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Abstract

The massive stream of hyperspectral Earth Observation (EO) data presents huge
opportunities for vegetation remote sensing. Recent advances in machine learning
and foundational models have demonstrated a remarkable capacity to retrieve
plant functional traits directly from spectral reflectance. Field spectroscopy pro-
vides the critical link between hyperspectral EO and plant functional traits. It
delivers ground reference data on which trait-retrieval models depend. Yet, the
full potential of existing spectroscopic datasets remains largely unreleased, owing
to fragmented data distribution, inconsistent documentation, and heterogeneous
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preprocessing practices across the community. Here, we present a harmonised
spectral library for Arctic tundra vegetation. Compiled from more than 100
hyperspectral datasets and spanning 25 years of field campaigns, we integrated
~ 32,000 hand-measured vegetation reflectance spectra. Based on more than
600 working hours, our efforts revealed recurring, systematic challenges in data
discoverability, metadata completeness, geospatial and temporal reporting, and
pre-processing transparency. We document these challenges, identify their con-
sequences for machine learning applications, and derive a practical checklist of
minimum standards for field spectroscopy data collection, documentation, and
sharing. Although grounded in the Arctic biome, the harmonisation workflow
and recommendations are transferable across vegetation types and sensor con-
figurations. This contribution aims to raise community awareness and promote
the open data practices needed to fully realise the ecological potential of the
hyperspectral era.

Keywords: spectral library, hyperspectral data, field spectroscopy, data
harmonization, benchmarking dataset, FAIR data, machine learning, Arctic tundra,
Antarctic vegetation

1 Introduction

Spectroscopy, the measurement of reflected light across hundreds of contiguous, narrow
wavelength bands, has recently emerged as an operational tool in Earth Observation
(EO). This tool offers ample opportunities to boost our abilities to observe the com-
position and the status of ecosystems across the Earth’s surface. While multispectral
sensors capture only a handful of broad spectral bands, hyperspectral sensors resolve
the full optical spectrum at fine spectral resolution, encoding detailed biochemical
and structural information about vegetation that broadband sensors fundamentally
cannot retrieve [1, 2]. Early hyperspectral instruments were largely confined to air-
borne platforms and experimental campaigns. The launch of hyperspectral satellites
marked a turning point. Nowadays, globally accessible, freely available hyperspectral
imagery with increasing quality due to improving noise reduction is scientific real-
ity [3]. This transition is set to accelerate further with the Copernicus Hyperspectral
Imaging Mission for the Environment (CHIME), an upcoming ESA mission that will
provide systematic, high-revisit hyperspectral coverage of the Earth’s land surface [4].
Together, these missions represent the foundation of a new era in vegetation remote
sensing that generates data volumes and spatial coverage that no traditional empirical
analysis pipeline can realistically process.

Machine learning (ML) offers a promising path to exploiting this expanding hyper-
spectral data stream. Algorithms ranging from random forests to deep neural networks
have demonstrated remarkable capacity to retrieve plant functional traits directly from
spectral reflectance [5-7]. Current advances in foundational models direct towards
promising future research in this field. Yet the performance, generalisability, and
ecological credibility of these models are fundamentally constrained by the quality,
quantity, and representativeness of the training data used to build them. Without
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high-quality, well-characterised ground reference data, even the most sophisticated
ML model risks learning spectral artefacts rather than meaningful ecological signals
[8]. The bottleneck in hyperspectral vegetation science is therefore not satellite data
but the ground reference.

Among the most insightful ecological targets that hyperspectral remote sensing is
able to retrieve are plant functional traits, i.e. different measurable characteristics of
plant parts exposed to the sensor [9], such as leaf chlorophyll content, specific leaf
area, leaf water content, or canopy structure [10]. Plant traits mediate the exchange
of energy, water, and carbon between vegetation and its environment [11]. Moreover,
they reflect the capacity of vegetation to adapt to environmental conditions and are
therefore essential for modelling and understanding ecosystem processes, status and
health [12, 13]. The distribution and diversity of traits across a plant community rep-
resents its functional identity across space and time. Exploring these patterns allows
quantifying plant functional diversity, tracking shifts in vegetation composition under
environmental change, and supporting biodiversity monitoring at scales far beyond
what in-situ surveys alone can achieve. At the landscape level, spatially explicit spec-
tral information forms the basis for mapping trait-based functional patterns, while
conventional, multispectral vegetation indices such as the widely applied Normalized
Difference Vegetation Index (NDVI, [14, 15]) continue to provide operational insights
into ecosystem condition and vegetation health. Realising the full potential of hyper-
spectral data for plant trait retrieval and functional diversity monitoring at any of
these scales requires that ML models are trained on ground reference data that is (i)
well documented, (ii) precisely labelled, (iii) ecologically meaningful, (iv) spectrally
accurate, and (v) broad enough in its coverage to support robust generalisation.

A successful integration of remote sensing and plant ecological concepts requires
careful matching of spatial scales of in-situ plant trait data with space- or air-borne
observations. Field spectroscopy is one useful bridge for linking canopy reflectance
spectra to plant traits [16]. By measuring the spectral reflectance of individual leaves,
plant canopies, or mixed vegetation under controlled or ambient illumination, the in-
situ measurement of surface reflectance using hand-held instruments allows to capture
optical signals that resemble reflectance spectra recorded by a space-borne sensor.
Additionally, it delivers a resolution and ancillary information that allows to disen-
tangle the physical and biological drivers of the spectral signal [17]. Despite obvious
differences in viewing and illumination geometry as well as atmospheric influences,
these measurements underpin the calibration and validation of airborne and satellite-
borne sensors, enable the development and testing of radiative transfer models, and
provide the labelled training data that ML models require to learn the mapping
between spectral reflectance and plant traits [18]. At the landscape scale, com-
bined with co-located trait measurements, field reflectance spectra support functional
analyses that bridge in-situ ecology and landscape-level remote sensing [19, 20].

Despite the foundational importance of field spectroscopy, acquiring such data is
labour-intensive, equipment-intensive, and often logistically demanding. Campaigns
must handle rapidly changing illumination conditions, instrument thermal drift, imper-
fect reference panel measurements, and the challenge of ensuring adequate spatial and
plant species-level replication within limited field time. These challenges are amplified
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in remote or high-latitude regions: in the Arctic tundra, for instance, campaigns must
be compressed into brief seasonal windows, conducted across difficult terrain, and
managed under weather conditions that directly affect spectral measurements [21]. In
general, field spectroscopy datasets tend to be relatively small, collected under varying
protocols, and produced by research groups with different instrumentation, software,
and documentation practices.

