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» Background and Aims Seed germination analysis often ignores temporal dynamics and non-
germinating fractions, limiting biological inference. Conventional methods assume all seeds germinate,
which is unrealistic for heterogeneous forest seed lots. Long-term survival (cure fraction) models offer a
framework to address this limitation. This study uses seed germination of native Brazilian forest species
to demonstrate the applicability and advantages of long-term modelling.

« Methods Five independent datasets from native Brazilian forest species were analysed under varying
environmental conditions, including temperature, osmotic stress, light and seed traits. Germination
was modelled as a time-to-event process using parametric (log-normal, Weibull, log-logistic) and
semiparametric (Cox) approaches with long-term survival models. Kaplan-Meier estimators were used for
initial exploration and model comparison. Model selection was based on graphical fit and Cox-Snell
residuals.

« Key Results All datasets showed a fraction of non-germinated seeds, with germination curves stabilizing
below 100 %, which corroborates the use of cure models. Long-term models consistently outperformed
traditional survival approaches, providing better fit and biological interpretability. Environmental factors
differentially affected incidence and latency components: extreme temperatures and water stress
significantly reduced the probability of germination, while having smaller effects on germination speed.
The probability of germination varied widely between species and conditions, from 10 to 95 %. The
models also revealed complex interactions between environmental and seed characteristics that influence
germination dynamics.

» Conclusions This study demonstrates that long-term survival models provide a robust, biologically
realistic statistical framework for analysing germination data from forest seeds. Partitioning the
germination process into incidence (probability of germination) and latency (time to germination)
components enabled key advances. First, it allowed precise quantification of the fractions of germinating
and non-germinating seeds. Second, it provided more accurate and informative estimates than traditional
survival methods. Finally, it enabled the isolation of the effects of environmental factors on germination
capacity and speed.

Key words: Censored survival data, environmental stress, germination modelling, mixture cure models,
seed trait, time-to-event analysis.

INTRODUCTION

In forest ecosystems, germination plays a fundamental role by
directly influencing natural regeneration, population age
structure and community resilience to environmental distur-
bances (Manso et al., 2013; Hsu et al., 2024). A comprehensive
understanding of its temporal patterns is essential not only for

the biology and ecology of species but also for practical appli-
cations such as ecological restoration, seedling production, ex
situ conservation and forest management (Manso et al., 2013).
Consequently, germination is a key process for understanding
species distribution, responses to environmental gradients
and the impacts of climate change, providing support for con-
servation strategies (Carta et al., 2022).
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Despite its ecological relevance, seed germination analy-
sis faces substantial methodological challenges. Several na-
tive tree species exhibit high variability in germinative
response, often resulting from variations in dormancy, phys-
iological quality and the environmental conditions to which
they were exposed before, during and after harvest (Barak
et al., 2018). In such contexts, statistical strategies must rig-
orously dissociate the biological phenomenon from experi-
mental bias while preserving the ecological realism of
partial germination (Solarik et al., 2016).

Traditionally, germination data analysis is based on sum-
mary indices, such as the final percentage and mean time
(Mamani et al., 2024), as well as measures of germination
rate (McNair et al.,, 2012; Romano and Stevanato, 2020)
and synchronization (de Santana Santos et al., 2026). Such
methods reduce complex temporal processes to point statis-
tics, thereby losing critical information about germination
dynamics over time. Additionally, these metrics restrict for-
mal statistical inference concerning treatment effects
(Onofri et al., 2022). Although non-linear models, such as
the logistic, Weibull and Gompertz distributions, represent
an advancement by describing the germinative trajectory,
they lack mechanisms to handle censored data.

This limitation arises because, in the context of germina-
tion, censoring involves partial observation of the response,
including seeds that rot or do not germinate by the end of the
experimental evaluations. This information, often neglect-
ed, is fundamental and must be integrated into the model-
ling to avoid bias and obtain more precise conclusions
(Onofri et al., 2010; Mamani et al., 2024). A statistical tech-
nique that incorporates such observations is survival
analysis.

In this approach, germination is modelled as a time-to-
event process (McNair et al., 2012), allowing the use of non-
parametric, semiparametric or parametric methods to test
the influence of covariates (Harich et al., 2016; Romano
and Stevanato, 2020). Parametric and semiparametric mod-
els enable the estimation of parameters associated with ger-
mination speed and synchrony, while providing direct
biological interpretations of these effects (Onofri et al.,
2010; Manhdies Saint’Clair et al., 2025). However, conven-
tional survival modelling implicitly assumes that all individ-
uals will experience the event over time. In practice, this
assumption forces the asymptote of the germination curve
towards 100 % (Onofri et al., 2010), a premise often incom-
patible with the biology of native forest seeds, which rarely
achieve such percentages. Seed lots constitute heteroge-
neous populations, composed of viable, dormant and empty
seed fractions, many of which do not germinate within eco-
logically relevant time scales (Roesler et al., 2023).

In this context, long-term survival models, also known as
cure fraction models, offer a suitable statistical framework
for analysing germination in the presence of such heteroge-
neity (Patilea and Van Keilegom, 2020). In long-term mix-
ture models, the process is decomposed into two
components: incidence, which estimates the proportion of
seeds that will not germinate (the cure fraction) even if the
monitoring period is long enough; and latency, which mod-
els the time to germination for the seeds that eventually do
(Li and Taylor, 2002). This distinction between the two com-
ponents allows distinguishing germination capacity (final

percentage) from germination speed, respectively (Onofri
et al,, 2011), aligning with fundamental ecophysiological
concepts such as viability, dormancy and the effects of pre-
harvest stress (Bernau et al., 2020; Revilla et al., 2024).

Despite being widely established in fields such as oncolo-
gy and reliability engineering, long-term survival models re-
main under-explored in seed science, particularly for forest
species (Roesler et al., 2023). In this area, the literature lacks
investigations that cover multiple species and experimental
conditions, as well as comparative analyses across different
probability distributions. Additionally, more explicit discus-
sion of the biological interpretation of these model compo-
nents is needed. Given these gaps, this study utilizes five
germination datasets of native Brazilian forest species to
demonstrate the applicability and advantages of long-term
modelling. Specifically, we aim to (1) identify and quantify
the fraction of non-germinated seeds (cure fraction); (2)
evaluate the performance of different long-term models
compared with traditional survival approaches; and (3) in-
terpret the incidence and latency components from an eco-
physiological perspective, providing a robust quantitative
framework for analysing germination.

