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Abstract—Reflectance spectroscopy offers a powerful approach to integrate high-
throughput phenotypic data from herbarium specimens into the digital landscapes of ecology,
evolution, and systematics. Spectral digitization complements specimen metadata capture and
photographic imaging by generating high-dimensional optical data from herbarium tissues that
encode information about plant chemistry and structure. Because inconsistencies in
instrumentation and measurement practices can increase noise and limit dataset compatibility,
the International Herbarium Spectral Digitization Working Group (IHerbSpec) has published the
Protocol for Spectral Digitization of Herbarium Specimens, currently in version 1.3, as an open
resource that will continue to evolve through community use and collaboration

(https://iherbspec.github.io/protocol). The protocol defines a stepwise measurement workflow,

standardized filename conventions, structured metadata tables with controlled vocabularies, and
guidance on tissue selection, materials, and instrumentation quality control to support spectral
datasets that are interoperable across projects and reusable through well-documented metadata.
By embedding standardized practices at the point of data collection, it provides a scalable
foundation for data synthesis and new quantitative insights into plant diversity across taxonomic,
geographic, and temporal scales.

Keywords—Data harmonization, data standards, digital extended specimen, FAIR

principles, spectral fingerprint, phenomics, near-infrared spectroscopy, NIRS


https://iherbspec.github.io/protocol

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

WHITE ET AL.: IHERBSPEC PROTOCOL

The more than 400 million botanical collections stored in global herbaria represent a vast
and irreplaceable repository of plant diversity, together with rich environmental and ecological
metadata (Davis, 2023; Thiers, 2025). These specimens underpin our understanding of organismal
morphology, taxonomy, and biogeography, and are increasingly used to generate derived genetic
and phenotypic datasets that expand their scientific impact and potential to address societal
challenges (Lendemer et al., 2020; Kunkel et al., 2025).

Digitization of herbarium collections in recent decades has centered on creating digital
specimen records through whole-specimen imaging, label transcription, georeferencing, and
databasing. These efforts have laid the foundation for a global metaherbarium that makes
specimens broadly discoverable and accessible for research, expanding both the scale of
traditional herbarium-based studies and the range of stakeholders and scientific domains in
which specimens are used (Davis, 2023; Antonelli et al., 2026). Spectral digitization, by contrast,
complements these efforts by capturing reflectance spectra from specimens as a distinct product:
a spectral fingerprint of plant tissues. Rather than documenting specimen appearance, reflectance
spectra record high-dimensional signals associated with tissue morphology, creating quantitative
phenomic datasets that can be analyzed computationally as part of the digital extended specimen
(Hardisty et al., 2022; Cavender-Bares et al., 2026) and integrated with other specimen-derived
datasets (Neto-Bradley et al., 2026). Spectral digitization can be integrated into other digitization
workflows or carried out separately. Indeed, several collaborating institutions have found it
preferable to perform spectral measurements after specimen databasing has been completed.

Reflectance spectroscopy—here referring to point measurements of plant organs made
using a contact probe (Fig. 1b)—was developed largely through studies of fresh leaf tissues and is

now well established as a high-throughput means of linking phenotype, environment, and
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evolutionary history at different scales (Serbin et al., 2014; Cavender-Bares et al., 2016, 2025;
Vance et al., 2016; Kothari and Schweiger, 2022; Kothari et al., 2023; Stefanski et al., 2025).
Spectral measurements across the visible, near-, and shortwave infrared regions (350-2500 nm)
capture integrated optical signals related to tissue structure and chemistry (Curran, 1989;
Jacquemoud et al., 1996). As a result, reflectance spectra provide a high-dimensional data source
for modeling taxonomy, plant traits, and biological processes that could otherwise require
substantially more time-intensive, costly, and often destructive wet-lab measurements. Because a
single standardized spectral measurement can be reused across multiple analytical frameworks, it
can support both current applications and future analyses as predictive models continue to
improve.

Leaf reflectance spectra have demonstrated utility in discriminating taxa and cytotypes
(Abasolo et al., 2013; Durgante et al., 2013; Lang et al., 2017; Stasinski et al., 2021; Buono and
Albach, 2023; Vasconcelos et al., 2025), estimating leaf traits (Costa et al., 2018; Kothari et al.,
2023), and revealing adaptive differentiation and evolutionary processes (Cavender-Bares et al.,
2016; Meireles et al., 2020; Fine et al., 2021; Hernandez-Leal et al., 2025). Importantly, multiple
studies have now demonstrated that these same applications extend to herbarium specimens that
are decades to centuries old (Kiihn et al., 2024; Boughalmi et al., 2025; Lee et al., 2026; Neto-
Bradley et al., 2026; White et al., 2026). These advances have signaled herbarium spectral
digitization as a robust approach for phenotyping plant biodiversity at unprecedented spatial and
temporal scales; thus expanding the relevance of collections to broader sectors of biology, and science
generally, and the available funding sources for biological collections. For a recent review and

perspective on use cases justifying the value of herbarium spectral digitization, see Cavender-Bares et

al. (2026).
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A core strength of herbarium spectral digitization lies in the opportunity to represent plant
phenotypic diversity across regions, taxa, and time in harmonized datasets generated across
herbaria (Cavender-Bares et al., 2026). Yet, coordinated standards for data collection, metadata,
and databasing are needed to ensure that spectral datasets remain findable, accessible,
interoperable, and reusable, rather than becoming fragmented, poorly documented, difficult to
interpret, or excessively noisy due to undocumented differences among measurement setups
(Wilkinson et al., 2016). Comparable challenges in plant trait research have been addressed
through standardized measurement and databasing protocols (Kattge et al., 2011; Enquist et al.,
2016; Pérez-Harguindeguy et al., 2016).

