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Abstract
This paper analyzed the thermal dependence on the germination of Urochloa brizantha (Stapf) Webster seeds under 
constant and fluctuating temperatures through the thermal time model. Germination tests were carried out at constant 
temperatures ranging from 8 °C to 41.5 °C in order to determine the model parameters: base (Tb), optimal (To) and 
maximum temperature (Tc) for germination; and the thermal time (θT) required for individual seeds to germinate. 
Braquiarão seeds germinate within a temperature interval from 8 °C to 41.5 °C, with an optimum range for germination 
estimated at 31.5 ° ≤ T ≤ 34.5 °C. Actual and expected distributions of cumulative germination percentages of 
U. brizantha seeds put to germinate both under controlled and uncontrolled temperature regimes were compared, and 
it can be seen that the model described relatively well the germination at isothermal assays; however the model failed 
to predict germination at a wide range of thermal fluctuations. Possible explanations for the results are discussed.
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Análise da dependência térmica da germinação de  
braquiarão utilizando o modelo tempo térmico

Resumo
Este artigo analisou a dependência térmica da germinação de sementes de Urochloa brizantha em regimes de temperaturas 
constantes e variáveis, por intermédio do modelo do tempo térmico. Foram realizados testes de germinação em 
temperaturas constantes 8 °C a 41.5 °C, com o objetivo de se determinar os parâmetros do modelo: as temperaturas 
base (Tb), ótima (To) e máxima (Tc) de germinação, bem como a quantidade de “graus-dias” (θG) necessária para a 
germinação de sementes individuais. As sementes de braquiarão germinaram no intervalo térmico de 8 °C to 41.5 °C, 
sendo que a faixa ótima foi de 31.5 a 34.5 °C. As distribuições acumuladas esperadas e observadas das porcentagens 
de germinação de sementes de U. brizantha postas para germinar tanto em temperaturas constantes como em regime 
térmico não controlado foram comparadas, podendo-se observar que o modelo descreveu relativamente bem a germinação 
nos ensaios isotérmicos, entre o mesmo falhou em prever a germinação em situações mais amplas de variação térmica. 
Possíveis explicações para esses resultados são discutidas.

Palavras-chave: Urochloa brizantha, temperatura, graus-dia.

1. Introduction

Seeds are a major means by which plants are dispersed, 
and the success with which the young seedling is established 
is greatly dependent on the germination process which, in 
turn, is determined by the physiological and biochemical 
features of the seed modulating its perception and response 
to environmental factors such as temperature (Bewley et al., 
2013). The effect of temperature (T) on germination can be 
described in terms of cardinal temperatures: Minimum T 
(Tb); Optimum T (To) and; Maximum T (Tc). The minimum 
and maximum temperatures correspond, respectively, to 

the lower and upper limits below or above which seed 
germination will not occur; while To is the temperature – 
or temperature range – where germination is most rapid 
(Cardoso, 2011). Based on these assumptions, the concept 
of thermal time or degree-days is based on the hypothesys 
that the germination rate increases linearly with temperature 
and is directly proportional to the difference between T and 
Tb, up until the To limit. This concept can be expressed 
by the equation (1): θT(G) = (T-Tb).tG, whereθT(G) is the 
“thermal time” or adjusted time (in units of “degree-days” 
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or “degree-hours”) for a given germination percentage 
G, and tG is the chronological time for germination of a 
percentage of seeds (Bradford, 1995). Thus, once Tb has 
been identified for a species or a seed batch, and the total 
amount of degree-days for germination is thorough and 
known, the actual temperature for germination in any time 
could be estimated from equation (1). For temperatures 
above To, when the germination speed decreases with 
increasing T, it is assumed that θT remains the same for 
all seeds, in which case it is Tc that varies according to the 
percentage fraction G, which may be expressed by equation 
(2): θT = (Tc(G)-T).tG, where Tc(G) is the maximum temperature 
for germination of a G percentage (Bewley et al., 2013). 
The degree-days model allows estimating the time required 
for a given development - in this case, germination – to 
be completed based on the history of thermal variation 
of the period at issue (Trudgill  et  al., 2005). This is 
grounded on the assumption that any one particular step 
of the process requires a certain amount of degree-days 
(θT) to be completed.

