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Societal Impact Statement

Herbaria can be considered plant libraries, each holding collections of dried speci-
mens documenting plant diversity in space and time. For many plant species, these
are our only evidence of their existence and the only means of assessing their conser-
vation status. Specimens in all herbaria, especially those in small and often under-
resourced herbaria in megadiverse countries, are key to achieving accurate estimates
of the conservation status of the world's plant species. They are also part of a coun-
try's shared heritage and critical contributions to knowledge of the world's diversity.
Summary

¢ Internationally agreed targets to assess the conservation status of all plant species
rely largely on digitised distribution data from specimens held in herbaria.

e Using taxonomically curated databases of herbarium specimen data for the mega-
diverse genera Begonia (Begoniaceae) and Solanum (Solanaceae) occurring in Peru,
we test the value added from including data from local herbaria and herbaria of
different sizes on estimations of threat status using International Union for
Conservation of Nature (IUCN) Red List criteria.

e We find that the Global Biodiversity Information Facility (GBIF) has litter data from
Peruvian herbaria and adding these data influences the estimated threat status of
these species, reducing the numbers of Critically Endangered and Vulnerable spe-
cies in both genera. Similarly, adding data from small- and medium-sized herbaria,
whether in-country or not, also improves the accuracy of threat assessments.

e A renewed focus on resourcing and recognising the contribution of small and in-
country herbaria is required if we are to meet internationally agreed targets for
plant conservation. We discuss our case study in the broader context of democra-

tising and increasing participation in global botanical science.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
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1 | INTRODUCTION

Peru is recognised as one of the Earth's mega-diverse countries
(https://worldpopulationreview.com/country-rankings/megadiverse-
countries). With habitats ranging from coastal deserts to Andean
areas above treeline to Amazonian rainforest, both plant diversity
and endemism in Peru are extremely high (Gentry, 1988; Ledn
et al., 2006; Marcelo-Pefa et al., 2016). Of the 107 recognised spe-
cies of wild potato relatives, for example, 42 are endemic to Peru
(Spooner et al., 2019).

Target 2 of the Global Strategy for Plant Conservation 2011-
2020 (GSPC) is “an assessment of the conservation status of all
known plant species, as far as possible, to guide conservation action”
(https://www.cbd.int/gspc/). Conservation assessments can guide pri-
orities for action and allocation of resources to those taxa under the
greatest threat. The most widely applied methodology for conserva-
tion assessments is the International Union for Conservation of
Nature (IUCN) Red List (IUCN, 2022a). IUCN assessments have been
completed for approximately 62,600 species of plants (only a quarter
of plant diversity), of which nearly 40% are considered threatened
with extinction (IUCN, 2022a). These assessments directly inform
conservation prioritisation and are increasingly used at national and
regional, as well as international, levels (Gardenfors et al., 2008; Le
Breton et al, 2019). A Red List of endemic Peruvian plants (Ledn
et al., 2006) registered 61% as threatened with extinction.

IUCN assessments can be assessed based upon criteria including
population sizes, trends, and fluctuations (Mace & Lande, 1991),
which are difficult to use in most plants due to gaps in knowledge
(Cazalis et al., 2022; ter Steege et al., 2011). Estimates of the conser-
vation status of plants primarily rely upon geographic range size
(Criterion B) usually estimated from herbarium data (Brummitt
et al., 2015; Collen et al., 2016). The correlation between range size
and extinction risk is well established (Le Breton et al., 2019; Purvis
et al., 2000), but assessments based upon range size are sensitive to
the quality and quantity of available occurrence data (Betts
et al, 2020; Nic Lughada et al, 2018; Rivers et al., 2011; Speed
et al., 2018,).

Our knowledge of the distribution of plant species, particularly
tropical plant species, is limited and susceptible to bias (Daru et al.,
2018; ter Steege et al., 2011; Tobler et al., 2007). Nine out of 10 tropi-
cal plant species are known from fewer than 20 records (Feeley &
Silman, 2011) built up in an uneven manner through space and time
and at all scales, creating “data voids” (Feeley & Silman, 2011). The
consequences of data voids include but are not limited to unrealistic
estimates of plant distributions in space and time (Lobo et al., 2007),
undescribed species (Pimm & Joppa, 2015), erroneous estimates of
species climatic niche (Hortal et al., 2015), unrecorded extinctions

Begonia, data inequality, herbaria, IUCN threat assessments, Peru, Solanum

(Vorontsova et al., 2020), and species being treated as “data deficient”
or “not evaluated” under IUCN criteria (Collen et al., 2008).

