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Abstract Myrciaria dubia (camu-camu) is a
shrubby fruit tree native to the continental Amazon
whose fruits have been intensively harvested from
wild stands, potentially reducing effective popula-
tion sizes. We quantified genetic diversity and popu-
lation structure across seven wild Peruvian Amazon
populations and delineated river-basin genetic units
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to guide provenance-aware germplasm conservation
and breeding. We genotyped 254 individuals from
the Napo, Ucayali, Nanay, Tahuayo, Putumayo, Tigre,
and Curaray basins using six polymorphic microsatel-
lite loci. Overall, 48 alleles were detected. Observed
heterozygosity (0.149-0.483) was generally lower
than expected heterozygosity (0.220-0.531), and pop-
ulation-level inbreeding coefficients (Fjg=-—0.038-
0.560) indicated significant heterozygote deficits
in Napo, Curaray, and Tahuayo. The Putumayo
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population harbored nine private alleles, represent-
ing a unique genetic reservoir. Pairwise differen-
tiation was substantial (Fg;=0.093-0.660; Nei’s dis-
tance=0.068-1.734), with the strongest divergence
between Tigre and Ucayali. Neighbor-joining, Bayes-
ian assignment, and Discriminant Analysis of Prin-
cipal Components (DAPC) initially supported three
major genetic units and highlighted Putumayo as
genetically isolated; additionally, hierarchical STRU
CTURE analyses resolved eight clusters, and DAPC
distinguished seven population-specific groups. Anal-
ysis of molecular variance attributed 56.5% of the
variation within individuals and 34.7% among popu-
lations. Mantel tests supported isolation by distance
based on straight-line geographic distances (r=0.53—
0.56; p<0.017), whereas river-network distances
were not significant. Overall, the data indicate a geo-
graphically structured genetic architecture shaped by
dispersal limitation and basin-scale differentiation,
supporting three provenance units for germplasm
banking and breeding: (i) Napo-Ucayali—-Nanay—
Tahuayo, (ii) Tigre—Curaray, and (iii) Putumayo.

Keywords Conservation genetics - Gene flow,
Population structure - Microsatellite markers -
Molecular markers

Introduction

The Peruvian Amazon covers approximately 61% of
the national territory and is dominated by lush forests
that serve as essential sources of food and income for
numerous rural communities (Gonzales 2007). In this
region, at least 60 tree and shrub species are commer-
cialized, with more than 60% harvested directly from
wild populations, the most prominent being Mauri-
tia flexuosa L.£. (aguaje), Myrciaria dubia McVaugh
(camu-camu), Euterpe precatoria Mart. (huasai),
and Oenocarpus bataua Mart. (ungurahui) in Ama-
zonian ecosystems (Vasquez and Gentry 1989; Mar-
shall et al. 2003; Shackleton and Shackleton 2004;
Gonzéles 2007; Shanley 2011; Alvarado et al. 2020).
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Conservation of genetic resources and crop improve-
ment depend on maintaining standing genetic vari-
ation in wild populations and on complementary ex
situ collections that preserve distinct provenances and
enable germplasm exchange among breeding pro-
grams (Castro et al. 2024). Sustaining these forest-
harvested resources requires management that bal-
ances use and conservation, because market demand
can reduce wild population sizes and erode existing
genetic variation (Penn 2004, 2006; Ticktin 2004;
Ticktin and Shackleton 2011).

Myrciaria dubia is a shrubby fruit-bearing species
of the family Myrtaceae. It grows naturally in sea-
sonally flooded soils along rivers and lakes in Peru,
Colombia, Brazil, and Venezuela (Pinedo et al. 2001;
Rodrigues and Marx 2006; Borges et al. 2014; Mar-
tin et al. 2014). The largest natural populations have
been reported in Peru, particularly along the Napo,
Nanay, Ucayali, Marafién, and Tigre rivers (Pinedo
et al. 2001; Rodrigues and Marx 2006; Hernandez
and Barrera 2014; Castro et al. 2024). In Peruvian
floodplains, natural stands of Myrciaria dubia can be
exceptionally abundant and productive, with yields
reported at the hectare scale, underscoring the fea-
sibility and importance of managing and conserv-
ing wild populations in situ (Peters and Hammond
1990). Camu camu fruits are rich in antioxidants and
have antimicrobial and cell-regenerating properties,
attributed to their exceptionally high ascorbic acid
content (877 to 3079 mg/100 g of pulp) and phe-
nolic compounds such as ellagitannins, ellagic acid,
quercetin glycosides, syringic acid, and myricetin
(Schmidt et al. 2010; Correa et al. 2011; Fujita et al.
2015; Arellano-Acuiia et al. 2016; Castro et al. 2018;
Azevedo et al. 2019). Due to its nutritional potential,
M. dubia has garnered significant attention in national
and international markets, resulting in high harvesting
pressure on wild populations, particularly since the
1990s, when families and communities in the Ucay-
ali, Napo, and Tigre river basins began exporting fruit
(Penn 2004, 2006). In 1994 alone, Japan, France, and
the United States were the primary importers, with
exports reaching 500 tons of pulp annually from Iqui-
tos and Pucallpa (Penn 2004, 2006; Akter et al. 2011).
In response, the Peruvian government launched refor-
estation initiatives and, in 1996, the National Camu-
Camu Program (PNCC) to promote the species’
domestication. However, most plantations under the
PNCC were unsuccessful because implementation
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was rushed and the promised technical support for
site preparation was rarely delivered, leading many
growers to establish plantings on suboptimal flood-
plain sites prone to prolonged inundation and riv-
erbank erosion (Penn 2006), and wild populations
remain the primary source of fruit. Overharvesting
and habitat degradation have been associated with
local declines in wild population sizes, threatening
the conservation of the species and its genetic diver-
sity (Penn 2004, 2006; Martin et al. 2014).

