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Honduras is one of the least botanically studied countries in Central America. Most of the scientific botanical
information for Honduras is housed in globally distributed herbaria, an often-under-used resource. A recently
published checklist of ferns and lycopods from Honduras indicated that for the 713 taxa, often few distribution data
are available and that we still do not know where fern and lycopod collections have taken place in the past. Therefore,
the aims of this work were to (1) bring together for the first time a comprehensive inventory of fern and lycopod
records from international herbaria and to (2) identify spatial, temporal and collector biases of these collections.
Published and unpublished herbarium inventories of ferns and lycopod records were accessed from 2212 global
herbaria. Of these, 39 hosted Honduran fern and lycopod collections. The final database included 22 194 herbarium
records. Spatial and idiosyncratic collection biases are shown, with collections hotspots in areas such the Department
of Francisco Morazan near the TEFH and Escuela Agricola Panamericana (EAP) herbaria, in Celaque National
Park near the city of San Pedro Sula and Tela and Lancetilla Botanical Garden. This unique database deposited at
EAP, TEFH, LIV and Edge Hill University will enable Hondurans to share information to support the protection,
restoration and sustainable use of their ecosystems.
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INTRODUCTION

Herbaria are the cornerstone of plant science,
documenting plants since the 1500s when they
were developed by Luca Ghini (1490-1550) in Italy
as a teaching aid (Edmondson, 2014). The 3426
active internationally recognized botanical herbaria
from around the world contain > 396 million plant
specimens (Thiers, 2021). This is an invaluable
scientific resource that has been used for > 400 years,
progressing our understanding of taxonomy
(Heberling, Prather & Tonsor, 2019), ecology and global
change (Lavoie, 2013; Meineke, Davis & Davies, 2018;
Lang et al., 2019; Miller et al., 2020), biogeography
(Lavoie, 2013), medicine (Souza & Hawkins, 2017),
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biotechnology, conservation (Nualart et al., 2017),
pathology (Malmstrom et al., 2007), phenology
(Pearson et al., 2020) and, more recently, genomics
(Beck & Semple, 2015; Bakker, 2017; Alsos et al.,
2020; see also https://academic.oup.com/botlinnean/
pages/herbarium-samples-evolutionary-botany).
Herbaria have also been an inspirational source for
the arts and social and computer sciences, and are
used in education (Soltis, 2017; Bakker et al., 2020).
Although the importance of herbaria in enabling
novel research has largely been acknowledged, they
are still regarded as an under-used resource (Lang
et al., 2019), potentially more so as a result of the
international decline in the number of botanical
taxonomists (Hopkins & Freckleton, 2002; Orr et al.,
2020). In addition, the treatment of these services can
often differ from country to country, depending on the
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economic status of the region in which the herbaria
are located (Meineke et al., 2018).

Over the past decade, advancements in scanning
technology have allowed plant collections to be digitized
(i.e. images and online indexes) at an exponential rate.
For example, the New York Botanical Garden has
doubled the number of digitized herbarium specimens
in the last few years, to 4.7 million as a result of new
rapid imaging technologies (Thiers, Tulig & Watson,
2016; Payel et al., 2020). However, due to financial
constraints, accessibility of resources such as imaging
equipment and trained staff has limited this process for
some developing countries such as Honduras. Despite
this, even where digitized collections are not available,
many herbaria hold at least inventory databases of
their collections, some of which have recently become
available on request.

Several recent studies using digitized herbarium data
suggest large-scale sampling biases (Daru et al., 2018).
This raises the question, what are the implications of
these biases on our understanding of regional and global
floristic diversity? This is important, as many national
and international conservation strategies are reliant
on a solid understanding of local, regional and national
species inventories, to which herbaria contribute
significantly (Schatz, 2002; Chong et al., 2012). Such
biases can appear in spatial sampling, dominant
idiosyncratic collecting by individuals and temporal
sampling efforts (Daru et al., 2018). When considering
the use of herbarium collection data at different scales,
these biases first need to be quantified and accounted
for to validate the quality of the available information,
the results of which can be used to direct future work
(Williams & Lutterschmidt, 2006).