There are an estimated 3552 active herbaria in the world, the
oldest of which are more than 500 years old (Thiers, 2001). The
build-up of their collections has been the result of a nonrandom
national, institutional, and individual priorities (Johnson et al., 2023;
Tobler et al., 2007), including colonial legacies (Park et al., 2023).
There are an estimated approximately 400 million herbarium speci-
mens in the world, but approximately 90% of these are held within
the largest 1% of herbaria, primarily located in the Global North
(Heberling et al., 2019). Around 90% of the specimens in large her-
baria are from countries outside the nation where they grow
(Lavoie, 2013).

In contrast, 85% of herbaria hold fewer than 100,000 specimens
and are considered small (Marisco et al., 2020). Small herbaria are
often poorly funded, operate with a minimal staff, and are predomi-
nantly used for education within a limited geographical area (Harris &
Marisco, 2017). Consequently, they often have a regional focus and
hold geographically and temporally unique collections, as well as
Indigenous and local knowledge (Marisco et al., 2020; Monfils
et al, 2020). Despite their size, small herbaria contribute to our
knowledge of plant diversity, providing, for example, accurate esti-
mates of species richness in poorly known areas (e.g., Brazil; Colombo
et al., 2016) and improvements to the accuracy of species distribution
models (Glon et al., 2017), and extinction rates (North America; Knapp
et al., 2020).

Digitisation and open online access greatly improve the availabil-
ity of specimens for use in research (Johnson et al., 2023). The past
decade has seen a dramatic increase in the use of digital herbarium
data, including in fields such as global change (Heberling et al., 2019,
2021). Aggregation of data in repositories such as the Global Biodiver-
sity Information Facility (GBIF) facilitate this use, but aggregated data
are biased towards institutions with the funding and facilities required
for large-scale digitisation and data sharing. In fact, greater wealth of
a country as measured by GDP can even explain a higher density
of occurrence records (Amano & Sutherland, 2013); wealthier nations,
however, are not making faster progress towards completing [UCN
threat assessments for plants (Gallagher et al., 2023), despite having
more resource available. Data resources are far from exclusive to the
Global North, and GBIF includes significant data from Brazilian,
Colombian, and Mexican institutions (GBIF Secretariat, 2023), but
most specimens shared through GBIF today are from institutions in
Europe and the United States (Betts et al., 2020; Heberling
et al., 2021; Park et al., 2023).

Here, we use taxonomically verified herbarium data from Peru to
investigate whether the distribution of specimens across the world's

herbaria and the digital availability of those data bias our knowledge
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of species' distributions, with consequences for the accuracy of IUCN
Conservation Assessments. Our aim is to assess the contribution local
herbaria bring to not only our knowledge of plant diversity, but also
their potential contribution to national conservation planning and
resource use. We use our dataset to test the assumptions that
(1) Peruvian herbaria are under-represented in globally aggregated
data and that (2) data held in small herbaria and those in local (in-coun-

try) herbaria improve the accuracy of IUCN Red List Assessments.

2 | MATERIALS AND METHODS

21 | Study system and herbarium data

Begonia (Begoniaceae) and Solanum (Solanaceae) are both genera with
more than 1000 species (Frodin, 2004) and are unique in having
active, freely available databases of taxonomic, nomenclatural, and
specimen data (Hughes et al., 2015; www.solanaceaesource.org).
While these resources are global in scope, the data are particularly
strong for Peru because of recent focused taxonomic studies
(Moonlight et al., 2023; Sarkinen et al., 2015), where authors visited
and databased collections of most major herbaria in Peru, Europe, and
the United States. While many herbarium databases contain signifi-
cant numbers of identification errors (Goodwin et al., 2015), all data
used in this study have been entered and evaluated by taxonomic
experts.