MATERIALS AND METHODS

Five independent datasets on seed germination of four na-
tive Brazilian forest species, selected for their ecological
and silvicultural relevance, were analysed. The analysis em-
ployed various statistical techniques, using simple and com-
plex experiments conducted under different conditions,
aiming to demonstrate the applicability and robustness of
long-term survival models.

Databases

Example 1: Germination of Anadenanthera colubrina var. ce-
bil seeds under different temperatures. The first A. colubri-
na dataset was sourced from Gomes et al. (2023). A

completely randomized design was employed, using four
replicates of 25 seeds each. The seeds were sown on two
sheets of Germitest™ paper towels moistened with distilled
water and incubated at six constant temperatures (5, 15,
20, 25, 35 and 45 °C) for 216 h (9 d). The process was con-
ducted in a BOD (biochemical oxygen demand) germination
chamber with a 12-h photoperiod. Germination was record-
ed once the radicle reached >1 mm in length.

Example 2: Germination of Anadenanthera colubrina var. ce-
bil seeds under different osmotic potentials induced by poly-
ethylene glycol 6000. The second A. colubrina dataset was
also sourced from Gomes et al. (2023). A completely ran-
domized design was employed, with four replicates of 25
seeds each. Six osmotic potentials (0, —0.2, —0.4, —0.6,
—0.7 and —0.8 MPa) were induced using polyethylene glycol
6000 (PEG 6000) solutions. Seeds were sown on two sheets
of Germitest paper towel, moistened with either distilled
water or PEG 6000 solutions at a ratio of 2.5 times the dry
paper weight. The resulting paper rolls were maintained
for 216 h (9d) in a BOD germination chamber at 25 °C
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and a 12-h photoperiod. Germination was defined by a rad-
icle protrusion of >1 mm.

Example 3: Germination of Astronium urundeuva seeds un-
der different osmotic potentials induced by NaCl solutions.
The third dataset, focusing on A. urundeuva, was sourced
from Oliveira et al. (2019). A completely randomized design
was employed, using three replicates of 50 seeds each. Seven
osmotic potentials (0, —0.072, —0.144, —0.216, —0.288,
—0.360 and —0.432 MPa) were induced using sodium chlo-
ride (NaCl) solutions. Seeds were sown on two sheets of
Germitest paper towel, moistened with either distilled wa-
ter or NaCl solutions at a ratio of 2.5 times the dry paper
weight. The resulting paper rolls were maintained for
384 h (16 d) in a BOD germination chamber at 25 °C and a
12-h photoperiod. Germination was recorded based on a
radicle protrusion of >1 mm.

Example 4: Germination of Jacaranda caroba
seeds under different light and temperature conditions.
The fourth dataset, concerning J. caroba seeds, was sourced
from the study by Ordéniez-Parra et al. (2023). A completely
randomized design was employed using a factorial arrange-
ment, combining two alternating temperature regimes (30/
20 °C and 25/15 °C) and two light conditions (12-h photope-
riod and continuous darkness). Each of the four replicates
consisted of a 9-cm Petri dish containing 25 seeds and two
sheets of filter paper moistened with a 2 % nystatin solution
as an antifungal agent. Petri dishes assigned to the dark
treatment were wrapped in double-layered aluminium foil,
and germination counts were conducted under a green safe-
ty light. All dishes were maintained in a BOD germination
chamber and monitored every 24h for 720h (30d).
Radicle protrusion served as the criterion for germination.

Example 5: Germination of Mabea fistulifera seeds with differ-
ent seed coat colours, elaiosome conditions, and substrate
types. The fifth dataset, focusing on M. fistulifera seeds,
was sourced from Santos et al. (2025). The experiment fol-
lowed a completely randomized design with a 3 X 2 x 2 fac-
torial arrangement and four replicates of 25 seeds each. The
treatments consisted of combinations of seed coat colour
(red, orange and brown), elaiosome condition (present or
absent) and substrate type (paper rolls and top-of-paper).
For the paper rolls (PR) method, seeds were placed between
two sheets of Germitest paper, covered with a third sheet,
rolled and placed in plastic bags. For the top-of-paper
(TOP) method, seeds were placed on two sheets of
Germitest paper inside plastic Petri dishes. The substrate
was sterilized and moistened with distilled water at a ratio
of 2.5 times its dry weight. All samples were incubated in
a BOD germination chamber at 25 °C for 576 h (24 d).
Radicle protrusion served as the criterion for germination.

Statistical methods

Kaplan-Meier estimator. Initially, the data were evaluated
using the Kaplan-Meier non-parametric estimator (Kaplan
and Meier, 1958) to identify the presence of long-term events
and to compare with the parametric and semiparametric

methods employed. In this approach, the estimator quanti-
fies the failure probability distribution within a population.
The survival function is defined as:

S®)=P(T>t) (1)

where S(t) is the probability of a seed not germinating by a
specific time T, i.e. the probability of an observation surviv-
ing beyond time t.

Consequently, the cumulative distribution function is de-
fined as:

F(t)=1-S(¢) )

where F(¢) is the probability that germination occurs by time
t, and the germination curves were plotted based on this
function.

The Kaplan-Meier estimator, used to calculate non-
parametric estimates of the survival function, is defined as:

50=1T,,. (1-2) ®
! J

where f;<t=1t; <f,... < f are the k distinct and ordered
germination times; d; is the number of germinations at ¢,
Jj=1, .., k; and n; is the number of individuals at risk at £,
i.e. the individuals that have neither germinated nor been
censored up to the instant immediately prior to ;.

Long-term parametric and semi-parametric survival mod-
els. The standard mixture model proposed by Boag
(1949) and Berkson and Gage (1952) can be used to model
seed germination. It allows simultaneous estimation of the
probability of germination (incidence) and the time to ger-
mination (latency). Considering U as a Bernoulli random
variable, where U =1 if the individual is susceptible to the
event, and U=0 otherwise, such that P(U=1)=x and
P(U=0)=1- 7, the formulation of this long-term mixture
model is as follows:

Spop(”x, 2) = 1—7(z) + n(z) Su(t|x) (4)

where Sp,p(t) corresponds to the cumulative proportion of
seeds that have not germinated after time ¢. The function
Sy(t) describes the probability of a seed not germinating,
conditional on a vector of covariates x=(x;, ..., xp)/,
while 7 is the probability of a seed germinating given a vec-
tor of covariates z=(z1, ..., zq)’, which may include the
same covariates present in x. When 7 =1, eqn (4) reduces
to a standard survival model.

