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Abstract

Key message Seed germination responses to variation in temperature and light differed among six dry forest species,
results that will inform ecological restoration and climate change adaptation projects.

Abstract In dry forests, where opportunities for plant establishment occur in a narrow window of opportunity, seeds must
respond to cues to germinate when conditions for growth are suitable. Knowledge of the strategies and adaptations of seeds
to the seasonal dry-forest ecosystems, being under constant threat, is needed to guide restoration and management actions
in the face of climate change. We investigated the effects of scarification, temperature and light in germination percentage,
germination time and synchrony of six woody Fabaceae species. The species have ecological potential for restoration and
are of cultural or economic importance for the local people in the Tehuacan-Cuicatlan Valley, Mexico. We carried out a
multifactorial germination experiment with five temperatures, two light regimes and two scarification conditions for Mimosa
luisana, M. polyantha, M. adenantheroides, M. lactiflua, Acaciella angustissima and Vachellia constricta. All germinated in
a wide range of temperatures (10-40 °C), and mechanical scarification highly increased the germination percentage. Higher
temperature increased and speeded up germination in dark conditions for most of the species, but they exist heterogeneous
responses in their germination synchrony. Studied species had high germination percentages in warm temperatures, but
their recruitment in nature might be negatively affected by warmer and drier conditions, and by the loss of shade and seed
dispersers due to deforestation and changes in land use. It is crucial to study not just germination percentage and time but
also other aspects of the germination process such as the germination synchrony, since it might reveal useful information
for management actions.
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Introduction

Seed germination is the most audacious act in the unpredict-
ability of nature’s theater. Germination is a prerequisite for
seedling establishment, plant recruitment and succession,
Communicated by Mehdi Heydari. and is hence a pivotal process that initiates the reestablish-
ment and recovery of degraded ecosystems. Knowledge of
germination is of immense importance in all types of nature
management as germination kickstarts the revival and resil-
ience of ecosystems, contributes to species diversity, and the
plants recruited stabilizes soil, enhances nutrient cycling and
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seedling development. Compared to other types of forest,
establishment and growth of seedlings face challenging situ-
ations in dry forests, with just a narrow window of opportu-
nity for germination: Germination, seedling establishment
and growth of most of the species in tropical dry forests
are restricted to the short rainy season with precipitation
of 250-2000 mm, and high evapotranspiration (Hasnat and
Hossain 2020).

Tropical dry forest is the second largest habitat type in the
world (WWF 2016); they cover 42% of the tropical and sub-
tropical forest areas globally (Hasnat and Hossain 2020).
They are recognized for high level of endemism (Stoner and
Timm 2004); about 40% of the woody plant species of dry
forests are not found anywhere in the world (Hasnat and
Hossain 2020). Moreover, these forests are more threatened
and less protected than moist and wet forest (Miles et al.
2006; Rivas et al. 2020; Songer et al. 2009). Dry forests
have faced a long history of disturbance as they are more
attractive for human settlements than other forests (Hasnat
and Hossain 2020). Therefore, they have been exposed to a
variety of threats resulting from human activity: conversion
to croplands and ranches, fire, habitat fragmentation, soil
erosion and high human population density (Janzen 1988;
Miles et al. 2006). In addition, climate change might be
threatening the existence of some species, especially those
with small geographic ranges. Hence, restoration of dry for-
est ecosystems is increasingly a priority.

Understanding germination is crucial for restoration of
dry forests. Studies of germination at species and community
levels are needed to investigate the effects of climate change
and to identify endangered species. They can also help to
detect beneficial and stressful conditions for recruitment,
which might guide efforts of species introduction, reintro-
duction or augmentation of populations (Bhatt et al. 2019).
Additionally, germination studies permit manipulation of
biotic and abiotic components to increase the recruitment
of desired species or to suppress undesirable species in eco-
logical restoration (Ke and Li 2006).

