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Abstract

Endemic plant species represent a particular conservation challenge because

they are often more susceptible to threats such as changes in climatic regimes.

Therefore, it is essential to understand the role of variations in climatic vari-

ables in the life-history traits of endemic species. Cuphea gaumeri, a rare tropi-

cal endemic of the Yucat�an Peninsula, Mexico, occurs in heterogeneous

habitats, including evergreen and seasonally dry forests. We conducted a facto-

rial experiment to evaluate the effects of light (sunlight vs. shade) and water

availability on four demographic traits: germination, growth, reproduction,

and survival. Germination percentage increased at high levels of water avail-

ability, and higher water levels reduced the number of days to germination

regardless of light conditions. Plant growth increased under shaded conditions

with medium to high water availability, highlighting the interaction between

light and water. Time to reproduction was delayed in plants exposed to low

water availability, whereas plants with higher water levels reproduced earlier,

regardless of light conditions. Survival probabilities were highest for plants

grown in sunlight with high water availability. This suggests that water can

mitigate the stress caused by sunlight exposure by supporting metabolism and

reducing light stress, which ultimately enhances plant performance and sur-

vival. Overall, the responses of C. gaumeri suggest adaptation to the seasonal

flooding of its native habitats, resembling those observed in riparian species.

These findings underscore the role of water availability in shaping life-history

traits and highlight the importance of protecting seasonally flooded habitats.

These insights can guide conservation strategies for tropical endemic species

facing micro- and macro-environmental changes.
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1 | INTRODUCTION

Understanding the ecological and evolutionary factors
behind the restricted spatial distributions of endemic spe-
cies has been extensively studied (e.g., Essl et al., 2009;
Kidane et al., 2019; Kruckerberg & Rabinowitz, 1985;
Lavergne et al., 2004; Myers et al., 2000). Endemic species
play a crucial role in conservation biology, as they contrib-
ute significantly to the species richness of regions and help
identify priority conservation areas (Myers et al., 2000).
However, they are particularly vulnerable to habitat loss,
invasive species, and climate change (Kidane et al., 2019;
Pounds et al., 2006; Thomson, 2005). Their limited geo-
graphic ranges, small population sizes, and specialized
habitats reduce their adaptability to these threats, empha-
sizing the need to understand their distribution patterns
and life-history traits (Sękiewicz et al., 2024). Such knowl-
edge is essential for assessing extinction risks and devising
effective conservation measures (Brooks et al., 2002;
Navarro & Guiti�an, 2003; Winkler et al., 2019).

Endemic angiosperms are often found in stressful habi-
tats, such as arid regions or nutrient-poor soils (Baskin &
Baskin, 2014; Valiente-Banuet & Verdú, 2007; but see
Samain et al., 2022). In Mexico, high levels of endemism
are associated with arid or semiarid areas (D�avila
et al., 2002; Riemann & Ezcurra, 2005; Sosa et al., 2018).
The Peninsula Biogeographic Province (PBPY), character-
ized by seasonally dry forests and scrublands, hosts a rich
variety of endemic species, including trees, cacti, and herbs
(Carnevali et al., 2021; Duno de Stefano et al., 2024). How-
ever, research on the life-history traits of these plants
remains limited, mainly focusing on a few Cactaceae spe-
cies (Cervera et al., 2006; Leirana-Alcocer & Parra-
Tabla, 1999; Méndez et al., 2006). Given that the Yucat�an
Peninsula is projected to face significant climate impacts
(IPCC, 2023), it is crucial to study how changes in temper-
ature and precipitation affect endemic species. Further-
more, endemic species in these and other ecosystems may
be particularly vulnerable because many depend on insect
pollinators (Alonso et al., 2010; Alonso et al., 2013), which
are highly sensitive to climate change (e.g., Harvey
et al., 2020; Herrera et al., 2023). Disruptions in plant-
pollinator interactions can negatively affect seed produc-
tion, reducing the recruitment of new individuals and ulti-
mately leading to population declines (Kidane et al., 2019).