In this study, we refer to the definitions by Schaepman-Strub et al. [22] in order to
describe the regarded reflectance quantities, where spectral radiance is the "radiant
flux in a beam per unit wavelength and unit area and solid angle”. Reflectance data
are generated either as non-calibrated digital numbers (DN) or calibrated radiance
values. It is ”the ratio of radiant exitance with irradiance” [22] and is expressed dimen-
sionless on an interval from 0 to 1. By measuring the target object in relation to a
reference surface (i.e. a Spectralon(C) reference panel), vegetation or plant reflectance
can be constructed (i) as a plant canopy or single-species measurement under ambi-
ent illumination (i.e. sun and sky), (ii) as a measurement of target and reference with
artificial illumination using a leaf clip or a high intensity reflectance probe (HIRP)
in the field, (iii) based on sampled material using a leaf clip or HIRP, or (iv) under
laboratory conditions using different setups.

A considerable body of field spectroscopy data has been accumulated by the eco-
logical remote sensing community over the past three decades. However, its storage,
accessibility, and documentation remain highly heterogeneous. Data are scattered
across specialised repositories, such as PANGAEA (Data Publisher for Earth & Envi-
ronmental Data, https://www.pangaea.de/), EcoSIS (Ecological Spectral Information
System, https://ecosis.org), and the USGS spectral library (https://www.usgs.gov/),
but also across journal supplementary materials, institutional servers, and private hard
drives that are effectively inaccessible to the broader community. Datasets that are
publicly available commonly exhibit inconsistencies in file formats (e.g. proprietary
instrument output versus plain-text ASCII or CSV exports), metadata complete-
ness and structure, pre-processing choices (e.g. spectral smoothing, interpolation,
reflectance calibration procedures), and measurement protocols (e.g. illumination
geometry, reference panel type and frequency, replication schemes, and target defi-
nition). This heterogeneity is not merely an inconvenience and has been addressed
by the efforts for establishing standardized protocols in the past [23, 24]. Tt directly
undermines the reproducibility of spectroscopic analyses, limits cross-study and cross-
biome comparability, restricts the transferability of trained ML models to new sites
or sensors, and makes automated data integration - a prerequisite for assembling the
large, diverse training sets that modern ML requires - exceptionally difficult.

This study grows from a concrete and ambitious effort: the assembly of a harmonised
hyperspectral benchmarking dataset for Arctic tundra vegetation, designed to train
ML algorithms for plant trait retrieval from hyperspectral imagery. To construct it,
we compiled and harmonised 111 individual spectral datasets from 74 sources, span-
ning field campaigns conducted between 1999 and 2023 by different research groups
across multiple Arctic and Antarctic sites, integrating a total of 31,647 hand-measured
vegetation reflectance spectra. Although built on a specific application, the challenges
we encountered, and the solutions we developed, are universal. The workflow we
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describe for gathering, evaluating, and harmonising field spectroscopy data is general-
isable across biomes, sensor types, and ecological applications. Here, we use the Arctic
benchmarking dataset as an exemplary case to make those challenges concrete and
tangible.

Based on this experience, we identify and structure the recurring technical, struc-
tural, and conceptual obstacles that arise when integrating large, multi-source spectral
datasets. From these, we derive practical recommendations for field spectroscopy data
collection, pre-processing, documentation, storage, and sharing. Our broader goal is
to raise awareness within the hyperspectral vegetation community of the hidden costs
of inconsistent data practices, and to advocate for workflows that serve both the data
collectors who invest in field campaigns and the data users, including ML practition-
ers, who depend on the resulting datasets. In doing so, we hope to contribute to the
development of more robust spectral libraries and benchmarking datasets that can
fully leverage the hyperspectral EO era now underway.

2 Results

2.1 The Spectral LiBroyRy: a hyperspectral dataset for Arctic
tundra vegetation

fussia m—e share of data
ussia
share of land mass

!
A\ Canada

\ -
Greenland
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number of sites 1 2 & @ @

Fig. 1 Left side: spatial distribution of sampling sites across the Arctic region (60°N - 90°N) rep-
resented in the hyperspectral dataset shown as hexagonal binning of site density. Hexagon colour
intensity reflects the number of sites per &~ 100 km hexagonal bin, with darker colour indicating
higher site density. Country borders are shown in grey. Right side: the percentage share of landmass
on total Arctic land by country (coloured lines) compared to the percentage share of measurements
by country (grey lines). Data from Antarctica are shown in a separate map in the Appendix (Figure
A1). Projection: polar stereographic.
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The presented spectral library integrates numerous hyperspectral measurements
from 109 datasets across the Arctic region (Figure 1 left) and two datasets including
~ 520 individual measurements from Antarctica (Figure A1). A substantial proportion
of measurements, i.e. > 75%, stem from various campaigns in Alaska (USA), followed
by Siberia (Russia). Measurements from European countries contribute ~ five % of
the total dataset. Although the proportion on the total dataset is comparably low,
the research sites are spatially distributed across Europe, including Greenland and
Svalbard (Norway) (Figure Al).

The dataset comprised 31,647 spectral records collected across a range of mea-
surement conditions and instrument configurations. The majority of records were
acquired from canopy-level targets (87.6%), with leaf-level measurements representing
a smaller but notable proportion (5.9%); surface, twig, litter, bark, and flower targets
collectively accounted for less than 2.5% of records. Target metadata were absent for
4.3% of records. Regarding vegetation status, most reflectance spectra were collected
from live vegetation (85.8%), followed by fresh (i.e., recently harvested or moisture-
assessed) material (10.4%). Senescent, dead, dry, and degraded tissue states together
represented less than 1% of records, while vegetation status metadata were missing for
1.9% of records. Thirteen distinct field spectroradiometers were employed across con-
tributing datasets, with the UniSpec DC (36.9%), GER1500 (19.2%), and HR-1024i
(17.2%) accounting for the majority of measurements. ASD FieldSpec instruments in
various configurations contributed a further 7.2% of records collectively. The remain-
ing instruments, including the SR-2500, PSR+3500, UniSpec SC, and Specim 1Q, each
accounted for less than 9% of records individually.

