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Effect of reduced water potential on seed germination of a
forest tree: a hydrotime approach

Luis Felipe Daibes*! , Victor J.M. Cardoso!

ABSTRACT: Hydrotime (6,) models provide information on seed tolerance to low water
potential and time to germination under different conditions. Here it was evaluated the
capacity of graphic and probit model to describe germination parameters and germination
times (t) in a tropical legume (Peltophorum dubium). Germination tests were conducted
under reduced water potentials (polyethylene glycol solutions from 0 to -1.2 MPa) at 25
°C. Regression lines were applied to investigate the relationship between germination
rates (1/t) and water potential for different germination percentages (fractions 10, 30, 50
and 70%). Those regressions were used in the graphic model to calculate 6, (1/slope) and
determine the base water potential (Wb) as the point which the line intercepts the x-axis
(G% = 0). In the probit model, germination percentages were transformed to probit units
and plotted against Wh-values to describe germination response under a single regression
line. Values for 8, varied from 1.8 to 2.0 MPa day in both models, and Wb showed a normal
distribution, as presupposed by the probit model. Predicted germination times (t10 and
t50) mostly fell within observed times, thus showing biological relevance of the models to
describe the effects of water potential on seed germination.

Index terms: osmotic potential, Peltophorum, probit, psi-base, hydrotime model.

Efeito da reducdo do potencial hidrico na germinacao de sementes de
uma arvore tropical: uma abordagem do tempo hidrico

RESUMO: Modelos do tempo hidrico (8,) explicam a tolerancia das sementes a potenciais
hidricos reduzidos. Neste estudo, foi avaliada a capacidade dos modelos grafico e probit para
descrever parametros germinativos e tempos de germinagdo em uma leguminosa tropical
(Peltophorum dubium). Foram conduzidos testes de germinagdo sob potenciais hidricos
reduzidos (0 a -1.2 MPa) a 25 °C e utilizadas regressdes para investigar a relacdo entre a taxa de
germinagdo (1/t) e potencial hidrico para diferentes fragdes (10, 30, 50 e 70% de germinagdo).
As regressdes foram utilizadas no modelo gréfico para calcular 8, (1/inclinagdo da reta entre taxa
de germinagdo e potencial hidrico) e determinar os valores de potencial hidrico base (Wb), ponto
no qual a reta intercepta o eixo x (G% = 0). No modelo de probit, as porcentagens de germinagdo
foram transformadas em probit e plotadas contra os valores de Wb para descrever a germinacdo
em uma Unica reta. Os valores de OH variaram de 1.8 a 2.0 MPa dia em ambos os modelos, e
Wb apresentou distribuigdo normal, conforme pressuposto pelo modelo probit. A maioria dos
tempos de germinagdo (t10 e t50) preditos ficou dentro dos tempos observados, demonstrando
relevancia bioldgica dos modelos na descri¢cdo dos efeitos do potencial hidrico na germinagao.

Termos para indexagdo: potencial osmadtico, Peltophorum, probit, psi-base, modelo de
tempo hidrico.
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INTRODUCTION

Water uptake is the principal factor starting the germination process, promoting cell respiration, DNA synthesis and
growth (Bewley et al., 2013). Therefore, water potential (W) strongly drives seed germination, by regulating the amount
of water able to realize work in a solution. In a physiological sense, the decrease of water potential reduces germination
capacity (G%), as well as the rate of the germination process (Gummerson, 1986; Bradford, 1995). Therefore, the
germination rate (GR, inverse of germination time, t) seems to linearly decrease with negative W-values, until the point
at which seeds stop the germination process due to low water potential (base water potential, or Whb).

Because seeds can only accomplish germination above a Wh-value, threshold models can be developed to describe
seed germination responses to water potential (Bradford, 1990; Alvarado and Bradford, 2002; Finch-Savage, 2004).
Above Wb, seeds require an accumulated W (MPa) through time (hydrotime, or 6,) to germinate and, therefore,
hydrotime models were used to describe germination responses to reduced water potentials, mostly in crops (e.g.
Gummerson, 1986; Dahal and Bradford, 1994; Windauer et al., 2007). Concerning native species, few studies in current
literature investigated such threshold models regarding water relations and seed germination of tropical trees (Daws
et al., 2008). Some studies evaluated the role of W on seed germination of Brazilian species (Botelho and Perez, 2001;
Fonseca and Perez, 2003; Rego et al., 2007), but rarely explaining whether germination would fit the presupposes of
hydrotime models (Cardoso and Pereira, 2008; Oliveira et al., 2019). Most attention regards to the role of temperature,
rather than water potential, as described by thermal time models in neotropical species (Cardoso and Pereira, 2009;
Pires et al., 2009; Daibes and Cardoso, 2018; Duarte et al., 2018).