Restoration efforts based on species with germination
being sensitive to higher temperatures might result in res-
toration actions being unsuccessful under climate change.
Including the temperature tolerance of germination as a cri-
terion for selecting focal species to use in restoration might
increase restoration success. In this study, the objectives
were: (1) To unravel the effects of temperature, scarification
and light on the germination percentage, time and synchrony
of six woody Fabaceae species, i.e., Mimosa luisana Brande-
gee, M. polyantha Benth., M. adenantheroides (M.Martens
& Galeotti) Benth, M. lactiflua Delile ex Benth, Acaciella
angustissima (Mill.) Britton & Rose and Vachellia constricta
(Benth.) Seigler & Ebinger. (2) To investigate whether the
germination of these species is endangered by higher tem-
peratures, and (3) to evaluate the tolerance of germination
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of these species at low temperatures, in order to explore
their potential for assisted migration to higher altitudes, as a
measure of climate-change adaptation of dry forests.

Methods
Study species

The Fabaceae family is one of the most important angio-
sperm families in terms of abundance, diversity, economic
and ecological potential in the dry forests of tropical and
subtropical regions (Appiah 2013; Gillespie et al. 2000;
Thakur 2015; Gomes et al. 2018). In the Tehuacan-Cuicat-
lan Valley (TCV), Mexico, Fabaceae is a dominant family
with high diversity and many endemic species (Dévila et al.
2002). The species of this family also provide local com-
munities with cultural and economic services in the TCV
(Camargo-Ricalde et al. 2001; Vallejo et al. 2015). The spe-
cies used in this study were selected based on their economic
and cultural importance for local populations, their potential
for being used in ecosystem restoration, and their extinction
risk based on small geographical range or endemism.
Mimosa luisana and M. polyantha are species endemic to
the TCV. They form soil “resource islands” rich in nutrients
and mycorrhizal propagules that improve soil conditions
(Camargo-Ricalde and Dhillion 2003). Mimosa luisana pro-
vides suitable regeneration niches by facilitative interactions
that allow coexistence of distantly related plant species (Flo-
res-Martinez et al. 1994; Montesinos-Navarro et al. 2017),
and has been shown to augment the survival of targeted
species seedlings when used as a nurse species in restora-
tion efforts (Badano et al. 2009). Mimosa adenantheroides
and M. lactiflua are species endemic to Mexico, but their
potential for restoration have not been explored. Vachellia
constricta occurs in Mexico and United States. This species
has mechanisms to keep ants separated from flowers, which
help to reduce costs of reproduction, being an adaptation
facilitating biotic interactions (Nicklen and Wagner 2006).
Acaciella angustissima produces phenolic compounds that
are used in ethnomedicine (Musara and Aladejana 2020).

Germination trials

Pods were collected in the Tehuacan-Cuicatlan Valley,
Mexico (Table 1), during November and December 2020,
when the seeds were mature (Camargo-Ricalde et al. 2004).
Pods were randomly collected from 10 to 15 adult individu-
als in an area of 10,000 m%. Seeds were extracted from the
pods; heathy seeds were selected with a stereo microscope
and kept at room temperature (20-25 “C) in paper bags
until March 2021 when the experiment started. Seeds were
washed with detergent solution (3 g/100 water ml/ 3 min) as
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Table 1 Information of the seed collection sites. Location shows coordinates and the municipality. Vegetation type is based on Pérez-Valladares

et al. (2019)

Species Location Vegetation type Altitude

M. luisana 18°19"39.04' N, 97°30" 12.28" W Rosetophyllous desert scrub 1550 m asl
Zapotitlan Salinas, Puebla

M. polyantha 17°55' 24.89 N, 97°00" 32.56' W Succulent dominated scrub 587 m asl
Santa Ma. Tecomavaca, Oaxaca

M. adenantheroides 18°16' 35.11" N, 97°06' 33.43" W Ecotone between tropical deciduous forest and oak forest 2022 m asl
Coxcatlan, Puebla

M. lactiflua 17°36' 16.05" N, 96°57' 02.52" W A glen in the tropical deciduous forest 1465 m asl
Santiago Nacaltepec, Oaxaca

A. angustissima 17°53" 11.46" N, 97°05" 30.46" W Ecotone between succulent dominated scrub and oak forest 1420 m asl
Santa Maria Ixcatlan, Oaxaca

V. constricta 18°19' 54.40" N, 97°30" 59.70' W Rosetophyllous desert scrub 1545 m asl

Zapotitlan Salinas, Puebla

suggested by Camargo-Ricalde and Grether (1998), imme-
diately before each experiment.