Urochloa brizantha cv. basilisk (Poaceae), henceforth 
referred to as braquiarão, was first brought to Brazil as 
forage for livestock, adapting very well to ”Cerrado” 
regions. Species from the genus Urochloa prevail in 
Brazilian pastures and are estimated to cover approximately 
102 million hectares (Pancera Junior, 2011). Nevertheless, 
this tropical species is a highly effective invader, potentially 
causing great damage to agriculture (Barbosa et al., 2008).

According to Begon  et  al. (2007), the best way to 
prevent the establishment of invasive species is to determine 
which ones have the greatest probability of establishment 
and subsequently focusing the control efforts on those 
species. Thus, studies on reproductive biology, dispersion, 
recruitment and autoecology become crucial. In the case 
of grasses, management often centers on controlling seed 
germination and seedling establishment. Consequently, 
tools that enable estimation of these parameters, such 
as the thermal time model are important in controlling 
these invasive species in the field, determining the best 
times for sampling and application of control methods 
(Bradford, 2002).

Considering that thermal time model has been employed 
as a tool for studying the temperature dependence on 
germination (Belo  et  al., 2014; Nori  et  al., 2014) and 
that germination models based on thermal time have 
been reasonably successful in predicting both weed and 
non-weed seedling emergence (Bewley et al., 2013), the 
aim of this study was to determine how the germination 
response of Urochloa brizantha seeds to constant and 
variable temperatures can be described by the thermal time 
model. It was hypothesized that the model assumptions – 
germination rate increases linearly between Tb and To and 
decreases between To and Tc; Tb is similar for all seeds 
in the population; and Tc varies with seeds – are met for 
braquiarão diaspores.

2. Material and Methods
Seeds of braquiarão cv. basilisk, acquired in March 

2010, were used in this study. They came from a company 
called “PRÓSEMENTES” from Araçatuba, São Paulo, 
Brazil (21° 12’ 24.11” S - 49° 00’ 03.45” W). They were 
harvested in April 2009 and stored at 24 °C, and 60% relative 
humidity. The lot showed circa 70% maximum germination. 
After their acquisition, the seeds remained stored at 9 ± 3 °C 
during 18 months. The seed viability, assessed monthly by 
germination tests performed at 25 ± 1 °C on water- saturated 
filter papers, did not change throughout the experiments.

2.1. Germination under isothermal conditions (Assay 1)
This test aimed at estimating the degree-days model 

parameters, which were later used to predict germination 
under non-controlled conditions (Assay 2). The assay was 
performed in a thermo-gradient block (Cardoso, 2010) 
at seventeen constant temperatures ranging from 8 °C to 
41.5 °C. Seeds were placed on two strips of water‑saturated 
filter papers supported by a thermoplastic PVC base groove 
that was placed into a 2.5 × 25 cm test tube equipped with 
a aluminum cap. Each tube containing 50 seeds was then 
horizontally positioned in the block, with four tubes per 
temperature. Counts were performed daily over a 60 days 
period (time required for ceasing germination events, at 8 °C), 
with the protrusion followed by gravitropic curvature of the 
primary root being adopted as germination criterion. The 
non-germinated seeds were subjected to a tetrazolium test 
(Brasil, 2009) in order to assess for viable seeds.

For a general assessment of the seed batch’s germination 
temperature dependence and definition of the infra and 
supra‑optimal ranges, the variables germinability (G%), mean 
germination rate (R) and synchronization of germination (U) 
were calculated according to Labouriau and Agudo (1987).

