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An escalation toward risk: climate change impacts on the distribution, genetic diversity,
and conservation of Neesiochloa barbata (Poaceae: Chloridoideae: Pappophorinae)

short running title: climate change impacts in Neesiochloa barbata

Abstract

Climate change represents a primary threat to global biodiversity, particularly in seasonally dry
tropical forests (SDTF), affecting species distribution, genetic diversity, and ecosystem
conservation. Neesiochloa barbata (Poaceae: Chloridoideae: Pappophorinae) is a grass species
belonging to a monotypic genus endemic to the Caatinga, the largest SDTF in South America.
In this study, we addressed conservation issues related to the impacts of the climate crisis
(2080-2100) on the potential distribution, genetic diversity, and structure of N. barbata
populations to: (a) assess extinction risk; (b) estimate the future distribution overlap with
protected areas (PA); and (c) identify priority areas for conservation. We assessed the current
conservation status from Not Evaluated (NE) to Least Concern (LC), however, under future
climate scenarios, suitable habitat for N. barbata will be reduced, elevating the threat level to
Near Threatened (NT) and finally to Endangered (EN). This severe contraction of climatically
suitable areas results in a progressive escalation in extinction risk: LC > NT > EN. Despite the overall
loss of suitable habitat, the remaining future niche shows a slight spatial shift toward the
boundaries of existing PA (increasing from 39% to 43%). The haplotype network (ntDNA and
cpDNA) showed distinct polymorphism rates between the genomes, consistent with the DAPC
clustering (best K = 2 and Northern and Southern haplogroups). This genetic structure
highlights lineages with distinct evolutionary histories that must be preserved. The reduction
in suitable areas and the rising extinction risk underscore the urgent need for targeted
conservation in the Caatinga. While the current PA system is crucial for protecting climatic
refugia, the expansion and connection of these areas are essential to ensure the long-term
persistence and genetic heritage of N. barbata against the climate crisis.

Keywords — Caatinga, genome resequencing, heterozygosity, [UCN, Neotropics, SSP
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Introduction
The exponential increase in global temperature is one of the main threats to biodiversity,

particularly to seasonally dry tropical forests (SDTF) [1-2], especially in the Americas [3].
Climate change associated with anthropogenic factors has driven declines in diversity across
distinct biological groups in the Neotropical region, a globally recognized biodiversity hotspot
[4]. This climatic scenario is expected to intensify in the short term [5-6].

The Caatinga, one of the largest SDTFs in the South America and exclusive to Brazil
(total area extension of the Caatinga is ~833,000 km?, [7-8], faces comparable threats across a
wide range of environmental and climatic gradients [9,7], in addition to anthropogenic
pressures [10-11] and desertification processes [12]. This phytogeographic domain extends
beyond northern Minas Gerais state and covers a broad area of northeastern Brazil, comprising
distinct vegetation types and edaphic formations [13] under a semi-arid tropical climate with
low precipitation (< 300—1,000 mm year) [ 14]. Its origin dates back to the Miocene, harboring
tens of millions of years of evolutionary history of several lineages that specialized in arid and
semi-arid regions of the Americas (e.g., dry forests and savannas) [15].

In the Brazilian flora, there are approximately 18.783 endemic flowering plant species
[16], of which 526 (2.8%, [8]) to 1149 (6.1%, [17]) are restricted to the Caatinga. Endemic
species can be accurate and independent predictors of organismal responses to climate change
[18], even at broad spatial scales [19]. Given the environmental filter imposed by the
remarkable conditions of the Caatinga (high temperatures and low precipitation), populations
of species that collapse seasonally (e.g., annual species) and are exposed to intense
anthropogenic pressures are particularly sensitive to climate change [20]. Ecological niche
models (ENM) have been widely used to project and estimate the effects of the climate crisis
on species distributions [21-22]. Both contractions of climatically suitable areas [23] and
potential expansions of geographic ranges have been reported for angiosperms [24-25],
including several grass lineages [26-27].

In addition to climatic modeling approaches, low-coverage whole-genome sequencing
(IcWGS) represents a cost-effective and highly informative tool for population genomic studies
under climate change scenarios [28]. Key questions for biodiversity conservation, such as
population delimitation and the assessment of genetic structure and connectivity, can be
addressed using genomic tools [29]. Over the past two decades, several whole-genome
assemblies in Poaceae (e.g. rice and maize, [30-31]) have been generated and can serve as
references also for conservation-oriented studies. Although challenging, investigating the

genetic diversity of endemic lineages from SDTF is particularly valuable for the maintenance
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of local genetic heritage [32], as well as for identifying areas of high biological relevance and
priority for conservation [33]. The Caatinga may harbor endemic lineages with high levels of
local adaptation [18], and the identification of single nucleotide polymorphism (SNP) markers
is especially useful for conservation genomics [34-35]. Therefore, failure to conserve endemic
lineages contributes to the erosion of the global genetic heritage, particularly in a context in
which initiatives focused on Caatinga grasses remain poorly explored.

Neesiochloa barbata (Nees) Pilg. (Poaceae: Chloridoideae: Pappophorinae) is a grass
species belonging to a monotypic genus and is endemic to the Caatinga SDTF, with known
populations restricted to small and localized areas [36]. Diagnostic traits (Figure 1) of this
species include its annual life cycle (i.e., populations collapse during the life cycle), small
stature (< 40 cm length), lax inflorescences, and long pedicels bearing awned spikelets with
7—10 florets arranged in a fan-like pattern [37]. Little is known about its potential threats and
conservation status (Not Evaluated — NE [38]). Examining the effects of climate change on
patterns of distribution, genetic diversity, and population structure of endemic species can
support strategies to mitigate the decline of natural populations in the Caatinga [18].

