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Abstract

Galvezia leucantha subsp. leucantha is a critically endangered endemic plant of the
Galapagos Islands that has suffered drastic population declines due to introduced her-
bivores and habitat degradation. By 2007, only six individuals remained on northern Is-
abela Island. In response, the Charles Darwin Foundation, through its Galdpagos Verde
2050 Program, implemented a long-term conservation strategy aimed at restoring via-
ble wild populations. This study aimed to support the recovery of this subspecies by
combining ex situ propagation with in situ restoration and reintroduction. Morphological
traits were documented through high-resolution dissection plates. Seed viability and ger-
mination were tested under different pretreatment and substrate conditions. Seedling
growth, flowering phenology, and transplant survival were monitored to identify key cri-
teria for restoration success. G. leucantha subsp. leucantha exhibits distinct floral traits,
and this study provides the first standarized and detailed visual record documenting its
floral morphology. Seed viability reached a maximum of 52.9% when water-treated and
recently collected seeds were used. Sodium hypochlorite (3%) significantly improved
germination. However, no statistically significant effect on seed viability was detected,
and the available data remain insufficient to determine its impact conclusively. Seedlings
showed biphasic growth, reaching heights = 60 cm—identified as the minimum threshold
for successful outplanting. From 2017 to 2024, 94 nursery-grown plants were outplanted
to Playa Tortuga Negra and Caleta Tagus and continuously monitored for subsequent
survival. Flowering (October-January) and natural seedling recruitment were recorded at
both sites. This study shows how integrating ex situ propagation, monitoring, and adap-
tive reintroduction can support the recovery of narrowly distributed island endemics. This
approach increased the wild adult population to 20 individuals and successfully re-estab-
lished a second population at a site where the species had been previously extirpated.

Key words: Ecological restoration, ex situ propagation, island endemics, plant
reintroduction, species recovery
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Resumen

Galvezia leucantha subsp. leucantha es una planta endémica y en peligro critico de ex-
tincion en las Islas Galdpagos, cuya poblacion fue severamente reducida por herbivoros
introducidos y la degradacion del habitat. Para 2007, solo se registraban seis individuos
en el norte de laisla Isabela. En respuesta, la Fundacion Charles Darwin, a través del Pro-
grama Galdpagos Verde 2050, implementé una estrategia de conservacion a largo plazo
orientada a la restauracion de poblaciones silvestres viables. El objetivo de este estudio
fue apoyar la recuperacion de la subespecie mediante la combinacion de propagacion
ex situ, restauracion in situ y repatriaciéon. Se documentaron sus rasgos morfologicos
con placas de diseccion de alta resolucién. Se evaluaron la viabilidad y germinacion de
semillas bajo distintos tratamientos y sustratos. Ademas, se monitoreo el crecimiento
de plantulas, la fenologia reproductiva y la supervivencia post-trasplante para estable-
cer criterios de restauracion efectivos. G. leucantha subsp. leucantha presenta rasgos
florales distintivos, proporcionando este estudio el primer registro visual estandarizado
y detallado de su morfologia. La viabilidad de semillas alcanzé un maximo de 52.9%
cuando se utilizaron semillas colectadas recientemente y tratadas con agua. El hipo-
clorito de sodio (3%) mejord significativamente la germinacion, mientras que no se de-
tectd un efecto estadisticamente significativo sobre la viabilidad de las semillas. Las
plantulas mostraron un crecimiento bifasico, alcanzando alturas = 60 cm, el cual se
identific6 como umbral minimo para una repatriacién exitosa. Entre 2017 y 2024 se rein-
trodujeron 94 plantas propagadas en vivero a Playa Tortuga Negra y Caleta Tagus, las
cuales fueron monitoreadas continuamente para evaluar su supervivencia. Se registré
floracién estacional (octubre—enero) y regeneracion natural en ambos sitios. Este estu-
dio muestra como integrar propagacion ex situ, monitoreo y reintroduccion adaptativa
puede contribuir a la recuperaciéon de endemismos insulares de distribucion restringida.
Como resultado, la poblacion silvestre aument6 a 20 individuos adultos y se establecié
una segunda poblacién en un sitio donde la especie se habia previamente extinto.

Key words: Endémicas de islas, propagacion ex situ, recuperacién de especies, reintro-
duccidn de plantas, restauracion ecoldgica

Introduction

The Galapagos Islands are globally recognized for their exceptional biodiversity,
particularly their flora, which forms ecosystems with a high proportion of endemic
species. Alarmingly, 60% of the 168 evaluated endemic plant species in the Galapa-
gos have been classified as threatened, highlighting the fragility of these ecosys-
tems (Tye 2007; Ledn-Yanez et al. 2011). This situation underscores the urgent
need for substantial investment in effective conservation and restoration plans to
preserve these irreplaceable biological resources (Jaramillo Diaz et al. 2024).

The introduction of non-native species, such as goats (Capra hircus), rats
(Rattus rattus), and other species, has severely impacted the endemic flora of
the Galdpagos Islands (Campbell et al. 2004; Cruz et al. 2005, 2009). Goats and
feral pigs have been highly destructive at the landscape level, grazing on na-
tive vegetation and causing significant changes to ecosystems, especially on
islands with sensitive habitats (Jiménez-Uzcategui et al. 2012). Although suc-
cessful eradication programs have removed goats from several islands since
the 1960s, and other species are currently under control, the damage to the na-
tive flora remains considerable. This has resulted in critically low populations
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of some endemic plant species, necessitating comprehensive restoration strat-
egies (Hamann 1993; Carrion et al. 2011).