An initial estimate of the model parameters (Tb, Tc and θT) 
was obtained through regression analysis of the reciprocal 
of the times for germination of a given seed fraction on T 
(Garcia-Huidobro et al., 1982), with Tb and Tc corresponding 
to the intercepts on abscissa and 1/θT the slopes of the 
regression lines. For a more accurate estimation of the 
model parameters, a probit regression analysis was also used 
assuming that at the infra optimum interval θT (referred to 
as θ(G)) is normally distributed among the seeds and Tb is 
constant, while in the supra optimal interval θT is constant 
and Tc (referred to as Tc(G)) is normally distributed within 
the seed population. For this purpose, the cumulative daily 
probit transformed percentages of the combined data from 
a range of infra optimum temperatures were regressed 
on log θ(G) and different values of Tb were tried until the 
best fit (highest coefficient of determination) (Bradford, 
1995). Alternatively, for supra optimum T the probit 
transformed percentages were regressed on log Tc(G), and 
different θ were tested until the best fit. The models were: 
probit(G) = {log[(T-Tb).tG]-θ(50)}/σθ(G), for infra optimum T; and 
probit(G) = {log[(Tc(G)-T).tG]-Tc(50)}/σTc(G), for supra optimum 
T, where: σθ(G) and σTc(G) are the standard deviation of the 
θG and Tc(G) distributions, respectively; θ(50) is the median 
thermal time; and Tc(50) is the median ceiling temperature 
(Bradford, 1995).
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2.2. Germination under fluctuating temperatures (Test 2)
The assay was carried out in green house under variable 

light and temperature conditions. The seeds were placed to 
germinate between two sheets of water-saturated filter papers 
laid on a mixed substrate composed by a commercial substrate 
(Plantmax), coarse sand, soil and vermiculite at a 2:2:1:1 
ratio, put into 500mL rectangular (10×15×3 cm) aluminum 
foil trays filled with 400 mL of the mix. Analysis of substrate 
fertility indicated pH = 6.52, organic matter = 87 g.dm–3, 
phosphorus = 260 mg.dm–3, potassium = 39.92 mmolc.dm–3, 
calcium = 174 mmolc.dm–3, magnesium = 28 mmolc.dm–3, 
potential acidity = 11.70 CTC = 253.62, base saturation 
= 95.39, iron = 98 mg.dm–3 manganese = 10.1 mg.dm–3, 
zinc = 52.9 mg.dm–3 and copper = 5.8 mg.dm–3.

Five replicates (trays) with 100 seeds each were used 
for each sowing. The trays were kept on benches in the 
greenhouse under full sunlight and natural photoperiod 
and room temperature. Sowings were made monthly from 
September 2010 to August 2011 (totaling 12 sowings) 
and the germination (protrusion and gravitropic curvature 
of the primary root) was followed over 30 days period. 
The substrate was kept wet and the air temperature (local 
temperature) was continuously monitored with maximum 
minimum thermometers positioned 5 cm above the trays. 
The daily temperature data were also obtained from the 
Meteorological Station of Rio Claro – CEAPLA, located 
approximately 500 m from Test 2 site.

Expected germination time courses were obtained from 
the equation tG = (T-Tb)/θG, where: tG is the expected time 
(in days) to primary root emergence of percentage G; T is 
the average daily temperature estimated from the arithmetic 

mean of the maximum and minimum daily temperatures 
recorded both from local (Test site) and CEAPLA; Tb is 
the base temperature (estimated from Test 1) and; θG is 
the thermal time (in degree-days) required to germination 
of percentage G, also estimated from Test 1.

2.3. Statistical analysis
A completely randomized experimental design was 

used for all experiments, with a 5% significance level 
(α = 0.05) being adopted for the statistical analyses. In Test 
1, the variables germinability (G%), mean germination rate 
(R), and germination synchronization (U) were compared 
through analysis of variance (ANOVA) followed by Tukey 
test (Santana and Ranal, 2004). The degree-days model 
parameters (Tb, Tc and θT) were estimated from linear 
regressions of the germination rate (reciprocal of time 
to germination of a given percentage) on temperature, as 
well as by probit regressions as described above. In Test 2, 
the observed and expected germination time courses were 
compared using chi-square test (Santana and Ranal, 2004).