To address conservation questions related to the impacts of the climate crisis on the
potential geographic distribution and genetic diversity and structure of Neesiochloa barbata in
the Caatinga, we evaluated how different climate scenarios (optimistic and pessimistic) may
affect the future availability of climatically suitable areas for the species. We also examined
the genetic diversity of natural populations in order to (a) estimate extinction risk, (b) quantify
how much of the future distribution will overlap with protected areas (PA), and (c) identify
priority areas for conservation within the Caatinga SDTF.

Materials and Methods
Plant material

We conducted field expeditions in northeastern Brazil between April and August 2024,
covering the states of Bahia, Paraiba, Pernambuco, and Rio Grande do Norte (Figure 2). We
visually estimated the number of individuals per population using a 100-m linear transect and
selected the most spatially distant individuals within each population for molecular sampling
(Table 1). The Neesiochloa barbata specimens were identified by Yuri Couceiro, Cassiano A.
D. Welker and Jefferson Maciel. We collected leaf fragments from five populations (six
samples per population) and preserved the tissue in silica gel to maintain genomic DNA
integrity. Finally, we deposited voucher specimens representing each population in the UFP
Herbarium ([39]acronym continuously updated). All research and fieldwork involving wild

plant material complied with relevant institutional, national, and international guidelines and
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legislation. The study was conducted in accordance with the IUCN Policy Statement on
Research Involving Species at Risk of Extinction and with the Convention on International
Trade in Endangered Species of Wild Fauna and Flora (CITES), where applicable.

Table 1. Population codes, localities in Brazil, estimated sizes, and herbarium vouchers for the
Neesiochloa barbata samples. Estimated size represents individuals visually estimated along a
100-m transect. RN = Rio Grande do Norte state; PE = Pernambuco state; PB = Paraiba state.

Population code P(l)(l::;;litti;n Estimated size Hszzz;i;m
MU Sitio Mulungu, Salgueiro, PE <200 Couceiro 751 (UFP 101769)
PF Pau Ferro, Salgueiro, PE <150 Couceiro 750 (UFP 101768)
SP Selva de Pedras, Patos, PB <100 Couceiro 752 (UFP 101770)

Carnautbinhas village, Serra

O Negra do Norte, RN

<100 Couceiro 753 (UFP 101771)

TB Timbauba dos Batistas, RN =30 Couceiro 754 (UFP 101757)

Figure 1. Morphological traits of Neesiochloa barbata. A) Plant habit: general view of the
entire plant, highlighting the basal branching system and the inflorescence; scale bar = 1 cm.
(B) Detail of vinaceous (young) and (C) stramineous (mature) spikelets; scale bar = 1 mm. (D)
Detail of awned florets and caryopsis organization within the spikelet: the black arrow indicates
florets still attached to the rachilla, the asterisk marks detached florets ready for dispersal
(diaspores), and red dashed lines indicate the disarticulation zones between florets. (E) portion
of branch in the inflorescence. Photo credit: José¢ Vinicius and Yuri Couceiro (Available under
Creative Commons CC-BY 4.0 license).
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Georeferenced data

We built a data matrix using geographic distribution records of Neesiochloa barbata
obtained from the Global Biodiversity Information Facility (GBIF [40]), Reflora — Herbario
Virtual [41], and SpeciesLink [42]. The following collections, including type material (*), were
also consulted: ALCB, ASE, CEN, CEPEC, EAC, HEPH, HRSN, HUEFS*, HUFU, HVASF,
IBGE, IPA*, JPB, MAC, MOSS, PEUFR, RN, UB, UFP, and UFRN ([39] acronyms

continuously updated). The species’ known distribution remains restricted to the Caatinga
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SDTF, where we found populations in typical landscape shrub—herbaceous vegetation, with
relatively homogeneous density, on stony—sandy soils (Figure S1).

Figure 2. Known geographic distribution of Neesiochloa barbata in Caatinga SDTF. The
detailed map (right) contrasts historical occurrence records (red circles) with the current field
expeditions (stars and squares). The map symbols are intentionally scaled out of proportion to
emphasize the sampling effort across these areas. The white star represents a single collected
individual (Couceiro 174, UFP98098), which provided an insufficient sample size for genetic
analysis.
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Environmental variables
We obtained 19 bioclimatic variables from WorldClim v. 2.1 at a 2.5 arcminutes

resolution [43]. To reduce multicollinearity, we calculated pairwise Pearson correlation
coefficients from current climate data and excluded variables with |r| > 0.70 [44]. We retained
five variables: bio_3 (isothermality), bio 12 (annual precipitation), bio 14 (precipitation of the
driest month), bio_18 (precipitation of the warmest quarter), and bio_19 (precipitation of the

coldest quarter) (Table S1).

Environmental suitability modeling and projection
We modeled the potential distribution of Neesiochloa barbata using the ‘modleR’
package in R v.4.4.0 [45] and applied cross-validation techniques to assess model robustness

[46]. We configured occurrence data using the ‘setup sdmdata’ function and employed

S.000°0.0.9

$.000'0.0.2}



160
161
162
163
164
165

166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192

multiple algorithms to estimate potential distribution: Maximum Entropy (MaxEnt [47]),
Generalized Linear Models (GLM [48]), Support Vector Machines (SVM [49-50]), Random
Forest [51], and Boosted Regression Trees (BRT [52]). We used the ‘do_many function’ to
run these algorithms and the ‘final model’ function to produce a consensus model. We
evaluated model performance using the area under the receiver operating characteristic (ROC)

curve (AUC).