Several scientific research on Myrciaria dubia, has
primarily focused on cultivation practices, reproduc-
tive biology, and fruit composition (Alvarado 1969;
Gutiérrez-Ruiz 1969; Yuyama et al. 2002; Castro
et al. 2012, 2013, 2018; Azevedo et al. 2019). In con-
trast, the genetic diversity and population structure
of wild populations have remained relatively under-
studied (Garcia-Davila et al. 2008; Smid et al. 2017).
Early molecular evidence for genetic structuring in
M. dubia also comes from ISSR data in the Brazilian
Amazon; Nunes et al. (2017) analyzed 10 populations
(Rio Branco basin, Roraima, Brazil) using 14 ISSR
primers and recovered three major genetic groups,
indicating substantial differentiation among popula-
tions (35% of variation among populations). Although
based on dominant markers and a geographically
localized sampling design, these results support the
existence of detectable population structure in the
species and highlight the value of expanding popula-
tion-level sampling across the Amazon. For instance,
Smid et al. (2017) analyzed both cultivated and wild
populations in the Peruvian Amazon using micros-
atellite markers, revealing high genetic diversity but
also signs of inbreeding, particularly among isolated
wild populations. More recently, Castro et al. (2024)
developed new microsatellite loci and evaluated a
large germplasm collection from eight river basins,
providing valuable insights into the genetic structure
of ex-situ accessions and emphasizing the importance
of maintaining genetically diverse germplasm collec-
tions. Together, these studies substantially advance
the SSR-based characterization of M. dubia; how-
ever, they also indicate the need for basin-replicated
analyses based exclusively on natural stands to define
provenance units under contemporary landscape and
hydrological connectivity.

Despite these important contributions, basin-repli-
cated studies focused exclusively on natural popula-
tions across broader geographic scales remain scarce.

In floodplain ecosystems, hydrological connectivity
can facilitate dispersal and gene flow among riverine
stands, but the strength of this effect may vary across
basins and dispersal pathways; coupled with harvest
pressure and landscape change, this can generate
spatially heterogeneous genetic structure. Therefore,
quantifying genetic variation within and among wild
populations is essential to infer habitat connectivity,
evaluate disturbance effects, and define provenance
units that complement ex situ collections and inform
in situ conservation and sustainable management
(Hajjar & Hodgkin 2007). Understanding genetic
variability in wild populations of Myrciaria dubia is
essential for developing improved cultivars through
breeding programs targeting traits such as fruit yield
and vitamin C content. Here, we aim to assess genetic
diversity and population structure in seven geographi-
cally distinct wild populations of Myrciaria dubia
from the Peruvian Amazon using six microsatellite
loci and delineate river-basin genetic units to guide
provenance-explicit germplasm banking and crop-
improvement programs.

Materials and methods

Biological sampling, DNA extraction and
microsatellites amplification

Biological material (leaf tissue) was collected from
254 individuals belonging to seven natural popu-
lations of Mpyrciaria dubia in the department of
Loreto, Peruvian Amazon (Fig. 1). Sampling was
designed to capture as much of the species’ natu-
ral genetic diversity as possible and to delimit river-
basin genetic units where large natural populations
of M. dubia have been recorded (Pinedo et al. 2001;
Rodrigues and Marx 2006; Hernandez and Barrera
2014). Field sampling was conducted by IIAP (a pub-
lic research institute attached to Peru’s Ministry of
Environment, MINAM), following applicable insti-
tutional and national procedures for research sam-
pling. Within each basin, individuals were selected
at random within natural stands; to minimize non-
independence due to spatial clustering, we avoided
sampling multiple stems from the same shrub clump
and prioritized well-separated individuals. Sam-
pled plants were spaced approximately 50 m apart to
reduce the likelihood of collecting close neighbors
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Fig. 1 Geographic distribu-
tion of the seven wild Myr-
ciaria dubia populations

in the Peruvian Amazon
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and potential relatives, a precaution warranted by
the partial self-pollination reported for the species
(Maués and Couturier 2002). The study area includes
populations from the Napo (73°19'15”° / 3°50'39),
Ucayali (73°43'18”" / 4°56'23"°), Nanay (73°37'45”
/ 3°42'60°"), Tahuayo (73°19'15”" / 3°50'39’’), Putu-
mayo (72°37'45” [ 2°26'22’), Tigre (74°56'54” /
3°23"70*’), and Curaray (74°21'24° / 2°16'12”’) river
basins.

Total genomic DNA was extracted from 0.1 g of
dried leaf tissue using the CTAB method of Doyle &
Doyle (1987). For genotyping, we amplified six EST-
SSR loci of Myrciaria dubia (Rojas et al. 2008; Sup-
plementary Table 1). The six markers were amplified
in two multiplex reactions of three SSRs respectively
to avoid spectral overlap and size-range conflicts:
multiplex C2: MDO07 (6-FAM), MD04 (HEX), MDO02
(NED) and multiplex C3: MDO05 (6-FAM), MDO08
(HEX), MDO06 (NED). Each multiplex PCR was per-
formed in a final volume of 10 pL containing 1 uL of
genomic DNA (10 ng/uL), 1.0 pL of Taq DNA poly-
merase (5 U/uL), 2 uL reaction buffer (5x), 1.2 uL
of MgCl, (25 mM), 0.2 uLL of dNTPs (10 mM each),
and primers (0.15 pL of the forward primer [10 pM],
0.15 pL of the reverse primer [10 uM]) and the vol-
ume was completed to 10 uL. with nuclease-free water
(Invitrogen). Cycling conditions were initial denatur-
ation at 95 °C for 1 min; 30 cycles of denaturation

@ Springer

at 94 °C for 30 s, annealing at the multiplex-specific
temperature (59 °C for multiplex C2; 52 °C for multi-
plex C3) for 1 min, and extension at 72 °C for 1 min;
followed by a final extension at 72 °C for 40 min.

PCR products were denatured at 95 °C for 5 min
and sized by capillary electrophoresis on an ABI
3130XL Genetic Analyzer (Applied Biosystems)
using GeneScan 500 ROX as the internal size stand-
ard. Injection mixes contained 1.0 uL of PCR prod-
uct, 8.7 uL of Hi-Di formamide (Applied Biosystems,
Thermo Fisher Scientific), and 0.3 pL of GeneS-
can 500 ROX Size Standard (Applied Biosystems,
Thermo Fisher Scientific). Allele sizes were reg-
istered using Peak Scanner v1.0 (Applied Biosys-
tems). For allele binning, fragment lengths were first
recorded as base-pair values relative to the ROX-
500 ladder (raw fragment lengths in Supplementary
Table S2). We then binned alleles to the nearest valid
integer class consistent with each locus’s core repeat
motif (2-bp or 3-bp steps, as appropriate) and micro-
satellite locus with>2 failed amplifications were
coded as missing for that locus (NA;—9 in STRU
CTURE). The integer-binned genotype matrix used
in all population-genetic analyses is provided in Sup-
plementary Table S3. Additionally, a supplementary
table reporting fragment lengths rounded to the near-
est integer is provided (Supplementary Table S4).