For each species, we tested germination under five
temperatures, two light regimes (light and dark) and two
scarification conditions (with and without scarification), a
total of 20 treatments. Each treatment included four petri
dishes with 25 seeds each, giving 100 seeds per treatment.
The experiment was carried out in a WWR BOD incubator
sequentially set at 3 °C, 10 °C, 20 C, 30 C and 40°C with
light on, during 34 days per temperature. Seeds exposed to
the dark regime were covered with aluminum foil to avoid
the entrance of light. Scarification was made with a nail
nipper on the opposite site to the hilum to avoid embryo
damage immediately before the start of the experiment. Each
petri dish contained 20 ml of bacteriological agar (1.5 g agar
per 100 ml of distilled water) and was sealed with parafilm
until the end of the experiment to keep humidity and avoid
infection by microorganisms. Germination was considered to
have occurred when the radicle was 1 mm and was recorded
every day. After counting the germinated seeds each day,
the petri dishes were placed back in the incubator in random
order.

Statistical analysis

By species, the saturation rate (SR) and the germination rate
(GR) were estimated (Montafio-Arias et al. 2015), which
were analyzed with a Balanced Design Analysis of Variance
to evaluate whether they differed between factors.
Germination percentage and uncertainty indices were
obtained with the germinationmetrics package (Aravind
et al. 2023). We eliminated the replicates with no germina-
tion, as the function for computing the indices does not work
if there are zero values: two replicates of V. constricta from
the 10 “C-dark treatment; two replicates of M. polyantha
from 10 °C-dark and one from the 10 °C-light treatment; and

one replicate of M. lactiflua from the 10 ‘C-dark treatment
were thus removed. Cumulative germination was analyzed
with nonparametric time-to-event models, using Kernel
Density Estimator for each species using the drcte package
(Onofri et al. 2022).

Non-germinated seeds were considered as censored if
germination did not occur during the duration of the exper-
iment. As data censoring and late germination flushes are
not accounted for in traditional statistical analysis (Onofri
et al. 2010, 2022), we used semiparametric survival analy-
sis (McNair et al. 2012). Thus, to quantify effects of tem-
perature and light regime on mean time to germination we
fitted a semiparametric Cox model for each species. Seeds
were analyzed independently with Cox models using the
coxph() function from the survival package (Therneau and
Grambsch 2000). The proportional hazards assumption
(i.e., that the explanatory variable only changed the chance
of failure, not the timing of periods of high hazard) was
explored graphically by plotting separate non-parametric
Kaplan—Meier survivorship functions for temperatures and
light regime and it was also explored with the cox.zph()
function from the same package. As the assumption of
proportional hazards was violated for all species, we cor-
rected the Cox models with time splitting and stratification
(Zhang et al. 2018; Therneau et al. 2023). The interaction
term of temperature and light was maintained in the Cox
model as it was significant for all species.

To assess germination synchrony, we used the uncer-
tainty index (Ranal and Santana 2006). The effects of tem-
perature and light on germination synchrony were ana-
lyzed with quadratic models for some species and linear
models for others, as the data exhibited different relation-
ships with temperature and light variables depending on
species. The interaction term of temperature and light was
kept in the models when it showed a significant effect. The
results were considered as significant when p <0.05. All
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the analyses and graphics were done in Rstudio (R Core
Team 2022).

Results

Seeds that were not scarified exhibited lower germination
percentage (GP) than scarified seeds for all species and all
treatments (Fig. 1). The highest GP of non-scarified seeds
was reached at the temperature of 40 C for all species. The
non-scarified seeds of M. luisana, M. adenantheroides, A.
angustissima and V. constricta showed a GP higher than
25% at 40 °C, whilst the non-scarified seeds of M. lactiflua
and M. polyantha exhibited a GP lower that 15% at 40 C
(Fig. 1). The analysis showed that GR depends on the light
regime, the condition of the seed and the temperature to
which it is exposed the seed (Table 2; Fig. 2), while the days
that must pass to reach the final PG (SR) depend on all four
factors (Table 2; Fig. 3). As the germination of non-scarified
seeds was low for most of the treatments, the rest of the
results are reported just for the scarified seeds.