To generate future climate projections (2080-2100), we selected three General
Circulation Models (GCMs): CNRM (a physical climate model with atmosphere—ocean
coupling and detailed atmospheric and land-surface parameterizations), MIROC®6 (a physical
climate model with coupled atmosphere—ocean dynamics and advanced representation of large-
scale circulation processes), and MRI-ESM2-0 (an Earth system model that, in addition to
physical climate processes, explicitly represents biogeochemical cycles and atmospheric
composition). We projected scenarios based on two Shared Socioeconomic Pathways (SSP;
standardized socio-economic and land-use trajectories used to drive climate simulations):
SSP2-4.5 (an intermediate greenhouse-gas emissions scenario = optimistic) and SSP5-8.5 (a
high-emissions scenario = pessimistic). We defined the projection area within the Caatinga
SDTF boundaries plus a 1.5° buffer.

To quantify suitability, we converted continuous maps into binary maps
(presence/absence) by applying a threshold that maximizes the True Skill Statistic (TSS). We
chose the threshold to ensure an optimal balance between sensitivity and specificity, providing
a robust trade-off between identifying known occurrences and minimizing overprediction [53-
54]. We calculated the total suitable area using the ‘expanse’ function from the terra package
[55]. Finally, we estimated the percentage of suitable areas covered by protected areas (PA)
using the mask ‘thr projs mscn b’ function from the ENMwizard package [56-57], identifying
PA through the World Database on Protected Areas (WDPA; [58]). All analyses were
performed in R v.4.4.0 [45]. We finally classified any land area within the Caatinga SDTF
domain with some level of conservation defined as a PA. Only 9% (~ 76,000 km?) of the
Caatinga has some level of protection [59], and of that, only 2% (~ 16,889 km?) concentrate
the units with the most restrictive limits to human intervention (such as different conservation
categories).

Extinction risk based on potential and projected species distribution
We assessed extinction risk by estimating projected changes in area of occupancy

(AOO) following IUCN Red List criteria [60]. We adapted Criterion A3(c) to quantify the
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proportional reduction in suitable habitat between current and future projections [61-[62].
Extinction risk categories were assigned independently for each scenario (SSP2-4.5 and SSP5-
8.5) based on the magnitude of habitat loss as follows: Extinct (EX): 100% loss of suitable
habitat, Critically Endangered (CR): loss of > 80% of suitable habitat, Endangered (EN): Loss
of 50-80% of suitable habitat. Vulnerable (VU): loss of 30-50% of suitable habitat, Near
Threatened (NT): loss of < 30% of suitable habitat and Least Concern (LC): no projected loss
of suitable habitat. For the current status, we considered the modeled extent of suitable habitat
(AOO): CR: <100 km?, EN: < 5,000 km?, VU: < 20,000 km?, NT: < 30,000 km? and LC: >
30,000 km? [60].

DNA extraction and sequencing

We extracted total genomic DNA from young tissues using the CTAB (cetyl-
trimethylammonium bromide) protocol [63]. We assessed DNA integrity on 1% (w/v) agarose
gels and quantified samples using a NanoDrop spectrophotometer to standardize
concentrations. We sequenced the DNA using the DNBseq approach (BGI), generating 150-
bp reads and at least 1 Gb of data per individual.

Genetic diversity and population structure analyses

We mapped raw reads against reference sequences using Geneious software v. 9.1.8,
the Bouteloua curtipendula (Michx.) Torr. (NCBI accession NC_029414.1) plastome and the
Sporobolus maritimus (Curtis) P. M. Peterson & Saarela (NCBI accession GCA 965119375.1)
nuclear 35S nrDNA cistron. After mapping, we aligned sequences using MAFFT [64].
Following the methodology of Mider et al. [65], we generated haplotype networks for both
genomes using the median-joining (¢ = 0; [66]) approach implemented in PopArt v.1.7
(Population Analysis with Reticulate Trees; [67]. All newly generated genome sequences will
be available in the National Center for Biotechnology Information (NCBI) database.

We estimated genetic diversity and performed an Analysis of Molecular Variance
(AMOVA; [68] with 10,000 permutations in Arlequin [69]. We assessed population structure
via Principal Component Analysis (PCA) and genetic clustering in the adegenet package [70].
We determined the optimal number of clusters (best K) using the Bayesian Information
Criterion (BIC) and performed a Discriminant Analysis of Principal Components (DAPC). We
generated all graphical outputs in R, using ‘scatter.dapc’ for spatial clustering and ‘barplot’
for membership probabilities. Graphical outputs were generated using the ‘scatter.dapc’
function for spatial clustering and the R base ‘barplot’ function for membership probability
visualization, with data organization handled by the ‘order’ and ‘transpose’ functions to align

genetic results with sampling metadata [45].
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Phylogenetic reconstructions and divergence time estimations were performed using
Bayesian Inference in BEAST v1.8.4 [71]. The dataset comprised sequences from the nuclear
ribosomal internal transcribed spacer (ITS) and five plastid regions (rps6-trnK, rpsl6-intron,
rpl32-trnL, ndhF, and ndhA-intron) obtained from the 17 species of the subtribe Pappophorinae
(Table S2).

For both genomic matrix (cpDNA and nrDNA), an uncorrelated relaxed molecular
clock model with rates drawn from a log-normal distribution was implemented, associated with
the Yule speciation process [72-73] as the tree prior. Markov Chain Monte Carlo (MCMC)
simulations were run for 10® generations, sampling every 10 iterations. Parameter convergence
and sampling adequacy (Effective Sample Size, ESS > 200) were confirmed using Tracer
v1.7.2 [74], after discarding the initial 10% of the trees as burn-in. However, due to low node
support and unresolved polytomies in our Bayesian inference (BI), we additionally employed
a Maximum Likelihood (ML) approach. We constructed ML trees using FastTree v2.1.11 [75].