Furthermore, seed germination can be expressed in different germination fractions (percentages), given the
distribution and variation of time to germinate within seeds in a population (Garcia-Huidobro et al., 1982; Gummerson,
1986; Alvarado and Bradford, 2002). Hence, GR (germination rate) decreases with W, but also varies according with
the percentiles of seeds (i.e. seeds within the 10% percentile do germinate faster than the seeds within the 50 or
70% percentile). Likewise, 8, requirements are related to GR and different Wb-values might be expected for different
fractions of seed germination (Bradford, 1990; Alvarado and Bradford, 2002). This might be important to understand
the proportion of seeds which can be recruited in seasonal environments, where seeds are subjected to desiccation
during the dry season, facing low water potentials in the soil seedbanks (Cavallaro et al., 2016).

Therefore, this study aimed to investigate the role of water potential in seed germination of Peltophorum dubium, a
tropical tree legume typically occurring in South American seasonal forests. Specifically, it was addressed how hydrotime
models (graphic model and probit model) would describe seed germination of the species, explaining hydrotime
requirements and Wh. Using non-dormant seeds (previously alleviated from physical dormancy), it was hypothesized
that seed germination would behave such as predicted by the model, following presupposes of graphical model (linear
relationship of germination rate with decreasing of W-values) and repeated probit model (normal distribution of Wb
with a single value of hydrotime requirement).

MATERIAL AND METHODS

Seed harvesting

Seeds were obtained from a certified producer located in the municipality of Porto Ferreira (21°3’S; 47°2'W, state
of Sdo Paulo, Brazil). The harvesting site shows average temperatures from 19 to 25 °C and mean annual precipitation
of 1500 mm (Daibes and Cardoso, 2018). The species has a widespread distribution throughout South America, mostly
occurring in seasonal forests from the Paraguai-Parana Basin to the state of Bahia (Barneby, 1996). The harvesting was
performed in May 2011, in different mother plants and seeds kept stored within the pods (indehiscent fruit) inside paper
bags under low temperatures (~5 °C) until their use in the experiments, few months later. Dispersal period may range
from April to December, and ripened fruits remain attached to the trees for several months (Carvalho, 2002). The total
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viability of seeds was high by the beginning of germination trials (~90%) and no light requirement was detected in P.
dubium seeds (Perez et al., 2001).

Germination trials

To conduct germination tests under different water potentials, seeds were removed from the pods and carefully
screened to remove malformed and/or predated seeds. Then, seeds were individually scarified with a sandpaper to
overcome physical dormancy. Once scarified, seeds were expected to behave as non-dormant seeds in the germination
trials (Daibes and Cardoso, 2018). Different water potentials were obtained by aqueous solutions of PEG 6000 (polyethylene
glycol), ranging from zero (distilled water) to -1.5 MPa (0; -0.3; -0.5; -0.7; -0.9; -1.1; -1.3; -1.5). PEG solutions were prepared
according to Villela et al. (1991), as adapted from Michel and Kaufmann (1973). Seeds were then set to germinate on a
double layer of filter paper soaked in at least 6 mL of the corresponding PEG solution in Petri dishes (90 mm), sealed with
plastic film to prevent evaporation of the solution.

Three replicates of twenty seeds were used in each water potential treatment, and germination tests were conducted
in germination chambers under the constant temperature of 25 °C, considered within the range of optimal conditions
for seed germination of the species (Daibes and Cardoso, 2018). Because P. dubium seeds are non-photoblastic, all
germination trials were conducted in the dark. Seed germination (radicle protrusion) was daily counted for one month
or until the germination of all seeds in the plate. At each counting, Petri dishes were carefully re-wrapped again in the
plastic film. By the end of the trials, remaining seeds were visually inspected to attest viability and scored as dead.

Data analysis and hydrotime modeling

Prior to hydrotime modeling, the germination capacity (%) and time (t) of germination through the different
water potential treatments were evaluated. Germination capacity was statistically compared using GLMs with a
binomial distribution in Ime4 package (Bates et al., 2015) in R software (R Core Team, 2018), considering distilled
water (W = 0) as the control (baseline) in the analysis. Observed t was calculated to different germination percentiles
(10, 30, 50 and 70%) by linear interpolation of two nearest points in the germination curves, then obtaining the
x-axis interception to the corresponding fraction (Steinmaus et al., 2000). Model parameters were obtained for two
hydrotime models: graphic model and probit model. In the graphic model, the germination rates for the different
germination fractions (GR(g) = 1/t) were regressed against the treatments to assess the linearity among GR and
water potential (Bradford, 1990). Base water potential (Wb) was estimated as the point which the regression lines
intercepted the x-axis (GR = 0), while hydrotime (8,) was obtained as the inverse of regression line slope (8, = 1/
slope), according to Gummerson (1986).