To document botanical variation present in herbaria through spectral measurements—and
to ensure that these data are interpretable and reusable—standards must explicitly capture both the
measurement environment and the characteristics of the specimens themselves to enable
assessments of data quality. Spectral reflectance measurements do not represent a single, invariant
biological signal comparable to a DNA sequence (Cruickshank and Munck, 2011). Instead, they
integrate the molecular and structural properties of all the materials that interact with incident light,
and this includes not only the target plant tissue but also the background material and potential
contaminants, such as mounting materials or epiphylls. This complexity is compounded by
variation among herbarium tissues in age, preservation history, mounting technique, and degree of
degradation (Kiihn et al., 2024; Cavender-Bares et al., 2026; White et al., 2026).

To address these challenges at an early stage of data generation, we established the
International Herbarium Spectral Digitization Working Group (IHerbSpec), a global consortium
dedicated to advancing best practices for herbarium-based reflectance spectroscopy and fostering

coordinated, cross-institutional collaboration.
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Here, we present the Protocol for the Spectral Digitization of Herbarium Specimens (the
IHerbSpec Protocol for short), a community-developed standard that defines minimum
requirements, recommended practices, a step-by-step workflow, metadata schema, and guidelines
for quality control and data management. The IHerbSpec Protocol is a living document deployed

at iherbspec.github.io with versioned releases archived on Zenodo (IHerbSpec, 2026). It is

designed to foster collaboration and provide a foundation for interoperable spectral datasets that
can be confidently aggregated, reused, and integrated into the global biodiversity data ecosystem
for ecological and evolutionary research.
METHODS AND RESULTS
Knowledge exchange and consensus building

The IHerbSpec Protocol was developed collaboratively by the International Herbarium
Spectral Digitization Working Group (IHerbSpec), established in fall 2024. The group was
assembled to represent a cross-section of the herbarium and spectral biology communities,
including herbarium-based curators and researchers interested in spectral digitization and

members of the ASCEND Biology Integration Institute (NSF-DBI-2021898;

spectralbiology.org) interested in advancing the use of preserved plant specimens.

The development of a measurement and metadata capture protocol was among the first
objectives for the working group. Activities began with a systematic comparison and
consolidation of existing herbarium spectroscopy workflows conducted through a series of
virtual webinars between December 2024 and April 2025. Ten distinct workflows were
presented, several of which are published (Durgante et al., 2013; Laliberté and Soffer, 2018;
Kothari et al., 2023; Quinteros Casaverde et al., 2024; Mersni et al., 2025; White et al., 2026).

Members also shared approaches to specimen digitization and data management at their
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institutions. These exchanges provided a common foundation for identifying shared practices,
sources of variability, and priorities for coordination. The process culminated in an in-person
workshop at the Harvard University Herbaria in May 2025, where remaining points of
divergence were discussed and resolved collectively.

Decisions during protocol development were made by consensus rather than formal
voting. Agreement was reached through iterative discussion, refinement of draft text, and
collective review, with the explicit goal of protocol compliance (see Embedding quality control
and interoperability into the protocol). The resulting protocol is a community-developed
standard authored by 31 members from 23 institutions across three continents.

Publication and overview of the protocol
The [HerbSpec Protocol is written using Quarto (Allaire et al., 2025) and developed

through a public GitHub repository (github.com/IHerbSpec/iherbspec.github.io) where

community feedback is organized and incorporated via Discussions and Issues tools. The source

files are compiled to HTML and published as a living document at iherbspec.github.io, ensuring

that the online version reflects the most current updates. The GitHub repository is linked to

Zenodo (https://doi.org/10.5281/zenodo.18451589), where versioned releases, including a
compiled PDF, are permanently archived and assigned persistent DOIs. This structure maintains
a single, version-controlled source of the protocol that supports transparent revision and
community input, while generating both web and citable PDF outputs to ensure long-term
preservation and stable scholarly reference. The protocol is currently distributed under a Creative
Commons Attribution 4.0 International (CC BY 4.0) license.

The website, GitHub repository, and Zenodo archive provide a suggested citation for the

protocol, including the protocol title, version number, and DOI. We recommend that users cite
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the specific protocol version they followed, together with this paper, to ensure that
methodological references remain both reproducible and connected to the broader rationale for
the standard.

The broad goal of the IHerbSpec Protocol is for its standards to be implemented across
global contexts and scales—from small, hypothesis-driven projects to large institutional
digitization initiatives. To support this range of applications, the protocol distinguishes between
required and recommended elements within its measurement workflow and metadata schema,
providing a common structural framework while accommodating differences in project goals and
institutional capacity (see Embedding quality control and interoperability into the protocol).

The protocol is organized into modular sections that separate procedural guidance,
documentation standards, and supporting rationale. It begins with a preface describing its
development and consensus process, followed by six core sections and two appendices detailing
workflow, metadata, file conventions, instrumentation, tissue selection, and sampling thresholds

(Table 1).
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IHerbSpec Protocol (CC BY 4.0)

Fig. 1. Specimen and tissue selection workflow and bench measurement setup. (A)
Specimen and tissue selection decision tree. The first step (top) prioritizes specimens that are
generally suitable for measurement (mature, intact, flat, and with minimally contaminated areas),
unless the specimen is of unique importance. The second step prioritizes tissues that permit
insertion of a thin non-reflective black background behind the target tissue. As stated in Part I of
the IHerbSpec Protocol, insertion of a black background is required whenever possible to
minimize spectral contamination from mounting materials. However, this is not always feasible

for certain mounted or otherwise valuable specimens; in such cases, measurements may still be

10
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collected provided that background conditions and potential sources of contamination are
explicitly documented in the metadata. The final step emphasizes selecting tissue areas that are
as representative and uncontaminated as possible (e.g., avoiding glue, epiphylls, or herbivory
where feasible). (B) Bench setup for spectral measurement. Figure A reproduced from