At 3 °C, no germination was observed for any species or
light treatment (Figs. 2 and 3). However, imbibition took
place in a few seeds of M. luisana, M. adenantheroides, A.
angustissima and M. lactiflua. At higher temperatures, the
germination response differed among species. At 10 “C, M.

& Dark_control M Dark_scarified & Light_control Light_scarified

Mimosa luisana Mimosa adenantheroides

Dark Light Dark Light
100
0 A—.—Q—g- ‘,——ﬁ-—»g-
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
Acaciella angustissima Vachellia constricta
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Fig. 1 Germination percentage (GP) of M. luisana, M. adenan-
theroides, A. angustissima, V. constricta, M. polyantha and M. lac-
tiflua at each temperature treatment. For each species, the left panel
shows the germination percentage for dark regime and the right for
light regime. Control means non-scarified seeds and is indicated with
a crosshatch pattern
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Table 2 Balanced Design Analysis of Variance to analyze the effect
of the species, temperature, light regimes, scarification condition
on the percentage of seed germination of six species of Fabaceae.
GR =Germination Rate; SR =Saturation Rate; ns=not significative;
*p<0.05

GR SR

(seeds/days) (days)

DF F Ratio F Ratio
Species (S) 5 1.85™ 53.14%*
Regimen (R) 1 224.35% 131.67*
Condition (C) 1 632.37* 1366.74*
Temperature (T) 4 245.31%* 394.91%*
SxR 1 1.07 12.42%
SxC 5 1.01 26.25%
RxC 1 608.72°%* 98.19*
SxRxC 5 1.01 8.11*
SxT 20 1.15 34.02%
RxT 4 63.04* 30.77*
SxRxT 20 1.03 18.05%*
CxT 4 159.05* 370.24%
SxCxT 20 1.05 39.72%
RxCxT 4 145.91%* 15.43%
SxRxCxT 20 0.87 21.91%

luisana and M. adenantheroides reached 100% germination
in dark conditions; in light conditions, their GP was 86%
and 85%, respectively. Similarly, A. angustissima preferred
darkness over light for germination at 10 ‘C, having 84% and
62%, respectively. The rest of the species germinated better
in light than in dark conditions at 10°C; V. constricta showed
a GP of 79% in light and a 5% in darkness; M. polyantha a
GP of 12% and 2% in light and darkness, respectively, while
M. lactiflua had a GP of 45% in light and 3% in darkness at
10 °C. At 20 °C and 30 “C, all species achieved 100% of ger-
mination both in dark and light regime. At 40 °C, M. lactiflua
showed a GP of 62% in light, and a 100% of germination
in darkness. The rest of the species reached the 100% of
germination both in light and dark regime at 40 “C (Fig. 1).

Germination was faster at warmer than at colder tem-
peratures for all species (Figs. 2, 3 and 4). At 10 °C, only M.
luisana and M. adenantheroides reached 100% germination
in dark conditions during the 34 days of the experiment. The
rest of the species did not complete germination at 10 °C. At
20 °C, M. lactiflua completed germination during the first
6 days of the experiment in both light and dark conditions;
the rest of the species germinated during the first 6 days
in darkness, and during the first 20 days in light regime at
20 °C.

At 30°C, germination of all species started on the first
or second day and finished during the first 10 days of the
experiment. M. luisana, M. polyantha, A. angustissima and
V. constricta reached 100% of germination in the first two
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Fig.2 Germination Rate

(GR +£EE) of M. luisana, M.
adenantheroides, A. angustis-
sima, V. constricta, M. poly-
antha and M. lactiflua along a
gradient temperature with two
light regimes, and with or with-
out scarification condition

Fig.3 Saturation Rate

(SR +EE) of M. luisana, M.
adenantheroides, A. angustis-
sima, V. constricta, M. poly-
antha and M. lactiflua along a
gradient temperature with two
light regimes, and with or with-
out scarification condition
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Fig.4 Nonparametric time-to-event curves showing cumulative ger-
mination (CG) versus days of the experiment for the six species. Each
color represents a temperature: blue is for 10 °C, purple for 20 °C,
pink for 30 °C and red for 40 °C. Solid lines indicate light regime,
and dotted lines dark regime for each temperature

days of the experiment in dark conditions, while their germi-
nation was up to 9 days longer with light. Complete germi-
nation of M. lactiflua and M. adenantheroides was reached
during the first 5 days of the experiment in both dark and
light conditions.