2.1.1 Species Inventory

Complete taxonomic information at the family, genus, and species level was avail-
able for 5,739 records (18 % of the full dataset), which formed the basis of the
species inventory (Table Al and Figure 3). The species inventory comprised 216 taxa
across 57 families and 108 genera, representing three major functional groups: vas-
cular plants (n = 27 families, 57 genera, 113 species), lichens (n = 20 families, 41
genera, 77 species), and bryophytes (n = 13 families, 19 genera, 42 species). Vascular
plants constituted the most species-rich group, dominated by Salicaceae (16 species),
Ericaceae (16 species), and Poaceae (11 species), reflecting the characteristic domi-
nance of shrubs, dwarf shrubs, and grasses in arctic tundra vegetation. Within lichens,
Parmeliaceae (26 species) and Cladoniaceae (19 species) together accounted for 56 %
of lichen diversity, consistent with the prominence of foliose and fruticose growth forms
in high-latitude ecosystems. Bryophyte diversity was concentrated in Sphagnaceae
(16 species), Polytrichaceae (5 species), and Dicranaceae (4 species), underscoring
the ecological importance of Sphagnum-dominated communities in moisture-retaining
microhabitats characteristic of arctic tundra.

2.1.2 PCA and PERMANOVA

In both PCAs (Vis-NIR and Vis-SWIR), the first two principal components were suffi-
cient to explain > 90% of total spectral variance (PCA 1: PC1 = 75.5%, PC2 : 21.0%,



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

PCA 2: PC1 = 75.7%, PC2 : 16.0%, Figure 4), indicating a highly compact low-
dimensional structure characteristic of vegetation reflectance spectra. PC1 captures
overall reflectance magnitude and the contrast between VIS absorption and NIR
reflectance across the red edge (= 700 nm, Figure 4). In the second PCA (Vis-SWIR),
PC2 contrasts the NIR plateau against SWIR reflectance, reflecting a gradient in vege-
tation water content, while PC3 captures pigment-specific absorption in the VIS, with
prominent features corresponding to chlorophyll a and b absorption bands (= 450 nm,
~ 680 nm) and lignin- and cellulose-related absorption in the SWIR (> 2000 nm).

PERMANOVA on standardized PC1-PC2 scores revealed significant effects of both
biological and acquisition-related variables on spectral variance, though with markedly
different effect sizes (Table 1). Among biological variables, vegetation status explained
a greater proportion of spectral variance (R? = 0.064) than measurement target (R? =
0.031), with both terms significant (p = 0.01). Together, biological variables accounted
for 9.5% of total spectral variance, with 82.8% remaining unexplained within groups.
Among acquisition-related variables, dataset subset was by far the strongest predictor
of spectral variance (R? = 0.374, p = 0.01), exceeding the combined explanatory
power of all biological variables by a factor of approximately four. Geographic region
contributed a small but statistically significant proportion of variance (R? = 0.001,
p < 0.05), while instrument identity showed no independent effect on spectral variance
(R? < 0.001, p = 1.00), suggesting that cross-instrument differences were negligible
after data harmonization. Acquisition-related variables collectively explained 37.4% of
spectral variance, with 51.3% attributed to residual within-group variation.

Table 1 Results of permutational multivariate analysis of variance (PERMANOVA;
adonis2, 999 permutations, Euclidean distance) on standardized PC scores
(PC1-PC2, VIS-NIR PCA) of a stratified subsample of the Arctic tundra spectral
library (n = 3,667 spectra). Biological variables (measurement target, vegetation
status) and acquisition-related variables (instrument, dataset subset, geographic
region) were tested in separate models with marginal effects (by = "margin”). R?
values indicate the proportion of total spectral variance explained by each term.

Model Term df R? F
Measurement target 5 0.0314 23.54 p=0.01
Biological variables Vegetation status 9 0.0638 26.58 p = 0.01
Residual 3107  0.8283
Instrument 1 0.0000 0.00 p=1.00
Acauisition variables Dataset subset 86 0.3737 25.58 p=0.01
q Geographic region 1 0.0007 4.40 pi0.05
Residual 3018 0.5126

Despite the statistical significance, centroids of all factor groups were broadly dis-
tributed across the PC space without forming discrete clusters (Figure 5), consistent
with the low R? values obtained from PERMANOVA and indicative of continuous,
multifactorial spectral variation. The most strongly separated centroids along PC2
corresponded to flower reflectance spectra (measurement target; PC2 = —1.68), the
GERI1500 instrument (PC2 = —2.08), and dry vegetation status (PC2 = —1.18),



0 suggesting that this axis captures variation associated with desiccation and specific
51 spectral response characteristics of individual instruments. In contrast, PC1 was not
s clearly associated with any single metadata variable.
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Fig. 2 Distribution of spectral records across key metadata variables: (A) instrument, (B) research
target, and (C) vegetation status. Values represent the percentage of total records (n = 31,647).
Vegetation status entries originally classified under moisture assessment protocols were reassigned to
the ”Fresh” category prior to analysis. Missing metadata are shown as "NA”.



Fig. 3 Sunburst diagram illustrating the taxonomic composition of the species represented in the
current version of the spectral library (n = 5,739 records that included the relevant taxonomic infor-
mation), organized into three functional groups: vascular plants, bryophytes, and lichens (inner ring).
The second ring shows families, and the outer ring shows genera with the number of recorded species
in parentheses. Segment size is proportional to species richness. A summarising table can be found in
the appendix (Table Al). An interactive version of the diagram was created using the plotly-package
in R [25] and can be accessed here: Figure 3 online.
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Fig. 4 PCA loadings of the Arctic tundra spectral library. (A) Loadings of the first two principal
components (PCl: 75.57%, PC2: 20.9%) derived from a PCA of all instruments across the Vis-
NIR range (400-1000 nm; n = 23,834 reflectance spectra). (B) Loadings of the first three principal
components (PC1: 75.74%, PC2: 16.08%, PC3: 3.46%) derived from a PCA restricted to broadband
instruments covering the full Vis-SWIR range (400-2500 nm; n = 6453 reflectance spectra). Grey
shaded regions indicate atmospheric water absorption bands excluded from analysis.
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of spectral variability in the database.

12



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

3 Discussion

A first class of challenges arose before any data could be examined: simply locating
and deduplicating available datasets. Several datasets were distributed across multiple
platforms under different titles, with no cross-referencing between them. Undetected
duplication of this kind directly biases a spectral library by overrepresenting certain
sites, species, or campaigns. This problem is particularly insidious because it is invisible
in the final dataset without prior knowledge of the source material. Discoverability
is further hampered by the absence of standardised, machine-readable metadata at
the repository level, which prevents automated search and deduplication and forces
time-intensive manual curation.