Among the plant species affected by these ecological pressures, Galvezia
leucantha, commonly known as the “Galapagos snapdragon,” emerges as a se-
rious case study. This endemic species has not been evaluated on the IUCN Red
List but is locally listed as Critically Endangered (CR) on the Red List of Endem-
ic Plants of Ecuador (Ledn-Ydnez et al. 2011), primarily due to historical grazing
pressure from introduced goats, which drastically reduced its population sizes
(Wiggins 1968; Jaramillo Diaz and Tye 2018; Jaramillo Diaz et al. 2024). In ad-
dition to this primary threat, G. leucantha is further at risk due to its restricted
distribution and specialized ecological requirements. While human-driven hab-
itat degradation and invasive species are well-documented drivers of biodiver-
sity loss, stochastic environmental events may also play a significant role in its
ongoing decline, underscoring the need for a comprehensive and multifaceted
conservation approach (Jaramillo Diaz 1999; Silva Santos et al. 2024).

The species naturally occurs in geographically isolated populations across
several islands in the Galapagos archipelago, with distinct subspecies adapted
to different ecological conditions. Galvezia leucantha subsp. leucantha is primar-
ily found on Isabela and Fernandina, while G. leucantha subsp. porphyrantha is
restricted to Santiago, and G. leucantha subsp. pubescens inhabits Rébida (Wig-
gins 1968; Wiggins and Porter 1971). These populations are typically confined
to arid, rocky coastal habitats, where they experience extreme climatic variabil-
ity, including prolonged droughts that exacerbate their vulnerability (Trowbridge
2007). Although conservation efforts, such as the eradication of goats on Santi-
ago and Rabida Islands, have achieved some stabilization in the populations of
G. leucantha, these measures have not succeeded equally on all islands. On Isa-
bela, the species continues to decline (Jaramillo Diaz et al. 2023). Unlike Santiago
and Rabida, Isabela remains heavily impacted by introduced predators, particular-
ly feral cats (Felis catus) and black rats (Rattus rattus), which affect G. leucantha
directly through herbivory and indirectly by disrupting ecological interactions cru-
cial for its regeneration (Campbell et al. 2004; Cruz et al. 2005, 2009).

Additionally, natural regeneration is hindered by limited seed dispersal and
recruitment, which increases the species’ susceptibility to demographic sto-
chasticity (Zhou et al. 2017). Given these challenges, conservation strategies
focused on strengthening invasive species control, alongside habitat resto-
ration and ex situ propagation, have been prioritized to support the long-term
viability of G. leucantha in its native range (Velasco 2024; Jaramillo Diaz et al.
2024; Jaramillo Diaz et al. 2025).

G. leucantha is noteworthy as a pioneer plant adapted to grow on eroded
scoria cliffs and rocky volcanic soils typical of the Galdpagos (Wiggins 1968;
Elisens 1992; Guzman et al. 2017). These formations provide soils with low nu-
trient availability and limited water retention capacity, conditions that highlight
the xerophytic adaptations of G. leucantha and its capacity for colonizing prima-
ry substrates (Tye and Jager 2000). The presence of this species in these envi-
ronments indicates primary ecological succession processes, where it plays a
key role in stabilizing and forming the initial substrate in newly exposed volcanic
habitats (Zhou et al. 2017; Korablev et al. 2018). Research in other volcanic eco-
systems has shown that G. leucantha can alter the physical and chemical prop-
erties of the substrate, creating more favorable conditions for the establishment
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and development of other plant species (Fridriksson 1987; Grishin et al. 2019).
Biological invasions by exotic plants exert additional pressure on G. leucantha
populations in Santiago, for example, whereas in Isabela Norte, no invasive
plants have been recorded. However, some introduced invertebrate pests have
been observed, which may also impact the species. Combined with its low ge-
netic diversity, these pressures further limit G. leucantha’s ability to adapt to
changing conditions (Elisens 1992; Guzman et al. 2017; Jaramillo Diaz et al.
2024). These challenges, together with its dependence on specific habitats and
pollinators, emphasize the species’ vulnerability to environmental changes and
anthropogenic threats (Jaramillo Diaz and Tye 2018; Silva Santos et al. 2024).
The conservation of G. leucantha subsp. leucantha has become a focal point
for the Galapagos Verde 2050 (GV2050) Program, an ecological restoration
initiative of the Charles Darwin Foundation. By 2007, only a single population
of this subspecies, consisting of six individuals, remained on Isabela Island,
raising serious concerns about its survival. To prevent its disappearance, the
GV2050 Program, in partnership with the Galapagos National Park, has been
actively working since 2016 to restore this population in the northern area of
Isabela Island (Jaramillo Diaz et al. 2020, 2024; Plunkett 2020). Through ex
situ germination efforts (i.e., outside the natural habitat, under controlled con-
ditions such as nurseries or laboratories) and outplanting, the program suc-
cessfully increased the population from 6 to 20 adult individuals by 2021, with
confirmed evidence of natural regeneration through the emergence of new
seedlings (Jaramillo Diaz et al. 2024; Velasco 2024). Additionally, the GV2050
Program evaluates the effect of several water-retention tools, such as hydrogel,
biochar, waterboxx, and other tools, across all projects in the program, including
the specific one for G. leucantha subsp. leucantha (Jaramillo Diaz et al. 2024).
The ex situ approach is vital for species that are critically threatened in their
natural environment, as it enables reproduction and growth under controlled
conditions and mitigates threats such as predation or competition with inva-
sive species. These methods are essential for preserving genetic diversity and
ensuring the viability of endangered species, providing a form of biological in-
surance against potential catastrophic losses in the wild (Thomas et al. 2022).
In situ efforts, which focus on the species’ natural habitat, play an additional
important role not only in maintaining species in their native ecosystems but
also in promoting their biotic interactions necessary for long-term survival. Ex
situ strategies, such as seed banking, propagation trials, and controlled rearing,
serve as a genetic safeguard, facilitate restoration programs, and provide con-
trolled environments to refine species-specific propagation techniques.
Through this combined strategy, the program has generated valuable insights
for the conservation of this species. The aim of this study is to compile this
knowledge to inform future management actions. Several complementary stud-
ies were conducted. First, through high-resolution morphological documenta-
tion (Lankester Composite Dissection Plate), the species’ adaptive uniqueness
in arid island ecosystems was defined; seed viability and germination under
different pretreatments, substrates, and seed ages were evaluated to identify
the most effective ex situ propagation strategies for G. leucantha subsp. leucan-
tha; and plant growth was monitored to characterize its development through
time. Second, phenological patterns, minimum height for outplanting, and the
effects of restoration treatments were analyzed to optimize conditions for plant
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development and inform in situ restoration protocols. Overall, the study can be
synthesized into two main hypotheses derived from ex situ and in situ approaches:
(a) early-life processes of G. leucantha subsp. leucantha are shaped by seed con-
dition and growing environment; and (b) phenology, plant performance, and early
establishment success can inform adaptive restoration actions.