At 40°C, M. luisana, M. polyantha and A. angustissima
completed germination in the first 3 days of the experiment
in dark conditions, but their seeds exposed to light finished
germination between day 20 and 25. Seeds of V. constricta
completed germination during the first 5 days of the experi-
ment in both light and dark conditions. Mimosa adenan-
theroides completed germination on day 6 in darkness and
on day 17 in light regime. Mimosa lactiflua completed ger-
mination during the first 10 days in dark conditions; how-
ever, in the light regime M. lactiflua did not reach 100% of
germination, the last germination occurred on day 28.

Temperature had a significant effect on the chance for
germination of all species. As temperature increased, the
chance for germination increased for all species (Fig. 5).
For M. luisana and M. adenantheroides, the relationship
between the chance for germination and temperature was
best described by a linear relationship. The effect of light
regime was dependent on the temperature for all species, as
indicated by a significant interaction between light and tem-
perature in the Cox models (p <0.05). Mimosa luisana, and
M. adenantheroides exhibited higher chance for germina-
tion in dark that in light conditions at 20 °C, 30 °C and 40°C,
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whereas A. angustissima and M. polyantha showed higher
chance for germination in dark than in light conditions for
all temperatures. Mimosa lactiflua exhibited higher germina-
tion chance in light conditions at 10 °C, but in dark regime at
40°C. Vachellia constricta showed a higher chance for germi-
nation in dark that in light regime at 10 °C and 20 ‘C, while
chances were slightly higher for light than darkness at 40 C.

As temperature increased, germination synchrony
increased for M. luisana, M. adenantheroides and for A.
angustissima in dark conditions (Fig. 6). In contrast, as tem-
perature increases, the germination synchrony of M. lactiflua
and M. polyantha decreased in both light and dark condi-
tions. Temperature did not have a significant effect on ger-
mination synchrony of V. constricta; nevertheless, the inter-
action of light and temperature was significant (r=— 5.41,
p <0.05); germination synchrony was significantly higher
in darkness that in light condition at 10°C, 20°C and 30°C
for this species.

There was a significant interaction between tempera-
ture and light regime for M. luisana (t=6.56, p <0.5), A.
angustissima (t=5.03, p<0.5), and V. constricta (t=—5.41,
p<0.5), which indicates that the effect of the light regime on
germination synchrony depends on temperature. The inter-
action of temperature and light was not statistically signifi-
cant for M. adenantheroides, M. lactiflua and M. polyantha,
therefore, the interaction term was removed from the model
of those species.

Discussion

The experimental data on how germination respond to scari-
fication, temperature and light provide information on seed
adaptations to conditions for germination in dry forests,
which is pivotal for guiding ecological restoration actions in
response to anthropogenic disturbances and climate change.
Thick seed coats are adaptations possessed by many species
from arid and semi-arid regions as a strategy to protect their
embryos from dehydration, which helps secure colonization
under conditions of water scarcity and disturbance (Khurana
and Singh 2001). Thick seed coats also make it unlikely
that all seeds are scarified and germinate simultaneously,
functioning as a risk spreading strategy (Childs et al. 2010).
The six species we evaluated exhibit physical dormancy, and
their germination was highly improved by mechanical scari-
fication. However, temperatures as high as 40 °C can also
help break physical dormancy, as shown by increased ger-
mination of un-scarified seeds at high temperatures (Fig. 1).
Similar findings have been reported for other Mimosa, Aca-
cia and Vachellia species (Orozco-Almanza et al. 2003; Sil-
veira and Fernandes 2006; Chauhan and Johnson 2009; Aref
2011; Montafio-Arias et al. 2015; Maldonado-Arciniegas
et al. 2018), suggesting that these species benefit from or
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Fig.5 Predictions of the Cox model chances for germination with
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ard ratio indicates an increased chance for germination at a particular

need mechanical scarification for recruitment in nature. In
the TCV, mechanical scarification is driven mainly by goats
(Giordani et al. 2015). Alternatively, seed coats may also
experience abrasion from rolling on the soil (Baskin et al.
1995).

