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Abstract Numerous island species have gone extinct and
many extant, but threatened, island endemics require ongoing
monitoring of their conservation status. The small tree
Vachellia anegadensis was formerly thought to occur only
on the limestone island of Anegada in the British Virgin
Islands and was categorized as Critically Endangered. How-
ever, in 2008 it was discovered on the volcanic island of
Fallen Jerusalem, c. 35 km from Anegada, and in 2018 it
was recategorized as Endangered. To inform conservation
interventions, we examined the species’ distribution, ge-
netic population structure, dependency on pollinators and
preferred habitat, and documented any threats. We found
V. anegadensis to be locally widespread on Anegada but
uncommon on Fallen Jerusalem and established that geo-
graphical location does not predict genetic differentiation
amongst populations. Vachellia anegadensis produces the
highest number of seed pods when visited by animal
pollinators, in particular Lepidoptera. Introduced animals
and disturbance by humans appear to be the main threats
to V. anegadensis, and in situ conservation is critical for the
species’ long-term survival.

Keywords Acacia anegadensis, British Virgin Islands,
Caribbean, Endangered, endemic, monitoring, reassess-
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Introduction

iodiversity loss and species extinctions are ongoing,
with a decline of most indicators of the state of bio-
diversity (Butchart et al., 2010; Ceballos et al., 2015; Pimm
& Joppa, 2015). Despite the political commitment shown
by parties to the Convention on Biological Diversity to
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implement the Global Strategy for Plant Conservation, to
stem the continuing loss of plant diversity (UNEP, 2000,
2010), plant species are also following this negative trend
(Brummitt et al., 2015; Royal Botanic Gardens, Kew, 2016;
Humphreys et al., 2019).

The Caribbean archipelago is a global biodiversity
hotspot, with high levels of endemism and a flora that is
threatened primarily by habitat conversion for agriculture
and livestock farming (Myers, 1988; IPBES, 2018). To tackle
the conservation deficit of the Caribbean (Maunder et al.,
2008; Dryflor et al., 2016; Jestrow et al., 2018), the UK
Overseas Territories team at the Royal Botanic Gardens,
Kew, has been studying the flora of the Caribbean islands
(Hamilton et al., 2016; Hamilton & Barrios, 2017) to assess
the ITUCN Red List status of species (IUCN, 2012) and to
provide evidence for conservation interventions. A recent
review has highlighted the knowledge gaps and conserva-
tion significance of plants in the UK Overseas Territories
(Clubbe et al., 2020).

Vachellia anegadensis (Britton) Seigler & Ebinger
(synonym Acacia anegadensis Britton), a c. 8 m tall tree,
was formerly believed to be endemic to the island of
Anegada but a 2008 survey identified a population on the
island of Fallen Jerusalem (Barrios & Hamilton, 2018). We
undertook targeted surveys to collect data for evaluation
of the distribution, population genetics, dependency on
pollinators, and main threats to this species. Here we use
these new data to develop conservation recommendations
to safeguard the long-term survival of this threatened species.
These data also formed part of the evidence to recategorize
this species as Endangered (Barrios & Hamilton, 2018).

Study area

The British Virgin Islands, a UK Overseas Territory in the
Caribbean Sea, comprises c. 240 mostly small and unin-
habited islands and cays. The study sites are the islands
of Anegada and Fallen Jerusalem (Fig. 1a). The 40 km?®
Anegada, the most north-easterly island of the archipelago
and the only one that is of non-volcanic origin, rises to c. 8 m
altitude and is inhabited by c. 250 people, who live on the
western part of the island, mostly around The Settlement.
(Island Resources Foundation, 2013). The submerged lime-
stone reef from which Anegada originated formed 119,000-
130,000 years ago (Hedges, 2011). The c. 1 km* Fallen
Jerusalem, an uninhabited volcanic island formed c. 8o
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Fig. 1 (a) The British Virgin
Islands, showing the locations of
Anegada and Fallen Jerusalem,

the two islands where the endemic
tree Vachellia anegadensis occurs,
and (b) distribution map of V.
anegadensis on these two islands, as
determined by our transect surveys.

2,000 m

million years ago, rises to 50 m altitude and was designated a
Bird Sanctuary in 1959 and a National Park in 1974 (Gardner
et al., 2008).