Genet Resour Crop Evol (2026) 73:159

Page 50f 19 159

Data analysis
Genetic diversity within and among populations

We used PowerMarker v3.25 (Liu and Muse 2005) to
calculate locus-wise diversity indices across all 254
individuals: number of alleles (A), polymorphic infor-
mation content (PIC), observed heterozygosity (Ho),
and expected heterozygosity (He). For each locus, we
additionally report the locus-wise heterozygote defi-
cit as f=1—Ho/He. Population-wise diversity indices
(N, At, P, Ho, He) were computed for each river-basin
population. Population-level inbreeding coefficients
(Fig) were estimated in GENETIX (Belkhir et al.
2004) and reported as point estimates. We assessed
statistical support for departures from Hardy—Wein-
berg expectations by testing each population’s Fig
with a permutation procedure in GENETIX (1,000
replicates); p-values were calculated as the propor-
tion of permuted Fig values>the observed Fig, and
populations with p <0.05 were considered to depart
significantly from Hardy—Weinberg expectations due
to inbreeding and/or substructure. Pairwise genetic
differentiation among populations was estimated as
Fqr using the Weir & Cockerham (1984) estimator (0)
implemented in GENETIX.

Null alleles and Hardy—-Weinberg equilibrium

To evaluate whether heterozygote deficits could
be influenced by null alleles, we performed a
locus-by-population screening based on heterozy-
gote deficiency using a Brookfield-type estimator,
r=(H,—H,)/(H,+H,), truncated at zero. In
addition, Hardy—Weinberg equilibrium (HWE) was
tested for each locus within each population using
an exact test with 10,000 Monte Carlo permutations;
p-values were adjusted for multiple testing using the
false discovery rate (FDR) procedure. These analy-
ses were performed in the R package pegas (Paradis
2010).

Population structure

To visualize genetic relationships among river-basin
populations, a neighbor-joining dendrogram based on
Nei’s genetic distances (Nei 1978) was generated in
PowerMarker version 3.25 (Liu and Muse 2005), with
1000 bootstrap replicates. Allele frequency data were

formatted and prepared using the PHYLIP package
(Felsenstein 1989-2006). Population structure was
analyzed using STRUCTURE version 2.3.3 (Pritchard
et al. 2000) to infer the number of genetic clusters
without a priori information about the geographic ori-
gin of individuals. The admixture model was applied,
assuming that individuals may have mixed ances-
try (Falush et al. 2003). The burn-in period was set
to 10,000 iterations, followed by 100,000 Markov
Chain Monte Carlo (MCMC) repetitions. Simula-
tions were conducted for K values ranging from 1
to 7, with 10 replicates per K. The most likely num-
ber of genetic clusters was determined using the AK
method of Evanno et al. (2005). For each STRUCTU
RE run (global and subset analyses), we evaluated K
using AK (Evanno et al. 2005) and inspected consist-
ency across replicate runs; we adopted a stepwise
approach: after the initial run on all individuals, each
major cluster identified was subjected to an inde-
pendent STRUCTURE analysis (same parameters)
to explore internal substructure. This recursive pro-
cedure was repeated until STRUCTURE no longer
detected further subdivision within a given cluster. At
each step individuals were assigned to the cluster with
the highest membership coefficient (g-value). The
analysis was concluded once STRUCTURE failed to
detect further sub-structuring within the reanalyzed
clusters. Subsets were not further subdivided when
replicate runs did not support an additional stable
partition (e.g., inconsistent solutions across replicates
and/or AK not indicating clear structure).

A Discriminant Analysis of Principal Compo-
nents (DAPC) was carried out using the adegenet
package (Jombart 2008; Jombart et al. 2010) in R (R
Core Team) to evaluate population structure without
assuming Hardy—Weinberg equilibrium. The optimal
number of genetic clusters was determined based on
the lowest Bayesian Information Criterion (BIC).
In addition, the number of genetic clusters was fur-
ther corroborated using DAPC, an effective method
for visualizing population structure and identifying
the most influential factors contributing to variation
among populations. The analysis retained 20 princi-
pal components, and the first two discriminant axes
explained the total discriminant variance. Addition-
ally, an Analysis of Molecular Variance (AMOVA;
Excoffier et al. 1992) was performed using the poppr
package with 999 permutations (Kamvar et al. 2014).
Two analyses were conducted: one based solely on

@ Springer
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the geographic populations and another using groups
defined by the NJ clustering and the DAPC results.
This dual approach allowed us to assess genetic vari-
ation both at the population level and among geneti-
cally inferred clusters. Finally, to test isolation by
distance, we assessed the association between genetic
differentiation and geographic separation using Man-
tel tests. Pairwise genetic distances among popula-
tions were computed as Rousset’s distance (Rous-
set 1997) a = Fgp/(1 — Fgp) from the pairwise Fgp
matrix (Supplementary Table S5). Geographic dis-
tances (Supplementary Table S6) were measured in
two ways: (i) straight-line distances between popula-
tion localities (km) and (ii) river-network distances
following the main navigable fluvial route between
localities (km). We performed Mantel tests (Pearson
correlation) between the genetic-distance matrix and
each geographic-distance matrix using 9999 permu-
tations. Because isolation-by-distance relationships
often become more linear after transformation of dis-
tance, we ran Mantel tests using both raw distances
and log10-transformed distances (log10[km+ 1]). We
further evaluated whether genetic structure was better
explained by straight-line distance or river-network
distance using partial Mantel tests, correlating genetic
distance with one geographic matrix while control-
ling for the other (9999 permutations). All Mantel
and partial Mantel tests were conducted in R using
the vegan package (Dixon 2003).

Results

Genetic diversity of alleles within and among
populations

A total of 254 individuals of Myrciaria dubia from
seven wild populations were genotyped using six pol-
ymorphic microsatellite markers (Fig. 1; See Micro-
satellite Genotypes in Table S2 and S3.). Forty-eight
alleles were detected (mean=eight alleles per locus;
Table 1). The number of alleles per locus ranged from
4 (MDO07, MD04, MDO02) to 18 (MDO05). Observed
heterozygosity (Ho) values ranged from 0.241 to
0.464 and were consistently lower than the expected
heterozygosity (He) at all loci (Table 1). Locus-wise
heterozygote deficit ranged from 0.042 (MDO08) to
0.250 (MDO02) (Table 1).