[HerbSpec Protocol (CC BY 4.0).
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Leaf reflectance. J.G. Black (2025)
Available at: urUspectra

.
9
1) Power, connect 5) Tissue measurements 6) Quality control
2) Bench setup « TCABXx3-5 7) Specimen & tissue metadata
3) Session metadata « TCADx 3-5 8) Annotation
4) Session target measurements « IfBGP,need TCPx1 9) Nextspecimen
+ (TCW, TCB, TCWC, TCBC) x 1 IHerbSpec Protocol (CC BY 4.0)

Fig. 2. Schematic of the IHerbSpec Protocol v1.3 measurement workflow. Steps 14
illustrate instrument and materials setup, measurement of white and black references and
calibrated standards, and recording of session-level metadata associated with these activities.
Steps 5-9 illustrate the tissue measurement sequence, filename and data quality validation,
scoring of specimen- and tissue-level metadata, and annotation of project information on
herbarium specimens. The protocol requires a minimum of three and a recommendation of five
or more measurements (see Appendix I of the protocol) for both adaxial and abaxial leaf surfaces
across the specimen, providing sufficient tissue is available and suitable for measurement. Plants
with small, terete, or otherwise challenging leaves for measurement might not be able to meet
this requirement (see Vision for Future Versions section). Figure reproduced from IHerbSpec

Protocol (CC BY 4.0).

12
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Informatics standards and metadata

The [HerbSpec metadata schema (Parts 3 and 4) was developed to support discovery,
harmonization, and reuse of spectral data across projects, consistent with FAIR principles
(Wilkinson et al., 2016). During the in-person and virtual meetings, the working group discussed
informatics needs for spectral digitization, including digital storage, integration with collection
management systems, data entry interfaces, and suitable formats for data creation, preservation,
and dissemination. An informatics subgroup reviewed existing biodiversity data standards,
particularly those maintained by Biodiversity Information Standards (TDWG;

https://www.tdwg.org), including Darwin Core (Wieczorek et al., 2012) and its

MeasurementOrFact extension.

However, these frameworks did not adequately capture the session—specimen—tissue
hierarchy desired for herbarium spectral measurements. The IHerbSpec metadata schema was
therefore developed as a relational model encompassing session-, specimen-, and tissue-level
information, with explicit attention to measurement configuration and tissue characteristics

(https://iherbspec.github.io/protocol/part4-metadata.html#section4-1). This approach aligns with

the goals of the BIOFAIR data network, which emphasizes community-driven, domain-aware
metadata standards that support interoperability, machine readability, and reuse across biological
research infrastructures (Kunkel et al., 2025).

To support different project needs, the metadata schema is designed as a simple
spreadsheet (“flat file”’) for data capture and dissemination, and as a structured model suitable for
integration into relational databases. The spreadsheet with all metadata fields is provided on the

IHerbSpec website for immediate use or adaptation https://iherbspec.github.io/protocol/tables.

13
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Although customized to capture the contextual detail needed for quality control,
interpretation, and downstream aggregation of herbarium spectral data, the metadata schema was
designed with future integration as a Darwin Core extension in mind. Where possible, existing

Darwin Core terms are reused (e.g., scientificName, identifiedBy), and newly defined
fields for spectral-specific information (e.g., tissueDevelopmentalStage, hasGlue,
measurementFlags) follow Darwin Core naming conventions and semantics. This design

supports immediate usability while laying the groundwork for potential future development of a
Darwin Core extension for spectral data.
Data sharing and project-level data integration

Alongside measurement and metadata standards, the protocol provides data management
guidance to support long-term preservation, interoperability, and reuse. Projects are strongly
encouraged to archive and share unprocessed spectral data files together with a metadata
spreadsheet because these files usually record measurement and instrument configuration
settings in their headers along with the unprocessed data. Unprocessed spectra are typically
output as text files containing reflectance values in columnar format, with instrument- and
software-generated metadata recorded in file headers. The protocol also defines recommended
filename conventions in Part 3 that ensure minimum traceability to the project, specimen, tissue

class, and background conditions (https://iherbspec.github.io/protocol/part3-filenames.html).

Projects may also share tabular, analysis-ready files (e.g., .csv) containing specimens in
rows and spectral bands and metadata fields in columns. Although these files are more user-
friendly for data consumers, they may reflect prior processing steps, such as radiance-to-
reflectance conversion, data extrapolation, or resampling, and may omit metadata such as exact

wavelength centers, spectral resolution, detector overlap regions, and measurement conditions.

14
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All processing steps applied to shared tabular files should therefore be clearly documented in the
data archive to maintain transparency and reproducibility.

If projects are collecting trait data from herbarium specimens for model calibration or
validation, those measurements should also be archived with stable specimen identifiers so they
can be linked to the corresponding spectra and voucher records (see Embedding spectra within
institutional digitization workflows section). Because general trait databases are not always
designed to preserve specimen-level linkages, we recommend sharing validation trait datasets
alongside spectral data, or in repositories that maintain specimen identifiers, as part of broader
digital extended specimen data architectures (see Scaling spectral digitization into the global
metaherbarium section).

To support discovery, citation, and long-term accessibility, the working group established

the [HerbSpec Dataverse (https://dataverse.harvard.edu/dataverse/iherbspec/) as a primary

project-level repository for herbarium spectral data. The Dataverse is freely available, widely
used in the research community, and supports persistent identifiers (DOIs) and versioning, and
user-defined licensing to communicate how data can be used. Submitted datasets may be
minimally curated to help ensure conformance with the protocol’s required components and
metadata fields.