The most consequential challenge, however, was the fragmentation and internal
inconsistency of dataset documentation. In the ideal case, all information necessary to
interpret a spectral dataset, i.e. measurement protocol, instrument settings, prepro-
cessing steps, and sample descriptions, is contained in a single, comprehensive data
description document published alongside the data. In practice, essential metadata
were frequently scattered across the dataset file itself, the repository landing page, a
separate data description, and one or more associated research articles, requiring cross-
referencing across sources to reconstruct a complete picture. More problematic were
cases in which information from different sources was contradictory. In one instance,
the data description stated that only hydrated samples had been measured, while the
dataset itself gave no hydration information except for a single entry labelled ”dried” in
the notes column. Inconsistencies of this kind cannot always be resolved and introduce
irreducible uncertainty into the harmonised product.

Harmonisation of file formats and data structures posed practical but generally
tractable difficulties. The conventional CSV structure with one row per record and
one column per wavelength or descriptive parameter is well understood and widely
adopted, but many datasets deviated from it in ways that required manual interven-
tion: transposed axes, long-format tables, mixed metadata rows inserted between data
rows, or proprietary binary formats without accompanying reader software. Advanced
formats such as HDR are better suited to large hyperspectral datasets and are likely to
become increasingly important as data volumes grow. The most time-intensive cases
involved structurally malformed files, where metadata columns had been transposed
into rows and interspersed irregularly with data records, necessitating row-by-row
manual correction.

Geospatial and temporal metadata were inconsistently reported across nearly all
sources. Exact measurement coordinates were frequently absent, replaced by gen-
eral site coordinates or, in some cases, only a site name. In remote regions with
few formally registered place names, or where common names recur across a large
area (such as "Eagle Creek” in Alaska) rendered measurement locations unidentifi-
able. Reliable timestamp information was available for only 5,104 of 31,647 reflectance
spectra (16.1%) after conversion to UTC. For the remaining reflectance spectra, time-
zone information was either absent or flagged as unreliable, hampering consistent
cross-dataset time harmonization. Consequently, the potential influence of measure-
ment time and season on spectral variability could not be systematically assessed.
Among reflectance spectra with valid timestamps, recordings were concentrated in

13
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June through August, reflecting the typical Arctic field season, with no representa-
tion of other seasons sufficient for a meaningful phenological analysis. Diurnal effects
on reflectance mediated through solar elevation angle and diffuse-to-direct radiation
ratio therefore remain an unquantified source of variability in the present database.
However, this parameter should be considered in future data collection efforts through
systematic recording of acquisition time and timezone in a standardised format.

Where times were recorded, inconsistent use of 12- and 24-hour formats, ambigu-
ous or incorrect time zone specifications, and imprecise date ranges (e.g. ”austral
summer 2018” or "end of January 2018”) complicated or prevented reliable temporal
harmonisation.

The greatest harmonisation effort was required for research object descriptions
which contain the textual labels that identify what was measured. These ranged from
precise binomial species names to vague community descriptions, surface type labels,
and in one case, photographs with no accompanying text, requiring manual image
interpretation. A recurring problem was the use of self-defined, undocumented abbre-
viations for species names: abbreviations such as ”carpra” or ”sapu” are ambiguous
across multiple taxa (Cardamine pratensis or Carez prasina; Saliz pulchra or Sazifraga
punctata) and could not be resolved unambiguously without external confirmation.
Equally problematic was the mixing of measurements at fundamentally different levels
of biological organisation, such as individual leaves, whole canopies, mixed communi-
ties, and bare surfaces within a single descriptive column, without an explicit indicator
of measurement target. For machine learning applications, where training labels must
be consistent and unambiguous, this lack of hierarchical, standardised classification
is a critical limitation: it forces manual re-labelling that is both labour-intensive and
introduces subjective decisions into the training data.

Finally, heterogeneous data processing constituted a structural challenge that can-
not be fully resolved in post-hoc harmonisation. Raw data are unambiguous and
maximally flexible; preprocessed data carry embedded assumptions about smoothing,
interpolation, and averaging that are difficult or impossible to reverse and that vary
in ways that affect downstream model behaviour. Many datasets in the library had
already undergone processing to varying degrees and with varying levels of documen-
tation, making it impossible to achieve a fully standardised processing baseline across
the full dataset. The reporting of reflectance values compounded this: without explicit
specification of whether values are given as decimal fractions or percentages, datasets
containing values exceeding 1.0 are ambiguous and it remains unclear whether such
values represent valid percentage-scale reflectances or measurement errors.

The spatial distribution of sampling sites compiled in the harmonised dataset
reveals a pronounced geographic bias that is unlikely to reflect the true ecological
diversity of the Arctic (Fig. 1). Siberia and Canada are markedly underrepresented
relative to their share of circumpolar landmass, while Alaska contributes a dispro-
portionately large number of reflectance spectra despite its comparatively small areal
extent. This imbalance is not primarily an ecological sampling problem, it rather is
a data access problem. It reflects the heterogeneous structure of existing archives,
compounded by differences in language, data-sharing culture, and open-data infras-
tructure across national research communities. That a dataset assembled from over
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two decades of field campaigns across the circumpolar Arctic should be so geograph-
ically skewed is, in itself, a diagnostic finding: it points to systemic fragmentation in
how spectroscopic data are collected, stored, and shared within the community. The
approximately 600 working hours required to compile, evaluate, and harmonise the
111 datasets underlying this library make those hidden costs tangible. The challenges
we encountered in the process are therefore not incidental but they are characteristic
of the current state of field spectroscopy data in ecological remote sensing, and we
discuss them here as a community-level issue rather than a dataset-specific one.

The spectral variability structure of the assembled Arctic tundra spectral library
reflects the complex interplay of biological, ecological, and methodological factors
inherent to multi-source field spectroscopy databases. The finding that only two princi-
pal components were sufficient to explain 96.4% of total spectral variance is consistent
with the well-established low intrinsic dimensionality of vegetation reflectance spec-
tra [26], especially when considering leaf-level reflectance spectra or those of low
dimensional canopies. They are largely influenced by a small number of co-varying
biochemical and structural properties such as chlorophyll content, leaf water content,
and canopy architecture [27]. This compact variance structure suggests that, despite
the heterogeneous origin of the reflectance spectra, the database captures a coherent
continuum of Arctic tundra optical properties rather than a collection of spectrally
incompatible measurements. The modest but statistically significant contributions of
measurement target (R? = 0.033) and vegetation status (R? = 0.049) to spectral
variance confirm that biologically meaningful signal is preserved across the database.
The separation of flower and litter reflectance spectra from canopy measurements
along PC2, and the systematic displacement of dry and dehydrated vegetation status
centroids, are consistent with known spectral effects of pigment composition, water
content, and structural organization [28, 29]. These findings validate the potential of
the database for trait-oriented analyses. Further, they underline the importance of
stratifying by measurement target and vegetation status in downstream applications
to avoid a confusion of biological gradients and sampling artefacts. The surprising
absence of an independent instrument effect (R? < 0.001) is of particular inter-
est, as it suggests that cross-instrument spectral differences are not a primary driver
of variance in the harmonized dataset. However, this result should be interpreted
with caution as the dataset underwent several pre-processing and data cleaning steps
in order to be in a operational shape. Further, the envfit-based centroids revealed
systematic displacement of specific instruments along PC2, most prominently the
GER1500 (PC2 = —2.08) and ASD FR (PC2 = —1.40). This results indicates that
instrument-specific spectral response characteristics do influence spectral positioning
within the PC space even if their marginal contribution to total variance as estimated
by PERMANOVA is negligible.