3. Results

According to Test 1, the seed batch showed a maximum 
germinabilty of 70.5% at 18.5 °C, and the temperature 
interval within which maximum G%, R and synchronization 
(lower U) values intercept was from 31.5 °C to 34.5 °C, 
which was then regarded as optimum for the seed batch 
(Figure 1). In the infra optimum temperature range (between 
8 °C and 31.5 °C) both germinability and germination rate 
increased with temperature, whereas at temperatures upper 
than 34.5 °C the germination decreased with T (Figure 1). 

Figure 1. Temperature dependence on the percentage (■), germination rate (♦) and synchronization (▬) of braquiarão seeds 
at constant temperatures. Vertical bars represent the standard error of the mean, while the area inscribed by the vertical 
rectangle indicates the thermal range in which the highest percentages, rates and synchronization occur concurrently.
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Ungerminated seeds remaining after completion of the 
germination assay were dead, according to tetrazolium 
testing. At temperatures below 15.5 °C and above 38 °C 
the germinabilities were lower than 50%, precluding the 
germination rate determination for percentage fractions 
above 50%.

The temperature dependence on the germination rate 
(1/tG) for different seed fractions could be described by 
linear models both at infra optimum (8 °C to 21.4 °C) and 
supra optimum (above 33 °C) temperatures (Figure 2). 
One  can observe relatively little variation in Tb (see 
intercepts on abscissa) among the fractions at temperatures 
below the optimum, while above the optimum different 
fractions tend to have different maxima (Tc(G)) (Figure 2). 
Thus we assume that Tb did not vary among the seeds 
and that different seed fractions require different θ(G) 
(reciprocal of the slope of the regression line) to germinate 
at infra optimum temperatures, and that θ is equal and 
Tc(G) varies among individual seeds at supra optimum T. 
The assumptions that θ(G) and Tc(G) are normally distributed 
among seeds enable the use of probit regression method 
for estimating the distribution of the parameters θ(50), 
σθ(G), Tb, θ, Tc(50) and σTc(G), which values are displayed 
at Table 1. The values for base (Tb = 7.4 °C) and median 
ceiling temperatures (Tc(50) = 38.0 °C) were close to the 
respective values (8 °C and 36.5 °C) obtained through the 
mean germination rate method (see above). In general, the 
curves generated from the model parameters described 

with reasonable accuracy the isothermal germination of 
Urochloa brizantha both at infra (Figure 3A) and supra 
optimum temperatures (Figure 3B).

In the Test 2, carried out under fluctuating temperature 
regime, the time courses generated by the model best 
described the observed germination (symbols in Figure 4) 
of seeds sown from March to August, with no significant 
difference (α = 5%) between the values generated by 
the model (thermal time either calculated from local or 
meteorological station temperature recordings) and the 
observed ones for assays performed in March, May, July 
and August (Figure 4).

4. Discussion

The thermal window within which braquiarão seeds 
could germinate (8 °C to 41.5 °C) was similar to that 
observed in several other tropical grasses, such as Pennisetum 
typhoydes (Garcia-Huidobro et al., 1982), Themeda australis, 
Chrysopogon fallax, Sorghum plumosum, Chrysopogon 
latifolius and Sorghums tipoideum (Mott, 1978). Furthermore, 
early works performed with different batches of Urochloa 
brizantha seeds (Horibe, not published) showed that 
minimum and maximum germination temperatures stood 
around 10.0 °C and 40.0 °C, respectively, what is very close 
to the results obtained in this experiment, showing that 
many tropical grasses require similar temperature ranges to 
germinate and that cardinal temperatures among different 
U. brizantha populations may be relatively close to each 
other. The optimum temperature range for germination 

Figure 2. Relationship of germination rate of braquiarão for 
percentages 10% (■), 30% (♦), 50% (▲) and 70% (●) to 
temperature, both below and above the optimum (30 °C).