We downloaded all specimen records in these specialist data-
bases from Peru and georeferenced those lacking coordinates follow-
ing standard practices (Chapman & Wieczorek, 2020). Occurrence
records indicated as originating from plants in cultivation were
excluded; species cultivated globally but native to Peru (e.g., Solanum
curtilobum, Solanum lycopersicum, Solanum quitoense, and Solanum
tuberosum) were retained. Synonymy was updated with respect to
recent taxonomic treatments (Moonlight et al., 2023; Sarkinen
et al., 2015), we excluded introduced naturalised species that are not
widely naturalised and resolved all subspecific taxa to species level.
For our analyses, we combined all data for Begonia and Solanum
because our aim is not to highlight genus-specific differences but
rather to be instructive as to the effects of long-term efforts to
prioritise the inclusion of data for all groups held in all types of
herbaria.

The combined dataset included 358 species (76 Begonia; 282 Sola-
num) and a total of 23,892 specimen records, including duplicates
(3425 Begonia; 20,467 Solanum). The complete curated dataset is
available on the Natural History Museum Data Portal (https://doi.org/
10.5519/m4u7c4gu). Individual species had from one (14 species) to
2331 (Solanum candolleanum Berthault) records; the largest number of
records for a Begonia species was 388 (Begonia bracteosa A.DC.). The
mean number of records per species was 67 (10 and 73 for Begonia
and Solanum, respectively).

To compare the proportion of specimens in our dataset from
Peruvian herbaria with the proportion of specimens from Peruvian
herbaria mediated by GBIF, we also downloaded all occurrence

P’:’J—3

records based upon specimen records of Peruvian Begonia and Sola-
num (Begonia, https://doi.org/10.15468/dl.yb7kdh; Solanum, https://
doi.org/10.15468/dl.7etx2b; downloaded 6th July 2021). Raw speci-

men data in both datasets were assigned to Peruvian or international

People P

herbaria based upon Index Herbariorum (Thiers, 2001).

We used Index Herbariorum to rank herbaria in order of size (the
estimated total number of accessioned herbarium specimens) and to
score them by whether they are within Peru or not (designated as
Peruvian and international herbaria, respectively). Herbaria with more
than 1,000,000 specimens were classed as large, those with
more than 500,000 as medium and those with fewer than 500,000 as
small. Our dataset included specimens from the International Potato
Centre in Lima, Peru (CIP), which is not included in Index Herbariorum,

estimated to include 22,000 specimens.

2.2 | Conservation assessments

We estimated IUCN threat status based on geographic range size in
the form of Extent of Occurrence (EOO, criterion B1) or Area of
Occupancy (AOO, criterion B2), widely used criteria due to the avail-
ability of suitable data (Brummitt et al., 2015; Collen et al., 2016).
We calculated EOO using the R package “ConR” (Dauby et al., 2017)
and assigned species to categories following criterion B1 of the
IUCN guidelines (IUCN, 2022b). Where AOO was greater than EQO,
we used the AOO rather than the EOO, following IUCN guidelines.
Species were only classified as DD if no specimen records were
included in a dataset. This is consistent with the IUCN guidelines,
which advise against an assessment of DD where possible
(IUCN, 2022b) but bias towards overestimating threat, which is per-
haps not such a bad thing (Parsons, 2016). For species whose range
extends beyond Peru, we calculated threat based upon the Peruvian
distribution only; thus, our estimated threat assessments are national
rather than global.

To understand the effect of including specimen data held within
Peruvian herbaria, we compared estimated threat assessments includ-
ing and excluding these data. To determine the effect of herbarium
size upon IUCN threat assessments, we estimated threat for all
358 species in the dataset based upon only the data held in the largest
herbarium (Kew, approximately 8,125,000 sheets). We then added in
data held in the next largest herbarium (New York Botanical Garden,
approximately 7,921,000 sheets) and recalculated all threat assess-
ments. We repeated this process for all herbaria in our dataset in
order of size until all herbaria were included.

We did not compare our results with official [IUCN Red List
assessments. No such assessments yet exist for Peruvian Begonia,
while all such assessments of Peruvian Solanum have been carried out
using data from Solanaceae Source so do not represent an indepen-
dent point of comparison. Further, we did not compare our results
with those of Ledn et al. (2006) for endemic Peruvian species because
the taxonomic concepts in this work predate recent updates in the
taxonomy of Peruvian Begonia and Solanum (Moonlight et al., 2023;

Sarkinen et al., 2015) so are not directly comparable.
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3 | RESULTS
3.1 | The effect of Peruvian herbaria on threat
status

Comparison of the curated data set of Begonia and Solanum
specimens from Peru with data downloaded from GBIF shows that
specimens from Peruvian herbaria comprise 56.1% of the data points
used in our analyses, while only 1.4% of specimens in the aggregated
GBIF dataset were from Peruvian herbaria (Figure 1).