Cuphea gaumeri (Lythraceae) is an annual herb found
mainly in the dry areas of the northern Yucat�an Peninsula
(Duno de Stefano et al., 2024; GBIF.org, 2025). It is listed
as “Least Concern” by the International Union for Conser-
vation of Nature due to its local abundance (Carnevali
et al., 2021; IUCN, 2021), but its limited geographic range
classifies it as a “rare” species (Rabinowitz, 1981).
C. gaumeri thrives in seasonally dry, thorny deciduous

forests, especially in semiarid regions, and occupies diverse
microenvironments, from sunny open areas to shaded
spots that may flood during the rainy season (Duno de
Stefano et al., 2024). At least 20 insect species, including
the honeybee Apis mellifera, visit C. gaumeri. This suggests
that C. gaumeri plays a significant role in plant-pollinator
networks and serves as a valuable resource for beekeeping
(Flores & Espejel, 1994; Parra-Tabla et al., 2017). Despite
substantial knowledge of the pollination ecology of
C. gaumeri (Alonso et al., 2013; Celaya et al., 2015; Parra-
Tabla et al., 2017), its responses to environmental varia-
tions, such as light or shade exposure and flooded soils, in
seed germination, plant growth, reproduction, and sur-
vival remain unknown. In addition, extensive livestock
farming is another factor affecting its populations in these
areas (Flores & Espejel, 1994). Understanding how
C. gaumeri responds to environmental variations would
improve our understanding of how endemic species of sea-
sonally flooded sites adapt to micro- and macro-
environmental changes, providing essential information
for developing effective conservation strategies.

The objective of this study was to experimentally eval-
uate the effects of light exposure and variations in water
availability on the germination, growth, reproduction, and
survival of C. gaumeri. Specifically, we aimed to determine
whether C. gaumeri can succeed in different environments
with similar responses to varying levels of light and water
availability, or whether there are “optimal” combinations
that favor C. gaumeri. This information could be a valu-
able resource for conservation efforts and help clarify the
distribution patterns of C. gaumeri in the PBPY.

2 | MATERIALS AND METHODS

2.1 | Study species

Cuphea gaumeri (Lythraceae) Koehne is a rare annual
herbaceous plant endemic to the PBPY (Carnevali
et al., 2021; Duno de Stefano et al., 2024). It is most abun-
dant in the Mexican state of Yucat�an but can be found
throughout the Yucat�an Peninsula (Figure S1). In
Yucat�an, C. gaumeri grows mainly in semiarid areas,
such as seasonally dry forests and thorny deciduous for-
ests, and sites known as “Coquinal” (seasonally flooded
Coquinal, sensu Duno de Stefano et al., 2024). These hab-
itats are characterized by rocky, impermeable soils, lead-
ing to partial flooding during the rainy season (June–
October) (Duno de Stefano et al., 2024). During the dry
season (March–May), maximum temperatures average
ca. 38�C and can reach up to 42�C; during the rainy sea-
son (June to October), the average monthly rainfall is
around 140 mm (SMN-CONAGUA, 2022). At these sites,
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C. gaumeri grows in shaded environments under the can-
opy of shrubs or small trees, near surface water sources that
accumulate during the rainy season, as well as in
completely open and dry areas (Celaya et al., 2015;
Figure 1). In these regions, local farmers introduce livestock
that graze on pastures and various herbaceous species,
including C. gaumeri and other endemic herbs and shrubs
(Flores & Espejel, 1994). Cuphea gaumeri is self-compatible
but requires insect pollinators to produce substantial fruit
and seeds (Celaya et al., 2015). Like several other endemic
herbaceous plant species from the PBPY, C. gaumeri has
been described as pollen-limited species (Alonso
et al., 2013). The fruits of C. gaumeri are dry and typically
contain about 20 small, ovoid seeds measuring approxi-
mately 0.7–1.2 mm by 0.5–0.8 mm (Graham, 1988). Seeds
of the Cuphea genus occupy an intermediate position
between orthodox and recalcitrant types, as they can toler-
ate high temperatures and substantial desiccation (Crane
et al., 2003). Their seeds can germinate immediately after
dispersal. However, germination rates and plant vigor
among Cuphea species are low, and seeds from several spe-
cies exhibit primary dormancy, which can hinder establish-
ment (Berti et al., 2007).