The [HerbSpec Dataverse is designed to accommodate datasets generated both within and
outside formal institutional digitization pipelines, including projects based on specimens that
lack barcodes, images, or fully curated database records. Its flexible deposit structure allows
users to archive spectra, a metadata spreadsheet, validation trait measurements, and related
metadata together while preserving specimen-level identifiers and links to institutional

occurrence records (see the Embedding spectra within institutional digitization workflows

15
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section). In this way, the Dataverse serves as one mechanism to support the aggregation,
preservation, and reuse of herbarium spectral data and to link it to the corresponding herbarium
specimens across projects and institutions. In addition, IHerbSpec and the IHerbSpec Dataverse
act as signposts that enhance the discoverability of herbarium spectral datasets that are stored in
other repositories.

Embedding quality control and interoperability into the protocol

The IHerbSpec Protocol embeds quality control throughout its structure, beginning with
the definition and overview of the protocol’s required versus recommended elements in Part 1,
extending through the measurement workflow, filename conventions, and metadata schema
(Parts 2—4), and reinforced by guidance on instrumentation, materials, and tissue selection (Parts
5 and 6; Table 1; Fig. 1).

Compliance with the IHerbSpec Protocol requires implementation of all required
procedural elements and metadata fields. The required elements define the minimum standard for
producing interoperable datasets with sufficient documentation to support evaluation, reuse, and
integration across projects. Deviations from required elements may nevertheless be appropriate
for particular specimens, instruments, or research objectives. Such deviations do not preclude
valuable scientific use, but they should be explicitly documented so that downstream users can
assess their implications for interpretation, comparison, and data integration. Recommended
elements provide additional measurement context that can further strengthen interoperability and
downstream analyses but are not required for protocol compliance. Collectively, these fields
improve transparency and facilitate future harmonization across instruments, optical

configurations, and measurement workflows.

16



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

WHITE ET AL.: IHERBSPEC PROTOCOL

To support consistency across institutions, the working group identified several
components requiring explicit standardization. These include the measurement and archiving of
white and black reference standards, the use of non-reflective black backgrounds to minimize
contamination from mounting materials (Fig. 3), a minimum number of measurements per
specimen, and standardized metadata and file naming conventions.

A key quality-control decision concerned sampling intensity. While a single carefully
collected spectrum per leaf surface can adequately represent a specimen, it does not capture
variance. The protocol therefore requires a minimum of three measurements per abaxial and
adaxial leaf surface per specimen, when feasible, with on-screen verification that each
measurement is free of anomalous or error-related spectral patterns (Fig. 2; Fig. 4). Five
measurements per surface are recommended (or more if feasible given the taxon and project
scope) to better capture within-specimen spectral variation. Given the importance of inspecting
spectral data quality and consistency, the protocol emphasizes that replicate measurements can
be taken from any combination of multiple leaves or a single spot on a leaf depending on the
availability of suitable material. Appendix I of the protocol further discusses these decisions

(https://iherbspec.github.io/protocol/appendix 1.html).

Beyond measurement procedures, the hierarchical metadata schema (session-, specimen-,
and tissue-level metadata) is designed to communicate the essential contextual information
required to assess data quality and interoperability. Instrument-related fields—such as
instrumentModel, opticalSetupDescription, and measurementSettings—
are explicitly required because different instruments and optical configurations can introduce
batch effects if not documented and harmonized (Meireles et al., 2020). Additional required

fields such as tissueDevelopmentalStage, hasGlue, and

17
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hasNonGlueContamination (e.g. chemical preservatives, insecticides), and recommended
fields such as controlled-vocabulary measurementFlags (e.g. AlcoholPresent) and
free-text tissueNotes, are tied specifically to the measurement area to enable precise

downstream filtering. Finally, to support training and reduce subjectivity, Appendix II of the
protocol provides additional guidelines for scoring tissue characteristics and scoring examples
linked to images for 51 specimens from 11 herbaria (See I[HerbSpec Protocol Appendix II:

https://iherbspec.github.io/protocol/appendix2.html). Metadata should also be subject to quality

checks in line with the quality assurance protocols applied to other data in the digitization
pipeline.

By documenting methodological choices, measurement conditions, and specimen
characteristics through its structured metadata schema, the [HerbSpec Protocol supports data
interoperability and reuse. Compliance requires completion of all required elements, whereas
recommended elements provide additional context that can strengthen quality control and
facilitate cross-project integration. This framework allows measurements from scientifically
important but challenging specimens to be retained and transparently evaluated, supporting
inclusive data capture without sacrificing downstream filtering and integration across projects

and herbaria globally.

18
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Fig. 3. The effect of background on tissue spectral profiles. The [HerbSpec Protocol
requires placement of a low-reflectance black background beneath tissues to minimize
background contamination in reflectance data. (A) Reflectance spectra of reference and
background materials measured during a session, including the white reference panel (White,
colored blue), the black background (Black), gray backgrounds, and representative herbarium
mounting papers. These background materials exhibit distinct spectral signatures, particularly
outside the visible range (400—700 nm). Plots show full-range (350-2500 nm), unprocessed
reflectance data measured with the Spectral Evolution NaturaSpec and Surface Probe. (B)

Difference spectra showing adaxial leaf reflectance measured on a black background minus
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reflectance measured at the same leaf surface location on alternative backgrounds, illustrating
wavelength-dependent background effects on tissue measurements. (C—D) Reflectance profiles
of the same leaf measured on different backgrounds for two target classes: leaf abaxial (TCAB;
panel C), and leaf adaxial (TCAD; panel D) surfaces. Measurements taken over black and gray
backgrounds consistently show lower reflectance than those taken over white reference material
and white to yellowed herbarium papers. Across panels, background effects are most pronounced
in the 800—1800 nm region, corresponding mostly to the near-infrared (1100-2000 nm), with
weaker but detectable effects in the visible (400—700 nm) and longer-wavelength SWIR (2000—

2500 nm).
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Fig. 4. Instrument and spatial heterogeneity in herbarium leaf reflectance
measurements. Reflectance spectra collected from the same dried leaf (Betula papyrifera;