The function Sy(¢t) can take the form of parametric or semi-
parametric distributions. Among parametric approaches, the
exponential, Weibull, log-normal and log-logistic distribu-
tions are commonly used to model survival data.

exp[—exp(logt —u)],  Exponential;
logt —
exp |:—exp ( o8 = #> :| s Weibull;

1 _q)(logt—,u)
o

logt —u\ 1™
|:1 + exp (%):I , Log-logistic;

Su(t)= Log-normal; ()
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The inclusion of covariates is usually performed through the
parameterization u = f'x, where g'= (B,, ..., f,) repre-
sents the vector of unknown regression parameters. In this
context, the vector x acts multiplicatively on the scale param-
eter u, accelerating or decelerating the seed germination time.
The shape parameter o represents germination synchrony. A
lower value indicates that seeds germinate more synchro-
nously (within a shorter time interval), which characterizes
a seed lot of higher uniformity.

In semiparametric models, such as the Cox proportional
hazards model (Cox, 1972), the function Sy(¢) is expressed as:

Su(tlx) = exp(— T do(u)exp (/s/x)du) = SO F®  (6)
0

where 4¢(u) and Sy(t) correspond, respectively, to the baseline
hazard and survival functions, which are non-parametrically
specified. More specifically, So(t) = exp[—Ao(t)] where

Ao(t) = 7/10(11) du is the baseline cumulative hazard
0

function.

The fundamental assumption of the Cox proportional
hazards model is that the hazard ratios for the covariates re-
main constant over time, implying that the hazard curves do
not intersect. Since this assumption was violated in the pre-
sent study, we employed robust standard errors. This ap-
proach adjusts the variance-covariance matrix of the
estimated coefficients, ensuring their validity even under
the violation of proportionality (Lin and Wei, 1989).

Finally, the effect of the vector z on the probability 7(z)
can be modelled through a binomial regression with a logit
link function.

@) = exp(y'z)

T 14exp(7'z) )

where ' =(y,, ..., ¥4) is the vector of unknown parame-
ters, and the logit link function ensures that each probability
7(z) remains restricted to the interval [0, 1]. Other link func-
tions, such as probit, complementary log-log (cloglog) and
identity, may also be used.

The maximum likelihood (ML) method was employed to
estimate the parameters of the long-term mixture model.
These estimates were obtained by numerically maximizing
the likelihood function:

i
B, y)=log H?=1 |:7T(Zi)fU(ti|xi)] |:1 - 7(z;)

1-6;
' n(zosy(mxi)} ®)

where §; = 1 if the event occurred and §; = 0 otherwise, and
fu is the conditional probability density function of T.

In the parametric mixture model, maximum likelihood
estimators (MLEs) are obtained using the Newton-
Raphson method. However, in the semiparametric mixture
model, the presence of a non-parametric component renders
direct estimation of the function unfeasible. In this case, the
EM algorithm provides an efficient alternative for separately
estimating 8, ¥ and Sy(t), through two independent compo-
nents, ¢; and £g:

aiw =10 [T, 7" (== ©)

and

ts(B, Mo(Olw) =log [ T, AwCtix)™™ Sultlx)™  (10)

Statistical analysis, including parameter estimation and their
respective standard errors, were calculated using the mixcure
2.0 package (Peng, 2020) in R software version 4.6.0 (R Core
Team, 2026).

Germination curve determination. The obtained estimates
were used to determine the survival function S,.,(f).
Based on the cumulative distribution function, defined by
Fpop(t) =1 —Sp0p, the probabilities of seed germination
over time were calculated. The germination curves were
then plotted based on F,,,(f).

Model selection and evaluation. The selection of the model
that best describes the germination process was based on
graphical inspection, comparing the model-fitted curve
with the non-parametric method (Peng and Yu, 2021).
Additionally, modified Cox-Snell residuals (Peng and
Taylor, 2017) were analysed to verify the adequacy of the se-
lected models.

RESULTS

In all datasets studied, the preliminary non-parametric
Kaplan-Meier analysis revealed the presence of individuals
immune to the event of interest, i.e. seeds that failed to ger-
minate (Fig. 1). It was observed that the cumulative distribu-
tion function (germination curve) increases and reaches a
plateau, but does not reach the value of 1 as t » co.
Additionally, late germination was observed, particularly
under less favourable conditions.

Example 1

Based on a comparative evaluation of parametric models
against Kaplan-Meier estimates, the log-normal model
with long-term survivors was selected to describe
Anadenanthera colubrina seed germination across different
temperatures (Supplementary Data Fig. S1). This approach
provided a superior fit to the traditional log-normal model,
which overestimates the final germination fraction
(Fig. 2). The goodness of fit was further confirmed by resid-
ual analysis (Supplementary Data Fig. S2).

The latency component showed that higher temperatures
(15-45 °C) yielded negative coefficients, indicating that ger-
mination speed increases and, consequently, the time to
event is reduced (Table 1). The intercept 3, corresponds to
germination at 5 °C, which was used as the reference level
in the model. The shape parameter o was 0.3940, character-
izing a seed lot with greater uniformity.

The incidence component showed that the germination
proportion 7 (calculated using parameters according to
eqn (7)) varied significantly with temperature (Table 1). At
5 °C it was only 6.7 %, indicating a dormant/unviable seed
fraction of 93.3 %. This percentage increased substantially
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Fic. 1. Time-to-event analysis of seed germination estimated by Kaplan-Meier. Curves represent cumulative germination probabilities showing long-term

survivors under different covariates. (A) Seed germination of Anadenanthera colubrina at different temperatures and (B) at different osmotic potentials

induced by PEG 6000. (C) Seed germination of Astronium urundeuva at different osmotic potentials induced by NaCl. (D) Seed germination of

Jacaranda caroba under different light and temperature conditions. (E) Seed germination of Mabea fistulifera across different substrates, seed colours
and the presence or absence of elaiosomes.
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Fic. 2. Time-to-event analysis of Anadenanthera colubrina seed germination at different temperatures. Curves represent cumulative germination proba-
bilities estimated by Kaplan-Meier and parametric log-normal models (with and without long-term survivors).
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TasLe 1. Estimates, standard error, 95 % confidence interval

and P-value of the log-normal model with long-term survivors

for germination of Anadenanthera colubrina seeds under
different temperatures.