Disentangling instrument-induced bias from genuine ecological signal remains a
methodological challenge in multi-source spectral databases. As a solution, continuing
harmonization efforts might consider explicit cross-instrument calibration or transfer
function approaches.

The strongest single predictor of spectral variance was dataset subset (R? = 0.300).
They represent individual measurement campaigns rather than a coherent ecological
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or methodological variable. This finding most likely reflects the compounded influence
of various campaign-specific factors, including differences in target species composi-
tion, phenological timing of measurements, local meteorological conditions, observer
protocols, and preprocessing workflows.

The magnitude of this effect highlights a fundamental challenge in assembling
multi-source spectral libraries: campaign identity captures a broad mixture of ecolog-
ical and methodological variance that cannot easily be decomposed without detailed
campaign-level metadata.

The weak geographic signal (R2 = 0.001, p = 0.08) may appear surprising given
the broad spatial extent of the database, spanning regions from Alaska and Svalbard
to Siberia and Antarctica. However, this finding is consistent with the observation that
Arctic tundra plant functional types share broadly similar spectral properties across
regions, with within-site variation often exceeding between-region differences. It may
also reflect the uneven geographic sampling of the database, with Alaska contribut-
ing the majority of reflectance spectra, potentially suppressing detectable regional
gradients.

The challenges described above are not unique to Arctic tundra spectroscopy, nor
to this dataset. They are structural features of a research culture in which data sharing
has been, until recently, an afterthought rather than an integral part of the scientific
workflow. The rapid expansion of hyperspectral EO capacity with operational missions
such as EnMAP already generating global data streams and CHIME set to follow is
transforming the stakes of this issue. Machine learning models capable of retrieving
plant functional traits from satellite imagery at continental scale are within reach, but
their ecological validity depends entirely on the quality, diversity, and interoperability
of the field spectroscopy datasets used to train and validate them. A spectral library
assembled from poorly documented, inconsistently labelled, and heterogeneously pre-
processed data will produce models that are difficult to interpret, hard to validate,
and unlikely to generalise reliably across biomes or sensor configurations.

The transition required is neither technically complex nor resource-intensive. It is
primarily a shift in norms. Adopting consistent coordinate reporting, structured and
hierarchical target descriptions, raw data publication, and comprehensive standalone
data descriptions costs little at the point of data collection but yields compounding
returns as datasets are reused, integrated, and built upon by the community. The FAIR
principles (Findable, Accessible, Interoperable, Reusable) provide a well-established
framework for this transition [30]; what the spectroscopy community needs is their
concrete translation into discipline-specific practice. The checklist we provide in the
Conclusions section is intended as a practical first step in that direction. Not a compre-
hensive standard, but a set of minimum expectations that, if adopted broadly, would
substantially reduce the friction of future harmonisation efforts and strengthen the
ecological credibility of hyperspectral machine learning at scale.

4 Conclusion

Based on our experiences of data collection and harmonisation, we propose the follow-
ing recommendations to increase the reusability of the data and enhance its potential
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for implementation in for ecological applications, such as machine learning models.
A checklist for personal use is provided in the Supplementary Material. In addition,
we provide a living document open for suggestions from the community on GitHub
(Spec-Lib-Wiki).

Distribution

® Provide each dataset in a single primary repository. If distribution across multiple
platforms is necessary, use the identical title on all platforms and clearly cross-
reference the alternative distribution locations.

® Publish related datasets as a coherent data series with a common citation, rather
than as multiple independent single datasets.

e Explicitly state the recommended citation format for the dataset.

® Whenever possible, publish raw data. Preprocessed data may be provided addition-
ally, but should not replace the raw data.

Documentation

e [n addition to the dataset itself, publish a comprehensive data description document
that contains all information relevant to the dataset.

® The data description should provide detailed documentation of all technical aspects
of the measurement campaign, including environment, light source, instrument,
measurement setup, and, where applicable, preprocessing procedures. All descrip-
tive parameters included in the dataset should be clearly explained and their units
be specified.

® In the data description, explicitly highlight the presence of a substantial number of
erroneous or invalid values, if applicable, and briefly discuss potential causes.

® No information relevant to the published dataset should appear exclusively on the
distribution platform or in associated research articles without also being included
in the data description document.

® Generalized statements in the data description and on the distribution platform
must apply to every sample in the dataset.

® Preferably choose a distribution platform that requires only minimal generalized
metadata and allows for detailed dataset-specific documentation.

File Formats and Data Structures

® Provide the dataset in CSV format, optionally in addition to more advanced file
formats.

® In the CSV file, use the following structure: each record represented by one row,
and each descriptive parameter and wavelength represented by one column.

® Carefully check the dataset for formatting errors prior to publication.

o Within a data series, consistently use the same structure, identical column names,
and consistent units across all datasets.
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Descriptive Parameters

® Always provide the geographic coordinates of the measurement location for field

measurements and of the sampling location for laboratory measurements. Coordi-
nates are more important than the site name. Decimal degrees are recommended.
Provide the date (day-level precision) of the measurement. For laboratory measure-
ments, additionally provide the date of sample collection.

Provide the time of measurement for field measurements. The 24-hour clock format
(HH:MM) is recommended; seconds are not required.

® Always use local time and clearly specify the corresponding time zone.
® Use research object descriptions that are as consistent as possible and provide classi-

fications at different levels: In addition to a precise (yet as standardized as possible)
research object description, include a separate column indicating whether the object
represents vegetation, water, ground material, or mixed reflectance spectra thereof.
Add further columns for lower-level classifications where appropriate (e.g., division
or growth habit for individual species).