The overall results show that seed germination response
to light and temperature, and varied among species, as well
as to the other aspects considered for the germination pro-
cess. The six studied species were neutral photoblastic,
meaning that they could germinate (germination percent-
ages higher than 60%) both in presence or absence of light,
at 20 °C, 30 °C and 40 °C, which coincides with what was
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time. Orange solid line indicates the prediction for light, black line
indicates the predictions in the dark regime. Dashed lines indicate the
standard errors

reported by Camargo-Ricalde et al. (2004) and Montaifio-
Arias et al. (2015) for diverse species of the genus Mimosa.

On the other hand, the fact that the studied species are
neutral photoblastic represents an advantage, since their
seeds are able to germinate under the soil’s ground or on
the soils” surface under the canopy generated by other plants
(i.e. Neltuma sp., Parkinsonia sp.), as it occurs in non-pho-
toblastic seeds of other plant species (Pearson et al. 2002;
Sanchez et al. 2017). Furthermore, considering that all spe-
cies germinated faster in darkness than in light, at 20 °C,
30 °C and 40 °C, this is related to the formation of a seed
bank, which is usually form in the first 2 cm depth of soil
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Fig.6 Observations and predictions of uncertainty indices for the
six species studied. Dots indicate the uncertainty index observed for
petri dishes in dark (black) and light (red) regimes. Red line indicates
the uncertainty index prediction for light and black for dark regimes.
Lower values of the index indicate higher germination synchrony
(Ranal and Santana 2006)

(Besnier-Romero 1989; Valbuena and Trabaud 2001), and
to the brief window of opportunity that their seeds have to
germinate and establish during the short rainy season (Ten
Brink et al. 2013; Maleki et al. 2023).

Besides, in dry deciduous forests, shade at the soil surface
is restricted to the rainy season; most of the woody species
within the TCV are caducifolious and lose their leaves dur-
ing the dry season, leading to sun exposure of understory
plants and soil. However, the annual herbs die when the
rainy season is over, forming a mulch that creates shade and
moist microenvironments that remain a few weeks into the
dry season (Khurana and Singh 2001). This mulch might
provide a short opportunity for germinating to the species
that produce their seeds at the end of the rainy season, as
the ones we studied here. Additionally, it has been reported
that, in dry areas, there are biological soil crusts, which favor
the establishment and development of divers’ plant species
(Havrilla et al. 2019; Sosa-Quintero et al. 2022).

At 10 °C, germination was faster in darkness for all spe-
cies, except M. lactiflua, suggesting that the seeds of five
of the studied species are naturally located below the soil
surface (Escobar-Escobar and Cardoso 2015; Gonzalez-
Vélez et al. 2020), and that only the seeds of M. lactiflua
locate above the soil, promoting its establishment in exposed
sites (Wulff et al. 1994). However, according to Taiz et al.
(2010) and Bewley et al. (2013), different aspects have to be
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considered, such as the type of seed, the plant species and
the quantity and quality of light received by the seeds.

The preference for darkness was also true for the germina-
tion synchrony of M. luisana, M. adenantheroides, and A.
angustissima. The synchrony of these species increased with
temperature, which might indicate that these species produce
enough viable seeds to germinate in a wide range of tem-
peratures and they germinate quickly when they experience
optimal conditions (Escobar-Escobar and Cardoso 2015).
The synchrony of V. constricta was not affected by tempera-
ture alone, but the interaction of temperature and light: the
germination synchrony of this species is high in dark condi-
tions from 10 to 40 °C, indicates that detection of seasonal
changes in soil temperature would synchronize germination
seeds, while light detection, in addition to avoiding the ger-
mination in gaps, in the Rosetophyllous desert scrub (Wulff
et al. 1994; Escobar-Escobar and Cardoso 2015). In contrast,
seeds of M. lactiflua may not have experienced selection to
synchronize their germination; the germination synchrony
of its seeds decreased with temperature, indicating that this
Mimosa species has developed a seed germination strategy
by not overlapping, to avoid the competition with other seed
plants (Ranal and Santana 2006; Londofio-Lemos et al.
2024).