Parameter Estimate Standard error 95 % confidence P-value
interval
Lower Upper
Boinercept) 4.8608  0.1914 44856 52359 < 0.0001
Bias-c) -1.1105  0.1977 -1.4979 —0.7231 < 0.0001
Bazo-c) -1.9750  0.1964 -2.3599  —1.5900 < 0.0001
Bsas ) —22148  0.1966 —2.6000 —1.8296 < 0.0001
Bass ) 22569  0.1968 —2.6426 —1.8711 < 0.0001
ﬁ5(45 ) -2.6959  0.2018 -3.0915 -2.3004 < 0.0001
] 0.3940 - - - -
Votmercepy  —2:6351  0.2793 —3.1825 —2.0877  0.0001
Yias-c) 32106 0.4839 22636 41607 < 0.0001
Y220°C) 4.0214 0.5033 3.0366 5.0095 < 0.0001
V325 -0) 3.9008  0.4991 29242 48806 < 0.0001
Vas-c) 3.6811  0.4927 27170  4.6484 < 0.0001
V505 °C) 2.1456  0.4830 1.2006 3.0938 < 0.0001
s -0) 0.0669 - - - -
Tasec) 0.6404 - - - -
T200) 0.8000 - - - -
Tas ) 0.7800 - - - -
TEs-0) 0.7400 - - - -
Tas <) 0.3800 - - - -

B, Parameter vector associated with the latency component (including
the shape parameter o); y, parameter vector associated with the
incidence component; 7, probability of seed germination.

to 80 and 78 % at 20 and 25 °C, respectively. Meanwhile, at
45 °C rr decreased to 38 %, reflecting the deleterious effects of
supra-optimal temperatures.

Example 2

In accordance with the selection criterion adopted in the
preceding example, the Weibull model with long-term survi-
vors was selected to describe the seed germination of
Anadenanthera colubrina under different osmotic potentials
induced by PEG 6000 (Supplementary Data Fig. S3). This ap-
proach provided a better fit than the traditional Weibull
model, which tends to underestimate germination speed
and overestimate the final germination percentage (Fig. 3).
Cox-Snell residuals also indicate goodness of fit
(Supplementary Data Fig. S4).

The intercept 3, represents the reference osmotic poten-
tial (¥=-0.8 MPa), with the parameter o=0.3235
(Table 2). The magnitude of water stress is inversely propor-
tional to osmotic potential; thus, reductions in ¥ intensify
the stress on seeds. In the latency submodel the coefficients
(B) were negative and significant for most treatments, indi-
cating a difference relative to the reference, except for ¥ =
—0.7 MPa. Specifically, for the lowest coefficients (55 and

B4) seeds germinated more quickly (Fig. 3), demonstrating
that water stress reduces germination speed.

Considering the incidence submodel, the germination
probability decreased progressively with increasing water
stress (Table 2, Fig. 3). At a potential of 0.0 MPa (pure wa-
ter), the germination percentage was 97 %, decreasing stead-
ily to 22 % at ¥'=—0.8 MPa.

Example 3

The Cox semiparametric model with long-term survi-
vors was used to analyse the germination of Astronium ur-
undeuva under different osmotic potentials induced by
NaCl. As shown in Fig. 4, including the long-term compo-
nent improved the model goodness of fit. The same pattern
can be observed in the residual analysis (Supplementary
Data Fig. S5).

Unlike parametric models, which model the survival
function, the semiparametric Cox model directly estimates
the hazard (4). Consequently, higher coefficients in the
latency submodel increased germination speed (Table 3,
Fig. 4).

The incidence component demonstrated that the germi-
nation probability increased as water stress decreased
(Table 3). At a potential of 0.00 MPa, 7 was 82.7 %, progres-
sively decreasing to 9.3 % at —0.432 MPa.

Example 4

Following an evaluation based on the comparison of the
fitted curves from the parametric models with the Kaplan-
Meier estimates, the log-normal model with long-term survi-
vors was selected to describe the germination of Jacaranda
caroba subjected to different light and temperature condi-
tions (Supplementary Data Fig. S6). This modelling frame-
work provided a superior fit to the conventional
log-normal model, successfully capturing the fraction of
non-germinated seeds across distinct light and temperature
conditions (Fig. 5). The goodness of fit is supported by the
residual analysis (Supplementary Data Fig. S7).

In the latency submodel, the f, intercept corresponds to
the reference condition (darkness and 25-15 °C). The o pa-
rameter was 0.3110, and the photoperiod X temperature in-
teraction was significant (Table 4). The analysis of this
interaction revealed that, regardless of the light regime,
the alternating temperature of 30-20 °C provided higher ger-
mination speeds (Fig. 5A, B).

Regarding the effect of photoperiod, it was found that at
25-15 °C the presence of light reduced the germination
time (Fig. 5C). Conversely, under the temperature of 30-
20 °C the absence of light promoted an increase in the ger-
mination speed (Fig. 5D). These results show that the influ-
ence of light on the germination of this species is modulated
by temperature.

Similarly, the incidence submodel showed that germina-
tion probability also varied with the factors studied
(Table 4). Under dark conditions, the germination percent-
age was 62.2 % at 25-15 °C, increasing to 86 % at 30-20 °C.
Under light, the observed values were 66.7 and 77 % for
the temperatures of 25-15 and 30-20 °C, respectively.
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Fic. 3. Time-to-event analysis of Anadenanthera colubrina seed germination at different osmotic potentials induced by PEG. Curves represent cumulative
germination probabilities estimated by Kaplan-Meier and parametric Weibull models (with and without long-term survivors).

TaBLE 2. Estimates, standard error, 95 % confidence interval and P-value of the Weibull model with long-term survivors for

germination of Anadenanthera colubrina seeds under different osmotic potentials induced by PEG.