Honduras is a Central American country that has
shown a recent increase in botanical interest (Martin
et al., 2021). Much work is currently underway to
digitize a significant proportion of local herbaria
collections, complimenting the recently digitized USA
collections from the country (e.g. the Pteridopyte
Collection Consortium: www.pteridoportal.org).
Additionally, national botanical inventories are now
being taxonomically updated, including the most recent
revision of the ferns and lycopods (Reyes-Chavez, Tarvin
& Batke, 2021a). Relative to this, efforts by the authors
of this article are being undertaken to DNA barcode
all known Honduran species of ferns and lycopods
using new collections and material from herbaria, as
part of the Honduran Fern Flora project. The recent
boom in using herbarium material from Honduras
justifies a need to have a broader understanding of the
distribution of available material and data stored in
national and international collections.

There are currently 713 taxa of Honduran ferns and
lycopods (hereafter collectively referred to as ferns)

known from Honduras (Reyes-Chavez et al., 2021a).
In their review, Reyes-Chavez et al. (2021a) indicated
that a significant proportion of Honduran vouchers are
in herbaria in the USA, and there are some indications
that the fern collections have been biased by dominant
collectors. Spatial and idiosyncratic targeted sampling
could therefore be heavily skewing the collection-based
data from the region. Historically, key expeditions led
by plant collectors, including Antonio Molina Rositto
(1926-2012), Truman George Yuncker (1891-1964)
and Cyril (Cirilo) Hardy Nelson Sutherland (1938
2020), are believed to have targeted specific areas
in Honduras, and from these expeditions collections
were deposited in national and international herbaria
(Reyes-Chavez et al., 2021a). However, the exact
number and location of where these collections have
been deposited has not been collectively assessed. With
regards to sample bias, we do not know whether there
is a quantifiable bias with regards to where collections
have taken place (e.g. in protected areas, proximity
to infrastructures, certain elevations and specific
habitats). An assessment of these biases is required
to help prioritize future resources and gain a better
understanding of national inventories. Additionally,
it will help to identify gaps in local knowledge on
biodiversity that can inform local conservation efforts.
Here we propose that the development of large,
complete and coherent herbarium databases could be
of vital importance as a baseline to inform conservation
efforts in the future.

The focus of this research therefore sets out to bring
together, for the first time, the largest comprehensive
database of Honduran herbarium specimens of ferns
and to investigate spatial, temporal and collector
biases in this database. This assemblage was selected
as they currently represent the most systematically
organized group of Honduran plants (Reyes-Chavez
et al.,2021a).

MATERIAL AND METHODS

SOURCES AND DESCRIPTION OF DATA

To develop the database, 2212 global herbaria and
publicly available index records were investigated
for digitized herbarium specimens, of which 39
herbaria produced 22 194 data points (Table 1).
Herbarium collection inventories were compiled from
the Pteridophyte Collections Consortium in June—
July 2021 (PCC, 2021), Tropicos (Tropicos, 2021) and
individual digitized herbarium inventories that were
sent to us by curators on request (Fig. 1). It should be
noted that other databases such as GBIF only held
c. 8000 fern records, of which all were accounted for
in the database. For each record, the international

© 2022 The Linnean Society of London, Botanical Journal of the Linnean Society, 2022, XX, 1-11

220z AeIN 20 uo sosn aba|09 [IIH 96p3 AQ GBEYISY/6|02E0G/UEBUUIIOG/EE0 L 0 L/I0P/[0IE-90UBADE/UBSUUIIOG/WOY"dNO"DIWSPED.//:SANY WO} PAPEO|UMOQ


https://www.pteridoportal.org

FERNS AND LYCOPODS OF HONDURAS 3

Table 1. Summary of the total number of Honduran fern records and the number of records used in the spatial analysis

for each of the 39 herbaria

Code Herbarium name Total number Number of records used Used in spatial
of records in spatial analysis analysis (%)