Use a dedicated column to specify the species. Provide full species names or unam-
biguous abbreviations from official systems (e.g., the USDA Plant Database). Do
not use self-defined abbreviations in the officially published version of the dataset.
Always specify the measurement target, particularly for measurements of individual
species.

Do not include information in the notes column that applies to every measurement.
Instead, create dedicated columns for such information. Vegetation status (e.g., live,
dead, decayed, moisture content) and light conditions (depending on the light source:
lamp type or cloud cover) should be reported for each measurement in separate
columns.

® Indicate whether the measurement was conducted in the field or in the laboratory.
® In the descriptive parameters, include only information that is comprehensible to

external users. Do not use internal project-specific identifiers (e.g., plot numbers or
abbreviations) unless they are explicitly explained in the data description.

Technical Information

® Specify which measurement instrument was used.
® Indicate whether the data are raw or processed.
® State how many individual measurements were averaged to obtain one record.

Explicitly indicate if no averaging was performed to ensure that this information
was not omitted unintentionally.

In addition to providing a detailed documentation of all preprocessing procedures
in the data description, indicate in the dataset itself in a short version for each
record whether the respective preprocessing procedures were applied: averaging,
interpolation, smoothing, and trimming.

Specify the unit in which reflectance values are reported (decimal or percentage).
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5 Methods

Search Criteria

The presented spectral library integrates hyperspectral reflectance data from Arctic
tundra ecosystems, with a special focus on moss and lichen measurements. Data were
considered hyperspectral if they covered at least 400 to 1000 nm in contiguous narrow
bands (< 10 nm FWHM), consistent with Goetz [31], Goetz et al. [32] and com-
monly applied in vegetation remote sensing. We only included data from field and lab
spectroscopy (as described in the introduction) and excluded UAV and satellite-based
remote sensing data to generate a hyperspectral in-situ reference database. We consid-
ered reflectance spectra of vascular plants, mosses, lichens, algae and mixed canopies
from Arctic tundra ecosystems as well as additional reflectance spectra from Antarc-
tica. Leaf, flower and canopy reflectance spectra of single plant species and species
mixtures were included. We also accepted reflectance spectra of different non-vegetated
surfaces in the Arctic and Antarctic tundra, e.g. water and ground material like bare
soil, roads, gravel and rocks, but rejected datasets with a focus on ice sheets and sea
ice and those explicitly targeted on Arctic geology and minerals. The vegetation sam-
ples were allowed to be in different states during the measurements, e.g. live, dead,
hydrated and dehydrated. However, we did not take into account pulverized samples
for either vegetation or soil.

We considered Level-0 as well as Level-1 data, but preferred the former if both
versions were provided. Level-0 data was defined as reflectance data before filtering,
smoothing or any post-processing was applied. All data that had been subject to
further processing steps was considered Level-1 data. Overall, we have gathered 111
datasets from 74 sources, containing a total of 31,647 reflectance spectra measured
between 1999 and 2023. A list of these datasets is shown in table 3 (Appendix).
However, we acknowledge the fact that our library does not represent a complete
collection of all the available data that meets the search criteria.

Data harmonization

To this day, most hyperspectral data are provided in CSV format with each column
representing a wavelength range and each row representing a spectrum. Although
increasingly more advanced data formats are being used to store hyperspectral data,
we have opted for this format and structure for the time being. Therefore, data pro-
vided in formats other than CSV (e.g., TAB, HDF5, HDR) or with different structures
was converted to CSV and restructured to match the described structure in the first
place. In the second place, we defined a set of descriptive parameters to be adopted
for the harmonized spectral library. The individual datasets contained information on
different metadata, depending on the purpose for which the data had originally been
collected. Based on this pool of information, we defined five key aspects of a mea-
surement that must be specified: i) geographical position, ii) time (time of day and
date), iii) research object, iv) condition of the research object and the measurement
environment, and v) technical information about the measuring instrument and data
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preprocessing. The accuracy of the metadata in the original datasets varied signifi-
cantly. In some cases, the metadata was directly assigned to the individual records,
while in others, only information on the general measurement conditions of an entire
measurement campaign was provided in related publications and data description doc-
uments or on the distribution platform. We aimed to preserve as much and as accurate
information as possible while editing the original metadata as little as possible. Nev-
ertheless, the consistency of the entries had to be enhanced in order to be able to
analyse the data usefully. Thus, instead of reducing accuracy in favour of consistency,
we have rather added further descriptive parameters that either specify the accuracy
of other parameters or extract key information from other parameters and provide
them in a more applicable way. This procedure can be illustrated with two examples:
Geolocation is described by five parameters: site name, region, latitude, longitude,
accuracy level. The region parameter allows to group records by their geolocation.
Latitude and longitude contain the measurement coordinates in decimal degrees and
enable spatial analyses. However, the coordinates were not always provided for each
measurement individually, but sometimes only at the plot or site level. The accuracy
level was described in various manners across the different data sources, e.g. “measure-
ment coordinates”, “plot centre coordinates” (including an information about the plot
size) and “site centre coordinates” (including an indication of whether the coordinates
were specified by the authors themselves or derived from the site name).

The research object is described by seven parameters. One is an exact replicate of
the code, term or phrase used as a research object description in the original dataset
and, thus, preserves its full accuracy. In order to enable data grouping at different
levels, we added five additional parameters whose categorized entries are derived from
the original description: the type comprises the categories “vegetation”, “water”, and
“ground” and combinations of them. The specification additionally categorizes vege-
tation samples of single plant species by their division and growth form (e.g. “moss”,
“lichen”, “graminoid”, “shrub”) and contains a simpler version of the research object
description for records of mixed canopies or non-vegetated surfaces. The family, genus
and species are only indicated for single plant species records. We manually retrieved
information about the division, growth form and family of plant species from the
USDA Plant Database (https://plants.usda.gov) and the Global Biodiversity Infor-
mation Facility (GBIF, https://www.gbif.org). Genus and species were also retrieved
from the USDA Plant Database for records where the USDA Symbol was used as
research object description. A seventh parameter specifies the target (i.e. the part of
the research object) which is measured. It comprises the categories “leaf”, “flower”,
“twig”, “bark”, “litter” and “canopy” for vegetation samples and “surface” for all
other materials. This is the only parameter characterising the research object for which
the information content has been reduced in order to achieve harmonized data.