Materials and methods
Study sites

The Galapagos Islands have a climate characterized by two distinct seasons
shaped by oceanic currents and trade winds. The hot season (January—May) brings
elevated sea and air temperatures, along with variable rainfall, while the cold season
(July—December) features lower temperatures and persistent cloud cover, which
delivers moisture primarily to the highlands. In contrast, the lowland zones remain
dry throughout most of the year (Trueman and D’Ozouville 2010; Watson et al. 2010;
Dueias et al. 2021). The in situ study site is located within this dry lowland zone.

Research was conducted at two main locations, both situated at approxi-
mately 15 m a.s.l.:

+ Ex situ site: The GV2050 Program laboratory at the Charles Darwin Re-
search Station (CDRS), Puerto Ayora, Santa Cruz Island (-0.742°S,
-90.303°W).

+ In situ site: Northwestern Isabela Island, specifically at Playa Tortuga Ne-
gra, on the lower slopes of Darwin Volcano (0.240°S, 91.388°W), where
Galvezia leucantha subsp. leucantha grows on basaltic lava substrates
from historical eruptions (Jaramillo Diaz et al. 2024).

Historically, a second population was recorded near Caleta Tagus, along the
Bolivar Channel (0.294°S,91.356°W; 40 m a.s.l.), in an area characterized by volca-
nic substrates similar to those at Playa Tortuga Negra (Naumann and Geist 2000).
However, this population had not been observed in over 60 years and was consid-
ered locally extinct. In 2024, restoration efforts by the GV2050 Program success-
fully reintroduced individuals to this site, marking the beginning of a secondary
population (Naumann and Geist 2000; Jaramillo Diaz et al. 2018, 2024) (Fig. 1).

Morphology characterization and ex situ propagation

Morphological documentation

A Lankester Composite Dissection Plate (LCDP) was created using material
from 10 cultivated adult individuals at the CDRS. Major structures (i.e., flow-
ering branches and leaves) were photographed with a Sony Alpha ZV-E10
and Sony E PZ 18-105 mm f/4 G 0SS lens. Smaller organs (i.e., inflores-
cences, androecium, gynoecium, and seeds) were dissected under a Zeiss
Stemi DV4 stereomicroscope, measured with digital calipers, and imaged
with a 7Artisans 60 mm macro lens. Image composition was completed in
Adobe Photoshop CC 2023 (Adobe Inc. 2023). Final plates were deposited
in the CDS Herbarium for long-term curation and reference.
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Figure 1. Map of the study sites at Playa Tortuga Negra and Caleta Tagus, showing the historical and current habitat of
G. leucantha subsp. leucantha.

Seed viability

From 2016 to 2023, different viability tests were carried out with diverse results,
mainly using small sample sizes of seeds collected from herbaria, manually scar-
ified, and showing almost no viability of mature seeds after evaluation (Table 1).
In 2023, a trial with sodium hypochlorite (NaClO), which is used to reduce fungal
infection, achieved a small viability percentage; thus, in 2024, a new trial with a
larger sample size and incorporating the knowledge gathered was conducted. In
2024, the effect of 3% NaClO was evaluated. Because inappropriate concentra-
tions or exposure times of NaClO can also damage the seeds, and because the
viability part of this study compared seeds treated with NaClO and seeds treated
only with distilled water, whether the NaClO treatment significantly reduced seed
viability was tested. The NaClO treatment involved immersing seeds in a 3% Na-
CIO solution for 1 min, followed by thorough rinsing with distilled water. In the
control treatment, seeds were soaked in distilled water for 24 h.

Seed viability was evaluated using a tetrazolium test with a 1% 2,3,5-triph-
enyl tetrazolium chloride solution (Peters and Lanham 2005; Miller and Peter
2010; Baskin and Baskin 2014). Seed samples were collected from fully mature
capsules of Galvezia leucantha in Playa Tortuga Negra during 2019, 2020, and
2023. Maturity was determined by fruit color (dark brown capsules) and the
presence of hard, black seeds. They were then stored at the CDRS in airtight
containers at ambient temperature (~22 °C) and relative humidity (~45%).

