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Figure 3. Map zooming in the Caatinga Domain showing the climatic suitability for Holoregmia viscida in current conditions (centre
of the figure), paleoclimatic scenarios (top of the figure) and three future climate change scenarios (bottom of the figure). Brazilian
phytogeographical domains: Am - Amazon Rainforest; At — Atlantic Rainforest; Ca — Caatinga; Ce — Cerrado. TSS represents
the True Skill Statistic, used to define the best model and the threshold value in the model to decide whether a pixel has suitable
conditions for the occurrence of the species. SSPs are the Shared Socioeconomic Pathways, which are possible scenarios regarding
the future emission of greenhouse gases. The SSP126 is an optimistic scenario that would occur in a sustainable world with low
greenhouse gas emissions; SSP245 considers an intermediate level of greenhouse gas emissions; and SSP585 is the most pessimistic
scenario and assumes that the use of fossil fuels will continue to increase.
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(Fig. 3). The SSP126 scenario predicts that the niche will
be reduced to 84,928 km? for Brazil (i.e. 54.31% of the
current range) and 109,124 km?® for South America (i.e
50.53% of the current range) in 2050 and 79,418 km” (i.e
50.78% of the current range) for Brazil and 99.909 km? for
South America (i.e 46.26% of the current range) in 2090.
Niche losses tend to increase under the SSP245 scenario,
with an average reduction to 67,248 km? (i.e 43% of the
current range) for Brazil and 83,522 km? (i.e 38.67% of
the current range) for South America in 2050 and 30,309
km? (i.e 19.38% of the current range) for Brazil and 37,262
km? (i.e 17.25% of the current range) for South America
in 2090. The SSP585 scenario estimates more significant
niche losses than the other scenarios, reducing to 37,274
km? (i.e 23.83% of the current range) for Brazil and 51,151
km? (23.68% of the current range) for South America in
2050 and a total loss in 2090 for Brazil and 1,341 km? (i.e
0.62% of the current range) for South America . Under
this latter scenario, it is possible that H. viscida will
become extinct, as no suitable areas will remain (Fig. 3).

DISCUSSION

Past, present, and future of Holoregmia viscida in
the Caatinga

Martyniaceae is a New World family primarily associated
with dry ecosystems (Gormley et al. 2015), suggesting
the lineages conserve their niche adapted to dry areas.
Considering that H. viscida is estimated to have diverged
from its sister taxa 9.4 million years ago (Queiroz et al.
2017), this lineage has undoubtedly been subjected to
multiple climatic fluctuations throughout its evolutionary
history. Currently, the genus is limited to the southern
part of the Caatinga. This restricted occurrence is likely
the result of the paleoclimatic fluctuations, as discussed
below. The potential niche of H. viscida appears to have
expanded from the Last Interglacial to the Last Glacial
Maximum, however, models show a considerable niche
loss in the Holocene. In addition, the potential niche in
the Holocene was much smaller and restricted compared
to the current niche.

In the current scenarios, the potential niche goes
beyond the southern Caatinga, since suitable areas are
also found in the northern Caatinga today. For future
conditions, the effects of climate change on the ecological
niche of H. viscida may be irreversible. The models showed
that the species tends to lose suitable areas in optimistic
scenarios and especially in pessimistic scenarios, with the
possible extinction of the species in SSP585 by the year
2100.

Paleoclimate scenario models
Our paleoecological reconstructions show a major

displacement of H. viscida throughout the Quaternary.
While in the Last Interglacial (Fig. 3), suitable niches

for the species occurred in the northeastern part of
the Caatinga, and also in areas within the Cerrado and
the Atlantic Forest Domains; during the Last Glacial
Maximum (LGM) (Fig. 3), suitable niches appear to have
expanded to almost the entire extent of the Caatinga. The
model showed that during the LGM, the suitable niches
were within the current limits of the Caatinga. The Mid-
Holocene had the smallest projected suitable niches of
the paleoclimatic scenarios analysed here. In this case,
the potentially suitable niches for the species remained
restricted to small patchy areas in the southern Caatinga
and ecotonal areas between Caatinga and Atlantic Forest
and drier areas of the Atlantic Forest.

During the Mid-Holocene in the Caatinga, climatic
conditions were characterized by increased precipitation,
which likely affected the range of optimal climatic
conditions for the species. For example, pollen records of
the genus Ziziphus indicate that in the period from 10,000
to 6,000 years before present (BP), there were taxa adapted
to high humidity conditions. However, drier conditions
are assumed to have occurred between 6,400 and 1,800 BP
based on the lack of sediment deposits in this timeframe
(Medeiros et al. 2018). Similarly, the vegetation history
of the Caatinga based on peat-bog sediments deposited
over > 10,000 years showed that during 10,540-6790 BP,
there was a warmer and wetter period evidenced by the
prevalence of Mauritia pollen, with the establishment of
current climatic conditions and vegetation patterns after
4535 BP (Oliveira et al. 1999).