@ Springer

Table 1 Genetic diversity indices for six microsatellite loci
genotyped in 254 Myrciaria dubia individuals

Locus A He Ho f PIC

MDO07 4 0.392 0.341 0.130 0.566
MD04 4 0.293 0.266 0.094 0.430
MDO02 4 0.322 0.241 0.250 0.373
MDO05 18 0.575 0.464 0.193 0.837
MDO08 9 0.370 0.355 0.042 0.620
MDO06 9 0.516 0.448 0.133 0.683
Mean 8 0.411 0.352 0.130 0.585

A: number of alleles per locus; He: expected heterozygosity;
Ho: observed heterozygosity; f: locus-wise heterozygote defi-
cit; PIC: polymorphic information content

At a population level, expected heterozygosity
(Table 2) was highest in Napo population (He=0.531)
and lowest in Tigre (He=0.220), while observed
heterozygosity (Ho) ranged from 0.149 (Curaray) to
0.483 (Nanay; Table 2). Except for Ucayali, all popu-
lations exhibited lower observed heterozygosity than
expected heterozygosity (Table 2); heterozygote defi-
cits were more pronounced in Napo and Tahuayo and
were strongest in Curaray (He=0.340 vs Ho=0.149),
consistent with the population-level Fg estimates
(Table 2) and permutation tests (Supplementary
Table S7). The number of alleles varied significantly
among geographic populations, being highest in Putu-
mayo (31 alleles) and Nanay (27 alleles) and lowest
in Tigre (13 alleles), Curaray (16 alleles), and Ucayali
(16 alleles). The Putumayo population displayed nine
private alleles representing 29% of the alleles found
in that population (Table 2).

Null-allele screening suggested generally low-to-
moderate values across loci (Mean by locus ranged
from 0.032 to 0.177), with the highest mean at MDOS5
(0.177) and the lowest at MDOS8 (0.032). Across pop-
ulations, Curaray showed the highest average null-
allele signal (mean r = 0.420), whereas other popu-
lations were lower (0.028-0.108). Exact HWE tests
(FDR-corrected) identified significant departures in
a subset of locus-by-population combinations, con-
centrated mainly in Curaray (3 loci), and to a lesser
extent in Tahuayo (1 locus) and Tigre (1 locus).

Genetic differentiation and population structure

Pairwise Fgp and Nei’s distances (Table 3) reveal that
the Tahuayo and Ucayali populations are the most
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Table 2 Genetic diversity indices for seven wild Myrciaria dubia populations in the Peruvian Amazon based on six microsatellite

loci

Populations N At P He Ho Fig
Napo 40 22 - 0.531 0.442 0.168*
Ucayali 39 16 - 0.346 0.359 -0.038
Nanay 40 27 - 0.495 0.483 0.023
Putumayo 42 31 9 0.504 0.476 0.054
Tigre 20 13 - 0.220 0.200 0.088
Curaray 29 16 - 0.340 0.149 0.560%*
Tahuayo 44 18 - 0.444 0.356 0.199*

Significance of Fig was assessed by permutation in GENETIX (1000 replicates; See supplementary Table S7)

N: number of individuals genotyped; At: total number of alleles; P: number of private alleles; He: expected heterozygosity; Ho:
observed heterozygosity; Fig: within-population inbreeding coefficient

*p<0.001

Table 3 Pairwise genetic

A S Population Curaray Nanay Napo Putumayo Tahuayo Tigre Ucayali

differentiation index Fgr

(upper t(rii_anglt“—) aild Nei’s Curaray - 0.451% 0437  0.492* 0.498* 0.464%  0.585%

genetic distance (lower Nanay 0.955 - 0.117%  0.234% 0.131%  0.518%  0.139%

triangle) among seven

wild Myrciaria dubia Napo 0.955 0.151 - 0.256* 0.194* 0.495*%  0.212*

populations Putumayo 0.955 0.461 0.461 - 0.170* 0.537*%  0.289*
Tahuayo 1.071 0.143 0.256 0.204 - 0.570*  0.093*

*denote Fgp values Tigre 0.955 1.094 1.094 1.094 1.360 - 0.661*

significantly different from Ucayali 0.955 0151 0225 0461 0.068 1.094 -

zero (p<0.001)

similar (D=0.068; Fgr=0.093), consistent with low
differentiation that may reflect recent shared ances-
try and/or ongoing connectivity. In contrast, the
Tigre and Ucayali populations are the most diver-
gent (D=1.734; Fg:=0.660). Populations from the
Napo, Ucayali, Nanay, and Tahuayo basins (Amazon-
basin populations) exhibit lower genetic differentia-
tion among themselves than with other populations
(Table 3), whereas those from Tigre and Curaray,
located in upper minor basins, were the most differ-
entiated. All pairwise differences were statistically
significant (Table 3). Permutation tests indicated
significant heterozygote deficits (p <0.001) in Napo,
Curaray, and Tahuayo, whereas Tigre, Putumayo,
Nanay, and Ucayali did not depart significantly from
Hardy—Weinberg  expectations  (Supplementary
Table S7).

Neighbour-Joining (NJ) dendogram (Fig. 2)
grouped the seven populations into three principal
genetic units: i) Napo, Ucayali, Tahuayo, and Nanay,
(i) Tigre and Curaray, and iii) Putumayo (Fig. 2).

Although most bootstrap support values were low, the
group formed by the Tigre population was moderately
supported (bootstrap="77%), indicating a significant
level of divergence from the other populations. In
contrast, the remaining populations grouped into two
additional groups, consistent with weaker differentia-
tion among them and/or more recent shared ancestry
(Fig. 2).

Bayesian clustering analysis using STRUCTU
RE revealed that the 254 individuals could be parti-
tioned into three primary clusters (K=3) (Fig. 3D).
In this scheme, Cluster A included the Napo, Ucay-
ali, Nanay, and Tahuayo populations; Cluster B cor-
responded solely to the Putumayo population; and
Cluster C comprised the Tigre and Curaray popula-
tions. These clusters corroborate the three genetic
units suggested by the NJ tree. Further sub-analyses
(Fig. 31I-1V) within Clusters A and C revealed addi-
tional sub-structuring. Within Cluster A, the individ-
uals were divided into four distinct subclusters, and
a similar subdivision was observed within Cluster C
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Fig. 2 Neighbour-joining
dendrogram of seven wild
Mpyrciaria dubia popula-
tions based on Nei’s genetic
distances calculated from
six microsatellite loci.
Bootstrap support values
(1000 pseudoreplicates) are
shown at each node. The
dendogram resolves three
main genetic units: A Napo,
Ucayali, Tahuayo, and
Nanay (top-left group), B
Tigre + Curaray (right-hand
group). C Putumayo (bot-
tom-left group)