NEBC00636882; tissue condition scoring in IHerbSpec Protocol Appendix II) using two

spectroradiometers with different optical configurations: a Spectral Evolution NaturaSpec with a
2 mm field of view and an SVC HR-1024i with a 22 mm field of view. Spectra were trimmed to
400-2400 nm and plotted with the ggplot2 R package (Wickham, 2016). Colored circles on the
leaf image indicate measurement locations corresponding to the plotted spectra (circles not
drawn to scale). NaturaSpec measurements include normal lamina tissue, midvein, pathogen-
damaged tissue, off-target measurement including some black background, and reference
measurements of the black background and white standard. The SVC measurement represents a
standard lamina measurement integrating reflectance over a substantially larger sampling area.
Spectral regions are shaded to indicate the visible range (VIS, 400-700 nm; rainbow band), near-
infrared (NIR, ~700—1400 nm), and shortwave infrared (SWIR1, ~1400-1900 nm; SWIR2,

~2000-2500 nm). Differences among spectra illustrate how optical configuration and fine-scale
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384 tissue heterogeneity influence reflectance profiles across the visible to shortwave infrared
385  spectrum.

386

22



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

WHITE ET AL.: IHERBSPEC PROTOCOL

Embedding spectra within institutional digitization workflows

A central goal in developing the protocol was ensuring its suitability for adoption under
real-world institutional digitization workflows. Although expanded metadata capture will slow
specimen throughput, the seventeen required metadata fields are essential for quality control
filtering and harmonizing spectral data across institutions in accordance with FAIR principles
(Wilkinson et al., 2016). Where possible, institutional software for digitization (“front ends”) can
streamline metadata capture by automatically propagating repetitive elements (e.g., session-level

fields like projectId and instrumentModel).

The protocol’s filename conventions and hierarchical metadata schema (Parts 3 and 4;
Table 1) help prevent spectral data files from becoming detached from their project, specimen, or
measurement conditions, safeguarding their long-term discoverability, interpretability, and reuse
alongside the enduring stewardship of the specimens themselves. Thorough metadata capture
also honors the substantial institutional effort invested in specimen digitization.

Critically, each specimen and corresponding extended dataset must be associated with a
stable, traceable identifier. In the protocol, this linkage is supported by required specimen-level

metadata fields that are incorporated into the filename structure: herbariumCode, which
identifies the herbarium or collection housing the specimen, and specimenId, which identifies
the specimen itself. The specimenId field is intentionally flexible because institutions differ

in the identifiers they use for internal specimen tracking; it may contain, for example, a GUID,
GBIF occurrence ID, barcode, catalog number, accession number, or collector-based identifier

such as “Thorne24070a.” To reduce ambiguity, protocol v1.3 adds a required
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specimenIdClass field specifying the type or source of the identifier provided in
specimenId.

Stable specimen identifiers also provide the foundation for linking spectra, trait
measurements, and other specimen-derived datasets to institutional specimen records. At the
institutional level, these associations may be implemented through herbarium database
annotations or outward links indicating that spectral data are available, who generated them, and
where they are archived.

In practice, taking spectral measurements is most straightforward on unmounted
specimens or free tissues stored in herbarium packets, where all tissue surfaces are accessible,
black backgrounds can be easily used, and tissues can be thoroughly inspected for quality.
IHerbSpec therefore recommends that specimen preparation workflows include storing detached
leaf material in specimen packets, a practice that may already be in place to support destructive
sampling and dissection. Institutions may also consider integrating spectral capture with barcode
assignment prior to mounting, ensuring stable linkage between specimen and data and enabling
access to the whole specimen for spectral measurement.

Importantly, incorporating spectral readings into digitization workflows—whether
alongside imaging or specimen label transcription—will require a dedicated workstation, trained
personnel, and time and monetary investment. While high-throughput photographic imaging can
achieve rates less than 10 seconds per specimen (Davis et al., 2021), [HerbSpec-compliant
spectral measurements typically require approximately 5—10 minutes per specimen, even though
each individual spectral scan takes only about 2—10 seconds. This is due to the extra time needed
for tissue selection, adaxial and abaxial measurements, metadata entry, and quality-control

review. Consequently, organizing spectral digitization as a separate workflow is often ideal.

24



431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

WHITE ET AL.: IHERBSPEC PROTOCOL

Most current herbarium spectroscopy projects use full-range (350-2,500 nm), high-resolution
field spectroradiometers, which typically cost approximately $70,000-$90,000 USD. More
compact, lower-resolution instruments with reduced spectral ranges can cost less than $2,000
USD, but their analytical capacity for herbarium applications remains under active study and
may differ from full-range systems (Durgante et al., 2026). Additional costs include calibration
standards, background materials, software, and routine instrument maintenance. Institutions
interested in incorporating spectral measurements into digitization workflows should be mindful
of these added resource investments.

The guidelines embedded in the protocol (Parts 5, 6, and Appendix II) were designed to
be readable and to support training and consistent implementation. For specimens already
databased, spectral digitization can proceed in coordinated batches, with suitability of each
specimen and tissue assessed prior to measurement (Fig. 1) and any deviations from
recommended conditions explicitly documented in the tissue-level metadata fields (e.g.,
measurementFlags, tissueNotes).

Scaling spectral digitization into the global metaherbarium

Scaling herbarium spectral digitization beyond individual institutions requires
interoperable mechanisms for publishing and discovering associations between specimen records
and externally archived datasets. Within the IHerbSpec metadata schema, the required
specimenId field provides the primary identifier for establishing these linkages, with
specimenIdClass documenting the type or source of that identifier. Together, these fields

enable resolvable connections among institutional repositories, GBIF, iDigBio, and other

aggregators.
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Extended specimen integration can currently be implemented using outward linking
models, such asDarwin Core Resource Relationship records, within existing biodiversity
platforms or collection management systems. Resource Relationship metadata is already
supported within GBIF’s Integrated Publishing Toolkit (IPT) for representing associations to
external resources and distributing these associations alongside specimen occurrence records.
Symbiota-based portals aggregate these metadata and can allow users to manage associations via

the 'Linked Resources’ data entry panel where the isReferencedBy relationship type may be

used to express linkages to external spectral datasets (e.g., New England Botanical Society,
2024).