Temporal calibration was based on a secondary calibration point from [76]. To account
for statistical uncertainty, a normal distribution was applied to the node corresponding to the
tribe Pappophorinae, with a mean of 18.02 Ma and a standard deviation of 1.09 (adjusted to
encompass the 10% confidence interval reported in the reference study).

Results
Climate modeling for Neesiochloa barbata
Under current climatic conditions, Neesiochloa barbata exhibits a broad potential

distribution, as estimated by ecological niche models, within the Caatinga SDTF domain. Areas
of higher suitability and range are concentrated mainly in the central and northern portions of
the Caatinga SDTF (Figure 3A). The total environmentally suitable area is approximately
233,672.4 km?, indicating that current climatic conditions are favorable across a large portion
of the species’ potential range, although not uniformly across the entire domain. In contrast,
future projections indicate a drastic contraction of climatically suitable areas (Figures 3B—C,
S2). Under the optimistic scenario (SSP2—4.5), the suitable area is reduced to 167,990.7 km?,
representing a loss of 28.11 %. Under the pessimistic scenario (SSP5-8.5), it decreases further
to 110,108.6 km?, representing a severe habitat reduction of 52.88%.

Despite this continuous reduction in the total environmentally suitable area, the
proportion of this habitat located within PA increases slightly, from 39.14% under current
conditions to 39.51% (SSP2-4.5) and 43.63% (SSP5-8.5). This pattern reflects a spatial
contraction where the remaining suitable areas are increasingly concentrated in regions that

overlap with existing protected areas (PA), rather than an absolute increase in protection
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coverage. In fact, the absolute protected suitable area shrinks from 91,467.15 km? (current
scenario) to 48,035.09 km? (SSP5-8.5 scenario) (Table 2).

Table 2. Environmental suitability area (km?), extension and percentage of suitable area within
protected areas (PA), Area of Occupancy (AOO; km?), and extinction risk category based on
IUCN Ceriterion A3(c) for Neesiochloa barbata. under current and future climate scenarios.
Environmental suitability area and protected area coverage were derived from species
distribution models, whereas AOO was used exclusively to assess extinction risk and was
calculated independently.

Climatic Suitability PA PA AOO Criterion
scenario area (km?) (km?) (%) (km?) A3(c)
current 233,672.4 91,467.15 39.14 44,192 LC
optmistic
(SSP2-4.5) 167,990.7 66,365.43 39.51 31,780 NT
pessimistic
(SSP5-8.5) 110,108.6 48,035.09 43.63 20,800 EN

The risk of extinction was assessed using both the projected loss of suitable habitat and
changes in projected area of occupancy (AOO). Under current conditions, the species is
classified as Least Concern (LC), with an AOO of 44,192 km? (Table 2). However, in future
scenarios, the AOOQ is projected to decrease to 31,780 km? (SSP2—4.5) and 20,800 km? (SSP5—
8.5). Consequently, based on the projected proportional reduction of suitable habitat (Criterion
A3c), the extinction risk for N. barbata increases to Near Threatened (NT) in the optimistic
scenario (SSP2—4.5) and intensifies further to Endangered (EN) in the pessimistic scenario
(SSP5-8.5), evidencing a substantial escalation in its vulnerability to climate change.

Figure 3. Binary potential distribution of Neesiochloa barbata under different climate
scenarios. (A) Current scenario; (B) Optimistic scenario (SSP2-4.5) and (C) Pessimistic
scenario (SSP5-8.5). Suitable areas (yellow) and unsuitable areas (purple) were derived from
species distribution models using a threshold (< 70% suitable) that maximizes the True Skill
Statistic (TSS). Green circles indicate the sampling localities of the populations subjected to
genetic analyses (MU, PF, SP, CA, and TB). The solid-line outlines represent the boundaries
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of protected areas (PA) in the Caatinga SDTF.
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Genetic diversity and population structure of natural populations of Neesiochloa barbata

The nuclear (nrtDNA) sequences showed weaker geographic structure, higher genetic
similarity among individuals, and consequently lower haplotypic diversity (Figure 4A). Only
three haplotypes were detected in the ntDNA network (nH 1, nH 2, and nH 25). Haplotype nH
1 comprised individuals from the three northern populations (SP, CA, and TB); nH 2 grouped
the southern populations together with some individuals from TB, and nH 25 was represented
exclusively by individual CA06 from a northern population. This individual was highly
divergent from the remaining CA individuals grouped in nH1, being separated by several
mutational steps.

After inspection of the BIC plots, two genetic clusters were inferred for the ntDNA (K
= 2) and two clusters for the cpDNA dataset (K = 2) (Figure 5). The north—south structure was
recovered in the ntDNA dataset, though with increased admixture in population TB (Figure
5A, blue bars) that shows evidence of gene flow between the N and S distribution ranges.
Specifically, individuals TB02 and TBOS5 function as a genetic bridge, sharing profiles with the
southern populations (MU and PF). While the southern populations remain consistent in
nrDNA (Figure 5A, blue bars), they exhibit northward mixing with TB. This occurs conversely
in cpDNA northern genetic signatures (Figure 5B, red bars) intermingle with southern
individuals (red bars, MUO1, MUO3, and MUO06). This suggests that the genetic signatures at
the geographical extremes: TB in the north (nrtDNA) and MU in the south (cpDNA).
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In contrast, plastid (cpDNA) haplotype network revealed two major groups
(haplogroups) showing a clear north—south geographic structure among populations (Figure
4B). Haplogroup N predominantly comprised the northern populations, namely SP, CA, and
TB. Some haplotypes were shared among populations, with haplotype cpH 1 shared by all three
northern populations and haplotype cpH 5 shared only between CA and SP. Haplogroup S,
separated from haplogroup N by several mutational steps, comprised the southern populations
MU and PF. Within haplogroup S, each individual displayed a unique haplotype separated by
multiple mutational steps, indicating higher haplotypic diversity than that observed in
haplogroup N. In addition, eight putative median vectors were inferred (Figure 4B, black
points), which were necessary to resolve the evolutionary relationships among individuals.
Notably, some individuals from the MU population were placed within haplogroup N (cpH 7,
cpH 10 and cpH 12), despite MU being geographically located in the southern portion of the
sampling area. MU population acts as a bridge between the two genetic groups, connecting
northern and southern populations.