TEFH Universidad Nacional Auténoma de Honduras 4820 3080 64
MO Missouri Botanical Garden 4542 4385 97
EAP Escuela Agricola Panamericana 3621 3498 97
F Field Museum of Natural History 3084 2700 88
UsS Smithsonian Institution 2931 1991 68
NY The New York Botanical Garden 881 671 76
CR Museo National de Costa Rica 655 610 93
ucC University of California 512 200 39
TEX University of Texas at Austin 329 29 9
Naturalis Combined collection of WAG, L, U & AMD 213 28 13
vT University of Vermont 141 24 17
MICH University of Michigan 93 89 96
WIS University of Wisconsin 71 47 66
BRIT Botanical Research Institute of Texas 59 58 98
DUKE Duke University 51 0 0
PH Academy of Natural Sciences 40 1 3
MSC Michigan State University 30 27 90
CHRB Rutgers University 24 18 75
Y Yale University Herbarium 17 17 100
NLU University of Louisiana at Monroe 15 15 100
WTU University of Washington 12 5 42
AAU University of Aarhus 10 10 100
BM The Natural History Museum 8 8 100
MEXU Universidad Nacional Auténoma de México 8 7 88
B Botanischer Garten und Botanisches Museum 5 5 100

Berlin-Dahlem, Zentraleinrichtung der Freien

Universitédt Berlin
IND Indiana University 4 4 100
VDB Vanderbilt University in Nashville, Tenessee 3 3 100
FLAS Florida Museum of Natural History 2 1 50
K Royal Botanic Gardens 2 1 50
MU Miami University 2 2 100
ASU Arizona State University 1 1 100
BISH Herbarium Pacificum, Bishop Museum 1 1 100
ENCB Instituto Politecnico Nacional 1 1 100
G Conservatoire et Jardin botaniques de la Ville de 1 0 0

Geneve
P Muséum National d’Histoire Naturelle 1 1 100
S Swedish Museum of Natural History 1 1 100
UAMIZ Universidad Auténoma Metropolitana, Iztapalapa 1 0 0
USZ Universidad Auténoma Metropolitana Iztapalapa 1 0 0
Z Universitédt Zurich 1 0 0
Total 22194 17 539 79

herbarium code, taxonomic assignment (family, genus,
species and author), herbarium reference number
(if applicable), individual collection number, year of
collection, collection recorder and location information
(latitude/longitude, major and minor area and city/

village) was collated. Approximately 10% of the records
did not have GPS coordinates. To spatially place each
individual record, latitude/longitude coordinates were
manually added using the herbarium label descriptions
and Google Earth where possible. However, in cases
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(A) Source of data
2,212 herbaria assessed
39 herbaria included
22,194 collections

(B) Location validation

In cases where specimens had no
GPS location, lat./long. was added
manually using the herbarium label
description and Google Earth (see
text for detail).

(C) Data
checking/validation
1. Removal of duplicate collections

Information used for analysis:
Collection year, GPS coordinates
(lat./long.), family information

!

(D) Spatial data (QGIS)
1. ICF land vegetation and
infrastructure data

2. ICF protected area and elevation
layers

(E) Analysis

Spatial bias: Complete spatial
randomness hot spot analysis, hot
spot overlap to protected areas and
overlap to vegetation units.

Temporal bias: Years

Collector bias: Specimens
amassed by collector

Figure 1. Analytical workflow representing different steps in the development of the study data set and analysis.

(N = 2351) where the herbarium label descriptions
were not available or were describing the collection
location poorly (e.g. where specimens were labelled
‘Honduras’), these records were excluded from any
subsequent spatial analysis. The database was checked
for duplicate collections (i.e. that had the same collector
and collection number), and individual duplicate entries
were subsequently removed (N = 4662). Following the
validation of our database, 17 539 (79%) of the original
records were retained for further spatial analysis.

HERBARIUM DATABASE ANALYSIS

All data were projected using WGS85 in QGIS (QGIS,
2021). To identify spatial bias, herbarium records were
spatially binned in 5 x 5 km rasters using the ‘create a
grid’ tool in QGIS. In each polygon grid, the number of
herbarium records was counted using the ‘count points
in polygon’ tool and the data spatially analysed using
a complete spatial randomness hot spot analysis using
Gi* local statistic in Python (Spatial Analysis Library,
PySAL) (Rey & Anselin, 2010). The statistical hotspot
analysis identified spatial relationships between
polygon features, which were weighted by the number
of herbarium records in each polygon. A hotspot is
defined as a location of statistical significance in which
high numbers of collections have been made. To identify
any spatial sample biases, the most recent vegetation
maps, elevation layers and protected area layers were
downloaded from the Forest Conservation Institute
(ICF) (ICF, 2018). The frequency and cover of statistically
significant hotspot polygons was calculated from
our hotspot analysis that were overlapping different
vegetation units and protected area boundaries. The