In the probit model, germination percentages were transformed to probit units and plotted as function of Wh.
Linear regression was used to evaluate the relationship between observed germination and the predicted line. The
value of 8, was probed repeated times and considered the best-fitting values which showed higher R? and least residual
model (Dahal and Bradford, 1994; Bradford, 1995). Predicted germination curve was derived from the original probit
regression line (Table 1) using a normal distribution in Excel® (Cardoso, 2011). Once obtained hydrotime parameters of
both models, germination times were estimated by rearranging the basic equation: 0, = (LIJ—UJb).t(g), thus considering
t, = OH/(LIJ—UJb). Hence, the model-predicted germination times were calculated for the 10 and 50% percentiles (t10
and t50) and compared to observed t-values in relation to confidence intervals (95%). Because Wb is plotted in the
x-axis in the probit model, the following equation was considered: t, = 8,/(W—((probitG-a) / b), where “a” is the
intercept, and “b” the slope of the probit regression.
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Table 1. Parameters of hydrotime model regression lines: equation and R?, base water potential (Wb, MPa) and
hydrotime values (6,) for seed germination of Peltophorum dubium.

Equation R? W-base 8,

Graphic model 10% y =0.559x + 0.526 0.98 -0.94 1.8
Graphic model 30% y = 0.488x + 0.435 0.97 -0.89 2.0
Graphic model 50% y = 0.480x + 0.390 0.95 -0.81 2.1
Graphic model 70% y =0.448x + 0.328 0.99 -0.73 2.2
Probit model y = 5.480x + 3.866 0.88 -0.7+0.18 1.8

The graphic model was performed for different germination fractions (10, 30, 50 and 70%), while Wb of probit model regards to 50% of seed
germination + standard deviation.

RESULTS AND DISCUSSION

Seeds showed high germination capacity (90%) in water potentials of 0 and -0.3 MPa, with a significant reduction to
~70% at -0.5 MPa, decreasing to < 10% at -0.7 and -0.9 MPa (Figure 1). Germination was null under the treatments of
-1.1, -1.3 and -1.5 MPa. Germination rates showed a linear relationship with water potential, decreasing GR according
to the reduction of W and showing a general parallel pattern among the different germination fractions (10, 30, 50 and
70%; Figure 2). Therefore, the interception points in the x-axis showed Whb-values varying from -0.7 to -0.9 MPa among
percentiles in the graphic model (Table 1). Regression lines for the different germination fractions in the graphic model
showed slope ranging from 0.448 to 0.559 and 8, values (1/slope) around 2.0 MPa day (Table 1). Because the parallel
lines show a relatively similar slope (i.e., a similar hydrotime for different germination percentiles), it is the Wb which
drives germination parameters of the germination fractions.

In the probit model, it was possible to clump the different germination curves (Figure 3A) into a single curve of
germination percentages as function of Wb (Figure 3B). Base water potential followed a normal distribution in the
probit model, which described 88% of germination parameters, showing 6, = 1.8 MPa day (Table 1). On the other
hand, probit model might underestimate seed tolerance to low water potentials (Wb(so) =-0.7 MPa), whereas graphic
model predicts a little more negative Wb value for the 50% fraction (-0.8 MPa; Table 1). Nevertheless, predicted times

P value = 0.003 under W of -0.5 MPa in relation to control (distilled water 0 MPa),
and P < 0.001 under W <-0.7 MPa compared to control.

Figure 1. Germination capacity (%, mean = SD) of Peltophorum dubium seed germination under different water
potentials (W, MPa), showing significant decrease under reduced water potentials.
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Continuous lines are linear regressions predicted by graphic model.

Figure 2. Relationships of germination rate (GR) under different water potentials for different germination fractions
(10, 30, 50 and 70%).

Figure 3. (A) Seed germination curves (cumulative germination percentage vs. time, in days) under different water
potentials of 0, -0.3, -0.5 and -0.7 MPa. (B) Germination curve as function of Wb showing a normal distribution
pattern (continuous line) predicted by probit model.
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of germination (t10 and t50) under different water potentials mostly fell within the confidence intervals of observed
times, both for graphic and probit models (Table 2). Whether falling outside the confidence intervals, the error in
germination time predictions never exceed one day more than the observed times. Germination times to 10% of seed
germination (t10) were around two days under distilled water (0 MPa) and slowed to ~ eight days under -0.7 MPa.
Similarly, t50 ranged from 2.5 to 8.8 days under 0 to -0.5 MPa, and such fraction was never reached under water
potentials < -0.7 MPa (Table 2).