The two-cluster structure recovered for the plastome (cpDNA) is consistent with the
north—south pattern observed in the haplotype network (Figure 5B; haplogroup N and S).
Accordingly, the three northern populations (SP, CA, and TB) are composed of individuals
genetically attributed to the first cluster (Figure 5B, red bars). Evidence of interpopulation gene
flow is indicated within MU population (MUO1, MUO3, and MUO06) which displays a genetic
profile typical of SP, CA, and TB, whose genetic composition is like that of the north
populations. The southern populations (MU and PF) show similar genetic compositions (blue
bars), but only individuals MUO02, MU0O4 and, MUOS5 represented the admixture, southern
cluster. The MU individuals showed admixture clusters N and S.

Figure 4. Geographic distribution and phylogeographic structure of Neesiochloa barbata
populations. The map illustrates the sampling localities within the Brazilian Northeast, with a
detailed inset of the collection sites. (A) Nuclear ntDNA haplotype network (nH) showing low
divergence and shared ancestral alleles among populations. (B) Plastid cpDNA haplotype
network (cpH) exhibiting high structured diversity. Haplogroups are highlighted by shaded
areas, indicating a genetic split between the Northern (N) and Southern (S) regions. Colors
correspond to the following populations: MU (Sitio Mulungu, PE —light green); PF (Pau Ferro,
PE — pink); SP (Selva de Pedras, PB — dark green); CA (Carnatbinhas, RN — orange), and TB
(Timbauba dos Batistas, RN — blue). Circle sizes are proportional to haplotype frequency, and
black bars ( - ) on branches represent the number of mutational steps.
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Figure 5. Genetic assignment and population structure of Neesiochloa barbata based on
Bayesian clustering. Bar plots represent the inferred ancestry proportions for 30 individuals
across five populations for (A) ntDNA and (B) cpDNA cluster, both optimized at K = 2.
Clusters are shown in red and blue bars. Populations are delimited from each other by brackets,
corresponding to their geographic localities: MU (Sitio Mulungu, PE), PF (Pau Ferro, PE), SP
(Selva de Pedras, PB), CA (Carnatibinhas, RN), and TB (Timbatba dos Batistas, RN). The
vertical bars indicate individual membership probabilities, highlighting a clear genetic split
between northern (SP, CA, TB) and southern (MU, PF) populations.
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Molecular diversity indices were lower for the ntDNA than for the cpDNA dataset
(Table 3). The mean expected heterozygosity (H.) for the ntDNA was 0.08, with the highest
value observed in TB (0.26), whereas the mean for plastome was 0.19, with the CA population
showing the highest values (0.24, Table 3). In this sense, the mean plastid H. indicates that,
although this genome is generally considered less variable, a measurable level of within-
population genetic diversity is maintained (60.41%, Table 4). For nrDNA, the low
heterozygosity values in most populations align with the reduced SNPs (single nucleotide
polymorphism) diversity in the haplotype network, indicating high levels of ntDNA repeat
homogenization across populations.

AMOVA results corroborated moderate to high levels of genetic differentiation among
populations, with F; values of 0.74 for ntDNA and 0.39 for the cpDNA (Table 4). These results
demonstrate significant population structure, consistent with the spatial division into two
distinct genetic lineages (northern and southern groups) identified in the phylogenetic and

network analyses.

Table 3. Summary of molecular diversity indices (expected heterozygosity — H.) for the nuclear
(nrDNA) and plastid (cpDNA) gene compartments in the sampled populations of Neesiochloa

barbata.
Populations H. (nrDNA) H. (cpDNA)

MU 0.00 0.17

PF 0.00 0.18

SP 0.00 0.17

CA 0.16 0.24

TB 0.26 0.17

Mean 0.08 0.19

Table 4. Molecular analysis of variance (AMOVA) for the nuclear (nrDNA) and plastid
(cpDNA) markers, indicating the partitioning of genetic variation within and among
populations and the respective fixation index (Fy) values.

Variation source nrDNA (%) cpDNA (%)
Among populations 74.00 39.59
Within populations 26.00 60.41

Fi 0.74 0.39

Phylogenetic topology and lineages recovered
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The ML tree based on cpDNA sequences recovered Neesiochloa barbata as a
monophyletic lineage that diverged during the Miocene (~12.8 Ma, SH-like support = 1.0).
The internal topology of the species reveals a branching event at approximately 9.6 Ma (SH-
like support = 0.99), which segregated a clade predominantly composed of individuals from
the southern Mulungu site (MUO1, MUO2, MUO04) and Pau Ferro (PF02) from the other
lineages. Although none of the five sampled populations were recovered as an intraspecific
monophyletic group, the subsequent topology exhibits strong radiation (Figure S3). Terminal
lineages did not cluster by geographic origin; instead, individuals from different localities
appeared widely intermixed across the clades (Figure 6). Phylogenetic reconstruction based on
the plastome (cpDNA) dataset using Bayesian inference resulted in a poorly resolved topology.