number of records for different elevation ranges (i.e. 50 m
bins) was compared by plotting the density distribution
of the individual herbarium and the hotspot analysis
records. This was done by extracting the data for each
point layer in QGIS across a 50 m contour elevation
layer of Honduras. The data was plotted using kernel
density estimation in R. The density curves represent a
non-parametric way to estimate the probability density
functions of the fern collections. Finally, infrastructure
bias was calculated using the minimum distance of each
collection locality to the nearest major road and village
using the QGIS ‘distance to nearest hub (points)’ tool. To
test the relationship between the number of fern records
per grid cell and total length of each major road (i.e.
roads that are passable by a vehicle) and the number of
major villages (i.e. permanent settlements) per grid cell,
a Spearman’s rank correlation coefficient was calculated
in R (v.1.2.5033). The temporal bias of collections was
assessed by plotting the historical accumulation of
records across herbaria and by calculating a ten-year
moving average.

RESULTS

Of the 2212 herbaria assessed, only 39 herbaria had
Honduran fern collections. Following the removal of
duplicates for the spatial analysis only 35 herbaria
remained, from which a total of 17 539 collections
were included (Table 1). Over half (58%) of Honduran
fern collections are in herbaria located in the USA,
with Honduran herbaria holding the second largest
number (38%). Other international herbaria only hold
¢. 4% of Honduran fern collections (Fig. 2). Of the 4662
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Figure 2. Map showing the distribution of herbaria that hold Honduran fern collections. Larger and darker circles indicate

higher numbers of records (including duplicates).

duplicates that were removed from the database, c.
55% were from herbaria in the USA. It was assumed
that the specimen was first deposited in either EAP or
TEFH, and thus any subsequent collection was classed
as a duplicate.

Ahotspotanalysisrevealed 19statistically significant
fern collection hotspots in Honduras (Fig. 3). Most
collection hotspots were in the western departments
of Honduras, with departments Francisco Morazan,
El Paraiso, Intibucd, Lempira, Santa Barbara, Cortés
and Atlantida having the highest number of hotspots
(Fig. 3). The largest fern collection cluster was in the
Department of Francisco Morazan near the TEFH and
EAO herbaria, in Celaque National Park, near the city
of San Pedro Sula and Tela and Lancetilla Botanical
Garden (Supporting Information, Fig. S1). However,
when assessing the frequency of hotspot polygons that
overlapped with protected areas in Honduras, only
33.6% of hotspots fell in protected areas (Supporting
Information, Fig. S1). In addition, the hotspots were
located within 32 out of 68 different ICF recognized
vegetation types (Supporting Information, Table
S1). The highest number of grid cells of the hotspot
analysis (30%) overlapped with vegetation types

broadly defined as lower montane forest (Table 2);
18.5% of grid cells fell in lowland forest and only 5%
of hotspot grids fell in upper montane forest category
(Table 2). See Martin et al. (2021) for a definition of
these vegetation types.

A Spearman’s rank correlation showed that there was
a moderate positive correlation between the number of
records found per grid cell and the total length of road
per grid cell (P < 0.05, p = 0.41). Similarly, there was
a moderate positive correlation between the number
of records found per grid cell and the total number of
villages per grid cell (P < 0.05, p = 0.39). Herbarium
record density decreases with distance from major
roads and villages (Fig. 4). Herbarium records were
greatest/most frequently found within ¢. 100 m of a
major village and 250 m of a major road (Fig. 4). The
highest density of specimens was collected between
800 and 1000 m a.s.l., and our analysis showed that
in the identified hotspots, 22% were between 900 and
1250 m a.s.l. (Fig. 5).