A total of 302 seeds were tested, with replicates of approximately 50 seeds
each per treatment per collection year (n = 3 paired replicates). After staining
the seeds for 24 h at 35 °C, the outer seed layer was removed with a scalpel
and forceps to reveal the embryo and assess viability. Due to the small seed
size, viability assessments were based on overall embryo staining rather than
the staining of specific anatomical structures. Seed viability was recorded as a
binary variable, with strong pink to red recorded as viable and colorless or light
brown recorded as non-viable. The percentage of viable seeds was calculated
for each treatment and year, and the effect of the NaClO treatment on viability
was analyzed using a paired t-test in R version 4.2.1 (R Core Team 2023).
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Germination experiments

In 2023, a germination experiment was conducted at the CDRS using 1,800
seeds collected in Playa Tortuga Negra during October 2019, February 2020,
and December 2020 from four individuals (IDs: 7068, 7986, 7898, and 7990).
After collection, the seeds were stored in airtight containers under the same
storage conditions as described in the seed viability section.

The experiment evaluated two factors: pregermination treatments and sub-
strate type. The pregermination treatments consisted of soaking seeds in either
distilled water or a 3% NaClO solution, as described in the viability assessment.
Three substrates were tested: (1) a commercial germination medium (BM2;
Berger), (2) a 1:3 mixture of BM2 to beach sand, and (3) filter paper.

A total of 72 Petri dishes were used, with 25 seeds per Petri dish and three
replicates per combination of pregermination treatment, substrate, and mother
plant. The Petri dishes were placed next to a window under natural light con-
ditions and maintained at a stable ambient room temperature between ~22
and 24 °C. Distilled water was added to the Petri dishes as needed to keep the
substrates moist but not waterlogged.

Germinated seeds were transplanted once their cotyledons were fully ex-
panded to avoid radicle desiccation (Di Salvatore et al. 2008) and labeled
with a unique code. The Petri dishes were checked once weekly, and data
collection included the number of germinated seeds, dates of transplan-
tation, and the number of germinated seeds that died before reaching the
transplantation stage.

To assess the effects of seed pretreatment and substrate on germination
success, generalized linear mixed models (GLMMs) with Poisson and bino-
mial distributions were initially fitted. Due to overdispersion in these sim-
pler models, a negative binomial GLMM was used, including mother plant
as a random effect. Model validation was performed using the DHARMa
package (Hartig 2022), including simulation-based residual diagnostics and
tests for overdispersion and uniformity.

Seedling growth

From 2023 to mid-2024, a total of 23 seedlings produced from the germina-
tion experiments were incorporated into the trial following transplantation.
Seedlings were transferred into plastic containers (10 L volume) filled with
vermiculite as a substrate (Jaramillo Diaz et al. 2024). After transplantation,
each seedling received an initial irrigation of 5 L of water applied directly to
the base of the plant, following the restoration protocol guidelines (Jaramillo
Diaz et al. 2024). No additional fertilization or nutrient amendments were ap-
plied during the monitoring period.

Growth was monitored weekly by counting the number of primary stems
and lateral shoots per plant. All longitudinal growth, i.e., stem and branch
length, was summed and used as a proxy for total biomass accumulation.
Finally, this cumulative growth was plotted to visually assess when individ-
ual plants reached their maximum size.
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In situ conservation: phenology and early survival
Restoration site and treatments

Since August 2017, the restoration program has aimed to re-establish a vi-
able population of G. leucantha subsp. leucantha at Playa Tortuga Negra
using individuals derived from six original plants and ex situ propagation.
In 2024, an additional population was established at Caleta Tagus, a near-
by site selected based on historical herbarium records, low invasive plant
competition, suitable habitat conditions, and limited human access. A total
of 67 plants were introduced. Nine circular fenced exclusions, each 10 m in
circumference, were established within a 72 m? area and spaced at least
10 m apart. Four treatments were evaluated: control, hydrogel, biochar, and
waterboxx (Sahu et al. 2020; Itam et al. 2024; Jaramillo Diaz et al. 2024).
Two complementary analyses were conducted directly in the field: pheno-
logical monitoring at Playa Tortuga Negra and estimation of the minimum
plant height required for repatriation at Caleta Tagus.

Phenological monitoring

From 2017 to 2024, all plants in Playa Tortuga Negra, including naturally occur-
ring and laboratory-grown plants, were monitored approximately every 2 to 3
months to document flowering. Flower presence/absence data for each plant
were used to estimate monthly flowering probability across years. A polar plot
was used to represent seasonal phenology following Mariano et al. (2018). Ad-
ditionally, to obtain complementary information on when plants start flowering
in the field but not quantitatively from monitoring, constant communication
with park rangers was maintained, which provided informal supporting infor-
mation on the onset of flowering events and the general condition of the plants.

Early post-transplant survival

In the last repatriation at Caleta Tagus, plant survival was assessed after 2.5
months through a binomial generalized linear model (GLM) to examine the ef-
fects of initial plant size, i.e., at the moment of outplanting, and treatment con-
ditions on survival over time.