Inclusion of Peruvian herbaria changed our estimated threat
assessments (Table 1, Figure 2; results for individual species are
available in Table S1). A total of 160 species (47%) were considered
threatened in Peru when all data were included, 70% of Begonia
and 40% of Solanum species. We assigned 46 (13%) of species to
lower estimated threat categories when data from Peruvian herbaria
were included and the number of species estimated as threatened
or data deficient as reduced from 186 to 160 (—14.5%). The mean
increase in EOO was 26% ranging from 0% (94 species) to >1000%
(38 species).

Of those species whose estimated threat status changed
when data in Peruvian herbaria were included, 33 (72%) were reduced
by a single category (e.g., from CR to EN; Figure 2). However, the esti-
mated threat status of seven species was reduced in two categories
(two from CR to VU; five species From EN to LC) and that of six spe-
cies was reduced by a remarkable three categories (CR to LC). The sta-
tus of a further three 9 species was changed from DD (two to EN,
seven to CR).

There was significant turnover of species within categories as
Peruvian herbaria are added, even if the number of species within any
given category remains similar. For example, the number of species
estimated as vulnerable only decreased by seven (from 42 to 35) as
data from Peruvian herbaria were added, but only 26 species (61%)
that were considered vulnerable based upon data from international

herbaria remained vulnerable when Peruvian data were considered

(see individual assessments in Table S1).

3.2 | The effect of herbarium size on threat status

Estimated threat assessments are changed when data from medium
and small herbaria are considered (Table 2, Figure 3, full results avail-
able in Table S2) instead of only data from large herbaria. When these
data are included, we assign 37 (—10.5%) and 61 (—17%) species to
lower estimated IUCN threat categories, respectively (see Table 2). An
increase in the number of species considered Endangered (46 to
46 [+0%] and 54 [4-13%)]) was primarily driven by species reclassified
either from DD or CR.

The number of species assigned to each threat category changes
gradually as data from progressively smaller herbaria are added
(Figure 4a, full results available in Table S2). There is however only a
weak positive correlation between the size of an herbarium removed
and the number of specimens removed from the analysis (correlation
coefficient = 0.48), which demonstrates that specimens of Peruvian
Begonia and Solanum are not randomly distributed. The largest
numbers of collections added to the analysis are in large international
herbaria or Peruvian herbaria (Figure 4b). The herbaria with the
largest numbers of Peruvian Begonia and Solanum sheets are
Universidad Nacional Mayor de San Marcos (USM, 5609); Missouri
Botanical Garden (MO, 3998); Universidad Nacional de San Antonio

TABLE 1 The number and percentage of Peruvian Begonia and
Solanum species estimated to fall under each International Union for
Conservation of Nature (IUCN) threat status when herbarium data
held in (i) only international herbaria; (ii) all herbaria are included.
IUCN categories are as follows: Data Deficient (DD), Least Concern
(LC), Vulnerable (VU), Endangered (EN), Critically Endangered.

Threat International All herbaria (Peruvian
status herbaria only and international)

CR 86 (24.0%) 71 (-17.5%)

EN 48 (13.4%) 54 (+13%)

VU 42 (11.7%) 35(-16.5%)

LC 173 (48.3%) 198 (+14.5%)

DD 9 (2.5%) 0

10,484
43.9% FIGURE 1 The proportion of

specimens of Peruvian Begonia and
Solanum held in Peruvian institutions
(blue) versus international institutions
(orange) in (a) the Global Biodiversity
Information Facility (GBIF); (b) the
Begonia Resource Centre and
Solanaceae Source (see text for doi
references for all datasets).
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FIGURE 2 The effect of including data from Peruvian herbaria upon estimated International Union for Conservation of Nature (IUCN) threat
assessments. The percentage of species assessed as DD (Data Deficient, grey), LC (Least Concern, green), VU (Vulnerable, yellow), EN
(Endangered, orange), and CR (Critically Endangered, red) based upon data from: Top, international herbaria, and bottom, Peruvian and

international herbaria.