Methods

Data collection

The distribution of V. anegadensis and the main threats to
the species were determined by compiling information
from literature and historical herbarium collections dating
back to 1919 from JSTOR (2015), Missouri Botanical Gar-
den (2015), New York Botanical Gardens (2015) and the
UKOTs Online Herbarium (2020), and by carrying out
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tield surveys during 2014-2019. In presence/absence transect
surveys 5x 5 m quadrats were searched every 100 m, for
a minimum of six quadrats per transect, without limiting
the number of quadrats per transect. Transects covered
both islands, with a total of 20 transects. To ensure each
transect was restricted to a single vegetation type, transects
started 5-10 m from vegetation boundaries, as defined by the
Anegada vegetation map (McGowan et al., 2006). Transect
orientation was chosen randomly, using a random number
in the range 1-360, but avoided highly disturbed areas, al-
though roads and paths were used for access and as transect
lines. Voucher specimens of V. anegadensis were collected at
the start of each transect, ensuring a collection every 1 km
across the island, to document the full morphological
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diversity of this species, across all habitat types. Data were
collected using two data entry forms, one for presence and
one for absence. If V. anegadensis was not present in a
quadrat but was up to 10 m away from the edge of the quad-
rat, this was noted. For all quadrats where V. anegadensis
was present, the main threat, if present, was recorded as
grazing, development, disturbance, clearing, invasive spe-
cies, dumping or agriculture. Development was defined
as construction, including roads or houses adjacent to
quadrats, but also when signs of future development, such
as development markers on the ground were observed. On
Fallen Jerusalem, because of time restrictions, a single tran-
sect was undertaken with a southerly orientation, crossing
the entire island. Threats were recorded in the same way
as on Anegada. Data were compiled using BRAHMS 7
(University of Oxford, 2015).

Population structure was investigated using DNA
extracted from leaf samples, which were taken from a
randomly selected V. anegadensis in a quadrat containing
the species c. every 500 m on Anegada. Leaf samples were
collected from all V. anegadensis on Fallen Jerusalem be-
cause of the low number of individuals. A modified Doyle
& Doyle (1987) method was used to extract genomic
DNA. Amplified fragment length polymorphism (AFLP)
analysis was used to determine genetic diversity both within
and between islands, to identify whether there were popula-
tions with unique genotypes and to infer population struc-
ture. AFLP reactions followed the Vos et al. (1995) protocol,
modified for the AFLP Plant Mapping Protocol (Applied
Biosystems Inc., Foster City, USA). Fragments of total ge-
nomic DNA were obtained by mixing two restriction en-
zymes, EcoRI and Msel, and double stranded adapters
EcoRI and Msel in a restriction-ligation reaction. DNA
was then amplified by PCR, using primers capable of
annealing to the known adapters. DNA fragments, from
50 to 500 base pairs, were produced and separated by elec-
trophoresis. DNA markers were recognized as either band
present or absent (Vos et al., 1995; Frankham et al., 2002;
Campbell et al., 2003; Meudt & Clarke, 2007). Three primer
combinations were selected, by analysing DNA fragments
with Genemapper 4.0 (Applied Biosystems, Foster City,
USA), looking for high levels of polymorphism and re-
liable profiles. The primers used were CTA-(JOE-AAG);
CAT-(FAM-ACT) and CTG-(NED-AGC).

Pollination studies were conducted on Anegada during
April-July 2019. Visitation rates of hummingbirds and in-
sects were monitored, separately, by direct sighting when
the weather was dry and calm, during 6.00-14.00. Visi-
tation by hummingbirds was monitored from 10 m in
30 minute observation periods; visitation by insects was
monitored from 2 m in 10 minute observation periods.
Visitation rate was calculated in two ways: (1) by counting
the number of times we observed a given pollinator group
to forage on the observed inflorescences (but ignoring the

number of inflorescences visited during each feeding
bout), divided by the number of observed inflorescences;
and (2) by calculating the number of inflorescences visited
during an observation period, divided by the number of ob-
served inflorescences. The role of pollinators in fruit-setting
was assessed experimentally. On 20 individuals of V. ane-
gadensis, we recorded the proportion of 20 inflorescences
bearing flowers that set fruit in each of two treatments:
open and bagged inflorescences. For the open experiment,
20 newly opened inflorescences were marked with coloured
string. For the bagged experiment, 20 late-stage buds were
marked with coloured string and covered with a nylon
mesh bag to exclude pollinators. The nylon mesh bags
were removed as soon as the inflorescences had withered.
After 4 weeks, fruit set was determined by counting the
number of seed pods on each of the 40 inflorescences.
The open and bagged inflorescences were paired on the 20
trees, to control for any potential micro-environmental and
plant genetic effects on fruit set (Ricketts et al., 2004).