Results
Morphology characterization and ex situ propagation

Morphology

Among all described species of Galvezia, the subspecies leucantha stands
out for its unique floral morphology. This subspecies is characterized by slen-
der glabrescent pedicels considerably bent at the apex; a calyx composed
of five ovate puberulent sepals; bilabiate waxy-white tubular corollas (10—
12 mm long) covered externally with nonglandular trichomes; light brown
subglobose capsules (3-4.5 mm long); and dark brown seeds with several
cristate-echinate ridges (up to 0.5 mm long) (Fig. 2).
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Figure 2. Lankester Composite Dissection Plate of Galvezia leucantha subsp. leucantha Wiggins. A. Habit; B. Leaf, abax-
ial surface (left), adaxial surface (right); C. Flower, front view; D. Flower, side view; E. Upper lip, abaxial surface (showing
androecium and gynoecium); F. Lower lip, abaxial surface (showing densely glandular-puberulent ridges); G. Androe-
cium, side view (didynamous stamen, the fifth sterile); H. Gynoecium, side view; I. Ovary, transversal section; J. Mature
capsule, side view; K. Mature seed. [CDS samples: CDS58768, (A-I); CDS58786, (J-K)].
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Seed viability

Although no statistically significant difference in seed viability was observed
in 2024 between seeds treated with 3% NaClO and those rinsed with water (p
= 0.605), the limited number of paired replicates (n = 3) reduced the statistical
power to detect anything but large effects. The wide 95% confidence interval
(-62.8 to 47.2) further underscores the high degree of uncertainty in the esti-
mate. Therefore, these results should be interpreted with caution, as no conclu-
sive effect of NaClO on seed viability can be established.

Seed viability varied considerably across years, treatments, and seed stor-
age conditions. Seeds tested in 2023 and 2024 and collected in 2019, 2020,
and 2023 exhibited higher viability rates than those tested between 2016 and
2017. Notably, seeds collected in 2023 and treated with distilled water showed
the highest viability at 52.9%, while those treated with 3% sodium hypochlorite
reached a viability of 19.6%. In contrast, older seeds from 2016 treated with
water and mechanical scarification exhibited high non-viability rates, ranging
from 65% to 100%. These patterns highlight the strong effect of seed age and
storage conditions on viability. Detailed results are summarized in Table 1.

Germination

Poisson and binomial generalized linear mixed models (GLMMs) exhibited
significant overdispersion (p < 0.05). In contrast, the negative binomial GLMM
showed no evidence of overdispersion (p = 0.992), and residuals did not deviate

Table 1. Seed viability by collection year, treatment, and viability category (2016-2024).

Test
date

2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2017
2017
2017
2023
2023
2024
2024
2024
2024
2024
2024

Collection year

Herbarium (2016)
Herbarium (2016)
Herbarium (2016)
Herbarium (2016)
Herbarium (2016)
Herbarium (2016)
Herbarium (2016)
Herbarium (2016)
Herbarium (2016)
Herbarium (2016)
North Isabela (2016)
North Isabela (2016)
North Isabela (2016)
Plant_ID 7068 (2019-2020)
Plant_ID 7069 (2019-2020)
Plant_ID 7986 (2019)
Plant_ID 7987 (2019)
Plant_ID 7989 (2020)
Plant_ID 7990 (2020)
Plant_ID 12080 (2023)
Plant_ID 12080 (2023)

Viability categories (%)

Methodology :Z::L Mature | Not mature Non-
viable viable viable

24 h water imbibition + mechanical scarification | 20 0.0 35.0 65.0
24 h water imbibition + mechanical scarification | 20 0.0 10.0 90.0
24 h water imbibition + mechanical scarification 14 0.0 21.4 78.6
24 h water imbibition + mechanical scarification | 20 5.0 15.0 80.0
24 h water imbibition + mechanical scarification 6 0.0 16.7 83.3
24 h water imbibition + mechanical scarification | 20 0.0 10.0 90.0
24 h water imbibition + mechanical scarification 10 0.0 0.0 100.0
24 h water imbibition + mechanical scarification 10 0.0 0.0 100.0
24 h water imbibition + mechanical scarification 7 0.0 14.3 85.7
24 h water imbibition + mechanical scarification 7 0.0 28.6 71.4
48 h water imbibition, dark, and 9 °C 15 0.0 60.0 40.0

48 h water imbibition, dark, and 9 °C 15 0.0 60.0 40.0

48 h water imbibition, dark, and 9 °C 15 0.0 93.3 6.7
Cleaned with 5.25% NaCIO 20 5.0 0.0 95.0

Cleaned with water 20 5.0 0.0 95.0

Cleaned with 3% NaClO 50 12.0 0.0 88.0

Cleaned with water 50 8.0 0.0 92.0

Cleaned with 3% NaClO 50 16.0 0.0 84.0

Cleaned with water 50 10.0 0.0 90.0

Cleaned with 3% NaClO 51 19.6 0.0 80.4

Cleaned with water 51 52.9 0.0 471
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from uniformity (Kolmogorov—Smirnov test, p = 0.835), indicating that the mod-
el adequately captured the variance in the data.

The negative binomial GLMM revealed significant effects of both pre-
germination treatments and substrate types on germination rates. Germi-
nation differed significantly between seeds treated with H,0 (mean * SE
= 0.7% t 0.6) and those treated with 3% NaClO (mean + SE = 9% + 2.6, p <
0.001). Similarly, using the germination substrate alone (mean + SE = 0.3%
+ 0.2) resulted in lower germination compared to filter paper (mean * SE =
10.2% * 3.5, p < 0.001), whereas the germination substrate mixed with sand
(mean £ SE = 4% * 1.9) did not differ significantly from filter paper (mean *
SE =2.8% * 3.5, p = 0.095). Germination did not differ for 3.2-year-old seeds
(mean +SE=2.7%+ 1.5, p =0.561), and 3.6-year-old seeds showed a slight,
non-significant increase (mean + SE =8.3% + 3.5, p = 0.078) when compared
to 2.4-year-old seeds (mean + SE = 3.5% + 1.7, Fig. 3). Statistical results for
all fixed effects are summarized in Table 2.