2.2 | Seeds sampling

The C. gaumeri seeds used in this study were collected
from a population in the seasonally dry, flooded forest of

San Felipe, Yucat�an, located in the coastal region of the
Gulf of Mexico (Figure S2). The flowering in this species
occurs from August to September, and the fruits are pro-
duced from September to November (Celaya et al., 2015).
We randomly selected 20 plants, each separated by a dis-
tance of 15–20 m, and collected 15–20 fruits. The fruits
were then transported to the laboratory and placed in a
dryer at 35�C for 24 h to accelerate their maturation. Of
the fruits collected, only those from 15 plants (“mother
plants”) yielded a sufficient number of seeds for the
experiment described below.

2.3 | Experimental design

From the 15 mother plants (hereafter referred to as genetic
families) and their collected fruits, 10 viable seeds per fruit
were selected (N = 900 seeds). Of these seeds, 150 (15 genetic
families per 10 seeds) were randomly distributed to each of
the following treatments under a 2 � 3 factorial design with
two light-exposure levels: 22.52 mol m�2 d�1 (“sunlight,”
hereafter) and 8.56 mol m�2 day�1 (“shade” hereafter) and
three water availability levels (“water availability” hereaf-
ter): 105 mL (low), 175 mL (medium), 280 mL (high),
applied every 48 h. The water was applied using a sprayer
to simulate rainfall events. To control light exposure, we
established the two light treatments using commercial
shade nets (Malla-sombra Mx®). For the sunlight treatment,
we used a net that allowed 60% of light to pass through,
while for the shade treatment, an additional net was added
to permit only 50% of light to pass. The specific light levels
for each treatment (22.52 mol m2 day�1 and 8.56 mol m2

day�1) were measured with a quantum sensor (wavelength
range 400–700 nm; LI-190S, LI-COR, Lincoln, Nebraska,
USA). The relative light intensity, compared to an open
area, was approximately 18% for the shade and 45% for the
sunlight treatments. These daily levels of photosynthetic
photon flux in semi-open and shaded sites have been docu-
mented in seasonally dry forests of the Yucat�an (Gonz�alez-
Salvatierra et al., 2013). Water availability volumes were cal-
culated based on soil water retention curves (Rundel &
Jarrell, 1989). The three water availability volumes corre-
sponded to different soil moisture levels: saturated soil, near
saturation, and the permanent wilting point, represented by
relative water contents of 40%, 25%, and 15%, respectively
(Hern�andez Mendoza, 2014).

Each seed was semi-buried in a 500 mL plastic con-
tainer with 400 g sieved, clayey black soil in high organic
matter. This type of soil was chosen because it is similar
to the soil of the site where the mother plants were
located (Hern�andez Mendoza, 2014). The containers were
distributed in a 6 � 4 m nursery, divided according
to light exposure treatments, and oriented east–west

FIGURE 1 Individual plants of the Yucat�an Peninsula Biotic

Province endemic species Cuphea gaumeri (Lythraceae) growing in

two microenvironments (a) dry and rocky microenvironment;

(b) wet and flooded microenvironment, in a site of dry thorny

flooded forest in the northern portion of the State of Yucat�an.

Photos: Used with the permission of Luis Salinas Peba.
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to avoid the effect of light received. Additionally, the con-
tainers were randomly rotated each week within their
respective treatments.

From the seed sowing, daily censuses were conducted
for 12 consecutive weeks to monitor germination. These
censuses allowed us to calculate the germination percent-
age (number of germinated seeds/ number of seeds sown)
and germination time (number of days taken for germi-
nation). After 12 weeks, the final cover (cm2) was
estimated by measuring the major (D1) and minor
(D2) diameters, using the following formula: plant
cover = π � (D1 � D2)/4 (Bonham, 1989). The final
height (cm) was measured as the distance from the base
of the plant to the tip of the apex of the aerial part. For
each plant, we recorded the age at first reproduction
(number of days until flowering), the total number of
flowers produced, and their survival rate up to 50 days
after the experiment. Although all plants were kept in
the same greenhouse and rotated (within the same light
level), we acknowledge that some microclimatic effects
(e.g., the correlation between light intensity and vapor
pressure deficit) may have affected our results.