The largest contribution of fern specimens to
herbaria collections occurred in 1940-1950 and 1980—
1990 (Fig. 6). These specimens were collected by 599
different collectors. Of these, the five collectors with
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Hotspot analysis

[ hotspot 90% confidence
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O Fern records

0 75 150 km
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Figure 3. Hotspot analysis of Honduran fern herbarium records (N = 17 539). The individual fern records (white dots)
and hotspot analysis rectangles (red and yellow rectangles) were overlaid on an elevation map of Honduras (dark blue to
yellow = 0—2725 m a.s.l.). The rectangles show areas that were identified from the hotspot analysis as being statistically
significant hotspots; the redder the rectangle, the higher the confidence level.

Table 2. Summary of the vegetation overlap with the
hotspot analysis, showing percentage overlap for each
broader vegetation type. See Supporting Information,
Table S1 for a more detailed breakdown of vegetation
categories according to ICF

Vegetation categories Total grid cells (%)

Lower montane forest 30.0
Lowland forest 18.5
Shrub 15.5
Dunes and Savannah 124
Submontane forest 9.3
Aquatic/Coastal 5.9
Upper montane forest 5.0
Others 2.3
Swamp 1.0
Urban 0.1

the highest contribution of specimens were Molina
(N =1920), Nelson (IV = 1533), Standley (N = 1496),
Williams (N = 1114) and Yuncker (N = 712). The most
active collection years observed in Figure 6 correspond
with the highest collection years of these five collectors.
For example, Yuncker collected almost 99% of his

samples between 1934 and 1938, Louis Otho (Otto)
Williams (1908-1991) and Paul Carpenter Standley
(1884-1963) collected 68 and 72%, respectively, of their
samples between 1945 and 1955, Molina collected 73%
of his samples between 1955 and 1975, and Nelson
collected 89% of his samples between 1975 and 1995.

DISCUSSION

The findings from this study indicate that fern
collections have clearly been influenced by historical
botanical events in Honduras. The earliest account
of botanical dates back to 1836-1842 and was
published by Bentham (1844), who described botanical
collections as part of his natural history explorations
of Central America. These first collections were made
by Andrew Sinclair (1794-1861) the ship’s surgeon on
HMS Sulphur, and George Barclay from Tiger Island
in the Gulf of Fonseca, in 1838. However, in these
early collections no ferns were collected. Later work
by Hemsley (1879-1888) documented biodiversity
of Central American regions, which included some
collections of ferns from Honduras by Gaumer from
1885 to 1886. These specimens are housed at the Royal
Botanic Gardens, Kew.

© 2022 The Linnean Society of London, Botanical Journal of the Linnean Society, 2022, XX, 1-11

220z AeIN 20 uo sosn aba|09 [IIH 96p3 AQ GBEYISY/6|02E0G/UEBUUIIOG/EE0 L 0 L/I0P/[0IE-90UBADE/UBSUUIIOG/WOY"dNO"DIWSPED.//:SANY WO} PAPEO|UMOQ


http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boac019#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boac019#supplementary-data

FERNS AND LYCOPODS OF HONDURAS 7

1.00 g P
ey

2

‘w 075

c

[}

T

Ee=} © Fern records

i = Major roads

8 ® Major villages
0.50

2 0 75 150 km

=

=

©

£

@ 025

I j

[ Major roads

0.00 O Major villages

2 3
Distance (km)

Figure 4. Kernel density distribution of herbarium records with distance to major roads (blue) and major villages (black)
in Honduras. The inserted map shows the major road network (blue lines; N = 145 754), major villages (black dots; N = 27
969) and herbarium records (white dots; N = 17 539).

1.001 [ Fern records
] Hotspots
el
B 075
c
[<}]
©
2
S
0.50
e
=
=
[5+]
=
) 0.25
I
<
(=]
= 0
g8
=]
32
c o
0.00 3T
=0
0 1000 2000 3000

Elevation (m)

Figure 5. Kernel density distribution of herbarium records (red line; N = 17 539) and grid areas that were identified from
the hotspot analysis (black line; N = 203) with elevation. The black vertical line indicates the mean elevation of Honduras.