Table 2. Summary of fixed effects from the GLMM. Estimates (+ SE), z-values, and p-val-
ues for each predictor. Significance codes: *** p < 0.001, * p < 0.05.

Predictor Estimate + SE z-value p-value
Intercept 1.115+0.494 2.259 0.024 *
Pre-treatment (H,0) -1.829 £ 0.403 —-4.538 < 0.007 ***
Substrate (Germination Mix) -1.875+0.500 -3.749 <0.007 ***
Substrate (Germination Mix + Sand) -0.674 £ 0.404 -1.670 0.095
Seed Age (3.2) -0.278 £ 0.478 -0.581 0.561
Seed Age (3.6) 0.801 £ 0.455 1.763 0.078
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Figure 3. Germination percentage (%) per Petri dish by pregermination treatment (3% NaClO and H,0) and substrate type
(filter paper, germination substrate, and germination substrate with sand). Boxplots show the median line, interquartile
range box, and range whiskers, with individual observations overlaid as points.

Nature Conservation 64: 111-133 (2026), DOI: 10.3897/natureconservation.64.177895 121



Patricia Jaramillo Diaz et al.: Recovery of Galvezia leucantha subsp. leucantha in the Galapagos Islands

Biomass Proxy (cm)

~
o
L

a1
o
L

N
(&)}
1

Growth of G. leucantha in lab conditions

> s > D ™ D D ™
S s G s G G S S
$ N & N )
N F » D

Monitoring Date

Figure 4. Cumulative growth (cm) of Galvezia leucantha plants over time under laboratory conditions. Growth was mea-
sured as the sum of the main stem length plus the length of secondary branches. The black lines represent +1 SE.

Growth

Under laboratory conditions, G. leucantha showed slow initial growth followed
by accelerated elongation after 4 weeks, coinciding with branch development
(Fig. 4). Growth plateaued by May 2024, with increased variability between indi-
viduals. By the transplant date (17 May), only seven individuals remained in the
laboratory, as the others had already been moved to the field sites at Playa Tor-
tuga Negra and Caleta Tagus. These remaining individuals averaged ~70 cm in
cumulative growth (mean * SE = 69.98 + 30.28; min = 8; max = 150.4), mea-
sured as the sum of main and secondary branches.

In situ conservation actions
Phenology

Individuals of G. leucantha subsp. leucantha reached reproductive maturity at
5 months of age under laboratory conditions or at the time of outplanting in
the field, with flowering steadily increasing over the following 2 months (pers.
comm. from park rangers). A recurring natural flowering peak occurred from
October to January in the field. Data were collected consistently across sea-
sons, providing a reliable estimate of the seasonal pattern (Fig. 5).

Early post-transplant survival

Early post-transplant survival was significantly influenced by treatment (p
= 0.015; survival: control 27.8 + 10.9%, biochar 16.7 + 9.0%, hydrogel 44.4
12.1%, waterboxx 100 + 0.0%) and by initial height (p = 0.009). Plants with an
initial height = 60 cm had a > 60% chance of survival post-repatriation (Fig. 6).
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Figure 5. Flowering phenology of G. leucantha at Playa Tortuga Negra (2017-2024).
Orange-blue trend line = flowering probability. Bars: yellow = all monitoring events; green
= proportion of events with flowers.
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Figure 6. Survival probability by initial plant height for individuals out planted to Caleta
Tagus. Survival outcomes were based on early monitoring after 2.5 months.
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Discussion
Morphology

Phylogenetic studies place Galvezia as a monophyletic genus within Antirrhine-
ae, closely related to Gambelia and Schweinfurthia (Ogutcen and Vamosi 2016)
and to the monospecific genus Pseudorontium (Guzman et al. 2017). It com-
prises four species adapted to arid environments from coastal Peru and Ecua-
dor to the Galapagos Islands. Among them, G. leucantha is the only Galapagos
endemic, with distinct floral and vegetative features compared to its mainland
relatives (Wiggins 1968; Elisens 1989, 1992; Guzman et al. 2017).

The floral morphology of G. leucantha subsp. leucantha is closely tied to
its evolutionary history and pollination strategies. As previously document-
ed by Guzman et al. (2017), it has shifted from bird to insect pollination,
with Leptotes parrhasioides, Nylanderia sp., and Xylocopa darwinii acting as
pollinators. Although Wiggins and Porter (1971) illustrated the general mor-
phology of this subspecies in “Flora of the Galdpagos Islands”, the Lank-
ester Composite Dissection Plate (LCDP) presented here provides the first
standardized and detailed visual record.

This study confirmed key morphological differences among subspecies. For
example, G. leucantha subsp. leucantha displays waxy-white corollas and gla-
brous to sparsely pubescent surfaces, clearly contrasting with the pigmented
purple, pubescent corollas of subsp. porphyrantha and subsp. pubescens. The
use of the LCDP enabled high-resolution documentation that supports taxo-
nomic clarification and enhances morphological visualization of this critically
endangered taxon. This approach has also proven effective in other Galdpagos
endemics (Calle-Loor and Jaramillo Diaz 2024).

Despite ongoing conservation efforts, all subspecies maintain small, declin-
ing populations, underscoring their vulnerability and increasing risk of extinc-
tion (Elisens 1992; Jaramillo Diaz and Tye 2018).