Parameter Estimate Standard error 95 % confidence interval P-value
Lower Upper
Bogintercep) 4.6677 0.0809 4.5091 4.8263 0.0000
Bicw= —0.7 Mpa) —0.1555 0.1242 —0.3989 0.0879 0.2104
Bopw= —0.6 MPa) -0.3175 0.0862 —0.4865 —0.1485 0.0002
Baew= —0.4 Mpa) -0.3925 0.0842 —0.5575 -0.2275 < 0.0001
Bacr= —0.2 Mpa) —0.5482 0.0889 —-0.7224 —0.3740 < 0.0001
Bsw= 0.0 Mpa) -1.0598 0.1316 -1.3177 -0.8019 < 0.0001
o 0.3235 . B - -
Yo(intercept) —1.2655 0.2104 ~1.6779 -0.8531 < 0.0001
Y1ow= 0.7 MPa) 0.4182 0.3298 —0.2282 1.0646 0.2048
Yaw= —0.6 MP) 0.9427 0.2016 0.5476 1.3378 < 0.0001
¥a¥= 0.4 MPa) 2.2100 0.3932 1.43 2.9807 < 0.0001
Yatw= —0.2 MPa) 3.1665 0.4144 2.3543 3.9787 < 0.0001
Vv 0.0 MPa) 4.7416 0.4471 3.8653 5.6179 0.0000
T(p= —0.8 MPa) 0.2200 - - - -
Tw= _07 MPa) 0.3000 - - - -
TT(W= —0.6 MPa) 0.4200 - - - _
(W= -0.4 MPa) 0.7200 - - - -
(W= -0.2 MPa) 0.8700 - - - -
T (w= 0.0 MPa) 0.9700 - - - -

B: Parameter vector associated with the latency component (including the shape parameter o); y: parameter vector associated with the incidence
component; 7zz: probability of seed germination.
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Fic. 4. Time-to-event analysis of Astronium urundeuva seed germination at different osmotic potentials induced by NaCl solutions. Curves represent cu-
mulative germination probabilities estimated by Kaplan-Meier and Cox proportional hazards models (with and without long-term survivors).

Example 5

According to the adopted selection -criterion, the
log-logistic model with long-term survivors was selected to an-
alyse the germination of Mabea fistulifera across different
combinations of seed coat colour, elaiosome presence and sub-
strate type (Supplementary Data Fig. S8). As illustrated in Figs
6-8, incorporating the long-term component enhanced the
goodness of fit for all combinations. This pattern is corroborat-
ed by the residual analysis (Supplementary Data Fig. S9).

In the latency submodel, the intercept 5, represents the
reference condition (paper towel, absence of elaiosome
and orange colour). The parameter ¢ was 0.0844 and the
TP x PE X BS and TP x PE x RS three-way interactions
were significant, indicating complex effects on germination
speed (Table 5).

The incidence component showed that the germination
probability varied widely across combinations of the studied
factors (Table 5). The maximum probability was 96.2 % for
PR x AE x RS, while the minimum probability was 72 %
for PR x PE x BS.

DISCUSSION

Methodological implications and effectiveness of long-term
survival models

The results of this study demonstrate that long-term survival
models offer several advantages over traditional approaches.
These models naturally accommodate censored observations,

such as seeds that did not germinate by the end of the exper-
iment. In traditional analyses, in which final germination per-
centage and mean germination time are evaluated, these
seeds are often excluded, leading to bias and loss of informa-
tion (Onofri et al., 2011; Romano and Stevanato, 2020;
Mamani et al., 2024; Manhdaes Saint’Clair et al., 2025).

In addition to failing to properly handle censored data,
traditional statistical approaches, such as ANOVA and com-
parison of means, focus on inferences about the final per-
centage and the germination speed index (GSI) at the end
of the experiment. Generally, these results are associated
with cumulative germination curves, based on observed
data rather than predicted, to describe the temporal behav-
iour of germination. However, both approaches are applied
separately for each covariate, limiting their ability to capture
combined effects. In this context, the long-term survivors ap-
proach presents the advantage of generating cumulative ger-
mination curves based on predictions that incorporate
multiple covariates simultaneously. Consequently, it en-
ables germination predictions based on combinations of
different covariate values, such as temperature and photope-
riod. Moreover, each parameter of these models has a clear
biological interpretation: o, associated with germination
uniformity; (5, related to germination speed; and , corre-
sponding to the probability of germination.

Furthermore, long-term mixture models provide separate
and interpretable estimates of the incidence and latency com-
ponents, each with its own confidence intervals and hypoth-
esis tests. This feature enables formal statistical inference on
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TasLE 3. Estimates, standard error, 95 % confidence interval and P-value of the Cox proportional hazards model with long-term
survivors for germination of Astronium urundeuva seeds under different osmotic potentials induced by NaCl solutions.

Parameter Estimate Standard error 95 % confidence interval P-value
Lower Upper
ﬁO(‘l‘:—OASZ MPa) - - - - -
Brew= —0.360 MPa) -0.0354 0.2220 —0.4705 0.3997 0.8734
Bagw= —0.288 MPa) 0.7477 0.2605 0.2371 1.2583 0.0041
B3w= —0.216 MPa) 2.4057 0.2378 1.9396 2.8718 < 0.0001
Bagw= —0144 MPa) 2.5801 0.2369 2.1158 3.0444 < 0.0001
Bsew= —0.072 MPa) 2.8630 0.2410 2.3906 3.3354 < 0.0001
Becw= 0,000 MPa) 3.1408 0.2883 2.5757 3.7059 < 0.0001
Yo(intercept) —2.2736 0.2998 —2.8613 —1.6859 < 0.0001
¥10v= ~0.360 MPa) 1.3291 0.2371 0.8644 1.7939 < 0.0001
Yaw= —0.288 MPa) 1.7557 0.3956 0.9803 2.5310 < 0.0001
¥3w= —0.216 MPa) 2.8490 0.2943 2.2.22 3.4257 < 0.0001
Ya(w= ~0.144 MPa) 3.2514 0.3585 2.54 3.9540 < 0.0001
¥sw= —0.072 MPa) 3.6187 0.3046 3.0217 42158 < 0.0001
¥ 6(=0.000 MPa) 3.8358 0.3460 3.1577 4.5139 < 0.0001
T[(W= —0.432 MPa) 0.0933 - - -
(W= —0.360 MPa) 0.2800 - - - -
T[(= —0.288 MPa) 0.3733 - - - _
(W= —0.216 MPa) 0.6400 - - - -
TL(W= —0.144 MPa) 0.7267 - - - -
(Y= -0.072 MPa) 0.7933 - - - -
TT(W= 0.00 MPa) 0.8267 - _ _ _

B: Parameter vector associated with the latency component (including the shape parameter o); y: parameter vector associated with the incidence

component; 7: probability of seed germination.

treatment effects for each component of the germination pro-
cess, which is not possible when using summary indices such
as final germination percentage or mean germination time
(Onofri et al., 2011; Mamani et al., 2024).

Again, the structure of mixture models allows the incor-
poration of different parametric distributions or a semipara-
metric approach for the latency component, providing
flexibility to capture different shapes of germination curves.
In the present study, different distributions were selected for
distinct species and experimental conditions, reflecting real
biological differences in germination dynamics. Overall,
long-term models showed better fit than traditional survival
models. This is evidenced by agreement with the Kaplan-
Meier estimator, observed data and modified Cox-Snell
residuals.