© 2022 The Linnean Society of London, Botanical Journal of the Linnean Society, 2022, XX, 1-11

220z AeIN 20 uo sosn aba|09 [IIH 96p3 AQ GBEYISY/6|02E0G/UEBUUIIOG/EE0 L 0 L/I0P/[0IE-90UBADE/UBSUUIIOG/WOY"dNO"DIWSPED.//:SANY WO} PAPEO|UMOQ



8 BATKEETAL.

1250

32

M msc
M mu
I Naturalis
B NLY
PBM I NYBG
RIT WP
HRB M S
I TEFH
AP [ TEX
NCB | uC
M us
s [ vDB
Mt
XU I wis
H B wTtu
2 YPm

=

1000

OO WmWwW >

)

750

mTmmm
>

=z
o

(L]
m

2=
Oo

500

No. of fern records

250

1870 1900 1930
Year collected

1960 1990 2020

Figure 6. Total number of Honduran fern records (excluding duplicates; N = 17 206) lodged in herbaria between 1870 and
2018. The different colours represent collections in different herbaria (see Table 1 for herbarium code definition). The black

line is the calculated ten-year moving average.

From the beginning of the 20th century companies
based in the USA showed a strong interest in the
cultivation and breeding of bananas in the northern
departments of Honduras. As a result, botanical
specialists were brought to Honduras from the USA
to oversee the breeding and cultivation of banana
crops. However, their strong interest in the study of
the natural history, also resulted in several large
botanically focused expeditions, including the work
by Standley on the flora of the Lancetilla valley in
1931 (Standley, 1931) and by Yuncker on the flora
of the Aguan valley in 1940 (Yuncker, 1940) (Fig. 6).
Shortly after this, the first herbarium in Honduras
was established at the EAP in 1943 following the
establishment of the Zamorano University by Samuel
Zemurray, the former president of the United Fruit
Company (Andrews & Monroy, 1993; Pilz, 2011).
In the 1950s Molina, Williams, Standley and Paul
Hamilton Allen (1911-1963) dominated Honduran
botanical works (Popenoe, 1964; Pitty, 1995; Pilz,
2011), and these collectors were primarily based at
EAP (Fig. 6). It is therefore not surprising to see that
three of these collectors disproportionally contributed
to Honduran fern records, with Molina being the
only Honduran botanist. Many of their duplicate

collections, including type specimens (> 200 including
ferns), were later donated to US herbaria in 1956,
with isotypes retained in Honduras. However, the
donation of duplicates to the USA did not contribute
to the description of new species. At this point EAP
was the largest herbarium in Central America (Pilz,
2011). Several years later, the National Herbarium
was established at the Universidad Nacional
Auténoma de Honduras (UNAH-TEFH) in 1969
(Nelson & Sandoval, 2005), which hosted prominent
Honduran botanists including Nelson and Paul House
(1961-2016). In 2008, the herbarium was named after
Cyril Hardy Nelson (TEFH). In the early 1990s, we
see a sudden increase in fern collections (Fig. 6), as
a result of collections that were undertaken for Flora
Mesoamericana (Moran, 1997). In addition, since the
1980s students in UNAH had to collect c. 20 specimens
(including ferns) for their Plant Taxonomy I and Plant
Taxonomy II courses, many of which have also been
included into the herbarium at TEFH. However, due to
difficulty of pressing larger specimens (e.g. many tree
ferns), student collections are believed to be biased to
smaller fern species (Ferrufino AL, pers. comm.).