2.4 | Data analysis

2.4.1 | Germination, plant growth, age at
first reproduction, and flower production

Seed germination (proportion of germinated seeds) and
days to germination, plant growth (final plant cover cm2,
and plant height cm), number of flowers produced, and
age at first reproduction (number of days until flowering)
were analyzed using generalized linear mixed models
(GLMMs). Light exposure (sunlight vs. shade) and water
availability (low, medium, and high) were considered
fixed effects in all models. Genetic family and plant
nested within genetic family were included as random
effects in all models, except for the final plant cover
model, where genetic family was excluded because the
likelihood ratio test indicated it was not statistically sig-
nificant (LRT = 0.12, p = 0.75). This suggests that varia-
tion among families contributes negligibly to the total
variation in offspring plant cover. Therefore, including
this random effect did not improve the model fit, and its
removal simplified the model without compromising
its explanatory power. A model with a binomial distribu-
tion and a logit link function was used for the proportion
of germinated seeds. A model with a negative binomial
distribution and a log link function was used for time to
germination (days). For plant growth (plant cover and
plant height), a normal distribution model with a log link
function was used. The total number of flowers produced

was analyzed using a model with a negative binomial dis-
tribution and a log link function. The magnitude of the
differences in plant growth and flower production was
compared using marginal means (Searle et al., 1980),
while plant cover was compared using an effect size (rate
ratio, Exp(B)), which represents the multiplicative effect
of a predictor on the expected response (Gallucci, 2019).
Finally, the age at first reproduction was analyzed using
a Poisson distribution and a log link function.

The GLMM analyses were performed using Jamovi
ver. 2.6 interface (The Jamovi Project, 2024) of the R sta-
tistical package, with the GAMLj3 module and the game-
mixed function (Galluci, 2020). The fit of all GLMMs was
tested with the DHARMa v0.4.6 package (Hartig, 2022).
Model validation and residual diagnostics were also con-
ducted using the DHARMa v0.4.6 package (Hartig, 2022).
No model misspecifications were found for any of the
models (Kolmogorov–Smirnov test, p ≥ 0.25).

2.4.2 | Survival analysis

We used the nonparametric Kaplan–Meier method to
assess the combined effects of light exposure and water
availability on plant survival probabilities (Hosmer
et al., 2008). This approach estimates the likelihood of
survival over time while accounting for “censored” data
(i.e., individuals that did not die by a specific cutoff time)
(Machin et al., 2006). In this study, we designated the
average age at first reproduction (47 days, see results) as
the cutoff time. We used the average age at reproduction
as a “reference point” to determine whether a treatment
(light exposure, water availability or their interaction)
accelerated or delayed reproductive maturity. This mea-
sure also helped us to identify a specific cutoff time at
which plants potentially began contributing new individ-
uals to the population (Kuss et al., 2008). We evaluated
differences between survival curves using the log-rank
test (i.e., significant differences in survival probabilities
between treatments) (Hosmer et al., 2008). Comparisons
between treatments were conducted using Bonferroni
tests. Since the test for the proportional hazards assump-
tion in the survival analysis was significant (χ25 = 12.9,
p = 0.02), a Cox regression model including time-
dependent interaction terms (time � treatment) was per-
formed to account for changes in the hazard of the event
over the follow-up period. For this analysis, each treat-
ment was coded as a “dummy” response variable. Then,
survival data were analyzed using Cox proportional haz-
ards regression models, with plants under sunlight expo-
sure and low water availability serving as the reference
group. Hazard ratios (HRs) and 95% confidence intervals
(CIs) were estimated for each treatment (Therneau &
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Thomas, 2019). All analyses were performed using the
Jamovi version 2.6 interface (The Jamovi Project, 2024) of
the R statistical package, with the jsurvival function from
the survival module.

3 | RESULTS

3.1 | Germination

The percentage of germinated C. gaumeri seeds was rela-
tively low (38.6% ± 0.23%). The GLMM showed no signif-
icant differences due to the level of light exposure, nor its
interaction with water availability (Table 1). However,
significant differences were observed between water
availability treatments (Table 1). The high water avail-
ability showed a germination percentage almost twice
that of the medium and low levels (Figure 2). The inter-
action between light exposure and water availability sig-
nificantly affected the time to germination (Table 1).
Under shade and low water availability, days to germina-
tion were delayed by ca. 5 days compared to the low
water availability and sunlight treatment (Figure 3;
z = 4.01, p < 0.001). Additionally, plants exposed to sun-
light with low water availability showed a lower time to
germination than those with medium and high water
availability (z ≥ 3.18, p ≤ 0.02). Under shaded conditions,
the high and medium water availability showed no signif-
icant differences, but the medium water availability dif-
fered significantly from the low water availability
(z = 8.3, p = 0.02).