Seeds of P. dubium fitted hydrotime presupposes, following patterns predicted by graphic and probit models. Models
described seed germination parameters and predicted germination times similarly to found in crops throughout the
world (Gummerson, 1986; Dahal and Bradford, 1994; Windauer et al., 2007; Patané et al., 2009). Fitting hydrotime
models in native trees may thus aid in seed testing analysis by describing the potential of a given species or population
to tolerate moisture stress (Bradford and Still, 2004). Moreover, 6, values provide information on time to emergence,
predicting germination under continuous variables.

Among forest trees, changing in germination times and Wb seems to explain germination responses of pioneer
species in tropical ecosystems (Daws et al., 2008). In our study species, seed tolerance to lower W was relatively
sensitive compared to weed species, for instance, which may tolerate values < -1.0 MPa (Boddy et al., 2012). Some
species from desert communities may also germinate under lower W-values, such as Erodium texanum, which shows
Wb of -2.32 MPa (Huang et al., 2016), while our study species never germinated under values lower than -0.9 MPa.
Therefore, moisture stress seems to be a constraining factor for seed germination of P. dubium seeds, which might be
recruited during less stressful conditions during the rainy season.

Likewise, seeds of Senna spectabilis were relatively sensitive to W, but tolerance to moisture stress seems to
be increased when seeds are subjected to dehydration cycles, thus helping their survival under drought conditions
(Lima et al., 2018). Moreover, we argue threshold models can be used to compare germination requirements among
species and/or populations in contrasting environments (Rosbakh and Poschlod, 2015; Tudela-Isanta et al., 2018;
Picciau et al., 2019) thus providing insights on community assembly rules (Poschlod et al., 2013). Seeds of seasonal
environments may face drought stress which may hamper germination and establishment (Cavallaro et al., 2016),
and seed modeling may help to choose species for reforestation programs. Therefore, the hydrotime approach is an
underexplored tool in the ecological management of tropical plant communities (Bradford, 2005).

Table 2. Observed (mean + 95% confidence interval) and predicted germination times (graphic model and probit model)
for 10 and 50% of seed germination (t10 and t50) of Peltophorum dubium seeds in different water potentials.

W (MPa) Observed Graphic model Probit model
t10
0 1.97+0.31 2.17 1.92
-0.3 2.61+£0.39 3.18 2.82
-0.5 4,55+1.43 4.63 4.10
-0.7 8.0+£3.20 8.49 7.53
-0.9 - - -
t50
0 2.67£0.33 2.51 2.55
-0.3 3.61+£0.17 3.97 4.44
-0.5 8.28 £3.65 6.51 8.76
-0.7 - - -
-0.9 - - -

The germination was null under water potentials < -0.9 MPa.
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The results provide a preliminary approach on hydrotime models, by testing the basic assumptions of the models
and linear relationships with water potential (Bradford, 1995). Likewise, most model presupposes were followed
by P. dubium seeds under different temperatures, described by thermal time models (Daibes and Cardoso, 2018).
Temperature and water potential show important interactions to describe germination parameters under laboratory
conditions (Alvarado and Bradford, 2002). However, few studies were accounted for such interactions (hydrothermal
time) in Brazilian species (Simao et al., 2010; Oliveira et al., 2019). Seedling emergence from soil seedbanks should also
be examined, in order to validate such models under field conditions (Forcella et al., 2000).

Some critics were made to probit analysis due the lack of independency among germination counting through
the days. Therefore, cumulative germination percentages would be temporally dependent, breaking the principle
of independency among samples in a regression analysis (Hay et al., 2014). Solving this issue would require a
considerable higher amount of seeds, often impossible to achieve from native populations. Analysis derived from
semi-parametric distributions (survival analysis, for instance) could help us to fix such problems by taking in account
the probability of individual seeds to germinate or fail (Onofri et al., 2010; McNair et al., 2012). Despite such relatively
recent approaches proposed, their connection to hydrotime assumptions and usage in statistical software remains a
matter of inquiry (Cao et al., 2013).

Nevertheless, the predictions of germination times from linear models showed to be useful, showing biological
relevance (Bradford, 1995; Bradford and Still, 2004). Therefore, germination parameters may be drawn from relatively
simpler equations, and the advantage of probit model is to derive predictions of germination time from a single line.
The graphic model, on the other hand, requires different regression lines according to the desired germination fraction
wished to describe (Daibes and Cardoso, 2018). Either way, the application of a model does not exclude the use of
other methods to predict seed germination. Linear relationship of GR and water potential may be helpful to achieve
general patterns of model presupposes and can serve as a support to evaluate germination behavior before running
probit analysis.

CONCLUSIONS

Hydrotime models describe germination of a forest tree and the applicability of such models for seed testing and/or
ecological purposes is still underestimated. Future studies should account for the variation in seed germination within
and among species and the interactions of water potential with temperature. Field experiments would be warranted
for validation of model descriptions under natural variation.
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