Our data showed that 55% of Honduran fern
collections have duplicate specimens in US herbaria
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that hold c¢. 58% of all Honduran fern specimens. Given
the history of collectors from the USA in Honduras, this
is not surprising. Nelson, in particular, donated large
numbers of collections to USA herbaria, including MO
(the herbarium of the Missouri Botanical Garden). It was
not until 2007 and 2011 that the Honduran government
regulated plant collections in Honduras and introduced
a law that requires all international collectors to
deposit duplicate collections in local herbaria (acuerdo
numero 045-2011, Diario-oficial, 2012). Currently, there
are 39 global herbaria identified in our study that hold
Honduran fern collections. However, we are aware of
additional herbaria that hold small Honduran fern
collections, but these were not included in our database.
This was because they either had no inventories of
their collections (lost or are in the process of digitizing
their collections) or on contacting the relevant listed
herbarium curator, we received no response. For
example, the herbarium at Trinity College Dublin holds
a small number of duplicate fern records that are also
deposited at TEFH, but they have not yet digitized their
collections. We also found several smaller collections in
other European herbaria, which are probably the result
of botanical non-fern specific expeditions to Honduras.
Ofthe >22 000 fern records, 21% could not be included
in any spatial analysis because limited information
was available to satisfactorily allocate a specific spatial
reference. Many of the early collections made use of
simple location descriptions, which in many cases
were not accurate enough to retrospectively allocate
a GPS coordinate. Similarly, many of the recent TEFH
collections were made by university students who did
not report GPS positions or provided only limited site
descriptions on their herbarium labels. As a result, we
could only use 64% of herbarium records from TEFH,
in comparison to 97% from EAP. Good collection
practices are therefore crucial to allow representative
analysis of herbarium records. This was also recently
discussed by Kozlov et al. (2021), who showed that
there has been a significant decrease in the collection
practices of herbaria records since the 16th century.
When assessing the spatial bias of our samples we
found 19 collection hotspots, of which only 33.6% fell
in protected areas (Fig. 3, Supporting Information, Fig.
S1). This is not surprising, as many protected areas in
Honduras are at > 1800 m a.s.l. and were only declared
as protected areas after 1987 (House, Cerrato &
Vreugdenhil, 2002a, b). We found that many collections
in hotspot areas were in lowland montane and lowland
forest (combined total of 48.5%). This was also indicated
by our elevation analysis, which showed that many
hotspots and fern records that did not fall inside
sample hotspots were collected around 800-1250 m
a.s.l. Furthermore, most records were collected within c.
100 m of a major village and 250 m of a major road (Fig.
4). This indicates that many of the collectors carried out

surveys close to infrastructure. For example, there is
anecdotal evidence that Standley collected most of his
collections, when he worked at EAP, along road sites near
the university campus. Similarly, students at UNAH
were only allowed to collect near roads and villages, as
they often fell outside protected areas. It is therefore
likely that some of this bias is a result of convenience of
sampling. However, in some cases, these results might
also reflect the fact that some more recent collections at
high elevation sites, e.g. Reyes-Chavez et al. (2021b), and
further away from infrastructures might not be included
in current databases, as many collections are yet to be
integrated in local herbaria. For example, although
the ferns that were recorded in the most recent work
of Reyes-Chavez et al. (2021b) have been submitted
to EAP, they are still awaiting full integration into
the database of EAP. The work of Reyes-Chéavez et al.
(2021b) was focused on fern surveys at Celaque National
Park, the highest mountain in Honduras. If integrated,
their collections would add an additional 140 records to
the EAP index record. This is not an uncommon example
in Honduras, as both herbaria are under resourced.

There are areas of Honduras, including large parts
of the east, that have received less attention during
botanical expeditions, which might possibly be the
result of the lower density of roads and villages. The
Mosquitia region, Pico Bonito National Park, Sierra
de Agalta and Cordillera de Nombre de Dios are some
of the most biodiverse hotspots in Honduras, but they
have proportionally received little fern collection
consideration. It is therefore likely that additional
botanical surveys would reveal new additions to
the Honduran flora, as suggested in previous work
(Reyes-Chavez et al., 2021a).

CONCLUSIONS

The Honduran fern specimens distributed throughout
the herbaria of the World represent a unique and
irreplaceable resource that are now brought together
as a research infrastructure. This will enable informed
conservation planning and the strategical targeting
of under-collected areas to generate a baseline data
mapping of Honduran fern biodiversity. The combined
dataset has demonstrated spatial biases in sampling
and idiosyncratic collecting that can now be addressed
with targeted collecting efforts. This database will enable
Hondurans to share information to support the protection,
restoration and sustainable use of their ecosystems.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Supplementary Fig. S1. Hotspot analysis of Honduran fern herbarium records (N = 17 539). The hotspot
analysis rectangles (red and yellow rectangles) were overlaid on a protected area shape file layer of Honduras
(green polygons). The rectangles show areas that were identified from the hotspot analysis as being statistically
significant hotspots. The redder the rectangle, the higher the confidence level. The blue dots show specific location
mentioned in the main text.

Table S1. Summary of the vegetation overlap with the hotspot analysis, showing maximum and mean percentage
overlaps for each vegetation type. The last column shows the percentage total number of grids in each vegetation
type that overlap with the hotspots
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