Seed viability

The data suggest that seed viability in G. leucantha is primarily influenced
by the reproductive conditions at the time of seed production, particular-
ly the number of reproductive individuals and pollination frequency. Seeds
collected in 2016 showed low viability, which may be attributed to limited
floral availability and insufficient population density to sustain effective pol-
lination. These conditions likely reduced opportunities for cross-pollination,
resulting in the production of physiologically poor-quality seeds, as reported
in other rare or fragmented species (Ashman et al. 2004; Knight et al. 2005;
Castilla et al. 2016).

In contrast, seeds collected in 2020 and 2023 showed improved viability,
coinciding with the increase in the number of established, flowering individu-
als due to in situ restoration actions. Higher plant density and floral resource
availability may have promoted pollinator activity and reproductive success,
resulting in better-quality seeds. Similar patterns have been observed in other
conservation programs where population reinforcement has enhanced seed vi-
ability (Betz et al. 2013; Stewart and Byrne 2025).

Nature Conservation 64: 111-133 (2026), DOI: 10.3897/natureconservation.64.177895 124



Patricia Jaramillo Diaz et al.: Recovery of Galvezia leucantha subsp. leucantha in the Galapagos Islands

These results highlight that restoration-driven increases in population size
and reproductive activity are likely the primary drivers of improved seed viabili-
ty, emphasizing the importance of in situ management for enhancing reproduc-
tive success in critically endangered plant species.

The results showed no significant differences in seed viability between Na-
CIO and distilled water treatments. However, this result should be interpreted
with caution due to the low statistical power associated with the small sample
size (n = 3 paired replicates). Therefore, the current data are insufficient to draw
conclusions about the effect of NaCIO on seed viability. Further studies with
broader concentration ranges and larger sample sizes are recommended. In
this case, this was not feasible due to the limited availability of seeds, as the
species remains critically endangered.

Although both treatments were evaluated, the results suggest that initial
seed quality shaped by pollination and fecundation conditions plays a more
decisive role in viability than treatment type. Seeds produced under favorable
reproductive conditions responded better, whereas those from low-density con-
texts exhibited high rates of non-viability regardless of treatment.

These findings have relevant implications for ex situ conservation and eco-
logical restoration efforts targeting other species at high conservation risk.
Prioritizing seed collection during years with high flowering and sufficient pop-
ulation coverage is recommended, along with the establishment of regular via-
bility monitoring protocols to inform seed use and replacement in seed banks.
The observed improvement in seed viability following population reinforcement
suggests that restoration efforts in G. leucantha are effectively enhancing its
reproductive functionality, a critical factor for long-term conservation success.

Germination

The germination trials revealed that G. leucantha germinated most successfully
on filter paper. However, most germinated seedlings from this treatment failed
to survive post-germination, likely due to poor anchorage and nutrient access.
This outcome is consistent with challenges observed in other species with
small, dust-like seeds, such as orchids. In orchid propagation, small seed size
and limited reserves demand rapid establishment and external nutrient uptake
(Hall et al. 1982; Deconninck and Gerakis 2021).

These findings suggest that although filter paper is valuable for assessing
germination capacity, substrates such as germination mix with sand are more
suitable for full seedling development. Future studies should test modifications
such as nutrient supplementation (e.g., Hoagland’s solution), controlled light
exposure, and even in vitro cultivation to improve seedling survival.

Additionally, NaCIO pretreatment significantly enhanced germination, likely
due to its combined effect as a disinfectant and scarifying agent, as document-
ed in other small-seeded species (Bae et al. 2013). Optimizing NaCIlO concen-
tration and exposure time—possibly using precise methods such as the syringe
technique (Ponert et al. 2012)—could further improve outcomes.

A two-step approach is recommended: filter paper or in vitro media for
early germination monitoring, followed by transfer to supportive substrates
for survival and growth.
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Growth

The controlled propagation experiment provided insights into the early growth
dynamics of G. leucantha. Under laboratory conditions, seedlings exhibited a bi-
phasic growth pattern, followed by accelerated elongation, likely associated with
branch formation. This biphasic growth pattern is typical of stress-tolerant pio-
neer species that first invest in root or structural anchorage before allocating re-
sources to aerial growth. However, by May 2024, only seven individuals remained
in the laboratory, as the others had already been transplanted to field sites, indi-
cating that seedlings reaching sufficient size were progressively incorporated into
restoration efforts rather than reflecting mortality under controlled conditions.

The growth evaluation included only 23 plants, which limited the robustness
of the analysis and only allowed a visual description based on Fig. 4; therefore,
the results should be interpreted with caution. The graph shows that variability
increased over time, possibly reflecting differences in seed vigor, microhabitat
effects within nursery trays, or physiological plasticity. Final cumulative stem
lengths averaged ~70 cm, but this metric may underestimate biomass accu-
mulation; future studies should incorporate complementary indicators, such as
leaf area index or shoot dry weight, for a more robust assessment of growth
performance and should increase the sample size.

As a species adapted to colonize volcanic scoria and eroded lava substrates,
G. leucantha exhibits traits characteristic of xerophytic pioneer plants, includ-
ing tolerance to nutrient-poor and drought-prone environments. In other volca-
nic ecosystems, similar species have been shown to establish successfully on
substrates with low organic matter and limited water retention, contributing to
early successional processes by stabilizing soil and facilitating nutrient cycling
(Fridriksson 1987). Given this ecological role, early seedling development of
G. leucantha may be particularly sensitive to the physical and chemical proper-
ties of the germination medium. Additionally, volcanic sands, such as those from
the Darwin Volcano, may supply essential minerals (Nusbaum et al. 1991). How-
ever, the specific mineral content of the sand currently used in the propagation
trials remains uncharacterized, as no local laboratory performs soil analyses.