Data analysis

We imported the presence/absence dataset into ArcMap 10
(Esri, Redlands, USA) and incorporated presence occurrences
into the Anegada vegetation map (McGowan et al., 2006),
producing a final species distribution map (Fig. 1b). Data on
the number of times each of the seven pre-identified threats
affected V. anegadensis were compiled and summarized.

AFLP fragments were detected within the size range
of 50-500 base pairs and scored for peak size by
GeneMapper panels with a bin width of 1.0 base pairs.
These peaks were converted to binary data (1, peak present;
0, peak absent) and manually compared with the electro-
pherograms to reconfirm presence or absence. Samples
with results for all primers were combined into a single
matrix. The matrix was analysed with STRUCTURE 2.3.4
(Pritchard et al., 2000), allowing us to infer population
structure by simulating a series of genetic populations
with a different mixture of individuals in each population.
The model selected assumed admixture and independent
allele frequency (Pritchard et al., 2000). We ran the analysis
10 times to be able to estimate the number of genetic clus-
ters (K), from 1 to 10, with 100,000 steps burn-in period
and 1,000,000 Markov chain Monte Carlo iterations. We
uploaded the simulation results to the online resource
STRUCTURE Harvester (Evanno et al., 2005), to determine
the most likely number of genetic populations using
Bayesian clustering methods. Finally, we mapped the in-
ferred ancestry for each individual for the value of K with
the highest likelihood, in ArcMap.

For the pollination analysis, we used a Mann-Whitney
U test to compare visitation rates by hummingbirds and
insects. Subsequently, we used a Kruskal-Wallis test with a
Dunn-Bonferroni post hoc test to examine differences in
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visitation rates among the four orders of insect visitors. We
conducted the same tests for both measures of visitation
rates. To test whether V. anegadensis has higher fruit/seed
pod production when visited by pollinators, we used a
Wilcoxon signed-rank test to compare seed pod production
between the open and bagged pollination experiments.
Statistical analyses were conducted using SPSS 26.0 (IBM,
New York, USA).

Results

Distribution and main threats We surveyed a total of 513
quadrats on Anegada; V. anegadensis was present in 218
quadrats, absent in 198, and within 10 m of 97 quadrats
where the species was considered absent. On Fallen
Jerusalem, we mapped and collected DNA samples from
all of the 42 trees observed. On Anegada, we recorded the
species across the island except in the north-west where
V. anegadensis was absent from most quadrats (Fig. 1b).
We confirmed the presence of V. anegadensis in limestone
scrub, limestone thicket, limestone woodland, dune thicket,
dune scrub, the edge of dry salt flats, human-disturbed
areas, seasonally flooded woodland, the edge of mangroves,
and foredune. On Fallen Jerusalem, we found that V. anega-
densis occupies a central corridor on the west of the island
(Fig. 1b), an area classified as mixed forest or scrubland with
succulents (Kennaway et al., 2008). We observed feral goats,
cattle and donkeys grazing on Anegada, and this was the
most commonly observed threat to V. anegadensis, followed
by development (Fig. 2). We recorded cattle mostly near The
Settlement and inhabited areas, and observed goats and goat
droppings across the entire island.

Genetic structure  Data from 123 leaf samples were used for
AFLP analysis. The three primer combinations amplified
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our surveys.
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Fic. 3 Likelihood values (AK) obtained for K = 2 to K = 10,

visualized with STRUCTURE Harvester (Evanno et al., 2005),

to determine the most probable numbers of genetic clusters (K)

of V. anegadensis, across Anegada and Fallen Jerusalem (Fig. 1).

354 loci, of which 38% on Anegada and 48% on Fallen
Jerusalem were polymorphic. The highest value for AK (like-
lihood values) was for K = 2 (Fig. 3). Simultaneously, popu-
lation structure analysis using Bayesian clustering methods
revealed two genetic clusters (K = 2; Fig. 4a). When attempt-
ing to map each sample to the revealed genetic clusters, we
were not able to assign a given population exclusively to a
single cluster, and there were no clear geographical patterns
(Fig. 4b).