3.2 | Growth, age at first reproduction,
and flower production

Plant cover of C. gaumeri was significantly affected by
light exposure levels, water availability, and their interac-
tion (Table 2). Plants grown in shade with medium and
high water availability showed the highest cover
(Figure 4a) compared to all other treatments (z ≥ 8.1,
p ≤ 0.001). Plants exposed to sunlight with high water

TABLE 1 Results of generalized

linear mixed models (GLMMs) to

evaluate the effect of light exposure and

water availability on germination

(proportion of seeds germinated) and

time to germination (days) of the

Peninsula Biogeographic Province

endemic species Cuphea gaumeri.

Variable Effect χ 2 df p

Germination Light exposure 0.51 1 0.47

Water availability 11.97 2 <0.01

Light exposure � Water availability 0.25 2 0.88

Time to germination Light exposure 7.37 1 <0.01

Water availability 40.27 2 <0.01

Light exposure � Water availability 10.39 2 <0.01

Note: Degrees of freedom (df) and significant effects are shown in bold type.

FIGURE 2 Germination percentage (mean ± 95% CI) of the

endemic species Cuphea gaumeri (Lythraceae) under three water

availability treatments (n = 900 seeds). Different letters indicate

significant differences between treatments (Bonferroni

test, p < 0.05).

FIGURE 3 Mean time to germination (mean ± 95% CI) of the

endemic species Cuphea gaumeri (Lythraceae) under the

interaction of water availability and light exposure (n = 347 seeds).

Different letters indicate significant differences within each

availability level in the two light exposure levels (Bonferroni

test, p < 0.05).
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availability showed the lowest growth in plant cover
(Figure 4a). Specifically, plants in shade with high water
availability had an expected cover over six times higher
(Exp(B) = 6.18, p = 0.002) than the reference treatment
(sunlight + medium water). At the same time, shade
with medium water also showed substantially higher
cover. In contrast, low water availability limited growth
regardless of light conditions (Figure 4a). Plant height
was significantly affected only by water availability
(Table 2). The higher the water availability level, the tal-
ler the plants were (Figure 4b). The estimated marginal
means indicated a strong effect of water availability on
plant growth. Plants with low water availability grew an
average of 15.6 cm (95% CI: 14.1–17.3 cm), whereas
those with medium water availability grew to 30.3 cm
(95% CI: 27.6–33.3 cm). Plants under high water avail-
ability reached an average of 34.7 cm (95% CI: 32.3–
37.4 cm).

Cuphea gaumeri plants produced their first flowers
ca. 47 days of age (mean ± SD: 47.1 ± 6.10; median
47, Min 20–Max 65). The analysis showed significant
effects of both water availability and light exposure,
but not of their interaction (Table 2). Plants under low
water availability and shade took more days to flower
(Figure 5a,b). C. gaumeri produced more flowers with
increasing water availability, without being affected by
light exposure or its interaction with water availability
(Table 2). Significant differences were observed among
the three water availability levels (z ≥ 3.96, p < 0.001,
in all cases) (Figure 5c). Plants with low water avail-
ability produced an average of 2.9 flowers (95% CI: 2.2–
3.8), whereas plants with medium water availability
produced 12.2 flowers (95% CI: 9.6–15.6), and those
under high water availability produced 22.0 flowers
(95% CI: 18.4–26.4). The confidence intervals indicate a

TABLE 2 Results of generalized

linear mixed models (GLMMs) to

evaluate the effect of light exposure and

water availability on plant growth

(plant cover [cm2] and plant height

[cm]), age at first reproduction (days to

flower production), and flower

production (number) in Peninsula

Biogeographic Province endemic

species Cuphea gaumeri.

Variable Effect χ 2 df p

Plant cover Light exposure 142.11 1 <0.01

Water availability 159.86 2 <0.01

Light exposure � Water availability 374.60 2 <0.01

Plant height Light exposure 1.94 1 0.16

Water availability 194.60 2 <0.01

Light exposure � Water availability 2.69 2 0.26

Age at first reproduction Light exposure 26.04 1 <0.01

Water availability 40.27 2 <0.01

Light exposure � Water availability 0.28 2 0.86

Light exposure 0.04 1 0.85

Flower production Water availability level 158.82 2 <0.01

Light exposure � Water availability 4.16 2 0.12

Note: Degrees of freedom (df) and significant effects are shown in bold type.