Table 1. Thermal parameters of the isothermal germination 
of Urochloa brizantha at infra optimal (8-21.4 °C) and 
supra optimal (33-41.5 °C) temperatures, determined by 
probit analysis: base temperature (Tb); median thermal time 
(θ(50)); standard deviation of thermal time (σθ(G)); thermal 
time constant for supra optimum temperatures (θ); median 
Tc (Tc(50)) and standard deviation of Tc (σTc(G)).
interval

(°C)
Tb 

(°C)
θ(50) 

(°C.d)
σθ(G)

(°C.d)
θ

(°C d)
Tc(50)
(°C)

σTc(G)
(°C)

8-21.4 7.4 93.0 19.4 - - -
33-41.5 - - - 13.2 38.0 1.9

Figure 3. Germination time courses of braquiarão seeds 
at infra-optimal (A) and supra-optimal (B) temperatures. 
Symbols are the actual data and the lines represent the 
expected germination according to the degree-days model.
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found in this work (31.5 °C to 34.5 °C) is close to the 
optimum temperature for growth of many tropical grasses 
such as Brachiaria ruziziensis (28-33 °C), B. humidicola 
(32-35 °C), B. dura (30-35 °C), B. decumbens (30-35 °C), 
Pennisetum pedicellatum (30-35 °C) and Urochloa panicoides 
(25-40 °C) (Skerman and Riveros, 1990), as well as for 
germination and emergence of 11 forage grasses (29-37 °C) 
(Puga et al., 2011). The thermal interval is also similar to 
the optimum growth temperature reported for the species 
(30-35 °C) (Skerman and Riveros, 1990), suggesting a 
relationship between germination and growth rate in terms 
of response to temperature by U. brizantha. In agreement 
with that assumption, Silva et al. (2012) found a Tb of 
10.5 °C for shoot dry matter production by U. brizantha 
grown in field plots, what is relatively close to Tb values 
(around 9 °C) estimated in this work from the relationship 
between germination rate and temperature (see below).

The relationships of germination rates for specific 
germination percentages of Urochloa brizantha seeds to 
incubation temperature suggest that seeds vary little in terms 

of base temperature for germination (Tb), which was found 
to vary from 8 to 10 °C, whereas different seed fractions 
require different thermal times allowing germination, 
with a median value (degree days for 50% of the seeds 
to germinate) of ≅56 °C day. The Tb value obtained here 
is higher than that (6 °C) found by Ustarroz (2011) with 
Urochloa panicoides collected in Cordoba (Argentina), 
while the median thermal time for a non‑dormant batch 
from that species was found to be similar (55 °C day) to 
U. brizantha. Otherwise, above the optimum, where the 
germination rate decreases with T, the ceiling temperatures 
(Tc) seems to vary among individual seeds of U. brizantha, 
which exhibited a median Tc of ≅ 45 °C, which correspond 
to the maximum temperature recorded for U. panicoides 
(Ustarroz, 2011). Although more populations must be 
tested in order to discuss a possible correlation between 
temperature dependence on germination and geographical 
distribution of Urochloa, the results from comparisons 
between the U. brizantha seeds matured under warmer 
conditions and the more southern U. panicoides seed 

Figure 4. Cumulative monthly germination percentage of braquiarão seeds under uncontrolled temperature, from September 
2010 to August 2011. Symbols (■) are the observed data, and lines represent the expected germination based on thermal time 
model using the local temperature (continuous line) and the temperature recorded at meteorological station (dashed line). 
Average temperatures during the experiment are shown in the graph.
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collection, suggest that any difference in response to 
temperature between species can be accounted for by changes 
in Tb rather than in thermal time requirements, which are 
influenced by geographic origin of the species and are 
usually determined through changes in Tb (Trudgill et al., 
2005). The relationship between germination rate and 
incubation temperature found for U. brizantha presented 
a similar pattern to other grasses such as Chloris gayana, 
Brachiaria mutica and Andropogon gayanus, and differed 
from Lolium perenne, Cynodon dactylon and Pennicetum 
ciliare (Puga et al., 2011), showing that one cannot take 
as a rule that Tc varies with seed while Tb is relatively 
constant within population.