TABLE 2 The number and percentage of Peruvian Begonia and Solanum species estimated to fall under each International Union for
Conservation of Nature (IUCN) Red List threat status when herbarium data held in (i) only large herbaria; (i) only large and medium herbaria; and
(iii) all herbaria are considered. IUCN categories are as follows: Data Deficient (DD), Least Concern (LC), Vulnerable (VU), Endangered (EN),

Critically Endangered (CR).

Threat status Large herbaria only
CR 91 (25.5%)

EN 46 (12.8%)

VU 40 (11.2%)

LC 171 (47.8%)

DD 10 (2.8%)

Abad del Cusco (CUZ, 2649); the UK Natural History Museum (BM,
1866); and the US National Herbarium at the Smithsonian Institution
(US, 1633). There are corresponding increases in the estimated range
size of threatened species (Figure 4c), most of which are reflected in
small changes in the estimated IUCN assessments of species

(Figure 4a).

4 | DISCUSSION

IUCN threat assessments are increasingly used at many levels to drive
conservation policy and legislation (Le Breton et al., 2019) and are
widely adopted to measure progress on multilateral agreements, such
as biodiversity targets (Betts et al., 2020). Accurate estimation of spe-
cies' range sizes requires enough high-quality data (Ribeiro
et al., 2022), such that all parts of a species' range are represented
(Gaston & Fuller, 2009). For plants, and particularly tropical plants,
these assessments are largely based on data from herbarium

Large and medium herbaria All herbaria

84 (-7.7%) 71 (-15.5%)
46 (0%) 54 (—17.4%)
38 (—5.0%) 35(-17.9%)
189 (+10.5%) 198 (+4.7%)
2 (—80%) 0

specimens. Despite institutional efforts to make herbarium data digi-
tally accessible, there are inherent biases in globally accessible speci-
men data that hinder a complete view of biodiversity (Feeley &
Silman, 2011). Our study shows that including “immobilised” herbar-
ium data in small and Peruvian herbaria is critical to achieving accurate
threat assessments for the megadiverse plant genera Begonia and

Solanum.

4.1 | In-country herbaria are essential for accurate
threat assessments

Without data held by in-country herbaria, both the number of
species of Peruvian Begonia and Solanum considered as potentially
threatened are overestimated. The greatest contribution to our
knowledge of threatened species' range sizes was provided by the
Peruvian national herbarium (USM) but several large, international

herbaria also have significant holdings of Peruvian Begonia and
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FIGURE 3 The effect of including data from different small and large herbaria upon estimated International Union for Conservation of Nature
(IUCN) threat assessments. The percentage of species assessed as DD (Data Deficient, grey), LC (Least Concern, green), VU (Vulnerable, yellow),
EN (Endangered, orange), and CR (Critically Endangered, red) based upon data from: top, large herbaria only (>1,000,000 sheets); middle, large
and medium herbaria (>500,000 sheets); and bottom, large, medium, and small herbaria (all herbaria).

Solanum (e.g., BM, E, and NY). The richness of these international col-
lections in terms of Peruvian data is likely a result of their historical
or contemporary agendas, including the country- and taxon-specific
interests of their staff and curators (Daru et al., 2018). Regardless, it
is striking that all Peruvian herbaria in our analyses, regardless of
their size, provide unique distribution data for our study taxa. Our
dataset lacks data from 15 further small Peruvian herbaria (Thiers,
2001), which almost certainly hold Begonia and Solanum specimens
that would exacerbate our findings. These results are especially
troubling because we also show that only 1% of data for Peruvian
Begonia and Solanum specimen records on GBIF are from Peruvian
herbaria. Further, the infrastructure and funding stability of many
Peruvian herbaria is poor as evidenced by the tragic loss of HAO
herbarium by fire in 2010, and the loss of many unique specimens of
northern Peruvian taxa that were never held outside that herbarium
(Thiers, 2001).