This distributed approach allows spectral datasets to remain hosted in domain-specific
repositories while remaining discoverable through biodiversity portals. [HerbSpec is actively
working toward the development of a Darwin Core extension to provide a more standardized
mechanism for associating spectral datasets and metadata with specimen records. Connecting
spectral data through established biodiversity infrastructures and extended specimen networks is
essential for realizing their broader scientific value and supporting their integration and reuse as
herbarium spectroscopy scales toward a global metaherbarium (Davis, 2023; Kunkel et al.,

2025).

DISCUSSION

Taken together, herbaria represent the largest scientific database of plant diversity across
taxonomic, geographic, and temporal scales (Thiers, 2025). Spectral digitization transfers high-
dimensional phenotypic information from these collections directly into the digital landscape of

modern biodiversity science. Here, we present a community-developed protocol that standardizes
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measurement, metadata capture, and data sharing to ensure that these inherently expansive
collections can be mobilized as interoperable spectral datasets across institutions and projects.

The development of shared spectral datasets and analytical frameworks strengthens
connections among scientific communities. For example, spectral data can be used to model
structural and chemical traits that would be difficult or impossible to measure directly, but that
can provide valuable information for systematists, ecologists and ecophysiologists (Jetz et al.,
2016; Cavender-Bares et al., 2026). Spectral data may also help guide molecular sampling by
screening specimens for tissue condition or chemical signatures associated with DNA
preservation, potentially helping prioritize material for genomic work while reducing
unnecessary destructive sampling. Spectral species libraries derived from dried specimens can
also advance conservation by supporting taxonomic identification and trait estimations of
preserved material collected during field surveys—enabling more robust evaluation of species
composition and functional diversity. This is especially important for reducing taxonomic
uncertainty and geographic biases in biodiversity knowledge by expanding access to analytical
tools, digital infrastructure, and training in megadiverse tropical countries, where many
scientifically valuable herbaria remain underrepresented in global databases and research
networks (Delves et al., 2024; Thiers, 2024; Zhigila et al., 2026). Wider deployment of
affordable spectrometers could enable these collections to generate and mobilize new phenotypic
data locally.

Another goal for herbarium spectral digitization is to create a bridge to remote sensing.
As modeling approaches advance, translating dry-leaf spectra into estimates of fresh functional
traits may enable more direct integration with airborne and satellite observations (e.g., Asner and

Martin, 2008; Singh et al., 2015; Wang et al., 2019, 2020; Sapes et al., 2024). Standardized
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spectral libraries from herbaria have the potential to contribute geographically distributed
reference datasets to calibrate canopy-level trait models. In turn, the advancement of remotely
sensed biodiversity patterns can guide targeted botanical exploration, herbarium collection, and
floristic and systematic research.

Finally, expanding spectral digitization enhances both the accessibility and enduring
relevance of herbarium collections. Rather than rendering physical collections obsolete, digital
extensions underscore their continued necessity: advances in technology and digital data
architectures will create new opportunities to generate, link, and reuse biodiversity data, while
drawing new scientific communities into collections-based research and opening additional
avenues for investment and funding. These datasets will be most verifiable, repeatable, and
extensible themselves when they are anchored to vouchered specimens that can be revisited and
remeasured as technologies evolve. By embracing new analytical applications—while
maintaining rigorous standards for specimen stewardship—the herbarium community can
demonstrate that collections are not static archives of past utility, but dynamic research
infrastructures that support emerging disciplines and address ongoing ecological, evolutionary,
and conservation challenges. In doing so, spectral digitization provides new pathways to
safeguard and steward collections in perpetuity, diversify their user and funding bases, and
contribute to their digital repatriation (McAlvay et al., 2021; Pinheiro et al., 2024) under CARE
principles (Carroll et al., 2020; Hart et al. 2026). Together, these advances extend the scientific
and societal reach of natural history collections and reinforce their central role in addressing
global challenges.

Limitations
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Some aspects of metadata capture, including assessment of tissue condition and
developmental stage, involve subjective judgment and may vary among operators. The protocol
provides guidelines and examples in Appendix II of the IHerbSpec Protocol

(https://iherbspec.github.io/protocol/appendix2.html) aimed at minimizing subjectivity.

Differences in instrumentation and optical configuration can also introduce batch effects, even
when protocols are followed. Continued development of validation, harmonization, and
anomaly-detection methods will therefore be essential for cross-institutional analyses. In
addition, although the IHerbSpec metadata schema was designed for immediate community use,
it has not yet undergone formal governance within established biodiversity standards
frameworks; coordination with Biodiversity Information Standards (TDWG) will be necessary to
ensure long-term alignment.

Although spectral measurements are meant to be non-destructive, specimen handling and
use of a contact probe do entail some risk of damaging the specimens themselves, either through
excess illumination or mechanical damage, summarized in Table 2. These risks can be mitigated
through training of spectral digitizers and review of protocol guidelines.