In total, 24 descriptive parameters were included (see table 2). Beside those
described above, categorization was also performed for the environment (“field”, “labo-
ratory”) and light condition (“lamp” (or a specification of the lamp), “sunny”, “mostly
sunny”, “partly cloudy”, “mostly cloudy”, “overcast”) parameters. Depending on the
measuring instrument, the raw data usually had a spectral resolution of 1 to 3 nm.
To harmonize them, we interpolated all records with resolutions coarser than 1 nm to
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Table 2 Set of 24 descriptive parameters that were used for the harmonisation of the 31,600+
measurements from different hyperspectral campaigns into a single spectral library.

Key aspect Descriptive parameter Examples
Geolocation site, region, latitude, longitude, accu-  Atqasuk, Alaska, (70.5, -
racy level of coordinates 157.0), ”Measurement, coordi-
nates”
Time recording date, recording time, time 2017-06-29, 14:40, AKDT
zone

Research object  research object description, type, vegetation, Arctic tundra,
specification, family, genus, species, canopy
target

Conditions vegetation status, environment, light ”live”
conditions, notes

Technical infor- instrument, manufacturer, number of Unispec DC, raw data
mation samples per record, preprocessing

original dataset, preprocessing dur-

ing harmonisation

1 nm and converted reflectances given as percentages into decimal numbers. Records
containing measured values outside the wavelength range of 350 to 2500 nm were
trimmed to this range, and records with less data were filled with NA. We did not
consider the type of physical reflectance.

Analysis of the spectral dataset

We used R version 4.5.2 in R Studio [33] to perform the statistical analysis of the
hyperspectral dataset. Prior to analysis, spectral reflectance values were screened and
corrected for several data quality issues identified across instrument—subset combina-
tions. Fill values (—9999, Inf) were set to NA. Reflectance spectra recorded in percent
reflectance units (subsets 25, 32, 37, 50; UniSpec DC) were converted to fractional
reflectance by division by 100. Four subsets (subsets 27, 99, 100, 103) were excluded
entirely due to irreconcilable unit inconsistencies, retaining 29,316 reflectance spectra
for further analysis. Small negative reflectance values likely arising from instrument
noise (—0.1 < r < 0) were clipped to zero, while values below -0.1 were set to NA as
physically implausible. An upper reflectance threshold of 1.2 was applied, above which
values were treated as NA, as reflectance values exceeding this threshold are not plau-
sible for Arctic tundra vegetation under field conditions. To assess spectral variability
across the full optical range covered by the database, two complementary PCAs were
performed. The first PCA included all instruments and was restricted to the visible and
near-infrared range (Vis-NIR; 400-1000 nm), as narrowband instruments (UniSpec
DC, GER1500, UniSpec SC, n = 23,834 reflectance spectra after quality filtering) do
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not cover the shortwave infrared (SWIR) and would have introduced excessive missing
data beyond 1000 nm. The second PCA was restricted to instruments covering the full
Vis-SWIR range (ASD FieldSpec, ASD FieldSpec 3, ASD FieldSpec 4, ASD FieldSpec
Pro, ASD FR, HR-1024i, PSR43500, SR-2500; n = 6453 reflectance spectra after qual-
ity filtering), allowing loadings to be interpreted across the full 400-2500 nm range.
Prior to the Vis-SWIR PCA, spectral bands within known atmospheric water absorp-
tion regions (=~ 1350-1460 nm, ~ 1800-1970 nm, ~ 2400-2500 nm) were excluded
where the fraction of missing values exceeded 50 % of broadband spectra. Remaining
reflectance spectra with any missing values after band filtering were excluded from
both PCAs. Both PCAs were performed on mean-centred, unscaled reflectance matri-
ces using prcomp in R. As the strict data filtering for the Vis-SWIR PCA resulted in
significant loss of input data, the following analysis were performed considering the
Vis-NIR region of the reflectance spectra. Two principal components were sufficient to
explain 96.4 % of the total spectral variance across all instruments (PC1: 75.5 %, PC2:
21.0 %, Figure A2), indicating that the dominant axes of variation in the dataset are
captured by a highly compact low-dimensional structure. To quantify the contribu-
tion of metadata variables to spectral variance, a permutational multivariate analysis
of variance (PERMANOVA; adonis2, vegan-package) was performed on the PC1-PC2
scores using Euclidean distance. Variables tested included measurement target, vege-
tation status, instrument, geographic region, and dataset subset. Each term was tested
marginally (by = "margin”) to obtain independent estimates of explained variance
(R?) regardless of term order. Prior to PERMANOVA, PC-scores were standardized
to unit variance to ensure equal weighting of both axes. A stratified subsample of the
data was drawn proportionally across instrument—subset combinations (minimum 30
reflectance spectra per stratum) to reduce computational load while maintaining rep-
resentation of all groups. PERMANOVA p-values were based on 999 permutations. To
further assess whether spectral dispersion differed systematically between instrument
groups, which could be indicative of a measurement bias, a multivariate homogeneity
of variance test was conducted using the betadisper followed by a permutation test
(permutest, 999 permutations).
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Supplementary information.

5.1 List of datasets

Table 3: List of data sources integrated in the harmonized dataset. The number of datasets per
publication as well as the number of records are included to represent the contribution of single
sources to the total dataset. In some cases, the authors explicitly expressed the wish to have the
dataset cited alongside the respective manuscript. No matter the number of records, we highly
appreciate the work behind every single dataset. For the record, two datasets from Antarctica are

named in the list (marked with *) as they were found alongside Arctic data
be made available. Although integrated in the final dataset to be ready to

included in the here presented analyses.