Pollination For both measures of visitation rate, insects
were more frequent visitors than hummingbirds (Mann-
Whitney U =5,138 for feeding bouts/inflorescence/t0 min-
utes, U = 5,092 for number of visits/inflorescence/10 minutes,
P < 0.05). Among the insect visitors, lepidopterans were the
most frequent visitors, and hymenopterans, dipterans and
coleopterans were equally common visitors (Kruskal-Wallis
test with a Dunn-Bonferroni post hoc test: H=109.18 for
feeding bouts/inflorescence/10 minutes, H = 108.57 for num-
ber of visits/inflorescence/io0 minutes, P < 0.05; Fig. 5). A
Wilcoxon signed-rank test showed that the fruit set of the
two pollinator treatments differed significantly (Z = —3,107,
P < 0.05;). Although the bagged inflorescence buds produced
some seed pods (median o), the open pollinator treatment
had a higher production of seedpods (median 10%; Fig. 6).

Discussion

Although widespread on Anegada, and occurring on Fallen
Jerusalem, the endemic tree V. anegadensis is threatened.
On Anegada we confirmed previous studies, which docu-
mented it across the island (Clubbe et al., 2004), although
less abundant in the north-west. Fallen Jerusalem has a def-
icit of historical records and research. This species is mainly
found in the forested interior of the island, which also coin-
cides with the area that has higher availability of freshwater
and reduced salt spray (authors, pers. obs.).

Oryx, 2022, 56(1), 26-33 © The Author(s), 2021. Published by Cambridge University Press on behalf of Fauna & Flora International ~ doi:10.1017/50030605320001234

https://doi.org/10.1017/50030605320001234 Published online by Cambridge University Press

29


https://doi.org/10.1017/S0030605320001234

30 S. Barrios et al.

(a) Probability of genetic group allocation, inferred at K= 2

1.00

0.80
0.60
0.40

Probability

0.20
0.00

Aneg';ada

Fallen Jerusalem

- Cluster 1

Cluster 2

(b) Geographical distribution of genetic clusters

Fallen e \
Jerusalem -..-. o> o
e®0>
omee®
Hes 08
coeec®
aee ee
e e
o1
P @
@ g Genetic cluster
e g’ D
e a I Cluster 1
0 200m| Cluster 2
' — <] Proposed protected areas

Fic. 4 (a) Probability of genetic
cluster membership of

V. anegadensis individuals of
Anegada and Fallen Jerusalem,
inferred at K = 2. The model
assumed admixture and
independent allele frequency.

(b) Geographical distribution

of genetic clusters for K = 2.

To visualize the individual samples
we chose a non-overlapping display
that approximates the exact location
of the sample.

o 2,000 m

The analysis of population structure revealed distinct
genetic clusters, but geographical location did not predict
genetic differentiation. The genetic variability is equally
spread, with no evidence of geographical clustering.
Although studies of the genetic variation of tropical and
Caribbean tree species suggest that geographically separate
populations often have moderate levels of genetic differen-
tiation (Loveless, 1992; Rivera-Ocasio et al., 2002), this is not
the case for V. anegadensis. This could be the result of con-
tinuing gene flow between the two islands and/or of his-
torical colonization events. For example, trees on Fallen
Jerusalem could have originated from a colonization event
by trees from Anegada, or vice-versa (Loveless, 1992; Comes
& Abbott, 1998; Aguirre-Planter et al., 2000; Hedges,
2011).

Feral animals and development appear to be the greatest
threats to V. anegadensis on Anegada, in common with
threats observed in other Caribbean regions (Gonzalez-M.
et al., 2018; Murray et al,, 2020). Caribbean forests evolved
in the absence of livestock and free from grazing by ungulates.
Livestock were brought to the Caribbean c. 400 years ago by
European settlers (Shepherd, 2009). On Anegada, livestock
were historically kept within walled pens, but these were de-
stroyed during the establishment of the airstrip and road net-
work during the 1960s, allowing the livestock to roam freely
across the island (Veitch, 1999; Island Resources Foundation,
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2013). This had a devastating effect on the native flora
(Schofield, 1989; Mitchell, 1999). Overgrazing reduces the
number of seedlings, thus hindering regeneration. Over-
grazing also depletes seed banks and, through changes to
soil conditions, leads to compaction and reduction of top
soil, which is essential for seed germination (Baker &
Reeser, 1972; Veitch, 1999; Meléndez-Ackerman, 2008). The
impacts of these feral animals are not limited to the flora.
The endemic Anegada iguana Cyclura pinguis, which dis-
perses the seeds of V. anegadensis (Gerber, 1999; Bradley &
Gerber, 2005), has been faced with a shortage of food, as
the native vegetation is consumed by feral animals (Veitch,
1999). Development of tourist infrastructure on Anegada is
not yet comparable to that in other parts of the British
Virgin Islands, but the 2007 Land Allocation Plan proposed
a new settlement in the east, where the eastern salt ponds is
the only protected area proposed on the island. Although this
Land Allocation Plan has not yet been implemented, the
development of a new settlement would have considerable
impact on V. anegadensis as it would involve removal of
more than half of the individuals on the island along with
their habitat. During this study we observed indiscriminate
road widening across the island, especially from The Settle-
ment to Loblolly Bay, and illegal land clearance for farming
on the western salt ponds, in both cases resulting in the death
of V. anegadensis individuals. The threat of additional