Traditional survival models assume that the distribution
function F(¢), representing the germination curve, is proper
in the sense that it converges to 1 (100 % germination) as
t > oo (Berkson and Gage, 1952; Peng and Yu, 2021).
However, this behaviour does not always reflect the biolog-
ical reality of seed assays. In contrast, in long-term models
the inclusion of the incidence component makes F(t) an im-
proper function, characterized by growth that stabilizes at a
level below 1 (Berkson and Gage, 1952; Peng and Yu, 2021).
Thus, these models allow capturing the fraction of seeds that

do not germinate, providing a more accurate estimate of the
seed lot’s germination capacity.

Biological interpretation of the long-term survivors in native
forest seeds

The results of this study demonstrated that long-term
survival models effectively capture the heterogeneity of
forest seed lots. This approach offers a biological interpre-
tation superior to traditional models. In this context, the
non-germinated fraction (1 — 7) reflects a complex mix-
ture of physiological states. This includes non-viable seeds
due to mechanical damage, predation or senescence, as
well as those exhibiting secondary dormancy induced
by stress. Finally, it also encompasses seeds that, while
viable, lack sufficient reserves or structural integrity to
complete germination (Onofri et al., 2011; Manso et al.,
2013).

The disentangling of germination capacity (incidence)
from speed (latency) is fundamental in these models to un-
derstanding responses to environmental factors (Onofri
et al., 2011). This premise, discussed by Manso et al. (2013)
for Pinus pinea, maintains that long-term survival models
can capture natural germination variability with greater pre-
cision than traditional approaches.
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Fic. 5. Time-to-event analysis of Jacaranda caroba seed germination under different alternating temperature and light conditions. Curves represent cu-
mulative germination probabilities estimated by Kaplan-Meier and parametric log-normal models (with and without long-term survivors).

TasLk 4. Estimates, standard error, 95 % confidence interval and P-value of the log-normal model with long-term survivors for the
germination of Jacaranda caroba seeds under different light and temperature conditions.

Parameter Estimate Standard error 95 % confidence interval P-value
Lower Upper
Bogintercept) 2.8358 0.0388 2.7598 2.9118 0.0000
Biphotoperiod) —0.1557 0.0587 —0.2708 —0.0406 0.0080
Baemperature) —0.7667 0.0506 —0.8659 —0.6675 0.0000
53(phowpeﬁodx temperature) 0.3048 0.0723 0.1631 0.4465 < 0.0001
g 0.3110 - - _ _
Yo(intercept) 0.4959 0.2214 0.0620 0.9298 0.0251
Vi(photoperiod) 0.1979 0.3108 -0.4113 0.8071 0.5242
Y2(temperature) 1.3195 0.3964 0.5426 2.0964 0.0009
¥V 3(photoperiodxtemperature) —0.8047 0.5029 —1.7904 0.1810 0.1096
TC(darkness and 25—15 °C) 0.6215 - _ _
7T(darkness and 30-20 °C) 0.8600 - - _ _
TT(light and 25-15 °C) 0.6668 - - _ _
TC(light and 30—20 °C) 0.7700 - _ _ _

B: Parameter vector associated with the latency component (including the shape parameter o); y: parameter vector associated with the incidence
component; zz: probability of seed germination.
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Fic. 6. Time-to-event analysis of Mabea fistulifera seed germination with different seed coat colours, as a function of substrate type and the presence or
absence of elaiosomes. Curves represent cumulative germination probabilities estimated by Kaplan-Meier and parametric log-logistic models (with and
without long-term survivors).

In the present study, the germination percentage varied
widely among species and experimental conditions. For in-
stance, in Anadenanthera colubrina at 5 °C germination
was 6.7 %, reflecting the inability of most seeds to germinate
under suboptimal temperatures. In contrast, at 20-25 °C the
germination percentage was 80-78 %, indicating conditions
close to the physiological optimum (Fig. 2). Under severe os-
motic stress (—0.8 MPa), the percentage of germinated seeds
was 22 %, suggesting that water stress not only delays germi-
nation but also prevents it in a large proportion of seeds
(Fig. 3). These patterns support the hypothesis that the cure
fraction reflects critical physiological limitations, in which
seeds fail to take up water for growth, mobilize reserves and
activate metabolism (Bewley et al., 2013).

Effects of environmental factors on incidence and latency
components

One of the contributions of this study lies in the finding
that environmental factors affect the incidence (7r) and la-
tency components of seed germination in distinct ways. In
Anadenanthera colubrina temperature affected both the

probability and the speed of germination, but in different
ways. Suboptimal (5 °C) and supra-optimal (45 °C) temper-
atures drastically reduced 7, whereas intermediate tempera-
tures (15-35 °C) had relatively minor effects on incidence
but significantly accelerated germination speed (Fig. 2).
This pattern suggests that temperature functions primarily
as a viability filter under thermal extremes and as a metabol-
ic rate modulator under favourable conditions (Meeussen
et al., 2022; Mamani et al., 2024).

Osmotic stress in Anadenanthera colubrina and saline
stress in Astronium urundeuva showed similar patterns,
with more pronounced effects on the incidence component
than on the latency component (Figs 3 and 4). In
Anadenanthera colubrina the germination percentage de-
creased from 97 % (0.0 MPa) to 22 % (—0.8 MPa), a 75 % re-
duction, whereas the f coefficients for latency declined
moderately (Table 2). Similarly, in Astronium urundeuva
the percentage declined from 82.7 (0.0 MPa) to 9.3
(—0.432 MPa), representing a 73.4 % reduction (Table 3).
These results indicate that water and salt stress primarily re-
duce the fraction of seeds able to germinate, possibly due to
toxic effects, osmotic imbalance or inhibition of imbibition

920z 1snbny /(0 uo Jasn (Ydvygng) euensadolby esinbsad ap eus|isesg esaidwg Aq £8€€ 1 /8/S/ L BeOW/qOR/SE01 "0 /I0P/a|01IB-80UBAPE/OR/WO09"dNO dlWapede//:sd)y Wol) papeojumo(



12 Martins Filho et al. — Long-term survival models in forest seed germination

10 A Paper roll and orange colour seed B Paper roll and brown colour seed

z tor I ol B

Tﬁs -0 o

S 0.8 Elaiosome K N

S —— Absence R

5 06 Presence } Kaplan-Meier B

g 0.4 - . _} Log-logistic -

3 S

_g” 02+ "| Log-logistic: long— -

% term survivors

%] o , O , Observed data | L
Paper roll and red colour seed

> 10 )

T-au

o 08

o

o

5 0.6 -

g

E 0.4

S

5 021

Q

[0

(] 0F

E Top-of-paper and brown colour seed =

> 10 Jp— -

= "

= 2

© -

Qo

o

o

c -

2

IS

£ -

£

(]

[o2] -

ke)

Q

Q

N C 1 1 1

Time (d)

0 3 6 9 12 15 18 21 24
Time (d)

Fic. 7. Time-to-event analysis of Mabea fistulifera seed germination in the presence or absence of elaiosomes, as a function of substrate type and seed coat
colours. Curves represent cumulative germination probabilities estimated by Kaplan-Meier and parametric log-logistic models (with and without long-
term survivors).