When the probit transformed percentages from 
germination time courses at different temperatures were 
combined into a common regression in order to assess 
for base temperature and other thermal parameters, the 
obtained values for Tb (7.4 °C), θ(50) (93 °C d), θ (13.2 °C d) 
and Tc(50) (38 °C) differed from that obtained through the 
regressions of the germination rate (R) on incubation 
temperature. Otherwise, the Tb and Tc(50) values obtained 
from probit analysis were close to the values (8 °C and 
36.5  °C, respectively) found by extrapolation of the 
regression line of the average germination rate (Labouriau 
and Agudo, 1987) on temperature. The discrepancy between 
the probit analysis and the estimations from regression of 
R on temperature may be due to the variation in thermal 
time does not closely approximate a normal distribution 
and/or to some variation in Tb within population (Bradford, 
1995), in general, however, the curves generated from the 
model parameters described with reasonable accuracy the 
isothermal germination of Urochloa brizantha, suggesting 
that main model assumptions were met. Otherwise, one 
can not preclude a concomitant variation of Tc(G) and θG 
(Bradford, 1995) within U. brizantha population, although 
that would be difficult to confirm for all percentage 
fractions, considering the sudden drop in germinability 
under temperatures approaching Tc. The effect of supra 
optimum temperatures can explain in part how efficient 
is the model in describing the germination time courses 
of U. brizantha seeds at fluctuating temperatures, with 
the thermal time model best describing the observed 
germination between March and August in which the 
median temperatures were lower than in the September 
to February period. The use of average temperatures 
(arithmetic mean between the minimum and maximum 
temperatures) would disconsider the effect of temperature 
peaks in the warmest hours of the day, which could affect 
negatively the germination of U. brizantha. According to 
Forcella et al. (2000), exposure to extremely high or low 
temperatures during germination can cause physiological 
changes in seeds and, consequently, alter the parameters 
of the degree-days model, making it less accurate.

It was observed that, even under a daily irrigation 
regime, Urochloa brizantha germinability under uncontrolled 
temperatures tends to be lower from May to October as 
compared to the period December-April. Considering that 
the thermal time model accuracy in predicting emergence 

of a grass (Echinochloa phyllopogon) can be reduced 
under moderate moisture stress (Boddy et al., 2012), one 
cannot discard that U. brizantha seeds may have been 
exposed to a moderate stress caused by an excess of water 
evaporation from the soil due to warmer temperatures 
in the greenhouse. Otherwise, these data also suggest 
seasonality in the germination response of braquiarão 
seeds, which could be associated with secondary dormancy 
mechanisms (Bradford, 2002; Bewley et al., 2013). Some 
studies have shown that models based on degree-days are 
less effective in describing the germination in seeds that 
present any kind of dormancy, which would be associated 
with variations in parameters such as Tb and Tc (Bradford, 
1995; Finch‑Savage and Leubner-Metzger, 2006). In this 
study, we used a seed batch with low or virtually no 
dormancy, however it is possible that, depending on the 
environmental conditions, grass seeds can develop secondary 
dormancy (Harris, 1961; Honek and Martinková, 1992). 
Furthermore, Urochloa brizantha has their genetic base 
only marginally improved since its introduction in Brazil, 
persisting as a wild species in the field, very sensitive to 
environmental conditions and with irregular germination 
(Pitelli and Pavani, 2005), therefore difficult to model.

The thermal time model produced germination 
parameters which described well the germination of 
Urochloa brizantha under isothermal conditions, however 
the model failed to predict germination when the seeds 
were submitted to wide range of thermal fluctuations, what 
may be related to the physiological status of the seeds, thus 
affecting how the seed perceives its thermal environment 
through the parameters Tc (ceiling temperature), Tb (base 
temperature) and θG (thermal time).
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