Peruvian herbaria are younger than most large, international her-
baria (Cano et al., in press; Reynel et al., 2020; Thiers, 2001; Trevifio
et al., 2012). Consequently, they likely contain younger specimens,
which usually contain more locality data and more accurate coordi-
nates, which are key for accurate conservation assessments (Willis
et al., 2003). While historical specimens are often key for taxonomy
and studies of temporal change, younger specimens may be more rep-
resentative of species current ranges (Pergl et al., 2012) or character-
istics (Kozlov et al., 2021). Rare species are often represented by
recent collections that are in local herbaria, reflecting intensified col-
lecting effort by local taxonomists (e.g., Gonzéles et al., 2022). In com-

parison with international herbaria, Peruvian institutions hold greater

densities of specimens from smaller areas, reflecting the research
agendas of local botanists who collect at a more often in their study

regions and may visit more remote or inaccessible sites.

4.2 | Small herbaria are essential for accurate
threat assessments

Specimen data held in large herbaria alone or even large and medium
herbaria combined are insufficient for accurate estimation of IUCN
Red List status of all taxa considered in this study. This applies equally
to species irrespective of range size but is particularly evident for
threatened species. Indeed, 10 species in our analyses are completely
unrepresented in large herbaria and two are only found in small her-
baria. Our results support previous assertions that herbarium size is a
poor indicator of relative significance or value (Monfils et al., 2020).
We show that data held in small herbaria make an extremely valuable
contribution to threatened species' ranges, reinforcing the value of
these herbaria globally (Colombo et al., 2016; Harris & Marisco, 2017;
Marisco et al.,, 2020). Delves (2021) used the same dataset as this
study to test whether small herbaria contain a significantly higher pro-
portion of globally unique specimen records. This was not the case, so
we suspect our results are largely due to the quantity of specimens
held in small and Peruvian herbaria.

Small herbaria are often overlooked by botanists travelling to
tropical countries because the time and cost of visiting is only
rewarded by a small number of specimens. Large, international her-
convenience due to their

baria have been used for large
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FIGURE 4 The effect of including data from herbaria in size order upon estimated International Union for Conservation of Nature (IUCN)
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indicated in C. Herbarium abbreviations in panels B and C follow Thiers (2001).

geographically rich collections, but this has come at the cost of the
lack of support for smaller herbaria and the under-representation of
the data they hold. Furthermore, it also affects the careers of local
botanists whose work does not reach the international stage.

In this study, we focus on IUCN Red List status estimates as a
proxy for all analyses that rely upon specimen distribution data. This is
in part because there are automated pipelines for estimating IUCN
Red List status from distribution data (e.g., Dauby et al., 2017) but also
because the measures of range size favoured by the IUCN is

intentionally insensitive to data quantity (IUCN, 2022b). We would
expect even more pronounced effects if we carried out analyses more
sensitive to data quantity (e.g., species distribution models; Gaul
et al,, 2020).

A total of 45% of the species in our analysis (70% and 40% of
Peruvian Begonia and Solanum species, respectively) are considered
threatened when all data in our analyses are considered. We believe
these results are representative of large, tropical genera because we

include a genus with an unusual percentage of narrow endemics (49%
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of Begonia; Moonlight et al., in prep.) and a second with many wide-
spread, global weeds (Solanum; Sarkinen et al., 2015). Fewer species
are considered potentially threatened than when in-country (51.5%)
or small and medium herbaria (52%) are included but we do not argue
that there may be fewer threatened species than currently believed.
Our threat estimates are based entirely upon range size and ignore
habitat loss, as well as reductions and fluctuations in species' ranges
or population sizes. Rather, we argue that improving the accuracy of
range size-based threat assessments is critical to effectively prioritise
and track the conservation and recovery of tropical species. Our
results support the idea that data in small and in-country herbaria are
essential to that process, as well as the contention (Walker
et al., 2020) that studies aiming to estimate conservation status at a
global scale should be treated with caution and recent proposals for
automated evaluations (e.g., Bellot et al., 2022; Cazalis et al., 2022)

must consider all collections equally.

4.3 | Mobilisation of data from small and in-
country herbaria

Herbarium specimens are valuable assets that have contributed to the
development of botanical science and knowledge (Baber, 2016;
Eichhorn et al., 2020; Vorontsova et al., 2020). While digitisation of
herbarium specimens has been underway since the turn of the cen-
tury, it has been concentrated in large herbaria in the Global North
(e.g., the Museum d'histoire Naturelle in Paris with more than 5.4 mil-
lion specimens; Le Bras et al., 2017). For small herbaria, particularly in
tropical countries, there are significant barriers to digitisation due to
lack of capacity, staffing, and reliable computing resources (Drew
et al., 2017; Harris & Marisco, 2017; Vorontsova et al., 2020) and reli-
ance on national funding structures (Beck et al., 2014). Some proce-
dures aimed at streamlining digitisation have been tailored for small
and medium herbaria or those that have limited workforce or budgets
(Takano et al., 2019), while student participation (Harris &
Marisco, 2017) and citizen science programmes (Ellwood et al., 2015)
have been successful in some contexts. The current rate of digitisa-
tion, however, is slower than required for assessing threats to biodi-
versity (Bachman et al., 2019; Ball-Damerow et al., 2019).