Projects aimed at developing predictive models for traits such as leaf nitrogen and
phosphorus concentrations, carbon fractions (e.g., lignin and cellulose), or micronutrients may
require targeted destructive sampling of selected specimens to generate ground-truth data for
model building and validation. This is because the taxonomic and ecological breadth over which
current models can be confidently applied remains uncertain, and more trait data are needed to
improve model generalizability (Cavender-Bares et al., 2026). Recent work shows that models
can remain robust across specimen age and species but may perform less reliably when

phenological phases or functional groups represented in the target data are absent from the
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training set (Lee et al., 2026; Nichodemus and Meireles, 2026). Although herbarium specimens
can provide reliable sources of traits such as LMA, leaf thickness, and stable carbon or nitrogen
isotopes (Korner et al., 2016; Perez et al., 2020), other observed or spectrally estimated traits
may not closely approximate trait values of living leaf tissue because of drying, preservation, and
degradation effects, limiting their direct biological interpretation. We therefore, envision model
building and validation drawing on complementary sources of ground-truth data, including
recently-dried and pressed leaves (Serbin et al., 2014; Kothari et al., 2023), silica-dried leaf
material (Kothari et al., 2024), and controlled herborization experiments that explicitly quantify
changes associated with specimen processing (Quinteros Casaverde et al., 2024; Jackson, 2025).

Finally, measuring very small, thin, or structurally complex photosynthetic tissues (e.g.,
graminoids, cushion plants, succulents, terete or needle-like leaves) may require justified
deviations from the protocol’s minimum sampling requirements, such as collecting fewer replicate
measurements when tissue size and/or optical geometry limits the feasibility of making multiple
high-quality measurements.
Vision for Future Versions

The [HerbSpec Protocol provides a standardized measurement approach designed to
evolve alongside advances in instrumentation, digital infrastructure, and analytical
methodologies. Continued community use and empirical evaluation across taxa, specimen
conditions, instruments, and project scales will be essential for refining metadata standards,
improving data harmonization, and expanding guidance for measurements.

The current protocol focuses primarily on vascular plant leaves, reflecting the extensive
body of work on leaf spectra in plant physiology, functional ecology, and remote sensing

(Wessman et al., 1988; Gamon and Surfus, 1999; Cavender-Bares et al., 2025). Although the
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protocol does define tissue class codes for additional plant structures (see [HerbSpec Protocol

Table 4.6: Tissue Descriptor Codes; e.g., bract, OuterBark,
PhotosyntheticSucculentStem), measurement frameworks for these other tissues, as

well as other herbarium collections like lichens and bryophytes, remain to be developed (but see
(Hadlich et al., 2018, 2025; Guzman Q. et al., 2020; Stasinski, 2021). Establishing specific
protocols for these materials represents a key direction for future community coordination.

More broadly, the session—specimen—tissue metadata hierarchy developed here may
provide a useful template for other specimen-derived datasets beyond leaf reflectance spectra,
consistent with calls for community-driven, domain-aware standards for extended specimen data
(Kunkel et al., 2025). Similar standardization efforts will be important for other herbarium-based
measurements, including image-derived traits, molecular sampling, chemical assays, and
handheld X-ray fluorescence spectroscopy for estimating elemental concentrations in dried

leaves (van der Ent et al., 2019). Fields such as tissueDevelopmentalStage, hasGlue,
hasNonGlueContamination, and measurementFlags may be broadly useful for

documenting specimen suitability and measurement context across these applications.
Ongoing development is facilitated through the public GitHub repository

(https://github.com/IHerbSpec/iherbspec.github.io), which hosts the protocol code and deploys

the [HerbSpec website (https://iherbspec.github.io), providing a transparent platform for revision

and community engagement. As participation expands, structured governance—such as
subcommittees and leadership teams—will be necessary to balance inclusivity with efficient

coordination. Researchers, students, and collections professionals interested in contributing are

encouraged to visit the [HerbSpec Contact page (https://iherbspec.github.io/contact.html) to learn

about joining the working group and participating in community discussions.
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Table 1: Structure and content of the IHerbSpec Protocol

Protocol Part

Content Description

Preface

Abstract, frontmatter, and details about [HerbSpec.

Part 1: Overview

Overview of the core measurement procedure and associated metadata
fields, distinguishing required and recommended elements of the protocol.

Part 2: Workflow

Stepwise workflow for spectral measurement and metadata collection (Fig.
2).

Part 3: Filename
Conventions and
Formats

Standardized ‘Full” and ‘Simple’ file-naming conventions for spectral data
files (tissue, background, and calibration spectra), designed to link
measurements and ensure traceability. The simple filename convention is
streamlined for use during measurement sessions and should be converted
into full filenames at the point of data archival and sharing to enable
interoperability.

Part 4: Metadata
and Databasing

Metadata schema for herbarium spectral reflectance data. Three metadata
tables are organized into logical groups of session-, specimen-, and tissue
metadata. Additional tables describe controlled vocabularies for tissue
classes (e.g. adaxial leaf, abaxial leaf, bract, etc), tissue developmental
stage (e.g. young, mature, unknown, etc.), tissue descriptors (e.g.
AlcoholPresent, LichenPresent, etc.), and background and white reference
class codes (e.g. PaperBackground, BlackBackground). The part
concludes with guidance for data management, archiving, and sharing,
including recommendations to use the IHerbSpec Dataverse community
repository.

Part 5:
Instrumentations
and Materials

Guidance on instrumentation, materials, and measurement configuration.

Part 6: Tissue

Decision tree and considerations for selecting suitable herbarium tissues

Selection for spectral measurement.
Appendix I Data-driven guidance on the number of measurements per specimen.
Appendix II Examples and guidance for recording biological and preparation-related

sources of variation affecting spectral data in the [HerbSpec metadata.
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Table 2: Estimated incidence of accidental specimen damage during contact-based spectroscopy

of herbarium collections.