Northern localities (CA, TB, SP) do not form exclusive and population-specific clades.
Instead, they emerge as independent terminal branches or small pairs of sister lineages (e.g.,
SP06—-SP03 and TB06-TB02) that are generally embedded within a larger clade of admixed
lineages. In the southern localities (MU, PF), they are highly polyphyletic in almost all major
subclades of the tree. An example is MUOS and PF04, which form a highly derived terminal
pair and diverged recently (~0.18 Ma), while other MU and PF individuals occupy deeper
branching positions closer to the root of the radiation.

Phylogenetic reconstruction based on the nuclear (nfDNA) dataset using Bayesian
inference resulted in a poorly resolved topology characterized by extremely low node support
and extensive polytomies (Figure S4). The low polymorphism observed in the ntDNA may
explain the low resolution of the nodes. To overcome this lack of internal resolution, a
maximum-likelihood approach was employed via FastTree (Figure S5).

Southern populations (MU and PF), along with two northern individuals (TB02 and
TBO0S), collapsed into a polytomy (Figure S4). Conversely, a divergent lineage grouped the
remaining northern populations (CA, SP, and individuals TB01, TB03, and TB04), with CA06
emerging as the most basal branch (sister to the rest of the individuals in this subclade; support
value = 0.8).

Figure 6. Maximum Likelihood phylogenetic tree showing divergence times estimated via
Bayesian inference implemented in BEAST. The time-calibrated phylogeny of Neesiochloa
barbata populations and other Pappophorinae taxa was based on plastid sequences (cpDNA).
Node values represent mean divergence times in millions of years (Ma), and blue horizontal
bars indicate 95% uncertainty intervals highest posterior density (HPD) for node ages. Colored
squares at the terminals correspond to the five sampled populations (MU, PF, SP, CA, and TB),
sequenced via low-coverage whole-genome sequencing (IcWGS). The named species in
terminal indicates access composed of plastid gene sequences (rpsi6-trnK, rpsl6-intron,
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Discussion

Environmental changes drive global shifts in species distributions, threatening
biodiversity persistence by restricting climatically suitable habitats and altering evolutionary
trajectories. Evaluating these impacts is critical for endemic taxa in vulnerable ecosystems
(such as Caatinga), where survival often depends on local climate refugia and adaptive
capacity. In this study, we tested how future climate scenarios will affect the distribution and
genetic integrity of Neesiochloa barbata, an endemic grass of the Caatinga SDTF. Our key
findings reveal a drastic projected range contraction elevated to Endangered (EN) status under
pessimistic scenarios, alongside strong genetic structuring that highlights peripheral
populations as critical targets for conservation.

Our results indicate that, although rising temperatures drive a strong retraction in
suitable areas, populations of Neesiochloa barbata are projected to persist in climatic refugia
until the end of the century (2081-2100). Projections suggest substantial shifts in the climatic
structure of the Caatinga, especially regarding annual precipitation (bio_12) and precipitation
of the coldest quarter (bio 19), which exhibited the highest fluctuations across scenarios.
Precipitation acts as a selective force that can drive local adaptation in grasses; in Andropogon
gerardi Vitman (Poaceae: Panicoideae), for instance, rainfall gradients shape gene expression
and cause variations in the phenotype, resulting in maximum fitness within home environments
[77]. A similar bioclimatic dependence is reflected in N. barbata across over two centuries of
sampling efforts (e.g., SpeciesLink), which reveal an increase in records between February and
May (1817-2026). Because this period coincides with rainfall exceeding 200 mm in the
Caatinga SDTF [13], our findings suggest that the phenological and evolutionary dynamics of
N. barbata may be regulated by annual precipitation variance.
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The IUCN [78] recommends re-assessments every five years; however, many species
still lack an initial conservation assessment. To date, efforts to properly evaluate and classify
the conservation status of Neesiochloa barbata have been unprecedented (NE: Not Evaluated),
and we expect the results presented here to support future conservation actions in the Caatinga
SDTF. We currently classify the extinction risk of N. barbata as Least Concern (LC), based on
its current area of occupancy (AOO = 44,192 km?). The broad suitability projected for the
Caatinga indicates that current climatic conditions are favorable for the species across much of
the domain, even if it only partially occupies the available climatic space. However, taxa
occurring in SDTF, especially endemics, are particularly vulnerable to climate change [18].
Our findings support this expectation, as both future climatic scenarios indicate a drastic
reduction in projected AOO, elevating the species' classification to Endangered (EN; AOO =
20.8 km?) according to IUCN Red List criterion A3(c) [60].

In this context, investigating the genetic diversity profile of N. barbata populations is
essential to evaluate their resilience to climate change and the species' extinction risk based on
its gene pool and the drivers of suitable area loss [79-80] Although the natural populations
analyzed here remain within areas projected to be climatically suitable in the future, some occur
at the edges of this suitability threshold (MU in Pernambuco state and SP in Paraiba), and all
are located outside PA. This suggests that under extreme climatic conditions, habitat suitability
for N. barbata will be severely restricted, increasing threats to the maintenance of genetic
diversity in both haplogroups (N and S).

The divergence between the northern and southern populations of Neesiochloa barbata
(~ 6 Ma) coincides with the global expansion of C4 grass-dominated biomes and the
establishment of strong water seasonality regimes in South America [81-82]. The emergence
of a seasonally arid climate during the late Miocene acted as a key selective driver in the
Caatinga domain and Neotropical SDTF in South America [1,83]. In this scenario, the
acquisition or fixation of an annual life history in N. barbata can be interpreted as an
evolutionary mechanism of drought avoidance [84], which accelerates generation time,
restricts gene flow due to phenological mismatch, and acts as a promoter of the observed
genetic structuring and vicariance. Notably, the N. barbata accession sequence (GenBank,
GU359634.1; Swallen 4491 US) corresponds to a sample from Ceara state (CE). Although
limited by Sanger sequencing compared to our novel genomic dataset, and given that our
sampling lacks populations from CE, this accession offers a distinct perspective on the
divergence timing, suggesting that populations belonging to this lineage may be older in CE (~
12 Ma).