The most rapid and greatest advances in generating online biodi-
versity data from countries with high biodiversity have been through
national or cross-national funding dedicated to mobilising existing bio-
diversity collections and knowledge (Meyer et al., 2015). In both
Mexico and Brazil, concentrated efforts aimed at specimen mobilisa-
tion have resulted in digitisation of millions of specimen records from
collections both in and outside the countries (Canteiro et al., 2019;
Nelson & Ellis, 2018; Sarukhan & Jiménez, 2016). In Brazil, this has led
to a significant reduction in the number of data deficient plant species
(Sousa-Baena et al., 2014).

The Atlas of Living Australia (ALA, Belbin et al., 2021) and GBIF
created a replicable framework and tools to incentivise creation of
national biodiversity data portals through national GBIF nodes

(https://living-atlases.gbif.org/participants/). These country level and

internationally collaborative e-infrastructures show the impact of tar-
geted funding, although even such large-scale projects are often
threatened by the lack of longer-term funding (Canhos et al., 2015).
Funding targeted at tropical herbaria currently not involved in digitisa-
tion is crucial to promote the democratisation of biodiversity data
(Drew et al., 2017) and reduce the inequalities between countries that
have benefited from biodiversity collections and those who have not.

Joining together to form national or transnational herbarium
consortia has the potential to bring visibility to small collections and
increase funding prospects for their digitisation and development. The
Small Collections Network established in North America assists small
herbaria with day-to-day management challenges but also provides a
louder, collective voice to these herbaria (Monfils & Nelson, 2014). The
developing national nodes of the DiSSCo partnership in Europe are
similarly empowering collections of all sizes to significantly ramp up
cooperation in digitisation efforts (e.g., Smith et al., 2022). These kinds
of consortia will be even more critical in tropical countries, and the
Biodiversity Information for Development (BID, https://www.gbif.org/
programme/82243/bid-biodiversity-information-for-development) pro-
gramme of GBIF organised through the national nodes is a significant
step in helping to mobilise the important data held in herbaria and
other natural history collections in biodiversity-rich regions. Local
herbaria are part of a country's shared heritage and a critical contribu-
tion to knowledge of the world's diversity.

5 | CONCLUSIONS AND
RECOMMENDATIONS

Our analyses for Begonia and Solanum from Peru demonstrate that
local herbaria hold collections that are vital for assessing the threat
status of local flora. Overlooking data from local, in-country herbaria
in tropical countries results in threat assessments that overestimate
extinction risk, potentially resulting in scarce conservation resources
being diverted from where they are most needed. We suggest the fol-
lowing recommendations to help increase the impact of local herbaria,
especially those in the species-rich tropics, for global biodiversity ana-
lyses that will enable sound policy at national and regional levels for

plant conservation based on threat estimates:

1. All efforts to assess the conservation status of tropical species
should consider data held in small and in-country herbaria.

2. The flora of species-rich countries like Peru is still under-collected
(e.g., Gonzales et al., 2018); plant collections made for research
must be deposited in herbaria in-country.

3. Scientists from the Global North should spend time working with
collections in herbaria in the countries in which they collect and
avoid doing “parachute science,” while host institutions should
define and communicate norms for collaborative, inclusive science.

4. Botanists within and outside their study countries should invest
resources in identifying, curating, and utilising the data held in
small and local herbaria, as well as in training and collaborating

with taxonomic specialists from these institutions.
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5. All stakeholders should advocate for allocation of resources to
local and tropical herbaria, both for mobilisation of data and for
long-term sustainability. All such efforts require a long-term,
shared and country-wide commitment of local leadership, as seen
for Brazil and Mexico, as well as international commitment to

assist with funding for local institutions.
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