- UCAYALI

PUTUMAYO

TAHUAYO

CURARAY .-~

0.1

(Fig. 31I-1V). These sub-analyses were motivated by
significant departures from Hardy—Weinberg expec-
tations (permutation tests on Fig; p<0.05), which
are consistent with heterozygote deficits due to non-
random mating and/or cryptic substructure. The pie
charts in Fig. 1 summarize the proportional mem-
bership of each population in the eight final STRU
CTURE clusters (C1-C8), highlighting admixture
in Napo—Ucayali-Nanay—-Tahuayo and the near-
homogeneous composition of Putumayo, Tigre, and
Curaray. Final clusters comprise: four clusters con-
taining some mixed individuals from Napo, Ucayali,
Nanay, and Tahuayo (Clusters 1-4), while individu-
als from Tigre (Cluster 5), Curaray (Clusters 6 and
7), and Putumayo (Cluster 8) formed homogeneous
groups (see clusters; Fig. 1).

Discriminant Analysis of Principal Components
(DAPC) retained six discriminant functions, with the
first two axes (FD1 and FD2) explaining 42.93% and
30.01% of the total discriminant variance, respec-
tively (72.94% cumulatively; Fig. 4). Global assign-
ment probabilities were high (98.8%), although vari-
ation existed among populations (97.3% for Group
1, 90.9% for Group 2, and 100% for Groups 3-7).
The scatterplot of FD1 versus FD2 reveals seven dis-
tinct groups corresponding to the seven populations
analyzed. Notably, group 3, composed of specimens
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from the Putumayo River, is separated and genetically
isolated from the others (Fig. 4). In addition, popu-
lations 2 and 4 form a distinct group, although some
individuals appear at intermediate positions between
them, suggesting moderate genetic differentiation but
also a degree of connectivity. In contrast, groups 1, 5,
6, and 7 (Amazonas basin) show substantial overlap,
with groups 1, 5, and 6 being almost entirely super-
imposed; this pattern suggests gene flow or a recent
shared ancestry among these populations (Fig. 4).

The first discriminant function separates group
3 along the negative axis, while the second function
distinguishes group 2 from group 4 (Supplementary
Table S8). The remaining groups occupy a central
overlapping area (See supplementary Table S8 for
mean discriminant scores and standard deviations in
each group). It is worth noting that the relationship
between populations and genetic groups was the same
as those identified by the dendrogram of genetic dis-
tance (Fig. 2).

The AMOVA revealed contrasting patterns in the
distribution of genetic variation in Myrciaria dubia
(Table 4). At the population level (Table 4a), 56.45%
of the variation occurred within individuals, 34.73%
among populations, and 8.82% among individuals
within populations, indicating significant genetic dif-
ferentiation among geographic populations despite
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Fig. 3 Illustration of the four successive clustering-step analy-
ses (I-IV) in STRUCTURE for 254 Myrciaria dubia individu-
als. Histograms and the optimal K for each step were selected
based on the highest AK following Evanno et al. (2005). (I)
Global analysis identifying three primary genetic clusters
(K=3). (I) Sub-analyses of the two main clusters from step
I (a2 K=2; AK=115.6; and b: K=2; AK=509.4) reveal-
ing additional structure. (III-IV) Additional sub-analyses
within the resulting groups (c—e; each K=2; AK values shown
above plots) to resolve finer-scale structure. The final assign-

the predominance of within-individual variation.
When populations were grouped according to NJ-
inferred genetic units (Table 4b), the variance com-
ponents were slightly redistributed: 33.95% of the
total variation was attributed to differences among NJ
groups, 16.16% to variation among samples within
groups, and 49.89% remained within individuals.
These findings validate the groups and reinforce the
congruence between the NJ and DAPC results.
Mantel tests supported isolation by distance
when geographic separation was measured as
straight-line distance (raw distances: r=0.5285,

(ISecond step analysis (2 analysis)

Nap+Nan

analysis (4 aifnalysis)

(d) k=2 (Ak=
N

(IV)Fourth step analysis (

(Cluster B:Put) (Cluster C:Tig,Cur)

*

(b) k=2
(Ak=509.4)
Ti Cur

% : * '
(@) k=2 |

k=1 (Ak=36.7)
: url Cur2

33.9)
ap

4 analysis)
k=1 =

Nap Put Tig Curl Cur2!

ment identifies eight genetic clusters (K=8), shown at the
bottom, with population abbreviations beside the correspond-
ing barplot blocks: Nap=Napo, Uca=Ucayali, Nan=Nanay,
Tah =Tahuayo, Put=Putumayo, Tig=Tigre, Cur=Curaray.
Asterisks below clusters indicate significant deviation from
panmixia (p<0.05). ¥ indicates the cumulative number of
clusters identified across steps. Colors in intermediate-step
panels are assigned independently and are not directly compa-
rable across steps

p=0.0165; log10-transformed distances:
r=0.5636, p=0.0087; Fig. 5). In contrast, river-
network distances were not significantly correlated
with genetic distances (raw: r=0.0145, p=0.3677;
logl10: »=0.1896, p=0.2528). Partial Mantel tests
indicated that straight-line distance remained sig-
nificant after controlling for river-network distance
(r=0.5603, p=0.0081), whereas river-network
distance did not explain genetic structure after con-
trolling for straight-line distance (r= —0.1751,
p=0.6308).
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DA eigenvalues

Fig. 4 Discriminant Analysis of Principal Components
(DAPC) scatterplot for 254 Myrciaria dubia individuals.
Individuals are plotted according to the first two discriminant
functions (FD1 and FD2), which explain 72.94% of the total
discriminant variance. Colors and labels (1-7) denote the

Putumayo; 4: Curaray; 5: Ucayali; 6: Tahuayo; 7: Napo); with
95% inertia ellipses drawn around each group. The inset bar-
plot shows the eigenvalues for all discriminant axes. See Sup-
plementary Table S8 for mean FD1 and FD2 scores (+SD) by
population

seven a priori geographic populations (1: Nanay; 2: Tigre; 3:

Table 4 Analysis of molecular variance (AMOVA) for wild Myrciaria dubia populations, partitioned at two hierarchical levels