Type of destructive effect

Estimated relative
frequency (500 scanned
specimens¥)

Mitigation measures

Leaf detachment (detachment
at the petiole—stem junction)

2-3/500

Prefer already detached
leaves (e.g., mounted or
stored in protective sleeves or
packets) when available;
insert background materials
carefully to avoid mechanical
stress at attachment points
(leaf base, petiole base),
particularly in fragile tissues.

leaf from heat of contact
probe

Major cracks (visible 57500 Select flat, structurally intact
structural fracture across leaf areas; assess tissue
lamina) resistance before probe
contact; maintain proper
Superficial cracks (minor 10 /500 probe alignment with minimal
surface fissures without full pressure (especially when
rupture) using small ~10 mm probes);
) avoid lateral movement once
Probe perforation 2/500 contact is made; and use extra
care near fragile (e.g.,
Partial border breakage 5/500 deteriorated margins,
(fragment loss along leaf damaged areas) or
margin) unsupported regions (e.g.,
areas near prominent veins).
Burning or discoloration of 1/500 Test instrumentation on thin

or delicate leaves prior to
measurement; use low light
intensity with longer
integration times to minimize
heat exposure; and regularly
clean the probe surface to
prevent transfer of particles,
dust, or residues between
specimens.

*Data compiled from Boughalmi et al. (2025) and additional spectroscopy campaigns conducted
by the same research group. Frequencies represent the number of damaged specimens relative to
a cumulative total of 500 herbarium specimens scanned across two spectroscopy campaigns
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815  conducted between 2024 and 2026 at Muséum National d’Histoire Naturelle (P), Naturalis
816  Biodiversity Center (WAG, L), and Université¢ de Montpellier (MPU).
817
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FIGURE LEGENDS

Fig. 1. Specimen and tissue selection workflow and bench measurement setup. (A)
Specimen and tissue selection decision tree. The first step (top) prioritizes specimens that are
generally suitable for measurement (mature, intact, flat, and with minimally contaminated areas),
unless the specimen is of unique importance. The second step prioritizes tissues that permit
insertion of a thin non-reflective black background behind the target tissue. As stated in Part I of
the IHerbSpec Protocol, insertion of a black background is required whenever possible to
minimize spectral contamination from mounting materials. However, this is not always feasible
for certain mounted or otherwise valuable specimens; in such cases, measurements may still be
collected provided that background conditions and potential sources of contamination are
explicitly documented in the metadata. The final step emphasizes selecting tissue areas that are
as representative and uncontaminated as possible (e.g., avoiding glue, epiphylls, or herbivory
where feasible). (B) Bench setup for spectral measurement. Figure A reproduced from

IHerbSpec Protocol (CC BY 4.0).

Fig. 2. Schematic of the IHerbSpec Protocol v1.3 measurement workflow. Steps 14
illustrate instrument and materials setup, measurement of white and black references and
calibrated standards, and recording of session-level metadata associated with these activities.
Steps 5-9 illustrate the tissue measurement sequence, filename and data quality validation,
scoring of specimen- and tissue-level metadata, and annotation of project information on
herbarium specimens. The protocol requires a minimum of three and a recommendation of five
or more measurements (see Appendix I of the protocol) for both adaxial and abaxial leaf surfaces

across the specimen, providing sufficient tissue is available and suitable for measurement. Plants
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with small, terete, or otherwise challenging leaves for measurement might not be able to meet
this requirement (see Vision for Future Versions section). Figure reproduced from IHerbSpec

Protocol (CC BY 4.0).

Fig. 3. The effect of background on tissue spectral profiles. The [HerbSpec Protocol requires
placement of a low-reflectance black background beneath tissues to minimize background
contamination in reflectance data. (A) Reflectance spectra of reference and background materials
measured during a session, including the white reference panel (White, colored blue), the black
background (Black), gray backgrounds, and representative herbarium mounting papers. These
background materials exhibit distinct spectral signatures, particularly outside the visible range
(400—700 nm). Plots show full-range (350-2500 nm), unprocessed reflectance data measured
with the Spectral Evolution NaturaSpec and Surface Probe. (B) Difference spectra showing
adaxial leaf reflectance measured on a black background minus reflectance measured at the same
leaf surface location on alternative backgrounds, illustrating wavelength-dependent background
effects on tissue measurements. (C—D) Reflectance profiles of the same leaf measured on
different backgrounds for two target classes: leaf abaxial (TCAB; panel C), and leaf adaxial
(TCAD; panel D) surfaces. Measurements taken over black and gray backgrounds consistently
show lower reflectance than those taken over white reference material and white to yellowed
herbarium papers. Across panels, background effects are most pronounced in the 800—-1800 nm
region, corresponding mostly to the near-infrared (11002000 nm), with weaker but detectable

effects in the visible (400—700 nm) and longer-wavelength SWIR (2000-2500 nm).
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Fig. 4. Instrument and spatial heterogeneity in herbarium leaf reflectance measurements.

Reflectance spectra collected from the same dried leaf (Betula papyrifera; NEBC00636882;

tissue condition scoring in IHerbSpec Protocol Appendix II) using two spectroradiometers with
different optical configurations: a Spectral Evolution NaturaSpec with a 2 mm field of view and
an SVC HR-10241 with a 22 mm field of view. Spectra were trimmed to 4002400 nm and
plotted with the ggplot2 R package (Wickham, 2016). Colored circles on the leaf image indicate
measurement locations corresponding to the plotted spectra (circles not drawn to scale).
NaturaSpec measurements include normal lamina tissue, midvein, pathogen-damaged tissue, oft-
target measurement including some black background, and reference measurements of the black
background and white standard. The SVC measurement represents a standard lamina
measurement integrating reflectance over a substantially larger sampling area. Spectral regions
are shaded to indicate the visible range (VIS, 400—700 nm; rainbow band), near-infrared (NIR,
~700—-1400 nm), and shortwave infrared (SWIR1, ~1400—-1900 nm; SWIR2, ~2000-2500 nm).
Differences among spectra illustrate how optical configuration and fine-scale tissue

heterogeneity influence reflectance profiles across the visible to shortwave infrared spectrum.

45


https://kiki.huh.harvard.edu/databases/specimen_search.php?mode=details&id=613000
https://iherbspec.github.io/protocol/appendix2.html#tbl-a-1