doi:10.1017/50030605320001234
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development remains and would have serious implications
for the future of V. anegadensis without adequate protection
measures in place.

Although Fallen Jerusalem is a National Park it receives
few visitors. However, some tourists hike on the island,
and use the beach, which can cause disturbance to the vege-
tation. Another potential threat on Fallen Jerusalem is inva-
sive rats Rattus rattus (Hamilton et al., 2019). Rats feed on
seeds and seedlings, contributing to the extinction of plant
species (Wolf et al, 2018). This alien species could be
predating seeds and seedlings of V. anegadensis and may
be the main reason why we did not observe recruitment
on the island. Both islands are being affected by more fre-
quent and more prolonged droughts, and more intense
hurricanes, indicative of global climate change, and may be
affected by future sea level rise (Hamilton, 2016; IPCC, 2018).

Vachellia anegadensis is visited by a variety of pollinators,
including hummingbirds and insects belonging to several

Endemic tree Vachellia anegadensis
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Fic. 6 Box plots showing per cent fruit set under two paired
pollination treatments, open and bagged, on 20 individual

V. anegadensis, and the difference in produced seed pods for the
two treatments. In each box plot, the middle thick line indicates
the median, box limits are the first and third quartiles, vertical
lines indicate the data range and the dot indicates an outlier.

orders, similar to other Caribbean plants (Dalsgaard et al.,
2009; Martin Gonzalez et al., 2009). However, insects, espe-
cially butterflies, are the most frequent floral visitor. Vachellia
anegadensis had a low seed pod production when pollinators
were excluded, indicating either that the tree may self-
pollinate or be wind pollinated, as the nylon bags only ex-
cluded pollinators. The significantly higher production of
seed pods in the absence of exclusion bags indicates the im-
portance of pollinators, especially butterflies, for successful
reproduction and thus the need for this to be considered in
conservation strategies for V. anegadensis.

We recommend that a conservation strategy for V. ane-
gadensis should aim to maintain the species’ present levels
of genetic variability, reduce the pressure from threats and
help maintain suitable habitat. These aims would be aided
by the legal establishment of the protected areas proposed
on Anegada in the Protected Areas System Plan (Lloyd
et al., 2008). Long-standing land issues need to be resolved
to manage these areas successfully for biodiversity and live-
lihoods. There is a pressing need to address the greatest
threat to V. anegadensis, feral livestock that roam freely
across the island. Some of the livestock do not seem to
have owners, and owners of free-ranging livestock do not
appear willing to tether them. The Protection of Trees
and Conservation of Soil and Water Ordinance (Gardner
et al., 2007), which prohibits grazing of livestock in pro-
tected areas, is a mechanism that could address this
issue once the protected areas are approved. In addition,
some areas designated as proposed protected areas, which
are uninhabited, need to be temporarily fenced, to prevent
access by feral animals and to promote vegetation regener-
ation. Monitoring of V. anegadensis, and of the species’
pollinators and seed dispersers, is required, and also
monitoring of the invasive alien plants Cryptostegia
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madagascariensis Bojer ex Decne. and Kalanchoe pinnata
(Lam.) Pers, which we observed to be spreading from The
Settlement. Studies on other islands in the Caribbean have
shown that isolation of vegetation is an effective in situ
conservation measure (Baker & Reeser, 1972; Debrot & de
Freitas, 1993; Wittenberg & Cock, 2001). These proposed
conservation measures need to be incorporated into a species
management plan for V. anegadensis, to guide conservation
interventions and to ensure the long-term survival of this
threatened endemic species. Such a document could also
provide a useful model to guide the conservation of other
threatened Caribbean endemic plants.
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