FIGURE 4 (a) Plant cover (mean ± 95% CI) of the endemic

species Cuphea gaumeri (Lythraceae) under water availability and

light exposure interaction (n = 307 plants). Different letters show

significant differences within each water availability level across

the two light exposure conditions (Bonferroni test, p < 0.05).

(b) plant height (mean ± 95% CI) under three water availability

treatments, of the endemic species Cuphea gaumeri (Lythraceae).

Different letters indicate significant differences between treatments

(Bonferroni test, p < 0.05).
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notable difference across all three water treatments,
with flower production increasing consistently as water
availability increases.

3.3 | Survival

More than half of C. gaumeri individuals survived to the
reproductive age (57.56%; N = 192). The Kaplan–Meier
analysis revealed significant differences among the treat-
ments (Figure 6). The Bonferroni multiple comparison test
showed differences in survival rates related to light expo-
sure. The treatments with the highest survival probabilities
were those under the sunlight exposure treatments, along
with medium and high water availability. In contrast, the
low water availability treatments and both levels of light
exposure showed lower survival rates (Figure 6; p ≤ 0.03).
However, over time, the observed survival probabilities in
each treatment varied (Figure 6). For example, except for
the sunlight with low water irrigation (71%) and shade
with high water availability (76%), the probability of sur-
vival at 12 days was >83%, with the plants under sunlight
with high water availability showing the highest probabil-
ity of survival (96.15%) (Figure 6). However, between
20 and 30 days, a significant change in survival probabili-
ties between treatments was observed (Figure 6). In that
period all treatments drastically reduced their survival
probability, with the shade and low water availability
treatment showing the lowest probability (0%). At 30 days,
the probability of survival of plants under sunlight and
medium and high-water availability was greater than 70%
(Figure 6). In contrast, the shade treatment at any water
availability level had survival probabilities <60%; among
these, the shade and low availability treatment reached 0%
survival before 30 days. Survival analysis using a Cox pro-
portional hazards model revealed significant differences
among treatments (Table 3). Plants with higher water
availability consistently showed a reduced the hazard of
the event (Table 3). Specifically, plants exposed to sunlight

FIGURE 5 (a) Age at first reproduction (mean ± 95% CI) of

the endemic species Cuphea gaumeri (Lythraceae) under three

water availability treatments; (b) two levels of light exposure;

(c) Number of flowers (flower production) under three water

availability treatments (n = 246 plants). Different letters indicate

significant differences between treatments (Bonferroni

test, p < 0.05).

FIGURE 6 Survival curves of the endemic species Cuphea

gaumeri (Lythraceae) under three water availability levels and two

light exposure conditions (n = 286 plants). Different letters at the

end of each curve indicate significant differences between

treatments (Bonferroni test, p < 0.05).
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with medium or high water availability had hazard
reduced by 75% (Table 3). In shade, only plants with high
water availability showed a significant reduction in hazard
(Table 3), whereas shade with low or medium water avail-
ability did not differ significantly from the reference.
Time-dependent interaction analysis (time � treatment)
indicated that the effect of specific treatments changed
slightly over the follow-up period, with hazard ratios
decreasing further as time progressed (Table 3). For exam-
ple, plants exposed to sunlight and medium water avail-
ability exhibited a hazard ratio of 0.99 per day (95% CI:
0.98–0.99; p < 0.001), indicating that the risk continued to
decline over time (Table 3). These results suggest that both
water availability and light conditions influence plant sur-
vival, with higher water levels consistently associated with
lower hazard rates, particularly under sunlight exposure.

4 | DISCUSSION

Overall, our results suggest that the rare PBPY endemic
species Cuphea gaumeri performs better in environments
with high water availability across most of life-history
traits analyzed. In addition, survival analysis indicated
that plants maintain high survival probabilities when
exposed to sunlight radiation as long as adequate water is
available. These results suggest that water availability
and solar radiation are determining factors that explain
the distribution patterns of this species at the micro and
macroenvironmental levels.