Mimosa luisana, M. lactiflua, M. adenantheroides, A.
angustissima, and V. constricta exhibited a wider tolerance
of temperature (10—40 °C) than M. polyantha (20-40 °C).
Montafio-Arias et al. (2015) also found a broad temperature
tolerance of M. luisana and M. aculeaticarpa. These results
suggest that the germination of M. luisana, A. angustissima,
M. adenantheroides and M. polyantha might not be threat-
ened by the warming predicted for Mexico with climate
change in the short and medium term (Sdenz-Romero et al.
2010). However, the recruitment of M. lactiflua might face
trouble at temperatures higher than 30 °C in stressful envi-
ronmental conditions in the present and short-term future.

None of the studied species showed any germination at
3 °C during the duration of the study. However, imbibition
took place in some seeds of M. luisana, M. adenantheroides
and A. angustissima, suggesting that low temperatures do
not completely hinder but delay germination in these species
(Figueroa et al. 2024), which is consistent with the find-
ings of Montafio-Arias et al. (2015) for the germination of
M. luisana at 5 °C. The wide temperature tolerance of M.
luisana, M. adenantheroides, M. lactiflua, A. angustissima
and V. constricta support the potential use of these species
in climate change adaptation projects such as assisted migra-
tion to higher altitudes. Mimosa lactiflua might need assis-
tance in its recruitment when the climate becomes warmer.

For ecological restoration efforts using the species we
studied, we suggest the germination to take place between
20 and 40 °C, which coincides with the optimal germination
temperatures of several Fabaceae (Camargo-Ricalde et al.
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2004; Cruz-Medina and Orozco-Almanza 2010; Montafio-
Arias et al. 2015). Although some of the species we studied
serve as nurse plants, they might also benefit from germinat-
ing in darkness resulting from burial or shadow. Mechanical
scarification is a reliable method for breaking physical seed
dormancy, increasing germination up to 100% for all the spe-
cies we studied. Additionally, a careful selection of healthy
seeds is needed to increase the germination in restoration or
conservation actions, given that all the species we studied
are highly infected by bruchids, and the eggs and early traces
of infection are hard to detect at first sight.

This study shows the potential of laboratory experiments
to provide important insights into the ecology of seed ger-
mination and inform ecological actions. By experimentally
varying scarification, temperature, and light, being condi-
tions of central importance for germination in dry forests,
and by using modern statistical methods, allowing modelling
the time-dependent chance for germination (Fig. 5) and ger-
mination synchrony (Fig. 6) as a function of temperature and
light, we were able to extract considerably more information
than by employing classic germination indices only.

Finally, it is important to highlight that we did not study
the effects of drought on germination. Water is a limiting
resource for species in dry caducifolious forests and is an
indispensable resource for their germination. Despite the
species we studied can tolerate high temperatures, they
might be threatened by the decreasing precipitation pro-
jected for the future (Sdenz-Romero et al. 2010). Addition-
ally, their recruitment might also be affected by alterations
of conditions for shade caused by land use changes or defor-
estation, and by the lack or decrease of seed dispersers that
naturally assist the germination of these species by breaking
their physical dormancy.

The overall results show that these species present a high
germination percentages when their seeds are scarified,
regardless of the presence or absence of light, which is a
strategy to respond according to the environmental condi-
tions; however, other factors must be considered (i.e. pre-
cipitation, seed size).

The information generated in this study is a contribution
to understand the seed germination processes of the studied
species; as well as the location of their seeds in their natural
habitats. This information is necessary to propose safe sites
for their seed germination and seedlings establishment. We
highly encourage conservation and restoration actions with
the Fabaceae species we have studied here.
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