Opverall, all results show a great variation in the climatic
suitability for H. viscida since the Last Interglacial. Its
niche exhibits alternation between periods of contraction
and expansion and shifts in its geographical placement.
Events such as this are likely to leave a signature in
the phylogenetic and/or phylogeographic patterns of
individual taxa (see Hewitt (2004) for a review). There
are many determining factors for the ecological niche of a
species (Grinnell 1917; Hutchinson 1957), but the scenario
presented here could be helpful as an initial hypothesis
explaining the current distribution of H. viscida. Given
the reduction and subsequent expansion of populations
from the LGM onwards, we expect that phylogeographical
studies will likely show a signature of a recent population
bottleneck in H. viscida. Such a bottleneck could have
severe implications for the adaptation of the species in the
face of future climate change scenarios since such events
generally reduce species’ genetic diversity (Bellard et al.
2012), making them less likely to survive disturbances.

Future scenario models

Our results indicate that all projected future scenarios
involving an increase in temperature and a reduction in
precipitation would lead to a major decrease in areas that
are climatically suitable for the survival of Holoregmia
viscida. Such a decrease in the species niche is generally
accompanied by a shift in its distribution towards more
southern latitudes in areas that currently harbour the
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Atlantic Rainforest. The worst-case scenario (SSP585
2080-2100) indicates the complete disappearance of
suitable climatic conditions for H. viscida, suggesting a
possible extinction of the species within 80 years.

A shift of Caatinga towards the Atlantic Forest suggests
that climatic conditions related to a combination of
temperature and precipitation will be even harsher in the
future. Similar results, where a shift in the distribution of
Caatinga species towards areas that currently encompass
wetter habitats have already been reported for other
endemic plants (e.g. Silva et al. 2019) and for the iconic
and endemic Caatinga cacti (e.g. Simdes et al. 2020).

Changes in the limits between Caatinga, Cerrado,
and humid forests were detected during past climatic
fluctuations (Costa et al. 2017). We can infer a similar
situation by observing Holoregmia’s potential niche
shifting to areas further south than today, reaching areas
now occupied by the Atlantic Forest. This suggests that
there will be significant changes in the wetter vegetation
adjacent to what is now the Caatinga Domain. This pattern
is consistent with Wang et al. (2019), who demonstrated
that Tropical and Subtropical Moist Broadleaf Forests in
neotropical realms would be more vulnerable to climate
change in terms of loss in niches. For example, models
projecting suitable areas for Eschweilera tetrapetala, a
tree species endemic to humid forests of the highlands of
Bahia, Brazil, predict a strong reduction in suitable areas
for the species by 2070 (Menezes et al. 2021).

Therefore, Holoregmia viscida models under global
warming scenarios indirectly indicate that areas within
the Caatinga Domain may become even drier than they
currently are. In contrast, wetter areas within the Atlantic
Forest may be under drier and seasonal climates, suitable
for species from the Caatinga. While shifts in the biome
limits and biotas occurred during Pleistocene climatic
fluctuations (Costa et al. 2017; Ledo and Colli 2017),
anthropogenic climate change is occurring more rapidly
than past natural variations. In the past, slow climate
changes happened over thousands of years and allowed
the migration of many taxa. Now, with rapid changes
expected to occur over decades, associated with the
severe deforestation and fragmentation to which biomes
are already subjected, many species might not be able to
migrate. The Caatinga, for example, has already lost half
of its area (Brazil 2015; Antongiovanni et al. 2018), and
the majority of the Atlantic Forest has been removed
(Brazil 2015).

CONCLUSION

To understand how an endemic genus with 9.4 million
years of evolutionary history has a limited distribution
inside the semi-arid Caatinga in Brazil, we applied a niche
modelling approach under paleoclimatic conditions. We
also forecast possible scenarios of loss of suitable area for
this species under different global warming scenarios, and
our results showed that the Holoregmia viscida will have

its distribution affected, even under the most optimistic
scenarios. Thus, it is possible that H. viscida will become
extinct under the most pessimistic scenario of climate
change (SSP585), because the models show total loss of
suitable areas for the species.

Caatinga, like other biomes, is experiencing severe
vegetation loss and fragmentation, and the future scenarios
are not optimistic when we consider the generalized
impacts of climate change. We used distribution records
for this remarkable species derived from decades of data
deposited in biological collections, illustrating how critical
such institutions are for ecological research on biological
responses to environmental change. Most herbaria were
established to hold material primarily intended for
morphological and taxonomic studies. Here, considering
the scientific evidence that climate change is a serious
global threat, we emphasize that species distribution data
associated with environmental variables can be vital to
modelling studies that help us understand how climate
change can threaten a single species or a set of species
in different ecosystems in the world. Such studies also
prompt us to reflect on the potential impacts on the whole
biota of a unique biome. We also thank Dr. Luis Ricardo
Costa and Dr. Rubson Pinheiro Maia for providing the
shapefiles of Caatinga geomorphology that we used to
produce our map.
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