(Bewley et al., 2013; Daibes and Cardoso, 2020). However,
those that germinate maintain relatively similar speed.

These results have significant implications for under-
standing the responses of forest species to climate change.
Models that assume complete germination and focus solely
on germination speed may drastically underestimate the im-
pacts of environmental stresses, particularly droughts and
heatwaves. These events can reduce germination percentage
without necessarily affecting the speed. Carme et al. (2026)
report that climate warming affects germination time in
populations of Quercus suber, but they did not quantify its ef-
fects on the germination percentage. Additionally, Dantas
et al. (2020) reported that temperature and osmotic potential
affect germination percentage and germination rate in dry
forest species, although rainfall reduction was identified as
the main factor restricting the temporal window suitable
for germination.

Ecological effects of the incidence and latency components

In Jacaranda caroba, germination percentage ranged
from 62 to 86 % depending on light and temperature

conditions (Fig. 5, Table 4). These factors influenced the
incidence component. In contrast, the latency component
was predominantly influenced by temperatures of
30-20 °C (Fig. 5A, B). In ecological terms, the sensitivity
of these components to temperature may represent an
adaptive mechanism that synchronizes germination with
resource availability and reduces competition. This behav-
iour is consistent with the pioneer character of this species,
which colonizes forest gaps and edges. In these environ-
ments, higher temperatures and greater light availability
are reliable indicators of favourable conditions for seedling
establishment (Lacerda and Figueiredo, 2009; Mamani
et al., 2024).

In addition to responses associated with environmental
conditions, the non-germinating fraction may also reflect
variation in intrinsic seed traits within the same seed lot.
In Mabea fistulifera, variation in germination percentage as-
sociated with seed coat colour (72-96 %) suggests heteroge-
neity in the degree of maturation or physiological quality
within the same seed lot (Table 5). Seeds with a red seed
coat showed a higher probability of germination when
the elaiosome was absent, possibly because its removal
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Fic. 8. Time-to-event analysis of Mabea fistulifera seed germination with different substrate types, as a function of seed coat colour and the presence or
absence of elaiosomes. Curves represent cumulative germination probabilities estimated by Kaplan-Meier and parametric log-logistic models (with and
without long-term survivors).

eliminates physical or chemical barriers to imbibition
(Santos et al., 2025). This complex interaction between
seed traits and post-harvest treatments underscores the im-
portance of accounting for within-lot heterogeneity in ger-
mination studies.

Practical applications for restoration and conservation

The results of this study have direct practical applications
for ecological restoration, seedling production and ex situ
conservation of native forest species. In this context, quanti-
fying the cure fraction under different conditions enables
optimization of germination protocols in nurseries. For
Anadenanthera colubrina, for example, temperatures of
20-25 °C maximize both the probability (78-80 %) and the
speed of germination, whereas temperatures of 5 or 45 °C
should be avoided (Fig. 2). Similarly, for Astronium urun-
deuva, high sensitivity to salt stress (Fig. 4) indicates that
this species is not suitable for sowing in saline substrates
but can be used in areas with low salinity.

In this scenario, models with a cure fraction allow more
realistic predictions of success in restoration projects.
Establishment of forest seedlings is often limited by low ger-
mination percentage and high mortality (Cole et al., 2011;
Piaia et al., 2023). Traditional survival models, which as-
sume complete germination, may overestimate the number
of seeds required. In contrast, long-term models provide
more accurate estimates of the seeding density needed to
achieve target seedling densities, accounting for both germi-
nation capacity and speed (Onofti et al., 2011).

Long-term models can also support ex situ conserva-
tion strategies in germplasm banks. Quantifying the ger-
minating fraction under controlled conditions provides a
more informative seed lot quality metric than final ger-
mination percentage. This approach offers a more precise
and biologically meaningful way to characterize seed ger-
mination, enabling improved decision-making for seed
collection, storage and propagation strategies critical to
ex situ conservation programmes (El-Kassaby et al.,
2008).
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TasLE 5. Estimates, standard error, 95 % confidence interval and P-value of the log-logistic model with long-term survivors for
germination of Mabea fistulifera seeds for different seed coat colours, elaiosome conditions and substrate types.