4.1 | Germination of Cuphea gaumeri

The germination success of endemic species has been one
of the most studied traits because of its implications for
conservation (e.g., Baskin & Baskin, 2014; Cervera

et al., 2006; Navarro & Guiti�an, 2003; Shi-Kan
et al., 2016). On average, slightly more than one-third of
C. gaumeri seeds germinated, suggesting that they may
not necessarily undergo a dormancy period, unlike other
Cuphea species (Berti et al., 2007). Furthermore, our
experiment revealed that seeds exposed to high-water
availability showed ca. 30% higher germination success,
regardless of the light exposure, underlining the impor-
tance of water as a triggering factor for C. gaumeri seed
germination (Figure 2). As reported for many other plant
species, including other Cuphea, high water availability
may promote enzyme activation in the seeds of
C. gaumeri, which in turn increases cell metabolism and
promotes germination (Baskin & Baskin, 2014; Volk
et al., 2006). The results further showed that the fastest
germinating seeds (ca. 12 days) were those under high
water availability, whether in sunlight or shade
(Figure 3).

In contrast, seeds under low water availability and
sunlight germinated about 7 days later than those under
similar water conditions but in shade. These results sug-
gest that water availability can reduce the adverse effects
of light exposure on germination time. Since C. gaumeri
can grow in open environments, high water availability is
key to rapid germination. Similar germination patterns
have been reported for the Yucat�an dry forest and scrub-
land endemic Mammillaria gaumeri (Cactaceae) (Cervera
et al., 2006), suggesting that this type of response may be
common in these environments.

4.2 | Growth, age at first reproduction,
and flower production of Cuphea gaumeri

After dispersal, C. gaumeri seeds encounter highly het-
erogeneous microenvironments, such as rocky soils in
both open and shaded sites, which are often flooded.
However, their highest germination success occurs under
shaded and humid conditions. Since faster and more suc-
cessful germination allows plants to compete more effi-
ciently (Baskin & Baskin, 2014; Orcutt & Nilsen, 2000),
reaching favorable microhabitats can be expected to have
direct consequences for C. gaumeri growth and reproduc-
tion. Our results support this idea, as plants growing in
shade with medium and high water availability had nota-
bly higher growth in both cover and height. Under these
treatment combinations, plant cover was, on average
about four times larger (�400 cm2 more) than that of
plants grown in sunlight, regardless of water availability.
However, plants in shaded conditions with low water
availability had similar cover to those grown in sunlight,
suggesting that high water availability is required to pro-
mote growth under shaded conditions (Figure 4).

TABLE 3 Results of the survival analysis to evaluate the effect

of light exposure and water availability in the Peninsula

Biogeographic Province endemic species Cuphea gaumeri.

Treatment HR (95% CI) p

Sunlight + low water Reference group –

Sunlight + medium water 0.25 (0.10–0.61) 0.002

Sunlight + high water 0.22 (0.09–0.54) 0.001

Shade + low water 2.02 (0.68–6.06) 0.207

Shade + medium water 0.66 (0.24–1.83) 0.419

Shade + high water 0.35 (0.14–0.88) 0.025

Note: Hazard ratios (HR) and 95% confidence intervals are reported.
Significant differences for each treatment compared to reference treatment
are shown in bold type.

8 of 12 PARRA-TABLA and HERNÁNDEZ MENDOZA



Interestingly, plant height increased with water availabil-
ity, regardless of light exposure. The difference in height
between plants under high and low water availability
was approximately 15 cm (Figure 4). This height response
is important because, in flooded sites where C. gaumeri
grows, water level can reach 5–30 cm and persist for sev-
eral consecutive weeks (Bautista et al., 2015; Duno de
Stefano et al., 2024). Greater plant height is essential to
avoid affecting photosynthesis (Garssen et al., 2015;
Vervuren et al., 2003). For instance, Vervuren et al.
(2003) found that the increased mortality risk in riparian
plants was correlated with a decrease in photosynthetic
photon flux caused by flooding from rising water levels.

Water availability plays a critical role not only in the
growth of C. gaumeri but also in its reproductive success.
Greater plant height and cover enhance photosynthetic
capacity, which in turn affects reproduction through
changes in flowering phenology and flower production
(e.g., Lesica & Kittelson, 2010; Schmalenbach et al., 2014;
Valencia et al., 2016). Consistent with observations in
other semiarid species (Lesica & Kittelson, 2010; Valencia
et al., 2016), we found that high water availability led to
earlier flowering by reducing the age at first reproduction
by about 6 days and doubling flower production
(Figure 5). Additionally, our results showed that greater
light exposure also accelerated flowering time by a simi-
lar magnitude, suggesting that light may influence repro-
ductive timing via its effects on flower development rate
(Botto & Smith, 2002). Together, these findings indicate
that both water and light conditions can shape not only
the growth, timing, and intensity of reproduction but also
potentially influence individual fitness and long-term
population persistence (see Kuss et al., 2008).