In the future, nearly half (43.6%) of all favorable areas for this species will be within
PA. Although there is an increase in the proportion of protected habitat (from 39% to 43%) in
the most pessimistic scenario, the total suitable area is shrinking much faster than the suitable
area within PA. It is crucial to critically reflect on this scenario apparent increase in protection.
This result demonstrates that current PA will serve as future climatic refugia, concentrating
protected remnants in areas that remain climatically stable (Figure S2), rather than reflecting
the creation of new PA [33]. Furthermore, the awns on N. barbata diaspores promote long-
distance dispersal [85-86]. This capacity likely drives gene flow among populations and may
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explain the high diversity observed in the plastome (cpDNA). Therefore, to mitigate species
extinction, conservation strategies must combine the refugial role of PAs with the natural
potential of N. barbata to reach new environmentally suitable areas.

We recommend that the protected area system in the Caatinga SDTF be expanded to a
territorial extent to connect already threatened habitats as a policy to strengthen natural
protected areas. Although Caatinga conservation is closely associated with combating
desertification [59], climate change is expected to cause increasingly severe droughts
throughout Northeast Brazil [87-88]. This scenario highlights the functional importance of PA
in the Caatinga as in situ conservation measures for the genetic heritage of endemic groups that
are particularly sensitive to climate dynamics in SDTF [88-89]. A similar case was reported
for Penstemon coriaceus W. Schaffn. ex A. Gray (Plantaginaceae), whose genetically isolated
populations require a conservation network integrating both in situ and ex situ strategies to
ensure genetic diversity under climate change [80].

The highest climatic suitability indices for Neesiochloa barbata will be concentrated in
the northernmost portion of the Caatinga. This geographic pattern underscores the importance
of strengthening PA in this region, particularly as predictors of future priority conservation
efforts for grasses in the Brazilian semi-arid region [33]. Furthermore, future suitability
projections reinforce the relevance of protecting key populations such as MU (which acts as a
bridge between northern and southern genetic groups) and CA, which harbors a private allele
(CAO06).

The marked differentiation of genetic clusters, especially revealed by population
structure data and haplotype networks, indicates that populations are structured both
genetically and geographically in cpDNA. Consequently, conserving only one of the two
haplogroups (N or S) would be insufficient to maintain the overall genetic diversity of the
species. Similar patterns have been reported for species of Zea L. (Poaceae: Panicoideae) [90],
where the diversity of native maize (teosintes) is strongly structured at local scales. Effective
conservation strategies for N. barbata should prioritize the protection of the localities where
populations occur, with special attention to peripheral populations (MU and SP) in areas that
will remain stable in the future.

Beyond climatic variables, areas with low suitability values (purple spots; Fig. 3) may
reflect a synergistic effect of anthropogenic disturbances (both chronic and acute) widely
documented in the Caatinga [7]. Our results suggest that projections from the most pessimistic
scenario (SSP5-8.5) are already detectable in current reality: historically recorded populations
(especially in the state of Bahia) were not relocated during our field expeditions. Notably, these
localities already coincide with areas the model identifies as having low future suitability
(threshold < 60%). This suggests that climate dynamics and habitat degradation may be shaping
the distribution of N. barbata at an accelerated pace, suggesting that impacts predicted for the
end of the century may already be emerging under current climatic conditions.

The Caatinga is one of Brazil's most threatened phytogeographic domains [13]
Substantial efforts have been made to map and identify areas of high conservation priority and
biological importance [33]. Expanding protected area coverage in the Caatinga is likely the
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primary tool for conserving native flora, although this debate is not new [91] and has led to
limited practical advances in environmental policies for this vegetation type in Brazil [92].
Approximately half of the original vegetation cover has already been lost, and current
knowledge of the rich endemic biodiversity of the Caatinga [8,13] reinforces the need to
critically evaluate whether the existing protection network will be capable of conserving a
representative fraction of this diversity in the future. Therefore, assessing disturbances such as
climate change impacts on the distribution of flagship species like N. barbata must be a central
component of pragmatic environmental policies aiming to conserve the genetic heritage of the
endemic flora of the Caatinga SDTF.

Therefore, conservation policymakers must integrate spatial projections with genomic
data to design resilient conservation networks under the climate crisis [93-94]. Protecting intra-
specific diversity determines whether species maintain their adaptive potential [95] which
demands that decision-makers expand protected areas (PA) to encompass the full gene pool as
key populations of N. barbata demonstrate (MU acting as a bridge between haplogroups, and
CA harboring a private allele). To complement in sifu measures, conservation programs should
prioritize the collection and long-term storage of N. barbata in seed germplasm banks [96].
Investigating seed germination biology and propagation mechanisms will ground our
phylogeographic and climate suitability findings to build effective area restoration strategies,
ultimately preserving the evolutionary potential and genetic heritage of the endemic Caatinga
flora [80].
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Supplementary table - S1. Contribution of the bioclimatic variables, with mean, median,
and standard deviation across all scenarios. More information’s available in WorldClim.org.
Supplementary table - S2. Genbank accession numbers for nrDNA (ITS) and cpDNA (7ps16-
trnK, rps16 intron, rpl32-trnL, ndhF, and ndhA intron) sequences and herbarium vouchers for
the Pappophorinae species included in the phylogenetic analyses.