Parameter Estimate Standard error 95 % confidence interval P-value
Lower Upper

Bo(intercept) 2.2144 0.0114 2.1920 2.2369 0.0000
Bicrp) —0.0065 0.0165 —0.0390 0.0259 0.6929
Bapr) 0.0775 0.0174 0.0434 0.1116 0.0000
Bis) 0.0658 0.0222 0.0223 0.1093 0.0030
Bas) 0.0514 0.0154 0.0815 0.0008
BsrpxpE) —0.0864 0.0263 —0.1380 —0.0349 0.0010
Be(rexas) 0.0146 0.0305 —0.0452 0.0745 0.6317
Brcrexrs) —0.0054 0.0227 —0.0499 0.0392 0.8137
BspExss) —0.0376 0.0375 —0.1111 0.0359 0.3160
BopExRrS) —0.0663 0.0245 —0.1143 —-0.0183 0.0068
Bio(TPxPEXBS) 0.1060 0.0471 0.0137 0.1984 0.0244
B11(TPxPEXRS) 0.1265 0.0393 0.0495 0.2034 0.0013
o 0.0844 - - - -
Yo(intercept) 1.7348 0.3328 1.0826 2.3870 0.0000
Yitp) 0.7495 0.5094 —0.2.89 1.7478 0.1412
Y2(PE) 0.7079 0.5453 —0.3610 1.7767 0.1943
Y3Bs) —0.2183 0.4292 —1.0597 0.6230 0.6110
Yars) 1.5060 0.8971 —0.2523 3.2642 0.0932
V5(TPxPE) —0.2476 0.9446 —2.0990 1.6039 0.7933
Y6(TPxBS) -1.2713 0.6243 —2.4949 —0.0477 0.0417
Y7(TPxRS) —1.5477 1.1206 —3.7440 0.6486 0.1672
Y8(PEXBS) —1.2798 0.6768 —-2.60 0.0468 0.0586
Y9(PEXRS) —0.7700 1.8349 —4.3664 2.8263 0.6747
Y10(TPxPEXBS) 0.9776 1.0457 -1.07 3.0271 0.3498
Y11(TPxPEXRS) 0.2483 2.1139 —3.8949 4.3914 0.9065
TL(PRXAEXOS) 0.8500 - - - -
TT(TPXAEXOS) 0.9300 - _ _ _
TT(PRXAEXBS) 0.8200 - _ _ _
TT(TPXAEXBS) 0.7300 - - _ _
TT(PRXAEXRS) 0.9623 - _ _ B
TT(TPXAEXRS) 0.9200 - - _ _
TT(PRXPEXOS) 0.9200 - - _ _
TL(TPXPEXOS) 0.9500 - - - -
TC(PRXPEXBS) 0.7200 - _ _ B
TL(TPXPEXBS) 0.7600 - - _
TT(PRXPEXRS) 0.9600 - _ _ _
TT(TPXPEXRS) 0.9154 - - -

B: Parameter vector associated with the latency component (including the shape parameter o); y:. parameter vector associated with the incidence

component; 7zz: probability of seed germination.

PR, paper roll; TP, top of paper; AE, absence of elaiosome; PE, presence of elaiosome; OS, orange colour seed; BS, brown colour seed; RS, red colour seed.

Methodological challenges and perspectives for future studies

The biological interpretation of the cure fraction remains
ambiguous, as it is not possible to distinguish among non-
viable seeds, dormant seeds and those that simply did not

germinate under the specific experimental conditions with-
out additional viability tests (tetrazolium, X-ray, etc.) and
dormancy-breaking treatments (Onofri et al., 2011). Thus,
future studies should combine long-term survival models
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with viability tests and dormancy-breaking treatments to de-
compose the cure fraction into its different biological
components.

In addition, this study did not explore the effects of time-
dependent covariates, such as temperature fluctuations
throughout the experiment, nor did it examine spatial corre-
lation structures or random effects (frailty), for example,
among seeds from the same mother tree or population.
Future extensions of cure fraction models should incorpo-
rate these complexities, enabling more realistic analyses of
germination data (Manso et al., 2013; Romano and
Stevanato, 2020). With these advances, long-term survival
models have the potential to become established tools for
analysing germination data in forest ecology and seed
science.

Conclusions

This study demonstrates that long-term survival models
provide a robust, biologically realistic statistical framework
for analysing germination data from forest seeds.
Partitioning the germination process into incidence (proba-
bility of germination) and latency (time to germination)
components enabled key advances. First, it allowed precise
quantification of the fractions of germinating and non-
germinating seeds. Second, it provided more accurate and
informative estimates than traditional survival methods.
Finally, it enabled the isolation of the effects of environmen-
tal factors on germination capacity and speed.

The results indicate that stressful conditions, such as ex-
treme temperatures and water limitation, predominantly af-
fect the incidence component. Under these scenarios, there
is a marked reduction in the fraction of seeds capable of germi-
nating. In contrast, these factors have smaller effects on
latency.

This distinction is crucial for predicting the responses of for-
est species to climate change. In addition, the findings support
optimization of seedling production protocols and ecological
restoration planning. Given these results, in the presence of
a non-germinating seed fraction, long-term survival models
are recommended, especially for native forest species.

SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online
and consist of the following. Figure S1: time-to-event analy-
sis of Anadenanthera colubrina seed germination under dif-
ferent temperatures. Curves represent cumulative
germination probabilities estimated by Kaplan-Meier
(dashed lines) and parametric models: (A) exponential, (B)
Weibull, (C) log-normal and (D) log-logistic. Log-normal
was the selected model. Figure S2: Cox-Snell residuals for
the time-to-event analysis of Anadenanthera colubrina
seed germination under different temperatures, using (A)
a log-normal model and (B) a log-normal model with long-
term survivors. Figure S3: time-to-event analysis of
Anadenanthera colubrina seed germination at different os-
motic potentials induced by PEG 6000. Curves represent cu-
mulative germination probabilities estimated by Kaplan-
Meier (dashed lines) and parametric models: (A)

Exponential, (B) Weibull, (C) log-normal and (D)
log-logistic. Weibull was the selected model. Figure S4:
Cox-Snell residuals for the time-to-event analysis of
Anadenanthera colubrina seed germination at different os-
motic potentials induced by PEG, using (A) a Weibull model
and (B) a Weibull model with long-term survivors.
Figure S5: Cox-Snell residuals for the time-to-event analysis
of Astronium urundeuva seed germination at different os-
motic potentials induced by NaCl solutions, using (A) a
Cox model and (B) a Cox model with long-term survivors.
Figure S6: time-to-event analysis of Jacaranda caroba seed
germination at different alternating temperature and light
conditions. Curves represent cumulative germination prob-
abilities estimated by Kaplan-Meier (dashed lines) and
parametric models: (A) exponential, (B) Weibull, (C) log-
normal and (D) log-logistic. Log-normal was the selected
model. Figure S7: Cox-Snell residuals for the time-to-event
analysis of Jacaranda caroba seed germination at different
alternating temperature and light conditions, using (A) a
log-normal model and (B) a log-normal model with long-
term survivors. Figure S8: time-to-event analysis of Mabea
fistulifera seed germination with different seed coat colours,
substrate type and the presence or absence of elaiosomes.
Curves represent cumulative germination probabilities esti-
mated by Kaplan-Meier (dashed lines) and parametric mod-
els: (A) exponential, (B) Weibull, (C) log-normal and (D)
log-logistic. PR, paper roll; TP, top-of-paper; AE, absence of
elaiosome; PE, presence of elaiosome; OS, orange colour
seed; BS, brown colour seed; RS, red colour seed. Log-logistic
was the selected model. Figure S9: Cox-Snell residuals for
the time-to-event analysis of Mabea fistulifera seed germina-
tion with different seed coat colours, substrate types and the
presence or absence of elaiosomes, using (A) a Log-logistic
model and (B) a Log-logistic model with long-term survivors.
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