Source df SS MS Est. Var %

(a) Geographic population level

Among populations 6 614.063 102.344 1.381 34.73
Between samples within populations 247 727.571 2.946 0.351 8.82
Within samples 254 570.000 2.244 2.244 56.45
Total 507 1911.634 - 3.976 100
(b) NJ cluster level

Among NJ groups 2 413.555 206.778 1.527 33.95
Between samples within groups 251 928.079 3.698 0.727 16.16
Within samples 254 570.000 2.244 2.244 49.89
Total 507 1911.634 - 4.498 100

In the poppr output, “samples” correspond to diploid individuals; “within samples” represents within-individual variance (heterozy-
gosity) (a) among geographic populations and (b) among NJ-inferred genetic clusters

df, degrees of freedom; SS, sum of squares; MS, mean square; Est. Var., estimated variance component; %, percentage of total vari-
ance

Discussion microsatellite data indicate moderate-to-high genetic
variability, in line with previous studies (Rojas
et al. 2011; Smid et al. 2017; Castro et al. 2024). A
total of 48 alleles were detected across six SSR loci

(mean=38.0 alleles per locus), providing a broad

Genetic diversity within and among populations

Across seven wild Myrciaria dubia populations,

@ Springer
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allelic state space for population-level inference.
Because marker resolution depends on both allele
number and allele-frequency distributions, summary
metrics such as expected heterozygosity and the poly-
morphism information content (PIC) are widely used
to evaluate the discriminatory ability of codominant
markers and to prioritize the most informative loci
(Nei 1978; Botstein et al. 1980; Serrote et al. 2020).
In our dataset, PIC values ranged from 0.373 (MDO02)
to 0.837 (MDO05), with an overall mean of 0.585
(Table 1), indicating moderate-to-high marker infor-
mativeness and supporting the suitability of this SSR
panel for detecting allele-frequency heterogeneity
among river basins (Botstein et al. 1980; Serrote et al.
2020). The precision of microsatellite-based infer-
ence depends not only on the number of loci but also
on the total number of independent alleles surveyed;
simulation analyses show that comparable accuracy
in genetic distance estimation can be achieved with
fewer loci when they collectively capture sufficient
allelic diversity (Foulley and Hill 1999; Kalinowski
2002). Moreover, power simulations indicate that
multi-allelic microsatellite datasets can provide sub-
stantial power to detect population divergence even
at low levels of differentiation under commonly used
sampling designs, with resolution influenced by how
alleles are distributed across loci (Ryman et al. 2006).
Empirical resampling further shows that increas-
ing microsatellite numbers improves the stability of
genetic distances and the robustness of distance-based
phylograms, even when locus increases are moder-
ate (Koskinen et al. 2004). Conversely, locus-reduc-
tion approaches indicate that a relatively small “core
set” of highly polymorphic loci can still recover the
major population structure and support high assign-
ment accuracy, particularly when marker informative-
ness is high (Arthofer et al. 2018). Thus, although the
total number of alleles detected here was lower than
the 91 alleles reported by Smid et al. (2017) and the
313 alleles identified by Castro et al. (2024), these
differences are expected given variation in marker
number, sampling intensity, and geographic scope
among studies, and the moderate-to-high PIC values
observed here indicate that our SSR panel retains
substantial information content for detecting diversity
and population structure in wild stands.

Observed heterozygosity (Ho) values were lower
than the expected heterozygosity (He) at all loci
(Table 1), indicating a heterozygote deficit. This

pattern is consistent with that reported by Rojas et al.
(2011), who found high He values (0.691-0.903) in
eight loci for camu-camu accessions, and with the
results of Smid et al. (2017), which also showed
lower Ho (0.137-0.527) compared to higher He
(0.218-0.680). At population level, Smid et al. (2017)
reported a consistent deficit of heterozygotes in both
wild and cultivated camu-camu (Ho=0.347-0.404
vs. He=0.506-0.516). Likewise, Castro et al. (2024)
reported observed heterozygosity between 0.468
and 0.644 and a mean fixation index of Fjg=0.276
across river basins, reflecting pronounced heterozy-
gote deficiency. Our results mirror this pattern,
showing a systematic heterozygote deficit across
loci, and population-level permutation tests (Supple-
mentary Table S7) revealed significant heterozygote
deficits (local inbreeding or substructure) in three of
the seven populations: Napo (F;g=0.168), Curaray
(0.560) and Tahuayo (0.199; p<0.001), while the
other four populations did not depart significantly
from Hardy—Weinberg expectations. Notably, Ucay-
ali showed Ho slightly exceeding He (negative Fig),
which indicates no heterozygote deficit under our
marker set; however, this pattern alone does not
demonstrate panmixia or contemporary gene flow
and should be interpreted conservatively as consist-
ency with Hardy—Weinberg expectations given sam-
pling variance and the loci analyzed. These elevated
inbreeding coefficients likely result from one or more
factors: (i) a contribution of null alleles at a sub-
set of loci, as suggested by the null-allele screening
with highest signals in Curaray and at locus MDOS5
(Chapuis and Estoup 2007; Liu et al. 2013), and con-
sistent with the fact that FDR-corrected HWE depar-
tures were concentrated mainly in Curaray, while
most locus-by-population tests were not significant
in other basins; (ii) cryptic reproductive substructure
(Wahlund effect), which is associated with departures
from Hardy—Weinberg expectations and heterozy-
gote deficits (Nei 1978; Liu et al. 2013), (iii) partial
self-pollination or nonrandom mating, and (iv) sam-
pling of closely related individuals particularly when
accessions are collected within restricted stands (Ros-
setto et al. 1999; Ferreira-Ramos et al. 2014; Lu et al.
2018).

Heterozygote deficit has been attributed to factors
such as partial selfing, reproductive substructure, or
residual sampling non-independence such as inad-
vertent sampling of relatives due to spatial clustering

@ Springer



159 Page 12 0of 19

Genet Resour Crop Evol (2026) 73:159

within stands (Brondani et al. 1998; Rossetto et al.
1999; Payn et al. 2008). Maués and Couturier (2002)
analyzed the reproductive system of camu-camu and
observed a temporal overlap between stigma recep-
tivity and pollen viability, which can allow self-pol-
lination, reporting early-morning anthesis and intense
visitation by stingless bees (Meliponini), which they
considered the main legitimate pollinators. Such a
pollination context, together with floral-phase over-
lap, can increase geitonogamy and within-stand
mating (Peters and Vasquez 1987). In large and con-
tinuous stands such as Putumayo, greater mate avail-
ability and pollinator-mediated pollen movement are
expected to increase realized outcrossing and reduce
biparental inbreeding, which helps maintain high
allelic diversity and private alleles over time. In con-
trast, in smaller or more isolated populations such as
Tigre or Curaray, inbreeding due to crosses among
closely related individuals may explain the low levels
of genetic diversity, a situation similar to that reported
in studies of Eugenia dysenterica and Eugenia uni-
flora, which exhibit high inter-population variation
but low overall genetic diversity, possibly due to
reduced population sizes and limited pollen and seed
dispersal (Salgueiro et al. 2004; Trindade and Chaves
2005; Ferreira-Ramos et al. 2014; Lu et al. 2018).

