for-
est attributes not accessible via remote sensing. Thus, we recommend that open-source
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algorithms and high-resolution, spatially complete maps are used to enable NbCS stakeholders
to quantify the impact of individual projects and regional programs with transparency, credi-
bility, and consistency across a range of jurisdictions and ecosystem types.

Third, more open-source maps and tools to quantify and extract (i) co-benefits from NbCS
efforts; (ii) climate and anthropogenic risks to permanence/durability; (iii) additionality; (iv)
leakage; and (v) biophysical (net climate) impacts of NbCS efforts are urgently needed. Some
initial datasets are available in certain regions, such as ref [9] for net climate impacts, that
could be better utilized but these 5 areas need substantial interdisciplinary research efforts.
Most work to date has focused on the potential of NbCS, but a wide swath of major limitations
could constrain the effectiveness and deployment of NbCS efforts [10]. For example, maps of
the extent to which climate change and climate-related risks (e.g., wildfires, climate stress/
drought, pests and pathogens, winds, heat waves, and ice/snow) may fundamentally under-
mine NbCS carbon storage permanence and durability (usually for 100 years or longer) is a
major scientific need. Many NbCS protocols rely on self-insurance programs for climate risks
(e.g., a “buffer pool” of credits), yet recent work shows that these 100-year buffer pools may be
substantially undercapitalized [2,11,12]. Open-source maps and tools of biophysical, eco-
nomic, land-use, and operational constraints in determining the realistic potential of NbCS
are also urgently needed [9,10].

Finally, open data reporting from NbCS efforts and projects are crucial for enabling exter-
nal and independent validation efforts. For example, data reporting requirements from NbCS
projects should include project coordinates, geographic shapefiles, and species composition/
stand structure. Data, assumptions, and parameters used to run model simulations for projects
of project baselines and management decisions are also key to report and standardize. Stan-
dardized databases of projects across different regions and protocols can play a key role in
reporting and verification of claims by independent analyses.

Among many others, these elements of open science and data are crucial ingredients in the
success of NbCS efforts to mitigate and adapt to climate change. Processes that ensure frequent
dialogue and input between NbCS stakeholders and the scientific community, such that key
scientific needs are communicated by stakeholders and current scientific understanding is
folded into NbCS policies and protocols, will also be important. A broad range of communities
and stakeholders have critical roles to play in ensuring transparency and rigor in helping
NbCS deliver benefits to ecosystems, society, and the climate.
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