Supplementary figure — S1. Visual characterization of the landscapes of some visited
areas based on records of the previously known geographic distribution of Neesiochloa
barbata. The map contrasts historical occurrence records (red circles) with the current field
expeditions (stars: visited areas and populations found; and squares: visited areas and
populations not found). (A) Shrub—herbaceous Caatinga landscape surrounding the population
found in Salgueiro, PE. (B) Landscape surrounding the population found in Timbauba dos
Batistas, RN. (C) Stony—sandy soil vegetated by specimens of N. barbata. (D) Open Caatinga
landscape surrounding the population found in Salgueiro, PE. (E) Aspect of the area visited in
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Itatim, BA, consisting of anthropized Caatinga, with no population found. (F) Aspect of the
area visited in Morro do Chapéu, BA, with no population found. (G) Landscape aspects of the
area of a previously recorded population in Jaguarari, BA (Melo 6192, HUEFS 148176), where
no populations were found.

Supplementary figure — S2. Projected shifts in environmental suitability for Neesiochloa
barbata within the Caatinga SDTF by the end of the century (2080-2100). Maps represent
consensus dynamics comparing current conditions against two climate scenarios: (A) SSP2-
4.5 (optmistic scenario) and (B) SSP5-8.5 (pessimistic scenario). Areas are classified into
suitability gain (blue), stability (grey), and loss (red). Light grey lines delimit protected areas
for conservation (PA), the solid black line marks the Caatinga SDTF border, and blue dots
indicate the genetically analyzed populations.

Supplementary figure - S3. FastTree maximum-likelihood phylogenetic tree of
Neesiochloa barbata and allied Pappophorinae taxa derived from plastid DNA (cpDNA).
Node values represent Shimodaira—Hasegawa-like (SH-like) local support calculated in
FastTree v2.1.11. This topology provides statistical node support for the time-calibrated
phylogeny presented in Figure 6.

Supplementary figure - S4. Bayesian phylogenetic tree of Neesiochloa barbata based on
nrDNA (ITS). The topology displays a widespread lack of internal resolution, characterized
by extensive polytomies and low or null node support. Sporobolus maritimus serves as the
outgroup. Node values indicate posterior probabilities.

Supplementary figure - S5. FastTree maximum-likelihood phylogenetic tree of
Neesiochloa barbata based on nrDNA (ITS). Southern populations (MU, PF) and two
northern individuals (TB02, TBOS) collapse into a basal polytomy. The remaining northern
samples (CA, SP, TBO1, TB03, TB04) form a sister lineage, with CA06 as the most basal
branch. Sporobolus maritimus serves as the outgroup. Node value indicates local support.
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Scenario

Current
Current
Current
Current
Current
SSP2-4.5
SSP2-4.5
SSP2-4.5

SSP2-4.5

SSP2-4.5
SSP5-8.5
SSP5-8.5

SSP5-8.5

SSP5-8.5
SSP5-8.5

Climatic variable

Mean  Median

Standard deviation

bio 3

bio 12
bio_14
bio 18
bio 19
bio 3

bio 12
bio 14
bio 18
bio 19
bio 3

bio 12
bio_14
bio 18
bio 19

73.44272
747.9615
5.575092
171.3791
89.08974
69.55867
833.2766
5.241758

148.6984

103.6636
69.44377
806.4469

5.06044

136.6328

140.0562

73.4282
754
2
170
57
68.8
829

145

53

68.6
787

131.5

52

3.752911
173.89553
7.537481
72.725253
109.277549
4.405505
184.930918
6.792152

86.062077

145.064226
5.327716
209.967306

6.385621

85.410325

186.648623
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Neesiochloa barbata

Pappophorum bicolor

Pappophorum
pappiferum

Pappophorum
philippianum

ITS

GU359122

KX582397

GU359128

KJ768885

Pappophorum vaginatum KX582399

Tridens X oklahomensis

Tridens albescens

Tridens ambiguus

Tridens brasiliensis

Tridens carolinianus

Tridens congestus

Tridens flavus

Tridens flavus var.
chapmanii

Tridens hackelii

Tridens nicorae

Tridens strictus

Tridens texanus

KX582416

KX582417

KX582418

KX582420

KX582422

KX582423

KF827567

KF827568

KX582431

KX582434

KX582436

KX582439

Supplementary table - S2.

rpsl6-trnK

GU360724

KX582985

GU360700

KX582986

KX582987

KX582995

KX582996

KX582998

KX582999

KF827816

KF827817

KX583006

KX583008

KX583009

rps16

X rpl32-trnL
intron

GU360279 GU360005

KX582914 KX582671

GU360276 GU359996

KX582915 KJ768980

KX582916 KX582676

- KX582697

KX582920 -
KX582922 KX582698
- KX582699

KX582924 KX582702

KX582925 KX582703

KF827750 KF827688

KF827751

KF827689

- KX582711

- KX582715

KX582934 KX582716

KX582936 KX582719

ndhF

GU359634 —

KX582557 KX582480

GU359596 GU359402

KX582558 KX582481

KX582561 —

- KX582484

- KX582486

KX582575 KF827614

KX582576 KF827615

KX582580 KX582488

- KX582489

ndhA intron

voucher

Swallen 4491
(Us)

Pohl 12464
(MO)

Peterson 21689
Us)

Renvoize 4225
(MO)

Wagner 3930
MO)

Barrell 138-73
(Us)

Reeder 4586
(Us)

Grelen 195 (US)

Quarin 3794
(Us)

Boyce 1567 (US)
Trouart 35 (US)

Davidse 38002
(MO)

McCanley 438
(MO)

Rosengurtt 4544
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