Population genetic structure

The high genetic polymorphism in populations such
as Putumayo and Nanay (Table 2) are consistent
with demographic and landscape processes that pro-
mote the long-term retention of genetic variation,
including relatively large effective population size,
habitat continuity, and basin connectivity, which
counteract allele loss by genetic drift (Nei et al.
1975; Frankham 1996). In Putumayo, the occur-
rence of private alleles may reflect limited recent
immigration and localized allele-frequency differ-
entiation in comparatively less disturbed stands,
particularly where individuals were sampled across
extensive floodplain areas distant from human set-
tlements (Rojas et al. 2011; Castro et al. 2024;
Slatkin 1985). In Nanay, its central position within
the Amazon system plausibly facilitates exchange
with neighboring basins through hydrological con-
nectivity, which can help maintain allelic diver-
sity via gene flow (Stevens et al. 2007; Rojas et al.
2011). On the other hand, the Tigre, Curaray, and
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Ucayali populations showed comparatively low lev-
els of polymorphism, which may reflect reductions
in effective population size associated with intense
harvesting pressure on natural stands by local com-
munities in Jenaro Herrera, Mazan, and Tigre since
1994 (Akter et al. 2011). Importantly, repeated fruit
extraction can reduce seed availability and recruit-
ment over time, lowering population growth and
effective population size (Ticktin 2004; Martin
et al. 2014), and these demographic effects may
be amplified in floodplain systems where recruit-
ment is constrained by the flood pulse (Junk et al.
1989). In the Peruvian Amazon, harvesting pres-
sure and habitat degradation have been associated
with reduced allelic number and heterozygosity in
camu-camu accessions and related contexts (Fer-
reira-Ramos et al. 2014; Smid et al. 2017; Castro
et al. 2024), and similar processes could contribute
to reduced diversity in Tigre and Curaray. Notably,
Ucayali was the only population where Ho exceeded
He (Table 2), suggesting either local demographic
effects, recent admixture, or stochastic variation in
allele frequencies given the modest number of loci.
Across our analyses, NJ, STRUCTURE, and
DAPC consistently recovered three primary genetic
units (Figs. 2-4), whereas the hierarchical STRUCTU
RE workflow resolved finer sub-structuring into eight
clusters (Fig. 3). Differences in the number of inferred
clusters among studies (Smid et al. 2017; Castro et al.
2024) are expected and likely reflect methodologi-
cal and biological contrasts, including marker-panel
resolution (number of SSR loci), sampling design
(wild stands vs. cultivated/ex situ accessions), and
the degree of provenance mixing. Nevertheless, a
consistent qualitative pattern emerges. Smid et al.
(2017) explored K=2-5 and repeatedly recovered
Putumayo populations as a distinct genetic group,
with additional river-system subdivision at higher K.
In Castro et al. (2024), the use of a larger SSR panel
(16 loci) and ex situ germplasm accessions produced
a more complex clustering solution (optimal K~ 10)
and extensive admixture among most basins; never-
theless, Putumayo remained the most distinctive unit
(high private-allele content and low connectivity with
other basins). Our wild-population dataset mirrors
this broad pattern: Putumayo was consistently distinct
across NJ/STRUCTURE/DAPC, whereas Amazon-
connected basins show closer relationships and finer
substructure when analyzed at higher resolution.
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Although a basin-wide phylogeographic recon-
struction for Myrciaria dubia is still lacking, broader
phylogenetic and biogeographic syntheses of Myrta-
ceae (tribe Myrteae) provide context for basin-struc-
tured differentiation in the Neotropics, where geo-
graphically structured lineages are often interpreted
considering historical changes in connectivity and
landscape evolution (Thornhill et al. 2015; Vasconce-
los et al. 2017; Wagner 2025). Mantel tests supported
a basin-structured isolation-by-distance (IBD) signal:
correlations were significant when geographic sepa-
ration was measured as straight-line distance (Fig. 5),
indicating that genetic differentiation increases with
spatial separation among river basins, whereas river-
network distance was not significantly associated
with genetic distance. This pattern of IBD under
straight-line distance, but not along the river network,
is consistent with reports for other Myrtaceae (e.g.,
Eugenia dysenterica; Zucchi et al. 2003). Populations
from the Napo, Ucayali, Nanay, and Tahuayo basins
also largely overlapped in ordination/clustering, con-
sistent with higher connectivity and/or more recent
shared ancestry; consistent with this, several pairwise
Fyr comparisons among these Amazon-connected

basins were among the lowest observed (e.g.,
Tahuayo—Ucayali, Fg1r=0.093; Nanay—Napo,
Fgr=0.117; Nanay-Tahuayo, Fgy=0.131; Table 2),
whereas comparisons involving Tigre and Curaray
were much higher (up to Fgr=0.661), indicat-
ing restricted effective gene flow. This broad sig-
nal (higher connectivity among Amazon-connected
basins and differentiation involving Tigre/Curaray)
was also recovered in the ex situ dataset of Castro
et al. (2024), although numerical Fg values are not
directly comparable given differences in loci num-
ber and sampling design. AMOVA indicated that
most genetic variation occurred within individu-
als (56.45%), with additional variation among indi-
viduals within populations (8.82%) and a substantial
fraction among populations (34.73%), supporting
pronounced geographic differentiation. The con-
cordant signal of among-population differentiation
across summary statistics and clustering/ordination
approaches is consistent with expectations that multi-
allelic microsatellite datasets can yield high power
to detect allele-frequency divergence even at mod-
est differentiation levels (Ryman et al. 2006). These
findings are broadly comparable to those reported by
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Castro et al. (2024) for ex situ camu-camu germplasm
banks, which also showed that most genetic variation
is retained within sampling units (73% within acces-
sions and 86% within river basins). Ex situ collec-
tions often assemble plant material collected from
multiple origins in a single site for evaluation and
improvement programs (e.g., progenies sourced from
different institutions/origins and established together
in a genetic test; Pinedo-Panduro et al. 2020). In con-
trast, wild floodplain populations are shaped more
directly by spatially structured dispersal and strong
environmental gradients associated with the Amazo-
nian flood-pulse regime (hydrological connectivity,
inundation duration, and flood dynamics; Sioli 1984;
Junk et al. 1989). At the same time, basin-wide dis-
turbances can modify floodplain habitats and con-
nectivity: land-cover change and drought-related fire
dynamics can affect forest structure and regeneration,
hydropower development can alter river flow regimes
and floodplain connectivity, and mining expansion
can drive rapid habitat degradation in river corridors
(Swenson et al. 2011; Winemiller et al. 2016; Aragao
et al. 2018).