sources and should
use, they were not

2014 to 2016

23

No. of No of
Reference Title data : URL
records
sets
Beamish  [34] sup- Plot level spectroscopy measurements of
o e e P | low-Arctic vegetation, Toolik Research |, 6079 https://doi.pangaea.de/10.15
gea o e{ al. [35] Station and Imnavait Vegetation Grid, 94/PANGAEA.885801
mmish : Toolik Lake, Alaska
hyDRaCAT Spectral Reflectance
. " Library: Hyperspectral Field Spec- https://doi.pangaea.de/10.15
Buchhorn et al. [36] | " l 50 ond Field Spectro-Goniometry | - 9 94/PANGAEA.855997
of Siberian and Alaskan Tundra
* Chi and Lee [37], | Field spectra of 17 vegetation species https://kpdc.kopri.re.kr/searc
supplementary data | from 400 to 2500 nm in Barton Penin- | 1 17 h/4f6a8845-4929-4029-98c9-1
to Chi et al. [38] sula dd592274016
Supplementary data
to Davidson et al. | [data not published] 1 402 -
[39]
Halbritter et al. [40], | PFTC4 - PFTCourses, Elevational Gra-
described in Vandvik | dient, Bird Cliff and ITEX Experiment, | 1 470 https://osf.io/smbqgh/overview
et al. [41] Longyearbyen, Svalbard
Huemmrich and | Tundra . Plant  Leaf-level — Spec- https://daac.ornl.gov/cgi-bin
Chmpbell [42] tral  Reflectance and Chlorophyll | 1 107 Jdlomonior plrdeid 25008
Fluorescence, 2019-2021 h I
Huemmrich and Tundra Plar[;t Reflectance, co2 https://daac.ornl.gov/cgi-bin
Gomon [43) Exchange, PAM Fluorometry, and |1 928 Jdomonior plrdeid 21960
Pigments, AK, 2001-2002 T
- ) Spectral Reflectance and Ancillary o o
g:er‘;mr[’ﬁi and | 1 ta, Tundra Transect, North Slope, | 4 9615 k/‘fitvp?é//ed“ji'd“vrf’ifggs/;g”b”’
mon AK, 2000-2022 sviewer.pl?ds_id=
https://www.sciencebase.gov/
Kokaly et al. [45] USGS Spectral Library Version 7 1 4 catalog/item/5807a2a2e4b0841
e59e3al8d
Supplementary data | Laboratory of Ecological Spectroscopy " 1025 https://github.com/nelsopet/
to Nelson et al. [46] (lecospec) lecospec/tree/dev/Output
https://www.repository.cam.a
Rees et al. [47] Spectral Library of Arctic Plants 1 354 c.uk/items/680cdb10-f5¢6-4a0
f-b6e5-03c659afc88d
Rich and Csatho [48], i
supplementary data | Spectral Radiometer Data for the North | | 23 h;tip”t' //;bl‘gf;’lz"gi"hbshl‘ffal"bei
to Rich and Trochim | Slope, Alaska u/data/ages/Nor ope-Da
a.html
[49]
Hyperspectral field spectrometry of )
. . . . https://doi.pangaea.de/10.15
Runge et al. [50] Arctic vegetation units in the central | 28 2767 94/PANGAEA.945982
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5.2 Checklist: Best Practices for Field Spectroscopy Data
Collection and Sharing

All data is valuable. This checklist seeks to help in campaign planning and data
management on the one hand. On the other hand, it suggests the means to categorise
the content level of provided ancillary data for future users. To make sure all data
gets the deserved attention and is in line with potential users needs for different
applications, we assigned tiers from level 1 to level 3. A living document is available
at Spec-Lib-Wiki and open to suggestions and comments from the community.

Acknowledgements. Special thanks to all who pulled out long forgotten datasets
from lost hard drives and everyone who contributed data to the harmonized dataset.

Declarations

Data availability

The authors do not own the rights on the individual datasets. The reader is referred
to the list of datasets including the sources in the Supplementary information.

Competing interests

The authors declare no competing interests.

Code availability

Code can be made available upon request to antonia.ludwig@uni-leipzig.de.

Author contribution

A.L.: Conceptualization, Methodology, Data Curation, Formal analysis, Visualization,
Writing - Original Draft, Project administration S.S.: Investigation, Writing - Original
Draft K.W.: Software, Data Curation, Visualization B.H.: Conceptualization, Writ-
ing - Review & Editing G.R.: Conceptualization, Writing - Review & Editing H.F.:
Conceptualization, Funding acquisition, Supervision

Ethics approval and consent to participate

Not applicable.

Materials availability

Not applicable.

Consent for publication

Not applicable.

27


https://github.com/ludwigantonia/spec-lib/wiki/1-%E2%80%90-Welcome!
antonia.ludwig@uni-leipzig.de

Funding

This work was part of a project funded by the German Federal Ministry of Research,
Technology and Space (BMFTR, 03F0944B). A.L. was partially funded by Hanna
Bremer Foundation.

Appendix A Additional figures
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Fig. A1 The current version of the hyperspectral reflectance dataset features data from Antarctica
from 7 research sites containing 518 single in-situ measurements. Projection: polar stereographic.
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Fig. A2 Screeplot of the PCA presenting the explained variance per PC-axes (blue bars) and cumu-
lative explained variance of the axes (red line). A PCA was performed based on 23,834 reflectance
spectra from the cleaned dataset.
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Table A1l: Taxonomic composition of the Arctic tundra spectral
library. Listed are all genera with species-level identification (n =
5,500 spectra, 18% of total database), grouped by functional group

and family.

Group Family Genus N species
Bryophytes Amblystegiaceae Drepanocladus 2
Bryophytes Amblystegiaceae Sanionia 1
Bryophytes Andreaeaceae Andreaea 1
Bryophytes Aulacomniaceae Aulacomnium 3
Bryophytes Brachytheciaceae ~ Tomentypnum 1
Bryophytes Bryaceae Bryum 1
Bryophytes Dicranaceae Chorisodontium 1
Bryophytes Dicranaceae Dicranum 3
Bryophytes Ditrichaceae Ceratodon 1
Bryophytes Grimmiaceae Racomitrium 2
Bryophytes Grimmiaceae Schistidium 1
Bryophytes Hylocomiaceae Hylocomium 1
Bryophytes Hylocomiaceae Pleurozium 1
Bryophytes Mniaceae Plagiomnium 1
Bryophytes Polytrichaceae Pogonatum 1
Bryophytes Polytrichaceae Polytrichastrum 1
Bryophytes Polytrichaceae Polytrichum 3
Bryophytes Rhytidiaceae Rhytidium 1
Bryophytes Sphagnaceae Sphagnum 16
Lichens Acarosporaceae Pleopsidium 1
Lichens Alectoriaceae Alectoria 2
Lichens Candelariaceae Candelaria 1
Lichens Candelariaceae Candelariella 1
Lichens Cladoniaceae Cladina 3
Lichens Cladoniaceae Cladonia 16
Lichens Lecanoraceae Lecanora 1
Lichens Lecanoraceae Lecidella 1
Lichens Nephromataceae Nephroma 1
Lichens Nostocaceae Nostoc 1
Lichens Pannariaceae Psoroma 1
Lichens Parmeliaceae Asahinea 1
Lichens Parmeliaceae Bryoria 1
Lichens Parmeliaceae Cetraria 5
Lichens Parmeliaceae Dactylina 1
Lichens Parmeliaceae Evernia 1
Lichens Parmeliaceae Flavocetraria 2
Lichens Parmeliaceae Himantormia 1
Lichens Parmeliaceae Hypogymnia 1
Lichens Parmeliaceae Masonhalea 1
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