4.3 | Survival of Cuphea gaumeri

The survival analysis of C. gaumeri revealed a clear pat-
tern: plants growing under low water availability,
whether in shade or exposed to sunlight, experienced a
rapid decline in survival probability within 5–10 days. In
contrast, higher water availability increased the survival
probability even under sunlight exposure (Figure 6). This
result highlights the critical role of water in the survival
of C. gaumeri, as plants exposed to sunlight with medium
or high-water availability maintained a high survival
probability (>75%) for up to 20–40 days. These results
suggest that the adverse effects of sunlight exposure, a
common condition in the semiarid forests of northern
Yucat�an (Cervera et al., 2006; Gonz�alez-Salvatierra
et al., 2013), are minimized when water availability is
adequate. Consequently, total or partial flooding events
during the rainy season in the dry and thorny deciduous

forests of the northern Yucat�an Peninsula are critical for
the survival of C. gaumeri. In line with the observed
responses in growth and reproduction, C. gaumeri's sur-
vival response to water availability suggests an adaptive
response to seasonal flooding. In riparian species, it has
been suggested that plant height above water level is crit-
ical for adult plant survival and, thus, for plant fitness
(Garssen et al., 2015). Likewise, the remarkable growth
of C. gaumeri suggests an adaptive response to recurrent
seasonal flooding. It would be interesting to study the
responses in other herbaceous species, including endemic
species that inhabit the same vegetation types occupied
by C. gaumeri (e.g., Cienfuegosa yucat�anensis). We predict
that the flooding responses of these species in the dry and
thorny seasonal forest may be similar to those observed
in riparian species (Garssen et al., 2015; Vervuren
et al., 2003).

In arid and semiarid ecosystems, many plants benefit
from “nurse plants,” which help less stress-tolerant spe-
cies survive and grow under high temperatures
(Filazzola & Lortie, 2014). While research has primarily
focused on interactions between shrubs and cacti
(Valiente-Banuet & Verdú, 2007; Filazzola & Lortie,
2014), other plant species also show this effect (Pérez-
S�anchez et al., 2015). In the dry deciduous forests and
coastal scrublands of the PBPY, extreme temperatures
make nurse plants vital for the persistence of herbaceous
species (Hern�andez-Mendoza et al., 2023). Our findings
indicate that C. gaumeri benefits from shade, which
enhances traits such as time to germination, plant cover,
and age at first reproduction. It often grows alongside
small trees or shrubs (Guadarrama et al., 2015) that may
serve as nurse plants. However, survival rates did not dif-
fer significantly between sunlight and shade under
medium or high-water conditions; survival was 20%
higher in sunlight when water was adequate for 20–
40 days. Thus, while nurse plants benefit C. gaumeri's
life-history traits, water availability remains the key fac-
tor for its survival in semiarid ecosystems.

5 | CONCLUSION

Our experiment found that C. gaumeri thrives in low
light and high water conditions, showing enhanced ger-
mination, growth, and flower production. Plants in open
areas with sufficient water can also survive despite high
solar radiation. This response illustrates the prevalence of
C. gaumeri in the semiarid flooded areas of the PBPY.
Similar patterns have been observed in other arid ecosys-
tem species, where limited water delays germination and
intensifies light stress, whereas sufficient water activates
photoreceptors to enhance germination.
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However, it is essential to conduct in situ experiments
better to understand C. gaumeri's responses to environ-
mental variations. Additionally, reciprocal transplant
experiments with plants from different origins could clar-
ify phenotypic plasticity and local adaptation in this rare
species, shedding light on genetic variation among popu-
lations and its importance in the adaptive responses of
plants.

From a conservation perspective, it is important
to note that the flooding sites where C. gaumeri
grows are affected by livestock grazing, which
impacts herbaceous species and soil dynamics. Thus,
protective measures for these seasonally flooded envi-
ronments (coquinales) are necessary, with a focus on
reducing livestock pressure and considering microen-
vironmental heterogeneity in the design of protection
or restoration areas.
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