Based on this study of wild populations from the
northern Peruvian Amazon, camu-camu populations
are structured primarily at the river-basin scale influ-
enced by three main factors: (i) reduced effective
population size, potentially linked to high harvest-
ing pressure and habitat degradation in some river
systems, combined with the potential for self-polli-
nation via geitonogamy and an optional outcrossing
reproductive system (Peters and Vasquez 1987; Vil-
lachica 1996; Maués and Couturier 2002), which can
affect within-population diversity and increase local
inbreeding or substructure; (ii) hydrological con-
nectivity and dispersal along floodplain networks,
including seed transport by river currents and by
frugivorous fishes (ichthyochory) such as gamitana
(Colossoma macropomum), can increase connec-
tivity and exchange among nearby riverine stands
while still generating spatially structured genetic pat-
terns (Villachica 1996; Kubitzki and Ziburski 1994;
Anderson et al. 2009; Horn et al. 2011); (iii) spatial
isolation among river basins, together with increasing
habitat disturbance, may reduce connectivity and con-
tribute to persistent differentiation (Zarfl et al. 2015;
Winemiller et al. 2016; Aragao et al. 2018; Rudke
et al. 2020). Given that extraction from flooded for-
ests and associated aquatic environments is central
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to household economies in riverine communities of
the Peruvian Amazon (Gram et al. 2001), conserva-
tion and management measures should be designed
to reduce genetic erosion while remaining compatible
with local livelihood dependence. Finally, the genetic
affinity between Tigre and Curaray may reflect past
connectivity, potentially linked to historical hydro-
logical connections (water bodies that have shifted
or disappeared over time) and/or dispersal by terres-
trial vertebrates (e.g., ungulates or other mammals;
Garcia-Davila et al. 2008). Together, these results
provide a basin-scale baseline for interpreting wild
population structure in northern Peru and for inform-
ing provenance-aware conservation and breeding
decisions.

Conclusions and outlook

Wild populations of Myrciaria dubia in the Peru-
vian Amazon retain substantial genetic diversity but
are strongly structured at the river-basin scale. The
concordant signal from differentiation metrics (Fgy),
clustering (STRUCTURE/NJ), ordination (DAPC),
and AMOVA indicates that these populations repre-
sent distinct units for germplasm conservation and
the design of breeding strategies, rather than inter-
changeable sources of planting material. Putumayo
represents a distinct genetic reservoir and should
be prioritized for both in situ protection and ex situ
representation in regional germplasm banks. From
a crop-improvement perspective, these river-basin
units provide a practical framework for provenance-
based parent selection and crossing schemes: select-
ing unrelated parents within a basin can help limit
inbreeding risk in seed orchards and breeding nurser-
ies, whereas controlled crosses among differentiated
basins can broaden the breeding base while maintain-
ing provenance identity.

Recent ex situ efforts in Peru further underscore
both the value and the limitations of relying solely
on collections. The INIA germplasm bank and its
optimized core subset captured most allelic diversity
while reducing the number of maintained genotypes
(Castro et al. 2024), demonstrating that ex situ con-
servation can be highly efficient. However, Castro
et al. (2024) also reported extensive admixture among
most river basins, whereas Putumayo accessions were
comparatively genetically homogeneous, indicating
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that provenance mixing can obscure natural structure
and that some basins represent distinctive genetic
resources. Together with our basin-structured sig-
nal in wild populations, this supports a provenance-
explicit strategy in which ex situ holdings comple-
ment rather than replace in situ conservation of the
river-basin units that maintain evolutionary processes
and locally distinctive lineages.

Based on these results, we recommend: (i) main-
taining provenance identity when establishing or
enriching germplasm collections, ensuring that each
major genetic unit is represented to preserve evo-
lutionary potential; (ii) implementing provenance-
aware seed collection and exchange at appropriate
spatial scales to maintain genetic integrity while sup-
porting connectivity; and (iii) prioritizing monitor-
ing and, where warranted, targeted enrichment or ex
situ safeguarding for populations showing reduced
diversity and/or significant heterozygote deficits
(e.g., Curaray, Napo, Tahuayo), where local inbreed-
ing or substructure may reduce adaptive capacity. For
crop improvement, the observed river-basin structure
implies that parent selection and crossing designs
should be provenance-aware: combining material
from differentiated genetic units may broaden the
breeding base, whereas unstructured mixing may
dilute distinctive lineages and complicate the main-
tenance of locally adapted genetic combinations.
Accordingly, breeding, restoration, and productive
plantings should explicitly track basin provenance.
Any germplasm exchange among breeding programs
should be provenance-explicit and fully traceable.
Where exchange would entail transboundary use of
Peruvian M. dubia genetic resources for research or
breeding, access is not automatic and is subject to
access and benefit-sharing procedures (prior informed
consent and mutually agreed terms) under the Nagoya
Protocol and the applicable Andean/Peruvian frame-
work (Andean Community Decision 391; Supreme
Decree No. 019-2021-MINAM).

Beyond germplasm actions, conserving these
river-basin units will require addressing landscape-
scale pressures that increasingly affect camu-camu
floodplain habitats across Amazonia, including defor-
estation-associated fire, mining expansion, and hydro-
power infrastructure (Zarfl et al. 2015; Winemiller
et al. 2016; Rudke et al. 2020; Freitas et al. 2022).
Such stressors can fragment riparian and varzea envi-
ronments, reduce regeneration, and compromise the

connectivity that sustains genetic diversity and adap-
tive capacity. Conservation planning should integrate
provenance-explicit genetic units with monitoring of
habitat loss and disturbance, prioritizing basins where
unique lineages coincide with heightened vulnerabil-
ity (Castro et al. 2024; Villachica 1996).
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