Altogether, these findings emphasize the importance of understanding
how volcanic sands and other low-nutrient substrates affect the early growth
of pioneer species. Optimizing these abiotic conditions, alongside controlled
nursery practices, will be critical for enhancing seedling performance and
success in restoration efforts.

Phenology

The phenological cycle of G. leucantha shows a seasonal flowering peak be-
tween October and January, which likely corresponds with climatic cues and
moisture availability in the dry lowlands of Isabela. This pattern is consistent
with phenological behaviors in other endangered island flora. For instance, spe-
cies in the Pitcairn and Bonin Islands exhibit short, climate-sensitive reproduc-
tive windows, often disrupted by habitat loss or invasive species (Waldren et al.
1995; Tetsuo et al. 2008). Island endemics generally show high sensitivity to
environmental fluctuations, making phenology a key indicator of ecological sta-
bility (Caujapé-Castells et al. 2010). However, it is also possible that ephemeral,
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less abundant flowering events may occur but are not detected through the
sampling scheme. Considering this, and the logistical and cost constraints of
monitoring, increased sampling effort, i.e., more frequent sampling dates, over
a few seasons is recommended to determine whether additional short pheno-
logical peaks exist. Long-term monitoring of flowering trends in G. leucantha is
therefore essential to improve knowledge of the species and to detect potential
climatic shifts, reproductive limitations, or pollination failures that could com-
promise regeneration. This knowledge is also critical for timing seed collection
and restoration actions in both in situ and ex situ contexts.

Early post-transplant survival

The results indicate that, for G. leucantha, a clear size threshold for successful
establishment was identified, significantly increasing survival during the early
months following outplanting. This threshold likely reflects a minimum struc-
tural size necessary to reduce transplant shock, withstand abiotic stress, and
possible resist herbivory in the wild. Taller individuals may benefit from more
developed root systems, greater resource storage capacity, and increased re-
sistance to desiccation or mechanical damage, factors commonly linked to
transplant success in arid island ecosystems.

Similar patterns have been documented in other endemic or rare species. For in-
stance, in a restoration program of Scalesia affinis in the Galdpagos, survival rates
improved significantly when water-saving technologies were used, but success
also depended on the initial robustness of transplants (Plunkett et al. 2023). In
the critically endangered Apium bermejoi from Menorca, individuals transplanted
at advanced developmental stages showed over 50% survival after 3 months, with
successful fruiting in more than 80% of the survivors (Rita and Cursach 2013).

Size-dependent success has also been observed in other restoration sys-
tems. For example, a study on Eunicella cavolini, an endemic coral species,
found that fragments larger than 10 cm had up to 90% survival, while smaller
ones suffered much higher mortality (Topgu et al. 2023).

These examples suggest that plant or fragment size is a widely applicable
predictor of post-transplant performance, especially in restoration programs
that reintroduce individuals into harsh or degraded environments. In the case of
G. leucantha, the findings support the implementation of a minimum height thresh-
old (~60 cm) for outplanting, ensuring that individuals have reached a stage of
structural maturity conducive to survival. Establishing such developmental thresh-
olds can improve the efficiency of conservation interventions by reducing early
mortality and maximizing resource investment. Additionally, given the short moni-
toring period following this cohort outplanting, it was not possible to detect poten-
tial competition among G. leucantha plants. Although the literature recommends
larger areas (= 50 m?) for restoration techniques using plant clusters or nuclei and
greater distance between them (= 50 m) (Zahawi et al. 2013; Corbin et al. 2016;
Holl et al. 2020), the plot size was logistically constrained because of the terrain,
i.e., slope, and the cost of fencing material. However, no other species were abun-
dant in the plots, which suggests that plot size may not have a strong effect on
negative interactions. On the other hand, plants started flowering shortly after re-
patriation, which could facilitate pollination by increasing detectability by potential
pollinators and, subsequently, increase the likelihood of seed release on site.
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Finally, although the evaluation period in this study was short, i.e., 2.5 months,
the results already indicated that waterboxx was the most effective treatment
for maintaining initial survival (100%), whereas biochar performed the worst
(~16%). This may inform recommendations for future repatriation efforts. Fur-
ther assessment of all treatments after the major dry season is necessary to
determine the overall effects of these tools.

Conclusion

This study highlights the singularity and conservation challenges of Galvezia
leucantha subsp. leucantha, a highly localized and critically endangered spe-
cies in the Galapagos Islands.

The detailed morphological characterization, including the development of
a Lankester Composite Dissection Plate, provided the first comprehensive vi-
sual record of this subspecies. These findings not only support its taxonomic
distinction from mainland relatives but also emphasize the importance of inte-
grating morphology into conservation strategies for rare taxa.

Ex situ propagation experiments demonstrated that seed viability is strongly in-
fluenced by age, with a marked decline after 3 years. NaCIO pretreatment signifi-
cantly improved germination, while no statistically significant effect on seed viabili-
ty was detected. Although filter paper yielded the highest germination rates, its lack
of structural support limited seedling development, indicating that substrates such
as germination mix with sand are better suited for seedling survival and growth.

Phenological data confirmed a seasonal flowering peak, reinforcing the
need to synchronize seed collection and planting efforts with the reproduc-
tive cycle of the species.

Finally, in situ conservation actions demonstrated that restoration success
depends not only on seedling quality and initial plant size but also on the use of
water-saving technologies and site-specific treatments.

Together, these findings offer an integrated understanding of the ecology,
propagation, and management of G. leucantha subsp. leucantha and provide
science-based recommendations for future conservation strategies both in the
Galdpagos and in other island systems facing similar challenges.
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